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PREFACE
This volume contains the full-length papers presented in the 8th International Conference on
Computational Methods in Structural Dynamics and Earthquake Engineering (COMPDYN 2021)
that was streamed from Athens, Greece on June 28-30, 2021.
COMPDYN 2021 is one of the 32 Thematic Conferences of the European Community on
Computational Methods in Applied Sciences (ECCOMAS) which were held in 2021 and is also a
Special Interest Conference of the International Association for Computational Mechanics (IACM).
The purpose of this Conference series is to bring together the scientific communities of
Computational Mechanics, Structural Dynamics and Earthquake Engineering, to act as a forum for
exchanging ideas in topics of mutual interests and to enhance the links between research groups
with complementary activities. We believe that the communities of Structural Dynamics and
Earthquake Engineering will benefit from their exposure to advanced computational methods and
software tools which can highly assist in tackling complex problems in dynamic and seismic
analysis and design of structures, while also giving the opportunity to the Computational
Mechanics community to be exposed to very important engineering problems of great social
interest.
The COMPDYN 2021 Conference is supported by the National Technical University of Athens
(NTUA), the European Association for Structural Dynamics (EASD), the European Association for
Earthquake Engineering (EAEE), the Greek Association for Computational Mechanics (GRACM).
The editors of this volume would like to thank all authors for their contributions. Special thanks go
to the colleagues who contributed to the organization of the Minisymposia and to the reviewers
who, with their work, contributed to the scientific quality of this e-book.

M. Papadrakakis
National Technical University of Athens, Greece
M. Fragiadakis
National Technical University of Athens, Greece

iii

ACKNOWLEDGEMENTS
th

The conference organizers acknowledge the support towards the organization of the “8 International
Conference on Computational Methods in Structural Dynamics and Earthquake Engineering”, to the
following organizations:








European Community on Computational Methods in Applied Sciences (ECCOMAS)
International Association for Computational Mechanics (IACM)
European Association for Structural Dynamics (EASD)
European Association for Earthquake Engineering (EAEE)
Greek Association for Computational Mechanics (GRACM)
Hellenic Society for Earthquake Engineering (HSEE)
School of Civil Engineering, National University of Athens (NTUA)

Plenary Speakers and Invited Session Organizers
We would also like to thank the Plenary and Semi-Plenary Speakers and the Minisymposia Organizers for
their help in the setting up of a high standard Scientific Programme.

Plenary Speakers: Sondipon Adhikari, Peter Betsch, Hong Hao, Boris Jeremic, Geert Lombaert , Gabriele
Milani , Shinobu Yoshimura

Semi-Plenary Speakers: Denis Duhamel, Fernando Fraternali, Muneo Hori, Alexander Idesman , JeanMathieu Mencik, Giuseppe Muscolino

MS Organizers: Christoph Adam, Hamid Ahmadi, Ada Amendola, Giulia Angelucci, António Arêde, Davide
Arezzo, Nikolaos P. Bakas, Rui Carneiro Barros, Manuel Braz-César, Bruno Briseghella, Eleonora Bruschi,
Bruno Calderoni, Guido Camata, Luca Caracoglia, Sandro Carbonari, Donatello Cardone, Claudia Casapulla,
Serena Cattari, Nicola Cavalagli, Liborio Cavaleri, Dimitrios Chronopoulos, Francesco Clementi, Marco
Gaetani d’Aragona, Mario D'Aniello, Dario De Domenico, Maria Teresa De Risi, Matt DeJong, Carlo Del
Gaudio, Ciro Del Vecchio, Pedro Delgado, Mariano Di Domenico, Raffaele Di Laora, Marco Di Ludovico, Luigi
Di Sarno, Fabio Di Trapani, Beatrice Faggiano, Marco Filippo Ferrotto, Amedeo Flora, Antonio Formisano,
Michalis Fragiadakis, Fernando Fraternali, Fabio Freddi, André Furtado, Stefano Galassi, Emanuele Gandelli,
Linda Giresini, José A. González, Chiara Iacovino, Alper Ilki, Maria Iovino, Konstantinos Katakalos, Jin-Gyun
Kim, Radek Kolman, Daniele Losanno, George C. Manos, Giuseppe Carlo Marano, George Markou, Angelo
Masi, Konstantinos G. Megalooikonomou, Gabriele Milani, Lucia Minnucci, Fabrizio Mollaioli, Michele
Morici, Lukas Moschen, Jiří Náprstek, Vanni Nicoletti, Ehsan Noroozinejad, Roger Ohayon, K. C. Park, Carlo
Pettorruso, Vagelis Plevris, Maria Polese, Virginio Quaglini, Giuseppe Quaranta, Laura Ragni, Gian Andera
Rassati, Paolo Ricci, Hugo Rodrigues, Emmanouil Rovithis, Juan Chiachío Ruano, Manuel Chiachío Ruano,
Antonio Sandoli, Fabrizio Scozzese, Salvatore Sessa, Anastasios Sextos, P. Benson Shing, Castorina Silva
Vieira, Aram Soroushian, Enrico Spacone, James Swanson, Francesca Taddei, Kumar Tamma, Marco
Tanganelli, Roberto Tartaglia, Anton Tkachuk, Savvas Triantafyllou, Grigorios Tsinidis, Yiannis Tsompanakis,
Enrico Tubaldi, Filippo Ubertini, Nicolò Vaiana, Humberto Varum, Michalis Vassiliou, Ilaria Venanzi, Gerardo
M. Verderame, Stefania Viti, Marco Vona

iv

SUMMARY
Preface............................................................................................................................................... iii
Acknowledgements........................................................................................................................... iv
Contents............................................................................................................................................ ix

VOLUME I
PLENARY ......................................................................................................................................................... 1
SEMI-PLENARY .............................................................................................................................................. 28

Minisymposia
MS 1: INFLUENCE OF INFILL MASONRY WALLS IN THE RESPONSE AND SAFETY OF BUILDINGS ............… 63
Organized by Humberto Varum, Hugo Rodrigues, Enrico Spacone
MS 2: REPAIR AND RETROFIT OF STRUCTURES ….…................................................................................… 111
Organized by Ciro Del Vecchio, Marco Di Ludovico, Alper Ilki
MS 3: RECENT ADVANCES AND CHALLENGES IN GEOTECHNICAL EARTHQUAKE ENGINEERING ….......… 202
Organized by Castorina Silva Vieira, Yiannis Tsompanakis
MS 4: ADVANCEMENTS IN NUMERICAL MODELLING AND SEISMIC INTERVENTION TECHNIQUES
OF HISTORICAL MASONRY STRUCTURES..…............................................................................................... 231
Organized by Francesco Clementi, Nicola Cavalagli, Antonio Formisano, Gabriele Milani,
Vagelis Plevris
MS 6: ADVANCES ON SEISMIC ASSESSMENT AND LOCAL COLLAPSE MECHANISMS OF RIGID
BLOCKS IN STRUCTURES AND INFRASTRUCTURES .................................................................................... 637
Organized by Claudia Casapulla, Linda Giresini, Francesca Taddei, Ehsan Noroozinejad
MS 7: NEW ADVANCES IN COMPUTATIONAL MODELLING AND EXPERIMENTAL TESTING OF
INFILLED FRAMES (2ND EDITION) ..…......................................................................................................... 779
Organized by Fabio Di Trapani, Liborio Cavaleri, Guido Camata, P. Benson Shing
MS 8: A MATTER OF SCALE: FROM REAL-TIME MONITORING TO AREA-WIDE SEISMIC RISK
ASSESSMENT..........................................................................................................................................….. 987
Organized by Konstantinos G. Megalooikonomou
MS 9: NONLINEAR MODELLING AND ASSESSMENT OF EXISTING REINFORCED CONCRETE
ELEMENTS ............................................................................................................................................….. 1016
Organized by Mariano Di Domenico, Paolo Ricci, Gerardo M. Verderame

v

MS 10: VULNERABILITY OF MUSEUM’S COLLECTIONS DYNAMIC RESPONSE, SAFETY
ASSESSMENT AND DIGITAL INNOVATIONS ........................................................................................….. 1125
Organized by Stefania Viti, Marco Tanganelli, Stefano Galassi
MS 11: RECENT FINDINGS AND OPEN ISSUES IN SEISMIC PERFORMANCE ASSESSMENT OF
AS-BUILT AND RETROFITTED EXISTING RC BUILDINGS .....................................................................….. 1188
Organized by Maria Teresa De Risi, Carlo Del Gaudio, André Furtado, Gerardo M. Verderame,
Humberto Varum
MS 12: ADVANCES IN COMPUTATIONAL MODELLING, EXPERIMENTAL TESTING AND
OPTIMIZATION OF SEISMIC RETROFITTING........................................................................................….. 1322
Organized by Liborio Cavaleri, Marco Filippo Ferrotto, Fabio Di Trapani, Giuseppe Carlo Marano
MS 13: MODELLING AND SOLUTION STRATEGIES FOR DYNAMIC PROBLEMS ................................. ….. 1416
Organized by Aram Soroushian, Kumar Tamma
MS 14: SEISMIC ASSESSMENT AND RETROFITTING OF EXISTING STEEL STRUCTURES .....................….. 1492
Organized by Luigi Di Sarno, Fabio Freddi, Mario D'Aniello
MS 16: DYNAMIC RESPONSE ASSESSMENT IN RAIL TRACK ENGINEERING .......................................….. 1550
Organized by Lukas Moschen, Grigorios Tsinidis, Christoph Adam, Anastasios Sextos
MS 17: RECENT DEVELOPMENTS IN ROCKING STRUCTURES .............................................................….. 1574
Organized by Matt DeJong, Michalis Vassiliou
MS 19: ADVANCES IN THE OPTIMUM DESIGN AND CONTROL OF LARGE STRUCTURES UNDER
DYNAMIC LOADS .................................................................................................................................….. 1712
Organized by Fabrizio Mollaioli, Giulia Angelucci, Bruno Briseghella, Giuseppe Carlo Marano,
Giuseppe Quaranta
MS 20: COMPUTATIONAL DESIGN AND MODELING OF TENSEGRITY SYSTEMS FOR APPLICATIONS
IN SCIENCE AND ENGINEERING ..........................................................................................................….. 1825
Organized by Fernando Fraternali, Ada Amendola
MS 22: CONDITION BASED MAINTENANCE AND POST-PROGNOSTICS OF COMPOSITE
STRUCTURES: AN ENHANCED PLATFORM ..........................................................................................….. 1874
Organized by Dimitrios Chronopoulos, Savvas Triantafyllou, Juan Chiachío Ruano, Manuel Chiachío Ruano
MS 23: ADVANCED MODELS AND NUMERICAL METHODS IN DYNAMICS, WAVE PROPAGATION
AND COUPLED PROBLEMS ..................................................................................................................….. 1892
Organized by José A. González, Radek Kolman, Anton Tkachuk, Jiří Náprstek, K. C. Park
MS 24: LIFE-CYCLE RISK-BASED STRUCTURAL ASSESSMENT AND COST ANALYSIS ...........................….. 1941
Organized by Ilaria Venanzi, Filippo Ubertini, Luca Caracoglia
MS 25: MONITORING, IDENTIFICATION AND VIBRATION CONTROL OF STRUCTURES .....................….. 2014
Organized by Rui Carneiro Barros, Manuel Braz-César
MS 26: SEISMIC SAFETY ASSESSMENT OF STRUCTURES ....................................................................….. 2157
Organized by Pedro Delgado, António Arêde

vi

MS 27: TIMBER-BASED ELEMENTS: RECENT ADVANCEMENTS FOR NEW AND EXISTING SEISMICRESISTANT STRUCTURES .....................................................................................................................….. 2195
Organized by Antonio Sandoli, Bruno Calderoni, Beatrice Faggiano
MS 29: SEISMIC PROTECTION OF NON-STRUCTURAL COMPONENTS: RECENT DEVELOPMENTS
AND FUTURE CHALLENGES ..................................................................................................................….. 2388
Organized by Luigi Di Sarno, Michalis Fragiadakis
MS 30: DYNAMIC PROTECTION SYSTEMS AND DEVICES: EXPERIMENTAL TESTS, MATHEMATICAL
MODELING AND DESIGN METHODS ...................................................................................................….. 2435
Organized by Nicolò Vaiana, Daniele Losanno, Salvatore Sessa
MS 32: SIMPLIFIED METHODOLOGIES FOR PERFORMANCE AND LOSS ASSESSMENT AT BUILDING
OR TERRITORIAL SCALE .......................................................................................................................….. 2557
Organized by Maria Polese, Marco Gaetani d’Aragona

VOLUME II
Minisymposia
MS 33: EXPERIMENTAL MEASUREMENTS AND NUMERICAL SIMULATION ON PROBLEMS IN
THE FIELD OF EARTHQUAKE ENGINEERING AND STRUCTURAL DYNAMICS .......................................… 2718
Organized by George C. Manos, Konstantinos Katakalos
MS 34: FRAGILITY CURVES FOR EXISTING BUILDINGS: OPEN CHALLENGES IN THEIR DEFINITION
AND USE FOR SEISMIC RISK ANALYSES ….…..........................................................................................… 3059
Organized by Serena Cattari, Angelo Masi
MS 35: RECENT ADVANCES IN SEISMIC ISOLATION AND SUPPLEMENTAL DAMPING SYSTEMS
FOR VIBRATION CONTROL ….…..............................................................................................................… 3187
Organized by Virginio Quaglini, Eleonora Bruschi, Emanuele Gandelli, Carlo Pettorruso
MS 36: METHODOLOGIES AND ADVANCED TOOLS FOR SEISMIC RISK ASSESSMENT,
MANAGEMENT, AND MITIGATION: ADVANCES AND OPEN CHALLENGES ….…..................................… 3305
Organized by Marco Vona, Donatello Cardone, Amedeo Flora, Chiara Iacovino
MS 37: RISK ASSESSMENT OF BRIDGES AND ROAD NETWORKS SUBJECTED TO NATURAL
HAZARDS ….…........................................................................................................................................… 3377
Organized by Michele Morici, Fabrizio Scozzese, Lucia Minnucci
MS 38: DYNAMIC SOIL-FOUNDATION-STRUCTURE INTERACTION: DEVELOPMENTS AND EMERGING
ISSUES ….….............................................................................................................................................… 3577
Organized by Emmanouil Rovithis, Raffaele Di Laora, Maria Iovino
MS 39: THE CONTRIBUTION OF DYNAMIC TESTS AND STRUCTURAL MONITORING ON THE SEISMIC
RISK ASSESSMENT AND MITIGATION ….…...........................................................................................… 3697
Organized by Davide Arezzo, Sandro Carbonari, Vanni Nicoletti

vii

MS 40: ARTIFICIAL INTELLIGENCE & MACHINE LEARNING IN DESIGN AND ASSESSMENT OF
STRUCTURES ….…...................................................................................................................................… 3795
Organized by George Markou, Nikolaos P. Bakas
MS 41: SEISMIC PERFORMANCE OF STRUCTURES WITH ISOLATION AND/OR ENERGY DISSIPATION
DEVICES ….…...........................................................................................................................................… 3912
Organized by Enrico Tubaldi, Laura Ragni, Dario De Domenico, Hamid Ahmadi
MS 42: ADVANCES IN MODEL REDUCTION TECHNIQUES OF COMPUTATIONAL AND STRUCTURAL
DYNAMICS ….….......................................................................................................................................… 4111
Organized by Jin-Gyun Kim, K. C. Park, Roger Ohayon
MS 43: ANALYSES AND DESIGN OF STEEL JOINTS UNDER CYCLIC ACTION ….…....................................… 4134
Organized by Roberto Tartaglia, Mario D'Aniello, Gian Andera Rassati, James Swanson

Thematic Sessions
TS 5: DYNAMICS OF CONCRETE AND MASONRY STRUCTURES ............................................................….4226
TS 14: NUMERICAL SIMULATION METHODS FOR DYNAMIC PROBLEMS .................................................4331
TS 15: OPTIMUM DESIGN AND CONTROL IN STRUCTURAL DYNAMICS AND EARTHQUAKE
ENGINEERING ........................................................................................................................................….4428
TS 17: PERFORMANCE-BASED EARTHQUAKE ENGINEERING ...............................................................….4558
TS 19: REPAIR AND RETROFIT OF STRUCTURES ……………………………………………………………………………....….4729
TS 20: SEISMIC ISOLATION ....................................................................................................................….4816
TS 21: SEISMIC RISK AND RELIABILITY ANALYSIS ..................................................................................….4853
TS 27: STEEL STRUCTURES......................................................................................................................….4906
TS 28: STOCHASTIC DYNAMICS..............................................................................................................….4926
TS 31: NUMERICAL SIMULATION OF GEOTECHNICAL PROBLEMS........................................................….4946
TS 32: DYNAMICS OF STEEL AND SLENDER STRUCTURES.....................................................................….5108
TS 33: AEROELASTICITY, SOUND AND VIBRATION AND BRIDGE DYNAMICS ......................................….5179
TS 34: NONLINEAR AND IMPACT DYNAMICS........................................................................................….5307

viii

CONTENTS
VOLUME I
PLENARY
SEISMIC VULNERABILITY OF MASONRY HISTORICAL STRUCTURES: A SIMPLE ADAPTIVE NURBS FE
APPROACH FOR THE LIMIT AND THE SUBSEQUENT NON-LINEAR STATIC ANALYSIS WITH FEW DOFS ……………….….… 1
Nicola Grillanda, Gabriele Milani

SEMI-PLENARY
SOME RECENT ADVANCES IN THE WAVE FINITE ELEMENT METHOD ………………….…………………………….……..…….……… 28
Denis Duhamel, B. Claudet, T. Hoang, G. Foret, Jean-Mathieu Mencik
DYNAMIC ANALYSIS OF PERIODIC STRUCTURES AND METAMATERIALS VIA WAVE APPROACHES AND FINITE
ELEMENT PROCEDURES ………………….…………………………………………………………………………………..…………………..……….…… 42
Jean-Mathieu Mencik, Denis Duhamel

Minisymposia
MS 1: INFLUENCE OF INFILL MASONRY WALLS IN THE RESPONSE AND SAFETY OF BUILDINGS
IMPACT OF MASONRY INFILL VARIABILITY ON THE ESTIMATION OF FLOOR RESPONSE SPECTRA IN RC
BUILDINGS ………………….………………………………………………………………………………………………………………..…………..…………… 63
Gianrocco Mucedero, Daniele Perrone, Emanuele Brunesi, Ricardo Monteiro
EFFECT OF IN-PLANE/OUT-OF-PLANE INTERACTION IN INFILL WALLS ON THE FLOOR SPECTRA OF
REINFORCED CONCRETE BUILDINGS ………………….……………………………………………………………………………………..…………… 84
Mariano Di Domenico, Paolo Ricci, Gerardo M. Verderame
SEISMIC LOSS ANALYSIS OF A CODE‑DESIGNED INFILLED RC BUILDING ACCOUNTING FOR INFILL MODEL
CLASS UNCERTAINTY ………………….…………………………………………………………………………………………………………..…………… 102
Fabio Romano, Mohammad S. Alam, Maria Zucconi, Marco Faggella, Andre R. Barbosa, Barbara Ferracuti

MS 2: REPAIR AND RETROFIT OF STRUCTURES
SEISMIC BEHAVIOR OF SUBSTANDARD EXTENDED RECTANGULAR RC COLUMNS JACKETED WITH SPRAYED
GFRM ………………….………………………………..……………………………………………………………………………………………………….……… 111
Muhsin Can Lüleci, Bilal Sari, Ugur Demir, Muhammed Marasli, Alper Ilki
DAMAGE EVOLUTION FOR REPAIRABILITY OF SUBSTANDARD BEAM-COLUMN JOINTS ………………….……………………… 120
Özgür Yurdakul, Ciro Del Vecchio, Marco Di Ludovico, Ladislav Řoutil, Özgür Avşar

ix

EXPERIMENTAL RESPONSE AND NUMERICAL MODELLING OF TWO-STOREY INFILLED RC FRAME ………………………… 131
Ciro Del Vecchio, C. Molitierno, Marco Di Ludovico, Gerardo Mario Verderame, Andrea Prota, Gaetano Manfredi
DEFENCE OF ARCHITECTURAL HERITAGE: EXPERIMENTAL CAMPAIGN ON MASONRIES REINFORCED WITH
NATURAL FRCM COMPOSITE MATERIALS ………………….…………………………………………………………..………………..…………… 141
Riccardo Liberotti, Nicola Cavalagli, Federico Cluni, Massimiliano Gioffrè, Chiara Pepi, Vittorio Gusella
NUMERICAL MODELLING AND ANALYSIS OF ECCENTRIC BRACING WITH VERTICAL SHEAR LINKS .…………..…………… 151
Gaetano Cantisani, Emilio Rodontini, Gaetano Della Corte
PERFORMANCE OF EXISTING REINFORCED CONCRETE ARCH BRIDGES UNDER CURRENT NON SEISMIC LOADS …… 164
Giovanni Crisci, Francesca Ceroni, Gian Piero Lignola, Andrea Prota
A SUSTAINABLE SOLUTION FOR THE SEISMIC STRENGTHENING OF RC EXISTING BUILDINGS THROUGH THE
HPDF SYSTEM (HPDF): A CASE STUDY ………………….………………………………..………………………………………………………..…… 180
Giuseppe Ventura, Vincenzo Manfredi, Angelo Masi, Giuseppe Santarsiero, Andrea Digrisolo
APPLICATION OF C-FRP SHEETS FOR STRUCTURAL REPAIRING OF RC BEAM-COLUMN CONNECTIONS
DAMAGED UNDER CYCLIC LOADING – EXPERIMENTAL STUDY ………………….……………………………………….…..…………… 191
Emmanouil Golias, Stavroula Katsimente, Eirini Ziavra, Konstantinos Kirtsonis, Constantin E. Chalioris,
Chris C. Karayannis

MS 3: RECENT ADVANCES AND CHALLENGES IN GEOTECHNICAL EARTHQUAKE ENGINEERING
SEISMIC VULNERABILITY OF SHALLOW UNDERGROUND CAVITIES IN SOFT ROCK ...………………………………..…………… 202
Stefania Fabozzi, Filomena De Silva, Marco Nocentini, Edoardo Peronace, Emilio Bilotta,
Massimiliano Moscatelli
EFFICIENCY OF SEISMIC LIQUEFACTION MITIGATION METHODS FOR EXISTING STRUCTURES ………………..…………… 212
Alexandros Valsamis, Taxiarchoula Limnaiou, Achilleas Papadimitriou
PREDICTING RAILWAY TRACK DISPLACEMENTS WITH THE HARDENING SOIL SMALL STRAIN MODEL NEAR
CRITICAL SPEED ………………….………………………………..………………………………………………………………………………………..…… 222
Jesús Fernández-Ruiz, Pedro Alves Costa

MS 4: ADVANCEMENTS IN NUMERICAL MODELLING AND SEISMIC INTERVENTION TECHNIQUES OF HISTORICAL
MASONRY STRUCTURES
NON-DESTRUCTIVE AND DESTRUCTIVE TESTS ON OPUS INCERTUM MASONRY PANELS ………………………..…………… 231
Francesca Autiero, Giuseppina De Martino, Marco Di Ludovico, Andrea Prota
PRELIMINARY NONLINEAR STATIC AND DYNAMIC ANALYSIS OF THE MAIN PYRAMID OF HUACA DE LA LUNA,
PERU ………………….………………………………..……………………………………………………………………………………………………..……… 244
Selman Tezcan, Miguel a. Pando, Rafael Aguilar, Benjamin Castañeda, Carol Rojas, Renato Perucchio

x

MODELING STRATEGIES FOR NON-LINEAR SEISMIC ANALYSES: COMPARISON AMONG EFM AND FEM
RESULTS ON AN EXISTING URM CASE STUDY ………………….……………………………………………………………………..…………… 258
Marco Pegoraro, Elisa Saler, Matteo Salvalaggio, Maria Rosa Valluzzi
ANALYSIS OF THE DAMAGE STATE OF A MONUMENTAL BUILDING BY CONSIDERING THE VARIATIONS IN SOIL
CONDITIONS ………………….………………………………..…………………………………………………………………………………………….…… 268
Erica Lenticchia, Gaetano Miraglia, Stefania Coccimiglio, Rosario Ceravolo
ADVANCED NUMERICAL PREDICTION OF UNREINFORCED U-SHAPED MASONRY WALLS LOADED OUT-OFPLANE ………………….………………………………………………………………………………………………………………………………..…………… 278
Jacopo Scacco, Luís C. Silva, Graça Vasconcelos, Gabriele Milani, Paulo B. Lourenço
LOW-COST BASE ISOLATION SYSTEMS FOR UNREINFORCED MASONRY BUILDINGS IN DEVELOPING
COUNTRIES .……………………………………………………………………………………………………………………………………………..………… 286
Nagavinothini Ravichandran, Daniele Losanno, Fulvio Parisi
NONLINEAR STATIC ANALYSIS OF MASONRY BUILDINGS THROUGH FIBRE-BASED CAPACITY MODELLING .………… 298
Elia Acconcia, Valentina Buonocunto, Fulvio Parisi
A DISCRETE-MACRO-ELEMENT-MODEL FOR THE IN-PLANE ANALYSIS OF MASONRY STRUCTURES
STRENGTHENED BY FRCMS ………………………………………………………………………………….………………………………..…………… 309
Paolo Zampieri, Riccardo Piazzon, Bartolomeo Pantò, Carlo Pellegrino
NUMERICAL MODELLING OF DIAGONAL COMPRESSION TESTS ON MASONRY PANELS STRENGTHENED BY
FRCM ………………….…………………………………………………………………………………………………………………….…………..…………… 318
Francesca Ferretti, Francesco Saverio Murgo, Claudio Mazzotti
EMPIRICAL AND MECHANICAL ANALYSIS METHODS FOR SEISMIC VULNERABILITY ASSESSMENT OF
CLUSTERED BUILDINGS OF HISTORICAL CENTRES: A CASE STUDY ………………….…………………………………………………… 331
Antonio Formisano, Giovanni Mochi, Nicola Chieffo
SETTLEMENT-INDUCED DAMAGE ASSESSMENT IN UNILATERAL MASONRY-LIKE STRUCTURES: A PIECEWISE
RIGID DISPLACEMENT APPROACH ………………….……………………………………………………………………………………..…………… 338
Ida Mascolo, Antonio Fortunato
ON THE USE OF DIGITAL TWINS FOR SEISMIC STRUCTURAL HEALTH MONITORING OF A MONUMENTAL
MASONRY TOWER ………………….………………………………..………………………………………………………………………………………… 346
Alban Kita, Nicola Cavalagli, Ilaria Venanzi, Filippo Ubertini
MICROMECHANICAL ANALYSIS OF UNREINFORCED AND REINFORCED MASONRY ARCHES …………………..…………… 354
Daniela Addessi, Cristina Gatta, Mariacarla Nocera, Domenico Liberatore
ANALYTICAL AND NUMERICAL ANALYSIS OF S. MARTINO’S DEI GUALDESI CHURCH DAMAGED DURING THE
2016 CENTRAL ITALY SEISMIC SEQUENCE ………………….………………………………..……………………………………………………… 367
lvis Cescatti, Michol Rampado, Veronica Follador, Francesca da Porto, Claudio Modena
A NURBS-BASED NUMERICAL APPROACH FOR THE ASSESSMENT OF MASONRY VAULTS UNDERGOING
DIFFERENTIAL SETTLEMENTS ………………….……………………………………………………………………………………………..…………… 380
Andrea Chiozzi, Nicola Grillanda, Gabriele Milani, Antonio Tralli

xi

NUMERICAL MODELLING OF BONDED BRICKWORK UNDER CYCLIC COMPRESSION LOADING ..……………..…………… 387
Mohammad Asad, Tatheer Zahra, Julian Thamboo
FULL 3D CAD PROCEDURE FOR THE LIMIT ANALYSIS OF LONGHU PAGODA IN CHINA ….………………………..…………… 398
Peixuan Wang, Alessandro De Iasio, Jacopo Scacco, Gabriele Milani, Shengcai Li
ROLE OF REPEATED SEISMIC EVENTS ON THE COLLAPSE OF TWO CALIDARIA IN ROME DATING BACK TO THE
IMPERIAL AGE ………………….……………………………………………………………………………………….…………………………..…………… 406
Francesca Faleri, Nicola Grillanda, Selman Tezcan, Renato Perucchio, Gabriele Milani
3D ADVANCED NUMERICAL MODELLING OF A CATALAN-LAYERED MASONRY VAULT UNREINFORCED AND
REINFORCED WITH GLASS-TRM MATERIALS AND SUBJECTED TO VERTICAL SUPPORT MOVEMENTS ..…..…………… 415
Elisa Bertolesi, Gabriele Milani, José M. Adam, Pedro A. Calderón
DYNAMIC ANALYSIS OF MASONRY CHIMNEYS BY MEANS OF A SIMPLE RIGID BEAM MODEL ………………..…………… 423
Daniele Baraldi, Gabriele Milani, Vasilis Sarhosis
COMPARATIVE ANALYSIS AMONG DIFFERENT ANALYSIS PROGRAMS FOR SEISMIC VULNERABILITY
EVALUATION OF A MASONRY BUILDING COMPOUND IN THE DISTRICT OF NAPLES ….…………………………..…………… 433
Generoso Vaiano, Antonio Formisano
TERRITORIAL ANALYSIS OF SEISMIC PERFORMANCE OF ANCIENT CHURCHES: METHODS AND APPLICATION
TO CASE STUDIES ………………….………………………………..……………………………………………………………………………………..…… 447
Michele D'Amato, R. Laguardia, Rosario Gigliotti, Antonio Formisano
FE MODELING OF A SEISMIC ISOLATOR MADE OF HDR AND REGENERATED EPDM ..……………………………..…………… 456
Gaetano Pianese, Gabriele Milani, Antonio Formisano
INFLUENCE OF CROSSLINKING ON THE SEISMIC PERFORMANCE OF UNBONDED FIBER REINFORCED
ELASTOMERIC ISOLATORS (UFREI) MADE OF REGENERATED RUBBER ………………….………………………………..…………… 463
Gaetano Pianese, Davide Torrini, Gabriele Milani, Antonio Formisano
COMBINING OPERATIONAL MODAL ANALYSIS AND GENETIC ALGORITHMS TO UNDERSTAND THE ACTUAL
STRUCTURAL BEHAVIOR OF HISTORICAL CONSTRUCTIONS ………………….………………………………..…………………………… 470
Gianluca Standoli, Georgios Panagiotis Salachoris, Maria Giovanna Masciotta, Francesco Clementi
SEISMIC ASSESSMENT OF MASONRY CROSS VAULTS THROUGH NON-LINEAR STATIC ANALYSES …………..…………… 487
Marco Alforno, Alessia Monaco, Fiammetta Venuti, Chiara Calderini
“SCAGLIA ROSSA” EXPERIMENTAL CAMPAIGN AND MODEL UPDATING FOR NUMERICAL DAMAGE
EVALUATION ………………….………………………………..………………………………………………………………………………………………… 497
Georgios Panagiotis Salachoris, Erica Magagnini, Francesco Clementi
BEHAVIOUR FACTOR ASSESSMENT OF ANCIENT MASONRY TOWERS THROUGH AN INNOVATIVE SIMPLIFIED
PUSHOVER METHOD ………………….………………………………………………………………………………………………………….…………… 508
Alessandro De Iasio, Peixuan Wang, Gabriele Milani, Bahman Ghiassi

xii

FE PUSHOVER ANALYSES OF A 20TH-CENTURY MASONRY CHIMNEY IN SPAIN: COLLAPSE BEHAVIOR AND
NUMERICAL UNCERTAINTIES ………………….………………………………..………………………………………………………………………… 519
Alessandro De Iasio, Gabriele Milani, Jose M. Adam
FINITE ELEMENT ANALYSIS OF JUMA MOSQUE IN UZBEKISTAN BASED ON LASER SCANNING AND AMBIENT
STUDIES ………………….………………………………..………………………………………………………………………………………………………… 530
Shakhzod Takhirov, Bahodir Rakhmonov
CONTINUOUS AND DISCONTINUOUS DESCRIPTIONS OF BLOCKED STRUCTURES: THE CASE STUDY OF
SANTISSIMO CROCIFISSO CHURCHES IN PRETARE (ITALY) ………………….………………………………..…………………..………… 539
Francesco Clementi, Angela Ferrante, Ersilia Giordano, Stefano Lenci
LATTICE DISCRETE MODELING OF OUT-OF-PLANE BEHAVIOR OF IRREGULAR MASONRY ….…………………..…………… 546
Micaela Mercuri, Madura Pathirage, Amedeo Gregori, Gianluca Cusatis
NUMERICAL STUDY ON SEISMIC RETROFIT OF URM WALLS USING TIMBER PANELS ……………………………..…………… 563
Davide Cassol, Ivan Giongo, Maurizio Piazza
OPTIMIZATION OF EMPIRICAL SEISMIC VULNERABILITY ASSESSMENT FOR MASONRY BUILDINGS FOLLOWING
NONLINEAR ANALYSIS ………………….………………………………………………………………………………………………………..…………… 581
Eugen Onescu, Iasmina Onescu, Marius Mosoarca
NONLINEAR SIMULATION OF MASONRY VAULTS UNDER EARTHQUAKE LOADING ………………………………..…………… 595
Adam Plavsic, Bartolomeo Pantò, Corrado Chisari, Lorenzo Macorini, Bassam A. Izzuddin, Ingrid Boem,
Natalino Gattesco
LOW-COST RUBBER COMPOUNDS FOR FIBER-REINFORCED ELASTOMERIC ISOLATORS: RECOVERED
POWDERS AND WASTE OILS FROM RUBBER MANUFACTURING PROCESSES ……….………………………………..…………… 607
Gaetano Pianese, Gabriele Milani, Federico Milani, Ahmad Basshofi Habieb
HORIZONTAL FORCE CAPACITY OF A HEMI-SPHERICAL DOME ………………….…………………………………….……..…………… 614
Carlo Olivieri, Anna Castellano, Isabella Elia, Antonio Fortunato, Ida Mascolo
SEISMIC RETROFITTING TECHNIQUES FOR EXISTING MASONRY BUILDINGS .……….………………………………..…………… 626
Ida Mascolo, Antonio Fortunato, Carlo Olivieri, Antonio Gesualdo

MS 6: ADVANCES ON SEISMIC ASSESSMENT AND LOCAL COLLAPSE MECHANISMS OF RIGID BLOCKS IN
STRUCTURES AND INFRASTRUCTURES
PRELIMINARY DESIGN METHOD FOR ROCKING AND NEGATIVE STIFFNESS SYSTEMS ……………………………….….……… 637
Natalia Reggiani Manzo, Michalis Vassiliou
PREFABRICATED REINFORCED CONCRETE CLADDING PANELS SUPPORTS: DESIGN AND NUMERICAL
MODELLING ……………………………………………………………………………………………..…………….………………………………..……...… 649
Flavio Stochino, Fausto Mistretta, Mario Lucio Puppio, Mauro Sassu

xiii

INFLUENCE OF THE ELASTO-PLASTIC BEHAVIOR OF TIE-RODS IN THE RESPONSE OF ROCKING MASONRY
WALLS THROUGH SEISMIC DEMAND HAZARD CURVES ………………….………………………………..……………….………………… 664
Fabio Solarino, Linda Giresini, Pietro Croce
GRAPHICAL METHODS, KINEMATIC AND FINITE ELEMENT ANALYSIS OF THE PREMILCUORE MASONRY BRIDGE … 682
Linda Giresini, Daniela De Paola, Mario Lucio Puppio, Giovanni Buratti
REDUCTION OF HOUSNER’S COEFFICIENT OF RESTITUTION FOR MASONRY WALLS UNDER ONE-SIDED
ROCKING ……………….………………………………..………………………………………………………………………………………………………..… 702
Linda Giresini, Pietro Croce
AN EQUIVALENT VISCOUS DAMPING PROPOSAL FOR BLOCK-BASED ROCKING MODELS .………………………..……….…. 717
Georgios Vlachakis, Carla Colombo, Anastasios Giouvanidis, Anjali Mehrotra, Nathanael Savalle,
Paulo B. Lourenço
PROBABILISTIC SEISMIC FRAGILITY FOR ROCKING MASONRY FAÇADES USING CLOUD ANALYSIS .…………..………….. 727
Armando Benenato, Stefania Imperatore, Gian Piero Lignola, Barbara Ferracuti
MODELLING OF THE OUT-OF-PLANE BEHAVIOUR OF UNREINFORCED MASONRY PANELS USING THE DISCRETE
MACRO-ELEMENT METHOD (DMEM) …………………………………………………………………...……………………………….…………… 738
Valeria Cusmano, Bartolomeo Pantò, Ivo Caliò, Paulo B. Lourenço
VISUAL PROGRAMMING FOR MACRO-BLOCK ANALYSIS OF MULTI-STOREY MASONRY BUILDINGS ………..…………… 752
Elham Mousavian, Luca Umberto Argiento, Claudia Casapulla
OUT-OF-PLANE RESPONSE OF T-SHAPED MASONRY WALLS STRENGTHENED WITH CFRP INJECTED ANCHORS:
MODELLING AND DESIGN PROVISIONS ………………………………………………………………...………………………………..…………… 764
Alessandra Maione, Claudia Casapulla, Francesca Ceroni, Marco Di Ludovico, Andrea Prota

MS 7: NEW ADVANCES IN COMPUTATIONAL MODELLING AND EXPERIMENTAL TESTING OF INFILLED FRAMES
(2ND EDITION)
NUMERICAL MESO-MODEL FOR REINFORCED CONCRETE FRAMES WITH RETROFITTED MASONRY INFILL .………… 779
Gianni Blasi, Daniele Perrone, Maria Antonietta Aiello
ASSESSMENT OF OUT-OF-PLANE STRENGTH OF MASONRY INFILLS ACCORDING TO EC6 ….…………………..…………… 795
Laura Liberatore
INFLUENCE OF PRIOR IN-PLANE DAMAGE ON THE OUT-OF-PLANE RESPONSE OF NON-LOAD BEARING
UNREINFORCED MASONRY WALLS UNDER SEISMIC LOAD ………………….………………………………………………...…………… 808
Bogdan Šakid, Aleksa Milijaš, Marko Marinkovid, Christoph Butenweg, Sven Klinkel
EXPERIMENTAL INVESTIGATION OF BEHAVIOUR OF MASONRY INFILLED RC FRAMES UNDER OUT-OF-PLANE
LOADING ………………….………………………………..…………………………………………………………………………………………………….… 829
Aleksa Milijaš, Bogdan Šakid, Marko Marinkovid, Christoph Butenweg, Sven Klinkel
STRUCTURAL CONCEPTS IN THE DESIGN OF MASONRY-INFILLED STEEL FRAMES …………………………………..…………… 847
Dario Sokic, Damir Markulak, Tihomir Doksanovic, Ivan Radic

xiv

A SIMPLE METHODOLOGY FOR THE INFILL MASONRY WALL STIFFNESS ESTIMATION .…………………………..…………… 860
Vanni Nicoletti, Davide Arezzo, Sandro Carbonari, Fabrizio Gara
ASSESSMENT OF DAMAGE TO MODERN REINFORCED CONCRETE BUILDINGS – ENGINEERING ANALYSIS OF
THE M6.4 ALBANIA EARTHQUAKE, 26TH OF NOV. 2019 ………………….…………………………………………………....…………… 871
Lars Abrahamczyk, Davorin Penava, Melad Haweyou, Filip Anid, Arturo E. Schultz, Jeff Rautenberg
INFLUENCE OF THE INFILL TYPOLOGY IN THE EVALUATION OF THE ANNUAL LOSSES OF RC STRUCTURES
THROUGH THE APPLICATION OF A NEW METHOD ………………….………………………………..……………………………………..… 886
Andrea Rossi, Paolo Morandi, Riccardo R Milanesi, Guido Magenes
LOCAL EFFECTS DUE TO THE SEISMIC INTERACTION BETWEEN INNOVATIVE DUCTILE MASONRY INFILLS AND
RC ELEMENTS ………………….……………………………………………………………………………………………………………………….………… 899
Riccardo R. Milanesi, Valentino Bolis, Simone Pelucco, Paolo Morandi, Guido Magenes, Marco Preti
A DEGRADING BOUC-WEN DATA-DRIVEN MODEL FOR THE CYCLIC BEHAVIOR OF MASONRY INFILLED RC
FRAMES ………………….………………………………..………………………………………………………………………………………………………… 913
Matteo Pelliciari, Stefano Sirotti, Fabio Di Trapani, Bruno Briseghella, Giuseppe Carlo Marano, Camillo Nuti,
Angelo Marcello Tarantino
SEISMIC PERFORMANCE OF PAKISTANI-TECHNIQUE INFILLED REINFORCED CONCRETE FRAMES …..……..…………… 923
Nisar Ali Khan, Alessandro Vittorio Bergami, Camillo Nuti, Giorgio Monti, Marco Vailati, Bruno Briseghella
GENERATION OF OUT-OF-PLANE FRAGILITY FUNCTIONS FOR IN-PLANE DAMAGED UNREINFORCED MASONRY
INFILLS ………………….……………………………………………………………………………………………………………………………….…………… 935
Bharat Pradhan, Liborio Cavaleri, Vasilis Sarhosis, Marco Filippo Ferrotto
EMPIRICAL FORMULATION OF THE OUT-OF-PLANE RESISTANCE OF INFILLED FRAMES ..……..………………..…………… 955
Fabio Di Trapani, Alessandro Vizzino, Giovanni Tomaselli, P. Benson Shing
MECHANICAL VS EMPIRICAL MODELS FOR MODELS IN-PLANE RESPONSE OF INFILLED FRAMES: RELIABILITY
7 COMPARISON AND VALIDATION OF A NEW DATA-DRIVEN MODEL ………………….………………………………..…………… 970
Fabio Di Trapani, Giovanni Tomaselli, Gabriele Bertagnoli

MS 8: A MATTER OF SCALE: FROM REAL-TIME MONITORING TO AREA-WIDE SEISMIC RISK ASSESSMENT
EARTHQUAKE EARLY WARNING AND RAPID RESPONSE SYSTEM BASED ON SMART SEISMIC AND
MONITORING SENSORS EMBEDDED IN A COMMUNICATION PLATFORM AND COUPLED WITH BIM MODELS ..…… 987
Georgios Balaskas, Benno Hoffmeister, Christoph Butenweg, Marco Pilz, Anna Bauer
MONITORING OF A PRESTRESSED BRIDGE MODEL BY ULTRASONIC MEASUREMENT AND VIBRATION
RECORDINGS ………………….……………………………………………………………………………………………………………….……..…………… 999
Chun-Man Liao, Falk Hille, Daniel Fontoura Barroso, Ernst Niederleithinger

xv

COMPARATIVE NON-STRUCTURAL VULNERABILITY ASSESSMENT METHODS FOR HISTORICAL RESIDENTIAL
MASONRY BUILDINGS ………………….………………………………..…………………………………………………………………………….…… 1008
Filippos Alogdianakis, Konstantinos G. Megalooikonomou, Georgios S. Papavasileiou

MS 9: NONLINEAR MODELLING AND ASSESSMENT OF EXISTING REINFORCED CONCRETE ELEMENTS
STUDY OF BIAXIAL SHEAR FAILURE ENVELOPE OF REINFORCED CONCRETE COLUMNS ……………………....…………… 1016
Beatrice Belletti, Simone Ravasini, Andrea Alberici
EVALUATION OF THE SEISMIC VULNERABILITY OF EXISTING PRE-CODE RC CORE STRUCTURAL SYSTEMS
THROUGH NON-LINEAR PUSHOVER ANALYSES ………………….………………………………………………………………..…………… 1027
Beatrice Belletti, Enzo Martinelli, Elena Michelini, Francesca Vecchi
CALIBRATION AND VALIDATION OF AN OVERDAMPED DISPLACEMENT ADAPTIVE PROCEDURE FOR SEISMIC
ASSESSMENT OF INFILLED RC FRAMES ………………….………………………………..………………………………………………….…… 1039
Francesca Barbagallo, Melina Bosco, Aurelio Ghersi, Edoardo Michele Marino, Pier Paolo Rossi
CYCLIC TESTING OF 1:40 SCALE CANTILEVER RC ELEMENTS WITH DIGITALLY MANUFACTURED
REINFORCEMENT ………………….………………………………..………………………………………………………………………………………… 1053
Lorenzo Del Giudice, Rafal Wrobel, Antonios Katsamakas, Christian Leinenbach, Michalis Vassiliou
R/C COLUMN MODELLING USING ANSYS AND LOADING RATE AND MESH METHOD INFLUENCE STUDIES ….…… 1063
Theodora Mitkou, Theodoros Chrysanidis
CALIBRATION AND NUMERICAL MODELING OF RC BEAM-COLUMN JOINTS DESIGNED FOR GRAVITY LOADS …… 1085
Marcello Sabene, Maria Zucconi, Stefano Pampanin, Barbara Ferracuti
ASSESSMENT OF THE RESPONSE ENVELOPE OF REINFORCED CONCRETE MEMBERS WITH DIFFERENT
FAILURE MODES ………………….…………………………………………………………………………………………………………………………… 1097
Mariano Di Domenico, Paolo Ricci, Gerardo M. Verderame
SEISMIC ASSESSMENT OF AN EXISTING RC BUILDING AFFECTED BY SLOW-MOVING LANDSLIDES INDUCED
DISPLACEMENTS MONITORED BY REMOTE SENSING TECHNIQUE ………………….………………………………..………………. 1112
Annalisa Mele, Andrea Miano, Diego Di Martire, Donato Infante, Andrea Prota, Massimo Ramondini

MS 10: VULNERABILITY OF MUSEUM’S COLLECTIONS DYNAMIC RESPONSE, SAFETY ASSESSMENT AND DIGITAL
INNOVATIONS
VULNERABILITY OF ART WORKS TO BLAST HAZARD: THE FOUNTAIN OF NEPTUNE IN FLORENCE ……..……………… 1125
Marco Domaneschi, Marco Tanganelli, Stefania Viti, Gian Paolo Cimellaro
SIMPLIFIED ANALYSES FOR THE MODEL SETTING OF SCULPTURES: THE “OCEANO” BY GIAMBOLOGNA ……..…… 1135
Marco Tanganelli, Stefano Galassi, Stefania Viti
VULNERABILITY ASSESSMENT OF MONUMENTAL ARTWORKS USING CONTACT TIME-HISTORY ANALYSIS …….… 1145
Raffaele Gagliardo, Michele Godio, Lucrezia Cascini, Francesco Portioli, Raffaele Landolfo

xvi

THE TARANTOLA ETRUSCAN PEDIMENT: NDT AND 3D MODEL CONTENT ………………….……………………..…………..… 1153
Anna Livia Ciuffreda, Massimo Coli, Tessa Donigaglia, Paola Ilaria Mariotti, Teresa Salvatici, Gabriela Simoni
CORRELATION OF VULNERABILITY AND CONSERVATION BETWEEN ARTISTIC ASSETS AND STRUCTURAL
ELEMENTS: CAMPAIGN OF THERMOGRAPHIC SURVEYS ON THE FRESCOES OF THE TEMPLAR CHURCH OF
SAN BEVIGNATE ………………….………………………………………………………………………………………………………….……………….. 1170
Riccardo Liberotti, Federico Cluni, F. Faralli, Vittorio Gusella

MS 11: RECENT FINDINGS AND OPEN ISSUES IN SEISMIC PERFORMANCE ASSESSMENT OF AS-BUILT AND
RETROFITTED EXISTING RC BUILDINGS
EVALUATION OF A NUMERICAL MODELLING APPROACH FOR THE SIMULATION OF RETROFITTED RC
ELEMENTS ……….………………………………………………………………………………………………………………………………….…………… 1188
Ines Sousa, Rita Couto, Rita Peres, José Miguel Castro, Rita Bento
EXPERIMENTAL INVESTIGATION ON ANCHORAGE PERFORMANCE OF EMBEDDED SMOOTH REBARS
SUBJECTED TO CYCLICNG LOADING ………………….………………………………………………………………………….……..…………… 1201
Anthony Paderno, Simone Pelucco, Marco Preti
OUT-OF-PLANE TESTING OF MASONRY INFILL WALLS MADE WITH LIGHTWEIGHT CONCRETE BLOCKS .…………… 1212
M. Agante, André Furtado, Hugo Rodrigues, António Arêde, P. Fernandes, Humberto Varum
SELECTION OF OPTIMAL SEISMIC RETROFITTING FOR EXISTING SCHOOL BUILDINGS THROUGH MULTICRITERIA DECISION MAKING ………………….………………………………..…………………………………………………………………….… 1223
Wilson Carofilis, Nicholas Clemett, Giammaria Gabbianelli, Gerard O’Reilly, Ricardo Monteiro
NUMERICAL INVESTIGATIONS ON THE RESIDUAL CAPACITY AND ECONOMIC LOSSES OF EARTHQUAKEDAMAGED REINFORCED CONCRETE WALL STRUCTURES ………………….………………………………..…………………….……… 1242
Cristiana Ceccarelli, Simona Bianchi, Livio Pedone, Stefano Pampanin
SIMPLIFIED LOSS ESTIMATION IN INFILLED RC BUILDINGS: MECHANICAL METHOD AND VALIDATION ..…………… 1261
Carlo Del Gaudio, Maria Teresa De Risi, Gerardo Mario Verderame
SEISMIC PERFORMANCE ASSESSMENT OF AS-BUILT AND RETROFITTED RC BUILDINGS CONSIDERING THE
INFLUENCE OF INFILLS: PRE-‘70 LOW-MIDE RISE CASE-STUDIES ………………….………………………………..………….……… 1275
Maria Teresa De Risi, Santa Anna Scala, Carlo Del Gaudio, Gerardo Mario Verderame
MAPPING PERFORMANCE-TARGETED RETROFITTING TO SEISMIC FRAGILITY REDUCTION ..………………..…………… 1301
Karim Aljawhari, Roberto Gentile, Carmine Galasso

xvii

MS 12: ADVANCES IN COMPUTATIONAL MODELLING, EXPERIMENTAL TESTING AND OPTIMIZATION OF SEISMIC
RETROFITTING
EXPERIMENTAL STUDY ON THE IN-PLANE RESPONSE OF ADOBE MASONRY WALLETS STRENGTHENED WITH
TEXTILE REINFORCED MATRIX SYSTEMS ………………….…………………………………………………………………………..…………… 1322
Paolino Cassese, Luigi Fenu, Domenico Asprone, Antonio Occhiuzzi, Fulvio Parisi
GENETIC OPTIMIZATION FOR THE DESIGN OF SEISMIC RETROFITTING OF PLANE RC FRAMES WITH BUCKLING
RESTRAINED BRACES (BRBS) ………………….………………………………..…………………………………………………………………..…… 1333
Giovanni Minafò, Gaetano Camarda
INFLUENCE OF THE EFFECTIVENESS FACTORS IN ASSESSING THE SHEAR CAPACITY OF RC BEAMS
STRENGTHENED WITH FRP ………………….………………………………..……………………………………………………………………..…… 1345
Piero Colajanni, Salvatore Pagnotta
OPTIMIZATION OF STEEL-JACKETING RETROFITTING OF SHEAR-CRITICAL AND DUCTILITY CRITICAL RC
FRAME STRUCTURES BY A NOVEL GENETIC ALGORITHM FRAMEWORK ………………….………………………………..……… 1368
Antonio Pio Sberna, Fabio Di Trapani, Giuseppe Carlo Marano
EXPECTED ANNUAL LOSS ORIENTED SEISMIC RETROFITTING OPTIMIZATION OF RC FRAME STRUCTURES
USING A NEW AI-BASED FRAMEWORK ………………….………………………………..………………………………………………..……… 1383
Fabio Di Trapani, Antonio Pio Sberna, Giuseppe Carlo Marano
THE ROLE OF THE SUSTAINED LOADS ON THE BEARING CAPACITY OF REINFORCED CONCRETE COLUMNS
RETROFITTED BY STEEL JACKETS ………………….………………………………..…………………………………………………………………. 1401
Marco Filippo Ferrotto, Bharat Pradhan, Liborio Cavaleri

MS 13: MODELLING AND SOLUTION STRATEGIES FOR DYNAMIC PROBLEMS
CASE STUDY OF CONNECTIVITY OF DIGITAL TWINS AND EXPERIMENTAL SYSTEMS ……………………………..…………… 1416
Matthew Bonney, Paul Gardner, David Wagg, Robin Mills
AN ADAPTIVE FAST NONLINEAR ANALYSIS (AFNA) ALGORITHM FOR RAPID TIME HISTORY ANALYSIS ....…………… 1426
Bowei Li, Wei-Chu Chuang, Seymour M.J. Spence
A NOVEL METHOD FOR THE GENERATION OF FULLY NON-STATIONARY SPECTRUM COMPATIBLE ARTIFICIAL
ACCELEROGRAMS ………………….…………………………………………………………………………………………………………….…………… 1437
Federica Genovese, Giuseppe Muscolino, G. Biondi, E. Cascone
AN APPLICATION OF THE PROPER ORTHOGONAL DECOMPOSITION METHOD FOR NONLINEAR DYNAMIC
ANALYSIS OF REINFORCED CONCRETE STRUCTURES SUBJECTED TO EARTHQUAKES ………………….……………………… 1445
Naim Ayoub, Walid Labri, Joseph Pais, Lucie Rouleau, Jean-François Deu
MULTI-RESOLUTION FINITE WAVELET DOMAIN METHOD FOR FAST TRANSIENT DYNAMIC ANALYSIS IN
HOMOGENEOUS AND HETEROGENEOUS RODS AND BEAMS ………………….………………………………..…………………….… 1458
Dimitris K. Dimitriou, Christos V. Nastos, Dimitris A. Saravanos

xviii

A TECHNIQUE FOR TIME INTEGRATION WITH STEPS LARGER THAN THE EXCITATION STEPS: REVIEW OF
THE PAST AND ADDRESSING THE EXISTING CHALLENGES AND A PERSPECTIVE OF THE FUTURE …………………..…… 1476
Aram Soroushian

MS 14: SEISMIC ASSESSMENT AND RETROFITTING OF EXISTING STEEL STRUCTURES
A SIMPLIFIED APPROACH FOR THE ESTIMATION OF SEISMIC VULNERABILITY OF STEEL MOMENT RESISTING
FRAMES ………………….………………………………..…………………………………………………………………………………………………….… 1492
Rosario Montuori, Elide Nastri, Vincenzo Piluso, Paolo Todisco
PRELIMINARY NUMERICAL ANALYSIS OF THE SEISMIC RESPONSE OF STEEL FRAMES WITH MASONRY INFILLS
RETROFITTED BY BUCKLING RESTRAINED BRACES ………………….………………………………..……………………………..………… 1506
Fernando Gutiérrez-Urzúa, Fabio Freddi, Luigi Di Sarno, Jing-Ren Wu, Mario D’Aniello, Raffaele Landolfo,
Stathis Bousias
NUMERICAL MODELLING OF MASONRY INFILL WALLS IN EXISTING STEEL FRAMES ……………………………..…………… 1519
Luigi Di Sarno, Jing-Ren Wu, Fabio Freddi, Mario D’Aniello, Stathis Bousias, Fernando Gutiérrez-Urzúa,
Raffaele Landolfo, Nikolaos Stathas
HYBRID COLD-FORMED/TUBULAR MODULAR STRUCTURAL SYSTEM WITH INNOVATIVE JOINTS ….……..…………… 1532
Luís Carlos Silva, Hélder David Craviero, Trayana Tankova, Rui Simões, Ricardo Costa, Mario D'Aniello,
Raffaele Landolfo, Luís Simões da Silva
SEISMIC ASSESSMENT OF BEAM-TO-COLUMN JOINTS FOR A NON-CONFORMING MRF EXISTING STRUCTURE ….1542
Roberto Tartaglia, Mario D'Aniello, Aldo Milone, Raffaele Landolfo

MS 16: DYNAMIC RESPONSE ASSESSMENT IN RAIL TRACK ENGINEERING
APPLICATION AND ASSESSMENT OF A DYNAMIC SOIL-BRIDGE-TRAIN INTERACTION MODEL ……………..…………… 1550
Benjamin Hirzinger, Christoph Adam
SEISMIC FRAGILITY ANALYSIS OF RAILWAY RC BRIDGES. ACCOUNTING FOR BRIDGE-TRAIN INTERACTION
BASED ON A NOVEL FORMULATION FOR CONSTRAINED DYNAMICAL SYSTEMS AND A CO-SIMULATION
TECHNIQUE ………………….………………………………..………………………………………………………………………………………………… 1562
Sotiria Stefanidou, Elias Paraskevopoulos

MS 17: RECENT DEVELOPMENTS IN ROCKING STRUCTURES
REDUCTION OF LOCAL DAMAGES IN PRECAST POST-TENSIONED SEGMENTAL BRIDGE PIERS ……………..…………… 1574
Parya Ahmadi, Ehsan Ahmadi, Mohammad M. Kashani
BASE VERSUS TOP ACTIVE CONTROL TO IMPROVE DYNAMIC AND SEISMIC PERFORMANCES OF RIGID BLOCKS .1583
Angelo Di Egidio, Alessandro Contento, Stefano Pagliaro

xix

UNIFORM RISK SPECTRA FOR NEGATIVE STIFFNESS SYSTEMS ………………….………………………………..…………………..… 1596
Natalia Reggiani Manzo, Christos Lachanas, Michalis Vassiliou, Dimitrios Vamvatsikos
SEISMIC BEHAVIOR OF ARCHAEOLOGICAL MULTIDRUM COLUMNS AT THE POMPEII SITE ..………………..…………… 1607
Francesca Autiero, Giuseppina De Martino, Marco Di Ludovico, Andrea Prota
THE INFLUENCE OF IMPACT MODELLING ASSUMPTIONS ON THE DYNAMIC BEHAVIOUR OF FLEXIBLE ROCKING
OSCILLATORS ………………….………………………………..…………………………………………………………………………………..………… 1618
Huanian Zhu, Manolis Chatzis, Sinan Acikgoz
QUANTIFYING SEISMIC RESILIENCE OF SINGLE-COLUMN ROCKING BRIDGES – A COMPARATIVE STUDY ..………… 1626
Anastasios Giouvanidis, You Dong
DYNAMIC RESPONSE OF MULTI-STOREY STRUCTURES SEISMICALLY ISOLATED USING KINEMATIC BEARINGS .… 1641
Kosmas E. Bantilas, Ioannis E. Kavvadias, Lazaros Vasiliadis, Anaxagoras Elenas
THE EFFECT OF IMPACT MODELING ON THE SEISMIC RESPONSE OF MULTI-STOREY PODIUM STRUCTURES .…… 1657
Ioannis E. Kavvadias, Kosmas E. Bantilas, Lazaros Vasiliadis, Anaxagoras Elenas
3D ROCKING MOTION: BLIND PREDICTION CONTEST RESULTS AND INFLUENCE OF EVALUATION METRIC
ON THE RANKINGS ………………….…………………………………………………………………………………………………………..…………… 1672
Michalis F. Vassiliou, Marco Broccardo, Cihan Cengiz, Matt Dietz, Luiza Dihoru, Selim Gunay,
Khalid M. Mosalam, George Mylonakis, Anastasios Sextos, Bozidar Stojadinovic
FINITE ELEMENT MODELLING OF A RC ROCKING WALL WITH ADDITIONAL STEEL REBARS ……………..…..…………… 1688
Michele Egidio Bressanelli, Andrea Belleri, Jose Ignacio Restrepo
CYCLIC TEST OF A PRECAST BRIDGE COLUMN FOR SUSTAINABLE BRIDGE DESIGN ………………….…………..…………… 1700
Natalia Reggiani Manzo, Michalis Vassiliou

MS 19: ADVANCES IN THE OPTIMUM DESIGN AND CONTROL OF LARGE STRUCTURES UNDER DYNAMIC LOADS
STUDY OF THE INFLUENCE OF SEISMIC ACTION ON THE CONSTRUCTION COST OF THE LOAD-BEARING
STRUCTURE OF A TEN-STOREY R/C BUILDING ………………….………………………………..……………………………………………… 1712
Panagiotis Sioulas, Theodoros Chrysanidis, Nikolaos Alamanis, Grigorios Papageorgiou
ASSESSMENT AND RETROFITTING OF A RC BUILDING THROUGH A MULTI-HAZARD APPROACH: SEISMIC
RESISTANCE AND ROBUSTNESS ………………….………………………………..…………………………………………………………………… 1725
Martina Scalvenzi, Fabio Freddi, Fulvio Parisi
OPTIMAL LATERAL RESISTING SYSTEMS FOR HIGH-RISE BUILDINGS UNDER SEISMIC EXCITATIONS ……..…………… 1737
Giulia Angelucci, Giuseppe Quaranta, Fabrizio Mollaioli
NON-INVASIVE VIBRATING CONTROL OF THE ZOSER PYRAMID ………………….………………………………..…………………… 1751
Masoud Shadlou, Pierfrancesco Cacciola, Ashraf Ayoub, Youssef Rashed, Alessandro Tombari

xx

OPTIMUM DESIGN OF A HYBRID ISOLATION DEVICE FOR SERVER RACKS USING CONSTRAINED DIFFERENTIAL
EVOLUTION ALGORITHM ………………….………………………………..………………………………………………………………………..…… 1767
Luca Aceto, Giuseppe Quaranta, Guido Camata, Bruno Briseghella, Enrico Spacone
INNOVATIVE MASS-DAMPING-BASED APPROACHES FOR SEISMIC DESIGN OF TALL BUILDINGS …………..…………… 1778
Elena Mele, Diana Faiella, Mario Argenziano
DIAGRID SYSTEM COUPLED WITH SHEAR WALLS: ANALYTICAL INVESTIGATION ON THE DYNAMICAL
RESPONSE IN TALL BUILDINGS ………………….………………………………………………………………………………………….…………… 1793
Giuseppe Lacidogna, Giuseppe Nitti, Domenico Scaramozzino, Alberto Carpinteri
OPTIMUM DAMPING OF SLENDER MONOPOLE TOWERS BY GYROSCOPIC STABILIZER ………………………..…………… 1803
Gian Felice Giaccu, Luigi Fenu, Bruno Briseghella, Camillo Nuti
VIBRATION CONTROL OF WIND TURBINE TOWERS WITH KDAMPER-BASED DESIGNS ..………………………..…………… 1812
Konstantinos Kapasakalis, Ioannis Antoniadis, Evangelos Sapountzakis

MS 20: COMPUTATIONAL DESIGN AND MODELING OF TENSEGRITY SYSTEMS FOR APPLICATIONS IN SCIENCE
AND ENGINEERING
ADAPTIVE BENDING-ACTIVE MODULES FOR A TENSILE SOLAR SHADING SYSTEM ……………….…………………….……… 1825
Alessandro D'Ambrosio, Maria Matheou, Rosario Montuori, Elide Nastri
A MESOSCALE TENSEGRITY MODEL OF SPIDER DRAGLINE SILK FIBER ………………….……………………………..…….….…… 1834
Ada Amendola, Narinder Sigh, Cornelia Rodenburg, Chris Holland, Fernando Fraternali
GEOMETRIC PATTERNS AND DYNAMICS OF FOLDABLE MODULI FOR ADAPTIVE FAÇADES ……………………..………… 1840
Veronica Abbate, Enrico Babilio, Filipe Amarante dos Santos, Narinder Singh, Fernando Fraternali
MODELING AND DESIGN OF PERIODIC LATTICES WITH TENSEGRITY ARCHITECTURE AND HIGHLY
NONLINEAR RESPONSE ………………….…………………………………………………………………………………………………….…………… 1848
Andrea Micheletti, Claudio Intrigila, Nicola Nodargi, Edoardo Artioli, Fernando Fraternali, Paolo Bisegna
A DYNAMIC-STIFFNESS APPROACH FOR DAMPED LOCALLY-RESONANT TIMOSHENKO BEAMS ………………….……… 1856
Andrea Francesco Russillo, Giuseppe Failla, Antonina Pirrotta, Fernando Fraternali
SEISMIC METAMATERIALS WITH TENSEGRITY ARCHITECTURE ………………….…………………………………..……..…………… 1867
Filipe Santos, Narinder Singh, Ada Amendola, Fernando Fraternali, Andrea Micheletti

MS 22: CONDITION BASED MAINTENANCE AND POST-PROGNOSTICS OF COMPOSITE STRUCTURES: AN
ENHANCED PLATFORM
RECONSTRUCTION OF MATERIAL STIFFNESS PROPERTIES FROM DISPERSION RELATIONS USING GENETIC
ALGORITHMS ………………….………………………………………………………………………………………………………….………..………….. 1874
Victor Thierry, Wen Wu, Dimitrios Chronopoulos, Sergio Cantero-Chinchilla

xxi

PARTICLE FILTER-BASED HYBRID DAMAGE PROGNOSIS CONSIDERING BIAS ……….………………………………..………..… 1881
Tianzhi Li, Francesco Cadini, Claudio Sbarufatti

MS 23: ADVANCED MODELS AND NUMERICAL METHODS IN DYNAMICS, WAVE PROPAGATION AND COUPLED
PROBLEMS
DISPERSION ANALYSIS OF BULK ACOUSTIC WAVES IN PIEZOELECTRIC MEDIA DISCRETIZED BY ENERGYORTHOGONAL FINITE ELEMENTS ………………….………………………………………………………………….………..………..…………… 1892
Francisco J. Brito Castro
DISPERSION DESIGN OF 1D PERIODIC DISCRETE SYSTEMS USING LOG-DET HEURISTICS .……………………..…………… 1922
Anton Tkachuk, Mykola Tkachuk
AN EFFICIENT PRECONDITIONER FOR MODAL FREQUENCY RESPONSE ………………….………..…………………..…………… 1934
Tobias Willerding

MS 24: LIFE-CYCLE RISK-BASED STRUCTURAL ASSESSMENT AND COST ANALYSIS
FRAGILITY ASSESSMENT OF WIND-EXCITED VIDEO SCREEN ROOMS IN HIGH-RISE BUILDINGS …………….…………… 1941
Fabio Rizzo, Laura Ierimonti, Stefano Sacconi, Ilaria Venanzi
FRAGILITY OF EXISTING ITALIAN BRIDGES TO TRAFFIC LOADS ………………….………………………………..……………….…… 1950
Giacomo Miluccio, Daniele Losanno, Fulvio Parisi, Edoardo Cosenza
TOWARDS THE DEVELOPMENT OF A COMPREHENSIVE FRAMEWORK FOR LIFE CYCLE COST ANALYSIS OF
BRIDGES SUBJECTED TO MULTIPLE HAZARDS ………………….………………………………..……………………………………..……… 1961
Stefano Sacconi, Laura Ierimonti, Ilaria Venanzi, Filippo Ubertini
LIFE-CYCLE COST ANALYSIS OF TALL BUILDINGS IN SYNOPTIC, MIXED WIND LOAD CLIMATES BY LAYERED
STOCHASTIC APPROXIMATION MONTE-CARLO METHOD ………………….………………………………..…………………………… 1973
Lei Zhang, Luca Caracoglia
APPLICATION OF BAYESIAN FE MODEL SELECTION FOR SHM OF A MONUMENTAL MASONRY PALACE
THROUGH SEMI-SUPERVISED LEARNING ………………….……………………………………………………………………………………… 1988
Laura Ierimonti, Nicola Cavalagli, Enrique García-Macías, Ilaria Venanzi, Filippo Ubertini
A NEURAL NETWORK-BASED APPROACH FOR SEISMIC-INDUCED DAMAGE ASSESSMENT OF STEEL LIQUID
STORAGE TANKS ………………….………………………………..…………………………………………………………………………………….…… 2003
Laura Micheli, Mahmoud Faytarouni

MS 25: MONITORING, IDENTIFICATION AND VIBRATION CONTROL OF STRUCTURES
APPLICATION OF WAVELET TRANSFORMS ON ACCELERATION RECORDS: PRACTICAL APPROACH .……..…………… 2014
Vladimir Vukobratovid, Trevor Yeow, Koichi Kusunoki

xxii

NUMERICAL INVESTIGATION ON THE PRINCIPAL STRESS ROTATION EFFECT UNDER EARTHQUAKE LOADINGS .. 2022
Zhe Wang, Yunming Yang
ENRICHED BEAM FINITE ELEMENT MODELS WITH TORSION AND SHEAR WARPING FOR DYNAMIC ANALYSIS
OF FRAME STRUCTURES ………………….……………………………………………………………………………………..…………..…………… 2033
Daniela Addessi, Paolo Di Re, Cristina Gatta
EARTHQUAKE-INDUCED STRUCTURAL POUNDING BETWEEN TWO INELASTIC SDOF STRUCTURAL SYSTEMS …… 2058
Pedro Folhento, Rui Barros, Manuel Braz-César
INFLUENCE OF STRUCTURAL INELASTIC BEHAVIOR IN THE STUDY OF COLLIDING SDOF STRUCTURES ...…………… 2085
Pedro Folhento, Rui Barros, Manuel Braz-César
VIRTUAL SENSING AND STRAIN ESTIMATION ON AN OFFSHORE WIND TURBINE USING SUPERVISED
LEARNING ………………….………………………………..…………………………………………………………………………………………………… 2112
Marius Tarpø, Sandro Amador, Evangelos Katsanos, Mattias Skog, Johan Gjødvad, Rune Brincker
SIMPLIFIED METHODS FOR FREQUENCY ESTIMATION OF SMALL WIND TURBINE TOWER …………………..…………… 2121
Anelise Dick, Rui Carneiro-Barros, Manuel Braz-César
FINITE ELEMENT MODEL CALIBRATION EFFECTS ON THE STATIC AND DYNAMIC RESPONSE OF A METALLIC
HOLLOW TOWER ………………….……………………………………………………………………………………………………………..…………… 2132
Anelise Dick, Rui Carneiro-Barros, Manuel Braz-César
PARAMETRIC STUDY OF LATTICE TOWERS ON THE INFLUENCE OF WIND ACTION FOR DIFFERENT TYPOLOGIES
OF BRACING ………………….………………………………………………………………………………………..…………………………..…………… 2143
Rui Carneiro-Barros, Luís Barros

MS 26: SEISMIC SAFETY ASSESSMENT OF STRUCTURES
EXPERIMENTAL IN-PLANE LATERAL RESPONSE OF A FULL-SCALE ADOBE MASONRY WALL WITH OPENING …….. 2157
Paolino Cassese, Luigi Fenu, Domenico Asprone, Antonio Occhiuzzi, Fulvio Parisi
INFLUENCE OF BEAM-TO-COLUMN CONNECTIONS IN SEISMIC VULNERABILITY ASSESSMENT OF STEEL
STRUCTURES ………………….………………………………………………………………………………………………………………………………… 2170
Giammaria Gabbianelli, Daniele Perrone, Emanuele Brunesi
ASSESSMENT OF RC HOLLOW-PIERS FOR SEISMIC LIMIT STATE OF DAMAGE - DIRECT REPAIR COSTS ……..…….… 2185
Pedro Delgado, Naiara Silva, Mário Marques, António Arêde

MS 27: TIMBER-BASED ELEMENTS: RECENT ADVANCEMENTS FOR NEW AND EXISTING SEISMIC-RESISTANT
STRUCTURES
OPTIMIZATION OF THE SLIP FORCE IN A NOVEL FRICTION-BASED CONNECTION FOR THE E-CLT TECHNOLOGY .. 2195
Angelo Aloisio, Francesco Boggian, Roberto Tomasi

xxiii

EXPERIMENTAL AND NUMERICAL INVESTIGATION OF INNOVATIVE DUCTILE AND REPLACEABLE ANCHORING
SYSTEMS FOR WOOD SHEAR WALLS UNDER SEISMIC LOADS ………………….……………………………………………..………… 2211
Georgios Balaskas, Vera Wilden, Benno Hoffmeister
ANALYTICAL AND NUMERICAL MODELLING OF THE IN-PLANE RESPONSE OF TIMBER DIAPHRAGMS
RETROFITTED WITH PLYWOOD PANELS ………………….………………………………..………………………………………………….…… 2227
Michele Mirra, Marianthi Sousamli, Michele Longo, Geert Ravenshorst
MOMENT-CURVATURE DIAGRAMS FOR CLT PANELS ACCOUNTING FOR ORTOGONAL TO GRAIN COMPRESSION
TIMBER PROPERTIES ………………….………………………………..…………………………………………………………………………………… 2254
Antonio Sandoli, Claudio D'Ambra, Maria Lippiello, Carla Ceraldi, Bruno Calderoni, Andrea Prota
REINFORCING STOP-SPLAYED SCARF JOINTS WITH TIMBER PEG: ROLE OF SLENDERNESS .…………………..…………… 2272
Carla Ceraldi, Claudio D'Ambra, Maria Lippiello, Antonio Sandoli, Andrea Prota
IMPACT OF RETROFIT OF RC FRAMES BY CLT PANELS AND FRICTION DAMPERS ..………………………………..…………… 2287
Francesca Barbagallo, Giuseppe Margani, Edoardo M. Marino, A. Moretti, Carola Tardo
SEISMIC STRENGTHENING OF EXISTING URM STRUCTURES THROUGH CLT ELEMENTS: NUMERICAL ANALYSIS
OF THE APPLICATION OF A NOVEL INTERVENTION TECHNIQUE ………………….……………..………………………..…………… 2300
Matteo Salvalaggio, Marco Pegoraro, Elisa Saler, Umberto Turrini, Maria Rosa Valluzzi
POST-TENSIONED LOW DAMAGE TIMBER WALLS WITH DISSIPATIVE DEVICES BEHAVIOUR: NUMERICAL
PREDICTION ………………….……………………………………………………………………………………………………………………..…………… 2314
Valentina Tomei, Maria Zucconi, Barbara Ferracuti
MANSORY-INFILLED RC FRAMES STRENGTHENED WITH CROSS-LAMINATED TIMBER PANELS ..…………..…………… 2323
Zabih Mehdipour, Jorge Branco, Iztok Sustersic, Leonardo Filipe Rodrigues, Paulo Lourenço
INFLUENCE OF PERPENDICULAR WALLS ON THE LATERAL STIFFNESS OF CLT SHEAR WALLS ………………..…………… 2336
Elisabetta Maria Ruggeri, Giuseppe D'Arenzo, Marinella Fossetti, Werner Seim
POST-TENSIONED LOW DAMAGE CLT WALLS WITH REPLACEABLE HYSTERETIC DEVICES – CONCEPT,
EXPERIMENTAL AND NUMERICAL CHARACTERIZATION ………………….…………………………………………………...…………… 2352
Luca Pozza, Luca Benedetti, Valentina Tomei, Barbara Ferracuti, Maria Zucconi, Claudio Mazzotti
TIMBER BEAM-TO-COLUMN JOINT WITH STEEL LINK: DESIGN AND MECHANICAL CHARACTERIZATION
THROUGH NUMERICAL INVESTIGATION ………………….………………………………..……………………………………………………… 2359
Giacomo Iovane, Beatrice Faggiano
A NUMERICAL STUDY ON A TIMBER-BASED SEISMIC RETROFIT INTERVENTION FOR MASONRY INFILLED
CONCRETE FRAMES ………………….………………………………..………………………………………………………………………………….... 2366
Francesco Smiroldo, Davide Viel, Ivan Giongo, Maurizio Piazza

xxiv

MS 29: SEISMIC PROTECTION OF NON-STRUCTURAL COMPONENTS: RECENT DEVELOPMENTS AND FUTURE
CHALLENGES
COMPREHENSIVE NONLINEAR ANALYSIS OF FAILURES OF FIRE-SPRINKLER SYSTEM BASED ON FINITE
ELEMENT MODELLING AND AMBIENT VIBRATION TESTS ………………….………………………………………………..…………… 2388
Shakhzod Takhirov, Amir Gilani
IMPROVEMENT OF DYNAMIC AND SEISMIC BEHAVIOUR OF CABINETS THROUGH CONTROLLED
DEFORMATION ………………….………………………………..…………………………………………………………………………………………… 2396
Stefano Pagliaro, Angelo Di Egidio, Alessandro Contento
NUMERICAL MODELING OF ROCKING AND SLIDING CYLINDRICAL COLUMNS UNDER SEISMIC EXCITATION ..…… 2408
Antonios Katsamakas, Michalis Vassiliou
SEISMIC RISK ASSESSMENT OF ROCKING BUILDING CONTENTS ………………….………………………………..……………..…… 2421
Michalis Fragiadakis, Spyridon Diamantopoulos

MS 30: DYNAMIC PROTECTION SYSTEMS AND DEVICES: EXPERIMENTAL TESTS, MATHEMATICAL
MODELING AND DESIGN METHODS
SOME RECENT ADVANCES ON THE MODELING OF THE HYSTERETIC BEHAVIOR OF RATE-INDEPENDENT
PASSIVE ENERGY DISSIPATION DEVICES ………………….………………………………..……………………………………………………… 2435
Nicolò Vaiana, Ciro Napolitano, Luciano Rosati
SEISMIC PROTECTION OF CULTURAL HERITAGE ARTEFACTS BY MEANS OF ELASTOMERIC ISOLATORS: A CASE
STUDY ………………….………………………………..………………………………………………………………………………………………………… 2446
Davide Pellecchia, Stefania Lo Feudo, Nicolo Vaiana, Jean-Luc Dion, Luciano Rosati
TUNING THE LATERAL RESPONSE OF UNBONDED FIBER REINFORCED ELASTOMERIC ISOLATORS (U-FREIS):
EXPERIMENTAL-NUMERICAL FINDINGS ………………….……………………………………………………………………….…..…………… 2456
Simone Galano, Andrea Calabrese, Daniele Losanno
ON THE VERTICAL RESPONSE OF FIBER REINFORCED ELASTOMERIC ISOLATORS (FREIS) UNDER COMBINED
VERTICAL AND LATERAL LOADING ………………….………………………………..……………………………………………………………… 2468
Simone Galano
SEISMIC ISOLATION OF LIGHTWEIGHT STRUCTURES THROUGH WIRE ROPE DEVICES: PRELIMINARY
EXPERIMENTAL RESULTS AND SIMULATION ………………….………………………………..……………………………………..………… 2488
Mariacristina Spizzuoco, Giorgio Serino
REAL-TIME HYBRID SIMULATION OF A STRUCTURE WITH CIRCULAR FIBER REINFORCED ISOLATORS ....…………… 2498
Carlos Riascos, Semion Klopov, Johannio Marulanda, Peter Thomson, Giorgio Serino
A COMPARATIVE STUDY ON THE ACCURACY AND EFFICIENCY OF TWO BIAXIAL HYSTERETIC MODELS
SUITABLE FOR ELASTOMERIC BEARINGS ………………….…………………………………………………………………………….………… 2511
Nagavinothini Ravichandran

xxv

LABORATORY CHARACTERIZATION OF A RECLAIMED RUBBER COMPOUND FOR LOW-COST ELASTOMERIC
ISOLATORS ………………….…………………………………………………………………………………………………………………………………… 2525
Fabrizia Cilento, Daniele Losanno, Luigi Piga
EFFECT OF EXTREMELY LOW TEMPERATURE ON MECHANICAL PROPERTIES OF A LARGE SIZE LRB ………..………… 2536
Gokhan Ozdemir, Esengul Cavdar, Volkan Karuk
STIFF DYNAMIC ABSORBERS FOR THE VERTICAL SEISMIC PROTECTION OF STRUCTURES …..………………..…………… 2543
Marina Kalogerakou, Konstantinos Kapasakalis, Ioannis Antoniadis, Evangelos Sapountzakis

MS 32: SIMPLIFIED METHODOLOGIES FOR PERFORMANCE AND LOSS ASSESSMENT AT BUILDING
OR TERRITORIAL SCALE
ACCURATE COLLAPSE CAPACITY QUANTIFICATION FOR INFILLED RC FRAME BUILDINGS ..…………………..…………… 2557
Al Mouayed Bellah Nafeh, Gerard O'Reilly
DEVELOPMENT OF A PYTHON-BASED STOREY LOSS FUNCTION GENERATOR …….………………………………..…………… 2573
Davit Shahnazaryan, Gerard O'Reilly, Ricardo Monteiro
ASSESSMENT OF POST-EARTHQUAKE DAMAGES ON ITALIAN SCHOOL BUILDINGS PORTFOLIO OVER THE
LAST 50 YEARS ………………….………………………………..………………………………………………………………………………………….… 2591
Sergio Ruggieri, Chiara Tosto, Daniele Perrone, Giuseppina Uva, Maria Antonietta Aiello
SEISMIC RISK ASSESSMENT FOR THE ITALIAN RESIDENTIAL MASONRY BUILT STOCK AND EFFECTIVENESS
OF DIFFERENT MITIGATION STRATEGIES ………………….…………………………………………………………………………….………… 2606
Pietro Carpanese, Veronica Follador, Elisa Saler, Francesca da Porto
THE USE OF STICK-IT MODEL FOR EDP ASSESSMENT IN EXISTING RC INFILLED TYPOLOGIES ..……………..…………… 2619
Marco Gaetani d'Aragona, Maria Polese, Marco Di Ludovico, Andrea Prota
APPLICATION OF THE EMPIRICAL PREDICTIVE DAMAGE MODEL OF HISTORICAL CHURCHES …….………..…………… 2631
Claudia Canuti, Michele Morici, Andrea Dall'Asta, Graziano Leoni
A SEISMIC RISK ASSESSMENT FRAMEWORK FOR LOSS ESTIMATION OF CRITICAL INFRASTRUCTURE –
HOSPITALS CASE ………………….…………………………………………………………………………………………………………………………… 2643
Paolo Basso, Saimir Osmani, Matteo Scolari, Ruben Valsecchi
CAESAR II: AN ITALIAN DECISION SUPPORT TOOL FOR THE SEISMIC RISK. THE CASE STUDY OF TORRE
PELLICE, VILLAR PELLICE AND PINEROLO MUNICIPALITIES ………………….………………………………..…………………..……… 2659
Giulio Zuccaro, Francesca Linda Perelli, Daniela De Gregorio, Daniele Masi
OPEN MODELS AND SOFTWARE FOR ASSESSING THE VULNERABILITY OF THE EUROPEAN BUILDING STOCK …… 2678
Helen Crowley, Vitor Silva, Luis Martins, Xavier Romão, Nuno Pereira

xxvi

PELL-SCHOOLS A STANDARDIZED AND INTEROPERABLE PLATFORM FOR THE SEISMIC VULNERABILITY
AND ENERGY EFFICIENCY DATA MANAGEMENT OF ITALIAN SCHOOLS ………………….……………………….…..…………… 2689
Laura Blaso, Sonia Giovinazzi, Simona Bianchi, Livio Pedone, Chiara Ormando, Paolo Clemente,
Stefano Pampanin, Nicoletta Gozo, Giuseppina Giuliani, Maurizio Pollino
EFFECT OF BUILDING SAMPLE SELECTION ON SEISMIC FRAGILITY CURVES FOR RC BUILDINGS AT
TERRITORIAL SCALE …………………………………………………………………………….…………….………………………………..…………… 2707
Maria Zucconi, Fabio Romano, Barbara Ferracuti

VOLUME IΙ
Minisymposia
MS 33: EXPERIMENTAL MEASUREMENTS AND NUMERICAL SIMULATION ON PROBLEMS IN THE FIELD OF
EARTHQUAKE ENGINEERING AND STRUCTURAL DYNAMICS
ANALYTICAL INVESTIGATION OF THE TENSILE EXPERIMENTS MODELING THE ELONGATION DEGREE OF R/C
WALLS FOR STUDYING THE LATERAL BUCKLING PHENOMENON ………………….………………………………..……………… 2718
Theodoros Chrysanidis, Vassilis Panoskaltsis
ANALYTICAL INVESTIGATION OF THE TENSILE EXPERIMENTS TO PRISMS WITH VARYING LONGITUDINAL
RATIO FOR STUDYING THE LATERAL BUCKLING OF R/C WALLS ………………….………………………………….…..…………… 2730
Theodoros Chrysanidis, Vassilis Panoskaltsis
PRELIMINARY CONSIDERATIONS ON THE LOSS OF SUPPORT FOR PRECAST BEAM ELEMENTS …………..…………… 2744
Marius Eteme Minkada, Simone Labò, Alessandra Marini, Andrea Belleri
SEISMIC PERFORMANCE OF BELL TOWERS ………………….………………………………..……………………………………..………… 2754
George C. Manos
STUDYING THE PERFORMANCE OF STONE MASONRY ARCH BRIDGES EMPLOYING IN-SITU MEASUREMENTS
AND NUMERICAL PREDICTIONS ………………….………………………………..………………………………………………..………….…… 2769
George C. Manos, N. Simos
EXPERIMENTAL IDENTIFICATION OF MECHANICAL AND DYNAMIC CHARACTERISTICS OF 3D PRINTING
SPECIMENS ………………….………………………………..………………………………………………………………………………………………. 2791
Ioannis E. Kavvadias, Konstantinos Tsongas, Dimitrios Tzetzis, Kosmas E. Bantilas, Lazaros Vasiliadis,
Anaxagoras Elenas
INVESTIGATION OF LOW COST SMAS UNDER ELEVATED TEMPERATURES ……….………………………………..…………… 2800
Sofia Piliafa, Lazaros Melidis, Lambros Kotoulas, Nikolaos Makris, Konstantinos Katakalos
EXPERIMENTAL AND NUMERICAL INVESTIGATION OF THE PLASTIC CYCLIC BEHAVIOUR OF SIMPLE STEEL
COUPONS ………………….……………………………………………………………………………………………………………………...…………… 2808
Alexandra Nalmpantidou, George C. Manos

xxvii

EXPERIMENTAL TESTS AND NUMERICAL STUDY OF THE PLASTIC CYCLIC BEHAVIOUR OF A STEEL BEAMTO-COLUMN CONNECTION ………………….………………………………………………………………………………………………………… 2824
George C. Manos, Alexandra Nalmpantidou
DYNAMIC AND VIBROACOUSTIC RESPONSE OF TIMBER FLOOR PANELS. MEASUREMENTS AND NON-LINEAR
NUMERICAL SIMULATIONS ………………….………………………………..………………………………………………………………….…… 2843
Magdalini Titirla, Sarah Benakli, Walid Larbi
THE USE OF INTELLIGENT FACADES FOR UPGRADING ENERGY AND SEISMIC DEMANDS OF EXISTING R/C
STRUCTURE ………………….………………………………..……………………………………………………………………………………….……… 2852
Lazaros Melidis, Efthymios A. Kechagias, Konstantinos Katakalos, George C. Manos
EXPERIMENTAL AND NUMERICAL INVESTIGATION OF FRP STRENGTHENED R/C BEAM-TO-COLUMN
JOINTS SUBJECTED TO CYCLIC SEISMIC-TYPE LOADING ………………….……………………..…………………………..…………… 2863
Lazaros Melidis, George C. Manos, J. Maranos, Konstantinos Katakalos
THE BEHAVIOR OF PARTIALLY GROUTED MASONRY WALLS SUBJECTED TO OUT OF PLANE SEISMIC TYPE
LOADS. LABORATORY MEASUREMENTS AND NUMERICAL SIMULATIONS ………………….…………………………………… 2875
George C. Manos, Lazaros Melidis, Lampros Kotoulas, Konstantinos Katakalos
IN PLANE BEHAVIOR OF PARTIALLY GROUTED MASONRY WALLS USING A NEW CLAY UNIT. LABORATORY
MEASUREMENTS AND NUMERICAL SIMULATIONS ………………….………………………………………………………..…………… 2885
George C. Manos, Lazaros Melidis, Lampros Kotoulas, Konstantinos Katakalos
EXPERIMENTAL AND NUMERICAL INVESTIGATION OF THE OUT OF PLANE BEHAVIOR OF THERMAL
INSULATED MASONRY WALLETS ………………………………………………………….………….………………………………..…………… 2895
George C. Manos, Lazaros Melidis, Konstantinos Katakalos, Anthimos Anastasiadis
EXPERIMENTAL & NUMERICAL INVESTIGATION OF LAP-SPLICED R/C COLUMNS UNDER THREE POINT
BENDING & AXIAL COMPRESSION ………………….…………………………………………………………………..……………..…………… 2903
Pelagia Kastiza, Lazaros Melidis, Konstantinos Katakalos
DEVELOPMENT OF AN EXPERIMENTAL SETUP FOR MEASURING THE EFFECTIVENESS OF STRENGTHENED
PRESTRESSED CONCRETE CYLINDER PIPES (PCCP) ………………….……………………………………………………..…..…………… 2913
Sofia Gkaraklova, Lazaros Melidis, George C. Manos, Konstantinos Katakalos
MECHANICAL PROPERTIES CHARACTERISATION OF FRPS UNDER ELEVATED TEMPERATURES …………..…………… 2922
Christina Papadimitriou, Lambros Kotoulas, Nikolaos Makris, Lazaros Melidis, Konstantinos Katakalos
EXPERIMENTAL TESTING CAMPAIGN AND NUMERICAL MODELLING OF AN INNOVATIVE BASE-PLATE
CONNECTION FOR PALLET RACKING SYSTEMS ………………….………………………………..……………………………………..…… 2934
Bonaventura Tagliafierro, Rosario Montuori, Ioannis Vayas, Sofia Antonodimitraki, Magdalini D. Titirla,
Marco Simoncelli, Xenophon Lignos
STUDY OF THE INFLUENCE OF UNDERLYING SOFT-SOIL LAYERS ON THE DYNAMIC AND EARTHQUAKE
RESPONSE OF BELL TOWERS ………………….………………………………..……………………………………………………………..……… 2943
George C. Manos

xxviii

THE INFLUENCE OF WOODEN ROOF CONNNECTION ON THE DYNAMIC AND EARTHQUAKE RESPONSE OF
OLD INDUSTRIAL STONE MASONRY BUILDINGS ………………….………………………………..………………………………………… 2965
George C. Manos, Lampros Kotoulas
EXPERIMENTAL AND ANALYTICAL INVESTIGATION OF THE STRENGTHENING OF TRADITIONAL TIMBER
FRAMES ………………….………………………………..…………………………………………………………………………………………….……… 2983
Ioannis Stavrou, Panayiotis Demosthenous, Stelios Papastilianou, Milton Demosthenous
NUMERICAL SIMULATIONS OF THE EXPERIMENTAL RESULTS OF STEEL FRAME MODEL WITH ROOF ROLLER
SYSTEM SUBJECTED TO DYNAMIC BASE EXCITATIONS ………………….…………………………………………………..…………… 2997
Nikodemos Kouroufexis, Milton Demosthenous
EXPERIMENTAL AND NUMERICAL INVESTIGATION OF A MASONRY MODEL BUILDING SUBJECTED TO
DYNAMIC BASE EXCITATIONS ………………….………………………………..…………………………………………………………………… 3007
Stefania Demosthenous, Milton Demosthenous
PASSIVE CONTROL ISSUES ON THE LONGITUDINAL AND TRANSVERSE VIBRATIONS OF FLEXIBLE PYLONS ……… 3021
George Manolis, George Dadoulis
PSEUDO-DYNAMIC ANALYSES OF INFILLED REINFORCED CONCRETE FRAMED STRUCTURES WITH PRIOR
DAMAGES AFTER ADVANCED RETROFIT ………………….………………………………..…………………………………………………… 3036
Theodoros Rousakis, Evgenia Anagnostou, Theodora Fanaradelli
EXPERIMENTAL AND NUMERICAL STUDY OF SELF-SUPPORTING DOUBLE SKIN METAL FACED MINERAL
WOOL PANELS ………………….………………………………..………………………………………………………………………………………..… 3049
Sofia Gkaraklova, Lazaros Melidis, George C. Manos, Konstantinos Katakalos

MS 34: FRAGILITY CURVES FOR EXISTING BUILDINGS: OPEN CHALLENGES IN THEIR DEFINITION AND USE FOR
SEISMIC RISK ANALYSES
SEISMIC FRAGILITY ASSESSMENT FOR A CLASS OF RC SCHOOL BUILDINGS IN ITALY LEVERAGING DETAILED
AND REDUCED-ORDER MODELS ………………….………………………………..……………………………………………………..………… 3059
Sergio Ruggieri, Giuseppina Uva
FRAGILITY CURVES FOR RC FRAMED BUILDINGS CONSIDERING CUMULATIVE DAMAGE DUE TO EARTHQUAKE
GROUND MOTION AND SLOW-MOVING LANDSLIDES ………………….…………………………………………………...…………… 3073
Fulvio Parisi, Elia Acconcia
FRAGILITY CURVES FOR ITALIAN RESIDENTIAL MASONRY BUILDINGS WITH RETROFIT INTERVENTIONS ………… 3083
Veronica Follador, Marco Donà, Pietro Carpanese, Francesca da Porto
FRAGILITY MODELS FOR EXISTING MASONRY INFILLED RC FRAMES IN THE EMILIA AREA ..………………..…………… 3098
Gianluca Salamida, Nicola Buratti
FRAGILITY ASSESSMENT OF THE ITALIAN MASONRY SCHOOL BUILDING ASSET FOR RISK EVALUATION
AT NATIONAL SCALE ………………….………………………………..……………………………………………………………………….………… 3113
Elisa Saler, Veronica Follador, Pietro Carpanese, Francesca da Porto

xxix

DERIVATION OF SEISMIC FRAGILITY CURVES OF A GRAVITY-LOAD DESIGNED RC SCHOOL BUILDING
THROUGH NLTHA ………………….…………………………………………………………………………………………………………..…………… 3127
Elisa Saler, Pietro Carpanese, Veronica Follador, Francesca da Porto
TYPOLOGICAL ANALYSIS AND VULNERABILITY CURVES FOR MASONRY CHURCHES …………………………..…………… 3141
Elvis Cescatti, Veronica Follador, Francesca da Porto
COMPARATIVE STUDY ON TWO ANALYTICAL MECHANICAL-BASED METHODS FOR DERIVING FRAGILITY
CURVES TARGETED TO MASONRY SCHOOL BUILDINGS ………………….………………………………………………….…………… 3155
Serena Cattari, Sara Alfano, Daria Ottonelli, Elisa Saler, Francesca da Porto
ROLE OF DESIGN LEVEL AND INFILL ARRANGEMENT ON THE SEISMIC FRAGILITY CURVES OF ITALIAN RC
EXISTING BUILDINGS ………………….………………………………..………………………………………………………………………………… 3176
Angelo Masi, Vincenzo Manfredi, Giuseppe Nicodemo, Andrea Digrisolo

MS 35: RECENT ADVANCES IN SEISMIC ISOLATION AND SUPPLEMENTAL DAMPING SYSTEMS FOR VIBRATION
CONTROL
EXPERIMENTAL AND NUMERICAL ASSESSMENT OF ISOLATION SEISMIC DEVICE FOR RETROFIT OF
INDUSTRIAL EXISTING SHED ………………….………………………………..………………………………………………………………..…… 3187
Luca Mari, Virginio Quaglini, Carlo Pettorruso, Eleonora Bruschi
INVESTIGATION OF THE BREAKAWAY FRICTION INFLUENCE ON THE SEISMIC RESPONSE OF BUILDINGS
ISOLATED WITH CURVED SURFACE SLIDERS ………………….…………………………………………………..……………..…………… 3204
Eleonora Bruschi, Virginio Quaglini, Emanuele Gandelli
SUPPLEMENTAL ENERGY DISSIPATION WITH PRESTRESSED LEAD EXTRUSION DAMPERS (P-LED):
EXPERIMENTS AND MODELING ………………….………………………………………………………………………..…………..…………… 3216
Carlo Pettorruso, Eleonora Bruschi, Virginio Quaglini
AN INNOVATIVE STEEL DAMPER WITH ADAPTIVE HYSTERETIC BEHAVIOR .…….………………………………..…………… 3230
Emanuele Gandelli, Johan Distl, Peter Huber, Christian Braun
INVESTIGATIONS ON INTER-STOREY SEISMIC ISOLATION AS A TECHNIQUE FOR ADDING UPPER STOREYS .…… 3248
Enrico Bernardi, Marco Donà, Francesca da Porto, Ping Tan
FUNCTIONAL ACCEPTANCE TESTS FOR THE SEISMIC ISOLATION DEVICES OF THE NEW SAN GIORGIO
BRIDGE IN GENOA ………………….………………………………..………………………………………………………………………….………… 3267
Marcello Cademartori, Andrea Miano, Antimo Fiorillo, Alessandro Aliotta, Marco Di Ludovico, Andrea
Prota, Simone Dellacasagrande, Alaeddine Fatnassi, Daniele Pastorelli
MODELING STRATEGIES FOR THE LATERAL RESPONSE OF CURVED SURFACE SLIDER DEVICES UNDER
EXTREME DISPLACEMENT DEMANDS ………………….…………………………………………………………………………...…………… 3281
Marco Furinghetti, Alberto Pavese
ASSESSMENT OF THE SHEAR PROPERTIES OF HDRBS UNDER DIFFERENT COMPRESSION LEVELS ……..…………… 3294
Eleonora Bruschi, Emanuele Gandeli, Carlo Pettorusso, Virginio Quagliini

xxx

MS 36: METHODOLOGIES AND ADVANCED TOOLS FOR SEISMIC RISK ASSESSMENT, MANAGEMENT, AND
MITIGATION: ADVANCES AND OPEN CHALLENGES
A FRAMEWORK FOR THE ASSESSMENT OF SEISMIC DAMAGE SCENARIOS IN THE EMILIA-ROMAGNA
REGION, ITALY ………………….……………………………………………………………………………………………………………….…………… 3305
Elena Simoni, Nicola Buratti, Claudio Mazzotti
THE USE OF AN INTEGRATED APPROACH FOR BUILDING INVENTORY AND EFFECTS ON RISK ESTIMATIONS
AT THE TERRITORIAL SCALE ………………….…………………………………………………………………………………………..…………… 3323
Maria Polese, Marco Di Ludovico, Gabriella Tocchi, Andrea Prota
SEISMIC ASSESSMENT OF MASONRY BUILDINGS AT TERRITORIAL SCALE ……….………………………………..…………… 3338
Chiara Iacovino, Amedeo Flora, Donatello Cardone, Marco Vona
INVESTIGATING GROUND-MOTION DURATION EFFECTS ON BUILDING PORTFOLIO LOSS ESTIMATES …………… 3360
Kenneth Otárola, Roberto Gentile, Luis Sousa, Carmine Galasso

MS 37: RISK ASSESSMENT OF BRIDGES AND ROAD NETWORKS SUBJECTED TO NATURAL HAZARDS
RELIABILITY-BASED ASSESSMENT OF A MASONRY ARCH BRIDGE UNDER FLOOD EVENTS ………………..…………… 3377
Carlos Andres Mendoza Cabanzo, Monica Patricia Santamaria Ariza, Hélder S. Sousa,
Jose Antonio Campos e Matos
SIMPLIFIED FRAGILITY ANALYSIS OF MULTI-SPAN ISOSTATIC RC-BRIDGES CONSIDERING AN INCOMPLETE
KNOWLEDGE LEVEL ………………….………………………………..…………………………………………………………………………..……… 3389
Andrea Nettis, Domenico Raffaele, Giuseppina Uva
SCOUR-INDUCED DYNAMIC PROPERTIES MODIFICATION OF MASONRY ARCH BRIDGES WITH DIFFERENT
GEOMETRY ………………….…………………………………………………………………………………………………………..………..…………… 3407
Fabrizio Scozzese, Laura Ragni, Enrico Tubaldi, Fabrizio Gara
INFLUENCE OF THE PIERS’ HEIGHT ON THE FRAGILITY ASSESSMENT OF ITALIAN R.C. LINK SLAB BRIDGES ..…… 3418
Lucia Minnucci, Fabrizio Scozzese, Andrea Dall'Asta, Sandro Carbonari, Fabrizio Gara
PERFORMANCE-BASED EARTHQUAKE ENGINEERING ANALYSIS OF SHORT-MEDIUM SPAN STEEL-CONCRETE
COMPOSITE BRIDGES ………………….………………………………..………………………………………………………………………..……… 3430
Daniele Corritore, Fabrizio Paolacci
SEISMIC VULNERABILITY ANALYSIS OF THE HISTORICAL SS FILIPPO E GIACOMO MASONRY ARCH BRIDGE
IN ASCOLI PICENO (ITALY) ………………….………….………………..……………………………………………………………………..……… 3445
Graziano Leoni, Fabrizio Gara, Michele Morici
ROC-BASED PERFORMACE EVALUATION OF DATA CLEANSING TECHNIQUES FOR FALSE ALARM RISK
REDUCTION IN CONTINUOUSLY MONITORED BRIDGES ………………….…………………………….…………………..…………… 3458
Valentina Giglioni, Enrique Garcìa-Macìas, Ilaria Venanzi, Laura Ierimonti, Filippo Ubertini
RC TIED-ARCH BRIDGES: TYPOLOGICAL ANALYSIS FOR THE DEFINITION OF RETROFIT INTERVENTIONS .………… 3470
Valentina Pernechele, Elisa Saler, Francesca da Porto, Claudio Modena

xxxi

APPLICATION TO AN URBAN BRIDGE STOCK OF A PRIORITIZATION PROCEDURE BASED ON SEISMIC
ASSESSMENT COMPARED WITH THE NOVEL ITALIAN GUIDELINES ………………….………………………………..…………… 3484
Elisa Saler, Valentina Pernechele, Giovanni Tecchio, Francesca da Porto
ANALYTICAL PROBABILISTIC RESILIENCE ESTIMATION FOR BRIDGES UNDER NEAR-FAULT EARTHQUAKES ..…… 3499
Yang Liu, Da-Gang Lu, Fabrizio Paolacci
SIMPLIFIED ANALYTICAL-MECHANICAL METHODOLOGY FOR STRUCTURAL-SEISMIC SAFETY ASSESSMENT
OVER TIME OF RC BRIDGES AFFECTED BY CORROSION PHENOMENA ………………….…………………………….…………… 3520
Matteo Gentile, Filippo Molaioni, Stefano Pampanin
REAL-TIME ASSESSMENT OF PERFORMANCE INDICATORS FOR BRIDGES TO SUPPORT ROAD NETWORK
MANAGEMENT IN THE AFTERMATHS OF EARTHQUAKE EVENTS ………………….………………………………..…….………… 3536
Chiara Ormando, Ugo Ianniruberto, Paolo Clemente, Sonia Giovinazzi, Maurizio Pollino, Vittorio Rosato
DIAGNOSTICS OF HISTORICAL STEEL BRIDGES: THE CASE OF THE VALENCIAN RAILROAD NETWORK ..…………… 3551
Valentino Sangiorgio, Andrea Nettis, Giuseppina Uva, Juan A. García-Cerezo, Pedro A. Calderón,
Humberto Varum, Jose M. Adam
TOWARDS A UNIFIED SEISMIC- FLOOD HAZARD MODEL FOR RISK ASSESSMENT OF ROADWAY NETWORKS
IN GREECE ……………………………………………………………………………………………………….………………………………..…………… 3569
Anna Karatzetzou, Sotiria Stefanidou, Stefanos Stefanidis, Grigorios Tsinidis, Dimitrios Pitilakis

MS 38: DYNAMIC SOIL-FOUNDATION-STRUCTURE INTERACTION: DEVELOPMENTS AND EMERGING ISSUES
DYNAMIC CROSS-INTERACTION BETWEEN TWO CLOSELY-SPACED SHALLOW FOUNDATIONS …………..…………… 3577
Enza Zeolla, Filomena de Silva, Stefania Sica
ON THE SITE-AMPLIFICATION AND SOIL-STRUCTURE INTERACTION IN URM STRUCTURES: USE OF
FRAGILITY CURVES TO ASSESS THE SIMPLIFIED CODE-APPROACH ………………….………………………………..….………… 3589
Andrea Brunelli, Filomena de Silva, Serena Cattari
ELASTODYNAMIC ANALYSIS OF LATERALLY LOADED PILES: MODIFICATIONS TO A SIMPLIFIED ENERGY
APPROACH ………………….………………………………..……………………………………………………………………………………………..… 3605
Jamie J. Crispin, George Mylonakis
ON THE EFFECTIVENESS OF EXPERIMENTALLY-DERIVED FOUNDATION IMPEDANCE FUNCTIONS ……..…………… 3617
Chiara Amendola, Filomena de Silva, Dimitrios Pitilakis, Francesco Silvestri
NUMERICAL ANALYSIS ON THE INFLUENCE OF DYNAMIC SOIL-STRUCTURE INTERACTION IN SORIA ARCH
DAM: A CASE STUDY ………………….………………………………..………………………………………………………………………………… 3633
J.C. Galván, L.A. Padrón, J.J. Aznárez, O. Maeso
SOIL-CAISSON-BRIDGE PIER-DECK DYNAMIC INTERACTION UNDER STRONG EARTHQUAKES: THE
INFLUENCE OF PRIMARY AND SECONDARY SOIL NONLINEARITIES ………………….………………………………..…………… 3645
Domenico Gaudio, Sebastiano Rampello

xxxii

INFLUENCE OF SCOUR ON DYNAMIC IMPEDANCES OF BRIDGE SHALLOW FOUNDATIONS ………………..…………… 3658
Christos Antonopoulos, Enrico Tubaldi, Sandro Carbonari, Fabrizio Gara, Francesca Dezi
KINEMATIC PILE-HEAD BENDING UNDER LARGE EARTHQUAKE-INDUCED SHEAR STRAINS ..……………..…………… 3671
Stefano Stacul, Emmanouil Rovithis, Raffaele Di Laora
ASPECTS OF SEISMIC SOIL-PILE-STRUCTURE INTERACTION IN SOFT CLAY BY CENTRIFUGE TESTING ....…………… 3685
Maria Iovino, Emmanouil Rovithis, Raffaele Di Laora, Cristiano D'Alterio, Luca de Sanctis, Thejesh K.
Garala, Stuart Haigh, Gopal S. Madabhushi

MS 39: THE CONTRIBUTION OF DYNAMIC TESTS AND STRUCTURAL MONITORING ON THE SEISMIC RISK
ASSESSMENT AND MITIGATION
LONG TERM MONITORING OF THE SANTA MARIA DI COLLEMAGGIO BASILICA ………………………………..…………… 3697
Angelo Aloisio, Riccardo Cirella, Antonacci Elena, Rocco Alaggio
AMBIENT VIBRATION TEST ON AN EXISTING PRESTRESSED CONCRETE BRIDGE ………………………………..…………… 3720
Alessandra De Angelis, Giacomo Esposito, Giuseppe Maddaloni, Edoardo Cosenza, Maria Rosaria Pecce
MODAL ANALYSIS OF THE HISTORICAL SS FILIPPO E GIACOMO MASONRY ARCH BRIDGE IN ASCOLI PICENO
(ITALY) ………………….…………………………………………………………………………………………………………………………..…………… 3731
Fabrizio Gara, Graziano Leoni, Michele Morici
THE TRACKING OF MODAL PARAMETERS FOR A REINFORCED CONCRETE BUILDING DURING LOW-MEDIUM
INTENSITY EARTHQUAKES ………………….………………………………..………………………………………………………………………… 3743
Davide Arezzo, Vanni Nicoletti, Sandro Carbonari, Fabrizio Gara
FIRST RESULTS OF LONG-TERM MONITORING OF PORTICO VARANO IN THE CAMERINO DUCAL PALACE
(ITALY) ………………….………………………………..……………………………………………………………………………………………………… 3752
Leonardo Cipriani, Andrea Dall'Asta, Graziano Leoni, Michele Morici, Alessandro Zona
DEVELOPMENT OF LOW COST SENSORS FOR MONITORING OF STRUCTURES ...………………………………..…………… 3762
Giuseppe Maddaloni, Alessandra De Angelis, Francesco Minicozzi, Claudio Martino, Maria Rosaria Pecce
CALIBRATION OF NUMERICAL MODELS TO SUPPORT SHM: THE CONSOLI PALACE OF GUBBIO, ITALY …………… 3778
Serena Cattari, Daniele Sivori, Sara Alfano, Laura Ierimonti, Nicola Cavalagli, Ilaria Venanzi,
Filippo Ubertini

MS 40: ARTIFICIAL INTELLIGENCE & MACHINE LEARNING IN DESIGN AND ASSESSMENT OF STRUCTURES
RAPID DESIGN OF R/C COLUMNS USING MACHINE LEARNING TECHNIQUES …..………………………………..…………… 3795
Vassilis Papanikolaou, Aristotelis Charalampakis

xxxiii

DEVELOPMENT OF A NEW FUNDAMENTAL PERIOD FORMULA BY CONSIDERING SOIL-STRUCTURE
INTERACTION WITH THE USE OF MACHINE LEARNING ALGORITHMS ……………..………………………………..…………… 3801
Vicky-Lee Taljaard, Dewald Z. Gravett, Christos Mourlas, George Markou, Nikolaos Bakas,
Manolis Papadrakakis
PREDICTING THE SHEAR CAPACITY OF REINFORCED CONCRETE SLENDER BEAMS WITHOUT STIRRUPS BY
APPLYING ARTIFICIAL INTELLIGENCE ALGORITHMS ………………………………..……….………………………………..…………… 3810
Zelda Spijkerman, Nikolaos Bakas, George Markou, Manolis Papadrakakis
STRUCTURAL DAMAGE PREDICTION UNDER SEISMIC SEQUENCE USING NEURAL NETWORKS ..………..…………… 3820
Petros C. Lazaridis, Ioannis E. Kavvadias, Konstantinos Demertzis, Lazaros Iliadis, Antonios Papaleonidas,
Lazaros K. Vasiliadis, Anaxagoras Elenas
AUTOMATED ESTIMATION OF BUILDING HEIGHT THROUGH IMAGE PROCESSING ….………………………..…………… 3837
Pietro Carpanese, Marco Donà, Francesca da Porto
MACHINE LEARNING TECHNIQUES FOR THE ESTIMATION OF LIMIT STATE THRESHOLDS AND BRIDGESPECIFIC FRAGILITY ANALYSIS OF R/C BRIDGES ………………….……………………………………………………………..…………… 3848
Sotiria Stefanidou, Vassilis Papanikolaou, Elias Paraskevopoulos, Andreas Kappos
LINKS OF AESTHETIC VALUE OF MULTI-CURVATURE ARTIFACTS, WITH THEIR STRUCTURAL BEHAVIOR,
UTILIZING MACHINE LEARNING ALGORITHMS ………………….………………………………..…………………………………………. 3857
Nikolaos Bakas, Neofytos Christofi, John Bellos, Dimitrios Antoniou, George Markou
PERFORMANCE AND SCALABILITY OF DEEP LEARNING MODELS TRAINED ON A HYBRID SUPERCOMPUTER:
APPLICATION IN THE PREDICTION OF THE SHEAR STRENGTH OF SLENDER RC BEAMS .……………………..…………… 3878
Nikolaos Bakas, George Markou, Dimos Charmpis, Kyriakos Hadjiyiannakou
PREDICTION OF THE EIGENPERIODS OF MDOF SHEAR BUILDINGS USING NEURAL NETWORKS ………..…………… 3894
Vagelis Plevris, German Solorzano

MS 41: SEISMIC PERFORMANCE OF STRUCTURES WITH ISOLATION AND/OR ENERGY DISSIPATION DEVICES
SEISMIC PERFORMANCE OF STRUCTURES EQUIPPED WITH BRB ………………….………….………………………..…………… 3912
Paolo Castaldo, Enrico Tubaldi, Laura Gioiella
EFFECT OF LEAD RUBBER BEARING (LRB) MODELING TECHNIQUE ON THE SEISMIC RESPONSE OF BASEISOLATED BRIDGES ………………….………………………………..…………………………………………………………………………………… 3930
Vahid Aghaeidoost, Ahm Muntasir Billah
AN ADVANCED MODEL FOR THE FLUID VISCOUS DAMPER BRITTLE FAILURE .….………………………………..…………… 3942
Laura Gioiella, Fabrizio Scozzese, Enrico Tubaldi, Laura Ragni, Andrea Dall'Asta
SEISMIC PERFORMANCE OF STEEL MRFS RETROFITTED WITH BRBS: INFLUENCE OF THE DESIGN DECISIONS
FOR THE DEVICES ………………….…………………………………………………………………………………………………………..…………… 3957
Fernando Gutiérrez-Urzúa, Fabio Freddi

xxxiv

EXPERIMENTAL INVESTIGATION OF SPHERICAL RUBBER SEISMIC ISOLATION BEARINGS …………………..…………… 3970
Antonios Katsamakas, Gabriel Belser, Michalis Vassiliou, M. Blondet, Bozidar Stojadinovic
EXPERIMENTAL SEISMIC POST-TENSIONING PERFORMANCE AND LONG-TERM EFFECTS OF A POSTTENSIONED TIMBER FRAMED MODEL WITH DISSIPATIVE SYSTEMS ………………….……………….……………...…………… 3982
Antonio Di Cesare, Felice Carlo Ponzo, Nicla Lamarucciola, Domenico Nigro
EXPERIMENTAL COMPARISON BETWEEN FLAT AND CURVED SLIDING CONDITIONS FOR THE RESPONSE
EVALUATION OF CURVED SURFACE SLIDER DEVICES ………………….………………………………..………………………………… 3992
Alberto Pavese, Marco Furinghetti
THE NEW CAMERINO UNIVERSITY RESEARCH CENTER: DESIGN OF THE BASE-ISOLATED BUINDING AND
DYNAMIC TESTING ………………….………………………………..………………………………………………………………………………….… 4005
Andrea Dall'Asta, Graziano Leoni, Fabio Micozzi, Laura Gioiella, N. Ceccolini, Laura Ragni
VARIATION IN RESPONSE OF A BRIDGE SEISMICALLY ISOLATED WITH LRBS UNDER THE EFFECT OF LOW
AMBIENT TEMPERATURE ………………….………………………………..…………………………………………………………………….…… 4015
Esengul Cavdar, Volkan Karuk, Gokhan Ozdemir
SEISMIC PROTECTION OF MULTI-STORY STRUCTURES WITH NOVEL VIBRATION ABSORPTION DEVICES
COMBINING NEGATIVE STIFFNESS AND INERTER ………………….………………………………..……………………………………… 4026
Konstantinos Kapasakalis, Georgios Florakis, Ioannis Antoniadis, Evangelos Sapountzakis
MULTI-LEVEL OPTIMISATION OF NONLINEAR VISCOUS DAMPERS FOR SEISMIC RETROFIT OF SUBSTANDARD
STEEL FRAMES ………………….………………………………..………………………………………………………………………………..………… 4046
Dario De Domenico, Iman Hajirasouliha
SEISMIC RETROFIT OF EXISTING PRECAST RC BUILDINGS WITH DISSIPATIVE DEVICES BASED ON CARBON
WRAPPED STEEL TUBES ………………….………………………………..……………………………………………………………………….…… 4058
Lucia Praticò, Andrea Vittorio Pollini, Devis Sonda, Nicola Buratti
METAMODELING CHOICES FOR SEISMIC VULNERABILITY ASSESSMENT OF BRB-RETROFITTED LOWDUCTILITY RC FRAMES ………………….………………………………………………………………………………………………………………… 4078
Jayadipta Ghosh, Fabio Freddi
NUMERICAL INVESTIGATION OF RUBBER BEARINGS WITH LOW SHAPE FACTOR UNDER SEISMIC
EXCITATION ………………….………………………………………………………………………………………………………….………..…………… 4091
Alessandra Orfeo, Enrico Tubaldi, Alan Muhr, Daniele Losanno
INELASTIC RESPONSE MODES OF SEISMICALLY ISOLATED STRUCTURES: FAILURE OF THE ISOLATORS OR
DAMAGE IN THE ISOLATED STRUCTURE? ………………….………………………………..…………………………………………..……… 4100
Anastasios Tsiavos, Tomislav Markid, David Schlatter, Božidar Stojadinovid

MS 42: ADVANCES IN MODEL REDUCTION TECHNIQUES OF COMPUTATIONAL AND STRUCTURAL DYNAMICS
A NEW PARALLEL ALGORITHM FOR THE OPTIMUM EMBEDDED REBAR MESH GENERATION FOR LARGESCALE REINFORCED CONCRETE STRUCTURES ………………….………………………………..…………………………………………… 4111
Dewald Gravett, George Markou

xxxv

ON THE APPLICATION OF GENERALISED SCHUR COMPLEMENTS TO SUBSYSTEM-LEVEL VARIABILITY
QUANTIFICATION ………………….………………………………………………………………………………………..………………..…………… 4120
Vladimir Yotov

MS 43: ANALYSES AND DESIGN OF STEEL JOINTS UNDER CYCLIC ACTION
BEHAVIOUR OF LAP SHEAR RIVETED CONNECTIONS WITH CONSTRUCTIONAL IMPERFECTIONS ….…..…………… 4134
Aldo Milone, A. De Martino
BEHAVIOR OF INNO3D JOINTS UNDER MONOTONIC AND CYCLIC LOADING .….………………………………..…………… 4142
Arash Poursadrollah, A. De Martino
DESIGN AND ANALYSIS OF FREEDAM FRAMES: COMPARISON WITH TRADITIONAL CONNECTIONS ….…………… 4149
Maria Maglio, Camilla Naddei, Elide Nastri, Rosaria Russo, Paolo Todisco
COMPONENT MODELLING OF CONNECTIONS BETWEEN CIRCULAR-HOLLOW-SECTIONS AND THROUGHALL MEMBERS ………………….………………………………..……………………………………………………………………………………..…… 4177
A. Saldutti, Sabatino Di Benedetto, Massimo Latour, Gianvittorio Rizzano
SEISMIC RESPONSE OF INNOVATIVE CFS WALLS BRACED WITH UHS STEEL BARS: EXPERIMENTAL
INVESTIGATION ………………….………………………………..…………………………………………………………………………………..…… 4185
Alessia Campiche
VALIDATION OF NOVEL SEISMIC DESIGN CRITERIA FOR LIGHTWEIGHT STEEL BUILDING IN EUROPE ..…………… 4199
Sarmad Shakeel, Marica Navarra, Alessia Campiche
BEHAVIOUR OF T-STUB UNDER MODE 2 AND 3 WITH HV AND HR BOLTS ……….………………………………..…………… 4212
Roberto Tartaglia, Mario D'Aniello
INFLUENCE OF THE JOINT BEHAVIOUR ON THE PERFORMANCE OF ORTHOGONAL EXOSKELETONS FOR
SEISMIC RETROFIT ………………….………………………………..……………………………………………………………………………….…… 4219
Roberto Tartaglia, Gianmaria Di Lorenzo, Antonio Formisano, Raffaele Landolfo

Thematic Sessions
TS 5: DYNAMICS OF CONCRETE AND MASONRY STRUCTURES
EVALUATION OF THE SEISMIC BEHAVIOR OF HISTORICAL CHURCHES REINFORCED BY CROSS-LAM ROOFSTRUCTURES ………………….………………………………..……………………………………………………………………………………….…… 4226
Nicola Longarini, Pietro Crespi, Marco Zucca
SEISMIC RESPONSE OF SEVEN EXISTING REINFORCED CONCRETE CHIMNEYS EQUIPPED WITH TUNED MASS
DAMPERS UNDER FIVE STRONG SEISMIC EVENTS ………………….………………………………..…………………………….……… 4248
Pietro Giuseppe Crespi, Nicola Longarini, Marco Valente, Marco Zucca

xxxvi

SHAKING TABLE TEST ON THE EFFECTS OF SHEAR WALLS FOR LONG-SPAN KOREAN TRADITIONAL TIMBER
STRUCTURE ………………….…………………………………………………………………………………………………………………..…………… 4262
Yeong-Min Kim
INVESTIGATION OF THE IMPACT OF SEISMIC ZONE TO THE COST OF CONSTRUCTION OF A 5-STOREY R/C
BUILDING ………………….………………………………..………………………………………………………………………………………………… 4272
Theodoros Chrysanidis, Nikolaos Alamanis, Grigorios Papageorgiou, Georgia Kaouri
FLEXURAL PERFORMANCE OF CONCRETE BEAMS UNDER CYCLIC LOADING ..….………………………………..…………… 4283
Waseem Khan, Saleem Akhtar, Aruna Rawat, Anindya Basu
A MULTILAYER SHELL ELEMENT FOR NONLINEAR ANALYSIS OF R/C SHEAR WALLS …………………………..…………… 4294
Vassilis Papanikolaou, Christos Karakostas, Konstantinos Morfidis, Emmanouil Baboukas
COMPARISON OF THE EFFICIENCY OF MINIMUM-THICKNESS CIRCULAR AND PARABOLIC ARCHES FOR
VARIOUS GRAVITY CONDITIONS ………………….………………………………..……………………………………………………….……… 4302
Nicos Kalapodis, Georgios Kampas, Thomas McLean, Christian Malaga-Chuquitaype
LARGE-DISPLACEMENT RESPONSE OF UNREINFORCED MASONRY STRUCTURES: COMPARISON BETWEEN
ANALYTICAL SOLUTIONS AND DEM MODELS INCLUDING OPEN-SOURCE SOFTWARE …….………………..…………… 4317
Igor Bouckaert, Michele Godio, João Pacheco de Almeida

TS 14: NUMERICAL SIMULATION METHODS FOR DYNAMIC PROBLEMS
NONLINEAR FINITE ELEMENT MODELS FOR EMBEDDED BASE CONNECTIONS .………………………………..…………… 4331
Nicolas Mora Bowen, Pablo Torres Rodas
LOCAL SCALE DAMPING MODEL FOR REINFORCED CONCRETE ELEMENTS …….………………………………..…………… 4341
Clotilde Chambreuil, Cédric Giry, Frédéric Ragueneau, Pierre Léger
NUMERICAL STUDY ON THE DAMPING CHARACTERISTICS OF A SHOCK ABSORBER VALVE UTILIZING
DIFFERENT VELOCITIES THROUGH CFD ANALYSIS ………………….……………………………………………….………..…………… 4353
Yousif Badri, Thaer Syam, Sadok Sassi, Mohammed Hussein, Jamil Renno, Saud Ghani
ENERGY HARVESTING FROM RAILWAY VIBRATIONS – A NUMERICAL STUDY BASED ON BEAM-ON-ELASTICFOUNDATION UNDER QUASI-STATIC LOADING ………………….………………………………..………………………………..……… 4363
Shahd Elshafei, Mohammed Hussein, Jamil Renno, Asan Mutalif
IMPACT FACTORS DERIVED FROM INTERNAL FORCES IN TIMOSHENKO BEAMS SUBJECTED TO
CONCENTRATED MOVING LOADS ………………….………………………………..……………………………………………………….…… 4373
Benjamín Pinazo, Salvador Monleón, Carlos Lázaro, Pedro Museros
ON THE DEVELOPMENT OF A NOVEL APPROACH FOR SIMULATING ELASTIC BEAMS IN DUALSPHYSICS
WITH THE USE OF THE PROJECT CHRONO LIBRARY ……………….………………………………..……………………………….…… 4385
Salvatore Capasso, Bonaventura Tagliafierro, Iván Martínez-Estévez, José M. Domínguez, Joe El Rahi,
Vasiliki Stratigaki, Alejandro J.C. Crespo, Rosario Montuori, Peter Troch, Moncho Gómez-Gesteira,
Giacomo Viccione

xxxvii

DIGITAL SIMULATION OF WIND FIELD VELOCITY FOR EVALUATING PROPER STIFFNESS INDICATORS OF
WINDOW MULLIONS ………………….…………………………………………………………………………………………………….…………… 4400
Gian Felice Giaccu, Antonio Cazzani
ANALYTICAL/NUMERICAL SOLUTIONS TO THE PROBLEM OF THE DYNAMIC RESPONSE OF AN ELASTIC
PLATE ON A CONTINUOUSLY NON-HOMOGENEOUS CROSS-ANISOTROPIC VISCOELASTIC SOIL TO A
MOVING LOAD ……………………………………………………………………………………………….………………………………..…………… 4407
Niki D. Beskou, Edmond V. Muho

TS 15: OPTIMUM DESIGN AND CONTROL IN STRUCTURAL DYNAMICS AND EARTHQUAKE ENGINEERING
OPTIMAL DESIGN OF TID-BASED SYSTEM FOR THE CONTROL OF WIND-INDUCED VIBRATION IN TALL
BUILDINGS THROUGH CULTURAL ALGORITHM ………………….………………………………..………………………………………… 4428
Luis Lara-Valencia, Mateo Ramírez-Acevedo, José Brito, Daniel Caicedo, Yosef Farbiarz
A PARAMETRIC ANALYSIS OF THE SEISMIC PERFORMANCE OF BRIDGES AS A FUNCTION OF THE DCFP
DEVICE PROPERTIES ………………….……………………………………………………………………….……………………………..…………… 4439
Paolo Castaldo, Guglielmo Amendola
SEISMIC PERFORMANCE OF BRIDGES ISOLATED WITH FPS ………………….………………………….………………..…………… 4452
Paolo Castaldo, Guglielmo Amendola
CRITICAL ACCELERATION, SEISMIC SLIDING DISPLACEMENT AND SMART DESIGN OF CANTILEVER WALLS .…… 4467
Loukas C. Katsenis, Constantine A. Stamatopoulos, Vassilis P. Panoskaltsis
COMPARISON OF CONTROL ALGORITHMS APPLIED TO AN HYBRID MASS DAMPER ATTACHED TO AN WIND
TURBINE TOWER ………………….………………………………..……………………………………………………………………………………… 4481
Pedro Rocha, Suzana Avila
PRELIMINARY STUDY OF AN ARDUINO CONTROLLED SHAKE TABLE TO LOW-FREQUENCY TEST ..……..…………… 4494
Ledymar F. Moreno, Marcus V. G. de Morais, Suzana M. Avila
EFFICIENT DAMPER DESIGN METHOD FOR ELASTIC-PLASTIC MDOF STRUCTURES UNDER CONSECUTIVELEVEL EARTHQUAKES ………………….……………………………………………………………………………………………….…..…………… 4508
Hiroki Akehashi, Izuru Takewaki
DIFFERENTIATION OF THE CONSTRUCTION COST OF A FIFTEEN STOREY R/C BUILDING DEPENDING ON
THE SEISMIC HAZARD ZONE ………………….………………………………………………………………………………..………..…………… 4520
Paulina Tselempi, Theodoros Chrysanidis
DOES THE SEISMICITY OF THE AREA HAVE AN IMPACT ON THE CONSTRUCTION COST OF THE LOADBEARING STRUCTURE OF R/C BUILDINGS? ………………….…………………………………………..………..……………..…………… 4535
Thomas-Erik Makris, Theodoros Chrysanidis

xxxviii

IMPROVING ENERGY DISSIPATION CAPACITY OF NATURALLY BUCKLING BRACES UNDER LOW-CYCLE
FATIGUE LOADS ………………….………………………………..……………………………………………………………………………..………… 4547
Shadiya Jamshiyas, Kazuhiro Hayashi, Xiaopo Yang, Konstantinos Skalomenos

TS 17: PERFORMANCE-BASED EARTHQUAKE ENGINEERING
NUMERICAL MODELING OF SLIP RESPONSE OF LATERALLY SWAYING BRIDGE PIERS’ TENSILE
REINFORCEMENT ………………….………………………………..………………………………………………………………………………..…… 4558
Konstantinos G. Megalooikonomou
SEISMIC RISK ASSESSMENT OF A PROCESS PLANT UNIT ACCOUNTING FOR DYNAMIC INTERACTION .…………… 4568
George Karagiannakis, Luigi di Sarno
A COMPARATIVE STUDY ON SEISMIC RESPONSE OF A SUPER HIGH-RISE BUILDING USING CONVENTIONAL
AND MODAL PUSHOVER ANALYSIS ………………….………………………………..………………………………………………..………… 4582
Xianlong Zhang, Hao Wu, Qiao Yu, Yang Liu, Lingzhi Li, Wannan Xu, Junyan Zhou
NUMERICAL PARAMETRIC STUDY OF GRILLE-TYPE STEEL CONCRETE COMPOSITE SHEAR WALL FOR SEISMIC
REGIONS ………………….………………………………..………………………………………………………………………………………..………… 4593
Tian Wang, Qiao Yu, Hao Wu, Yang Liu, Lingzhi Li, Xianlong Zhang
SEISMIC RELIABILITY OF BRIDGES ISOLATED WITH FPS ………………….………………………………..……………………..……… 4607
Paolo Castaldo, Guglielmo Amendola, Luca Giordano, Diego Gino, Elena Miceli
INTENSITY MEASURES PROPERTIES AND SELECTION FOR RISK ANALYSIS ON STRUCTURES SUBJECTED TO
EARTHQUAKE INDUCED BUILDING POUNDING WITH A NON SMOOTH CONTACT DYNAMICS METHOD
………………….……………………………………………………………………………………………………………………………………...…………… 4621
Thomas Langlade, David Bertrand, Stéphane Grange, Gabriel Candia, Juan Carlos de la Llera
ESTIMATION OF DUCTILITY IN ASYMMETRIC-PLAN STRUCTURES ………………….………………………………….…………… 4633
Kaan Kaatsız, Halûk Sucuoğlu
A MULTI-OBJECTIVE DISPLACEMENT-BASED DESIGN PROCEDURE OF VISCOUS AND HYSTERETIC DAMPED
BRACES FOR THE SEISMIC PROTECTION OF RC BUILDINGS ………………….………………………………..………………………. 4646
Fabio Mazza, Carlo Pasceri
EFFECT OF THE DAMPING RATIO OF THE NON-STRUCTURAL COMPONENTS ON FLOOR ACCELERATION
DEMANDS IN TORSIONALLY IRREGULAR BUILDINGS ………………….………………………………..………………………………… 4660
Ankur Jain, Mitesh Surana
EXPLORING THE EXPECTED INCREASE OF COSTS AND LOSS REDUCTION BY RAISING THE BAR IN SEISMIC
DESIGN: COMPARISON OF ALTERNATIVE DESIGN METHODOLOGIES AND EARTHQUAKE-RESISTANT
TECHNOLOGIES ………………….………………………………..……………………………………………………………………………..………… 4670
Francesca Gentili, Jonathan Ciurlanti, Simona Bianchi, Stefano Pampanin
SEISMIC RESPONSE OF A TRANSPARENT PAVILION MADE OF STRUCTURAL GLASS …………………………..…………… 4688
Dimitra V. Achillopoulou, Nikoleta K. Stamataki

xxxix

ON THE USE OF INSTANTANEOUS POWER FOR NEAR-FAULT RECORD MODIFICATION ……..……………..…………… 4697
Esra Zengin, Norman Abrahamson
SEISMIC DESIGN OF STEEL FRAMES WITH INTENTIONALLY ECCENTRIC INDUCTION-HEAT TREATED STEEL
BRACES ………………….………………………………..……………………………………………………………………………………………..……… 4706
Thomas Whittall, Konstantinos A. Skalomenos
AN EFFICIENT RECORD-TRUNCATION SCHEME FOR PULSE-LIKE RECORDS USING A WAVELET-BASED
APPROACH ………………….………………………………………………………………………………………………………………..…..…………… 4720
Vicky Dimakopoulou, Michalis Fragiadakis, Ioannis Taflampas

TS 19: REPAIR AND RETROFIT OF STRUCTURES
NUMERICAL MODELLING OF SHEAR BOND TESTS ON EXTERNALLY STRENGTHENED MASONRY SPECIMENS .… 4729
Ottavio Tamborrino, Daniele Perrone, Marianovella Leone
A DISPLACEMENT-BASED DESIGN PROCEDURE OF VISCOUS DAMPED STEEL EXOSKELETONS FOR THE
SEISMIC RETROFITTING OF RC FRAMED BUILDINGS ………………….……………………………………………….……..…………… 4742
Fabio Mazza, Egidio Mollo
DEBONDING ANALYSIS OF FRCM COMPOSITES FOR STRUCTURAL UPGRADING OF RC STRUCTURES ...…………… 4758
Maria Teresa Cristofaro, Angelo D'Ambrisi, Francesco Focacci, Raffaele Nudo, Gianfranco Stipo,
Marco Tanganelli, Mario De Stefano
NODAL DISSIPATIVE DEVICES FOR SEISMIC PROTECTION OF PRECAST RC STRUCTURES ……….…………..…………… 4772
Fabrizio Comodini, Angelo D'Ambrisi, Marco Mezzi
INVESTIGATION OF THE RESPONSE OF INTERFACES OF CFRP SHEET STRENGTHENING SCHEMES ENHANCED
WITH TOUGHENED EPOXY ADHESIVE LAYERS APPLIED IN CORRODED CONCRETE SUBSTRATES ………..…………… 4782
Dimitra Achillopoulou
SEISMIC RETROFITTING OF SINGLE-STORY RC PRECAST BUILDINGS THROUGH A NOVEL METALLIC
HYSTERETIC DEVICE ………………….………………………………………………………………………………..……………………..…………… 4789
Chiara Di Salvatore, Gennaro Magliulo, Maria G. Castellano, Nicola Caterino
COMPRESSIVE STRENGTH EVALUATION OF BLUE MOSQUE MINARET STONES WITH ULTRASONIC TESTING .… 4800
Gulen Uncu, Şahin Dede, Eser Çaktı
EXPERIMENTAL INVESTIGATION OF SHEAR STRENGTH OF SOLID BRICK URM WALLS RETROFITTED WITH
TRM JACKET ………………….…………………………………………………………………………………………..……………………..…………… 4808
Athanasia Thomoglou, Athanasios Karabinis

xl

TS 20: SEISMIC ISOLATION
METAFOUNDATION AS A NEW APPROACH FOR SEISMIC ISOLATION OF BUILDINGS ……………….………..…………… 4816
Stefania Fiore, Domenico Magisano, Giovanni Finocchio, Massimo Chiappini
SEISMIC PERFORMANCE OF DOUBLE FRICTION PENDULUM BEARINGS UNDER HORIZONTAL AND VERTICAL
EXCITATION ………………….…………………………………………………………………………………………………………………..…………… 4824
Ioannis E. Kavvadias
SEISMIC DEVICES FOR STEEL STORAGE STRUCTURES ………………….……………………………………………..……..…………… 4834
Marco Simoncelli, Bonaventura Tagliafierro, Rosario Montuori
ANALYSIS OF THE PARTICLES DISTRIBUTION INFLUENCE ON THE RECYCLED RUBBER PROPERTIES TO BE
USED AS A MATRIX OF LOW-COST SEISMIC ISOLATORS ………………….………………………………..………………………….… 4845
Carolina Rojas Cabrera, Lizeth F. Ortega Escobar, Ingrid E. Madera Sierra, Daniele Lossano,
Albert R. Ortíz Lasprilla

TS 21: SEISMIC RISK AND RELIABILITY ANALYSIS
THE EFFECT OF SOIL-STRUCTURE INTERACTION AND LIQUEFACTION ON THE SEISMIC VULNERABILITY OF
TYPICAL PORT STEEL LIGHT-FRAME WAREHOUSES ………………….………………………………..…………………………………… 4853
Stella Karafagka, Stavroula Fotopoulou, Anna Karatzetzou, Giorgos Malliotakis, Dimitrios Pitilakis
COMPARATIVE ASSESSMENT OF EMPIRICAL AND MECHANICAL APPROACHES FOR THE ESTIMATION OF THE
SEISMIC FRAGILITY OF ORDINARY MASONRY BUILDINGS TYPE IN THE INNER CENTRAL ITALY …………..…………… 4869
Ilaria Capanna, Franco Di Fabio, Massimo Fragiacomo
EVALUATION OF SEISMIC RESILIENCE OF RC-BUILDINGS SUBJECTED TO REPEATED EARTHQUAKE USING
RESILIENT INDEX AND FRAGILITY SURFACE FUNCTIONS ………………….………………………………..…………………………… 4880
Moustafa Moufid Kassem, Fadzli Mohamed Nazri, Ahmad Mohamad El-Maissi
A SIMPLIFIED APPROACH FOR THE VULNERABILITY ASSESSMENT OF REGULAR AND IRREGULAR REINFORCED
CONCRETE BIULDINGS AT THE LARGE SCALE ………………….………………………………..…………………………………….……… 4896
Valentina Blasone, Alberto Basaglia, Raffaele De Risi, Flavia De Luca, Enrico Spacone

TS 27: STEEL STRUCTURES
GENERELIZED MACROELEMENT FOR GEOMETRIC AND MATERIALLY NON-LINEAR ANALYSIS OF STEEL
MEMBERS ………………….………………………………………………………………………………………………………………..…..…………… 4906
Konstantinos Morfidis

TS 28: STOCHASTIC DYNAMICS
GAUSSIAN AND NON-GAUSSIAN WIND TUNNEL PROCESSES ………………….………………………………..…………………… 4926
Marco Di Giovanni, Piero D'Asdia

xli

RANDOM PROCESS PEAKS PREDICTION: A LITERATURE OVERVIEW ………………….………………………………..……….… 4934
Marco Di Giovanni, Piero D'Asdia

TS 31: NUMERICAL SIMULATION OF GEOTECHNICAL PROBLEMS
EFFECT OF SOIL PROFILE CHARACTERISTICS ON THE SEISMIC SLIDING DISPLACEMENT OF SLOPES .…..…………… 4946
Loukas C. Katsenis, Constantine A. Stamatopoulos, Vassilis P. Panoskaltsis
EFFECT OF 1D VERTICAL VARIABILITY OF SHEAR MODULUS ON THE SEISMIC RESPONSE OF SITES …...…………… 4963
Mounia Menoun Hadj Brahim, Hamid Afra
A PARAMETRIC STUDY OF “WEAK LAYER” EFFECTS ON THE SEISMIC RESPONSE OF LIQUEFIABLE SOIL
PROFILES ………………….…………………………………………………………………………………………………………………………….……… 4973
Yannis Tsiapas, Maria Spanea, George Bouckovalas
COUPLED ANALYSIS OF SEISMIC PILE-TENDON-PLATFORM INTERACTION IN LIQUEFIABLE SEABED ....…………… 4983
Yannis Chaloulos, Yannis Tsiapas, George Bouckovalas, Konstantinos Bazaios
STATE-OF-THE-ART INVESTIGATION OF WIND TURBINE STRUCTURES BY CONSIDERING THE SOILSTRUCTURE INTERACTION PHENOMENON ………………….…………………………………………………………….……..…………… 4993
Dewald Gravett, George Markou
MODELLING THE IMPACT OF GAPPING BEHAVIOUR ON MONOPILE MOUNTED OFFSHORE WIND TURBINE
DYNAMICS ………………….………………………………..………………………………………………………………………………………………… 5005
Stephen Williams, Loizos Pelecanos, Antony Darby
SOIL-STRUCTURE INTERACTION IN THE SEISMIC VULNERABILITY ANALYSIS OF RC BUILDINGS.
APPLICATION TO A CASE STUDY BUILDING LOCATED IN SOUTHWESTERN SPAIN .……………………………..…………… 5015
Maria-Victoria Requena-Garcia-Cruz, Antonio Morales-Esteban, Percy Durand-Neyra, Emilio RomeroSanchez
FREE VIBRATION RESPONSE OF LONG MULTI-SPAN BRIDGES ACCOUNTING FOR SOIL-STRUCTURE
INTERACTION ………………….………………………………..…………………………………………………………………………………………… 5028
Pieter Reumers, Geert Lombaert, Geert Degrande
THREE DIMENSIONAL DYNAMIC INTERACTION OF ADJACENT FOUNDATIONS ON A HALFSPACE WITH
LOCAL INHOMOGENITY APPLYING A COUPLED ITM-FEM APPROACH ………………..……………………………..…………… 5039
Julian Freisinger, Gerhard Müller
NUMERICAL ANALYSIS ON SHALLOW FOUNDATIONS LATERAL DISCONNECTION ……………………………..…………… 5066
Fausto Somma, Alessandro Flora, Emilio Bilotta, Giulia Viggiani
INFLUENCE OF THE DYNAMIC SOIL-STRUCTURE INTERACTION IN CONCRETE FRAMES WITH INCORPORATED
VISCOUS DAMPERS ………………….………………………………..…………………………………………………………………………………… 5078
Andrés Mauricio Cortés Arias, Francisco Peña Ocampo, Orlando Cundumí Sánchez

xlii

COMPUTATIONAL MODELING AND PARAMETRIC STUDY OF PILE GROUPS .…….………………………………..…………… 5093
Mariana Lazarini, Miguel Paula, Manuel Braz-César

TS 32: DYNAMICS OF STEEL AND SLENDER STRUCTURES
ADVANCES IN COMPUTATIONAL AND ANALYTICAL MODELS FOR COLUMN BASE CONNECTIONS ..…..…………… 5108
Pablo Torres-Rodas
INFLUENCE OF EARTHQUAKE MECHANISMS TO THE SEISMIC RESPONSE OF STEEL MOMENT FRAMES .………… 5124
Liseth Campos, Pablo Torres-Rodas, Pablo Quinde, Fabricio Yepez
SEISMIC ACTION COMBINATION RULES FOR THE DESIGN OF AZIMUTH-INDEPENDENT STRUCTURES .…………… 5134
Nikolaos Karaferis, Dimitrios Vamvatsikos
INVESTIGATING THE OVERTURNING STABILITY OF UNANCHORED CONTAINERS WITH FINITE ELEMENT
SIMULATIONS ………………….………………………………..…………………………………………………………………………………………… 5142
Stefanos Gkatzogiannis, Peter Knoedel, Thomas Ummenhofer
GREEN BANK RADIO TELESCOPE: WIND INDUCED EFFECTS ON FEED-ARM ……..………………………………..…………… 5159
Gian Felice Giaccu, Luca Gallisai, Steven White, Richard Prestage, Luca Caracoglia
PARAMETRIC STUDY OF STEEL COLUMN-BASE CONNECTION SUBJECTED TO BIDIRECTIONAL BENDING AND
AXIAL COMPRESSION ………………….………………………………..……………………………………………………………………..………… 5165
Md. Asif Bin Kabir, Ahm Muntasir Billah

TS 33: AEROELASTICITY, SOUND AND VIBRATION AND BRIDGE DYNAMICS
GEOMETRICALLY NON-LINEAR FREE IN-PLANE VIBRATION OF FUNCTIONALLY GRADED CIRCULAR ARCH
WITH UNIFORM CROSS SECTION ………………….………………………………..…………………………………………………….………… 5179
Omar Outassafte, Ahmed Adri, Yassine El Khouddar, Said Rifai, Rhali Benamar
ANALYSIS OF GEOMETRICALLY NON-LINEAR FREE VIBRATIONS OF FUNCTIONAL GRADED BEAMS IN A
THERMAL ENVIRONMENT ………………….………………………………..………………………………………………………………………… 5191
Yassine El Khouddar, Ahmed Adri, Omar Outassafte, Issam El Hantati, Said Rifai, Rhali Benamar
PERSPECTIVES ON THE ACCELERATION OF THE NUMERICAL ASSESSMENT OF FLUTTER AND BUFFETING
RESPONSE OF BRIDGE DECKS ………………….………………………………..……………………………………………………………………. 5201
Julien Heremans, Anass Mayou, Vincent Denoël
SIMULATING LOW FREQUENCY SOUND TRANSMISSION LOSS OF MOUNTED PANELS ….…………………..…………… 5214
Moris Kalderon, Andreas Paradeisiotis, Ioannis Antoniadis
INVESTIGATION OF A METHODOLOGY FOR DESCRIBING FAN BLADE FLUTTER LIMITATIONS INDUCED BY
NON-LINEAR FRICTION AT BLADE ROOTS ………………….………………………………..…………………………………………….…… 5232
Nicolas Ombret, Maxime De Pret, Alain Dugeai, Fabrice Thouverez, Laurent Blanc, Thomas Berthelon

xliii

GEOMETRICALLY NON-LINEAR FREE IN-PLANE VIBRATION OF STEPPED CIRCULAR ARCH ..………………..…………… 5255
Omar Outassafte, Ahmed Adri, Yassine El Khouddar, Said Rifai, Rhali Benamar
SIMPLE AND COMPLEX MODELLING OF SEAT-TYPE ABUTMENT-BACKFILL SYSTEMS .………………………..…………… 5266
Ioannis G. Mikes, Andreas J. Kappos
INFLUENCE OF THE CONTINUITY OF THE BALLASTED TRACK ON THE DYNAMIC RESPONSE OF A SIMPLY
SUPPORTED HIGH SPEED RAILWAY BRIDGES ………………….………………………………..……………………………………………. 5283
Said El Hankari, Rachid Dkiouak, Khalid Roky
A FRAMEWORK ON THE DYNAMIC RESPONSE OF TALL STRUCTURES TO NON-STATIONARY WIND USING
DESIGN SPECTRUM ………………………………………………………………………………………….………………………………..…………… 5299
Jing Song, Pedro Martinez-Vazquez, Konstantinos A. Skalomenos

TS 34: NONLINEAR AND IMPACT DYNAMICS
GEOMETRICALLY NONLINEAR FORCED TRANSVER VIBRATIONS ANALYSIS OF TAPERED EULER-BERNOULLI
BEAMS ………………….………………………………..…………………………..………………………………………………………………………… 5307
Issam El Hantati, Ahmed Adri, Hatim Fakhreddine, Said Rifai, Rhali Benamar
POWDER SNOW IMPACT OF TALL VIBRATING STRUCTURES ………………….………………………………………...…………… 5318
Andrin Caviezel, Stefan Margreth, Kseniya Ivanova, Betty Sovilla, Perry Bartelt
GEOMETRICALLY NONLINEAR FREE VIBRATIONS OF FULLY CLAMPED MULTI-STEPPED BEAMS CARRYING
MULTIPLE MASSES ………………….………………………………..…………………………………………………………………………………… 5331
Issam El Hantati, Ahmed Adri, Hatim Fakhreddine, Said Rifai, Rhali Benamar
COMPARISON BETWEEN DYNAMIC NONLINEAR ANALYSIS WITH ASCE 7-10 AND ASCE 7-16 IN CONCRETE
FRAMES WITH VISCOUS DAMPERS INCORPORATED ………………….……………………………………………………..…………… 5342
Juan Sebastián Cundumí García, Orlando Cundumí Sánchez
FRAGILITY CURVES DEFINITION OF EXISTING REINFORCED CONCRETE BUILDINGS DESIGNED FOR GRAVITY
LOADS ………………….………………………………..……………………………………………………………………………………………………… 5357
Alberto Basaglia, Marco Terrenzi, Enrico Spacone
STOCHASTIC NONLINEAR RESPONSE OF STRUCTURAL SYSTEMS ENDOWED WITH SINGULAR MATRICES
SUBJECT TO COMBINED PERIODIC AND STOCHASTIC EXCITATIONS ………………….………………….…………..…………… 5367
Ioannis P. Mitseas, Peihua Ni, Vasileios C. Fragkoulis, Fan Kong, Michael Beer, Michalis Fragiadakis

xliv

COMPDYN 2021
8th ECCOMAS Thematic Conference on
Computational Methods in Structural Dynamics and Earthquake Engineering
M. Papadrakakis, M. Fragiadakis (eds.)
Streamed from Athens, Greece, 230 June 2021

SEISMIC VULNERABILITY OF MASONRY HISTORICAL
STRUCTURES: A SIMPLE ADAPTIVE NURBS FE APPROACH FOR
THE LIMIT AND THE SUBSEQUENT NON-LINEAR STATIC
ANALYSIS WITH FEW DOFS
Nicola Grillanda1 and Gabriele Milani1
1

Department of Architecture, Built Environment and Construction Engineering (ABC), Polytechnic
University of Milan
Piazza Leonardo Da Vinci 32, 20133 Milan (Italy)
email: nicola.grillanda@polimi.it, gabriele.milani@polimi.it

Abstract
The present contribution deals with an innovative evaluation of the vulnerability and static
seismic behavior of existing masonry structures and monumental buildings. For a given masonry construction, a discretization through few NURBS surfaces is realized. NURBS surfaces
are converted into shell elements which are assumed rigid and infinitely resistant. The nonlinearities typical of the masonry material (almost no tensile strength, frictional behavior in
shear, and relatively larger resistance in compression) are imposed at interfaces between adjacent elements, which represent in this way possible fracture lines. Once defined a horizontal
load configuration, an adaptive upper bound limit analysis is applied. As final result, the collapse mechanism and the collapse load multiplier are found. Then, to provide the complete
non-linear structural response, a FE model composed of elastic elements representing macroblocks and non-linear contact-based interfaces or plastic damaging strips corresponding to
the cracks is derived. On such model, static non-linear analyses can be performed easily at a
fraction of the computational burden needed by standard approaches. Several examples including masonry churches, vaults, and buildings are presented. Finally, a novel limit analysis
computational technique based on a discretization through NURBS solid elements is introduced and future perspectives of the research are drawn.
Keywords: Masonry, seismic vulnerability, NURBS, limit analysis, non-linear analysis.
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1

INTRODUCTION

The prediction of the load bearing capacity and ultimate displacements in the framework of
a displacement-based design for existing masonry structures and monumental buildings is a
very difficult task and at present a hot topic for the specialized scientific community, especially for earthquake prone masonry countries.
As a matter of fact, a huge amount of different modelling strategies have been developed in
the last decades [1] to deal with the multitude of challenges that characterize the analysis of
such structures in the non-linear range. Indeed, masonry is characterized by heterogeneity,
strongly non-linear behavior even at low levels of both horizontal and vertical loads, anisotropic response, complex geometries and an infinite variability of the textures.
Classically, we can distinguish two main analysis approaches for masonry structures subjected to horizontal loads [2], namely (i) limit analysis-based and (ii) incremental-evolutive
approaches.
Numerical techniques based on limit analysis are quite diffused nowadays because it is
well-known their reliability for the realistic determination of both collapse mechanisms and
ultimate load carrying capacity. Limit analysis applied to masonry has a long tradition and is
basically due to the seminal work by Heyman [3]. In the last four decades, many different approaches have been developed grounded on the utilization of both the lower bound [4]-[8] and
the upper bound [9]-[11] theorem, removing also in some cases the associativity of the flow
rule. When embedded in a FE formulation, limit analysis becomes very intuitive in its upper
bound formulation and kinematic approaches are generally preferred in the literature [12]-[14].
Within the FE upper bound formulation, different models have been proposed, assuming that
the inelastic deformation occurs only inside elements, only at the interfaces between adjoining
elements or on both interfaces and elements, as firstly proposed in [15] for geotechnical problems. When the plastic dissipation is constrained to occur only on interfaces, then the problem
becomes strongly mesh dependent and either remeshing or mesh adaptation algorithms are
needed [16]. The advantage is that the number of variables is limited and, if the adaptation
scheme is efficient, the computational burden remains rather limited [17]-[19]. However, as
well known limit analysis typically does not provide any information regarding displacements,
although this would be essential in a displacement-based design, which is considered the
standard for any seismic analysis [20].
Incremental-evolutive approaches are widely utilized tools for the step-by-step investigation of the structural equilibrium in nonlinear iterative analysis frameworks, often used in
pushover analyses for the seismic assessment of masonry structures [21]. These approaches
can be used within three classic modelling strategies that proved to be effective for masonry
structures:
x Macro-element models or simplified models in general (see e.g. [22]-[27]), widely used in
common engineering practice due to their simplicity, although typically limited to ordinary
buildings and not applicable for complex monumental structures;
x Block-based models (see e.g. [28]-[32]) where masonry is modelled block-by-block (typically into Finite Elements) and the interaction between blocks can be accounted for
through various formulations, being the most diffused the utilization of mortar interfaces.
Although potentially highly accurate, their main drawback is the huge computational effort
needed even for small and medium size structures;
x Continuum models (see e.g. [33]-[35]) where masonry is modelled through a deformable
continuum and the constitutive law can be defined directly or through a multi-scale framework. These models, although interesting and potentially very effective, could be computationally expensive or could find difficulties in representing the post-peak response due to
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convergence issues, as well as the collapse mechanism predicted could be, in general, not
fully clear and somewhat smeared [35].
x Discrete element models -or restricting the family of the approaches proposed, Distinct Element Methods DEMs- (as for instance those presented in [36]-[44] without being exhaustive) where masonry is modelled with rigid or elastic blocks and all non-linearity is lumped
on joints typically assumed with a cohesive frictional behaviour [43][44]. Such approach is
conceived mainly for Non Linear Dynamic Analyses NLDAs [45]-[47] but it can be
adapted also to static non linear analyses, or in presence of foundation settlements, albeit
requiring typically huge computational efforts. There are obviously other important drawbacks that cannot be summarized in few words in this introduction, but it is interesting to
point out how they have recently inspired the implementation of FEM combined with
DEM for large scale computations (see for instance [48]-[49]).
Accordingly, both limit analysis-based and incremental-evolutive approaches present either advantages or disadvantages, and their coupling would represent a favourable solution.
The research initially conceived by one of the authors of this paper [50] represented a first
attempt to couple limit analysis to displacement-based strategies. In particular, in [50] the collapse mechanism deduced by a genetic algorithm-based GA adaptive limit analysis has been
used in a pushover-based framework using two different approaches to introduce nonlinearities in the model. The first one considered 3D plastic damaging strips governed by a nonlinear
continuum constitutive law, while the second exploited zero-thickness contact-based interfaces governed by a cohesive-frictional contact behaviour. Both approaches proved a good performance in simulating not only the separate in- and out-of-plane behaviour of masonry
structures, but also than of full 3D buildings, having the advance of requiring for such analyses a considerably low computational demand.
Returning to deal with classic limit analysis, it can be affirmed that its adoption, when the
procedure grounds basically on the pioneering paper by Heyman [3] is still very suitable; it is
not a case indeed that it has been recently applied in a very successful manner, because the
approach is very straightforward, relatively simple and quite accurate in predicting load carrying capacities and failure mechanisms. This is probably the reason why many other researchers developed in the last four decades interesting different limit-analysis procedures, in the
majority of the cases basing on a FE discretization (that goes well with limit analysis) -both
homogeneous and heterogeneous-, using less the static theorem [4]-[8] and slightly more the
kinematic theorem [51]-[56] approach. This is not a case; it is indeed opinion of the authors
that, from an implementation point of view, limit analysis procedures which use finite elements (FEs) are typically easier to implement when based on the upper bound theorem, i.e. in
a kinematic framework. For cohesive-frictional materials (e.g. masonry) the solution can be
found easily also in presence of a non associated flow rule and therefore it appears particularly flexible, especially in all those cases were dissipation occurs only on interfaces between
contiguous elements, i.e. failure is due to the formation of a kinematic chain formed by large
rigid blocks, an intuition which follows the idea originally proposed in [57]. Nowadays, limit
analysis-based solutions are considered trustworthy to investigate collapse mechanisms and
the ultimate load in masonry structures [3].
The present paper discusses the following important key issues related to an adaptive limit
analysis of existing masonry buildings in general (including also masonry aggregates), masonry curved structures and monumental buildings;
1) The most suitable and stable adaptive limit analysis algorithm to use to obtain results
quickly with a high confidence on the correctness of the estimated collapse accelerations and failure mechanisms.
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2) The flexibility of the approach, intended as its utilization in a variety of different limit
analysis problems, which includes also the possibility to take into account the orthotropy of the material (when present), the possible presence of multi-leaf walls, double
curvature structures or the analysis of complex masonry aggregates exhibiting good or
bad interlocking at the intersection between perpendicular walls, also in presence of
any kind of strengthening device, such as tie rods, FRP strips, continuous FRCM reinforcement, etc.
3) The extension to non-linear static analyses, i.e. a newly conceived two-step methodology where ultimate displacements can be predicted after a preliminary limit analysis.
The main idea of the procedure proposed is shown schematically in Figure 1. For a
given masonry construction, a discretization through few NURBS surfaces is realized.
NURBS surfaces are converted into shell elements which are assumed rigid and infinitely resistant. The non-linearities typical of the masonry material (almost no tensile
strength, frictional behavior in shear, and relatively larger resistance in compression)
are imposed at interfaces between adjacent elements, which represent in this way possible fracture lines. Once defined a horizontal load configuration, an adaptive upper
bound limit analysis is applied. As final result, the collapse mechanism and the collapse load multiplier are found. Then, to provide the complete non-linear structural response, a FE model composed of elastic elements representing macro-blocks and nonlinear contact-based interfaces or plastic damaging strips corresponding to the cracks is
derived. On such model, static non-linear analyses can be performed easily at a fraction
of the computational burden needed by standard approaches.

Figure 1. two-step approach used to provide quickly pushover curves for complex masonry structures.
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In the present paper, several examples including masonry churches, vaults, and buildings
are discussed in detail. Finally, a novel limit analysis computational technique based on a
discretization through NURBS solid elements is introduced and future perspectives of the
research are drawn.
2

THE THEORETICAL METHOD ADOPTED

In the present Section, the main features of the theoretical model adopted for the adaptive
limit analysis and the subsequent simplified pushover analysis are recalled and commented,
discussing also the efficiency of different meta-heuristic approaches used for the mesh adaptation.
2.1

Adaptive NURBS-based upper bound limit analysis

For a given masonry structure, a model composed by curved or planar NURBS surfaces is
realized within the Rhinoceros environment. NURBS surfaces (Non-Uniform Rational Bezier
Spline [58]) are parametric surfaces whose basis functions are piecewise polynomial rational
functions obtained starting from the traditional spline basis function. In this approach,
NURBS properties are used to both represent exactly curved geometries and facilitate mesh
adaptation procedures.
The NURBS model of the whole masonry structure is imported within MATLAB, where
each surface is here converted into a 3D shell element through the definition of a thickness
value. By using the properties of NURBS, a mesh can be defined by subdividing each initial
surface into few trimmed surfaces: each one generates a single element that is still a NURBS
surface and the overall geometry is not altered. Elements are supposed to behave as rigid
blocks with internal dissipation allowed only along their interfaces. With the aim of finding a
failure mechanism constituted exclusively by macro-blocks, the NURBS elements constitute
the macro-blocks involved in the mechanism and interfaces are possible fracture lines or
hinges.
An upper bound limit analysis is applied. Given a load configuration [q0, Ȝq], in which q0
are permanent loads and q are live loads depending on a multiplier Ȝ, a mechanism involving
the few rigid elements composing the initial mesh can be identified by solving a linear programming problem. The mechanism is described by a velocity field u that contains the six
velocity components (three translational and three rotational) of each centroid of a NURBS
macro-block, which at the edges exhibits discontinuities (i.e. velocity jumps) with respected
to the contiguous elements. To properly quantify the velocity jumps, rigid-plastic interfaces
are defined at the common boundaries between adjacent elements. Each interface is discretized through collocation points to which the associative flow rule is imposed:
wf
'u O
(1)
wı
where 'u are the velocity jumps defined in the local reference system, O are the nonnegative plastic multipliers, ı is the stress vector, and f is the linearized three-dimensional
yield domain defined in the space of the local stress. For the masonry material, f can be represented by using a three-dimensional Mohr-Coulomb failure criterion defined through a cohesion value c and a friction angle ĳ. A tension cut-off and a linear cap in compression are
included to limit respectively the maximum tensile strength ft, otherwise equal to c/tan(ĳ), and
the maximum compression strength fc that masonry can undergo. The failure surface can be in
any case changed at user’s discretion, for instance utilizing the homogenization theory in the
rigid plastic case to take into account in a rigorous manner orthotropy [59]. Alternatively, to
reproduce the orthotropic behavior of masonry, a much more straightforward strategy is to
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assign two different sets of resistance values along two orthogonal directions of each NURBS
surface (e.g. following the directions of bed and head joints): for each inclined interface, a
Mohr-Coulomb domain is thus determined by combining the resistance values proportionally
to the inclination angle.
Once defined the internal and the external power in reference to the overall vector of unknowns x ª¬u , Ȝ º¼ , the linear programming problem that solves the upper-bound formulation

is summarized as follows:
 Ax b
cT x such that ® 
(2)
¯ Ȝt0
in which A is the global matrix of constraints (geometric, compatibility, and normality
condition), b is the vector of known terms in the equality equations (basically a zero-vector
with a unitary value as the last term), and c is the vector of coefficients derived from the Principle of Virtual Powers. The solution vector x contains the discontinuous velocity field that
describes the mechanism obtained starting from the adopted mesh. Eventually, the linear programming problem can be modified into a sequential linear programming to take into account
a non-associative behavior in shear (see [51]).
However, the use of a reduced number of macro-elements makes the problem highly meshdependent. According to the upper bound theorem of limit analysis, the collapse load multiplier is the minimum of the kinematic load multipliers and it is associated to the real collapse
mechanism, which is properly identified only if the interfaces between adjacent elements coincide with the real position of fracture lines. Therefore, a procedure of mesh adaptation is
finally applied: the initial mesh is iteratively adjusted until the absolute minimum of the kinematic load is found. For this operation, a meta-heuristic approach is used. Among the several
available meta-heuristic algorithm [52], a Genetic Algorithm (GA) is generally applied, because considered sufficiently stable and reliable, as demonstrated in the following Section.
A representative scheme of adaptive limit analysis procedure (step 1 of Figure 1) is depicted schematically in Figure 2. This limit analysis procedure has been used to study several typologies of masonry structures in the last years by the authors, ranging from in-plane and outof-plane loaded panels to double curvature structures and masonry aggregates [18][19][51][56].
min O

(a)

(b)

(c)

Figure 2. Adaptive upper bound limit analysis tool: (a) original geometry and load condition, (b) NURBS
model with initial mesh, (c) collapse mechanism and collapse load multiplier.
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2.2

Efficiency test for different meta-heuristic approaches for double curvature structures

The adaptive meta-heuristic approach previously mentioned has been tested on 4 double
curvature structures utilizing 4 different algorithms in [52], namely using a specifically devised Prey Predator Algorithm (PPA), a Particle Swarm Optimization (PSO) Algorithm, a
Firefly Algorithm (FA) and a specifically crafted Genetic Algorithm (GA). The reader interested into the details of the procedures adopted is referred to [52] for the sake of conciseness.
In particular, here it is worth mentioning that the 4 benchmarks considered are a circular skew
arch (test #1), a parabolic straight arch (test #2), a parabolic skew barrel vault (test #3) and a
ribbed cross vault (test #4). Here we focus almost exclusively on test #3, i.e. on the parabolic
skew barrel vault, see Figure 3, for the sake of conciseness. The skew geometry forces the
vault to fail non-symmetrically, displaying a mixed interaction of bending and torsional deformation modes. Therefore, the NURBS mesh of the vaulted surface is generated by four
moving interfaces in the parameters space. As it can be easily predicted, the failure mechanism is more complex than a failure mechanism formed by four hinges as it occurs for straight
arches. In particular, interfaces are not anymore constrained to remain orthogonal to the vault
shape: in fact, they can rotate, so that the placement of each interface in the parameters space
is governed by two parameters (i.e. the location of the yield lines extremes). It follows that the
problem at hand is governed by eight parameters, as depicted in Figure 3(b). Therefore, the
NURBS mesh of the vaulted surface is generated by eight moving interfaces in the parameters
space. Nonlinear finite element analyses on this case study have been performed in [60] and
they are used for comparison purposes. A population of 40 individuals has been adopted in all
the meta-heuristics approaches. The number of total iterations is 50. Figure 4(a) depicts convergence plots for the 4 discussed meta-heuristic algorithms, whereas Figure 4 (b-c) illustrate
the computational time needed to solve the problem. Similarly to the other benchmarks treated in [52] (i.e tests #1, 2 and 4), PPA seems to guarantee a slightly faster convergence to the
optimal solution when compared to the other three proposed meta-heuristic algorithms; furthermore, the error in the estimation of the collapse load multiplier is less than 5% after only 7
iterations, computed in 82 seconds. However, in general and also in this case, the performance
of PPA is approximately equivalent to that provided by GA algorithm, which is able to furnish a very good approximation of the final solution after only 11 iterations. Table 1 summarizes the results in terms of computational time, number of iterations and number of function
evaluations required for all the benchmarks discussed in [52]. Finally Figure 5 and Figure 6
show respectively the last iteration crack patterns associated to the collapse mechanisms for
the four examples discussed in [52] and a comparison between the collapse mechanisms obtained by means of the proposed meta-heuristic NURBS-based limit analysis schemes and the
ones obtained in the literature through both homogenized finite element limit analysis and experiments.
From the numerical tests carried out in [52], it can be affirmed that all meta-heuristic approaches are able to furnish engineering meaningful results at a fraction of standard FE limit
analysis computations carried out with many elements. However, GA seems globally slightly
more efficient and always in agreement with experimental evidences: such reasons are at the
base of the preference given to GA in the two-step numerical procedure proposed in this work.
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(a)

(b)

Figure 3. Skew barrel vault: (a) geometry and load condition, (b) eight parameters describing collapse mechanism.

(b)

(a)

(c)

Figure 4. Skew barrel vault: comparison between the four different proposed meta-heuristic schemes; (a)
convergence plots, (b) total computational time and (c) time spent for reaching the optimal solution within a 5%
error.
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(a) test #1

(b) test #2

(c) test #3
GA

(d) test #4
FA

PSO

Figure 5. Final crack patterns associated to the collapse mechanisms for the four benchmark tested in [52],
one of them re-discussed here (test #3), obtained by applying four different meta-heuristic approaches to a
NURBS-based limit analysis scheme: (a) circular skew arch test #1, (b) parabolic straight arch test #2, (c) skew
barrel vault test #3, (d) ribbed cross vault test #4.
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Test

Meta-heuristic NURBS limit analysis

Reference results

Ultimate failure load: 19.4 kN

FE limit analysis: 18.8 kN
Experimental failure load: 17.4 kN

Ultimate failure load: 40.9 kN

FE limit analysis: 37.0 kN
Experimental failure load: 40.2 kN

Ultimate failure load: 26.9 kN

FE limit analysis: 33.0 kN
Experimental failure load: 26.0 kN

Ultimate failure load: 13.7 kN

FE limit analysis: 14.2 kN
Experimental failure load: 12.9 kN

#1

#2

#3

#4

Figure 6. Comparison between the collapse mechanisms obtained in [52] by means of the proposed metaheuristic NURBS-based limit analysis approach and the ones obtained in the literature through both homogenized finite element limit analysis and experiments.
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Test#

1

2

3

4

Table 1. Summary of results obtained in [52] for four different benchmarks on curved structures
Efficiency:
1.05āmin(ī) obtained after
Computing Collapse load
# Function
Algorithm
# functime [s]
multiplier ī
evaluations
# iteratime [s]
tion evaluations
tions
GA

63

20.449

765

>50

>63

>765

PSO

55

19.389

765

6

7

105

FA

57

19.607

765

11

13

180

PPA

60

19.377

858

2

3

45

GA

47

45.626

1020

>50

>47

>1020

PSO

46

40.895

1020

8

8

180

FA

53

43.150

1020

>50

>53

>1020

PPA

54

40.901

1164

3

4

84

GA

509

26.936

2040

11

112

480

PSO

512

27.329

2040

19

195

800

FA

537

28.219

2040

26

279

1080

PPA

570

27.083

2324

7

82

335

GA

3408

13.960

1020

46

3133

940

PSO

3441

13.733

1020

4

275

100

FA

2998

16.302

1020

>50

>2998

>1020

PPA

3715

13.733

1154

7

541

168

NOTES:
circular skew arch test #1, parabolic straight arch test #2, skew barrel vault test #3, ribbed cross vault test #4.
Prey Predator Algorithm (PPA), Particle Swarm Optimization (PSO) Algorithm, Firefly Algorithm (FA) and specifically crafted Genetic Algorithm (GA).

2.3

FE model with few DOFS and non-linear analyses

Once the optimized position of fracture lines has been found, the NURBS mesh is imported in a FE software where non-linear static and dynamic analyses can be performed. A FE
model governed by few degrees of freedom (dofs) is built starting from the NURBS geometry
by using a properly defined subroutine [61]. Each shell rigid element is converted into a mesh
of elastic tetrahedral finite elements (12 dofs for each one). Then, cohesive-frictional contactbased interfaces are automatically inserted in the cracks of the collapse mechanism formerly
obtained. In alternative, plastic damaging strips can be used as well, according to the general
scheme depicted in Figure 1. Such failure criterion has been implemented in Abaqus through
an automatic user-defined subroutine but any FE code can be utilized for such purpose. In this
way, a non-linear constitutive law under interface tangential and tensile stresses is imposed
along the contact-based interfaces. Moreover, the potential effects of masonry crushing failure
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can be accounted for inside the macro-blocks assuming for their constituent material any nonlinear continuum plastic-damage constitutive law. For Abaqus, for instance, the standard concrete damaged plasticity (CDP) model appears very suited and has been considered in the
simulations reported in this paper, see [62][63] for the constitutive laws adopted.
An incremental-evolutive approach is adopted to derive the full load-displacement curves
of any kind of masonry structure. It is important to observe that, having non-linearities mainly
are imposed just at the contact-based interfaces, the computational burden required by this FE
model is much lower in comparison with fully non-linear FE models. At the same time, any
mesh dependency effect is avoided thanks to the previous adaptive limit analysis that allows
defining the exact position of the cracks. The procedure, initially proposed for out-of-plane
loaded walls , has been recently extended to in-plane loaded walls and 3D buildings [61].
Figure 7 shows a schematization of the proposed procedure (corresponding to step 2 of the
full procedure depicted in Figure 1).
Alternatively, the FE model can be realized by following an approach [50] based on discrete elements recently proposed for masonry vaults in [64]. This allows extending the twosteps procedure for double curvature masonry elements.

(a)

(b)

: limit analysis
: non-linear static
(c)

Figure 7. Step 2: non-linear static analysis with few dofs: (a) collapse mechanism obtained form limit analysis, (b) FE model derived from the NURBS model, (c) collapse load multiplier and pushover curve.

3

NUMERICAL EXAMPLES

Some numerical examples involving monumental masonry constructions are here presented.
The first structure considered is the Church of Natività di Maria Vergine, in Bondeno (Italy), a single nave church with lateral chapels (Figure 8a), approximately 36 meters long and
22 meters wide. The façade is 19 meters high and is built with a typical Romanesque style.
The original plant dates back to the Middle Age (1100), but exception made for the apse and
the bell tower, the rest was re-built more recently, from the end of 1600 to the end of 1800.
The medieval semi-octagonal apse is covered by irregular ribbed gothic cross vaults, which
are original of that period. Vaults are realized with thin single leaf common clay bricks.
Numerical results can be obtained by representing the whole construction with few
NURBS elements. Mechanical properties for clay bricks and mortar joints masonry have been
adopted according to prescriptions contained in the Italian code: in particular, a vanishing tensile stress is adopted, with a cohesion of the non-linear interfaces and friction angle equal to
0.06 MPa and 22° (corresponding to a friction coeffiecient equal to 0.4) respectively.
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Façade, out-of-plane, weak connection

(a)
Façade, out-of-plane, good connection

Ȝ=Į0
a0* [g]
0.048
0.037
Tympanum, out-of-plane II

Ȝ=Į0
a0* [g]
0.117
0.088
Triumphal arch, out-of-plane

T1

Ȝ=Į0
a0* [g]
0.364
0.321
Lateral walls I, out-of-plane

TA2

a0* [g]
0.222

LW2

FA1

FA2

T2

Ȝ=Į0
0.357
Apse

a0* [g]
0.276

TA1

AP1

Ȝ=Į0
0.290

a0* [g]
0.257

LW1

Ȝ=Į0
0.263
(b)

Tympanum, out-of-plane I

Ȝ=Į0
a0* [g]
0.290
0.225
Triumphal arch, in-plane

Ȝ=Į0
a0* [g]
0.153
0.116
Lateral walls, out-of-plane

Ȝ=Į0
0.125

a0* [g]
0.097

Figure 8. (a) The Church of Natività di Maria Vergine in Bondeno (Italy), (b) failure mechanisms obtained
through adaptive limit analysis assuming different directions of the seismic action and interlocking between
walls.
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A compression strength cap equal to 2.4 MPa has been also used. As prescribed, these values have been furtherly reduced according to a factor equal to 1.35. In the present simulations,
a constant horizontal force distribution along the height of the building is assumed.
The resultant failure mechanisms are depicted in Figure 8b. In the same figure, for the sake
of completeness, values of Į0 and a0* are also reported, where Į0 is the horizontal load multiplier Ȝ from limit analysis and a0* the corresponding spectral acceleration (normalized against
g). In general, the obtained mechanisms are in good agreement with the pre-assigned failures
suggested by the Italian Guidelines for the Cultural Heritage.
The second example here presented is the seismic behavior of the dome of the Church of
Anime Sante, which was severely damaged on 6th April 2009 during the L’Aquila seismic sequence (maximum seismic event with the following characteristic: Mw = 6.3, ML = 5.8). Attributed to Giuseppe Valadier, the dome (Figure 9a) was completed in parallel with the
realization of the church in 1805. After the earthquake, both the lantern and the dome collapsed, and the still standing parts of the drum and the dome are visible from photos reported
in Figure 9b.
Some simulation results under the application of two distributions of horizontal loads, one
linear and the other constant along the height, are here presented. Even in this case, in absence
of specific data to assign to masonry mechanical properties, resistance values have been chosen in agreement with the Italian code for existing buildings: null value of tensile stress, 2.4
MPa for compression strength, 0.06 MPa for cohesion and 22° degrees for interfaces friction
angle.
The results obtained in terms of both collapse mechanisms and normalized acceleration are
reported in Figure 9c. The failure mechanism does not change too much with the distribution
of horizontal loads applied, conversely the collapse acceleration is very sensitive to the actual
distribution of accelerations. It is interesting to observe that the still standing portion of dome
and drum obtained through the NURBS limit analysis reproduces quite closely the situation
observed after L’Aquila earthquake.
The identification of such a clear collapse mechanism is also useful to perform non-linear
static analyses by simply re-meshing the structure with elastic elements and non-linear interfaces where the yield lines are located (as described in the previous Section). This procedure
is followed in the benchmark discussed next.
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(a)

(b)

Configuration of acceleration: linear in height
Normalized collapse acceleration (ag/g): 0.237

Configuration of acceleration: constant in height
Normalized collapse acceleration (ag/g): 0.354
(c)
Figure 9. Dome of the Anime Sante Church, in L’Aquila (Italy): (a) geometry before the earthquake, (b) still
standing parts after the collapse, (c) collapse mechanisms obtained under linear and constant in height horizontal
acceleration (perspective, lateral and plan views).
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(a)
LCA

LCB

(b)

(c)

(d)
Figure 10. Two-storey masonry building: (a) geometry and load conditions, (b) collapse mechanisms obtained through limit analysis, (c) non-linear static deformed shape, and (d) comparison of results (in b-d, LCA on
the left and LCB on the right).

Such benchmark relies on the application of the aforementioned two-step procedure to a
simple laboratory two-storey masonry building. As depicted in Figure 10a, the horizontal projection of the construction is completely described by the 4 perimeter walls, each one 0.25 m
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thick. Some openings are present on the two longitudinal walls. Both storeys are characterized
by rigid horizontal floors, carried by the longitudinal walls and connected by concrete edgings.
From here ongoing the longitudinal direction term will be referred to that direction parallel to
the long walls (i.e. the horizontal direction in Figure 10a). The vertical load given by the
floors is equal to 10 kN/m2. It is worth mentioning that this benchmark has been extensively
analyzed by the authors within a research project supported by the Italian network of University laboratories of seismic engineering (ReLUIS).
The small two-storey house is analyzed under the application of two different horizontal
load distributions, directed along the longitudinal direction (i.e. parallelly to the longest walls)
and labelled as LCA and LCB. LCA is characterized by horizontal forces concentrated at
floor levels, whereas LCB by distributed forces along the height of the structure (see Figure
10a). A NURBS model of this full-scale 3D case study has been realized. Limit analyses have
been performed by assuming 0.04 MPa as tensile strength ft, 6.2 MPa as compression strength
fc, a cohesion c equal to 0.163 MPa and a friction coefficient for the interfaces equal to 0.58.
Moreover, a specific weight equal to 17.5 kN/m3 has been also adopted. With the aim of
providing a more realistic representation of the masonry behavior in shear, a non-associative
flow rule has been used in this example. The final results obtained are depicted in Figure 10bd in terms of collapse mechanism and collapse base shear. It can be observed that cracks
spread mainly on piers at the ground floor, where both flexural damage and sliding cracks appear on all four perimeter walls.
Non-linear static analyses on the derived FE model are now presented. Four hypotheses
have been considered as regards material properties: (i) linear material with constant contact
properties, i.e. the same resistance values assigned in limit analysis plus contact fracture energy Gf = 500 N/m, (ii) linear material with variable contact properties, for which ftx = 6ft, fty = ft,
Gfx = 6Gf, Gfy = Gf, cx = 6c, cy = c, (iii) variable contact properties as above and material with
finite compressive strength (called “crushing” model in what follows), and (iv) continuum
approach introduced for comparison.
The results of the present modeling procedure (Figure 10c) show a good agreement with
the base shear values obtained with limit analysis and with those obtained through a continuum approach, in terms of both pushover curves (presented in Figure 10d) and damage pattern
(the continuum damage pattern is not shown here for sake of brevity). Concerning the postpeak response, the continuum model exhibits a plateau, while a considerable softening is
shown by the variants of the proposed approach, which is further accentuated in the case with
crushing. Accordingly, the proposed approach appears significantly robust and able to account
for a softening behavior without particular numerical issues.
The proposed procedure resulted computationally efficient, particularly if compared to
standard continuum FE models. Therefore, the adaptive NURBS limit analysis combined
suitably with a FE non-linear static analysis can be considered an effective and efficient tool
for the seismic assessment of historic and monumental masonry buildings.
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(a)

(b)

(c)

(d)

(e)

(f)

(g)
Figure 11. Aggregate “La Vecchia Forestale”: (a) pictures of South and East sides, (b) particular of the irregular masonry texture, (c) plan views, (d) perspective views, (e) sections, (f) identification and notation of structural units, and (g) nomenclature here adopted for each wall.

The fourth numerical example deals with a masonry aggregate called “La Vecchia
Forestale” (Figure 11). In Figure 11 (a) some pictures of the aggregate are reported. The
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building is characterized by an irregular masonry texture, composed of irregular stones and
low quality mortar, as it can be seen on several masonry walls (see Figure 11(b)). The maximum length is about 25 m, which is referred to the East side, whereas, in the orthogonal direction, the width is almost equal to 14.2 m for the South side and 3.8 m for the North side.
Strong irregularities can be observed both in plan and elevation. There is a total of four floors,
two of which are basements defining different foundation levels. The maximum and the minimum height are respectively equal to 11.8 m on the East side and 3.9 m in the North-West
corner, both measured in relation to the local ground level. The plan of different levels, perspective views, and some sections are reported in Figure 11(c-e). Five different structural
units, which have been named by using the letters from A to E, have been identified. In Figure
11(f), the distinction of each structural unit is depicted: only units C, D, and E are residential,
whereas units A and B are used as storage rooms. Different types of horizontal floors are present and no chains or concrete edgings are reported: the roof is made with light wood elements.
Finally, in Figure 11(g) the notation here adopted for each wall is reported. Basically, each
wall is named with a letter, representing the unit to which it belongs, and a number: therefore,
for example, A1 is the wall number 1 belonging to structural unit A.
Figure 12 shows the analyses on structural unit A considering two directions of the horizontal load; a relatively good interlocking between perpendicular walls is considered. In Figure 12(a) the horizontal load has been applied along the North direction. As it can be seen, the
collapse occurs through the overturning of wall A1 together with some triangular portions of
the transversal walls A2 and A3. Moreover, a vertical fracture line opens on wall A1: such a
fracture line is probably due to the different geometries of walls A2 and A3, resulting in a
non-symmetrical contribution to the failure mechanism. A value of Į0 equal to 0.772 has been
obtained for the horizontal load multiplier, which is much higher when compared with the
simple overturning of wall A1. Such a result is mainly due to the internal dissipation in tension and shear related to the formation of inclined fracture lines, a consequence of the good
interlocking hypothesis. In Figure 12(b) the horizontal load has been applied along the East
direction. In this case, the final result mainly consists of an overturning of the out-of-plane
loaded wall including a single triangular portion of the transversal wall A1. Since wall A4 is
thinner than wall A1, the fracture line is almost vertical and therefore no triangular blocks
from this element are involved in the mechanism. Despite the similarities with the simple
overturning of wall A3 evaluated in [56], a value of Į0 equal to 0.319 has been obtained: such
higher value is due to the internal dissipation included in the computations.
In Figure 13 the analysis of structural unit B is reported. A total of 4 walls has been selected, as it can be seen in the plan view. The walls adjacent to other structural units have been
supposed as disconnected in the contact-edge. Therefore, only one of the out-of-plane loaded
walls is involved in the collapse mechanisms. The collapse takes place through an overturning
of wall B2 along an inclined fracture line, due to the different constraint conditions applied on
the vertical edges of wall B2 (good connection with walls B3 and B5, no connection with
walls A4 and A3). The associated Į0 is equal to 0.156.

19

Nicola Grillanda and Gabriele Milani

Į0 = 0.772
a0* = 0.623 g
(a)

Į0 = 0.319
a0* = 0.210 g
(b)
Figure 12. Aggregate, unit A, analyses with good interlocking: horizontal load applied along (a) the North
and (b) the East directions.

A similar behavior has been observed for wall C1, as it can be seen in Figure 14. Even in
this case, wall C1 is well connected only to the transversal wall C3. The collapse mechanism
is again an overturning with inclined fracture line: however, in this case the fracture line starts
at the bottom of the last storey. This is due to the lower thickness of wall C3 at the last storey
with respect to the bottom part, resulting in a partial participation of this weaker portion of
wall C3 in the failure mechanism.

Į0 = 0.156
a0* = 0.119 g
Figure 13. Aggregate, unit B, analyses with good interlocking.

Similar results are obtained for units D and E, not reported here for the sake of conciseness.
The interested reader is referred to [56] for further details.

20

Nicola Grillanda and Gabriele Milani

Į0 = 0.227
a0* = 0.222 g
Figure 14. Aggregate, unit C, analyses with good interlocking.

As final example, a quite complex 3D limit analysis approach conceived for monumental
constructions characterized by complex curved shapes is here presented. This approach consists of a limit analysis in which the structure is discretized through NURBS solids. A
NURBS solid is a closed region of space delimited by NURBS boundary surfaces. NURBS
solids are used to represent the rigid elements involved in the mechanism. By using NURBS
surfaces to describe the external boundary of each block, this approach allows extending the
study to structures that do not behave as shell-like elements, thus resulting as a generalization
of the kinematic limit analysis for curved three-dimensional rigid block structures.
The Carmo Convent, in Lisbon (Portugal), is here analyzed through the NURBS solidsbased limit analysis. The conventual church, see Figure 15a, presents a Gothic style composed
of a nave, two longitudinal aisles, one transept, a main chapel and four side chapels, distributed onto a Latin cross. Considering the huge complexity of the case, the analysis is here focused on the triumphal arch located in the transept. Some structural elements cannot be
properly represented without a NURBS solid representation: Gothic arches present a nonrectangular and curved cross-section, whereas limestone columns have a multi-circular crosssection.
The transept is analyzed under the application of an out-of-plane directed horizontal load.
A comparison with FE non-linear static analyses previously presented by Scacco and colleagues [65] is also shown. Materials parameters have been assumed in agreement with those
indicated in [65]. In particular a compression strength equal to 27 MPa, a friction angle equal
to 30°, a cohesion equal to 0.05 MPa, and null tensile strength are adopted. Similarly to the
example of the masonry dome, a constant (Load Case 1, LC1) and a linear along the height
(Load Case 2, LC2) distribution of horizontal accelerations are considered. In addition, kinematic non-linear analyses aimed at including a softening behavior in tension (initial tensile
strength of 0.15 MPa, fracture energy equal to 0.015 N/mm) are performed using a sequential
linear programming approach where displacements at the end of the simulations are found
with a procedure fully described in [66].
The results obtained are reported in Figure 15b. The failure mechanism involves the overturning of the central columns with the participation of arches at the top. Moreover, arches at
the top show a combined in- and out-of-plane mechanism. A load multiplier equal to 1.19ā10-1
has been found for LC1 distribution. The resultant horizontal loads at collapse normalized for
the total weight (i.e. the load multiplier) are compared with the pushover curve derived in [65],
finding again a very good agreement even in such very complex case where the geometry reproduction of the sections is particularly demanding.
With this last example, it can be affirmed that the presented approach is promising in terms
of efficiency and reliability to perform limit and non-linear static analysis for complex exist-
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ing masonry buildings, historical structures and monumental constructions, even when very
complex 3D massive curved geometries are present.

(a)

(b)
Figure 15. Analysis of the transept of the Carmo Convent (Lisbon, Portugal): (a) photo of the church as it appears now, plane view and multi-circular column in the transept, (b) collapse mechanism and results compared
with previous FE non-linear static analyses reported in [65].

4

CONCLUSIONS

The present research paper was intended to show a short synopsis of the results obtained
by the authors in the evaluation of the ultimate load bearing capacity and the non-linear static
behavior of complex historical or existing masonry structures using non conventional software. Such approach is based on a two-step procedure, where the structures are first analyzed
in the limit analysis case with adaptive 2D and 3D NURBS meshes and then with non-linear
FEs where non linearity is lumped on the crack patterns found using the adaptive limit analysis. A particularly interesting recent improvement of the approach proposed is the utilization
of 3D NURBS and Sequential Linear programming to predict also displacements during the
formation of the failure mechanism, as shown in the last example (Carmo Convent in Lisbon).
Future research streams will include (but they will not limited to) the adaptive NURBS limit
analysis of massive historical masonry structures (e.g. towers and pagodas) and the extension
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to non-linear dynamic loads, which include not only seismic actions but also extreme events
such as explosions and floods.
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Abstract. The wave ﬁnite element (WFE) method is now an established numerical method
for obtaining the structural response of periodic structures. From a model of a substructure obtained from any ﬁnite element software, it allows to get dispersion curves and responses of ﬁnite
periodic structures with a low calculation cost. Here, we consider some recent improvements
of the method. First of all, the original WFE is often formulated with some point loads on the
structure, but we show that it is possible to extend this to the consideration of general loads as
pressure waves or moving loads for which external loads are applied on each substructure. Second, the classical WFE deals with structures in the frequency domain. It would be interesting to
consider the analysis of periodic structures in the time domain, for instance to deal with blast
loads. We present here one possibility to do so by computing absorbing boundary conditions in
the time domain. By considering supplementary variables at the boundary, a new formulation
can be obtained and a classical equation with extended mass, damping and stiffness matrices
can be formulated in the time domain and solved by classical algorithms like the Newmark
scheme.

28

D. Duhamel, B. Claudet, T. Hoang, G. Foret, J.M. Mencik

1

INTRODUCTION

The wave ﬁnite element method (WFE) is often used to predict the dynamic response of
periodic structures under harmonic loading like railway tracks, pipelines, ribbed plates, tires,
reinforced panels or metamaterials. This consists in computing wave modes (propagation constants, wave shapes) of a periodic structure from the ﬁnite element (FE) model of a substructure
and its related mass, damping and stiffness matrices which can be obtained from any FE software. Afterwards, these wave modes can be used to calculate the harmonic response of periodic
structures in an efﬁcient way, i.e., by computing small matrix systems for one substructure, or
a few of them, see for instance the works in [1, 2, 3, 4].
First of all, the original WFE considers mainly some points loads on the structure, but we
show here that it is possible to extend this to the consideration of general loads as pressure waves
or moving loads for which external loads are applied on each substructure. Several applications
of this are possible. At ﬁrst is the computation of civil engineering structures such as bridges
which have extended loads and various displacement and reaction forces at supports, or the
computation of structures under moving loads such as railways tracks under the dynamic loads
of a train.
Second, it is a matter of fact that the classical WFE deals with structures in the frequency domain. But it would also be interesting to consider the analysis of periodic structures in the time
domain, for instance to deal with shocks or blast loads. We present here one possibility to do
so by computing absorbing boundary conditions in the time domain. For dispersive media like
beams [5], multi-layered systems [6] or general periodic structures [7], absorbing BCs can be
formulated in terms of boundary operators involving complicated functions of the frequency —
e.g., square roots of the frequency — which, as such, cannot be converted to simple functions of
time after inverse Fourier transforms. To solve this issue, the impedance relation at the boundary
of a periodic structure is ﬁrst written in the frequency domain, then this impedance frequency
function is decomposed as a rational function for which poles and residues are computed. By
considering supplementary variables at the boundary, a formulation in the time domain can be
obtained. Finally, a classical equation with extended mass, damping and stiffness matrices can
be formulated in the time domain and solved by classical algorithms like the Newmark scheme.
The rest of this paper is organized as follows. In section 2, the main steps of the WFE
method are recalled. In section 3, the case of complex and moving loads are considered. Then
section 4 is concerned with the formulation of time domain absorbing boundary conditions for
periodic structures and the solution of time domain structural dynamics problems. Numerical
comparisons with analytical or an equivalent inﬁnite full FE model are presented. Concluding
remarks are ﬁnally brought in section 5.
2

WFE method

The present paper investigates the dynamic response of inﬁnite 1D periodic structures subject
to harmonic or time-dependent loadings. For instance, a schematic of a periodic structure made
up of identical substructures is shown in Fig. 1. The substructures under concern can be of
arbitrary shape and are supposed to be linear, elastic, isotropic and damped (viscous damping).
Also, the excitations are applied on the structure encompassing those substructures which can
be inﬁnite or bounded by two left and right boundaries.
The wave propagation analysis in 1D periodic structures can be conducted with the WFE
method [2, 4, 8]. The basics of the method are recalled hereafter. Let us consider inﬁnite
structures under harmonic disturbance eiωt which are built from identical substructures as shown
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Figure 1: Periodic structure of inﬁnite length, and FE mesh of a substructure.

in Fig. 1, are supposed to share the same FE mesh, and are modelled by means of identical mass,
damping and stiffness matrices M, C and K. The related dynamic equilibrium equation is given
by:
⎤⎡ ⎤ ⎡ ⎤
⎡
FI
qI
DII DIL DIR
⎣DLI DLL DLR ⎦ ⎣qL ⎦ = ⎣FL ⎦
(1)
DRI DRL DRR
qR
FR
where q and F refer to the displacement vector and the force vector (respectively), and where D
is the dynamic stiffness matrix of the substructures (similar for all the substructures) expressed
by D = −ω 2 M + iωC + K. The FE mesh of a substructure is shown in Fig. 1, and involves
internal (I) degrees of freedom (DOFs), left (L) and right (R) boundaries which are described
with the same number n of DOFs. If we assume that the internal DOFs are free from excitation,
e.g., FI = 0, we can remove qI and rearrange Eq. (1) to yield the following transfer matrix
relation between the right and left boundaries of the substructure:
uR = SuL ,
where uR and uL are 2n × 1 state vectors expressed by:




qR
qL
, uL =
.
uR =
FR
−FL
Also, S is a symplectic 2n × 2n matrix (also called transfer matrix) expressed by:


−(DLR )−1 DLL
−(DLR )−1
S=
,
DRL − DRR (DLR )−1 DLL −DRR (DLR )−1

(2)

(3)

(4)

where D refers to the dynamic stiffness matrix of the substructure condensed on the left and
right boundaries [9].
The eigenvalues and eigenvectors of the transfer matrix S occur in pairs as (μj , φj ) and (μj =
1/μj , φj ) with |μj | < 1 (see [3] for further details about the computation of the eigensolutions
of S). Also, the eigenvectors φj (resp. φj ) have the meaning of wave shapes, for the waves
traveling to the right and left directions (respectively) of the periodic structure. Those vectors
of wave shapes are of size 2n × 1 and are usually partitioned as follows:


  
φqj
φqj

φj =
, φj =
,
(5)
φF j
φF j
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where φqj and φqj (resp. φF j and φF j ) are n × 1 vectors involving displacement (resp. force)
components. The related n × n matrices of wave shapes — namely, Φq , Φq , ΦF and ΦF — are
given by:
Φq = [φq1 · · · φqn ],

Φq = [φq1 · · · φqn ],

ΦF = [φF 1 · · · φF n ].
(6)
A state vector at any substructure interface can then be decomposed on these wave modes by
u=

j=n


ΦF = [φF 1 · · · φF n ],

Qj φj +

j=1

j=n


Qj φj

(7)

j=1

where Qj and Qj are respectively the amplitudes of the right and left propagating waves in the
considered section.
3

WFE with complex loads

3.1

Equations

We consider now the case where the structure is under a distributed load that can be applied
on each substructure. For loads inside a substructure, relation (1) yields
qI = D−1
II [FI − DIL qL − DIR qR ]

(8)

and so relation (2) is transformed to a relation linking the state vector in sections n (between
substructures n − 1 and n) and the state vector in section n + 1 (see [10] for details)
u(n+1) = Su(n) + b(n) ,


with
(n)

u


q(n)
=
(n) ,
−FL



(n)

b

DqI FI
=
Df I FI − Fext
R

(9)


where Fext
R is the external load applied in section n + 1 and

 

DqI
−(DLR )−1 DLI
=
Df I
DRI − DRR (DLR )−1 DLI
where the superscript



(10)

(11)

means that the matrix is condensed on the boundary, for instance,
DLR = DLR − DLI D−1
II DIR
−1

DLI = DLI DII

(12)

Finally, the state vector in section n is related to the state vectors of sections 1 and N + 1 by
(n)

u

=S

n−1

u

(1)

+

n−1


Sn−k−1 b(k)

(13)

k=1

or
u(N +1) = SN −n+1 u(n) +

N


SN −k b(k)

(14)

k=n
(k)

where the sum including b allows to take into account all the loads applied between the two
sections. Projecting on the wave modes, the state vector u(n) in section n and load vector b(k)
in section k can also be written in terms of wave amplitudes by
u(n) = ΦQ(n) + Φ Q(n)
(k)
(k)
b(k) = ΦQE + Φ QE
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3.2

Case of moving loads

An interesting case concerns moving loads. For a moving load at speed v, with a substructure
of length L, the amplitude of the load in section (k) is related to the amplitude of the load in
section (0) by
(k)

= e−ik

(−k)

= eik

QE
QE

ωL
v

ωL
v

(0)

QE
(0)

QE

(16)

because the loads on the different substructures are related by fn (t) = fn−1 (t − L/v). From
relations (13) and (15), one gets
u(n) = ΦQ(n) + Φ Q(n)
n−1

(k)
n
= Φμ Q +
μk+1 QE

+Φ μ


−n



Q +

k=0

n−1


(k)

μk+1 QE

(17)

k=0

with μ the diagonal matrix made of the propagation constants μj on the diagonal and Q, Q are
free wave amplitudes in the structure determined by the boundary conditions. As the precedent
relation should be bounded for n → ∞, we get
Q = −

k=∞


(k)

μk+1 QE

=−

k=0

μ
1 − μe

(0)

−i ωL
v

QE

(18)

For the left side, we get
Q=

k=∞


μ

k−1

(−k)
QE

=

k=1

ei

ωL
v

1 − μe

i ωL
v

(0)

(19)

(0)

(20)

QE

Finally, one gets
(0)

u
3.3

=

ei

ωL
v

1 − μe

μ

(0)

i ωL
v

QE Φ −

1 − μe

−i ωL
v

Q E Φ

A simple example

Consider the very simple example of a bar undergoing a longitudinal displacement subject
to a moving force
∂ 2u
(21)
ρ 2 = Eu + f
∂t
We have k =

ρω 2
E

= ωc , c =

E
,
ρ

f (x, t) = δ(x − vt) and the wave modes are



1
Φ=
,
−ikE



1
Φ =
ikE





(22)

The propagation constant is μ = e−ikL and the load amplitudes are obtained from the load in
the period [0, L]. The solution of (21) such that u(0) = u (0) = 0 is given by
x

u(x) = −
0

1
sin(k(x − t))f (t)dt
kE
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So that for x = L and f (t) = v1 e−iωt/v , one gets
L
1
u(L) = −
(eik(L−t) − e−ik(L−t) )e−iωt/v dt
2ikEv 0
1
e−iωL/v − eikL e−iωL/v − e−ikL
= −
(
−
)
2ikEv −ik − iω/v
ik − iω/v

(24)

and
Eu (L) = −

e−iωL/v − ikeikL
1 −iω
( v
−
2ikv
−ik − iω/v

−iω −iωL/v
e
v

+ ike−ikL
)
ik − iω/v

(25)

Using relation (9) and the solution of (21) such that b = T [u(L) Eu (L)], the load amplitudes are obtained by decomposing the solution at x = L on the wave modes by
(0)

QE

(0)

QE

T

Φ Jb
T Φ JΦ
L
e−iω v − e−ikL
= −
2kEv(k − ωv )
T
ΦJb
= T
ΦJΦ
L
e−iω v − eikL
= −
2kEv(k + ωv )
=



with

0 1
J=
−1 0

(26)


(27)

The amplitudes of the right-going and left-going waves are thus given by, using (20),
1
2kEv(k − ωv )
1
= −
2kEv(k + ωv )

Q = −
Q

(28)

and we recover the displacement at x = 0 by
1
1
ω −
2kEv(k − v ) 2kEv(k + ωv )
1
= −
2
2
Ev(k − ωv2 )
1
= −
2
Evω ( c12 − v12 )

u = −

(29)

which is the analytical solution of (21). Following the same procedure, this can be extended to
more complex structures with many DOFs in each section.
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4

Absorbing boundary conditions in the time domain

4.1

WFE formulation

Consider now a periodic structure involving a ﬁnite number N of substructures which is
enclosed between two left and right boundaries SL and SR where absorbing BCs are considered
(see Fig. 2). Such BCs are used to describe the coupling effect between the periodic structure
and two semi-inﬁnite periodic structures, that would expand to the left and right directions. The
related impedance matrices for the left and right boundaries SL and SR — namely, ZL and ZR
— can be deﬁned, in the frequency domain, as follows:
FL = Z L q L

,

FR = Z R q R ,

(30)

where qL and qR (resp. FL and FR ) are the displacement (resp. force) vectors (size n × 1)
for the periodic structure on SL and SR . Following the WFE procedure and expanding those
vectors on the basis of wave shapes, this yields [9]:
qL = Φq QL

,

q R = Φq Q R ,

(31)

and
FL = −ΦF QL

,

FR = Φ F Q R ,

(32)

where QL (resp. QR ) is the vector of wave amplitudes, at position SL (resp. SR ), for the
waves traveling to the left (resp. right) direction of the structure. The fact that left-going (resp.
right-going) waves are only considered at SL (resp. SR ) results from the absorbing BC, i.e., the
fact that no wave comes from inﬁnity. So we get the following expressions for the impedance
matrices:
(33)
ZL = −ΦF (Φq )−1 , ZR = ΦF (Φq )−1 .
Let us decompose the impedance matrices ZL and ZR which are complicated functions of
frequency that do not generally possess an analytical expression, via rational approximations
like in [7]:
P
P


RLk
RRk
ZL =
+ K L , ZR =
+ KR ,
(34)
iω − pLk
iω − pRk
k=1
k=1
where pLk and pRk denote poles (k = 1, . . . , P ), and RLk and RRk denote matrices of residues.
Some of these usually appear in conjugate pairs, i.e., (pLk , pLk ) and (pRk , pRk ), and (RLk , RLk )
and (RRk , RRk ). As a result, Eq. (34) leads to:
ZL =

Q
P


iω{RL(2k) } − {pL(2k) RL(2k) }
RLk
2
+
+ KL
2 − 2iω{p
2
−ω
iω
−
p
Lk
L(2k) } + |pL(2k) |
k=1
k=2Q+1

(35)

where 2Q < P . Only the left impedance is described as the right impedance follows similar
expression by replacing the subscript L by R. To remove the denominator terms in Eq. (35),
let us introduce n × 1 vectors of supplementary variables XLk and XRk , and let us rewrite Eq.
(30) by means of Eq. (35) as follows:
FL =

Q




2 iω{RL(2k) } − {pL(2k) RL(2k) XLk +

k=1

P

k=2Q+1

34

RLk (iω)XL(k−Q) + KL qL (36)
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where:

−ω 2 − 2iω{pL(2k) } + |pL(2k) |2 XLk = qL
(−ω 2 − iωpLk )XL(k−Q) = qL

for k = 1, . . . , Q,
for k = (2Q + 1), . . . , P,

Finally, let us introduce the following (P − Q)n × 1 vector XL deﬁned by:
⎡
⎤
XL1
⎢
⎥
..
⎢
⎥
.
⎥
⎢
⎢ XLQ ⎥
⎥
⎢
XL = ⎢
⎥.
⎢ XL(Q+1) ⎥
⎥
⎢
⎥
⎢
..
⎦
⎣
.
XL(P −Q)

(37)

(38)

The block components of the matrices occurring in Eqs. (36) and (37) represent polynomials
of iω of orders 0, 1 or 2, which as such can be simply and quickly converted to the time domain
(see hereafter). By separating the terms of identical powers of iω, and by invoking the classical
time-frequency transforms q(ω) → q(t), iωq → q̇, −ω 2 q → q̈ and X(ω) → X(t), iωX → Ẋ,
−ω 2 X → Ẍ (where dot and double-dot notations mean single and double time derivatives,
respectively), this yields:






 
q̈L
q̇L
qL
FL
(39)
+ CL
+ KL
=
ML
XL
0
ẌL
ẊL
where:

⎡

0

⎢
⎢
ML = ⎢ 0
⎣
0
⎡
0
⎢
⎢
CL = ⎢ 0
⎣
0
⎡
KL

⎢
⎢
= ⎢
⎣

0

0

blkdiag {In }Q
k=1

0

⎤
⎥
⎥
⎥,
⎦

0
blkdiag {In }Pk=2Q+1




2 RL(2) · · · RL(2Q)
RL(2Q+1) · · · RLP

Q
blkdiag −2{pL(2k) }In k=1
0

⎤
⎥
⎥
⎥,
⎦

blkdiag {−pLk In }Pk=2Q+1


⎤
−2 pL(2) RL(2) · · · pL(2Q) RL(2Q)
0
⎥

Q
⎥
blkdiag |pL(2k) |2 In k=1
0 ⎥,
⎦
0
0

0
KL
−1Q×1 ⊗ In

−1(P −2Q)×1 ⊗ In

(40)
where ⊗ denotes the Kronecker product.
Let us denote by M, C and K the mass, damping and stiffness matrices of the periodic
structure (N substructures), and let us write the related equation of motion as follows:
Mq̈ + Cq̇ + Kq = F,
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where q = q(t) and F = F(t) are the displacement and force vectors, respectively. In this
case, the force vector is expressed by F = [FTI FTL FTR ] where FL and FR refer to the force
vectors on SL and SR (absorbing BCs), and FI refers the force vector for the internal DOFs (I)
of the structure. Also, the displacement vector is expressed by q = [qTI qTL qTR ] where qI is the
displacement vector for the internal DOFs. By considering the absorbing BCs (Eq. (39)), this
yields:
Mtot ÿ + Ctot ẏ + Ktot y = f .
with

⎡
⎢
⎢
y=⎢
⎢
⎣

qI
qL
qR
XL
XR

⎤

⎡

⎥
⎥
⎥,
⎥
⎦

⎢
⎢
f =⎢
⎢
⎣

FI
0
0
0
0

(42)
⎤
⎥
⎥
⎥
⎥
⎦

In (42), the matrices Mtot , Ctot and Ktot are given by:
⎡
⎤
MII MIL MIR
0
0
⎢ MLI MLL MLR
⎥
0
0
⎢
⎥
⎥,
M
M
M
0
0
Mtot = ⎢
RI
RL
RR
⎢
⎥
⎣ 0
⎦
0
0
0
ML(XX)
0
0
0
0
MR(XX))
⎡
⎤
CII CIL CIR
0
0
⎢ CLI CLL CLR −CL(qX)
⎥
0
⎢
⎥
⎢
0
−CR(qX) ⎥
Ctot = ⎢ CRI CRL CRR
⎥,
⎣ 0
⎦
0
0
CL(XX)
0
0
0
0
0
CR(XX))
⎡
KII
KIL
KIR
0
0
⎢ KLI KLL − KL(qq)
K
−K
0
LR
L(qX)
⎢
⎢
KRL
KRR − KR(qq)
0
−KR(qX)
Ktot = ⎢ KRI
⎣ 0
KL(Xq)
0
KL(XX)
0
0
KR(XX)
0
0
KR(Xq)

(43)

⎤
⎥
⎥
⎥,
⎥
⎦
(44)
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where:

⎡
ML(XX) = ⎣
CL(qX) =
CL(XX) =
KL(qq) =
KL(qX) =
KL(Xq) =
KL(XX) =

⎤

blkdiag {In }Q
k=1

0

0

blkdiag {In }Pk=2Q+1

⎦,

 
 
RL(2Q+1) · · · RLN
RL(2) · · · RL(2Q)
,
⎤
⎡
Q

0
blkdiag −2{pL(2k) }In k=1
⎦,
⎣
P
0
blkdiag {−pLk In }k=2Q+1
K ,



 L
0 ,
−2 pL(2) RL(2) · · · pL(2Q) RL(2Q)


−1Q×1 ⊗ In
,
−1(P −2Q)×1 ⊗ In
⎡
⎤

Q
blkdiag |pL(2k) |2 In k=1 0
⎣
⎦,
0
0


2



(45)

and similar expressions for the right boundary.
Eq. (42) represents a second-order differential matrix equation for the displacement vector
q and the vector of supplementary variables X = [XTL XTR ]T . This indeed represents a classical
dynamic equation, in the time domain, of a structure with absorbing BCs and subject to an input
force vector FI = FI (t), with the only modiﬁcation that supplementary DOFs are added at the
boundaries. Therefore, this equation can be solved in a standard way via a time integration
numerical scheme (e.g., Newmark scheme).
4.2

Euler-Bernoulli beam on an elastic foundation

We consider the example of the dynamic response of an inﬁnite Euler-Bernoulli beam lying
on an elastic foundation as shown in Fig. 2 and subject to some forces f (x, t). The governing
equation of motion of the beam is given by:

 4
∂ 4 v̇
∂ v
+ ξ 4 + kF v = f (x, t),
(46)
ρSv̈ + EI
∂x4
∂x
where v = v(x, t) represents the transverse displacement, ρ is the density, S is the crosssectional area, E is the Young’s modulus, I is the inertia moment, and ξ is a damping parameter.
For harmonic disturbance of the form f (x)eiωt , Eq. (46) leads to:
(−ρSω 2 + kF )v + EI(1 + iωξ)

∂ 4v
= f (x),
∂x4

(47)

For this simple case, there exist analytical expressions of the matrices of wave shapes Φq ,
ΦF and ΦF , see Eq. (6). Hence, by expressing the transverse displacement v together with
the rotation θ = ∂v/∂x, this yields:
 −ikx
 
 ikx
  
 
0
0
e
Q1
Q1
v
 e
+ Φq
,
(48)
= Φq
−kx
kx
Q2
Q2
0
e
0 e
θ
Φq ,
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Figure 2: Inﬁnite ﬂexural beam on an elastic foundation.

where:



1
1
Φq =
−ik −k





,

Φq

Also, by expressing the shearing force
EI(∂ 2 v/∂x2 ), this yields:

2 −ik
ΦF = EIk
−1

1 1
=
ik k




,

k=

ρSω 2 − kF
EI(1 + iωξ)

1/4
.

(49)

V = −EI(∂ 3 v/∂x3 ) and the bending moment M =
k
1




,

ΦF

= EIk

2


ik −k
.
−1 1

(50)

Therefore, the impedance matrices are written as:


EIk 2
2ik
−(1 + i)

 −1
ZL = −ΦF (Φq ) = −
,
(51)
2
1 − i −(1 + i)
k
and


EIk 2 2ik 1 + i
−1
.
(52)
ZR = ΦF (Φq ) = −
2
1−i 1+i
k
These are analytical expressions of the impedance matrices that could also have been obtained
numerically by means of the WFE method.
Consider an inﬁnite beam of rectangular cross-section having the following parameters:
height h = 0.001 m, width b = 0.01 m, Young’s modulus E = 2.2 × 1011 Pa, density ρ = 7800
kg/m3 , damping parameter ξ = 0.001 s. Also, the lineic stiffness of the elastic foundation is
kF = 1 N/m2 . The system is at rest at time t = 0 — i.e., v(x, 0) = 0 and v̇(x, 0) = 0 — and,
for t ≥ 0, it is excited by a point harmonic force of frequency f0 = 5 Hz (at x = 0):
f (x, t) = cos(2πf0 t)δ(x)

for t ≥ 0.

(53)

A beam of ﬁnite length L — i.e., x ∈ [−L/2, L/2] where, for instance, L = 5 m — excited
at x = 0 (Eq. (53)) is considered as shown in Fig. 2. Here, the system beam-foundation is
modeled by means of 500 identical substructures that represent identical two-node Hermitian
beam elements of length d = 0.01 m. The rational approximations of the impedance matrices
ZL and ZR with P = 12 poles/residues (see Eqs. (34)) are computed with the MATLAB
rationalﬁt function.
The differential matrix equation (42) is solved with the Newmark algorithm where Δt = 0.01
s, y0 = 0 and ẏ0 = 0. The related transverse displacement ﬁeld, at t = 20 s, is shown
in the left of Fig. 3 along with the analytical harmonic solution. In this case, the proposed
solution closely matches the analytical one, as expected. Finally, the right of Fig. 3 shows the
history of the displacement solution at position x = L/2. Again, it is seen that, after a certain
time (transient period), the solution issued from the proposed approach stabilizes towards the
harmonic solution.
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Figure 3: Transverse displacement ﬁeld of the beam on the elastic foundation at t = 20 s (left): (blue crosses)
Proposed approach; (red line) analytical harmonic solution and time response at x=L/2 for t ∈ [0 , 20] s (right)
(blue line and crosses) Proposed approach; (red line) analytical theory, harmonic response.

4.3

Periodic structure with 2D substructures

We consider now a 2D beam with periodic distributions of holes and elastic supports (springs
of stiffness Ks ) as shown in Fig. 4. Here, square substructures of dimensions 2 × 2 m2 with
holes of radius 0.4 m are considered which are similar to those depicted in Fig. 1. Regarding
the modeling of the periodic supports, a nodal stiffness of Ks /2 (vertical direction) is added
to the FE model of the substructures at the left and right boundaries (bottom node). Other
substructure parameters are: thickness e = 0.005 m, Young’s modulus E = 7 × 1010 Pa,
Poisson’s ratio ν = 0.35, density ρ = 2700 kg/m3 , and stiffness Ks = 105 N/m. Rayleigh-type
damping matrices C = aM + bK are also considered where a = 0.01 s−1 and b = 5 × 10−5 s.

Figure 4: Schematic of an inﬁnite periodic structure with periodic elastic supports.

The time response of the inﬁnite periodic structure subject to a vertical point force F0 (t)
at x = 0 (top node) is analyzed. Within the framework of the proposed approach, a periodic
structure involving N = 20 substructures and absorbing BCs is considered as shown in Fig.
4. In this case, the structure has a length of L = 40 m. The rational approximations of the
impedance matrices ZL and ZR (Eq. (34)) are expressed by means of P = 15 poles/residues.
The time response of the structure is computed over a time range of [0 , 0.1] s by solving the
differential matrix equation (42) with the Newmark algorithm where Δt = 10−4 s, y0 = 0
and ẏ0 = 0. For comparison purpose, an equivalent FE model of an “inﬁnite” structure with a
larger number of substructures (200) is considered and simulated over the time range [0 , 0.1] s
which is supposed to be small enough to prevent wave reﬂections (free boundaries). Consider
a harmonic point force of magnitude F0 (t) = 104 cos(2π × 100t) acting at x = 0, and assume
that the structure is at rest at t = 0. The time response is analyzed over a time range of [0 , 0.1] s
which is supposed to be broad enough to include several oscillations (10 in this case) and cover
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the transient phase. Especially, the time variation of the transverse displacement at x = 20 m
(right boundary, top node) can be computed as shown in Fig. 5. It is shown that the proposed
solution perfectly matches the reference one over the whole time range. It is also numerically
stable, i.e., a smooth curve that well predicts the oscillating nature of the signal.

Figure 5: Harmonic force: time response at x=L/2 (top node, vertical displacement). (blue crosses) Proposed
approach; (red line) reference FE method.

5

Conclusion

A FE procedure has been proposed to model inﬁnite periodic structures subject to distributed
or moving loads, or localized time-dependent excitations. For instance, in the case of moving
loads, the load is applied on each substructure. Concerning time domain problems, ﬁrst, using the WFE method to express the absorbing BCs by means of impedance matrices, in the
frequency domain, impedance matrices have been rewritten in terms of polynomials of the frequency iω up to order 2. Then, they are simply converted to the time domain and the global
dynamic equation is solved by the Newmark algorithm. Follow-on works could include the
analysis of inﬁnite periodic structures with localized nonlinear effects.
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Abstract. Two kinds of numerical approaches able to predict the dynamic response of periodic
structures and metamaterials are presented. Both of them are model reduction techniques which
can be used to obtain the response functions of the structures at a low computational cost. The
ﬁrst kind of approaches employs the wave ﬁnite element (WFE) method for modeling 1D periodic structures made up of complex substructures, e.g., 2D cells of arbitrary shapes. Resonant
metamaterials are particular cases of periodic structures where the substructures possess local
resonances — e.g., layered substructures involving soft layers and heavy layers/core —, which
in turn lead to band gap effects and low vibration levels. Although well-suited for modeling periodic structures in the frequency domain, the WFE method also works for periodic structures
subject to time-dependent excitations. The second kind of approaches employs ﬁnite element
(FE) procedures for modeling 2D periodic structures, and 2D nearly periodic structures involving substructures with slightly varying (random) geometrical properties. For nearly periodic
structures like plates with disordered resonant 2D cells, results show that the vibrational energy
is localized around the excitation sources.
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1

INTRODUCTION

Periodic structures are frequently encountered in engineering applications, e.g., in the aeronautic (fuselages, turbines) and railway industries. Also, they appear interesting to passively
control the vibration levels of mechanical systems. Metamaterials are periodic structures which
possess such interesting features, i.e., the fact that they do not convey vibrational energies on
some frequency bands (band gaps) which as such yield low vibration levels. Well-known examples of metamaterials are periodic structures made up of resonant cells where band gaps occur
in the vicinity of the resonance frequencies of the cells. There exist plenty of works in the literature about the analysis of the wave propagation in 1D or 2D periodic structures and the related
band gap effects [11, 10, 9, 12, 29, 25, 4, 28]. However, the forced response analysis of periodic
structures is much less reported. This especially means developing numerical models able to
predict the dynamic response of periodic structures of ﬁnite dimensions with various kinds of
boundary conditions, or assemblies of ﬁnite dimensions involving several periodic structures
and other non-periodic components which are systems of practical interest in engineering applications. In this case, the analysis of the band gap effects does not only rely on the wave
propagation properties, but also on the boundary and coupling conditions which induce energy
conversion between waves.
This paper aims at investigating the modeling of 1D and 2D periodic structures, of ﬁnite
dimensions, subject to various kinds of excitations and boundary conditions. Periodic structures
made up of complex cells — i.e., substructures which can be of various shapes and which are
modeled with a moderately high number of degrees of freedom (DOFs) — are especially dealt
with. Numerical results are brought which concern the dynamic response of periodic structures
and resonant metametarials.
The paper starts with an overview of the wave ﬁnite element (WFE) method and its recent
applications. The method is well suited for modeling 1D periodic structures, i.e., structures
made up of identical substructures which are connected to each other along a straight or circumferential direction. The WFE method works by considering the FE model of a substructure,
and computing the eigenvalues and eigenvectors of the related transfer matrix to determine the
waves traveling along a periodic structure. To predict the forced response of periodic structures,
the WFE method involves expanding the displacement and force vectors on the basis of the
eigenvectors (wave shapes) of the transfer matrix of a substructure. The methodology is detailed in [16, 18] (see also [30, 6, 32, 15]). Among the recent extensions of the method are: the
development of model reduction strategies based on reduced wave bases to target substructures
with large-sized FE models [22]; the modeling of periodic structures with cyclic symmetry,
such as turbines [19]; the time response analysis of periodic structures via wave-based absorbing boundary conditions [7].
Aside from the study of 1D periodic structures, 2D periodic structures with resonant substructures are well-known examples of metamaterials to passively control the vibration levels
of mechanical systems. As mentioned earlier, the analysis of the wave propagation (e.g., Bloch
waves) in 2D periodic structures is well documented in the literature. However, contrary to
the study of 1D periodic structures, the forced response analysis of 2D periodic structures of
ﬁnite dimensions, based on wave expansion (displacement and force vectors), is prone to tough
theoretical and numerical modeling issues which make it difﬁcult even impossible to carry out.
The issue is linked to the multi-directional behavior of the propagating waves, and the description of the wave reﬂection at boundaries that arise from these multi-directional waves. Here,
two FE-based approaches are proposed as alternative model reduction techniques. The ﬁrst
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one is standard and makes use of the Craig-Bampton (CB) method and the related ﬁxed interface modes of the substructures for modeling purely periodic structures. The second approach
targets the modeling of 2D nearly periodic structures made up of resonant substructures with
slightly varying geometrical properties [20]. Plates with disordered resonant 2D cells, made
up of soft layers and heavy layers/core with random geometrical properties, are examples of
2D nearly periodic structures. Such structures possess interesting features, e.g., the fact that
the vibrational energy remains localized around the excitation points. The proposed strategy
involves computing the reduced matrices of the substructures for some particular distorted FE
meshes (a few number), and interpolating these matrices between these “interpolation points”
for modeling substructures with random FE meshes.
2
2.1

WFE METHOD FOR 1D PERIODIC STRUCTURES
Wave propagation

The WFE method originates from the transfer matrix theory and the Bloch’s theorem. Let us
ﬁrst consider an inﬁnite periodic structure under harmonic disturbance eiωt made up of identical
substructures with similar FE meshes as shown in Fig. 1. Also, let us denote by M, C and K
the conventional mass, damping and stiffness matrices of the substructures (identical for all the
substructures). From the practical point of view, these matrices can be obtained via usual FE
softwares, Matlab FE mesh generators (e.g., DistMesh [27]) or Matlab in-house FE codes. The
related dynamic equilibrium equation, for a given substructure k, is given by:
Dqk = Fk ,

(1)

where qk and Fk refer to the displacement vector and the force vector (respectively) of the
substructure k; D is the dynamic stiffness matrix expressed by D = −ω 2 M + iωC + K.

Figure 1: Periodic structure of inﬁnite length, and FE mesh of a substructure.

The FE mesh of the substructure involves left (L) and right (R) boundaries (see Fig. 1) which
are here assumed to be described with a same number n of DOFs. From Eq. (1), the following
transfer matrix relation between the right and left boundaries can be proposed:
 k 
 k 
qL
qR
=S
,
(2)
k
FR
−FkL
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where S is the so-called transfer matrix (size of 2n × 2n), expressed by:


−(D∗LR )−1 D∗LL
−(D∗LR )−1
S=
.
D∗RL − D∗RR (D∗LR )−1 D∗LL −D∗RR (D∗LR )−1

(3)

Here, D∗ represents the condensed dynamic stiffness matrix, i.e., on the left and right boundaries of the substructure [18]. Let us consider two consecutive substructures k and k + 1
which are rigidly connected at a common interface. In this case, the coupling conditions write
qkR = qk+1
and FkR = −Fk+1
L
L , and Eq. (2) gives:
 k 
 k+1 
 k 
 k+1 
qL
qR
qR
qL
=S
and also
=S
,
(4)
k+1
k
k
−F
F
F
−Fk+1
L
R
L
R
which relates the displacement and force vectors between two consecutive substructures k and
k + 1.
It can be proven that the transfer matrix S is symplectic [23], which means that its eigenvalues and eigenvectors come in pairs (μj , φj ) and (μj = 1/μj , φj ) with |μj | < 1. Numerical
issues about the computation of the eigensolutions of S are discussed in [22, 32, 36]. According
to the Bloch’s theorem [34], the eigenvalues of S have the meaning of wave parameters which
are given by μj = e−iβj d for the waves traveling to the right direction (βj : wave number for
a wave j; d: substructure length) and μj = eiβj d for the waves traveling to the left direction.
Also, the eigenvectors φj and φj have the meaning of wave shapes for the waves traveling to
the right and left directions, respectively. These are vectors of size 2n × 1, expressed by:
 
 
φqj
φqj

, φj =
,
(5)
φj =
φFj
φFj
where φqj and φqj (resp. φFj and φFj ) are n × 1 displacement (resp. force) component vectors
for the right-going and left-going waves. In matrix form, these vectors give:
Φq = [φq1 · · · φqn ] , Φq = [φq1 · · · φqn ] , ΦF = [φF1 · · · φFn ] , ΦF = [φF1 · · · φFn ].
2.2

(6)

Forced response

The analysis of the harmonic response of periodic structures of ﬁnite length — i.e., with
a ﬁnite number N of substructures — can be easily performed with the WFE method. The
advantage, against the conventional FE method, is in the modeling of a whole periodic structure
via a small matrix system of size 2n × 2n that is linked to the number of DOFs on the left and
right boundaries of a substructure. In comparison, the FE method would involve assembling the
condensed dynamic stiffness matrices of all the substructures, yielding a bigger matrix system
of size (N + 1)n × (N + 1)n whose computation is likely to take much more time. The main
idea behind the WFE modeling is to expand the displacement and force vectors, on a particular
interface (k) connecting two substructures k − 1 and k, on the wave shapes φqj and φqj , and
φFj and φFj , of a periodic structure [16, 18]:
qL = qR = Φq μk−1 Q + Φq μN −k+1 Q
(k)

(k)

−FL = FR = ΦF μk−1 Q + ΦF μN −k+1 Q
(k)

(k)
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k = 1, . . . , N + 1,

k = 1, . . . , N + 1.

(7)
(8)
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(k)

(k)

Here, qL and FL represent the displacement and force vectors at the left boundary of the
(k)
(k)
substructure k for k = 1, . . . , N ; qR and FR represent the displacement and force vectors at
the right boundary of the substructure k−1 for k = 2, . . . , N +1; Q is the wave amplitude vector
for the right-going waves at the substructure interface (1) (left end of the periodic structure);
Q is the wave amplitude vector for the left-going waves at the substructure interface (N + 1)
(right end of the periodic structure). Finally, μ = diag{μj }nj=1 is the diagonal matrix of the
wave parameters μj for the right-going waves, with the property that μ2 < 1 [16].
Consider for the sake of clarity a ﬁnite periodic structure as shown in Fig. 2 whose left end is
excited by some forces (vector F0 ), and whose right end is constrained by prescribed displacement vector q0 . In this case, by considering Eqs. (7) and (8), the boundary conditions write
−F0 = ΦF Q + ΦF μN Q and q0 = Φq μN Q + Φq Q which, after some simple manipulations,
yield the following wave-based matrix equation (size 2n × 2n):


 

In
−(ΦF )−1 F0
(ΦF )−1 ΦF μN
Q
=
.
(9)
(Φq )−1 Φq μN
In
(Φq )−1 q0
Q
Solving the wave-based matrix equation (9) yields the wave amplitude vectors Q and Q . The
determination of the displacement and force vectors, at any substructure interface (k), follows from Eqs. (7) and (8). If needed, the displacements at the internal nodes (I) of the
substructures can be retrieved by considering the full dynamic stiffness matrix, i.e., qI =
(k)
(k+1)
) for a substructure enclosed between two interfaces (k) and
−(DII )−1 (DIL qL + DIR qR
(k + 1).

Figure 2: Finite periodic structure with prescribed forces F0 (left end) and prescribed displacements q0 (right end).

The main numerical tasks involved in the WFE method may be summed up as follows:
(i) Computation of the condensed dynamic stiffness matrix D∗ of a substructure;
(ii) Computation of the eigensolutions of the transfer matrix S;
(iii) Computation of the matrix system (9).
Task (iii) is not computationally cumbersome given that the matrix system (9) has a small size,
as explained earlier. As for the computation of the condensed dynamic stiffness matrix D∗ (task
(i)), this can be easily performed via the CB method [18]. For periodic structures involving substructures whose number of boundary DOFs is not excessive (e.g., smaller than 300), task (ii) is
not cumbersome too. Things are more complicated for substructures with large-sized FE models, and in this case, it is advised to only compute a few low-order waves (rather than all the
waves) using appropriate eigensolvers like the Lanczos algorithm [22].
The WFE method can be advantageously applied to structural assemblies made up of different periodic structures and other non-periodic structural components, i.e., mechanical systems
which are of practical interest in engineering. The reader is referred to [23, 24, 17, 30]. The
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WFE modeling of those structural assemblies involves considering coupling conditions between
periodic structures (two or more), across a rigid interface c or a non-periodic structural component c (coupling element), which in wave-based form are written as:
Qc = Cc Qc + Fc ,

(10)

where Qc and Qc represent the wave amplitudes vectors for the outgoing waves and incoming
waves, respectively, for the periodic structures connected at interface c or coupling element c;
Cc is the so-called scattering matrix (reﬂection and transmission coefﬁcients); Fc is a vector representing the excitation sources imposed at the interface or inside the coupling element. Hence,
a global wave-based matrix equation which takes into account coupling conditions between several periodic structures, and classical boundary conditions (prescribed forces or displacements),
can be proposed whose size is not big, i.e., linked to the numbers of boundary DOFs of the
substructures used for modeling the periodic structures.
2.3

Some recent and ongoing works

1D periodic structures are often considered as straight structures, made up of simple or more
complicated substructures, vibrating under harmonic disturbance. The purpose here is to show
that the WFE method can handle more sophisticated engineering problems. Two examples of
recent WFE strategies are proposed. The purpose is to give the main ideas and outlines of these
strategies rather than fully detailing all the theoretical developments (see [19, 7]).
2.3.1

Periodic structures with cyclic symmetry

The ﬁrst kind of problems concerns the analysis of multi-stage bladed disks, which is well
known in the aeronautic industry. The proposed approach involves computing the dynamic
ﬂexibility modes of a given periodic structure (cyclic symmetry) via the WFE method, and
modeling assemblies made up of several periodic structures via dynamic substructuring [19].

Figure 3: (left) Periodic structure with one of its substructures subject to one unit force on the boundary. (right)
Two connected periodic structures with arbitrary forces applied to the coupling interface.

A dynamic ﬂexibility mode of a periodic structure (N substructures) represents the displacement vector that results form applying one unit force to a given DOF of the boundary, the others
being free (see Fig. 3). For instance, assume that the unit force (force vector FB ) is applied to
a boundary DOF i of a substructure enclosed between two substructure interfaces (N ) and (1).
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The resulting dynamic ﬂexibility mode is given by:
⎡
(I(n+nI|B )/3 ⊗ R)q(1)
⎢ (I(n+n )/3 ⊗ R2 )q(2)
⎢
I|B
(N )
χi = ⎢
..
⎣
.

⎤
⎥
⎥
⎥,
⎦

(11)

(I(n+nI|B )/3 ⊗ RN )q(N )
where q(k) (k = 1, . . . , N − 1) represents the displacement vector of a substructure enclosed
between two substructure interfaces (k) and (k + 1) and expressed in the local cartesian coordinate system of the substructure; R is the 3 × 3 rotation matrix for the angle −2π/N , with
RN = I3 ; n is the number of interface DOFs (between the substructures), and nI|B is the number of internal DOFs which belong to the boundary. Recall that the unit force is applied to the
boundary of a substructure enclosed between interfaces (N ) and (1). The displacement vector
of this substructure is denoted by q(N ) and is given by:



 
N −1
[In
0]
Φq
Q
(N )
T Φq μ
q
=
H
 N −1
−1
T



Φq
Φq μ
Q
Xst|B − Xel|B Del−el Dst−el


0
+ 
(12)
−1
 el−el X
 T LIB FB .
Xel|B D
el
 el are, respectively, the matrices of static modes and ﬁxed interface modes
Here, Xst and X
 el−el represents the dynamic stiffness matrix of the subof the substructure (CB method), D

structure “projected” on Xel , and H is a transformation matrix which relates the unit vectors in
cylindrical coordinates (i.e., er , eθ and ez ) to those in cartesian coordinates (i.e., ex , ey and ez )
at the interface nodes of the substructure. Also, for a non-excited substructure, one has:



 
k−1
[In
0]
Φq μN −k
Q
(k)
T Φq μ
q =
H
for k = N.
 N −k−1
k

T
 −1

 el|B D
Φ
μ
Φ
μ
Q
D
Xst|B − X
q
q
el−el st−el
(13)
In Eqs. (12) and (13), Q = Q(1) and Q = Q(N ) are wave amplitude vectors, expressed
at substructure boundaries (1) and (N ) (see Fig. 3) and obtained via WFE procedure. The
matrix of ﬂexibility modes which results from applying successive unit forces to the boundary DOFs of the substructure enclosed between interfaces (N ) and (1) is given by X(N ) =
(N ) (N )
(N )
[χ1 χ2 · · · χnB ] where nB is the number of boundary DOFs of a substructure. The whole
matrix of ﬂexibility modes which results from applying successive unit forces to the boundary
DOFs of the whole periodic structure follows as X = [X(1) X(2) · · · X(N ) ], where:
X(k) = (InT /3 ⊗ Rk )P (k) X(N ) (InB /3 ⊗ Rk )T ,

(14)

where P (k) is a permutation matrix, and nT = N (n + nI|B ). The modeling of several periodic
structures with cyclic symmetry follows from domain decomposition procedure. For instance,
for two structures (displacement vectors q1 and q2 ) subject to force vectors FB1 and FB2 on their
boundaries, this yields:
⎤⎡ ⎤ ⎡
⎤
⎡
X1 FB1
q1
I
0 −X1 LTB1
⎣0
I
X2 LTB2 ⎦ ⎣q2 ⎦ = ⎣X2 FB2 ⎦ ,
(15)
L1 −L2
0
λ
0
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where X1 and X2 are the matrices of ﬂexibility modes of the structures, and L1 , L2 , LB1 , LB2
are localization matrices. Also, λ represents a vector of Lagrange multipliers to enforce the
displacement continuity conditions (i.e., L1 q1 − L2 q2 = 0) for some nodes of the boundaries
of the structures. Solving Eq. (15) yields:
λ = −(L1 X1 LTB1 + L2 X2 LTB2 )−1 (L1 X1 FB1 − L2 X2 FB2 ).

(16)

The displacement vectors of the structures follow as q1 = X1 (FB1 + LTB1 λ) and q2 = X2 (FB2 −
LTB2 λ).
Some results are proposed hereafter which concern two coupled bladed disks 1 and 2 (two
stages) with N1 = 36 and N2 = 60 substructures (respectively), excited by non-symmetric
forces. Here, the harmonic response function (transverse displacement) at some node at the tip
of one blade of structure 1 is assessed up to 10, 000 Hz (see Fig. 4), which is high enough to
include local resonance effects for each blade. Those results show that the proposed approach
perfectly agrees with the conventional FE method.

Figure 4: (left) Two periodic structures and FE meshes of the related substructures (Γ− and Γ+ are coupling
interfaces with previous and subsequent substructures). (right) Response functions, conventional FE (black solid
line) and WFE (pink dotted line).

2.3.2

Time response of periodic structures via wave-based absorbing boundary conditions

The second kind of problems concerns the modeling of inﬁnite periodic structures (or periodic structures which are supposed to be long enough) subject to localized time-dependent
loadings. Potential applications could be, for instance, structures like pipelines or tanks subject
to shocks. A periodic structure with a ﬁnite number N of substructures and subject to time
dependent forces (vector F(t)) is shown in Fig. 5. The semi-inﬁnite behavior at the left and
right ends — i.e., the fact that no wave is coming from inﬁnity — is described by means of
absorbing boundary conditions expressed in the time domain [7]. Although easy to understand
in the frequency domain, the determination of absorbing conditions for time response analysis
is not a straightforward task and, for this reason, this study hasn’t been conducted extensively
so far.
The proposed approach can be summarized as follows. Let us start with the impedance
matrices (frequency domain) at the left (L) and right (R) ends of a periodic structure (N substructures), which can be simply obtained via the WFE method as follows:
ZL = −ΦF (Φq )−1

,
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Figure 5: Schematic of a periodic structure with N substructures subject to time-dependent forces and semi-inﬁnite
boundary conditions.

Then, decompose the impedance matrices ZL and ZR via rational approximations:
Q
P


iω{RL(2k) } − {pL(2k) RL(2k) }
RLk
ZL =
2
+
+ KL ,
2
2
−ω − 2iω{pL(2k) } + |pL(2k) |
iω − pLk
k=1
k=2Q+1
Q
P


iω{RR(2k) } − {pR(2k) RR(2k) }
RRk
2
+
+ KR ,
ZR =
2
2
−ω − 2iω{pR(2k) } + |pR(2k) |
iω − pRk
k=1
k=2Q+1

(18)

where (pLk , pRk ) and (RLk , RRk ) denote poles and matrices of residues (k = 1, . . . , P ), respectively. Usually, some of these terms appear in conjugate pairs, say, for k = 1, . . . , Q. In
the frequency domain, the absorbing boundary conditions are expressed by FL = ZL qL and
FR = ZR qR where qL (resp. qR ) and FL (resp. FR ) are the displacement vector and force vector
at the left (resp. right) end of the structure, respectively. By considering vectors of supplementary variables XLk and XRk together with Eq. (18), it can be shown that the absorbing conditions
can be rewritten as follows:
FL =

Q


P


2 iω{RL(2k) } − {pL(2k) RL(2k) } XLk +
RLk (iω)XL(k−Q) + KL qL ,

k=1

FR =

Q


k=2Q+1
P


2 iω{RR(2k) } − {pR(2k) RR(2k) } XRk +
RRk (iω)XR(k−Q) + KR qR , (19)

k=1

k=2Q+1

where:

−ω 2 − 2iω{pL(2k) } + |pL(2k) |2 XLk

−ω 2 − 2iω{pR(2k) } + |pR(2k) |2 XRk
(−ω 2 − iωpLk )XL(k−Q)
(−ω 2 − iωpRk )XR(k−Q)

= qL
= qR
= qL
= qR

for k
for k
for k
for k

= 1, . . . , Q,
= 1, . . . , Q,
= (2Q + 1), . . . , P,
= (2Q + 1), . . . , P.

(20)

The interesting feature of Eq. (19) is that the force vectors are described in terms of polynomials
of iω, of order 1. In comparison, Eq. (18) is more complicated with rational terms of iω. As for
Eq. (20) — i.e., the relations between the displacement vectors and the vectors of supplementary
variables — it also involves polynomials of iω (up to order 2). By separating the terms of
identical powers of iω in Eqs. (19) and (20), and by invoking the classical time-frequency
transforms q(ω) → q(t), iωq → q̇, −ω 2 q → q̈ and X(ω) → X(t), iωX → Ẋ, −ω 2 X → Ẍ
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(where dot and double-dot notations mean single and double time derivatives, respectively), two
classical second-order differential equations can be obtained:







 





 
q̈L
q̇L
q̈R
q̇R
qL
FL
qR
FR
ML
, MR
,
+CL
+KL
=
+CR
+KR
=
XL
0
XR
0
ẌL
ẊL
ẌR
ẊR
(21)
where XL and XR are vectors built from all the vectors of supplementary variables XLk and XRk .
Eq. (21) can be simply integrated into a FE model of a periodic structure (N substructures).
Thus, the FE model of a periodic structure with absorbing boundary conditions can be written
in the time domain as follows:
Mtot ÿ + Ctot ẏ + Ktot y = Ftot ,
where

⎡
⎢
⎢
y = y(t) = ⎢
⎢
⎣

qI (t)
qL (t)
qR (t)
XL (t)
XR (t)

(22)

⎤

⎡

⎥
⎥
⎥
⎥
⎦

⎢
⎢
= Ftot (t) = ⎢
⎢
⎣

,

Ftot

FI (t)
0
0
0
0

⎤
⎥
⎥
⎥,
⎥
⎦

(23)

where qI and FI represent the displacement vector and force vector (time loadings) for the
internal DOFs (between the left and right ends). Eq. (22) is a classical second-order differential
equation which can be solved in a standard way via time integration numerical schemes (e.g.,
Newmark scheme). For instance, the time response of an inﬁnite periodic structure, with 2D
substructures, subject at its center to a shock (transverse Ricker wavelet force pulse) is analyzed.
Here, a periodic structure consisting of only 20 substructures (squares with holes, meshed with
2D plane stress triangular elements) is considered. Absorbing boundary conditions are invoked
at the left and right ends of the periodic structure, as discussed earlier. For comparison purposes,
a FE model of a much longer periodic structure with free ends and 200 substructures, aiming at
modeling an inﬁnite structure, is simulated. Results are shown in Fig. 6 for the time history and
the displacement ﬁeld at t = 0.01 s, which fully validate the proposed approach.

Figure 6: Time response of the periodic structure: (left) time history at the right end (reference FE: red line;
proposed approach: blue crosses); (right) deformed shape.

2.4

Some results about locally resonant metamaterials

The analysis and design of locally resonant metamaterials is a research topic of growing
interest, which is mostly due to their ability to create band gaps and strongly attenuate the
vibration levels of structures [31, 1, 35, 8, 33]. Band gaps refer to frequency bands in which
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one or several waves do not propagate, and which are here induced by the local resonances of
the substructures (cells).
Among the resonant metamaterials are those made up of multi-layered continuous substructures combining soft and heavy materials (e.g., soft and stiff/heavy layers/core) which behave
like a single or multi-DOF mass-spring system. For instance, a periodic structure with periodic
inclusions of viscoelastic layers (spring and damping effects) and heavy parts (mass effect) is
shown in Fig. 7. The goal of the present study is to analyze the band gap effect in such periodic
structures. Also, it aims at investigating whether periodic structures with viscoelastic properties can be used to create band gaps with larger bandwidths (compared to when purely elatic
properties are considered), to make them useful for a wider range of engineering applications.

Figure 7: Periodic structure with N = 10 squared substructures with two viscoelastic layers (rubber), a heavy
layer and a heavy core (tungsten).

Following the WFE procedure, the wave properties of the periodic structure and the related
forced response can be obtained straightforwardly. Attention must be paid, however, to the
FE modeling of the viscoelastic layers and the fact that their stiffness matrices depend on the
frequency (see [21] for further details):


nv

ωτi
ω 2 τi2
vel
Kvi
+i
,
(24)
Kv (ω) = Kv∞ +
1 + ω 2 τi2
1 + ω 2 τi2
i=1
where τi are relaxation times with τi = 10−i s for i = 1, 2, . . . , nv . The stiffness matrix of
a whole substructure involves assembling several FE viscoelastic layers (v) together with FE
elastic layers (e), i.e.:
(25)
K(ω) = K1 + K2 (ω),
where

el

K1 =

N


(1 +

T
el el
iηeel )(Lel
e ) Ke Le

e=1

and
K2 (ω) =

vel n
N
v


T
vel
(Lvel
v ) Kv∞ Lv ,

(26)

v=1


T
vel
(Lvel
v ) Kvi Lv

v=1 i=1

Lel
e

+

vel
N


Lvel
v

ωτi
ω 2 τi2
+
i
2
1 + ω 2 τi
1 + ω 2 τi2


,

(27)

where
and
are localization (Boolean) matrices, and ηeel denotes the loss factors of the
elastic parts. As it turns out, the dynamic stiffness matrix of the substructure is expressed by
D = −ω 2 M + K1 + K2 (ω). Numerical issues about the condensation of the dynamic stiffness
matrix on the left and right boundaries of the substructure (see Sec. 2.1) are discussed in [21].
Results about the dispersion curves of the bending wave are shown in Fig. 8, e.g., when nv = 5
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(number of terms in the series in Eq. (24)) and Kvi = 0.05 × Kv∞ (i = 1, . . . , 5). The structure
of interest is shown in Fig. 7. Here, squared substructures with two viscoelastic layers (rubber,
N vel = 2) and elastic parts including an external layer in aluminum, a central layer and a core
in tungsten (N el = 3), are considered. Here, each substructure is meshed using 20 × 20 eightnode plane stress quad elements. For comparison purposes, a purely equivalent elastic structure,
when Kvel
= Kv∞ (1 + 5 × 0.05), is also considered.
v
Band gaps occur when the real parts of the wavenumbers are equal to 0 or π/d (d being the
substructure length). The dispersion curves displayed in Fig. 8 represent plots of the functions
ω → {βd} and ω → {βd} where β is the wavenumber for the bending wave. Associated
to the band gap behavior — when {βd} = 0 or {βd} = π — are local increases of the
magnitude of the imaginary part of the wavenumber, which means that the wave is becoming
evanescent. The band gap effect in resonant metamaterials mostly relies on the presence of
substructure local modes. For instance, the ﬁxed interface mode shapes of a purely equivalent
elastic substructure are shown in Fig. 8, which could help understand the physical behavior
of the structure in the vicinity of band gaps. As expected, band gap phenomena yield strong
reduction of the vibration levels of the structure. Here, a structure with N = 10 substructures
with prescribed transverse harmonic displacement at the right end is considered. For instance,
two locally resonant band gaps appear at 742 Hz and 984 Hz which are close to each other. In
the purely elastic case, the vibration levels show two local minima around these frequencies
which appear to be well separated to each other. The interesting feature in the viscoelastic case
is that these frequency bands with minimum vibration levels tend to merge to produce a wide
frequency band (i.e., between 700 Hz and 1100 Hz) where, overall, the vibration levels remain
low. This opens interesting prospects for the passive vibration control of structures.

Figure 8: Periodic structure with N = 10 substructures. (top) Dispersion curves (elastic: blue line, viscoelastic:
green line); (middle) Quadratic velocity at the left end; (bottom) ﬁxed interface modes of the substructures.

Additional results about 1D periodic structures and resonant or non-resonant (Bragg) band
gaps can be found in [30] (aircraft structures) and [2] (rotating phononic crystal ring).
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3

2D PERIODIC STRUCTURES

3.1

Wave approaches and the modeling of structures of ﬁnite dimensions

The dynamic analysis of 2D periodic structures like metamaterial plates with resonant substructures constitutes a research topic of growing interest which mostly rely, with the era of 3D
printing, on the ability to design and manufacture such structures at a low cost. A schematic of
a 2D periodic structure made up of resonant layered substructures (soft layer and heavy core)
is shown in Fig. 9. From the FE point of view, there exist plenty of works analyzing the propagation of Bloch waves in inﬁnite 2D periodic structures and the related band gap effects. These
approaches can be classiﬁed in two ways:
1. Those where a Bloch solution u(x, β, t) = ũ(x, β)ei(ωt−β x) (β = [βx βy 0]T : wavenumber vector with βx = β cos(θ) and βy = β sin(θ); x = [x y z]T : position vector; ũ(x, β):
periodic function) is considered in the dynamic equilibrium equation of a cell (see for
instance [9, 4]). The resulting dynamic equation of the cell together with the periodicity
conditions for ũ(x, β) are then converted into a FE model (Galerkin method), yielding
a generalized eigenproblem of the form A(βx , βy )q̃ = ω 2 B(βx , βy )q̃ for the eigenvalue
ω 2 and the eigenvector q̃. The computation of the so-called band diagrams then involves
plotting the pulsation ω for some pre-determined values of βx and βy following the ﬁrst
irreducible Brillouin zone.
T

2. Those where a FE model of a substructure is considered and where pseudo-periodic conditions are applied to its boundary. For substructures with rectangular boundaries (e.g.,
of lengths Lx and Ly ), the pseudo-periodic conditions write qR = e−iβx Lx qL between the
left (L) and right (R) edges, qT = e−iβy Ly qB between the bottom (B) and top (T) edges,
qRB = e−iβx Lx qLB between the left-bottom and right-bottom corners, qLT = e−iβy Ly qLB
between the left-bottom and left-top corners, and qRT = e−i(βx Lx +βy Ly ) qLB between the
left-bottom and right-top corners (see for instance [14, 25]). By considering the FE model
of a substructure together with these pseudo-periodic conditions, a generalized eigenproblem of the form A(βx , βy )q̃ = ω 2 B(βx , βy )q̃ can be proposed (again) for computing the
band diagrams of the structure.

Figure 9: 2D periodic structure and FE mesh of a substructure (red spots highlight boundary nodes).

Although well detailed in the literature, the dynamic analysis of 2D periodic structures that
uses wave approaches appears quite restricted to inﬁnite systems where waves are supposed to
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propagate freely, or inﬁnite systems subject to point forces (see for instance [5]). In contrast,
the analysis of 2D periodic structures of ﬁnite dimensions — i.e., systems which are frequently
encountered in engineering applications — is not well reported. The thing is, the modeling of
2D periodic structures of ﬁnite dimensions via wave approaches appears to be a tough task (as
opposed to the 1D periodic case) mostly due to the multi-directional behavior of the propagating
waves, and the description of the boundary conditions (or coupling conditions) using these
multi-directional waves.
Fortunately, there remain several FE-based reduced models which can be used to simulate
the dynamic behavior of ﬁnite periodic structures, at a low computational cost. Indeed, by
considering the periodicity hypothesis into account, the FE models of the substructures are
identical and, therefore, they can be efﬁciently reduced via component mode synthesis like the
Craig Bampton (CB) method. In fact, since the substructures are identical, their component
modes are identical too which means that they only have to be computed once, i.e., regardless
of the number of substructures considered. Hence, the following transformation matrix, for all
the substructures, can be proposed [20]:


0
I NB

(28)
T=
 ,
X
−(KII )−1 KIB
 are the matrix of static modes and the matrix of ﬁxed interface
where −(KII )−1 KIB and X
modes (a reduced set) of the substructures, respectively; NB is the number of boundary DOFs
of the substructures. The reduced dynamic equation of a substructure s follows as:

  s
−1 s

 u
s
−
K
(K
)
F
F
BI
II

B
I
B
 + (iωb + 1)K

=
,
(29)
(−ω 2 + iωa)M
 T Fs
s
α
X
I
 sB is the approxiwhere notation “u” is used to denote displacement vectors (instead of “q”); u
 s is a vector of generalized coordinates;
mated displacement vector for the boundary nodes; α
FsB and FsI are force vectors for the boundary and internal nodes (respectively); a and b are
 and K
 are the reduced mass and stiffness
damping coefﬁcients (Rayleigh damping). Also, M
matrices of the substructure (similar for all the substructures), expressed by:
 , K
 =T
 T KT.

=T
 T MT
(30)
M
The reduced global mass and stiffness matrices of a whole 2D periodic structure — namely,
 per — follow from conventional FE assembly procedures by considering the dis per and K
M
placement continuity conditions at the boundary DOFs. The global dynamic equation of the
periodic structure follows as:

 (

uB )per
2


 per ,
(31)
=F
(−ω + iωa)Mper + (iωb + 1)Kper
 per
α
where (
uB )per is the displacement vector of the boundary/interface nodes of the substructures.
In addition, the boundary conditions of the periodic structure may be written in a general way
as:
0
0  0
 B )per = Y0 (
uB )per + ZB (F
(32)
YB (
B uB )per + ZB (FB )per ,
 B )0 are vectors of prescribed displacements and prescribed forces, rewhere (
uB )0per and (F
per
spectively, and where YB , ZB , YB0 and Z0B are matrices whose expressions depend on the kind
of applications considered. A second reduced mode expansion can be proposed to speed up the
computation of the matrix system (31) by expressing the displacement vector (
uB )per on some


“boundary modes” (eigenvectors) for the matrix pencil ((KBB )per , (MBB )per ).
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3.2

2D nearly periodic structures

It is well known that nearly periodic structures — e.g., periodic structures with disordered
resonant substructures with slightly varying geometrical properties — possess interesting properties, e.g., the fact that the vibrational energy is localized around the excitation points [3, 13].
For instance, a schematic of a nearly periodic plate with layered substructures (soft layer and
heavy core), embedded in a ﬂoor panel, is shown in Fig. 10.

Figure 10: 2D nearly periodic plate embedded in a ﬂoor panel, and related transverse displacement ﬁeld resulting
from harmonic excitations.

A strategy for modeling such nearly periodic structures has been recently proposed in [20]
and is brieﬂy summarized here. The key idea for describing disordered substructures is to
make use of distorted FE meshes, with node positions which randomly vary around a baseline
(undistorted) mesh:
e
s
e e
xse
j = xj + x fx (xj , yj )

,

yjse = yje + sy fy (xej , yje ),

(33)

se
e e
where (xse
j , yj ) and (xj , yj ) are the node coordinates of the distorted and undistorted meshes,
respectively; sx and sy are uniform random variables with support [−δ , δ] where δ is a dispersion parameter; fx (x, y) and fy (x, y) are two arbitrary deterministic functions of (x, y), identical for all the substructures, which are supposed to cancel out on the boundary. Examples of
distorted substructures are highlighted in Fig. 10.
When it comes to nearly periodic structures, the modeling of substructures raises two main
issues compared to the purely periodic case. First, since the substructures are not identical, their
mass and stiffness matrices Ms and Ks have to be computed several times (as many times as
the number of substructures considered); second, the matrices of static modes and ﬁxed inter s , and also the reduced mass and stiffness matrices M
 s and
face modes −(KsII )−1 KsIB and X
 s (matrix multiplications with the transformation matrix, see Eq. (30)), have to be computed
K
several times. For structures with many substructures, this makes the CB method ineffective. To
address these issues — i.e., to avoid computing the reduced mass and stiffness matrices many
times — it is proposed to compute these matrices at some points sx = (x )p and sy = (y )p
(a small number) for some particular distorted FE meshes of the substructures, and approximate these matrices between these points via matrix interpolation for any distortion sx and sy .
Although easy to understand, the procedure for interpolating matrices is not straightforward,
however, and requires the reduced matrices to be expressed using coordinate systems which are
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compatible to each other [26]. For this task, the following alternative reduced matrices of ﬁxed
interface modes, at the interpolation points, can be considered [20]:
 p (ΨT X
 p )−1 ,
p = X
(34)
X
where



1 T
 0.
Ψ = (M0II ) 2 X

(35)

 0 mean that the matrices Ms and X
 s are expressed at s = 0 and
Here, notations M0II and X
II
x
sy = 0. As a result, the following transformation matrix, reduced mass matrix and reduced
stiffness matrix can be proposed:


0
I
N
B
p =
(36)
T
p ,
−(KII )−1
X
p (KIB )p
 T Mp T
p
Mp = T
p

,

p = T
 T Kp T
 p.
K
p

(37)

The determination of the interpolated reduced mass and stiffness matrices — namely, Ms and
 s — for any substructure s with mesh parameters (ξ s , η s ) follows from classic interpolaK
tion, e.g., using an interpolation scheme based on eight interpolation points (ξp , ηp ) and eight
Serendipity interpolation functions Np (ξ s , η s ), as shown in Fig. 11. Thus:
s

M =

8


s

s

Np (ξ , η )Mp

,

p=1

s =
K

8


 p,
Np (ξ s , η s )K

(38)

p=1

where :

√ sx
√ sy
2
, ηs = 2 .
(39)
δ
δ
The modeling of a whole 2D nearly periodic structure follows from classic FE assembly procedure, as reported earlier.
Numerical experiments can be carried out to validate the proposed strategy. Let us consider,
for instance, a nearly periodic plate with 8 × 4 substructures embedded in a ﬂoor panel and
subject to random forces, as shown in Fig. 12 where simply supported boundary conditions
are considered. Typical distorted substructures are shown in Fig. 10 and are meshed using
20 × 20 isoparametric quadratic Mindlin elements. Concerning the distorted meshes of the
substructures, fx (xej , yje ) and fy (xej , yje ) are chosen as trigonometric functions, while δ = 0.01
m (mesh dispersion).
The frequency responses of the structure (quadratic velocities at the location of the excitation
points) over a frequency band of [0 , 150] Hz, obtained from the interpolation strategy and the
conventional FE modeling, are shown in Fig. 13 where good matches are observed. The eigenfrequencies of the undistorted substructures (ﬁxed interfaces) are shown with dotted vertical
red lines. For the purely periodic case, these frequencies correspond to band gap effects where
vibration levels are low.
Also, the transverse displacement ﬁelds of the plate/panel at 125 Hz are shown in Fig. 14
for the nearly and purely periodic cases. For the nearly periodic case, the displacement ﬁeld
shows localized peaks of high magnitude in the plate, and small displacement levels in the
ﬂoor. In comparison, the periodic case involves uniform (diffuse) ﬁeld in the plate, and higher
displacement levels in the ﬂoor. In this sense, the nearly periodic plate appears to be a suitable
means to passively control the vibration levels of the ﬂoor. Finally, in terms of computational
times, the interpolation strategy provides an overall time reduction of 82% compared to the FE
method.
ξs =
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Figure 11: Eight point interpolation scheme based on serendipity interpolation functions Np (ξ s , η s ) (p = 1, . . . , 8).

Figure 12: Schematic of a nearly periodic plate with 8×4 substructures with a ﬂoor panel subject to random forces.

4

CONCLUSION

An overview of some wave approaches and FE-based procedures, for modeling periodic
structures and metamaterials, has been proposed. For 1D periodic structures, the WFE method
has been investigated and some recent advances in this ﬁeld have been presented. For 2D periodic structures, a reduced FE modeling of the substructures based on the CB method has been
proposed. The procedure has been extended to the dynamic analysis of 2D nearly periodic
structures (with substructures having randomly varying geometrical properties) via the use of
distorted FE meshes and the interpolation of the reduced matrices of the substructures between
“interpolation points” (some particular distorted meshes). Those wave approaches and FE procedures have been proven relevant for predicting the dynamic behavior of periodic structures
including metamaterials with resonant cells that could be of various shapes. The dynamic analysis of periodic structures is a research topic in constant progress. This concerns the wave
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Figure 13: FRF (mean value of the quadratic velocity) of the plate with 8 × 4 substructures with the ﬂoor panel.
(black solid line) FE method, nearly periodic structure; (red dotted line) interpolation strategy, nearly periodic
structure; (blue dotted line) FE method, purely periodic structure.

Figure 14: Transverse displacement ﬁeld (real part) of the plate with 8 × 4 substructures with the ﬂoor panel at 125
Hz, obtained with the interpolation strategy. (left) Periodic case; (right) nearly periodic case.

propagation analysis in inﬁnite systems, but also, the study of systems of ﬁnite dimensions (one
or several, possibly coupled together). Follow-on works could include the analysis of periodic
structures with localized nonlinear effects, e.g., metamaterials with local nonlinear resonant
devices, or structures locally subject to fast loadings of high magnitudes (shocks, blast).
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IMPACT OF MASONRY INFILL VARIABILITY ON THE
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Abstract
Although the seismic performance of non-structural elements is currently recognised as a key
issue in the seismic behaviour and loss estimation of buildings, both at the individual and
portfolio level, the accurate evaluation of the seismic demand to which the former are subjected
is still an open issue. Code formulations, as well as simplified methodologies for regional scale
applications, are often based on inaccurate distributions of peak floor accelerations and floor
spectral accelerations. In this respect, one of the main shortcomings in the formulations
available in the literature is related to the effect of masonry infills on Floor Response Spectra
(FRS), which is generally neglected, even in recently proposed design/assessment-oriented
simplified methodologies. This study highlights and quantifies the impact of different masonry
infill typologies on FRS estimates in existing infilled reinforced concrete (RC) frames.
Nonlinear time history analyses are carried out for different case-study RC frames, selected
from a fully integrated building portfolio, representative of buildings designed according to the
Italian codes in force between 1970 and 1980. To account for the infill-related uncertainty, a
macro-level distinction of common infill types, in terms of shear strength, was used. Moreover,
the influence of the geometrical configuration and the number of storeys was also investigated.
Acceleration FRS were then computed and statistically characterised, based on the observed
infill-to-infill-related variability.
Keywords:)ORRUUHVSRQVHVSHFWUD%XLOGLQJVSRUWIROLR0DVRQU\LQILOOV1RQVWUXFWXUDO
HOHPHQWV5HJLRQDOULVNPRGHOV

63

*0XFHGHUR'3HUURQH(%UXQHVLDQG50RQWHLUR

1

INTRODUCTION

7KHHDUWKTXDNHUHODWHGHFRQRPLFORVVHVREVHUYHGLQWKHODVWGHFDGHVZHUHRIWHQDWWULEXWHG
IRUDJRRGVKDUHWRGDPDJHWRQRQVWUXFWXUDOHOHPHQWV 16(V DVUHSRUWHGLQSRVWHDUWKTXDNH
VXUYH\V>@16(VUHSUHVHQWDOOWKHV\VWHPVDQGHOHPHQWVDWWDFKHGWRWKHIORRUVDQGZDOOVRI
DEXLOGLQJWKDWDUHQRWSDUWRIWKHYHUWLFDODQGODWHUDOORDGEHDULQJVWUXFWXUDOV\VWHPV>@EXWWKDW
DUHVXEMHFWHGWRWKHVDPHG\QDPLFH[FLWDWLRQGXULQJDVHLVPLFHYHQW$VUHSRUWHGE\0LUDQGD
DQG7DJKDYL>@16(VUHSUHVHQWWKHODUJHVWSRUWLRQRIWKHWRWDOLQYHVWPHQWLQW\SLFDOEXLOGLQJV
$WWKHVDPHWLPHWKHGDPDJHWR16(VFDQDOVRUHSUHVHQWDWKUHDWWROLIHPRVWO\EHFDXVHRI
IDOOLQJ KD]DUGV 'XH WR WKH QXPHURXV W\SRORJLHV RI 16(V LQVWDOOHG LQ D EXLOGLQJ WKHLU
YXOQHUDELOLW\ FRXOG VLJQLILFDQWO\ DIIHFW WKH LPPHGLDWH IXQFWLRQDOLW\ EHFDXVH WKH\ JHQHUDOO\
H[KLELW GDPDJH DW ORZ VHUYLFHDELOLW\  VHLVPLF LQWHQVLWLHV ZKLOH WKH VXSSRUWLQJ VWUXFWXUHV
UHVSRQG PDLQO\ LQ WKH HODVWLF UDQJH 7KLV LVVXH LV SDUDPRXQW IRU VWUDWHJLF IDFLOLWLHV VXFK DV
KRVSLWDOVDQGVFKRROVWKDWVKRXOGUHPDLQRSHUDWLRQDOLQSRVWHDUWKTXDNHHPHUJHQF\VLWXDWLRQV
,Q,WDO\IRULQVWDQFHWKHDFWXDOUHSDLUFRVWVRIUHLQIRUFHGFRQFUHWH 5& UHVLGHQWLDOEXLOGLQJV
GDPDJHGE\WKH/¶$TXLOD(DUWKTXDNHLQYROYHGPDMRUO\WKHUHSDLURILQILOOVDQGSDUWLWLRQV
>@,QGHHGKROORZFOD\EULFNZDOOVW\SLFDORI0HGLWHUUDQHDQFRQVWUXFWLRQVWDQGDUGVDUH
FKDUDFWHULVHG E\ EULWWOH EHKDYLRXU ZKLFK UHVXOWHG LQ VLJQLILFDQW HDUWKTXDNH GDPDJH >@ ,Q
SDUWLFXODUWKHFRVWVUHODWHGWRVWUXFWXUDOHOHPHQWVGLGQRWH[FHHGWKHRIWKHWRWDOUHSDLU
FRVWVWKHUHPDLQLQJZDVUHODWHGWR16(VVXFKDVLQILOOZDOOVDQGSDUWLWLRQV DERXW 
SOXPELQJ DQG HOHFWULFDO V\VWHPV ZKLFK DUH FRPPRQO\ LQFRUSRUDWHG LQ KROORZ FOD\ EULFN
DURXQG   ZLQGRZV DQG GRRUV DURXQG   DQG RWKHU HOHPHQWV  DSSUR[LPDWHO\ 
6LPLODUREVHUYDWLRQVZHUHPDGHIROORZLQJWKH(PLOLD(DUWKTXDNHDQGWKH$PDWULFH
(DUWKTXDNH>@ZKHUHLWZDVUHSRUWHGWKDWPRVWRIWKH16(IDLOXUHVZHUHUHODWHGWRSDUWLWLRQ
ZDOOVH[SHULHQFLQJODUJHLQSODQHGULIWVDQGRURXWRISODQHFROODSVH 223 DVZHOODVGDPDJH
WRVWRUDJHUDFNV\VWHPVDQGFHLOLQJV\VWHPV>@
16(V DUH JHQHUDOO\ FODVVLILHG LQWR GLIIHUHQW SHUIRUPDQFH JURXSV DFFRUGLQJ WR WKHLU
VHQVLWLYLW\WRDVSHFLILFHQJLQHHULQJGHPDQGSDUDPHWHU ('3 WKHPDLQGLVWLQFWLRQLVEHWZHHQ
DFFHOHUDWLRQVHQVLWLYHDQGGULIWVHQVLWLYH16(V)RUH[DPSOHLQILOOZDOOVSDUWLWLRQZDOOVDQG
JOD]LQJV\VWHPVDUHYXOQHUDEOHWRVWRUH\GULIWVZKHUHDVERRNVKHOYHVVXVSHQGHGFHLOLQJVOLJKW
IL[WXUHVSLSLQJV\VWHPVDQGULJLGO\DWWDFKHGHOHPHQWVDUHH[DPSOHVRIDFFHOHUDWLRQVHQVLWLYH
16(V,WLVZRUWKPHQWLRQLQJWKDWLQILOODQGSDUWLWLRQZDOOVDUHDOVRYXOQHUDEOHWR223FROODSVH
ZKLFK FRXOG EH FDXVHG E\ IORRU DFFHOHUDWLRQV &RQVHTXHQWO\ WKH VHLVPLF SHUIRUPDQFH
DVVHVVPHQWRI16(VUHTXLUHVWKHFKDUDFWHULVDWLRQRIWKHVWUXFWXUDOUHVSRQVHLQWHUPVRILQWHU
VWRUH\ GULIWV DQG DEVROXWH DFFHOHUDWLRQ IORRU UHVSRQVH VSHFWUD )56  UHVSHFWLYHO\ IRU GULIW
VHQVLWLYHDQGDFFHOHUDWLRQVHQVLWLYH16(V
7KH ODFN RU LQ VRPH FDVHV WKH TXHVWLRQDEOH DFFXUDF\ RI FRGH SUHVFULSWLRQV DQG FRGH
FRPSOLDQW JXLGHOLQHV >@ KDV RULHQWHG WKH UHFHQW SDVW UHVHDUFK HIIRUWV WRZDUGV WKH
GHYHORSPHQW RI VLPSOLILHG PHWKRGRORJLHV WR SUHGLFW DEVROXWH DFFHOHUDWLRQ DQG GLVSODFHPHQW
)56IRUHODVWLFDQGLQHODVWLFVLQJOHGHJUHHRIIUHHGRP 6'2) DQGPXOWLGHJUHHRIIUHHGRP
0'2) V\VWHPV>±@6XFKPHWKRGRORJLHVDUHSDUWLFXODUO\XVHIXOJLYHQWKDWDFFXUDWH)56
HVWLPDWHVUHTXLUHFRPSOH[DQGGHPDQGLQJQRQOLQHDUWLPHKLVWRU\DQDO\VLV 1/7+$ 3HWURQH
HWDO>@SURSRVHGDPHWKRGRORJ\WRSUHGLFWDEVROXWHDFFHOHUDWLRQ)56FDOLEUDWHGXVLQJDVHW
RI5&PRPHQWUHVLVWLQJIUDPHVGHVLJQHGDFFRUGLQJWR(XURFRGH>@DQGVXEMHFWHGWRIUHTXHQW
VHUYLFHDELOLW\OHYHO  HDUWKTXDNH JURXQG PRWLRQV 6XOOLYDQ HW DO >@ SURSRVHG D VLPSOLILHG
DSSURDFKWRSUHGLFWDEVROXWHDFFHOHUDWLRQ)56IRUOLQHDUDQGQRQOLQHDU6'2)VWUXFWXUHVZKLFK
ZDVVXEVHTXHQWO\H[WHQGHGWROLQHDUDQGQRQOLQHDU0'2)V\VWHPV>@$QRWKHUDSSURDFK
SURSRVHGE\9XNREUDWRYLFDQG)DMIDU>@ZDVFDOLEUDWHGIRUERWKHODVWLFDQGLQHODVWLF6'2)
DQG0'2)VWUXFWXUHV,QWKHFDVHRI0'2)VWUXFWXUDOV\VWHPVWKHUHVXOWLQJ)56ZHUHREWDLQHG
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E\DFRPELQDWLRQRIWKH)56REWDLQHGIRULQGLYLGXDOYLEUDWLRQPRGHVDVLJQLILFDQWLQIOXHQFHRI
KLJKHUPRGHVRQ)56ZDVREVHUYHG5HFHQWO\RWKHUPHWKRGRORJLHVZHUHDOVRGHYHORSHGE\
&DOYL>@WRHYDOXDWHUHODWLYHGLVSODFHPHQW)56DQGE\0HULQRHWDO>@WRSUHGLFWFRQVLVWHQW
DEVROXWHDFFHOHUDWLRQDQGUHODWLYHGLVSODFHPHQW)56ZKLFKFDQEHXVHGZLWKLQGLVSODFHPHQW
EDVHGVHLVPLFGHVLJQRI16(V>@
2

RESEARCH METHODOLOGY

,WZDVKLJKOLJKWHGLQWKH,QWURGXFWLRQKRZWKHSHUIRUPDQFHRIQHZDQGH[LVWLQJEXLOGLQJVLV
VWULFWO\UHODWHGWRWKDWRI16(VDQGKRZIRUVXFKUHDVRQVUHVHDUFKHIIRUWVKDYHEHHQPDGHZLWK
WKHDLPWRGHYHORSVLPSOLILHGPHWKRGRORJLHVWRSUHGLFWDEVROXWHDFFHOHUDWLRQDQGGLVSODFHPHQW
)56IRUHODVWLFDQGLQHODVWLF6'2)DQG0'2)V\VWHPV>±@$VDOVRSUHYLRXVO\GLVFXVVHG
VRPH VLPSOLILHG PHWKRGV DUH DYDLODEOH LQ WKH OLWHUDWXUH WR SUHGLFW WKH )56 RI 5& EXLOGLQJV
>@EXWWKHLQIOXHQFHRIPDVRQU\LQILOOVZKLFKDUHW\SLFDOO\SUHVHQWLQ,WDO\DQGRWKHU
0HGLWHUUDQHDQFRXQWULHVZDVQRWFRQVLGHUHGLQDQ\RIWKHP
)HZ VWXGLHV KDYH LQYHVWLJDWHG WKH LQIOXHQFH RI PDVRQU\ LQILOOV RQ )56 LQ 5& EXLOGLQJV
>@/XFFKLQLHWDO>@LQYHVWLJDWHGWKHLQIOXHQFHRIPDVRQU\LQILOOVDQGGDPSLQJPRGHOV
RQ)56LQQRQOLQHDUO\DQDO\VHGEXLOGLQJVSRLQWLQJRXWKRZWKHLQILOOZDOOVFDQVLJQLILFDQWO\
DIIHFWWKHSHDNIORRUDFFHOHUDWLRQSURILOHDWDJLYHQLQWHQVLW\DVZHOODVWKH)56DWDOOVWRUH\VLQ
WHUPVRIVSHFWUDODFFHOHUDWLRQDQGVKDSH0RUHUHFHQWO\6XUDQDHWDO>@VWXGLHGWKHHIIHFWRI
XQUHLQIRUFHG PDVRQU\ LQILOOV RQ WKH LQHODVWLF )56 RI 5& IUDPH EXLOGLQJV WKH RXWFRPHV
GHPRQVWUDWHGWKDWWKHLQIOXHQFHRIPDVRQU\LQILOOVFDQQRWEHQHJOHFWHGLQWKHHYDOXDWLRQRI)56
LQ 5& IUDPHV HVSHFLDOO\ IRU IUHTXHQW HDUWKTXDNHV IRU ZKLFK FUDFNLQJ GHYHORSLQJ LQ WKH
PDVRQU\ LV JHQHUDOO\ QRW H[SHFWHG DQG WKH XQFUDFNHG VWLIIQHVV RI WKH LQILOOV WHQGV WR EH
FRQVLGHUHG 5HFHQWO\ 3HUURQH HW DO >@ E\ PHDQV RI 0RQWH &DUOR VLPXODWLRQ DQDO\VHG D
GDWDEDVH RI (XURSHDQ PDVRQU\LQILOOHG 5& IUDPHV DQG FRPSXWHG DEVROXWH DFFHOHUDWLRQ DQG
UHODWLYHGLVSODFHPHQW)56DWGLIIHUHQWIORRUOHYHOVIRUERWKEDUHDQGLQILOOHGIUDPHDUFKHW\SHV
XVLQJ1/7+$$VDUHVXOWDILUVWPRGHOZDVSURSRVHGIRUUHJLRQDOVFDOHDSSOLFDWLRQWRHYDOXDWH
WKH VHLVPLF GHPDQG WR ZKLFK WKH 16(V DUH VXEMHFWHG WDNLQJ WKH HIIHFW RI PDVRQU\ LQILOOV
H[SOLFLWO\LQWRDFFRXQW
:LWK VXFK FRQVLGHUDWLRQV LQ PLQG WKLV SDSHU GHDOV ZLWK WKH HYDOXDWLRQ RI DEVROXWH
DFFHOHUDWLRQ )56 RI EDUHDQG LQILOOHGIUDPHVZLWKWKH DLPRI L  KLJKOLJKWLQJ WKH GLIIHUHQFH
EHWZHHQWKHUHVXOWVIRUWKHVHWZRVWUXFWXUDOFRQILJXUDWLRQVDQG LL TXDQWLI\LQJWKHLPSDFWRI
PDVRQU\LQILOOVRQWKH)56$IXOO\LQWHJUDWHGEXLOGLQJVWRFNUHFHQWO\DVVHVVHGE\PHDQVRI
QRQOLQHDUVWDWLFDQDO\VLVLQ>@LVFRQVLGHUHGDVFDVHVWXG\,QSDUWLFXODUWKH5&EXLOGLQJV
EXLOWEHWZHHQDQGRQHRIWKHGHFDGHVZLWKPDVVLYHFRQVWUXFWLRQLQ,WDO\DUHIRFXVHG
RQ )LJXUH  SUHVHQWV WKH UHVHDUFK DSSURDFK ZRUNIORZ RI WKH VWXG\ ZKLOH PRUH LQIRUPDWLRQ
UHODWHGWRWKHFDVHVWXG\EXLOGLQJSRUWIROLRFDQEHIRXQGLQ>@2QFHWKHEXLOGLQJVWRFNZDV
GHILQHG1/7+$VZHUHSHUIRUPHGWRUHFRUGWKHDFFHOHUDWLRQVDWWZRGLIIHUHQWIORRUOHYHOV ILUVW
DQGURRIIORRU DQGWKH)56ZHUHWKHQFRPSXWHGIURPIORRUDFFHOHUDWLRQWLPHKLVWRULHVUHFRUGHG
DORQJ WKH VWUXFWXUHƍV KHLJKW )LQDOO\ WKH FRPSDULVRQ RI )56 DW WZR LQWHQVLW\ OHYHOV
FRUUHVSRQGLQJ WR 6HUYLFHDELOLW\ /LPLW 6WDWH 6/6  DQG /LIH 6DIHW\ /LPLW 6WDWH /6/6  DUH
SUHVHQWHGIRUERWKLQILOOHGDQGEDUHIUDPHV
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Case-Study Building Stock
Material properties
•
•
•

Building distribution
(ISTAT)

Concrete: mean value of the statistical distribution
Steel: mean value of the statistical distribution
Masonry infills: through experimental test database,
selection of 5 masonry infill typology IF : ǡʹǡ͵ǡͶǡͷ
Numerical modelling validation of the
Infilled Frames using experimental test

•
•

Geometry

Building length
Span length
ID: ǡ ǥ ǡ ܰ

For each ID
different nF

Number of floors (nF)

Structural configuration (SC)

•
•

Comparison
Bare frames
between
Uniformly infilled frames

RC frames Generator
Italian codes in force between 1960
and 1980, using a simulated design
approach

Design each RC frame

According to the construction
site

Selection of 2D frames

Estimation

Impact of masonry
infill variability

PSHA, Disaggregation and Records
Selection
For each Return
period

NLTH Analysis

Derivation of Floor
Response spectra (FRS)

at

•
•

First Floor
Roof Floor

)LJXUH5HVHDUFKDSSURDFKZRUNIORZ

3

RESEARCH METHODOLOGY

$EXLOGLQJSRUWIROLRUHSUHVHQWLQJH[LVWLQJPDVRQU\LQILOOHG5&UHVLGHQWLDOEXLOGLQJVLQ,WDO\
KDVEHHQDQDO\VHGLQWKLVVWXG\,WDFFRXQWVIRUERWKWKHEXLOGLQJJHRPHWULFDOOD\RXWDQGLQILOOV
YDULDELOLW\FKDUDFWHULVHGIURPVWDWLVWLFDOGDWDFROOHFWHGIURP,67$7>@DQGIURPGDWDEDVHV
FRPSULVLQJ LQIRUPDWLRQ UHJDUGLQJ H[SHULPHQWDO WHVWV FDUULHG RXW RQ GLIIHUHQW PDVRQU\ LQILOO
W\SRORJLHV>@$FFRUGLQJWRWKHGDWDSURYLGHGE\,67$7>@LQ,WDO\WKHUHDUH
5&UHVLGHQWLDOEXLOGLQJVUHSUHVHQWLQJDURXQGRIWKHHQWLUHEXLOGLQJVWRFNZKHUHDV
DUHLQPDVRQU\DQGFRUUHVSRQGWRRWKHUVWUXFWXUDOW\SRORJLHV HJVWHHOSUHFDVW 7KHVH
EXLOGLQJVFDQEHGLVDJJUHJDWHGDVDIXQFWLRQRIWKHFRQVWUXFWLRQ\HDUZKLFKDOORZVWRLGHQWLI\
WKHEXLOGLQJFRGHVHPSOR\HGIRUWKHLUGHVLJQWKHPDWHULDOSURSHUWLHVWKHFRQVWUXFWLRQSUDFWLFH
DQGWKHVWUXFWXUDOGHWDLOLQJ0RVWRIWKH5&UHVLGHQWLDOEXLOGLQJVLQ,WDO\ZHUHEXLOWEHIRUH
DQG DQDO\VLQJ WKH ,67$7 GDWDEDVH QR FRUUHODWLRQ EHWZHHQ SHULRG RI FRQVWUXFWLRQ DQG
JHRJUDSKLFDODUHDKDVEHHQIRXQGGHPRQVWUDWLQJDTXDVLXQLIRUPEXLOGLQJFRQVWUXFWLRQWUHQG
RYHUWKHQDWLRQDOWHUULWRU\)ROORZLQJVXFKDSUHOLPLQDU\DQDO\VLVWKLVVWXG\LVIRFXVHGRQ5&
EXLOGLQJVEXLOWEHWZHHQDQGGHFDGHVZLWKPDVVLYHFRQVWUXFWLRQRIVXFKDEXLOGLQJ
W\SRORJ\DQGGXULQJZKLFKDQXSGDWHRIWKHVHLVPLFGHVLJQJXLGHOLQHVZDVLQWURGXFHG,QRUGHU
WR IXOO\ GHYHORS WKH EXLOGLQJ SRUWIROLR WKH YDULDELOLW\ LQ WKH IROORZLQJ SDUDPHWHUV KDV EHHQ
FRQVLGHUHG SODQ GLPHQVLRQ QXPEHU RI IORRUV LQWHUVWRUH\ KHLJKW VSDQ OHQJWK PDWHULDO
SURSHUWLHVRI5&HOHPHQWVDQGRIPDVRQU\LQILOOV
3.1

Building stock

,Q WKLV VHFWLRQ WKH GHYHORSPHQW RI WKH EXLOGLQJ SRUWIROLR LV VXPPDULVHG ZKLOH LQWHUHVWHG
UHDGHUVFDQUHIHUWR0XFHGHURHWDO>@IRUIXOOGHWDLOV:LWKWKHDLPWRGHILQHDVWDWLVWLFDOO\
UHSUHVHQWDWLYHEXLOGLQJVWRFNWKH GDWDSURYLGHGE\,67$7>@ZDVXVHGKRZHYHUVSHFLILF
LQIRUPDWLRQ VXFK DV WKH PDWHULDO SURSHUWLHV QXPEHU RI IORRUV EXLOGLQJ KHLJKW DQG SODQ
GLPHQVLRQVZHUHDJJUHJDWHGRUZHUHQRWUHSRUWHG)RUH[DPSOHWKH,67$7GDWDEDVHGRHVQRW
SURYLGHLQIRUPDWLRQDERXWWKHEXLOGLQJV¶SODQGLPHQVLRQKRZHYHUIRUUHVLGHQWLDOEXLOGLQJVLW
FRXOGEHHVWLPDWHGXVLQJGDWDIURPXUEDQLVWLFGLUHFWLYHVDQGSRSXODWLRQGLVWULEXWLRQ&RPELQLQJ
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WKLV LQIRUPDWLRQ ZLWK VDWHOOLWH LPDJHV >@ IRU GLIIHUHQW JHRJUDSKLFDO DUHDV LQ ,WDO\ D PRUH
SUHFLVHDQGDFFXUDWHGHILQLWLRQRIWKHSODQGLPHQVLRQVZDVDFKLHYHG,QSDUWLFXODUWKHUDQJHRI
YDULDWLRQ RI WKH SODQ GLPHQVLRQV LQ WKH ORQJHVW DQG VKRUWHVW GLPHQVLRQV /[ DQG /\  ZDV
HVWLPDWHGDVLQEHWZHHQPDQGPUHVSHFWLYHO\5HJDUGLQJWKHQXPEHURIIORRUV
LQFOXGLQJWKHJURXQGIORRUDOPRVWKDOIRIWKHEXLOGLQJVFRQVLVWRIWZRVWRUH\VZKLOVWRQO\
KDYHIRXURUPRUHVWRUH\V)XUWKHUPRUHWKHGDWDSURYLGHGE\,67$7>@DJJUHJDWHGDOOWKH
EXLOGLQJV ZLWK PRUH WKDQ IRXU VWRUH\V LQWR D VLQJOH FODVV PDNLQJ D IXUWKHU GLVDJJUHJDWLRQ
GLIILFXOW$VVXFKWKHGHILQHGEXLOGLQJVWRFNFRQVLVWVRI5&IUDPHVZLWKDQXPEHURIVWRUH\V
YDU\LQJIURPRQHWRVL[&RQVLGHULQJWKHGHVLJQSUDFWLFHDQGFRPPRQDUFKLWHFWXUDOWUHQGVWKH
LQWHUVWRUH\KHLJKWZDVIL[HGDWPDQGVSDQOHQJWKVZHUHOLPLWHGWRWKHUDQJHRIP
6LQFHQRLQIRUPDWLRQLVSURYLGHGLQ,67$7>@DERXWVWUXFWXUDOHOHPHQWSURSHUWLHVDGGLWLRQDO
LQIRUPDWLRQZDVFROOHFWHGDQDO\VLQJWKHFRGHVLQIRUFHGXULQJWKHVHOHFWHGFRQVWUXFWLRQSHULRG
DVZHOODVRULJLQDOGUDZLQJVRIUHVLGHQWLDOEXLOGLQJVIURPGLIIHUHQWJHRJUDSKLFDODUHDVLQ,WDO\
7KHPHFKDQLFDOSURSHUWLHVRIWKHPDWHULDOVXVHGLQWKHVHOHFWHGFRQVWUXFWLRQSHULRG 
 ZHUHREWDLQHGIURPWKHUHVXOWVRILQVLWXWHVWVRQH[LVWLQJEXLOGLQJVRUIURPGDWDFROOHFWHG
LQODERUDWRU\DUFKLYHV>@&RQVLGHULQJWKHZLGHUDQJHRIVWHHOSURSHUWLHVDGRSWHGLQWKH
UHIHUHQFHFRQVWUXFWLRQSHULRGLWZDVFKRVHQWRXVHD\LHOGLQJVWUHQJWKRI03D7KHUDWLR
EHWZHHQWKHXOWLPDWHDQGWKH\LHOGLQJVWUHQJWKZDVDVVXPHGDV>@5HJDUGLQJWKHGLDPHWHU
RIWKHORQJLWXGLQDOEDUVPPZDVFKRVHQDFFRUGLQJWRWKHPHDQYDOXHSURYLGHGLQ9HUGHUDPH
et al.>@)RUZKDWFRQFHUQVWKHFRQFUHWHVWUHQJWKH[KDXVWLYHLQIRUPDWLRQLVSUHVHQWHGLQ0DVL
et al.>@IURPDODUJHGDWDEDVHRIWHVWUHVXOWVRQFRQFUHWHFRUHVH[WUDFWHGIURPDERXW5&
SXEOLF EXLOGLQJV ORFDWHG LQ WKH %DVLOLFDWD UHJLRQ ,WDO\  IRU ZKLFK WKH PHDQ VWUHQJWK DQG
GLVSHUVLRQ IRU GLIIHUHQW FRQVWUXFWLRQ SHULRGV ZHUH SURYLGHG 7KH WHVW UHVXOWV VKRZHG PHDQ
YDOXHV RI FRQFUHWH VWUHQJWK LQ WKH FRQVWUXFWLRQ SHULRGV ± DQG ± RI 
03D DQG  03D UHVSHFWLYHO\ $OWKRXJK WKHVH WHVWV ZHUH EDVHG RQ FRQFUHWH VWUHQJWK RI
KRVSLWDODQGVFKRROEXLOGLQJVWKLVLQIRUPDWLRQZDVGHHPHGVXLWDEOHIRUUHVLGHQWLDOEXLOGLQJV
WKXV  03D ZDV FRQVLGHUHG DV PHDQ FRQFUHWH VWUHQJWK LQ WKH SHULRG  7KH
DVVXPSWLRQRIPHDQYDOXHVIRUWKHFRQFUHWHVWUHQJWKDQGIRUWKHXOWLPDWHDQG\LHOGLQJVWUHQJWK
RI VWHHO UHLQIRUFHPHQWV LV LQ DFFRUGDQFH ZLWK WKH UHVXOWV SRLQWHG RXW LQ &HODUHF et al. >@
'ROãHN>@0RKDPPDGet al.>@LQZKLFKLWZDVVKRZHGWKDWWKRVHSDUDPHWHUVKDYHOLPLWHG
HIIHFWRQWKHGLVSHUVLRQZKHQFRPSDUHGWRRWKHUVRXUFHVRIXQFHUWDLQW\
'HVSLWH WKH KLJKOHYHO RI XQFHUWDLQW\ VXUURXQGLQJ WKH PDVRQU\ LQILOO SURSHUWLHV FRQVWDQW
PHFKDQLFDODQGJHRPHWULFDOSURSHUWLHVRIWKHPDVRQU\LQILOOVDUHW\SLFDOO\DVVXPHGLQVHLVPLF
ULVNDVVHVVPHQWVWXGLHVRIVLQJOHEXLOGLQJVRUDWUHJLRQDOVFDOH7RWKHDXWKRUV¶EHVWNQRZOHGJH
UHVXOWVRILQVLWXWHVWVRQPDVRQU\LQILOOVDUHQRWDYDLODEOHKHQFHWKHUHVXOWVRIH[SHULPHQWDO
VWXGLHV>@DOVRUHSRUWHGLQUHFHQWGDWDEDVHVGHDOLQJZLWKWKHGHILQLWLRQRIWKHPHFKDQLFDO
SURSHUWLHVRIPDVRQU\LQILOOV >@DUHWDNHQLQWRDFFRXQWWRGHILQH DUDQJHRIYDULDELOLW\
6XFKYDULDELOLW\LVUHODWHGWRPDQ\SDUDPHWHUVVXFKDVWKHPD[LPXPVKHDUVWUHQJWKRIWKHSDQHO
WKHVWLIIQHVVRIWKHSDQHOWKHUHODWLYHVWLIIQHVVEHWZHHQWKHSDQHODQGWKHVXUURXQGLQJIUDPH
WKH YHUWLFDOKRUL]RQWDO FRPSUHVVLYH VWUHQJWK RI WKH PDVRQU\ YHUWLFDOKRUL]RQWDO PRGXOXV RI
HODVWLFLW\DQGWKLFNQHVVRIWKHPDVRQU\
7KLV VWXG\ FRQVLGHUHG ILUVWO\ EDVHG RQ WKH UHVXOWV SURYLGHG E\ 0XFHGHUR et al. >@ D
PDFUROHYHOGLVWLQFWLRQRIWKHLQILOOVLQWHUPVRIVKHDUVWUHQJWKZKLFKDFFRUGLQJWRWKHUHVXOWV
RI WKH ZRUNV E\ %ODVL et al. >@ DQG 0RKDPPDG et al >@ LV RQH RI WKH PRVW LPSRUWDQW
DIIHFWLQJWKHODWHUDOFDSDFLW\RI5&IUDPHVDQGWKDWFRXOGDOVROHDGWRORFDOVKHDUIDLOXUH HJ
VKHDUIDLOXUHRIFROXPQVWKDWZHUHEXLOWZLWKRXWSDUWLFXODUFRQVWUXFWLRQGHWDLOV )LYHPDVRQU\
LQILOOW\SRORJLHVIURPZHDNWRVWURQJFODVVLILHGDFFRUGLQJWRWKHVKHDUVWUHQJWK 7DEOH ZHUH
WKXVVHOHFWHGDVUHSUHVHQWDWLYHRIWKHH[LVWLQJPDVRQU\LQILOOW\SRORJLHVXVHGLQ5&UHVLGHQWLDO
EXLOGLQJVEXLOWEHWZHHQDQGLQ,WDO\
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7UDSDQL>@
WZWKLFNQHVV(ZYHODVWLFPRGXOXVYHUWLFDOGLUHFWLRQ(ZKHODVWLFPRGXOXVKRUL]RQWDOGLUHFWLRQ*ZVKHDU
PRGXOXVIZYYHUWLFDOVWUHQJWKIZODWODWHUDOVWUHQJWKIZXVKHDUVOLGLQJVWUHQJWK
7DEOH5HSUHVHQWDWLYHPDVRQU\LQILOOV

&RQVLGHULQJ WKH ZLGH VSHFWUXP RI FKDUDFWHULVWLFV RI WKH VHOHFWHG LQILOO W\SRORJLHV LW LV
EHOLHYHG WKDW HYHQ LI VRPH W\SRORJLHV WKDW FDQ EH IRXQG LQ H[LVWLQJ EXLOGLQJV DUH QRW
UHSUHVHQWHGGXHIRUH[DPSOHWRWKHYDULDWLRQLQWKHWKLFNQHVVRIWKHSDQHOVWKHFRPELQDWLRQRI
ILYH GLIIHUHQW PDVRQU\ LQILOO W\SRORJLHV LV UHSUHVHQWDWLYH HQRXJK 0RUHRYHU FRPSDULQJ WKH
UDQJHVRIPLQLPXPDQGPD[LPXPYDOXHVRIWKHPDLQPHFKDQLFDOSURSHUWLHV <RXQJ¶VPRGXOXV
(Z  VKHDU PRGXOXV *Z  SHDN ORDG )SHDN  DQG WKH FUDFNLQJ VWUHQJWK )FU  SURYLGHG LQ WKH
GDWDEDVHE\'H5LVLet al.>@LWLVSRVVLEOHWRVHHWKDWWKHVHOHFWHGPDVRQU\LQILOOW\SRORJLHV
FRYHUWKHHQWLUHUDQJHRIYDULDWLRQ
7KH GHVLJQ RI WKH EXLOGLQJV ZDV WKHQ FDUULHG RXW XVLQJ D VLPXODWHG GHVLJQ DSSURDFK
DFFRUGLQJWRWKHFRGHVLQIRUFHEHWZHHQDQG>@7DEOHVXPPDULVHVWKHPDLQ
JHRPHWULFDODQGPDWHULDOSDUDPHWHUVFRQVLGHUHGLQWKLVVWXG\WRGHILQHWKHEXLOGLQJSRUWIROLR
7KHUHVXOWVRIWKHVLPXODWHGGHVLJQDUHLQJRRGDJUHHPHQWZLWKWKRVHSURYLGHGLQ%DOet al.>@
DQG6LOYDet al.>@
7KHFDVHVWXG\EXLOGLQJSRUWIROLRFRPSULVHGDWRWDORIJHRPHWULFDOFRQILJXUDWLRQVJLYHQ
E\WKHFRPELQDWLRQRIWKHGLIIHUHQWYDULDEOHV,QVSHFLILFWKHQXPEHURIED\VDQGWKHOHQJWKRI
WKHDQDO\VHG'PDVRQU\LQILOOHG5&IUDPHVYDU\DFFRUGLQJWRWKHGDWDUHSRUWHGLQ7DEOHIRU
/\ P 7KHVSDQOHQJWKYDULHVEHWZHHQPDQGPZLWKLQFUHPHQWVRIPZKLOHWKH
KHLJKWRIWKHEXLOGLQJVYDULHVEHWZHHQPDQGPZLWKLQFUHPHQWVRIP WKHLQWHUVWRUH\
KHLJKW  6HYHQ GLVFUHWH EXLOGLQJ OHQJWKV ZHUH VHOHFWHG IURP WKH UDQJH RI /\  P  DQG
FRPELQHG ZLWK HTXDOO\ GLVFUHWH SRVVLEOH GLIIHUHQW VSDQ OHQJWKV OHDGLQJ WR  GLIIHUHQW
JHRPHWULFDOFRQILJXUDWLRQV ODEHOOHGDV,'WR,' (DFKRIWKHVHZDVWKHQFRPELQHGZLWK
VL[ GLIIHUHQW EXLOGLQJ KHLJKWV OHDGLQJ WR  JHRPHWULFDO FRQILJXUDWLRQV DQG ZLWK WKH ILYH
PDVRQU\LQILOOW\SRORJLHVOHDGLQJWRDWRWDORI5&IUDPHVVXEGLYLGHGDVIROORZVEDUH
IUDPHVDQGXQLIRUPO\LQILOOHGIUDPHV
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Description
%XLOGLQJOHQJWK;GLUHFWLRQ
%XLOGLQJOHQJWK<GLUHFWLRQ
6SDQOHQJWK
1XPEHURIVWRUH\V
,QWHUVWRUH\KHLJKW
6WHHO\LHOGVWUHQJWK
/RQJLWXGLQDOUHEDUGLDPHWHU
6WLUUXSGLDPHWHU
&RQFUHWHFRPSUHVVLYHVWUHQJWK
&RQFUHWHFRYHU
&ROXPQKHLJKW
%HDPKHLJKW
&ROXPQRUEHDPZLGWK
0DVRQU\LQILOO

Variable
/[
/\
E[RUE\
Q
K
I\
ĳO
ĳV
I F
F
KF
KE
EFRUEE
,)

Range
>@P
>@P
>@P
>@
P
03D
PP
PP
03D
PP
>@PP
>@PP
PP
7\SH>@

7DEOH*HRPHWULFDODQGPDWHULDOSDUDPHWHUVWRJHWKHUZLWKFRUUHVSRQGLQJUDQJHVFRQVLGHUHGIRUWKH
GHILQLWLRQRIWKHFDVHVWXG\EXLOGLQJSRUWIROLR

3.2

Numerical Modelling

$QDGYDQFHGQRQOLQHDUQXPHULFDOPRGHOZDVGHYHORSHGWRDFFRXQWIRUWKHPDQ\SKHQRPHQD
WKDW PD\ RFFXU LQ WKH EXLOGLQJV GXULQJ DQ HDUWKTXDNH VXFK DV PDWHULDO DQG JHRPHWULFDO
QRQOLQHDULW\EDUVOLSSDJHIOH[LEOHMRLQWVZLWKOLNHO\VKHDUIDLOXUHEHKDYLRXURISRRUO\GHWDLOHG
DQG QRQGXFWLOH 5& IUDPH PHPEHUV SUHPDWXUH VKHDU IDLOXUH GHILFLHQFLHV LQ FRQFUHWH FRUH
FRQILQHPHQW GXH WR VWLUUXS VSDFLQJ LQHODVWLFLW\ FRQFHQWUDWHG LQ WKH VWUXFWXUDO HOHPHQW HQGV
DPRQJVWRWKHUV7RDFFRXQWIRUDQ\SRWHQWLDOVWUXFWXUDOGHILFLHQFLHVWKHPRGHOOLQJDSSURDFK
SURSRVHGE\2¶5HLOO\et al.>@DQG3HUURQHet al.>@IRUROGHU5&IUDPHVZDVIROORZHGDV
VKRZQLQ)LJXUH7KHQXPHULFDOPRGHOVZHUHGHYHORSHGXVLQJ2SHQ6HHV>@7KHIOH[XUDO
HOHPHQWV LHEHDPVDQGFROXPQV ZHUHPRGHOOHGWKURXJKIRUFHEDVHGEHDPFROXPQHOHPHQWV
ZLWKDPRGLILHG5DGDXSODVWLFKLQJHLQWHJUDWLRQVFKHPHDVVXJJHVWHGE\6FRWW )HQYHV>@
ZKHUHWKHQRQOLQHDULW\LVOXPSHGDWWKHHQGVRIWKHHOHPHQWDQGDQDJJUHJDWLRQVHFWLRQ>@9
Ȗ DQG 0 ڧZDV LQWURGXFHG 7KH IOH[XUDO EHKDYLRXU ZDV WKXV GHILQHG WKURXJK WKH PRPHQW
FXUYDWXUHUHODWLRQVKLSVSURSRVHGLQ>@ZKHUHDVWKHVKHDUEHKDYLRXUZDVPRGHOOHGDFFRUGLQJ
WR=LPRVet al.>@LQZKLFKWKHEDFNERQHVKHDUGHIRUPDWLRQFXUYHFRQVLVWVRIIRXUSKDVHV
QDPHO\ LQLWLDO HODVWLF EHKDYLRXU SRVWFUDFNLQJ SHDN UHVSRQVH DQG VWUHQJWK GHJUDGDWLRQ 7R
FDSWXUHWKHQRQOLQHDUEHKDYLRXURIMRLQWVD]HUROHQJWKVSULQJFRXSOHGZLWKDURWDWLRQDOKLQJH
ZDVDGRSWHGZKLFKUHSUHVHQWVWKHVKHDUMRLQWEHKDYLRXULWVK\VWHUHWLFEHKDYLRXUZDVFDOLEUDWHG
DFFRUGLQJ WR GLIIHUHQW H[SHULPHQWDO WHVWV >@ 5HJDUGLQJ GDPSLQJ  WDQJHQW VWLIIQHVV
SURSRUWLRQDO5D\OHLJKGDPSLQJDWWKHIXQGDPHQWDOSHULRGVZDVDGRSWHG
7KHXQLD[LDOQRQOLQHDU3LQFKLQJ0DWHULDOPRGHOKDVEHHQDGRSWHGWRVLPXODWHWKHK\VWHUHWLF
EHKDYLRXURIWKHPDVRQU\LQILOOVDOOWKHSDUDPHWHUVGHILQLQJWKHHTXLYDOHQWVWUXW¶VK\VWHUHWLF
EHKDYLRXUZHUHQRWVHOHFWHGDSULRULEXWUDWKHUFDOLEUDWHGFRQVLGHULQJWKHVSHFLILFIHDWXUHVRI
HDFKPDVRQU\LQILOOW\SRORJ\GHILQHGDFFRUGLQJWRWKHQXPHULFDOPRGHOOLQJYDOLGDWLRQUHFHQWO\
FDUULHGRXWE\0XFHGHURet al.>@0RUHGHWDLOVRQWKHQXPHULFDOPRGHOOLQJDSSURDFKDQG
YDOLGDWLRQ RI WKH UHVSRQVH RI ERWK EDUH DQG PDVRQU\ LQILOOHG 5& IUDPHV XVLQJ H[SHULPHQWDO
WHVWLQJUHVXOWVDUHSURYLGHGLQ>@

69

*0XFHGHUR'3HUURQH(%UXQHVLDQG50RQWHLUR

Rigid link
Rotational spring

Mcr

Mc
My

Fcr

Ksec
αKsec

Fres
Kel
γcr

Shear
deformation

γpeak

Displacement

External Beam-Column Joint
Moment

Lp

ࢥpk ࢥu

ࢥcr

Curvature

Shear force - deformation backbone
Shear
Vc

Rigid link
Rotational spring

Mmax

20% Reduction

Mu

BeamWithHinges

Mmax

Moment - curvature backbone
Moment

Masonry Infill
Force
Fmax

Linear Elastic

Internal Beam-Column Joint
Moment

Lp

GA1

Mcr
Vcr
Mres

Vres
γcr

γpeak

γult

Shear
deformation

GA0
γcr

γpk

γu

Shear
γm deformation

)LJXUH1XPHULFDOPRGHOOLQJRI5&PHPEHUVEHDPFROXPQMRLQWVDQGPDVRQU\LQILOOV

3.3

Seismic Hazard modelling and ground motion Record Selection

7KH 2SHQ4XDNH >@ VRIWZDUH ZDV XVHG WR SHUIRUP WKH VHLVPLF KD]DUG FRPSXWDWLRQV
DGRSWLQJWKH6+$5(3URMHFW>@VRXUFHPRGHODQGWKH*03(SURSRVHGE\%RRUH $WNLQVRQ
>@7KHKD]DUGFXUYHFRUUHVSRQGLQJWRWKHDYHUDJHVSHFWUDODFFHOHUDWLRQ $YJ6D WKHFKRVHQ
LQWHQVLW\ PHDVXUH ,0  IRU WKH SHULRG UDQJH  V IRU WKH FLW\ RI /¶$TXLOD ,WDO\  ZDV
GHULYHGDQGDFFRUGLQJO\DWRWDORISDLUVRIJURXQGPRWLRQUHFRUGVZHUHVHOHFWHGIRUHDFK
,0OHYHOIURPWKH3((51*$:HVWGDWDEDVH>@7ZR,0OHYHOVZHUHVHOHFWHGDFFRUGLQJWR
WKHOLPLWVWDWHVGHILQHGLQ>@QDPHO\6HUYLFHDELOLW\/LPLW6WDWH 6/6 DQG/LIH6DIHW\/LPLW
6WDWH /6/6 FRUUHVSRQGLQJWRUHWXUQSHULRGV 7U RIDQG\HDUVUHVSHFWLYHO\)LJXUH
LOOXVWUDWHVWKHWZRWDUJHWVSHFWUDDQGWKHFRUUHVSRQGLQJHPSLULFDOO\GHULYHGFRQGLWLRQDOVSHFWUD
&6 RIWKHVHOHFWHGUHFRUGHQVHPEOHVEDVHGRQ&6 $YJ6D ,WLVZRUWKPHQWLRQLQJWKDWWKHWZR
SUHVHQWHGOLPLWVWDWHVDUHRISDUDPRXQWLPSRUWDQFHLQWKH,WDOLDQ³*XLGHOLQHVIRUWKHVHLVPLF
ULVNFODVVLILFDWLRQRIFRQVWUXFWLRQV´LQZKLFKWHFKQLFDOSULQFLSOHVIRUH[SORLWLQJWD[GHGXFWLRQV
ZLWKUHVSHFWWRVHLVPLFVWUHQJWKHQLQJLQWHUYHQWLRQVRQH[LVWLQJEXLOGLQJV 6LVPDERQXV KDYH
EHHQGHILQHG>@

)LJXUH&RPSDULVRQEHWZHHQWKHWZRWDUJHWVSHFWUDDQGWKHFRUUHVSRQGLQJHPSLULFDOO\GHULYHGFRQGLWLRQDO
VSHFWUDRIWKHVHOHFWHGUHFRUGHQVHPEOHVEDVHGRQ&6 $YJ6D  OHIW 6HUYLFHDELOLW\/LPLW6WDWH 6/6 DQG ULJKW 
/LIH6DIHW\/LPLW6WDWH /6/6 
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4

DERIVATION OF FLOOR RESPONSE SPECTRA

7KHUHVXOWVRI1/7+$VRIWKH'IUDPHEXLOGLQJVZHUHXVHGWRGHULYHDEVROXWHDFFHOHUDWLRQ
)56 $)56 7KHGDPSHG$)56ZHUHHYDOXDWHGE\VXEMHFWLQJWKHEXLOGLQJSRUWIROLRWRWKH
VHOHFWHGVHWRIJURXQGPRWLRQVDQGWKHQXVLQJQXPHULFDOWHFKQLTXHVWRFRPSXWHWKH)56IURP
IORRU DFFHOHUDWLRQ WLPHKLVWRULHV UHFRUGHG DORQJ WKH VWUXFWXUHƍV KHLJKW IRU WKH WZR VWUXFWXUDO
FRQILJXUDWLRQV LHEDUHDQGLQILOOHGIUDPHV )RUWKHVDNHRIEUHYLW\RQO\WKH$)56RIWKHILUVW
DQGURRIVWRUH\VIRUWKHWZRVHOHFWHG,0OHYHOVDUHSUHVHQWHGLQWKHFDVHRIWKHRQHVWRUH\5&
IUDPHVWKH$)56DUHQRWSORWWHGIRUWKHILUVWVWRUH\EHFDXVHWKHILUVWDQGURRIVWRUH\VFRLQFLGH
4.1

Bare frames

)LJXUH  SORWV WKH $)56 IRU WKH EDUH IUDPHV IRU WKH 6/6 UHWXUQ SHULRG 7KH G\QDPLF
SURSHUWLHVRIWKH5&IUDPHVLQWKHFDVHVWXG\EXLOGLQJSRUWIROLRDUHFRPSUHKHQVLYHO\SUHVHQWHG
LQ>@LQSDUWLFXODUWKHPHGLDQWKDQGWKSHUFHQWLOHRIWKHILUVWHODVWLFSHULRGRIYLEUDWLRQ
7 )RUWKHFRPSOHWHEXLOGLQJSRUWIROLR7YDULHVLQWKHUDQJHRI>V@)RUHDFKSORW
LQ)LJXUHWKHPHGLDQDFFHOHUDWLRQIORRUUHVSRQVHVSHFWUD 0$)56 WDNHQDFURVVWKHJURXQG
PRWLRQV HQVHPEOH DUH SUHVHQWHG LQ EROG ZKLOH WKH JUH\ILOOHG DUHD UHSUHVHQWV WKH HQYHORSH
GHILQHGE\WKHWKDQGWKSHUFHQWLOHVUHSUHVHQWLQJERWKWKHUHFRUGWRUHFRUGYDULDELOLW\DQG
WKHJHRPHWULFDOOD\RXWYDULDELOLW\
$QDO\VLQJWKHILUVWVWRUH\$)56 )LJXUHD LWLVSRVVLEOHWRREVHUYHWKDWWKHIORRUVSHFWUDO
DFFHOHUDWLRQ 6D LQFRUUHVSRQGHQFHRIKLJKHUPRGHVLVJRYHUQLQJWKHUHVSRQVHH[FHSWIRUWKH
WZRVWRUH\ EXLOGLQJV LQ ZKLFK 6D DW WKH IXQGDPHQWDO SHULRG LV VWLOO UHOHYDQW $V UHJDUGV WKH
$)56DWWKHURRIOHYHO )LJXUHE RQHVWRUH\EXLOGLQJVDUHFKDUDFWHULVHGE\DVLQJOHSHDNWKDW
OLHVDWDSHULRGFORVHWRWKHIXQGDPHQWDOSHULRGRIWKHVWUXFWXUHZKHUHDVZKHQLQFUHDVLQJWKH
QXPEHURIVWRUH\VWKHKLJKHUPRGHVKDYHDVLJQLILFDQWLPSDFWRQWKHVKDSHRI0$)56,QWKH
0$)56WKH6DYDOXHVDUHKLJKHULQFRUUHVSRQGHQFHRIKLJKHUPRGHVH[FHSWIRUWKHWZRVWRUH\
EXLOGLQJVIRUZKLFK6DDWWKHIXQGDPHQWDOSHULRGLVVWLOOKLJKHUWKDQWKHRQHVGXHWRWKHKLJKHU
PRGHV)RUWKUHHWRVL[VWRUH\EXLOGLQJVWKHVKDSHRIWKH0$)56LVTXLWHVLPLODUDQGWKHSHDNV
DUHOHVVSURQRXQFHG)RUDOOWKHEXLOGLQJVIRUSHULRGVORQJHUWKDQWKHIXQGDPHQWDOSHULRGWKH
6DWHQGVWRUHGXFHDQGLWLVFORVHWR]HURIRUORQJSHULRGV)RUERWKILUVWDQGURRIOHYHOVWKH
UHFRUGWRUHFRUGUHODWHG YDULDELOLW\ DQG WKH JHRPHWULFDO OD\RXW YDULDELOLW\ LV ORZ DQG TXLWH
VLPLODUZKHQYDU\LQJWKHQXPEHURIVWRUH\VDVZRXOGEHVRPHKRZH[SHFWHGIRUVXFKDORZ
UHWXUQSHULRG
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D

E
)LJXUH$FFHOHUDWLRQIORRUUHVSRQVHVSHFWUD[ DW D ILUVWOHYHODQG E URRIOHYHOIRUWKHEDUHIUDPH
VWUXFWXUDOW\SRORJ\DW6/6 7U \HDUV 0HGLDQYDOXHV EODFNOLQH HQYHORSH JUH\ILOOHGDUHD RIWKDQG
WKSHUFHQWLOHRI$)56RYHUWKHHQWLUHEXLOGLQJSRUWIROLRE\DJJUHJDWLQJWKH,'V

,QFUHDVLQJWKHJURXQGPRWLRQ,0OHYHOFRQVLGHUDWLRQVVLPLODUWRWKRVHUHSRUWHGIRUWKH6/6
FDQ EH PDGH VHH )LJXUH   DOEHLW WKH VXUURXQGLQJ YDULDELOLW\ LV KLJKHU $V H[SHFWHG WKH
DPSOLWXGHVRI6DVLJQLILFDQWO\LQFUHDVHZKHUHDVWKH0$)56VKDSHLVDOPRVWXQDIIHFWHG$OVR
IRU/6/6WKH0$)56RIWKHILYHDQGVL[VWRUH\EXLOGLQJVDWWKHURRIOHYHOH[KLELWDVPRRWKHU
VKDSH ZLWK D SODWHDX LQ FRUUHVSRQGHQFH RI WKH KLJKHU PRGHV LQ FRQWUDVW WR WKH RWKHU
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FRQILJXUDWLRQV IRUZKLFKD ZHOOGHILQHGSHDNLVREWDLQHG7KH ODUJHLQIOXHQFH RIWKHKLJKHU
PRGHV LV WKH FRQVHTXHQFH RI WKH ORQJ IXQGDPHQWDO SHULRGV DVVRFLDWHG ZLWK WKH EDUH
FRQILJXUDWLRQVLQSDUWLFXODUIRU5&IUDPHVZLWKPRUHWKDQWKUHHVWRUH\V

D

E
)LJXUH$FFHOHUDWLRQIORRUUHVSRQVHVSHFWUD[ DW D ILUVWOHYHODQG E URRIOHYHOIRUWKHEDUHIUDPH
VWUXFWXUDOW\SRORJ\DW6/6/ 7U \HDUV 0HGLDQYDOXHV EODFNOLQH HQYHORSH JUH\ILOOHGDUHD RIWKDQG
WKSHUFHQWLOHRI$)56RYHUWKHHQWLUHEXLOGLQJSRUWIROLRE\DJJUHJDWLQJWKH,'V
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4.2

Infilled frames

)RUZKDWFRQFHUQVWKH$)56IRUWKHLQILOOHGFRQILJXUDWLRQVWKHPDFUROHYHOGLVWLQFWLRQRI
WKHLQILOOVLQWHUPVRIVKHDUVWUHQJWKEDVHGRQWKHUHVXOWVSURYLGHGLQ0XFHGHURet al.>@LV
XVHG7KHUHVXOWVRIWKHHLJHQYDOXHDQDO\VHVFDUULHGRXWWRFKDUDFWHULVHWKHG\QDPLFSURSHUWLHV
RI WKH FDVHVWXG\ EXLOGLQJ SRUWIROLR DV ZHOO DV WKH YDULDELOLW\ GXH WR GLIIHUHQW W\SRORJLHV RI
PDVRQU\ LQILOOV DUH FRPSUHKHQVLYHO\ SUHVHQWHG LQ >@ WKURXJK PHGLDQ WK DQG WK
SHUFHQWLOHVRIWKHILUVWHODVWLFSHULRGRIYLEUDWLRQ77KLVSHULRGYDULHVLQWKHUDQJH>
V@ DQG>V@IRUVLQJOHVWRUH\DQGVL[VWRUH\EXLOGLQJVUHVSHFWLYHO\7KLVKLJKOLJKWV
WKHVLJQLILFDQWLPSDFWRIWKHPDVRQU\LQILOOVDQGWKHLUYDULDELOLW\RQWKHIXQGDPHQWDOSHULRGRI
WKHFDVHVWXG\5&IUDPHV)LJXUHVDQGSORWWKH0$)56DQGWKHDUHDGHILQHGE\WKHWKDQG
WKSHUFHQWLOHVIRUWKHILUVW )LJXUHVDDQGD DQGURRI )LJXUHEDQGE OHYHOVFRQVLGHULQJ
ERWKVHLVPLFLQWHQVLW\OHYHOV 6/6LQ)LJXUHDQG6/6/LQ)LJXUH 7KH0$)56DUHUHSRUWHG
IRU DOO FRQVLGHUHG PDVRQU\ LQILOO W\SRORJLHV ,Q FRQWUDVW WR )LJXUH  WKH JUH\ILOOHG DUHDV LQ
)LJXUH  DQG )LJXUH  DUH UHSUHVHQWDWLYH RI WKH UHFRUGWRUHFRUG YDULDELOLW\ WKH JHRPHWU\
YDULDELOLW\DQGWKHYDULDELOLW\GXHWRWKHPDVRQU\LQILOOW\SRORJ\
/RRNLQJDWWKHILUVWVWRUH\$)56 )LJXUHD WKH6DYDOXHVLQFRUUHVSRQGHQFHRIWKHKLJKHU
PRGHVDUHZHOOHYLGHQWH[FHSWLRQPDGHIRUWKHWZRDQGWKUHHVWRUH\EXLOGLQJVLQZKLFK6DDW
WKHIXQGDPHQWDOSHULRGLVDOVRUHOHYDQW7KHLPSDFWRIGLIIHUHQWPDVRQU\LQILOOW\SRORJLHVLV
TXLWHHYLGHQWIRUORZULVHEXLOGLQJVZKHUHDVIRUWDOOHUEXLOGLQJVWKH$)56DWWKHILUVWVWRUH\
DUHOHVVDIIHFWHGE\WKHPDVRQU\LQILOOW\SRORJ\UHVXOWLQJLQPRUHVLPLODUWUHQGVDQGFRPSDUDEOH
YDOXHV&RQVLGHULQJWKH$)56DWWKHURRIOHYHO )LJXUHE WKHLQIOXHQFHRIKLJKHUPRGHVLQ
WHUPVRIPD[LPXP6DLVUHGXFHGZLWKUHVSHFWWRWKH$)56DWWKHILUVWVWRUH\ZKHUHDVWKHKLJKHU
6DYDOXHVDUHFORVHWR70RUHRYHUWKHGLIIHUHQFHVFRPLQJIURPWKHPDVRQU\LQILOOW\SRORJ\
DUHPRUHUHPDUNDEOH)RUORZHUEXLOGLQJVWKHKLJKHU6DYDOXHVDUHGXHWRWKHZHDNDQGZHDN
WRPHGLXPPDVRQU\LQILOOVZKHUHDVLQFUHDVLQJWKHQXPEHURIVWRUH\VWKLVWUHQGLVUHYHUVHG
ZLWKWKHKLJKHU6DYDOXHVREVHUYHGIRUWKHPHGLXPWRVWURQJDQGVWURQJPDVRQU\LQILOOV
,QERWKFDVHVWKHHQYHORSHRIWKHWKDQGWKSHUFHQWLOHVLVTXLWHZLGHWKHGLIIHUHQFHVRI
PHGLDQ0$)56YDOXHVDVDIXQFWLRQRIWKHPDVRQU\LQILOOW\SRORJ\DUHKLJKHUDWWKHURRIOHYHO
WKDQWKRVHDWWKHILUVWVWRUH\)RULQVWDQFHFRQVLGHULQJWKHIRXUVWRUH\EXLOGLQJVZKHQFKDQJLQJ
LQILOOW\SHWRLQILOOW\SHWKHPHGLDQYDOXHVRI0$)56DWILUVWVWRUH\GHFUHDVHRIRQO\
ZKHUHDVWKHGHFUHDVHLVFORVHWRZKHQWKHURRIOHYHO0$)56DUHWDNHQDVUHIHUHQFH
0RUHRYHU FRQVLGHULQJ WKH VL[VWRUH\ EXLOGLQJV WKH SHDN YDOXH RI 0$)56 DW URRI OHYHO
GHFUHDVHVRIDOPRVWZKHQFRPSDULQJLQILOOW\SH VWURQJ ZLWKLQILOOW\SH ZHDN 7KLV
WUHQG LV TXLWH VLPLODU DOVR LQ FDVH RI IRXU DQG ILYHVWRUH\ EXLOGLQJV ZLWK WKH SHDN YDOXH RI
0$)56 WKDW GHFUHDVHV RI DOPRVW · ZKHQ FRPSDULQJ WKH DIRUHPHQWLRQHG LQILOO
W\SRORJLHV)RUWKUHHVWRUH\EXLOGLQJVWKH0$)56GHFUHDVHVRIDOPRVWFKDQJLQJLQILOO
W\SH  WR LQILOO W\SH  7KH WUHQG LV UHYHUVHG IRU ORZHU EXLOGLQJV IRU RQH DQG WZRVWRUH\
EXLOGLQJVFRPSDULQJLQILOOW\SHZLWKLQILOOW\SHWKH0$)56RUGLQDWHVGHFUHDVHRIDOPRVW
DQGUHVSHFWLYHO\7KHPHGLDQ6DDVDIXQFWLRQRIWKHFRQVLGHUHGPDVRQU\LQILOOVLV
LQWKHUDQJHRI>ൊJ@DQG>ൊJ@IRU$)56DWILUVWDQGURRIOHYHOVUHVSHFWLYHO\
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D

E
)LJXUH$FFHOHUDWLRQIORRUUHVSRQVHVSHFWUD[ DW D ILUVWOHYHODQG E URRIOHYHOIRUWKHLQILOOHGIUDPH
VWUXFWXUDOW\SRORJ\DW6/6 7U \HDUV 0HGLDQYDOXHVRI)56IRUHDFKLQILOOW\SRORJ\RYHUWKHHQWLUH
EXLOGLQJVE\DJJUHJDWLQJDOOWKH,'VDQGHQYHORSH JUH\ILOOHGDUHD RIWKDQGWKSHUFHQWLOHIRUHDFKLQILOO
W\SRORJ\
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D

E
)LJXUH$FFHOHUDWLRQIORRUUHVSRQVHVSHFWUD[ DW D ILUVWOHYHODQG E URRIOHYHOIRUWKHLQILOOHGIUDPH
VWUXFWXUDOW\SRORJ\DW6/6/ 7U \HDUV 0HGLDQYDOXHVRI)56IRUHDFKLQILOOW\SRORJ\RYHUWKHHQWLUH
EXLOGLQJSRUWIROLRE\DJJUHJDWLQJDOOWKH,'VDQGHQYHORSH JUH\ILOOHGDUHD RIWKDQGWKSHUFHQWLOHIRUHDFK
LQILOOW\SRORJ\

5HJDUGLQJWKH$)56DW/6/6 )LJXUH ZLWKUHVSHFWWRWKHUHVXOWVDW6/6QRVLJQLILFDQW
FKDQJHVDUHREVHUYHGLQWHUPVRI$)56VKDSH$VH[SHFWHGWKHPHGLDQ6DYDOXHVDUHKLJKHU
WKDQ WKRVH DW WKH 6/6 $OVR IRU WKH /6/6 WKH LPSDFW RI PDVRQU\ LQILOO SURSHUWLHV LV OHVV
VLJQLILFDQWIRUWKH$)56DWILUVWVWRUH\H[FHSWIRURQHDQGWZRVWRUH\5&IUDPHVZKLOHLWLV
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VLJQLILFDQWDWURRIOHYHO$OVRLQWKLVFDVHIRUORZHUULVHEXLOGLQJVWKHKLJKHUYDOXHVRIWKH6D
DUHGXHWRZHDNDQGZHDNWRPHGLXPPDVRQU\LQILOOVZKHUHDVIRUWDOOHUEXLOGLQJVWKHWUHQGLV
UHYHUVHGZLWKWKHKLJKHUYDOXHVJHQHUDWHGE\PHGLXPWRVWURQJDQGVWURQJPDVRQU\LQILOOV7KH
PHGLDQ6DDVDIXQFWLRQRILQILOOW\SRORJ\LVLQWKHUDQJHRI>ൊJ@DQG> ൊJ@
UHVSHFWLYHO\IRU$)56DWILUVWDQGURRIOHYHO0RUHRYHUDVUHJDUGVWKHHQYHORSHRIWKHWKDQG
WK SHUFHQWLOHV WKH YDULDELOLW\ LV TXLWH GLIIHUHQW DV D IXQFWLRQ RI WKH SHULRG RI WKH 16(V
FRQVLGHUHG*LYHQWKUHHGLIIHUHQWSHULRGVT DQGFRQVLGHULQJWKH$)56UHFRUGHGDWURRIOHYHO
IRU WKH 6/6/ WKH PD[LPXP GLIIHUHQFHV EHWZHHQ WKH WK DQG WK SHUFHQWLOHV DUH LQ WKH
IROORZLQJ UDQJHV L  >·J@ IRU Sa 7 V  LL  >·J@ IRU Sa 7 V  DQG LLL 
>·J@ IRU Sa 7 V  7KLV YDULDELOLW\ DOVR LQFUHDVHV ZLWK WKH QXPEHU RI VWRUH\V
SDUWLFXODUO\IRUWKHVKRUWHUSHULRGV
&RQVLGHULQJWKHVL[VWRUH\EXLOGLQJVWKHSHDNYDOXHRI0$)56DWWKHURRIOHYHOGHFUHDVHV
RIDOPRVWZKHQFRPSDULQJLQILOOW\SH VWURQJ ZLWKLQILOOW\SH ZHDN 7KLVWUHQGLV
TXLWHVLPLODUDOVRLQWKHFDVHRIIRXUDQGILYHVWRUH\EXLOGLQJVZLWKSHDNYDOXHVRI0$)56
WKDWGHFUHDVHDOPRVW·ZKHQFRPSDULQJLQILOOW\SHZLWKLQILOOW\SH)RUWKUHHVWRUH\
EXLOGLQJVWKH0$)56SHDNGHFUHDVHVRIDURXQGJRLQJIURPLQILOOW\SHWRLQILOOW\SH
&RQYHUVHO\IRUORZHUEXLOGLQJV RQHDQGWZRVWRUH\EXLOGLQJV ZKHQFKDQJLQJLQILOOW\SHWR
LQILOOW\SHWKH0$)56SHDNGHFUHDVHVRIDOPRVWDQGUHVSHFWLYHO\5HJDUGOHVVRI
WKH/6FRQVLGHUHGIRUERWKILUVWDQGURRIVWRUH\VWKHYDULDELOLW\VXUURXQGLQJWKH0$)56LV
TXLWHVLJQLILFDQW$GGLWLRQDOO\UHJDUGOHVVRIWKH,0LQYHVWLJDWHGWKHYDULDELOLW\GXHWRPDVRQU\
LQILOOV¶SURSHUWLHVLVOHVVVLJQLILFDQWIRUSHULRGVORQJHUWKDQV
4.3

Comparison of MAFRS for bare and infilled frame configurations

)RUFRPSOHWHQHVVDQGWRIXUWKHUKLJKOLJKWWKHGLIIHUHQFHVLQWKHVKDSHDQGRQWKHSaLQWHQVLW\
DWGLIIHUHQWSHULRGVEHWZHHQWKHWZRVWUXFWXUDOFRQILJXUDWLRQVWKHUHVXOWVRI0$)56IRULQILOOHG
DQGEDUHIUDPHVDUHFRPSDUHGKHUHLQ)LJXUHLOOXVWUDWHVWKHGDPSHG0$)56DWWKHILUVW
DQGURRIOHYHOVIRU6/6/IRUERWKVWUXFWXUDOFRQILJXUDWLRQV5HJDUGOHVVRIWKHVHOHFWHGPDVRQU\
LQILOOW\SHWKHVKDSHRIWKH)56IRUWKHLQILOOHGIUDPHVLVTXLWHGLIIHUHQWIURPWKHRQHVGHULYHG
IRUWKHEDUHIUDPH FRQILJXUDWLRQV 7KH SaSHDNVDUHLQWKHUDQJHRI ൊ >V@LQ WKHFDVH RI
LQILOOHGIUDPHVZKHUHDVLQFDVHRIEDUHIUDPHVGXHWRDORQJHUILUVWHODVWLFSHULRGWKHSaSHDNV
DUHQRWUHVWULFWHGWR DOLPLWHGUDQJHRISHULRGVEXWDUHUDWKHUDVVRFLDWHGZLWKDZLGHUSHULRG
UDQJHRIൊ>V@0RUHRYHULWLVQRWHZRUWK\WKDWIRUWKHEDUHIUDPH¶VSRUWIROLRDQDO\VHGWKH
SaSHDNVGXHWRKLJKHUPRGHHIIHFWVDUHLQWKHUDQJHRI·>V@GHSHQGLQJRQWKHQXPEHURI
VWRUH\V,QWKHODWWHUUDQJHWKHSaLQWHQVLW\RIWKHEDUHIUDPHFRQILJXUDWLRQLVORZHUWKDQWKHRQH
RIWKHLQILOOHGIUDPHFRQILJXUDWLRQVIRUWKHYDVWPDMRULW\RIFDVHV
$VUHJDUGVWKHSaDWGLIIHUHQWSHULRGVDTXLWHUHOHYDQWLPSDFWRIWKHPDVRQU\LQILOOVRQWKH
$)56LVREVHUYHGHVSHFLDOO\XQWLOVZKHUHDVIRUKLJKHUSHULRGVWKHSaRIEDUHIUDPHVDUH
PRVWRIWHQKLJKHUWKDQWKRVHRIWKHLQILOOHGIUDPHV7KHUHDUHVRPHH[SHFWHGLPSOLFDWLRQVRI
VXFK GLIIHUHQFHV LQ WHUPV RI VHLVPLF ULVN DW ERWK VLQJOHEXLOGLQJ DQG SRUWIROLR VFDOH )RU
LQVWDQFH LI IRU DQ LQILOOHG IUDPH WKH DFFHOHUDWLRQ VHQVLWLYH QRQVWUXFWXUDO FRPSRQHQWV DUH
FKDUDFWHULVHGE\DSHULRGRIYLEUDWLRQLQWKHUDQJHRIൊ>V@WKHVHLVPLFGHPDQGLQWHUPVRI
DFFHOHUDWLRQ RQ WKRVH FRPSRQHQWV ZRXOG EH FRPSOHWHO\ GLIIHUHQWDQG PXFK KLJKHU WKDQ WKDW
GHULYHGIURPDEDUHIUDPHFRQILJXUDWLRQ0RUHRYHUVLQFHWKHVLPSOLILHGPHWKRGVDYDLODEOHLQ
WKHOLWHUDWXUHGRQRWDFFRXQWIRUWKHSUHVHQFHRIPDVRQU\LQILOOVWKHLPSDFWRIWKHODWWHURQWKH
VKDSHDQGRQWKHSaPDJQLWXGHLWVHOIFRXOGEHXQGHUHVWLPDWHGHYHQVLJQLILFDQWO\LQFRPSDULVRQ
ZLWK1/7+$GULYHQFRXQWHUSDUWV
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D

E
)LJXUH0$)56IRUERWKLQILOOHGDQGEDUHIUDPHVWUXFWXUDOW\SRORJ\[ DW D ILUVWOHYHODQG E URRI
OHYHOIRU6/6/
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5

CONCLUSIONS

6LJQLILFDQWHIIRUWVKDYHEHHQPDGHLQWKHUHFHQWSDVWWRLQYHVWLJDWHWKHLQIOXHQFHRIPDVRQU\
LQILOOVRQWKHVHLVPLFSHUIRUPDQFHRIH[LVWLQJ5&EXLOGLQJV+RZHYHUOHVVDWWHQWLRQKDVEHHQ
SDLG WR WKH HYDOXDWLRQ RI WKH UROH RI WKHLU YDULDELOLW\ RQ SHDN IORRU DFFHOHUDWLRQV DQG IORRU
UHVSRQVH VSHFWUD 7R DGGUHVV WKLV JDS WKLV VWXG\ LQYHVWLJDWHV WKH LQIOXHQFH RI GLIIHUHQW
W\SRORJLHVRIPDVRQU\LQILOOVRQWKHDFFHOHUDWLRQIORRUUHVSRQVHVSHFWUD $)56 DVZHOODVWKH
GLIIHUHQFHVLQWHUPVRISaLQWHQVLW\DQGVKDSHRI$)56EHWZHHQLQILOOHGDQGEDUHIUDPHV,Q
SDUWLFXODU D PDFUROHYHO GLVWLQFWLRQ RI PDVRQU\ LQILOOV WKDW GHILQHV ILYH W\SRORJLHV
UHSUHVHQWDWLYH RI WKH LQILOO SURSHUWLHV FRPPRQO\ DGRSWHG LQ WKH (XURSHDQ FRQWH[W KDV EHHQ
XVHG
7KHUHVXOWVRIWKLVVWXG\TXDQWLWDWLYHO\SRLQWHGRXWKRZWKHVHLVPLFGHPDQGWRZKLFKWKH
16(VDUHVXEMHFWHGLVVLJQLILFDQWO\DIIHFWHGE\WKHLQWHUDFWLRQRIWKHPDVRQU\LQILOOVZLWKWKH
VXUURXQGLQJ5&IUDPHVDQGE\WKHYDULDELOLW\LQWKHLUPHFKDQLFDOSURSHUWLHV1HJOHFWLQJWKH
PDVRQU\LQILOOVLQWKHQXPHULFDOPRGHOOLQJVKRXOGWKHUHIRUHEHDYRLGHGSD\LQJFDUHIXODWWHQWLRQ
WRWKHVWUXFWXUDOGHWDLOVRIWKHDQDO\VHGEXLOGLQJ LHPDVRQU\LQILOOVFRQQHFWHGRUGLVFRQQHFWHG
WRVXUURXQGLQJIUDPH 7KH$)56KDYHEHHQFRPSDUHGLQGHWDLOIRUWZRGLIIHUHQWVWRUH\VDQG
FRQVLGHULQJWZRVHLVPLFLQWHQVLW\OHYHOV7KHIORRUVSHFWUDODFFHOHUDWLRQV 6D UHFRUGHGLQWKH
LQILOOHG IUDPHV DUH VLJQLILFDQWO\ KLJKHU WKDQ WKRVH REVHUYHG LQ WKH EDUH IUDPHV IRU ERWK
FRQVLGHUHG VWRUH\ OHYHOV DQG VHLVPLF LQWHQVLWLHV ,Q WHUPV RI $)56 VKDSH WKH RQHV IRU EDUH
IUDPH DUH JHQHUDOO\ VPRRWKHU ZKLOH LQ WKH LQILOOHG IUDPHV WKH 6D SHDNV WKDW OD\ DW WKH
IXQGDPHQWDOSHULRGVRIWKH5&IUDPHVDUHPRUHHYLGHQW7KHLPSDFWRIWKHYDULDELOLW\LQWKH
PDVRQU\LQILOOVLVHYLGHQWDOWKRXJKGLIIHUHQWWUHQGVDUHREVHUYHGIRUORZULVHDQGPHGLXPULVH
EXLOGLQJV,QSDUWLFXODUIRUORZHUEXLOGLQJVWKHKLJKHU6DYDOXHVDUHGXHWRZHDNDQGZHDNWR
PHGLXP PDVRQU\ LQILOOV ZKHUHDV IRU WDOOHU EXLOGLQJV WKH WUHQG LV UHYHUVHG ZLWK WKH KLJKHU
YDOXHVJHQHUDWHGE\PHGLXPWRVWURQJDQGVWURQJPDVRQU\LQILOOV
7KHVHUHVXOWVFDQEHXVHGIRULQVWDQFHWRFRUUHFWO\GHILQHWKHVHLVPLFGHPDQGLPSRVHGRQ
16(VDQGFRQVHTXHQWO\WRUHDOLVWLFDOO\SHUIRUPWKHGHVLJQRUDVVHVVH[SHFWHGDQQXDOORVVHV
0RUHRYHU WKLV VWXG\ IXUWKHU GHPRQVWUDWHV WKDW WKH YDULDELOLW\ UHODWHG WR WKH PDVRQU\ LQILOOV
LQGXFHVVLJQLILFDQWGLVSHUVLRQRQWKH$)56DQGVKHGVOLJKWLQWRKRZQHJOHFWLQJWKHPDVRQU\
LQILOOYDULDELOLW\FDQEHKLJKO\PLVOHDGLQJDQGOHDGWRUHVXOWVWKDWDUHQRWUHDOLVWLFSDUWLFXODUO\
IRUVHLVPLFGHPDQGRQ16(VLQUHJLRQDOVFDOHIUDPHZRUNV$OWKRXJKVRPHVLPSOLILHGPHWKRGV
DUHDYDLODEOHLQWKHOLWHUDWXUHDQGFRGHVWRSUHGLFWWKH)56RI5&EXLOGLQJVWKHLQIOXHQFHRI
PDVRQU\LQILOOVZKLFKDUHW\SLFDOO\SUHVHQWLQWKH,WDOLDQDQG(XURSHDQEXLOGLQJSRUWIROLRVKDV
QRW\HWEHHQFRPSUHKHQVLYHO\DFFRXQWHGIRU)RUWKLVUHDVRQLWLVHYLGHQWWKDWIXUWKHUHIIRUWV
DUHVWLOOUHTXLUHGWRLPSURYHVXFKVLPSOLILHGPHWKRGRORJLHV

REFERENCES
>@ '3HUURQH30&DOYL51DVFLPEHQH(&)LVFKHU*0DJOLXOR6HLVPLFSHUIRUPDQFH
RIQRQVWUXFWXUDOHOHPHQWVGXULQJWKHFHQWUDOLWDO\HDUWKTXDNH%XOO(DUWKTXDNH(QJ
KWWSVGRLRUJV
>@ *-2¶5HLOO\'3HUURQH0)R[50RQWHLUR$)LOLDWUDXOW6HLVPLFDVVHVVPHQWDQG
ORVVHVWLPDWLRQRIH[LVWLQJVFKRROEXLOGLQJVLQ,WDO\(QJ6WUXFW  ±
>@ 59LOODYHUGH 6HLVPLF GHVLJQ RI VHFRQGDU\ VWUXFWXUHV VWDWH RI WKH DUW - 6WUXFW (QJ
  ±
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>@ ( 0LUDQGD 6 7DJKDYL (VWLPDWLRQ RI 6HLVPLF 'HPDQGV RQ $FFHOHUDWLRQVHQVLWLYH
1RQVWUXFWXUDO&RPSRQHQWVLQ&ULWLFDO)DFLOLWLHV3URFHHGLQJVRIWKH6HPLQDURQ6HLVPLF
'HVLJQ3HUIRUPDQFHDQG5HWURILWRI1RQVWUXFWXUDO&RPSRQHQWVLQ&ULWLFDO)DFLOLWLHV
$7&í1HZSRUW%HDFK&$í
>@ &'HO9HFFKLR0'/XGRYLFR$3URWD5HSDLUFRVWVRIUHLQIRUFHGFRQFUHWHEXLOGLQJ
FRPSRQHQWVIURPDFWXDOGDWDDQDO\VLVWRFDOLEUDWHGFRQVHTXHQFHIXQFWLRQV(DUWKTXDNH
6SHFWUD  GRL
>@ 35LFFL)'H/XFD*09HUGHUDPH/¶$TXLODHDUWKTXDNH,WDO\UHLQIRUFHGFRQFUHWH
EXLOGLQJSHUIRUPDQFH%XOO(DUWKT(QJ±
>@ $ %HOOHUL ( %UXQHVL 5 1DVFLPEHQH 0 3DJDQL 3 5LYD 6HLVPLF SHUIRUPDQFH RI
SUHFDVW LQGXVWULDO IDFLOLWLHV IROORZLQJ PDMRU HDUWKTXDNHV LQ WKH ,WDOLDQ WHUULWRU\ -
3HUIRUPDQFH&RQVWUXFW)DFLOLW\$6&(  
>@ :6DOYDWRUH6&DSULOL9%DUEHUL5DSSRUWRGHLGDQQLSURYRFDWLGDOO¶HYHQWRVLVPLFR
GHO  $SULOH VXJOL HGLILFL VFRODVWLFL GHO FHQWUR VWRULFR GHOO¶$TXLOD DYDLODEOH
RQOLQHKWWSZZZUHOXLVLW
>@ &(1 (XURFRGH  ± 'HVLJQ SURYLVLRQV IRU HDUWKTXDNH UHVLVWDQW VWUXFWXUHV (1
&RPLWH(XURSHHQGH1RUPDOL]DWLRQ%UXVVHOV%HOJLXP
>@ $6&(0LQLPXPGHVLJQORDGVIRUEXLOGLQJVDQGRWKHUVWUXFWXUHV$6&(6(,6WDQGDUG
$PHULFDQ6RFLHW\RIFLYLOHQJLQHHUV5HVWRQ
>@ & 3HWURQH * 0DJOLXOR * 0DQIUHGL 6HLVPLF GHPDQG RQOLJKW DFFHOHUDWLRQVHQVLWLYH
QRQVWUXFWXUDO FRPSRQHQWV LQ (XURSHDQ UHLQIRUFHG FRQFUHWH EXLOGLQJV (DUWKTXDNH (QJ
6WUXFW'\Q  ±
>@ 7-6XOOLYDQ30&DOYL51DVFLPEHQH7RZDUGVLPSURYHGIORRUVSHFWUDHVWLPDWHVIRU
VHLVPLFGHVLJQ(DUWKTXDNHV6WUXFW  ±
>@ '3:HOFK7-6XOOLYDQ,OOXVWUDWLRQDQHZSRVVLELOLW\IRUWKHHVWLPDWLRQRIIORRUVSHFWUD
LQ QRQOLQHDU PXOWLGHJUHH RI IUHHGRP V\VWHPV WK :RUOG &RQIHUHQFH RQ (DUWKTXDNH
(QJLQHHULQJ6DQWLDJR&KLOH-DQXDU\3DSHU1
>@ 30&DOYL7-6XOOLYDQ(VWLPDWLQJIORRUVSHFWUDLQPXOWLSOHGHJUHHRIIUHHGRPV\VWHPV
(DUWKTXDNH6WUXFW  ±
>@ 9 9XNREUDWRYLF 3 )DMIDU $ PHWKRG IRU WKH GLUHFW HVWLPDWLRQ RI IORRU DFFHOHUDWLRQ
VSHFWUD IRU HODVWLF DQG LQHODVWLF 0'2) VWUXFWXUHV (DUWKTXDNH (QJ 6WUXFW '\Q
  ±
>@ 30 &DOYL 5HODWLYH GLVSODFHPHQW IORRU VSHFWUD IRU VHLVPLF GHVLJQ RI QRQ VWUXFWXUDO
HOHPHQWV-(DUWKTXDNH(QJ  ±
>@ 5 0HULQR ' 3HUURQH $ )LOLDWUDXOW   ³&RQVLVWHQW IORRU UHVSRQVH VSHFWUD IRU
SHUIRUPDQFHEDVHGVHLVPLFGHVLJQRIQRQVWUXFWXUDOHOHPHQWV´(DUWKTXDNH(QJLQHHULQJ
DQG6WUXFWXUDO'\QDPLFV  KWWSVGRLRUJHTH
>@ $)LOLDWUDXOW'3HUURQH50HULQR*0&DOYL3HUIRUPDQFH%DVHG6HLVPLF'HVLJQRI
1RQ6WUXFWXUDO
%XLOGLQJ
(OHPHQWV
-
(DUWKTXDNH
(QJ

KWWSVGRLRUJ
>@ $ /XFFKLQL ) 0ROODLROL 3 %D]]XUUR )ORRU UHVSRQVH VSHFWUD IRU EDUH DQG LQILOOHG
UHLQIRUFHGFRQFUHWHIUDPHV-(DUWKTXDNH(QJ  ±
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>@ 0 6XUDQD 0 3LVRGH < 6LQJK '+ /DQJ (IIHFW RI 850 LQILOOV RQ LQHODVWLF IORRU
UHVSRQVHRI5&IUDPHEXLGLQJV(QJ6WUXFW±
>@ '3HUURQH(%UXQHVL$)LOLDWUDXOW51DVFLPEHQH3UREDELOLVWLFHVWLPDWLRQRIIORRU
UHVSRQVHVSHFWUDLQPDVRQU\LQILOOHGUHLQIRUFHGFRQFUHWHEXLOGLQJSRUWIROLR(QJLQHHULQJ
6WUXFWXUHVKWWSVGRLRUJMHQJVWUXFW
>@ * 0XFHGHUR ' 3HUURQH 5 0RQWHLUR 1RQOLQHDU VWDWLF FKDUDFWHULVDWLRQ RI PDVRQU\
LQILOOHG 5& EXLOGLQJ SRUWIROLRV DFFRXQWLQJ IRU YDULDELOLW\ RI LQILOO SURSHUWLHV %XOO
(DUWKTXDNH(QJ±  KWWSVGRLRUJV
>@ KWWSGDWLFHQVLPHQWRSRSROD]LRQHLVWDWLW,QGH[DVS[
>@ )'H/XFD(0RUFLDQR'3HUURQH$LHOOR0$0,'0DVRQU\,QILOOHG5&)UDPH
([SHULPHQWDO 'DWDEDVH ,Q GL 3ULVFR 0 0HQHJRWWR 0 HGV  3URFHHGLQJV RI ,WDOLDQ
&RQFUHWH'D\V,&'/HFWXUH1RWHVLQ&LYLO(QJLQHHULQJYRO6SULQJHU
&KDP
>@ .6DVVXQ7-6XOOLYDQ30RUDQGL'&DUGRQH&KDUDFWHULVLQJWKH,Q3ODQH6HLVPLF
3HUIRUPDQFH RI ,QILOO 0DVRQU\ %XOOHWLQ RI WKH 1HZ =HDODQG 6RFLHW\ IRU (DUWKTXDNH
(QJLQHHULQJ
>@ 07'H5LVL&'HO*DXGLR35LFFL*09HUGHUDPH,QSODQHEHKDYLRXUDQGGDPDJH
DVVHVVPHQWRIPDVRQU\LQIOOVZLWKKROORZFOD\EULFNVLQ5&IUDPHV(QJ6WUXFW±

>@ KWWSVZZZJRRJOHFRPPDSV
>@ *09HUGHUDPH35LFFL0(VSRVLWR)&6DQVLYLHUR/HFDUDWWHULVWLFKHPHFFDQLFKH
GHJOLDFFLDLPSLHJDWLQHOOHVWUXWWXUHLQFDUHDOL]]DWHGDODO$WWLGHO;;9,
&RQYHJQR 1D]LRQDOH $,&$3 /H SURVSHWWLYH GL VYLOXSSR GHOOH RSHUH LQ FDOFHVWUX]]R
VWUXWWXUDOHQHOWHU]RPLOOHQQLR LQ,WDOLDQ 3DGXD,WDO\
>@ $ 0DVL $ 'LJULVROR * 6DQWDUVLHUR &RQFUHWH VWUHQJWK YDULDELOLW\ LQ ,WDOLDQ 5&
EXLOGLQJV $QDO\VLV RI D ODUJH GDWDEDVH RI FRUH WHVWV $SSO 0HFK 0DWHU  ±

>@ '&HODUHF35LFFL0'ROãHN7KHVHQVLWLYLW\RIVHLVPLFUHVSRQVHSDUDPHWHUVWRWKH
XQFHUWDLQ PRGHOOLQJ YDULDEOHV RI PDVRQU\LQILOOHG UHLQIRUFHG FRQFUHWH IUDPHV
(QJLQHHULQJ6WUXFWXUHV9ROSS±
>@ 0'ROãHN6LPSOLILHGPHWKRGIRUVHLVPLFULVNDVVHVVPHQWRIEXLOGLQJVZLWKFRQVLGHUDWLRQ
RI DOHDWRU\ DQG HSLVWHPLF XQFHUWDLQW\ 6WUXFWXUH DQG ,QIUDVWUXFWXUH (QJLQHHULQJ
0DLQWHQDQFH0DQDJHPHQW/LIH&\FOH'HVLJQDQG3HUIRUPDQFH9RO1RSS±

>@ $)0RKDPPDG0)DJJHOOD5*LJOLRWWL(6SDFRQH3UREDELOLVWLFVHLVPLFUHVSRQVH
VHQVLWLYLW\RIQRQOLQHDUIUDPHEHQGLQJVKHDUDQGLQILOOPRGHOSDUDPHWHUVIRUDQH[LVWLQJ
LQILOOHG UHLQIRUFHG FRQFUHWH VWUXFWXUH ,Q 3URFHHGLQJV RI WKH 7ZHOIWK ,QWHUQDWLRQDO
&RQIHUHQFH RQ &RPSXWDWLRQDO 6WUXFWXUHV 7HFKQRORJ\ %+9 7RSSLQJ DQG 3 ,YiQ\L
(GLWRUV &LYLO&RPS3UHVV6WLUOLQJVKLUH6FRWODQG
>@ *0&DOYL'%RORJQLQL6HLVPLFUHVSRQVHRI5&IUDPHVLQILOOHGZLWKZHDNO\UHLQIRUFHG
PDVRQU\SDQHOV-RXUQDORI(DUWKTXDNH(QJLQHHULQJ  
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>@ 30RUDQGL6+DN*0DJHQHV3HUIRUPDQFHEDVHGLQWHUSUHWDWLRQRILQSODQHF\FOLF
WHVWV RQ 5& IUDPHV ZLWK VWURQJ PDVRQU\ LQILOOV (QJLQHHULQJ 6WUXFWXUHV  ±

>@ /&DYDOHUL)'L7UDSDQL&\FOLFUHVSRQVHRIPDVRQU\LQILOOHG5&IUDPHV([SHULPHQWDO
UHVXOWVDQGVLPSOLILHGPRGHOLQJ6RLO'\QDPLFVDQG(DUWKTXDNH(QJLQHHULQJ

>@ 6+DN30RUDQGL*0DJHQHV7-6XOOLYDQ'DPDJHFRQWUROIRUFOD\PDVRQU\LQILOOV
LQ WKH GHVLJQ RI 5& IUDPH VWUXFWXUHV -RXUQDO RI (DUWKTXDNH (QJLQHHULQJ  6  

>@ *0XFHGHUR'3HUURQH(%UXQHVL50RQWHLUR1XPHULFDO0RGHOOLQJDQG9DOLGDWLRQ
RI WKH 5HVSRQVH RI 0DVRQU\,QILOOHG5&)UDPHV 8VLQJ([SHULPHQWDO 7HVWLQJ 5HVXOWV
%XLOGLQJV
>@ *%ODVL'3HUURQH0$$LHOOR)UDJLOLW\IXQFWLRQVDQGIORRUVSHFWUDRI5&PDVRQU\
LQILOOHG IUDPHV LQIOXHQFH RI PHFKDQLFDO SURSHUWLHV RI PDVRQU\ LQILOOV´ %XOOHWLQ RI
(DUWKTXDNH (QJLQHHULQJ   KWWSVGRLRUJV

>@ 0LQLVWHULDO'HFUHH '0 'HVLJQFRGHRIUHLQIRUFHGFRQFUHWHSUHVWUHVVHG
FRQFUHWHDQGVWHHOVWUXFWXUHV LQ,WDOLDQ 
>@ 0LQLVWHULDO'HFUHH '0 $PHQGPHQWVWRPLQLVWHULDOLQVWUXFWLRQV-XQH
UHODWLQJWRWKHPLQLPXPKHLJKWDQGWRWKHPDLQVDQLWDWLRQUHTXLUHPHQWVRIWKHOLYLQJ
TXDUWHUV LQ,WDOLDQ 
>@ ,(%DO+&URZOH\53LQKR**XOD\6WUXFWXUDOFKDUDFWHULVWLFVRI7XUNLVKEXLOGLQJ
VWRFNLQ1RUWKHUQ0DUPDUD5HJLRQIRU/RVV$VVHVVPHQW$SSOLFDWLRQV526(5HVHDUFK
5HSRUW,8663UHVV3DYLD,WDO\
>@ 96LOYD+&URZOH\+9DUXP53LQKR/6RXVD,QYHVWLJDWLRQRIWKHFKDUDFWHULVWLFV
RI3RUWXJXHVHUHJXODUPRPHQWIUDPH5&EXLOGLQJVDQGGHYHORSPHQWRIDYXOQHUDELOLW\
PRGHO
>@ *- 2¶5HLOO\ 7- 6XOOLYDQ 0RGHOLQJ WHFKQLTXHV IRU WKH VHLVPLF DVVHVVPHQW RI WKH
H[LVWLQJ ,WDOLDQ 5& )UDPH 6WUXFWXUHV -RXUQDO RI (DUWKTXDNH (QJLQHHULQJ '2,
%XOOHWLQRI(DUWKTXDNH(QJLQHHULQJ  
>@ '3HUURQH*-2¶5HLOO\50RQWHLUR$)LOLDWUDXOW$VVHVVLQJVHLVPLFULVNLQW\SLFDO
,WDOLDQ VFKRRO EXLOGLQJV IURP LQVLWX VXUYH\ WR ORVV HVWLPDWLRQ ,QWHUQDWLRQDO -RXUQDO
'LVDVWHU5LVN5HGXFWLRQ
>@ )0F.HQQD*)HQYHV)&)LOLSSRX60D]]RQL  2SHQV\VWHPIRUHDUWKTXDNH
HQJLQHHULQJ
VLPXODWLRQ
2SHQ6HHV 
KWWSRSHQVHHVEHUNHOH\HGXZLNLLQGH[SKS0DLQB3DJH
>@ 0+6FRWW*/)HQYHV  3ODVWLFKLQJHLQWHJUDWLRQPHWKRGVIRUIRUFHEDVHGEHDP±
FROXPQHOHPHQWV$6&(-RXUQDORI6WUXFWXUDO(QJLQHHULQJ9RO1R
>@ *- 2¶5HLOO\ 3HUIRUPDQFH%DVHG 6HLVPLF $VVHVVPHQW DQG 5HWURILW RI ([LVWLQJ 5&
)UDPH%XLOGLQJVLQ,WDO\3K'7KHVLV,8663DYLD,WDO\
>@ '.=LPRV3(0HUJRV$-.DSSRV6KHDUK\VWHUHVLVPRGHOIRUUHLQIRUFHGFRQFUHWH
HOHPHQWV LQFOXGLQJ WKH SRVWSHDN UDQJH &203'<1 WK (&&20$6 7KHPDWLF
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&RQIHUHQFH RQ &RPSXWDWLRQDO 0HWKRGV LQ 6WUXFWXUDO '\QDPLFV DQG (DUWKTXDNH
(QJLQHHULQJ&UHWH,VODQG*UHHFH
>@ 6 3DPSDQLQ * 0DJHQHV $ &DUU 0RGHOOLQJ RI VKHDU KLQJH PHFKDQLVP LQ SRRUO\
GHWDLOHG 5& EHDP FROXPQ MRLQWV &RQFUHWH 6WUXFWXUHV LQ 6HLVPLF 5HJLRQV $WKHQV
*UHHFH
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UHVRXUFH 6ZLVV 6HLVPRORJLFDO 6HUYLFH  S (7+ =XULFK =XULFK 6ZLW]HUODQG
>KWWSZZZHIHKURUJMHWVSHHG@
>@ '0 %RRUH *0 $WNLQVRQ *URXQGPRWLRQ SUHGLFWLRQ HTXDWLRQV IRU WKH DYHUDJH
KRUL]RQWDOFRPSRQHQWRI3*$3*9DQG'DPSHG36$DWVSHFWUDOSHULRGVEHWZHHQ
VDQGV(DUWKTXDNH6SHFWUD  
>@ 3((5  ± 3((5 1*$:HVW 'DWDEDVH E\ 7LPRWK\ ' $QFKHWD 5REHUW %
'DUUDJK-RQDWKDQ36WHZDUW(PHO6H\KDQ:DOWHU-6LOYD%ULDQ6-&KLRX.DWLH(
:RRGGHOO5REHUW:*UDYHV$OEHUW5.RWWNH'DYLG0%RRUH7DGDKLUR.LVKLGDDQG
-HQQLIHU/'RQDKXH
>@ 0LQLVWU\'HFUHHQ$OOHJDWR$OLQHHJXLGDSHUODFODVVLIFD]LRQHGHOULVFKLR
VLVPLFR GHOOH FRVWUX]LRQL LQ ,WDOLDQ  ,WDOLDQ 0LQLVWU\ RI ,QIUDVWUXFWXUHV DQG 7UDVSRUW
,WDO\KWWSZZZPLWJRYLWQRUPDWLYDGHFUHWRPLQLVWHULDOHQXPHURGHO
>@ (&RVHQ]D&'HO9HFFKLR0'L/XGRYLFRHWDO7KH,WDOLDQJXLGHOLQHVIRUVHLVPLF
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EFFECT OF IN-PLANE/OUT-OF-PLANE INTERACTION IN INFILL
WALLS ON THE FLOOR SPECTRA OF REINFORCED CONCRETE
BUILDINGS
Mariano Di Domenico, Paolo Ricci, and Gerardo M. Verderame
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HPDLO^PDULDQRGLGRPHQLFRSDRORULFFLYHUGHUDP`#XQLQDLW

Abstract
Currently, in the framework of performance-based earthquake engineering, the seismic assessment of buildings should be performed by considering the safety of non-structural components.
This is necessary to protect human life safety from their collapse, as well as to limit the economic losses associated with their damage. Typically, the safety assessment of non-structural
components is performed with a force-based approach, i.e., by comparing their force/acceleration capacity with the expected force/acceleration demand under the design earthquake scenario, i.e., with reference to different limit states.
Different acceleration demand models, i.e., floor response spectra, exist, but relatively few of
them were defined by considering the influence on the structural response of the in-plane response of infill walls, and none of them by considering the so-called “in-plane/out-of-plane
interaction” effects. In other words, it is nowadays well known that the out-of-plane damage of
unreinforced masonry infills affects their in-plane response, thus influencing the seismic response (and the floor response spectra) of the supporting structure.
In this paper, non-linear time-history analyses are performed on reinforced concrete framed
buildings with different number of storeys, design level, and infill wall layout. The analyses are
performed on the bare structure as well as on the infilled structure by considering and by not
considering the in-plane/out-of-plane interaction effects in the infill wall model. The acceleration floor spectra derived from the analyses are compared, thus investigating the potential effect of the in-plane/out-of-plane interaction effect on the expected acceleration demand acting
on infill walls.
Keywords:5&VWUXFWXUHLQILOOZDOORXWRISODQHVHLVPLFDVVHVVPHQWIORRUVSHFWUXP
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1

INTRODUCTION

,QWKHIUDPHZRUNRISHUIRUPDQFHEDVHGHDUWKTXDNHHQJLQHHULQJWKHVHLVPLFDVVHVVPHQWRI
QRQVWUXFWXUDOFRPSRQHQWVLVDSDUDPRXQWLVVXHLQIDFWPRVWRIWKHHDUWKTXDNHLQGXFHGGDPDJH
WREXLOGLQJVDQGWKHFRQVHTXHQWHFRQRPLFORVVHVLVUHODWHGWRWKHUHVSRQVHRIQRQVWUXFWXUDOHOH
PHQWV1RQHWKHOHVVWKHKHDY\GDPDJHRIFHUWDLQQRQVWUXFWXUDOFRPSRQHQWVVXFKDVLQILOOZDOOV
PD\HYHQWKUHDWHQKXPDQOLIHVDIHW\)RUWKHVHUHDVRQVWKHUHLVQHHGIRUWKHGHYHORSPHQWRI
UREXVWDQGUHOLDEOHPRGHOVIRUWKHDVVHVVPHQWRIFDSDFLW\DQGGHPDQGDVVRFLDWHGZLWKQRQVWUXF
WXUDO HOHPHQWV 7KLVZRUNLV IRFXVHGRQWKHGHILQLWLRQ RIWKHDFFHOHUDWLRQGHPDQG DFWLQJRQ
WKHPLHRQIORRUUHVSRQVHVSHFWUD
)ORRUUHVSRQVHVSHFWUDDUHDXVHIXOWRROIRUWKHDVVHVVPHQWRIWKHSVHXGRDFFHOHUDWLRQGH
PDQGDFWLQJRQDFFHOHUDWLRQVHQVLWLYHQRQVWUXFWXUDOFRPSRQHQWVZLWKLQDOLQHDUIRUFHEDVHGDS
SURDFKZKLFKLVW\SLFDORIWKHGHVLJQSURFHVVRIQHZEXLOGLQJV7RXQGHUVWDQGZKDWDIORRU
VSHFWUXPLVWKHVLPSOHVWZD\LVFRQVLGHULQJWKHXVXDODSSURDFKWRWKHVHLVPLFDQDO\VLVRID
EXLOGLQJ,WLVZHOONQRZQWKDWDVWUXFWXUHVXEMHFWHGWRDFHUWDLQHDUWKTXDNHLHWRDFHUWDLQ
JURXQGPRWLRQDFFHOHUDWLRQWLPHKLVWRU\ZLOOH[SHULHQFHDFHUWDLQPD[LPXPDFFHOHUDWLRQGH
PDQG ZKLFK LV GLIIHUHQW IURP WKH PD[LPXP DFFHOHUDWLRQ GHPDQG DW LWV EDVH ZKLFK LV DOVR
NQRZQDV3HDN*URXQG$FFHOHUDWLRQ 3*$ 7KLVRFFXUVVLQFHWKHJURXQGPRWLRQLVILOWHUHGE\
WKHVWUXFWXUHWKURXJKLWVPDVVGHIRUPDELOLW\DQGGDPSLQJSURSHUWLHVWKXVUHVXOWLQJLQDQDF
FHOHUDWLRQUHVSRQVHKLVWRU\RIWKHVWUXFWXUHGLIIHUHQWIURPWKDWDSSOLHGWRWKHEDVHDQGLQDPD[
LPXP SVHXGRDFFHOHUDWLRQ GHPDQG QDPHG SVHXGRVSHFWUDO DFFHOHUDWLRQ 6D  GLIIHUHQW IURP
3*$7KH6DDFWLQJRQDFHUWDLQVWUXFWXUHUHSUHVHQWHGE\DQHTXLYDOHQW6LQJOH'HJUHHRI)UHH
GRP 6'2) V\VWHPFKDUDFWHUL]HGE\YLEUDWLRQSHULRG7DQGGDPSLQJUDWLRȟFDQEHVLPSO\
FDOFXODWHGWKURXJKWKHSVHXGRDFFHOHUDWLRQUHVSRQVHVSHFWUXPRIWKHJURXQGPRWLRQ6LPLODUO\
WKHPD[LPXPSVHXGRVSHFWUDODFFHOHUDWLRQKHUHLQLGHQWLILHGDV36$DFWLQJRQDQRQVWUXFWXUDO
FRPSRQHQWUHSUHVHQWHGE\DQ6'2)V\VWHPZLWKYLEUDWLRQSHULRG7DDQGGDPSLQJUDWLRȟDVXS
SRUWHGE\DFHUWDLQIORRURIDVWUXFWXUHFDQEHFDOFXODWHGWKURXJKWKHSVHXGRDFFHOHUDWLRQUH
VSRQVH VSHFWUXP RI WKH DFFHOHUDWLRQ WLPHKLVWRU\ RI WKH VXSSRUWLQJ IORRU 7KLV SVHXGR
DFFHOHUDWLRQUHVSRQVHVSHFWUXPLVNQRZQDVIORRUUHVSRQVHVSHFWUXP
,QRWKHUZRUGVDVWLIIQRQVWUXFWXUDOFRPSRQHQW LHDQRQVWUXFWXUDOFRPSRQHQWZLWK7D  
DWWDFKHGWRDFHUWDLQIORRURIDVWUXFWXUHZLOOH[SHULHQFHD36$HTXDOWRWKHPD[LPXPDFFHOHU
DWLRQGHPDQGRIWKDWIORRUZKLFKLVQDPHG3HDN)ORRU$FFHOHUDWLRQ 3)$ DQGLVGLIIHUHQWIURP
WKH3*$,I7DLVKLJKHUWKDQ]HURWKH36$ZLOOEHGLIIHUHQWIURPWKH3)$GHSHQGHQWO\RQ7D
DQGȟD7KHVHFRQFHSWVDUHVXPPDUL]HGLQ)LJXUH
6R EDVHG RQ WKH DERYH GLVFXVVLRQ WKH VHLVPLF GHPDQG DFWLQJ RQ D FHUWDLQ QRQVWUXFWXUDO
FRPSRQHQWVXSSRUWHGE\DFHUWDLQIORRURIWKHVWUXFWXUHFDQEHNQRZQLIWKH3)$RIWKDWIORRU
DQGWKHIORRUVSHFWUDOVKDSHDUHNQRZQ,QDGGLWLRQEDVHGRQWKHDERYHGLVFXVVLRQLWLVSRVVLEOH
WRGHILQHVRPHSDUDPHWHUVWKDWLQWXLWLYHO\DUHH[SHFWHGWRKDYHDQLQIOXHQFHRQWKH3)$DQG
RQWKHVSHFWUDOVKDSH5HJDUGLQJWKH3)$RQHFDQH[SHFWLWVGHSHQGHQFHRQWKH3*$YDOXH WKH
KLJKHUWKH3*$WKHKLJKHUWKH3)$ DQGRQWKHKHLJKWRIWKHVSHFLILFIORRUFRQVLGHUHG]SR
WHQWLDOO\QRUPDOL]HGZLWKUHVSHFWWRWKHWRWDOEXLOGLQJKHLJKW+5HJDUGLQJWKHVSHFWUDOVKDSH
RQHFDQH[SHFW WKDW WKH 36$LV DPSOLILHGRUGHDPSOLILHGZLWK UHVSHFW WRWKH3)$ZLWK WKH
PD[LPXPDPSOLILFDWLRQH[SHFWHGGXHWRUHVRQDQFHRIWKHQRQVWUXFWXUDOFRPSRQHQWDQGRIWKH
VWUXFWXUHLHZKHQ7DLVFORVHUWRWKHIXQGDPHQWDOYLEUDWLRQSHULRG V RIWKHVXSSRUWLQJVWUXF
WXUH$VZLOOEHVKRZQODWHULQWKLVSDSHUIXUWKHUSDUDPHWHUVPD\KDYHDSDUDPRXQWLQIOXHQFH
RQERWKWKH3)$GLVWULEXWLRQDORQJWKHEXLOGLQJKHLJKWDQGWKHIORRUVSHFWUDOVKDSH
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PSA(Ta,ξa)
Response spectrum for a SDOF supported
by the third floor and subjected to the
third floor acceleration time history

a3(t)
PFA
t
Ta
THIRD FLOOR ACCELERATION TIME HISTORY
Sa(T,ξ)
Response spectrum for a SDOF supported
by the ground and subjected to the
ground motion acceleration time history

ag(t)

t

PGA

GROUND MOTION ACCELERATION TIME HISTORY

T



)LJXUH&RQFHSWRIIORRUUHVSRQVHVSHFWUXP

,Q WKLV VWXG\ WKH VWDWHRIWKHDUW RI FXUUHQW FRGH DQG OLWHUDWXUH IRUPXODWLRQV LV SUHVHQWHG
PDLQO\ WR GHILQHDV\VWHPDWLFUHYLHZRIWKHJHRPHWULFDQGPHFKDQLFDO VWUXFWXUDO SDUDPHWHUV
ZKLFKDUHH[SHFWHGWRLQIOXHQFHWKH3)$GLVWULEXWLRQDORQJWKHEXLOGLQJKHLJKWDQGWKHIORRU
VSHFWUDOVKDSH6HFRQGQRQOLQHDUPRGHOVRIEDUHDQGLQILOOHGFDVHVWXG\UHLQIRUFHGFRQFUHWH
IUDPHGEXLOGLQJVZLWKDQGVWRUH\VGHVLJQHGIRUGLIIHUHQW3*$OHYHOV JJ
JDQGJ DFFRUGLQJWR(XURFRGHVDUHGHILQHG7KHQQRQOLQHDUWLPHKLVWRU\DQDO\VHV
DUHSHUIRUPHGRQWKHFDVHVWXG\EXLOGLQJVWRHYDOXDWHIORRUUHVSRQVHVSHFWUD7KHQXPHULFDO
RXWFRPHVDUHFRPSDUHGLQRUGHUWRDQDO\]HWKHHIIHFWRIWKHSUHVHQFHRILQILOOZDOOVRQIORRU
UHVSRQVHVSHFWUDFRQVLGHULQJDQGQRWFRQVLGHULQJWKHRXWRISODQHUHVSRQVHRILQILOOZDOOVDQG
WKHPXWXDOLQWHUDFWLRQEHWZHHQWKHLULQSODQHDQGRXWRISODQHUHVSRQVH LHWKHLQSODQHRXW
RISODQHLQWHUDFWLRQ 7RWKLVDLPDUHFHQWRXWRISODQHDQGLQSODQHRXWRISODQHLQWHUDFWLRQ
PRGHOSURSRVHGE\WKH$XWKRUVRIWKLVVWXG\LVXSGDWHGLQRUGHUWRDFFRXQWIRUWKHSRWHQWLDO
VRIWHQLQJDQGF\FOLFGHJUDGDWLRQRIWKHRXWRISODQHUHVSRQVHRILQILOOZDOOV1RWHWKDWPRGHO
OLQJWKHRXWRISODQHUHVSRQVHRILQILOOVDQGWKHLQSODQHRXWRISODQHLQWHUDFWLRQLVDQRYHOW\
HOHPHQWIRUVWXGLHVGHGLFDWHGWRIORRUVSHFWUDDVVHVVPHQWZKLFKUDUHO\KDYHEHHQGHGLFDWHGWR
LQILOOHGEXLOGLQJVLQJHQHUDO
2

SUMMARY OF EXISTING FORMULATIONS

6HYHUDOVWXGLHVKDYHEHHQGHGLFDWHGWRIORRUUHVSRQVHVSHFWUDLQSDVWDQGUHFHQWWLPHV&RP
SUHKHQVLYHVWDWHRIWKHDUWUHYLHZVDUHSURSRVHGE\5RGULJXH]HWDO>@DQGE\9XNREUDWRYLü
>@,QWKLVVHFWLRQIRUWKHVDNHRIFRQFLVHQHVVWKHGLVFXVVLRQLVIRFXVHGRQUHFHQWSUDFWLFH
RULHQWHGSURSRVDOVDYDLODEOHLQWKHOLWHUDWXUHDVZHOODVRQPDLQFRGHSUHVFULSWLRQVUHJDUGLQJ
WKLVWRSLF
2.1 Code proposals
(XURFRGH>@LQVHFWLRQSURSRVHVDQH[SUHVVLRQIRUWKH36$DVVKRZQZLWKVRPH
PDQLSXODWLRQLQWKHQRPHQFODWXUHLQ(TXDWLRQ

͵ሺͳ  ݖΤ ܪሻ
ܲܵ ܣൌ ܲ ܣܩቈ
െ ͲǤͷ

ͳ  ሺͳ െ ܶ Τܶଵ ሻଶ
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,Q(TXDWLRQ7DLVWKHQRQVWUXFWXUDOHOHPHQWYLEUDWLRQSHULRGDQG7LVWKHIXQGDPHQWDO
YLEUDWLRQSHULRGRIWKHVWUXFWXUH,I7DHTXDOV]HURDOLQHDU3)$GLVWULEXWLRQDORQJWKHEXLOGLQJ
KHLJKWLVREWDLQHGDWYDU\LQJ]+UDWLR3)$UDQJHVIURP3*$ DW]HTXDOWR]HUR WR3*$
DW]HTXDOWR+ 2QWKHRWKHUKDQGWKHPD[LPXP36$LVREWDLQHGLI7DHTXDOV7,QWKLVFDVH
WKHPD[LPXP36$UDQJHVIURP3*$ DW]HTXDOWR]HUR WR3*$ DW]HTXDOWR+ ,W
VKRXOGEHQRWHGWKDWWKLVIRUPXODWLRQUHWXUQVDPD[LPXP36$3)$UDWLRGLIIHUHQWIRUHDFKIORRU
7KLVZLOOEHREVHUYHGDOVRIURPWKHQXPHULFDODQDO\VHVSHUIRUPHGLQWKLVVWXG\
$6&(6(,>@LQVHFWLRQSURSRVHVDQH[SUHVVLRQIRUWKH36$DVVKRZQZLWK
VRPHPDQLSXODWLRQLQWKHQRPHQFODWXUHLQ(TXDWLRQ
ݖ
ܲܵ ܣൌ ܲ ܣܩቀͳ  ʹ ቁ ܽ
ܪ



,Q(TXDWLRQDSLVDIDFWRUDFFRXQWLQJIRUWKHDPSOLILFDWLRQRIDFFHOHUDWLRQVGXHWRWKHGH
IRUPDELOLW\RIWKHQRQVWUXFWXUDOHOHPHQWUHSRUWHGLQ7DEOHRIWKHFRGH,WLVZRUWKQRWLQJ
WKDWWKH$PHULFDQDSSURDFKZLWKWKLVIDFWRUVLPSOLILHVWKHFDOFXODWLRQRIWKHVHLVPLFGHPDQG
DFWLQJRQQRQVWUXFWXUDOHOHPHQWVDVWKHUHLVQRQHHGRIDPRUHRUOHVVGHWDLOHGG\QDPLFFKDU
DFWHUL]DWLRQRIWKHQRQVWUXFWXUDOHOHPHQWUHTXLUHGIRUWKHGHWHUPLQDWLRQRILWVSHULRG7DZKLFK
HQWHUV(XURFRGH>@IRUPXODWLRQ([WHULRUQRQVWUXFWXUDOZDOOHOHPHQWVVXFKDVXQUHLQIRUFHG
PDVRQU\LQILOOVDUHDVVRFLDWHGZLWKDQDSIDFWRUHTXDOWR
$OVRDFFRUGLQJWRWKH$6&(6(,>@DSSURDFKWKH3)$YDULHVOLQHDUO\DORQJWKHEXLOG
LQJKHLJKW,WUDQJHVIURP3*$ DW]HTXDOWR]HUR WR3*$ DW]HTXDOWR+ 7KHPD[LPXP
YDOXHRIDSUHSRUWHGLQ7DEOHRIWKHFRGHLVHTXDOWR+HQFHWKHPD[LPXPSRVVLEOH
36$YDOXHLVDOZD\VHTXDOWR3)$LQGHSHQGHQWO\RQWKHIORRUFRQVLGHUHG
7KH1HZ=HDODQGFRGH1=6((>@LQVHFWLRQ&UHIHUVWRWKHORDGLQJFRGH1=6
>@IRUWKHFDOFXODWLRQRIIORRUUHVSRQVHVSHFWUD1=6>@LQVHFWLRQSUR
YLGHVWKHIRUPXODWLRQUHSRUWHGZLWKVRPHPDQLSXODWLRQLQWKHQRPHQFODWXUHLQ(TXDWLRQWR
FDOFXODWHWKH36$
ܲܵ ܣൌ ܲܥܣܩு ܥ ሺܶ ሻ



&+LLVFDOFXODWHGWKURXJKWKHIRUPXODWLRQVUHSRUWHGLQ(TXDWLRQDQGGHILQHVWKH3)$GLV
WULEXWLRQ DORQJ WKHEXLOGLQJ KHLJKWZKLFKLV LQ WKLV FDVHPXOWLOLQHDU 7KH3)$ UDQJHV IURP
3*$ DW]HTXDOWR]HUR WR3*$ DW]HTXDOWR+ 
ݖ
ܥு ൌ ቀͳ  ቁ

ݖ
ܥு ൌ ቀͳ  ͳͲ ቁ
ܪ
ୌ୧ ൌ ͵ǤͲ

IRUDOO]P

D 

IRU]+

E 

IRU]+

F 

,Q(TXDWLRQ&L 7D LVWKHVSHFWUDOVKDSHFRHIILFLHQW&L 7D LVH[SUHVVHGDVDIXQFWLRQRIWKH
SHULRG7DDQGUDQJHVIURPIRU7DKLJKHUWKDQVWRIRU7DORZHUWKDQV+HQFH
WKHPD[LPXPSRVVLEOH36$YDOXHLVDOZD\VHTXDOWR3)$LQGHSHQGHQWO\RQWKHIORRUFRQVLG
HUHG,WLVZRUWKQRWLQJWKDWLQWKLVFDVHWKHPD[LPXP36$YDOXHGHSHQGVRQWKH³DEVROXWH´
YDOXHRI7DLHLWGRHVQRWGHSHQGRQ7D7UDWLR
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$VDERYHVKRZQWKHSUHYLRXVFRGHSUHVFULSWLRQVJHQHUDOO\UHODWHWKH3)$OLQHDURUPXOWLOLQ
HDU GLVWULEXWLRQ DORQJ WKH EXLOGLQJ KHLJKW WR WKH IORRU KHLJKW QRUPDOL]HG ZLWK UHVSHFW WR WKH
EXLOGLQJKHLJKW LHWKHKLJKHU]+WKHKLJKHUWKH3)$ DQGWKH36$VSHFWUDOVKDSHWRWKHUDWLR
EHWZHHQWKH7DDQG7)URPERWKWKHVHIHDWXUHVLWFDQEHDVVXPHGWKDWWKH\UHODWHWKHIORRU
UHVSRQVHVSHFWUDWRWKHHODVWLFUHVSRQVHRIWKHVWUXFWXUHWRLWVILUVWYLEUDWLRQPRGH
7KHFRPPHQWDU\ &LUFRODUH>@ WRWKHFXUUHQW,WDOLDQEXLOGLQJFRGH 17&>@ 
GHILQHVD³ULJRURXV´DSSURDFKIRUWKHDVVHVVPHQWRIIORRUUHVSRQVHVSHFWUDDVZHOODVLPSOLILHG
DSSURDFKVSHFLILFIRUIUDPHGUHLQIRUFHGFRQFUHWHVWUXFWXUHV%RWKDFFRXQWIRUPXOWLPRGDOFRQ
WULEXWLRQVDQGIRUWKHHIIHFWRQIORRUUHVSRQVHVSHFWUDRIVWUXFWXUDOQRQOLQHDULW\,QIDFWVWUXF
WXUDOQRQOLQHDULW\OLPLWVWKHPD[LPXPIRUFHDFWLQJRQDVWUXFWXUHKHQFHLWDOVRPD\OLPLWWKH
PD[LPXP DFFHOHUDWLRQ DFWLQJ DW LWV IORRUV %RWK WRSLFV KDYH EHHQ DOVR KLJKOLJKWHG LQ UHFHQW
OLWHUDWXUHDVZLOOEHVKRZQLQWKHQH[WVXEVHFWLRQ
7KHULJRURXVDSSURDFKDFFRXQWVIRUPXOWLPRGDOFRQWULEXWLRQVEDVHGRQVLPSOHFRQVLGHUD
WLRQVUHODWHGWRVWUXFWXUDOG\QDPLFV,QIDFWWKH3)$LMDFWLQJDWWKHMWKIORRURIWKHVWUXFWXUH
DVVRFLDWHGZLWKLWVLWKYLEUDWLRQPRGHLVGHWHUPLQHGE\PHDQVRI(TXDWLRQ


ܲܣܨ ൌ ߁ ߮ ܵ ሺܶ ሻ

,Q(TXDWLRQīLLVWKHPRGDOSDUWLFLSDWLRQIDFWRURIWKHLWKYLEUDWLRQPRGHĳLMLVWKHPRGDO
GLVSODFHPHQWRIWKHMWKVWRUH\IRUWKHLWKYLEUDWLRQPRGH6D 7L LVWKHVSHFWUDODFFHOHUDWLRQRI
WKHVWUXFWXUHDVVRFLDWHGZLWKLWVLWKYLEUDWLRQSHULRGSRWHQWLDOO\UHGXFHGE\PHDQVRIWKHVWUXF
WXUHEHKDYLRXUIDFWRU7KH36$LVREWDLQHGIRUHDFKIORRUDQGIRUHDFKYLEUDWLRQPRGHFRQWUL
EXWLRQE\DPSOLI\LQJRUGHDPSOLI\LQJWKH3)$WKURXJKDQ5IDFWRU ZKLFKHTXDOV36$LM3)$LM 
FDOFXODWHGE\PHDQVRI(TXDWLRQ
ିଵ
ଶ

ܴ ൌ

ଶ

ܲܵܣ
ܶ
ܶ
ൌ ቌඨ൬ʹߦ ൰  ൬ͳ െ ൰ ቍ
ܲܣܨ
ܶ
ܶ



(TXDWLRQUHWXUQVD36$LMYDOXHHTXDOWRȟDWLPHV3)$LMIRU7D 7L7KHYDOXHRIWKHPD[
LPXPDPSOLILFDWLRQLVDFODVVLFDOUHVXOWRIWKHG\QDPLFRIWKHGDPSHG6'2)V\VWHP &KRSUD
>@ )RUHDFKVWRUH\WKHIORRUVSHFWUXPFDQEHREWDLQHGE\FRPELQLQJPXOWLPRGDOFRQWULEX
WLRQVWKURXJKWKH6566UXOHWKXVUHVXOWLQJLQDVSHFWUDOVKDSHZLWKPXOWLSOHSHDNVFRUUHVSRQG
LQJWRWKHQXPEHURIVLJQLILFDQWPRGHVFRQVLGHUHG,PSOLFLWO\DOVRWKH3)$DWWKHMWKIORRUFDQ
EHREWDLQHGWKURXJKWKH6566FRPELQDWLRQRIWKHGLIIHUHQWPRGDOFRQWULEXWLRQVWKXVUHVXOWLQJ
LQDSRWHQWLDOO\QRQPRQRWRQLFGLVWULEXWLRQDORQJWKHEXLOGLQJKHLJKW%RWKFLUFXPVWDQFHVZLOO
EHREVHUYHGDOVRIURPWKHDQDO\VHVUHVXOWVSUHVHQWHGLQWKLVVWXG\
5HJDUGLQJWKH3)$GLVWULEXWLRQLWLVZRUWKQRWLQJWKDW(TXDWLRQPD\\LHOGWRDGHDPSOL
ILFDWLRQ RI WKH 3)$ ZLWK UHVSHFW WR WKH 3*$ YDOXH HVSHFLDOO\ LQ ERWWRP IORRUV RI KLJKULVH
VWUXFWXUHV7KLVFLUFXPVWDQFHKDVEHHQREVHUYHGE\VRPHDXWKRUV HJ5RGULJXH]HWDO >@
3HWURQHHWDO>@6XUDQDHWDO>@ HVSHFLDOO\ZKHQDQDO\]LQJHODVWLFPRGHOVEXWQRWE\
RWKHUDXWKRUVDQGQHYHULQWKHDQDO\VHVSHUIRUPHGLQWKLVVWXG\$FRPPHQWWRWKLVLVVXHZLOO
EHJLYHQLQWKHQH[WVXEVHFWLRQZKHQGHVFULELQJWKHDSSURDFKSURSRVHGE\&DOYLDQG6XOOLYDQ
>@
7KHVLPSOLILHGDSSURDFKSURSRVHGE\WKH,WDOLDQUHJXODWLRQIRUIUDPHGUHLQIRUFHGFRQFUHWH
VWUXFWXUHVLVERUURZHGE\WKHZRUNE\3HWURQHHWDO>@6LQFHWKLVSURSRVDOLVEDVHGRQQXPHU
LFDODQDO\VHVRQQRQOLQHDUPRGHOVRIUHLQIRUFHGFRQFUHWHIUDPHGVWUXFWXUHVLWLPSOLFLWO\DFFRXQW
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IRUERWKPXOWLPRGDOFRQWULEXWLRQVDQGVWUXFWXUDOQRQOLQHDULW\HIIHFW7KHSURSRVHGIRUPXOD
WLRQVDUHUHSRUWHGZLWKVRPHPDQLSXODWLRQLQWKHQRPHQFODWXUHLQ(TXDWLRQ
ۓ
ݖ
ܲ ܣܩቀͳ  ቁ ൦
ܪ
ܲܵ ܣൌ

ܽ
ܶ ଶ
ͳ  ൫ܽ െ ͳ൯ ቀͳ െ ܽܶ ቁ
ଵ

൪  ܲܶݎ݂ܣܩ ൏ ܽܶଵ

ݖ
ܲ ܣܩቀͳ  ቁ ܽ ݂ܶܽݎଵ    ܶ ൏ ܾܶଵ
ܪ
۔



ې
ܽ
ۍ ݖ
ێ
 ۑ ܲܶݎ݂ܣܩ  ܾܶଵ
ܲ ܣܩቀͳ  ቁ
ێ ܪ
ܶ ଶ ۑ
ͳ  ൫ܽ െ ͳ൯ ቀͳ െ
ە
ۏ
ܾܶଵ ቁ ے

,Q(TXDWLRQDEDQGDSDUHFRHIILFLHQWVGHSHQGLQJRQ7WKDWDFFRXQWIRUKLJKHUPRGHV
HIIHFWV D UHVRQDQFHSHULRGHORQJDWLRQGXHWRQRQOLQHDULW\ E DQGHIIHFWRIQRQOLQHDULW\RIWKH
PD[LPXP36$YDOXH DS ,I7DHTXDOV]HURDOLQHDU3)$GLVWULEXWLRQDORQJWKHEXLOGLQJKHLJKW
LVREWDLQHG3)$UDQJHVIURP3*$ DW]HTXDOWR]HUR WR3*$ DW]HTXDOWR+ 2QWKHRWKHU
KDQGWKHPD[LPXP36$LVREWDLQHGLI7DLVEHWZHHQD7DQGE7,QWKLVFDVHWKHIORRUVSHFWUDO
DFFHOHUDWLRQUDQJHVIURP3)$WR3)$GHSHQGHQWO\RQDSYDOXH
,WLVZRUWKQRWLQJWKDWQRQHRIWKHSURSRVDOVGLVFXVVHGLQWKLVVXEVHFWLRQH[SOLFLWO\UHIHUVWR
LQILOOHGEXLOGLQJVDVLIWKHSUHVHQFHRILQILOOVPD\EHFRQVLGHUHGRQO\WKURXJK7YDOXHLHDV
LIWKHSUHVHQFHRILQILOOVRQO\DIIHFWVWKHUHVRQDQFHSHULRGDWZKLFKWKHPD[LPXP36$LVDW
WDLQHGH[FHSWIRUWKHVLPSOLILHGSURSRVDORIWKH,WDOLDQUHJXODWLRQLQZKLFKDOVRWKHPD[LPXP
36$YDOXHGHSHQGVRQ7DQGDWWDLQVLWPD[LPXPSRWHQWLDOYDOXHIRUVPDOOYDOXHVRIWKHSHULRG
LH DS  ZKHQ 7 LV ORZHU WKDQ  V  ,Q RWKHU ZRUGV EDVHG RQ WKLV DSSURDFK DQ LQILOOHG
EXLOGLQJLVH[SHFWHGWRH[SHULHQFHDQHTXDORUKLJKHUPD[LPXP36$YDOXHDWDFHUWDLQIORRU
ZLWKUHVSHFWWRDQLGHQWLFDOEXWEDUHVWUXFWXUH7KLVLVDOVRJHQHUDOO\REVHUYHGLQWKHQXPHULFDO
DQDO\VHVVKRZQLQWKLVSDSHU
2.2 Literature formulations
&DOYLDQG6XOOLYDQ>@SURSRVHDQDSSURDFKIRUWKHDVVHVVPHQWRIIORRUUHVSRQVHVSHFWUDIRU
6'2)V\VWHPVH[WHQGHGWR0XOWL'HJUHHRI)UHHGRPV\VWHPVDQGYDOLGDWHGDJDLQVWWKHUHVXOWV
RIQXPHULFDOWLPHKLVWRU\DQDO\VHVRQUHLQIRUFHGFRQFUHWHZDOOVWUXFWXUHV7KH36$YDOXHIRU
HDFKIORRUDQGIRUHDFKPRGDOFRQWULEXWLRQLVFDOFXODWHGE\PHDQVRI(TXDWLRQ
ܲܵܣ ൌ ߁ ߮ ܽǡ



,Q(TXDWLRQDPLLVDVSHFWUDOVKDSHIXQFWLRQJLYHQE\(TXDWLRQ
ܶۓ ൣܽ௫ǡ ሺܨܣܦ௫ െ ͳሻ  ܽ௫ǡ ൧݂ܶݎ ൏ ܶ
ܶ
ܽǡ ሺܶ ሻ ൌ
ܽ۔௫ǡ ܨܣܦ௫ ݂ܶݎ    ܶ ൏ ܶǡ
ܽە௫ǡ ܨܣܦ ݂ܶݎ  ܶǡ
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,Q(TXDWLRQDPD[LLVWKHPLQLPXPEHWZHHQ6D 7L DQGWKH6DFRUUHVSRQGLQJWRJOREDO\LHOG
LQJRIWKHVWUXFWXUH 6D\SRWHQWLDOO\GHWHUPLQHGE\PHDQVRIDQRQOLQHDUVWDWLFDQDO\VLV '$)
LVJLYHQE\(TXDWLRQZLWK'$)PD[REWDLQHGIRU7D 7LHII

ܨܣܦ ൌ ቌඨቆͳ െ

ܶ
ܶǡ

ିଵ

ଶ

ቇ  ߦ ቍ

 

,Q(TXDWLRQVDQG7LHIILVWKHHIIHFWLYHSHULRGRIWKHVWUXFWXUH ZKLFKLVDVVXPHGSRWHQ
WLDOO\GLIIHUHQWIURPWKHHODVWLFYLEUDWLRQSHULRGRQO\IRUWKHILUVWYLEUDWLRQPRGH SRWHQWLDOO\
HYDOXDWHGWKURXJKDQRQOLQHDUVWDWLFDQDO\VLV
7KLVDSSURDFKDFFRXQWVIRUWKHHIIHFWRIPXOWLSOHYLEUDWLRQPRGHVFRQWULEXWLRQVZKLFKFDQ
EHFRPELQHGWKURXJKWKH6566UXOH$OVRLWDFFRXQWVIRUVWUXFWXUDOQRQOLQHDULW\HIIHFWVLQWHUPV
RIUHVRQDQFHSHULRGHORQJDWLRQDQGOLPLWDWLRQRIWKHPD[LPXP36$$OVRLQWKLVFDVHDVKLJK
OLJKWHGZKHQGLVFXVVLQJWKH,WDOLDQUHJXODWLRQ³ULJRURXV´DSSURDFKWKH3)$YDOXHPD\UHVXOW
ORZHUWKDQ3*$6LQFHWKLVLVRQO\VHOGRPREVHUYHGDVDUHVXOWRIQXPHULFDODQDO\VHVGXHWR
DFFRUGLQJWR&DOYLDQG6XOOLYDQ>@WKHLQWHUDFWLRQEHWZHHQWKHJURXQGPRWLRQW\SLFDOIUH
TXHQF\FRQWHQWDQGWKHVWUXFWXUHG\QDPLFSURSHUWLHVWKH\VXJJHVWWKDWWKH3)$YDOXHVKRXOG
QHYHUEHDVVXPHGORZHUWKDQ3*$DWERWWRPIORRUVDQGWKDWDWWKHVDPHIORRUVWKHIORRUUH
VSRQVHVSHFWUXPVKRXOGQHYHUUHWXUQ36$YDOXHVORZHUWKDQWKRVHDVVRFLDWHGZLWKWKHJURXQG
PRWLRQUHVSRQVHVSHFWUXP
9XNREUDWRYLüDQG)DMIDU>@SURSRVHDWKHRUHWLFDOEDVHG H[FHSWIRUWKHGHWHUPLQDWLRQ
RIWKHPD[LPXP36$YDOXHZKLFKLVHPSLULFDO DSSURDFKIRUWKHDVVHVVPHQWRIIORRUUHVSRQVH
VSHFWUDYDOLGDWHGDJDLQVWWKHUHVXOWVRIQXPHULFDOWLPHKLVWRU\DQDO\VHVRQUHLQIRUFHGFRQFUHWH
IUDPHV7KH36$YDOXHIRUHDFKIORRUDQGIRUHDFKPRGDOFRQWULEXWLRQLVFDOFXODWHGE\PHDQV
RI(TXDWLRQ
߁ ߮

ܲܵܣ ൌ
ቤ൬

ܶ

ܶǡ

ଶ

൰ െ ͳቤ

ଶ

ଶ

ଶ

ሻ
ܵ ሺܶ
ሻ
ܵ ሺܶ
ܶ
ඩቆ  ǡ ቇ  ቌቆ  ቇ ܵ ሺܶ ሻቍ  ܲܯܣ ߁ ߮  ǡ
ܶǡ
ܴఓǡ
ܴఓǡ

 

,Q(TXDWLRQ7LHIILVGLIIHUHQWIURPWKHHODVWLFSHULRGRQO\IRUWKHILUVWYLEUDWLRQPRGHDQG
FDQEHFDOFXODWHGE\PHDQVRIDQRQOLQHDUVWDWLFDQDO\VLV5ȝLLVWKHUHGXFWLRQIDFWRUGXHWRWKH
QRQOLQHDUEHKDYLRXURIWKHVWUXFWXUHDQGLVHTXDOWRWKHPD[LPXPEHWZHHQDQGWKHUDWLREH
WZHHQ6D 7HII DQG6D\ SRWHQWLDOO\GHWHUPLQHGE\PHDQVRIDQRQOLQHDUVWDWLFDQDO\VLV IRUWKH
ILUVWYLEUDWLRQPRGHZKLOHLWLVHTXDOWRIRUKLJKHUYLEUDWLRQPRGHV$03LLVWKHPD[LPXP
36$LM3)$LMYDOXHDQGLVH[SUHVVHGDVDIXQFWLRQRIWKHGDPSLQJUDWLRVLPLODUO\WRWKHDSSURDFK
SURSRVHGE\&DOYLDQG6XOOLYDQ>@7KHHIIHFWVRIPXOWLSOHPRGHVDUHFRPELQHGE\DSSO\LQJ
$/*680FRPELQDWLRQUXOHLQWKHSRVWUHVRQDQFHUHJLRQZLWKWKH6566UXOHRWKHUZLVH
3

DESIGN AND MODELLING OF THE CASE-STUDY STRUCTURES

7KHDQGVWRUH\FDVHVWXG\UHLQIRUFHGFRQFUHWHPRPHQWUHVLVWLQJIUDPHVKDYH
UHJXODUUHFWDQJXODUSODQGHILQHGE\ILYHDQGWKUHHED\VLQWKHORQJLWXGLQDODQGWUDQVYHUVHGLUHF
WLRQUHVSHFWLYHO\%HDPVDUHPORQJFROXPQVDUHPKLJK7KHEXLOGLQJVZHUHGHVLJQHG
DFFRUGLQJWR(XURFRGH>@DQG(XURFRGH>@IRUIRXUGLIIHUHQWGHVLJQ3*$YDOXHVDW/LIH
6DIHW\/LPLW6WDWH JJJDQGJ LQ³+LJK´'XFWLOLW\&ODVV '&+ 7KH
PDWHULDOVXVHGIRUGHVLJQDUHFODVV&FRQFUHWHZLWKFKDUDFWHULVWLFFRPSUHVVLYHVWUHQJWKRI
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WKHF\OLQGHUHTXDOWR1PPDQGVWHHOUHEDUVZLWKFKDUDFWHULVWLF\LHOGLQJVWUHVVHTXDOWR
1PP,WLVDVVXPHGWKDWIORRUVODEVKDYHDGLDSKUDJPDWLFEHKDYLRXU'XULQJWKHGHVLJQDQG
WKHDQDO\VLVSURFHVVVHFRQGRUGHUJHRPHWULFHIIHFWVDUHQHJOHFWHG)XUWKHUGHWDLOVRQWKHGHVLJQ
RIWKHFDVHVWXG\5&IUDPHVDUHDYDLODEOHLQ'L'RPHQLFR>@DQGLQ5LFFLHWDO>@)RUWKH
DQDO\VHVWKHUHLQIRUFHGFRQFUHWHHOHPHQWV¶QRQOLQHDULW\LVPRGHOOHGE\DGRSWLQJDOXPSHG
SODVWLFLW\DSSURDFKLQ2SHQ6HHV>@E\XVLQJ0RG,0.3HDN2ULHQWHG0DWHULDOZLWKUHVSRQVH
SDUDPHWHUVGHWHUPLQHGDFFRUGLQJWR+DVHOWRQHWDO>@DQGZLWKWKHLQWURGXFWLRQRIWKHFUDFN
LQJSRLQW,QWKHPRGHOOLQJSURFHVVDYHUDJHPDWHULDOSURSHUWLHVDUHXVHGQDPHO\DFRPSUHVVLYH
VWUHQJWKIRUFRQFUHWHHTXDOWR1PPGHWHUPLQHGDFFRUGLQJWR(XURFRGH>@DQGDVWHHO
\LHOGLQJVWUHVVHTXDOWR1PPGHWHUPLQHGDFFRUGLQJWR)DUGLVHWDO>@
7ZRGLIIHUHQWXQUHLQIRUFHGPDVRQU\LQILOOOD\RXWVDUHFRQVLGHUHG7KHILUVWLVFRQVWLWXWHGE\
DWZROHDI WKLFNQHVVPP µZHDN¶LQILOOZDOO ZHDNOD\RXW:/ WKHVHFRQGLVFRQVWL
WXWHGE\DRQHOHDI WKLFNQHVVPP µVWURQJ¶LQILOOZDOO VWURQJOD\RXW6/ 1RWHWKDWWKH
WZROHDILQILOOVDUHFRQVWLWXWHGE\LQGHSHQGHQWQRQLQWHUDFWLQJSDQHOV,QRWKHUZRUGVWKHLQ
SODQHDQGWKHRXWRISODQHUHVSRQVHVRIHDFKOHDIDUHGHWHUPLQHG DQGPRGHOOHG LQGHSHQGHQWO\
RQWKRVHDVVRFLDWHGZLWKWKHRWKHUOHDI
7KHPHFKDQLFDOSURSHUWLHVRIWKHVHLQILOOVDUHWKRVHFDOFXODWHGIRUWKHPDVRQU\ZDOOHWVWHVWHG
E\&DOYLDQG%RORJQLQL>@IRUWKH:/DQGWKRVHE\*XLGLHWDO>@IRUWKH6/(DFKLQILOO
OHDILVLQWURGXFHGLQWKHVWUXFWXUDOPRGHOE\XVLQJDFRXSOHRIHTXLYDOHQWQRWHQVLRQVWUXWV
7KHLQSODQHQRQOLQHDUEHKDYLRXULVPRGHOOHGVHSDUDWHO\IRUHDFKOHDIEDVHGRQWKHSUR
SRVDOE\3DQDJLRWDNRVDQG)DUGLV>@$FFRUGLQJWRWKLVPRGHOOLQJDSSURDFKRQO\WKHVORSHRI
WKHVRIWHQLQJEUDQFKRIWKHIRUFHGLVSODFHPHQWLQSODQHEHKDYLRXUUHODWLRQVKLSLVDQRSHQSD
UDPHWHUDQGLWVKRXOGEHVHWWRDIUDFWLRQĮRIWKHLQILOOLQLWLDOHODVWLFVWLIIQHVV,Q)DUGLV>@LW
LVVXJJHVWHGWRVHWĮWRDYDOXHEHWZHHQDQG)RUWKHPPWKLFNOHDYHVĮLV
VHWWRZKLOHIRUWKHPPWKLFNOHDILWLVVHWWRLQRUGHUWRUHSURGXFHWKHH[SHUL
PHQWDOHYLGHQFHVVKRZQE\&DOYLDQG%RORJQLQL>@DQGE\*XLGLHWDO>@7KHWZROD\RXWV
DQDO\]HGDUHFKDUDFWHUL]HGE\VLPLODUHODVWLFLQSODQHVWLIIQHVVEXWE\GLIIHUHQWLQSODQHDQGRXW
RISODQHVWUHQJWKFDSDFLW\,QRWKHUZRUGVEXLOGLQJVZLWK:/DQG6/LQILOOVKDYHVLPLODUHODVWLF
SHULRGEXWWKRVHZLWK:/LQILOOVDUHPRUHOLNHO\WRH[SHULHQFHQRQOLQHDULW\GXHWRLQILOOV¶FUDFN
LQJ
5HJDUGLQJWKHRXWRISODQHUHVSRQVHWKHPRGHOOLQJVWUDWHJ\SURSRVHGE\5LFFLHWDO>@LV
DGRSWHGLQRUGHUWRDFFRXQWIRUWKHLQSODQHRXWRISODQHLQWHUDFWLRQHIIHFWVLHWKHGHJUDGDWLRQ
RIWKHRXWRISODQHVWUHQJWKDQGVWLIIQHVVGXHWRLQSODQHGDPDJHDQGRIWKHLQSODQHVWUHQJWK
DQGVWLIIQHVVGXHWRRXWRISODQHGDPDJH7KHHTXDWLRQVDGRSWHGIRUPRGHOOLQJWKHRXWRISODQH
UHVSRQVHDUHWKRVHSURSRVHGLQ5LFFLHWDO>@IRULQILOOVLQZKLFKWKHRXWRISODQHUHVSRQVHLV
JRYHUQHGE\WZRZD\DUFKLQJHIIHFWVWUHQJWKPHFKDQLVPH[FHSWIRUWKRVHDVVRFLDWHGZLWKVRPH
UHVSRQVHSDUDPHWHUV,QIDFWIRUWKLVVWXG\WKHRXWRISODQHUHVSRQVHPRGHOLVLPSURYHGDQG
XSGDWHG
)LUVWWKHHPSLULFDOHTXDWLRQIRUWKHDVVHVVPHQWRIWKHRXWRISODQHILUVWPDFURFUDFNLQJIRUFH
)FUDFNLVXSGDWHGWRDFFRXQWIRUUHFHQWH[SHULPHQWDOHYLGHQFHVSURSRVHGE\'H5LVLHWDO>@
DQGE\'L'RPHQLFRHWDO>@7KHQHZIRUPXODWLRQLVUHSRUWHGLQ(TXDWLRQ
ܨ ൌ ͷǤͻͲ݂௩

Ǥଵଵ

 ݐǤ଼ଷ
݄ݓ
݄ଵǤସସ

 

,Q(TXDWLRQIRUFHVDUHH[SUHVVHGLQ1HZWRQVDQGOHQJWKVDUHH[SUHVVHGLQPLOOLPHWHUV
,QDGGLWLRQWKHIRUPXODWLRQVSURSRVHGE\'L'RPHQLFRHWDO>@DUHXVHGWRPRGHOWKHLQ
SODQHRXWRISODQHLQWHUDFWLRQHIIHFWV,QWKHVHIRUPXODWLRQVWKHUHGXFWLRQRIWKHRXWRISODQH
VWUHQJWKDQGVWLIIQHVVFDSDFLW\LVUHODWHGQRWRQO\WRWKHLQSODQHLQWHUVWRUH\GULIWUDWLRGHPDQG

91

0DULDQR'L'RPHQLFR3DROR5LFFLDQG*HUDUGR09HUGHUDPH

out-of-plane force

DQGWRWKHLQILOOZDOOYHUWLFDOVOHQGHUQHVV LHWKHKWUDWLR EXWDOVRWRWKHLQILOOZDOODVSHFW
UDWLRZK
+RZHYHU WKH PRVW LPSRUWDQW DQG VLJQLILFDQW LPSURYHPHQW RI WKH RXWRISODQH UHVSRQVH
PRGHO LV WKH LQWURGXFWLRQ RI WKH VRIWHQLQJ EUDQFK LQ WKH RXWRISODQH UHVSRQVH EDFNERQH DV
VKRZQLQ)LJXUHDDQGWKHDVVHVVPHQWRIWKHF\FOLFGHJUDGDWLRQRIWKHUHVSRQVHHQYHORSH$V
VKRZQLQ)LJXUHDWKHRXWRISODQHUHVSRQVHEDFNERQHDGRSWHGLQ5LFFLHWDO>@ZDVWULOLQHDU
ZLWKDSODVWLFEUDQFKDIWHUWKHSHDNORDGSRLQWXSWRWKHDWWDLQPHQWRIWKHGLVSODFHPHQWHTXDO
WRWLPHVWKHLQILOOWKLFNQHVVFRUUHVSRQGLQJRQDYHUDJHDQGEDVHGRQH[SHULPHQWDOWHVWV
WRWKHGHJUDGDWLRQRIWKHPD[LPXPRXWRISODQHVWUHQJWKZKLFKLVDXVXDOWKUHVKROGDVVR
FLDWHGZLWKFRQYHQWLRQDOFROODSVHRIVWUXFWXUDOPHPEHUV,QWKLVVWXG\WKH³FRQYHQWLRQDO´XOWL
PDWHSRLQWLVUHWDLQHGDWDGLVSODFHPHQWHTXDOWRWLPHVWKHLQILOOWKLFNQHVV+RZHYHUD
ELOLQHDUVRIWHQLQJEUDQFKLVPRGHOOHG7KHILUVWSDUWRIWKHVRIWHQLQJEUDQFKJRHVIURPWKHSHDN
ORDG SRLQW WR WKH ³FRQYHQWLRQDO´ XOWLPDWH SRLQW VHW DW D IRUFH HTXDO WR  RI WKH SUHGLFWHG
PD[LPXPVWUHQJWKFDSDFLW\7KHVHFRQGSDUWJRHVIURPWKH³FRQYHQWLRQDO´XOWLPDWHSRLQWWR
WKH³FROODSVHGLVSODFHPHQW´SRLQWFRUUHVSRQGLQJWR]HURRXWRISODQHVWUHQJWKFDSDFLW\LHDW
YDQLVKLQJRIDUFKLQJDFWLRQVWUHQJWKPHFKDQLVP$VGHPRQVWUDWHGLQ$QJHOHWDO>@DQGIXU
WKHUO\H[SODLQHGLQ'L'RPHQLFRHWDO>@YDQLVKLQJRIERWKYHUWLFDODQGKRUL]RQWDODUFKLQJ
HIIHFWLVH[SHFWHGEDVHGRQJHRPHWULFDOFRQVLGHUDWLRQVDWDQRXWRISODQHFHQWUDOGLVSODFHPHQW
RIWKHLQILOOZDOOHTXDOWRWLPHVWKHLQILOOWKLFNQHVV6RWKHRXWRISODQHFROODSVHGLVSODFH
PHQWLVVHWLQWKLVVWXG\WRWKLVYDOXH
7KHTXDGULOLQHDUUHVSRQVHHQYHORSHVKRZQLQ)LJXUHDLVPRGHOOHGLQ2SHQ6HHV>@E\
DGRSWLQJ3LQFKLQJ0DWHULDO3LQFKLQJ0DWHULDODOVRDOORZVPRGHOOLQJWKHK\VWHUHWLFGHJUDGD
WLRQRIVWUHQJWKXQORDGLQJDQGUHORDGLQJVWLIIQHVVDVZHOODVWKHVRFDOOHG³SLQFKLQJ´HIIHFW
)XUWKHUGHWDLOV RQWKHQDWXUHDQGPHDQLQJ RIWKHK\VWHUHWLFSDUDPHWHUVJRYHUQLQJ3LQFKLQJ
0DWHULDOUHVSRQVHDUHDYDLODEOHLQ/RZHVDWDO>@$SUHOLPLQDU\FDOLEUDWLRQRIWKHVHSDUDP
HWHUVKDVEHHQSHUIRUPHGE\FDUU\LQJRXWDWWKHODERUDWRU\RIWKH'HSDUWPHQWRI6WUXFWXUHVIRU
(QJLQHHULQJDQG$UFKLWHFWXUHRI8QLYHUVLW\RI1DSOHV)HGHULFR,, ',6781,1$ DF\FOLFRXW
RISODQHWHVWRQDQXQUHLQIRUFHGPDVRQU\LQILOOZLWKWKLFNQHVVHTXDOWRPPDQGSRRUPH
FKDQLFDOSURSHUWLHV LHQRPLQDOO\LGHQWLFDOWRWKRVHPRQRWRQLFDOO\WHVWHGLQ'L'RPHQLFRHW
DO>@ ZKRVHRXWRISODQHIRUFH )223 GLVSODFHPHQW G223 UHVSRQVHLVVKRZQLQ)LJXUHE
)XUWKHUGHWDLOVRQWKLVH[SHULPHQWDOWHVWDUHDYDLODEOHLQ>@
peak load point

‘conventional’ ultimate displacement
20% strength degradation

cracking point

‘conventional’ ultimate displacement
Ricci et al. (2020) model
this study

predicted monotonic
envelope
experimental test

collapse displacement

calibrated response

out-of-plane displacement

D

E

)LJXUH8SGDWLQJRIWKHRXWRISODQHUHVSRQVHPRGHO D QHZUHVSRQVHHQYHORSHDQG E FDOLEUDWLRQRI3LQFK
LQJ0DWHULDOK\VWHUHWLFSDUDPHWHUVEDVHGRQWKHF\FOLFWHVWSHUIRUPHGDW',6781,1$
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7KH3LQFKLQJ0DWHULDOK\VWHUHWLFSDUDPHWHUVKDYHEHHQFDOLEUDWHGE\VHWWLQJGDPDJHGHJ
UDGDWLRQW\SHWR³HQHUJ\´DQGLQRUGHUWRPLQLPL]HWKHGLVWDQFHEHWZHHQWKHH[SHULPHQWDODQG
WKHSUHGLFWHGHQHUJ\GLVVLSDWLRQ KLVWRU\GXULQJWKHHQWLUH H[SHULPHQWDOWHVW 7KH\KDYHEHHQ
FDOLEUDWHGE\QHJOHFWLQJWKHIRUFHF\FOLFGHJUDGDWLRQVLQFHWKHOLPLWHGQXPEHURIFRPSDULVRQV
EHWZHHQPRQRWRQLFDQGF\FOLFH[SHULPHQWDOWHVWVDYDLODEOH HJ>@ VKRZVWKDWQRVLJ
QLILFDQWVWUHQJWKGHJUDGDWLRQLVREVHUYHGZKHQFRPSDULQJPRQRWRQLFDQGF\FOLFRXWRISODQH
WHVWV 7KH FDOLEUDWHG SDUDPHWHUV DUH J.  J.  J.  J.  J' 
J'  J'  J'  J) J) J) J)  J./LP  J'/LP  J)/LP 
J(  U'LVS3 U'LVS1  U)RUFH3 U)RUFH1  X)RUFH3 X)RUFH1  $V DO
UHDG\KLJKOLJKWHGWKHQXPEHURIF\FOLFRXWRISODQHH[SHULPHQWDOWHVWVLVYHU\OLPLWHG)XUWKHU
H[SHULPHQWDWLRQLVQHHGHGWRDFKLHYHDPRUHUREXVWDQGUHOLDEOHFDOLEUDWLRQRIWKHK\VWHUHWLF
SDUDPHWHUVRIWKHRXWRISODQHUHVSRQVHRIXQUHLQIRUFHGPDVRQU\LQILOOVDOVRFKDUDFWHUL]HGE\
GLIIHUHQWJHRPHWULFDQGPHFKDQLFDOSURSHUWLHV
4

NONLINEAR ANALYSIS PROCEDURE

7KHQRQOLQHDUWLPHKLVWRU\DQDO\VHVKDYHEHHQSHUIRUPHGE\VFDOLQJXSWRWKHGHVLJQ3*$
RIHDFKFDVHVWXG\EXLOGLQJWHQELGLUHFWLRQDOJURXQGPRWLRQVVHOHFWHGLQWKH(XURSHDQ6WURQJ
0RWLRQ (60 'DWDEDVH>@7KHVHOHFWHGUHFRUGVZHUHUHJLVWHUHGRQVWLIIDQGKRUL]RQWDOVRLOV
LHW\SH$VRLOVDFFRUGLQJWR(XURFRGH>@ %RWKFRPSRQHQWVRIWKHVHOHFWHGUHFRUGVZHUH
VLPXOWDQHRXVO\PDWFKHGWRWKHGDPSHGGHVLJQVSHFWUXPDW/LIH6DIHW\/LPLW6WDWHE\XVLQJ
ZDYHOHWVDQGWKH5VS0DWFK%LVRIWZDUH>@7KHUHFRUGFRPSRQHQWUHJLVWHUHGLQWKH16GLUHF
WLRQZDVDSSOLHGDORQJWKHORQJLWXGLQDOJOREDOGLUHFWLRQZKLOHWKHFRPSRQHQWUHJLVWHUHGLQWKH
(:GLUHFWLRQZDVDSSOLHGDORQJWKHWUDQVYHUVHJOREDOGLUHFWLRQ)XUWKHUGHWDLOVRQUHFRUGVHOHF
WLRQDUHDYDLODEOHLQ>@
1RQOLQHDU WLPHKLVWRU\ DQDO\VHV ZHUH SHUIRUPHG RQ WKH %DUH )UDPH %)  PRGHOV RQ WKH
LQILOOHGIUDPHPRGHOVZLWK:/LQILOOVDQG6/LQILOOVEXWPRGHOOLQJRQO\WKHLULQSODQHUHVSRQVH
:/ DQG6/PRGHOV DQGRQWKHLQILOOHGIUDPH PRGHOV ZLWK :/LQILOOV DQG6/LQILOOV ZLWK
PRGHOOLQJ ERWK WKH RXWRISODQH UHVSRQVH DQG WKH LQSODQHRXWRISODQH LQWHUDFWLRQ HIIHFWV
:/223DQG6/223PRGHOV ,QWKHIROORZLQJHDFKFDVHVWXG\EXLOGLQJLVLGHQWLILHGXVLQJ
DQDFURQ\PVXFKDVX3Y_ZLQZKLFKXLVWKHQXPEHURIVWRUH\VYWKHGHVLJQ3*$DW/LIH
6DIHW\ /LPLW 6WDWH H[SUHVVHG LQ J = WKH PRGHO LGHQWLILHU %) :/ 6/ :/223 DQG
6/223 
&RQVLVWHQWO\ZLWKWKHGHVLJQSURFHVVDGDPSLQJUDWLR ZDVXVHGWRFDOFXODWHGDPSLQJ
IRUFHVGXULQJWKHDQDO\VHV0RUHVSHFLILFDOO\PDVVDQGWDQJHQWVWLIIQHVVSURSRUWLRQDO5D\OHLJK
GDPSLQJPRGHOZDVDGRSWHG

5

TIME-HISTORY ANALYSIS RESULTS

,QWKLVVHFWLRQWKHUHVXOWVRIWKHWLPHKLVWRU\DQDO\VHVDUHSUHVHQWHGDQGGLVFXVVHG1DPHO\
WKHRXWFRPHVLQWHUPVRI3)$3*$SURILOHVDQG36$3)$VSHFWUDOVKDSHVDUHVKRZQ7KHVSHF
WUDOVKDSHVDUHFDOFXODWHGE\DVVXPLQJDFRGHFRQVLVWHQWYDOXHRIWKHGDPSLQJUDWLRHTXDOWR
)RUHDFKFDVHVWXG\EXLOGLQJWKHUHVXOWVVKRZQDUHREWDLQHGDVWKHDYHUDJHRIWKHUHVXOWV
REWDLQHGIURPWKHWHQWLPHKLVWRU\DQDO\VHVSHUIRUPHGXQGHUWKHDFWLRQRIWKHWHQELGLUHFWLRQDO
JURXQGPRWLRQVVHOHFWHG)RUWKHVDNHRIEUHYLW\RQO\VRPHVLJQLILFDQWUHVXOWVDUHVKRZQ7KHVH
UHVXOWVFDQEHFRQVLGHUHGUHSUHVHQWDWLYHRIWKHJHQHUDOWUHQGVREVHUYHGIURPWKHRXWFRPHVRI
DOOWKHQXPHULFDODQDO\VHV7KHQWKHVHRXWFRPHVDUHFRPSDUHGZLWKWKHUHVXOWVRIWKHDSSOLFD
WLRQRIFRGHDQGOLWHUDWXUHSURSRVDOVSUHYLRXVO\GHVFULEHG
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5.1 PFA/PGA profiles
7KH3)$3*$SURILOHVDORQJWKHORQJLWXGLQDOGLUHFWLRQIRUDVHOHFWLRQRIFDVHVWXG\EXLOG
LQJVDUHVKRZQLQ)LJXUH

LEGEND

BF

WL

WLOOP

SL

SLOOP

)LJXUH3)$3*$SURILOHDORQJWKHORQJLWXGLQDOGLUHFWLRQRIDVHOHFWLRQRIFDVHVWXG\EXLOGLQJV

6RPHFRQVLGHUDWLRQVFDQEHGUDZQ
L

LL

LLL

7KHPD[LPXPYDOXHRI3)$3*$LVJHQHUDOO\EHWZHHQDQGLWLVUHJLVWHUHGDW
WRS IORRUVDQGLV ORZHUIRUEXLOGLQJVGHVLJQHGDQGDQDO\]HGIRUKLJKHU3*$ VHH
SRLQW Y IRU FRPPHQWV RQ WKLV  $PRQJ FRGH DQG OLWHUDWXUH IRUPXODWLRQV
1=6((>@DSSURDFKUHWXUQVDPD[LPXP3)$3*$YDOXHHTXDOWRDWWKHWRS
IORRUVRIEXLOGLQJVLQDGGLWLRQDPD[LPXP3)$3*$UDWLRHTXDOWRZDVH[SHFWHG
DWWRSVWRUH\VDFFRUGLQJWR8QLIRUP%XLOGLQJ&RGH>@+HQFHWKH3)$3*$PD[
LPXPYDOXHVREWDLQHGIURPWKHDQDO\VHVFDQEHGHHPHGUHDVRQDEOH
7KHVKDSHRIWKHSURILOHVLVURXJKO\OLQHDUIRUVWRUH\EXLOGLQJVZKLOHLWEHFRPHV
PXOWLOLQHDUIRUWKHRWKHU EXLOGLQJVDQGQRQPRQRWRQLFIRUWDOOHU DQGVWRUH\
EXLOGLQJV7KLVLVDQHIIHFWRIWKHLQIOXHQFHRIKLJKHUYLEUDWLRQPRGHVZKLFKDVLW
LVZHOONQRZQLVPRUHVLJQLILFDQWLQKLJKULVHVWUXFWXUHV7KLVLVH[SHFWHGEDVHGRQ
WKHPRUHUHILQHGFRGHDQGOLWHUDWXUHSURSRVDOVGLVFXVVHGLQVHFWLRQ7KHHIIHFWRI
KLJKHUPRGHVDSSHDUVDOVRPRUHYLVLEOHDQGVLJQLILFDQWIRULQILOOHGVWUXFWXUHVWKDQ
IRUEDUHVWUXFWXUHVDVZHOODVLQSUHVHQFHRIKLJKHUQRQOLQHDULW\ LHIRUKLJKHU3*$
GHPDQG 
*HQHUDOO\ DW IL[HG EXLOGLQJ DQG DW IL[HG IORRU WKH PD[LPXP 3)$3*$ YDOXH LV
UHJLVWHUHGIRULQILOOHGEXLOGLQJVZLWKRXWPRGHOOLQJRIRXWRISODQHUHVSRQVHDQGLQ
SODQHRXWRISODQHLQWHUDFWLRQH[FHSWIRUWKHVWRUH\EXLOGLQJV7KLVRFFXUVGXHWR
WKHGHSHQGHQFHRIWKH3)$RQ6D 7 ,QIDFWLQDQGVWRUH\EXLOGLQJV6D 7
LVJHQHUDOO\KLJKHUIRULQILOOHGEXLOGLQJVVLQFH7LVORZHUIRULQILOOHGEXLOGLQJVDQG
7IRUEDUHIUDPHVLVKLJKHUWKDQWKHFRUQHUSHULRG7&HTXDOWRVRQWKHFRQWUDU\
7 IRU VWRUH\ EDUH VWUXFWXUHV LV ORZHU WKDQ 7& VR LQILOOHG EXLOGLQJV ZKLFK DUH
DOZD\VFKDUDFWHUL]HGE\ORZHU7WKDQEDUHEXLOGLQJVDUHFKDUDFWHUL]HGLQWKLVFDVH
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LY

Y

DOVRE\ORZHU6D 7 7KHGHSHQGHQF\RIWKH3)$YDOXHVRQ6D 7 LVH[SHFWHGEDVHG
RQWKHPRUHUHILQHGFRGHDQGOLWHUDWXUHSURSRVDOVGLVFXVVHGLQVHFWLRQ
*HQHUDOO\DWIL[HGEXLOGLQJWKH3)$3*$SURILOHVIRULQILOOHGEXLOGLQJVZLWKRXW
RISODQHUHVSRQVHRILQILOOVDQGLQSODQHRXWRISODQHLQWHUDFWLRQPRGHOOHGWHQGWR
DSSURDFKWKHSURILOHREWDLQHGIRUWKHEDUHVWUXFWXUHV7KLVLVH[SHFWHGVLQFHZKHQ
WKHLQSODQHRXWRISODQHLQWHUDFWLRQLVPRGHOOHGWKHLQSODQHUHVSRQVHRIWKHLQILOO
GHWHULRUDWHVLQWHUPVRIERWKVWLIIQHVVDQGVWUHQJWKFDSDFLW\GXHWRWKHRXWRISODQH
GLVSODFHPHQWGHPDQG6RWKHJHQHUDOEHKDYLRXURIWKHEXLOGLQJUHVXOWVLQWHUPHGLDWH
EHWZHHQWKRVHRIWKHEDUHDQGRIWKHLQILOOHG ZLWKLQSODQHUHVSRQVHRQO\RILQILOOV
PRGHOOHG EXLOGLQJV
*HQHUDOO\WKHWUHQGVGHVFULEHGDERYHDUHFRQILUPHGZKHQSDVVLQJIURPWKHEXLOG
LQJVGHVLJQHGDQGDQDO\]HGIRU3*$HTXDOWRJWRWKRVHGHVLJQHGDQGDQDO\]HG
IRU3*$HTXDOWRJ+RZHYHUWKH\DUHVRPHWLPHVGLVWXUEHGGXHWRVWUXFWXUDO
QRQOLQHDULW\ZKLFKLQJHQHUDO\LHOGVWRDUHGXFWLRQRIWKH3)$3*$GHPDQGLQWKH
FDVHVWXG\EXLOGLQJV7KLVLVH[SHFWHGEDVHGRQWKHPRUHUHILQHGFRGHDQGOLWHUDWXUH
SURSRVDOVGLVFXVVHGLQVHFWLRQ1RWHWKDWGXHWRWKHPRGHOOLQJDSSURDFKDGRSWHG
VHHVHFWLRQ WKHFDVHVWXG\EXLOGLQJVH[SHULHQFHQRQOLQHDULW\ LQWHUPVRIWDQ
JHQWVWLIIQHVVYDULDWLRQGXULQJWKHDQDO\VLV GXHWRHOHPHQWV¶LQILOOV¶FUDFNLQJZKLOH
WKHLUHOHPHQWVGRQRW\LHOG,QRWKHUZRUGVWKHUHGXFWLRQRI3)$DWLQFUHDVLQJGH
PDQG3*$DQGDVZLOOEHVKRZQLQWKHIROORZLQJSHULRGHORQJDWLRQDQG36$UH
GXFWLRQDWLQFUHDVLQJGHPDQG3*$LVPDLQO\GXHWRHOHPHQWV¶LQILOOV¶FUDFNLQJ7KLV
KDVEHHQREVHUYHGDOVRE\3HWURQHHWDO>@

%DVHGRQWKHDERYHFRQVLGHUDWLRQVZKLFKDUHFRUURERUDWHGE\WKHGLVFXVVLRQRIOLWHUDWXUH
DQGFRGHSURSRVDOVSUHVHQWHGLQVHFWLRQLQFDQEHFRQFOXGHGWKDWZLWKUHIHUHQFHWRWKHVHWRI
FDVHVWXG\EXLOGLQJVDQDO\]HGIRUWKLVVWXG\WKHVLJQLILFDQWSDUDPHWHUVLQIOXHQFLQJWKHYDOXHV
RI3)$3*$UDWLRVDUHWKH6D 7 DFWLQJRQWKHVWUXFWXUHDQGRQWKH3*$YDOXHLWVHOI ZKLFKLV
UHSUHVHQWDWLYHRIWKHOHYHORIH[SHFWHGQRQOLQHDULW\LQWKHVWUXFWXUH ERWKUHIHUUHGWRWKHJURXQG
PRWLRQ2QWKHRWKHUKDQGWKHVKDSHRIWKH3)$3*$SURILOHGHSHQGVRQWKHLPSRUWDQFHRI
KLJKHUPRGHVZKLFKLVKLJKHUIRUWDOOHUEXLOGLQJVWKDQIRUORZHUEXLOGLQJVDVZHOODVIRULQILOOHG
EXLOGLQJVWKDQIRUEDUHEXLOGLQJV
5.2 PSA/PFA spectral shapes
7KH36$3)$VSHFWUDOVKDSHVREWDLQHGDORQJWKHORQJLWXGLQDOGLUHFWLRQIRUDVHOHFWLRQRI
IORRUVRIDVHOHFWLRQRIFDVHVWXG\EXLOGLQJVDUHVKRZQLQ)LJXUH7KHYDOXHRI7XVHGWR
QRUPDOL]HWKHSHULRG7DLVWKHSHULRGRIWKHEDUHIUDPHIRU:/223DQG6/223PRGHOVLQIDFW
DVSUHYLRXVO\GLVFXVVHGGXHWRWKHLQSODQHRXWRISODQHLQWHUDFWLRQHIIHFWVWKHEHKDYLRXURI
PRGHOVLQZKLFKWKHRXWRISODQHUHVSRQVHRILQILOOVLVPRGHOOHGLVLQWHUPHGLDWHEHWZHHQWKH
EHKDYLRXURIWKHEDUHVWUXFWXUDOPRGHODQGWKDWRIWKHLQILOOHGVWUXFWXUDOPRGHOZLWKRQO\WKHLQ
SODQHUHVSRQVHRILQILOOVFRQVLGHUHGIRUEDUHDQG:/6/PRGHOVWKHSHULRGDGRSWHGIRUQRU
PDOL]DWLRQLVWKHRQHFDOFXODWHGE\PHDQVRIPRGDODQDO\VLVRIWKHHODVWLFXQFUDFNHGPRGHO
6RPHFRQVLGHUDWLRQVFDQEHGUDZQ
L

7KHPD[LPXPYDOXHRI36$3)$LV VLJQLILFDQWO\YDULDEOHIURP IORRUWR IORRUDV
VRPHRIWKHFRGHDQGOLWHUDWXUHPRGHOVGHVFULEHGLQVHFWLRQVKRZ,QJHQHUDOLW
DSSHDUVGHSHQGHQWRQWKH3)$3*$YDOXHWKHKLJKHUWKH3)$3*$WKHKLJKHUWKH
PD[LPXPYDOXHRI36$3)$7KHPD[LPXPREVHUYHGYDOXHRIWKH36$3)$UDWLR
LVURXJKO\HTXDOWRZKLFKLVFRQVLVWHQWZLWKWKHPD[LPXPYDOXHHTXDOWR
SUHGLFWHGE\WKHSURSRVDOE\3HWURQHHWDO>@DGRSWHGDOVRE\WKH,WDOLDQFRGH
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LL

LLL

LY

Y

7KHVSHFWUDOVKDSHVDUHFKDUDFWHUL]HGLQJHQHUDOE\PXOWLSOHSHDNVFRUUHVSRQGLQJ
WRWKHGLIIHUHQWYLEUDWLRQPRGHVRIWKHVWUXFWXUH7KLVLVTXLWHHYLGHQWLQWDOOHUEXLOG
LQJVLQZKLFKWKHPD[LPXPYDOXHRI36$3)$DVVRFLDWHGZLWKWKHKLJKHUPRGHV
LHDW7D7VLJQLILFDQWO\ORZHUWKDQWKHXQLW PD\EHHYHQKLJKHUWKDQWKDWDVVRFL
DWHGZLWKWKHILUVWYLEUDWLRQPRGH LHDW7DVLPLODUWR7 ,QVWRUH\EXLOGLQJVWKH
HIIHFWRIKLJKHUPRGHVLVYLVLEOHRQO\DWWKHILUVWIORRUDWZKLFKDFWXDOO\WKHPD[L
PXPLQIOXHQFHRIWKHVHFRQGYLEUDWLRQPRGHLVH[SHFWHG2QWKHRWKHUKDQGLQWKH
VWRUH\EXLOGLQJVSHDNVRI36$3*$DVVRFLDWHGZLWKKLJKHUPRGHVDUHYLVLEOHDW
GLIIHUHQW7D7YDOXHVGHSHQGHQWO\RQWKHIORRUFRQVLGHUHG7KLVRFFXUVEHFDXVHDW
ERWWRPIORRUVWKHSUHGRPLQDQWHIIHFWDPRQJKLJKHUPRGHVPD\EHDVVRFLDWHGZLWK
GLIIHUHQW KLJKHUPRGHVIURPIORRUWR IORRU HJWKHVHFRQGRUWKHWKLUGYLEUDWLRQ
PRGHRIWKHVWUXFWXUH 
,QJHQHUDO LQILOOHGEXLOGLQJVDUHFKDUDFWHUL]HGE\KLJKHUYDOXHVRIWKHPD[LPXP
36$3)$UDWLRDVVRFLDWHGZLWKWKHILUVWYLEUDWLRQPRGHZLWKUHVSHFWWREDUHEXLOG
LQJVH[FHSWIRUWKHVWRUH\EXLOGLQJV7KLVRFFXUVPRVWOLNHO\EHFDXVH6D 7D 7
LVKLJKHUIRULQILOOHGEXLOGLQJVZLWKUHVSHFWWR6D 7D 7 IRUEDUHEXLOGLQJVVLQFH7
RIWKHLQILOOHGEXLOGLQJLVORZHUWKDQ7RIWKHEDUHEXLOGLQJZKLFKLQWXQHLVKLJKHU
WKDQ7&$VDOUHDG\H[SODLQHGZKHQGLVFXVVLQJPD[LPXP3)$3*$WUHQGVWKLVLV
QRWWUXHIRUVWRUH\EXLOGLQJVVLQFHLQWKLVFDVH6D 7D 7 LVORZHUIRULQILOOHGEXLOG
LQJVWKDQIRUEDUHEXLOGLQJV7KLVRFFXUVEHFDXVH7RIWKHLQILOOHGEXLOGLQJLVVWLOO
ORZHUWKDQ7RIWKHEDUHEXLOGLQJEXW7RIWKHEDUHEXLOGLQJLVORZHUWKDQ7&7KH
GHSHQGHQFHRIWKHPD[LPXP36$3)$YDOXHRQ6D 7D 7 PD\EHDOVRH[SUHVVHG
E\UHODWLQJLWGLUHFWO\WRWKHSHULRG7DVGRQHE\3HWURQHHWDO>@
$VDOVRVKRZQZKHQGLVFXVVLQJWKH3)$3*$SURILOHVDOVRWKHVSHFWUDOVKDSHVIRU
LQILOOHGEXLOGLQJVZLWKPRGHOOLQJRIWKHRXWRISODQHUHVSRQVHRILQILOOVDQGRIWKH
LQSODQHRXWRISODQHLQWHUDFWLRQHIIHFWVDUHLQWHUPHGLDWHEHWZHHQWKRVHREWDLQHGIRU
WKHEDUHPRGHOVDQGWKRVHREWDLQHGIRUWKHLQILOOHGPRGHOVZLWKPRGHOOLQJRIWKHLQ
SODQHUHVSRQVHRQO\RIWKHLQILOOZDOOV7KHIDFWWKDWIRU:/223DQG6/223PRGHOV
WKH SHDN RI 36$3)$ GXH WR UHVRQDQFH ZLWK WKH ILUVW YLEUDWLRQ PRGH RFFXUV DW
7D7LVGXHWRWKHIDFWWKDWLQWKLVFDVH7DLVQRUPDOL]HGZLWKUHVSHFWWR7RIWKH
EDUHIUDPHZKLOHWKHUHDOUHVRQDQFHSHULRGLVORZHUWKDQLWEHLQJLQWHUPHGLDWHEH
WZHHQWKHEDUHDQGWKHLQILOOHGVWUXFWXUHHODVWLFYLEUDWLRQSHULRG
*HQHUDOO\WKHWUHQGVGHVFULEHGDERYHDUHFRQILUPHGZKHQSDVVLQJIURPWKHEXLOG
LQJVGHVLJQHGDQGDQDO\]HGIRU3*$HTXDOWRJWRWKRVHGHVLJQHGDQGDQDO\]HG
IRU3*$HTXDOWRJ+RZHYHUWKHSHDN36$3)$DVVRFLDWHGZLWKWKHILUVWYL
EUDWLRQPRGHRIWKHVWUXFWXUHLVQRWLFHDEO\UHGXFHGGXHWRWKHHIIHFWRIVWUXFWXUDO
QRQOLQHDULW\LQDGGLWLRQWKHUHVRQDQFHSHULRGLVKLJKHUWKDQ7IRUWKHSHULRGHORQ
JDWLRQGXHWRVWUXFWXUDOQRQOLQHDULW\5HPHPEHUWKDWDVSUHYLRXVO\KLJKOLJKWHGWKLV
HIIHFWLVPDLQO\GXHWRHOHPHQWV¶LQILOOV¶FUDFNLQJ%RWKHIIHFWVRIVWUXFWXUDOQRQOLQ
HDULW\DUHH[SHFWHGDOVRE\DSSO\LQJWKHPRUHUHILQHGOLWHUDWXUHSURSRVDOVGLVFXVVHG
LQVHFWLRQ$OVRQRWHWKDWHYHQLIZLWKDORZHULPSDFWDOVRWKHSHDNVDVVRFLDWHG
ZLWKKLJKHUYLEUDWLRQPRGHVPD\EHUHGXFHGGXHWRVWUXFWXUDOQRQOLQHDULW\7KLVZDV
REVHUYHGDOVRE\6XUDQDHWDO>@
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st

1 floor

st

1 floor
nd
2 floor

rd

3 floor
th

7 floor
th

8 floor

)LJXUH36$3)$VSHFWUDOVKDSHVDORQJWKHORQJLWXGLQDOGLUHFWLRQRIDVHOHFWLRQRIFDVHVWXG\EXLOGLQJV

%DVHGRQWKHDERYHFRQVLGHUDWLRQVZKLFKDUHFRUURERUDWHGE\WKHGLVFXVVLRQRIOLWHUDWXUH
DQGFRGHSURSRVDOVSUHVHQWHGLQVHFWLRQLQFDQEHFRQFOXGHGWKDWZLWKUHIHUHQFHWRWKHVHWRI
FDVHVWXG\EXLOGLQJVDQDO\]HGIRUWKLVVWXG\WKHVLJQLILFDQWSDUDPHWHUVLQIOXHQFLQJWKHYDOXHV
RIWKHPD[LPXP36$3)$UDWLRVDVVRFLDWHGZLWKWKHUHVRQDQFHZLWKWKHLWKYLEUDWLRQPRGHDW
DFHUWDLQIORRUDUHWKH3)$3*$YDOXHDWWKDWIORRUWKH6D 7D 7L YDOXHSRWHQWLDOO\VXEVWLWXWHG
GLUHFWO\E\7LDQGWKH3*$YDOXH ZKLFKLVUHSUHVHQWDWLYHRIWKHOHYHORIH[SHFWHGQRQOLQHDULW\
LQWKHVWUXFWXUH 2QWKHRWKHUKDQGWKHVKDSHRIWKH36$3)$SURILOHLVFKDUDFWHUL]HGE\DSHDN
DVVRFLDWHGZLWKWKHUHVRQDQFHZLWKWKHVWUXFWXUHILUVWYLEUDWLRQPRGHDQGZLWKDJURXSRIFORVH
SHDNVDVVRFLDWHGZLWKWKHUHVRQDQFHZLWKWKHVWUXFWXUHKLJKHUPRGHV
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6

CONCLUSIONS
x )ORRUUHVSRQVHVSHFWUDDUHDXVHIXOWRROIRUWKHDVVHVVPHQWRIWKHVHLVPLFGHPDQGRQQRQ
VWUXFWXUDO FRPSRQHQWV ZKRVH VDIHW\ FKHFN LV D SDUDPRXQW LVVXH LQ SHUIRUPDQFHEDVHG
HDUWKTXDNHHQJLQHHULQJ7KLVVWXG\ZDVGHGLFDWHGWRWKHDVVHVVPHQWYLDQRQOLQHDUWLPH
KLVWRU\DQDO\VHVRIIORRUUHVSRQVHVSHFWUDRIFDVHVWXG\UHLQIRUFHGFRQFUHWHIUDPHGVWUXF
WXUHVGHVLJQHGDFFRUGLQJWR(XURFRGHVIRUIRXUGLIIHUHQWOHYHOVRIGHVLJQSHDNJURXQGDF
FHOHUDWLRQ DW /LIH 6DIHW\ /LPLW 6WDWH 7KH FDVHVWXG\ EDUH VWUXFWXUHV KDYH DOVR EHHQ
DQDO\]HGE\LQFOXGLQJLQWKHPRGHOWZRGLIIHUHQWNLQGVRIXQLIRUPO\GLVWULEXWHGLQILOOZDOOV
7KHPDLQQRYHOW\RIWKLVVWXG\LVQRWRQO\WKHDVVHVVPHQWRIIORRUVSHFWUDIRULQILOOHGUHLQ
IRUFHGFRQFUHWHEXLOGLQJVZKLFKKDVEHHQUDUHO\DGGUHVVHGLQWKHSDVWEXWDERYHDOOWKH
IDFWWKDWLQILOOZDOOVDUHPRGHOOHGE\FRQVLGHULQJWKHLULQSODQHUHVSRQVHDVXVXDODQGWKHLU
RXWRISODQHUHVSRQVHDVZHOODVWKHLQSODQHRXWRISODQHLQWHUDFWLRQLHWKHGHJUDGDWLRQ
RIWKHLQSODQHUHVSRQVHGXHWRWKHRXWRISODQHVHLVPLFGHPDQGDQGYLFHYHUVD
x %DVHG RQ OLWHUDWXUH DQG FRGH H[LVWLQJ IRUPXODWLRQV WKH PDLQ SDUDPHWHUV ZKLFK DUH H[
SHFWHGWRLQIOXHQFHIORRUUHVSRQVHVSHFWUDKDYHEHHQLGHQWLILHGQDPHO\WKHIORRUKHLJKW
QRUPDOL]HGZLWKUHVSHFWWRWKHEXLOGLQJKHLJKWWKHSVHXGRVSHFWUDODFFHOHUDWLRQVDFWLQJRQ
WKHFRQVLGHUHGEXLOGLQJWKHYLEUDWLRQSHULRGVRIWKHFRQVLGHUHGEXLOGLQJDQGWKHVKDSHRI
LWVYLEUDWLRQPRGHVWKHEXLOGLQJKHLJKWWKHH[SHFWHGSHDNJURXQGDFFHOHUDWLRQGHPDQG
0RUHRYHUIORRUVSHFWUDVKDSHLVVWURQJO\LQIOXHQFHGE\KLJKHUYLEUDWLRQPRGHVDQGE\WKH
QRQOLQHDULW\GHPDQGH[SHULHQFHGE\WKHVWUXFWXUH
x *HQHUDOO\DWIL[HGEXLOGLQJWKH3)$3*$SURILOHVIRULQILOOHGEXLOGLQJVZLWKRXWRISODQH
UHVSRQVHRILQILOOVDQGLQSODQHRXWRISODQHLQWHUDFWLRQPRGHOOHGWHQGWRDSSURDFKWKHSUR
ILOHREWDLQHGIRUWKHEDUHVWUXFWXUHV7KLVLVH[SHFWHGVLQFHZKHQWKHLQSODQHRXWRISODQH
LQWHUDFWLRQLVPRGHOOHGWKHLQSODQHUHVSRQVHRIWKHLQILOOGHWHULRUDWHVLQWHUPVRIERWK
VWLIIQHVVDQGVWUHQJWKFDSDFLW\GXHWRWKHRXWRISODQHGLVSODFHPHQWGHPDQG6RWKHJHQ
HUDOEHKDYLRXURIWKHEXLOGLQJUHVXOWVLQWHUPHGLDWHEHWZHHQWKRVHRIWKHEDUHDQGRIWKH
LQILOOHG ZLWKLQSODQHUHVSRQVHRQO\RILQILOOVPRGHOOHG EXLOGLQJV
x $OVRWKHVSHFWUDOVKDSHVIRULQILOOHGEXLOGLQJVZLWKPRGHOOLQJRIWKHRXWRISODQHUHVSRQVH
RILQILOOVDQGRIWKHLQSODQHRXWRISODQHLQWHUDFWLRQHIIHFWVDUHLQWHUPHGLDWHEHWZHHQWKRVH
REWDLQHGIRUWKHEDUHPRGHOVDQGWKRVHREWDLQHGIRUWKHLQILOOHGPRGHOVZLWKPRGHOOLQJRI
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$EVWUDFW
6HYHUDOVRXUFHVRIXQFHUWDLQW\DIIHFWVHLVPLFORVVDQDO\VLVUHVXOWVDQGLQYHVWLJDWLQJWKHLULQIOX
HQFHLVFUXFLDOWRREWDLQUHOLDEOHTXDQWLWDWLYHHVWLPDWHVRIWKHEXLOGLQJSHUIRUPDQFHXQGHUVHLV
PLFH[FLWDWLRQV7KHSUHVHQWVWXG\SURSDJDWHVXQFHUWDLQWLHVIURPVHLVPLFKD]DUGWRDQQXDOL]HG
VHLVPLFORVVHVRIDFRGHGHVLJQHGXQUHLQIRUFHGPDVRQU\LQILOOHGUHLQIRUFHGFRQFUHWHPRPHQW
UHVLVWLQJIUDPHEXLOGLQJ8QFHUWDLQWLHVZHUHFRQVLGHUHGLQWKHJURXQGPRWLRQUHFRUGWRUHFRUG
YDULDELOLW\DQGLQPRGHOFODVVXQFHUWDLQW\RIPDVRQU\LQILOOZDOOVWKDWRULJLQDWHVIURPWZRHTXLY
DOHQWVWUXWPDFURPRGHOFODVVHVXVHGDQGXQFHUWDLQWLHVLQWKHLUEDFNERQHPRGHOSDUDPHWHUV$
ODUJHVHWRIILQLWHHOHPHQWPRGHOV )(0V ZDVJHQHUDWHGIRUHDFKLQILOOVWUXWPRGHOFODVVE\
/DWLQK\SHUFXEHVDPSOLQJ /+6 RIWKHVWDWLVWLFDOGLVWULEXWLRQRIH[SHULPHQWDOO\ILWWHGEDFNERQH
SDUDPHWHUV (DFK ILQLWH HOHPHQW PRGHO ZDV VXEMHFWHG WR PXOWLSOHVWULSH EDVHG QRQOLQHDU UH
VSRQVHKLVWRU\DQDO\VHVWRHVWLPDWHWKHVWUXFWXUDOUHVSRQVHSDUDPHWHUVRILQWHUHVW7KHSURSD
JDWLRQ RI XQFHUWDLQWLHV IURP VWUXFWXUDO UHVSRQVH WR UHSDLU FRVWV ZDV HYDOXDWHG FRQVLGHULQJ
PHDQYDOXHVDQGGLVSHUVLRQLQUHSDLUFRVWDWWKHVHOHFWHGVHLVPLFKD]DUGOHYHOVIRUWZREXLOGLQJ
SHUIRUPDQFHPRGHOV0RUHRYHUWKHFRQWULEXWLRQRIGLIIHUHQWVWUXFWXUDODQGQRQVWUXFWXUDOHOH
PHQWVRIWKHVWXGLHGEXLOGLQJWRWKHH[SHFWHGDQQXDOL]HGORVVHVZDVHYDOXDWHG
.H\ZRUGVH[SHFWHGDQQXDOORVVHV)(0$3PRGHOFODVVXQFHUWDLQW\VHLVPLFULVNDQDO\
VLV850LQILOO
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 ,1752'8&7,21
5HLQIRUFHGFRQFUHWH 5& PRPHQWUHVLVWLQJIUDPHVZLWKXQUHLQIRUFHGPDVRQU\ 850 LQ
ILOOVUHSUHVHQWDSUHGRPLQDQWW\SRORJ\RIEXLOGLQJVZRUOGZLGH8QGHUVWDQGLQJWKHSHUIRUPDQFH
RIVXFKEXLOGLQJW\SRORJ\WRVHLVPLFDFWLRQVLVFUXFLDOWRDVVHVVWKHLPSDFWRIWKHLUSRWHQWLDO
GDPDJHRQWKHHFRQRPLFDQGVRFLHWDOORVVHV>±@7RWKLVHQGSHUIRUPDQFHEDVHGHDUWKTXDNH
HQJLQHHULQJ 3%(( PHWKRGVDQGWRROVFDQEHXVHGWRHYDOXDWHWKHVHLVPLFULVNRIH[LVWLQJRU
QHZO\GHVLJQHGVWUXFWXUHVWKURXJKWDUJHWHGVHLVPLFORVVDQDO\VLV6HLVPLFORVVDQDO\VLVLVDYHU\
FRPSOH[SURFHVVZKHUHE\DUREXVWDVVHVVPHQWRIWKHVHLVPLFSHUIRUPDQFHLVQHHGHGDQGUH
TXLUHVSURSDJDWLRQRIUHOHYDQWVRXUFHVRIXQFHUWDLQW\>@,QSDUWLFXODUXQFHUWDLQWLHVLQQXPHU
LFDOPRGHOLQJRIVWUXFWXUDODQGQRQVWUXFWXUDOHOHPHQWVDQGGDPDJHPHFKDQLVPVFRQVLGHUDEO\
DIIHFWWKHVHLVPLFUHVSRQVHVXFKDVWKRVHUHODWHGWRWKHPRGHOLQJRILQILOOSDQHOV(YHQWKRXJK
VHYHUDOUHVHDUFKHIIRUWVDGGUHVVHGWKHHIIHFWRIPRGHOLQJSDUDPHWHUXQFHUWDLQW\RI850LQILOO
ZDOOVRQWKHVHLVPLFVWUXFWXUDOUHVSRQVHRI5&EXLOGLQJV>±@RQO\DOLPLWHGQXPEHURIVWXG
LHVIRFXVHGRQWKHLPSDFWRIPRGHOFODVVXQFHUWDLQW\RQHVWLPDWHGORVVHV0RGHOFODVVXQFHU
WDLQW\>@LQFRUSRUDWHVWKHXQFHUWDLQW\LQPRGHOLQJSDUDPHWHUVDQGWKHXQFHUWDLQW\LQWKH
VHOHFWLRQRIDSSURSULDWHPRGHOVWRGHVFULEHDJHQHUDOSK\VLFDOSKHQRPHQRQ
7KLVSDSHUGHDOVZLWKWKHLPSDFWRILQFRUSRUDWLQJPRGHOFODVVXQFHUWDLQW\UHODWHGWR850
LQILOOVRQVHLVPLFORVVDVVHVVPHQWUHVXOWV0RGHOFODVVXQFHUWDLQW\LVGHVFULEHGYLDWZRHTXLYD
OHQWLQILOOVWUXWPRGHOVDQGFRQVLGHULQJWKHXQFHUWDLQW\LQWKHLUEDFNERQHSDUDPHWHUVE\JHQHU
DWLQJ  UHDOL]DWLRQV RI WKH LQILOO VWUXW EDFNERQH IRU HDFK LQILOO PRGHO 1RQOLQHDU UHVSRQVH
KLVWRU\DQDO\VHV 15+$V ZHUHFDUULHGRXWXVLQJWKHPXOWLSOHVWULSHDQDO\VLV 06$ DSSURDFK
>@ZLWKDGLIIHUHQWVHWRIJURXQGPRWLRQ *0 UHFRUGVVHOHFWHGIRUHDFKVHLVPLFLQWHQVLW\
OHYHO7KH)(0$3PHWKRGRORJ\>@ZKLFKILQGVVHYHUDODSSOLFDWLRQVLQWKHOLWHUDWXUHIRU
EXLOGLQJVSHFLILFVHLVPLFORVVDQDO\VHV>@ZDVDGRSWHGWRHYDOXDWHWKHPRQHWDU\SHUIRU
PDQFHRIWKHFRQVLGHUHGEXLOGLQJ7KLVZDVDFKLHYHGWKURXJKWKHEXLOGLQJSHUIRUPDQFHPRGHOV
GHYHORSHGLQFRUSRUDWLQJWKH15+$VUHVXOWVRIWKHWZRVHOHFWHGLQILOOPRGHOFODVVHVDQGFRQ
VLGHULQJQHFHVVDU\LQIRUPDWLRQRQHOHPHQWVGDPDJHDQGORVVFKDUDFWHULVWLFV,QSDUWLFXODUWKH
UHFHQWO\YDOLGDWHG63ZHEWRRO>@KDVEHHQXVHGIRUWKHVHLVPLFORVVDQDO\VLV5HVXOWVKLJK
OLJKWWKHLPSDFWRIPRGHOFODVVXQFHUWDLQW\IRU850ZDOOVE\FRPSDULQJPHDQUHSDLUFRVWVDQG
PHDQDQQXDOL]HGFRVWVREWDLQHGIRUWKHWZRVHOHFWHGPRGHOFODVVHV
 '(6&5,37,212)%8,/',1*
$QH[LVWLQJFRGHFRQIRUPLQJ5&850EXLOGLQJLVVHOHFWHGWRHYDOXDWHWKHHIIHFWRILQILOO
VWUXWPRGHOFODVVXQFHUWDLQW\RQVHLVPLFORVVDVVHVVPHQW7KHEXLOGLQJLVDQLUUHJXODUVL[VWRU\
VWUXFWXUHLQILOOHGZLWK850ZDOOVZLWKWKUHHED\VLQWKH<GLUHFWLRQ WUDQVYHUVH DQGILYHED\V
LQ WKH ;GLUHFWLRQ ORQJLWXGLQDO  DV VKRZQ LQ )LJXUH  D  7KH ODWHUDO IRUFH UHVLVWLQJ V\VWHP
FRQVLVWVRI5&VSHFLDOPRPHQWUHVLVWLQJIUDPHVLQERWKORQJLWXGLQDODQGWUDQVYHUVHGLUHFWLRQV
7KHFRQFUHWHXVHGKDVH[SHFWHGFRPSUHVVLYHVWUHQJWKRI݂ᇱ  03DDQGWKHUHLQIRUFLQJVWHHO
ZLWK H[SHFWHG \LHOG VWUHQJWK RI݂௬    03D )LJXUH  E  VKRZV WKH HOHYDWLRQ YLHZ RI WKH
LQWHUQDOIUDPHVIRUJULGOLQHV%WR(ZKHUHLQILOOZDOOVDUHXVHGDVSDUWLWLRQVLQVHFRQGDQGWKLUG
VWRULHV 6ROLG FOD\ EULFNV DUH XVHG IRU LQILOO ZDOO SDQHOV 'HWDLOHG LQIRUPDWLRQ UHJDUGLQJ WKH
EXLOGLQJGHVFULSWLRQLVUHSRUWHGLQ>@
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)LJXUH&RGHGHVLJQHGLQILOOHG5&850EXLOGLQJ D VHFRQGVWRU\SODQYLHZRIVWUXFWXUDO5&IUDPHV E HOH
YDWLRQYLHZDORQJ<GLUHFWLRQ WUDQVYHUVHGLUHFWLRQ RILQWHUQDOIUDPHV GLPHQVLRQVLQFP 

 180(5,&$/02'(/,1*$1'6758&785$/$1$/<6,6
5&IUDPHDQGLQILOOVWUXWPRGHOLQJ
$WZRGLPHQVLRQDOPRGHORIWKHEXLOGLQJLQWHUQDO5&IUDPHLQWKHWUDQVYHUVHGLUHFWLRQLV
GHYHORSHGLQ2SHQ6HHV>@7KHJUDSKLFDOUHSUHVHQWDWLRQRIWKHQXPHULFDOPRGHOLQJVFKHPH
LV SUHVHQWHG LQ )LJXUH  %HDPV DQG FROXPQV RIWKH 5& IUDPH DUH PRGHOHG DV ILEHUVHFWLRQ
IRUFHEDVHGILQLWHOHQJWKSODVWLFKLQJHHOHPHQWV>@7KHXQLD[LDOVWUHVVVWUDLQUHVSRQVH
RIWKHFRQFUHWHILEHUVLVPRGHOHGXVLQJWKHPRGHOE\<DVVLQ>@ZKLOHWKHUHLQIRUFLQJVWHHO
EDUV DUH PRGHOHG ZLWK DQ HODVWRSODVWLF ZLWK OLQHDU KDUGHQLQJ PRGHO *HRPHWULF QRQOLQHDULW\
ܲ െ ȟ DUHH[SOLFLWO\FRQVLGHUHG$VWUHQJWKEDVHGQRQOLQHDU]HUROHQJWKVKHDUVSULQJLVFRQ
VLGHUHG QHDU WKH FROXPQ HQG RIIVHWV WR FDSWXUH SRWHQWLDO FROXPQ VKHDU IDLOXUHV GXH WR LQILOO
IUDPHLQWHUDFWLRQ7KHGHWDLOVRIWKHVKHDUVSULQJPRGHOLPSOHPHQWHGDUHGHVFULEHGHOVHZKHUH
>@
,QILOOSDQHOVDUHPRGHOHGWKURXJKHTXLYDOHQWVWUXWPDFURPRGHOV$PRQJWKHQXPHURXVLQILOO
VWUXWPDFURPRGHOVDYDLODEOHLQWKHOLWHUDWXUHWRPRGHOLQILOOSDQHOV>±@WKHLQILOOVWUXWPRG
HOV SURSRVHG E\   6DWWDU DQG /LHO>@ DQG  %XUWRQ DQG 'HLHUOHLQ>@ DUH DGRSWHG DQG
KHUHDIWHUUHIHUUHGWRDV6/DQG%'UHVSHFWLYHO\7KH6/LVFRPSRVHGRIDVLQJOHGLDJ
RQDOFRQFHQWULFVWUXW,QFRQWUDVWWKH%'PRGHOFRQVLVWVRIDGLDJRQDOFRQFHQWULFVWUXWDQG
DQ RIIGLDJRQDO VWUXW WKH ODWWHU FRQQHFWHG DW WKH HQG RI WKH FROXPQ HQG RIIVHWV )LJXUH  F 
VKRZVWKHWZRLQILOOVWUXWPRGHOEDFNERQHFXUYHVEDVHGRQH[SHFWHGLQILOOPRGHOSDUDPHWHUV
7KHGLIIHUHQFHVLQWKHLQILOOVWUXWEDFNERQHVDULVHIURPWKHGLIIHUHQWIDLOXUHPHFKDQLVPVFRQVLG
HUHGE\HDFKLQILOOVWUXWPRGHODQGWKHUHODWLYHVWUHQJWKRIWKHLQILOODQGVXUURXQGLQJ5&IUDPH
7RDFFRXQWIRUXQFHUWDLQW\LQLQILOOPRGHOFRQVWLWXWLYHSDUDPHWHUVILQLWHHOHPHQWPRGHO
)(0 UHDOL]DWLRQVRIWKHLQILOOVWUXWEDFNERQHVDUHJHQHUDWHGIRUHDFKLQILOOPRGHOFRQVLGHULQJ
ILYHPRGHOVWRH[SHULPHQWELDVUDWLRSDUDPHWHUVIRUWKHLQILOOVWUXWEDFNERQHVDVEDVLFUDQGRP
YDULDEOHVLQFOXGLQJ  ELDVLQSHDNVWUHQJWKܸǡௗ Τܸǡ௫   ELDVLQLQLWLDOVWLIIQHVV
ܭǡௗ Τܭǡ௫    UDWLR RI H[SHULPHQW PHDVXUHG SHDN VWUHQJWK WR \LHOG VWUHQJWK
ܸǡ௫ Τܸ௬ǡ௫   UDWLRRIH[SHULPHQWPHDVXUHGFDSSLQJGULIWWR\LHOGGULIWȟǡ௫ Τȟ௬ǡ௫ 
DQG  UDWLRRIH[SHULPHQWPHDVXUHGUHVLGXDOVWUHQJWKWRSHDNVWUHQJWKܸǡ௫ Τܸǡ௫ 6WDWLV
WLFVRQPRGHOELDVDUHGHWHUPLQHGEDVHGRQWKHDSSURDFKDQGUHVXOWVSUHVHQWHGLQ%XUWRQDQG
'HLHUOHLQ>@DQG)(0$>@
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)LJXUH,QILOOHG5&IUDPHPRGHOLQJ D 6/ E %' F LQILOOVWUXWEDFNERQHSDUDPHWHUV

6WUXFWXUDODQDO\VLVUHVXOWV
7KHXQFHUWDLQW\LQJURXQGVKDNLQJLVFRQVLGHUHGE\VLPXODWLQJQRQOLQHDUUHVSRQVHKLVWRU\
DQDO\VHV 15+$V ZLWKQDWXUDO*0UHFRUGVDWHLJKWVHLVPLFLQWHQVLW\OHYHOVFRUUHVSRQGLQJ
WRH[FHHGDQFHSUREDELOLWLHVRIDQGLQ\HDUVLQ\HDUV
DQG  LQ  \HDUV UHVSHFWLYHO\ :LWKLQ WKH 06$ DSSURDFK >@ IRU HDFK VHLVPLF KD]DUG
OHYHO +/ DGLIIHUHQW*0UHFRUGVVXLWHLVVHOHFWHGIRUDVRLOVLWHFODVV'LQ6DOHP2UHJRQ
86$7ZRGLPHQVLRQDOVWUXFWXUDODQDO\VHVDUHSHUIRUPHGRQWKH)(0UHDOL]DWLRQVRIWKH
WZRFRQVLGHUHGPRGHOFODVVHVUHSUHVHQWLQJDQLQWHUQDOEXLOGLQJ5&IUDPH7KHVXLWHRIDQDO\VHV
LVFDUULHGRXWE\XVLQJKLJKSHUIRUPDQFHSDUDOOHOFRPSXWLQJ>@
7KHVXPPDU\RIWKHUHVXOWVRI15+$VLVSUHVHQWHGLQ)LJXUHLQZKLFKPHGLDQSURILOHVIRU
SHDNLQWHUVWRU\GULIWUDWLR 3,'5 DUHUHSRUWHG,WFDQEHVHHQIURP)LJXUHWKDWWKHUHLVDQRWDEOH
UHGXFWLRQRIWKHGULIWGHPDQGVDWWKHVHFRQGDQGWKLUGVWRULHVZKLFKDUHWKHVWRULHVLQZKLFKWKH
LQILOOSDQHOVDUHORFDWHG7KHFRPSDULVRQEHWZHHQWKHUHVXOWVIRUWKHWZRPRGHOFODVVHVLQGLFDWHV
DORZHU3,'5GHPDQGLQORZHUVWRULHVZKHQWKH%'LQILOOVWUXWPRGHOLVDGRSWHG
LQ\HDUV
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)LJXUH0HGLDQ3,'5SURILOHVIRUWKHWZRVHOHFWHGPRGHOFODVVHV6/DQG%'DWLQ
\HDUV+/VDQGLQ\HDUVKD]DUGOHYHOV

 /266$1$/<6,65(68/76
7KHEXLOGLQJVHLVPLFORVVDQDO\VLVLVHYDOXDWHGYLDWKH)(0$3ORVVPHWKRGRORJ\RQD
WKUHHGLPHQVLRQDOSHUIRUPDQFHPRGHORIWKHEXLOGLQJZKHUHWKHLQIRUPDWLRQUHODWHGWRWKHJH
RPHWULFDOEXLOGLQJFKDUDFWHULVWLFVWKHVWUXFWXUDOUHVSRQVHUHVXOWVDVZHOODVWKHGDPDJHDQGORVV
GHVFULSWLRQRIWKHHOHPHQWVLVUHTXLUHG,QSDUWLFXODUWKHGHPDQGGLVWULEXWLRQJHQHUDWHGIURP
WKH15+$VLVXVHGDVLQSXWGDWDIRUWKHGDPDJHDQDO\VLVRIGDPDJHDEOHVWUXFWXUDODQGQRQ
VWUXFWXUDOHOHPHQWVDWHDFKVHOHFWHG+/,QWKLVSDSHUWKHVHLVPLFORVVDQDO\VLVLVFDUULHGRXW
IRUWZREXLOGLQJSHUIRUPDQFHPRGHOVHDFKRQHFRUUHVSRQGLQJWRRQHRIWKHWZRVHOHFWHGLQILOO
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1RUPDOL]HG PHDQ UHSDLU FRVW( UF_LP

VWUXWPRGHOFODVVHV7KHFRUUHVSRQGHQFHLVH[SUHVVHGXVLQJWKHVSHFLILF3,'5GHPDQGUHVXOWLQJ
IURPWKH15+$VRIWKH)(0UHDOL]DWLRQVRIWKDWLQILOOVWUXWPRGHOFODVV,QRWKHUZRUGV
WKHWZRSHUIRUPDQFHPRGHOVKDYHDGLIIHUHQW3,'5GLVWULEXWLRQUHSRUWHGLQWKHSUHYLRXVVHFWLRQ
LQ)LJXUH,QRUGHUWRDSSUHFLDWHWKHLQIOXHQFHRILQILOOPRGHOLQJXQFHUWDLQW\WKHIUDJLOLW\DQG
ORVVIXQFWLRQVRIWKHVWUXFWXUDODQGQRQVWUXFWXUDOHOHPHQWVDUHWKHVDPHIRUWKHWZRSHUIRUPDQFH
PRGHOV)LJXUHUHSRUWVWKHPHDQUHSDLUFRVWYDOXHVDWWKHVHOHFWHGVHLVPLFLQWHQVLWLHVIRUWKH
WZRSHUIRUPDQFHPRGHOVQRUPDOL]HGE\WKHWRWDOUHSODFHPHQWFRVWRIWKHEXLOGLQJ7KHHOHPHQW
FDWHJRU\GHDJJUHJDWLRQRIPHDQUHSDLUFRVWLVDOVRUHSRUWHG7KHVHLVPLFULVNGXHWRFROODSVHLV
PXFKOHVVUHOHYDQWWKDQWKRVHIURPHOHPHQWGDPDJHDQDO\VLVZKLFKLVSDUWO\H[SODLQHGE\WKH
IDFWWKDWDPRGHUQFRGHGHVLJQHGEXLOGLQJLVFRQVLGHUHGLQWKLVVWXG\7KHILJXUHVKRZVWKDWWKH
PRVWVXEVWDQWLDOFRQWULEXWLRQWRWKHULVNLVIURPWKHPDVRQU\LQILOOZDOOVZKHUHDVUHSDLUFRVWV
IURP0(3 PHFKDQLFDOHOHFWULFDQGSOXPELQJ HOHPHQWVDUHOHVVUHOHYDQWDWKLJKHU+/V,Q
DGGLWLRQ UHSDLU FRVWV GXH WR FROODSVH IRU WKH %' PRGHO FODVV EHFRPH SURJUHVVLYHO\ PRUH
LPSRUWDQWZLWKLQFUHDVLQJ+/VDQGHYHQWKRXJKDVLPLODUWUHQGLVREVHUYHGIRUWKH6/PRGHO
FODVVWKHFRQWULEXWLRQRIFROODSVHWRWKHULVNLVOHVVIRUWKHODWWHUPRGHOFODVV




















\UV \UV





\UV

\UV

\UV

\UV

\UV

\UV \UV

3UREDELOLW\ RIH[FHHGLQJ +/

/HJHQG
&ROODSVH

\UV

5&IUDPHV

,QILOOZDOOV

,QWHULRU ILQLVKHV

0(3



)LJXUH(IIHFWRIPRGHOFODVVXQFHUWDLQW\RQWKHPHDQWRWDOUHSDLUFRVWGHDJJUHJDWHGE\WKHGLIIHUHQWVWUXFWXUDO
DQGQRQVWUXFWXUDOHOHPHQWVFRQWULEXWLRQIRUWKHWZRLPSOHPHQWHGSHUIRUPDQFHPRGHOV6/DQG%'

7RLOOXVWUDWHWKHSURSDJDWLRQRIWKHXQFHUWDLQW\IURPWKHVWUXFWXUDOUHVSRQVHWRORVVHVWKH
GLVSHUVLRQVRIWKHPD[LPXP3,'5RYHUDOOWKHEXLOGLQJVWRULHV 0,'5 ߚெூோ DQGUHSDLUFRVW
GLVSHUVLRQVߚோ DUHFRPSDUHGDWWKHVHOHFWHG+/V)LJXUHUHYHDOVDQDPSOLILFDWLRQRIUHSDLU
FRVWGLVSHUVLRQVFRPSDUHGWR0,'5GLVSHUVLRQVDQGUHVXOWVLQ)LJXUH E LQGLFDWHWKDWGLVSHU
VLRQVRIVHLVPLFORVVLQWHUPVRIUHSDLUFRVWVGHFUHDVHDVVHLVPLFLQWHQVLW\LQFUHDVHVSUREDEO\
EHFDXVHKLJKHUYDOXHVRIWKH('3LPSO\WKDWHOHPHQWVGDPDJHFRQGLWLRQWHQGWRFRQFHQWUDWHDW
WKH KLJKHU GDPDJH VWDWHV KHQFH WKH VDPH IRU VXEVHTXHQW HOHPHQWV ORVV 7KLV REVHUYDWLRQ LV
FRQVLVWHQWZLWKWKHUHVXOWVSUHVHQWHGLQ.RKUDQJLHWDO>@
:LWKLQDPRUHFRPSUHKHQVLYHVHLVPLFORVVDQDO\VLVWKHH[SHFWHGDQQXDOL]HGORVVHV ($/ 
DUHFRPSXWHGDVDSHUFHQWDJHRIWKHWRWDOUHSODFHPHQWFRVW7KHHVWLPDWHG($/YDOXHVDUHYHU\
VLPLODUDQGIRUWKH6/PRGHOFODVVDQG%'PRGHOFODVVUHVSHFWLYHO\
UHYHDOLQJDQHJOLJLEOHLQIOXHQFHRILQILOOVWUXWPRGHOFODVVXQFHUWDLQW\RQDQQXDOL]HGORVVHVIRU
WKHSUHVHQWFDVHVWXG\PRGHUQ5&EXLOGLQJ0RUHRYHUWKHVHYDOXHVDUHUHODWLYHO\ORZZKHQ
FRPSDUHGZLWKVWXGLHVRQROGHU5&IUDPHEXLOGLQJV>@
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5HSDLU FRVWGLVSHUVLRQ ȕ5&
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)LJXUH/RJDULWKPLFVWDQGDUGGHYLDWLRQIRUWKHWZRLPSOHPHQWHGSHUIRUPDQFHPRGHOV6/DQG%' D 
PD[LPXPSHDNLQWHUVWRU\GULIWUDWLRߚெூோ  E UHSDLUFRVWߚோ 

($/FRQWULEXWLRQ >@

7KH($/SHUFHQWDJHGHDJJUHJDWLRQLQWHUPVRIUHSODFHPHQWORVVHVDQGGDPDJHDEOHHOHPHQW
FDWHJRU\ORVVHVUHSRUWHGLQWKHEDUFKDUWLQ)LJXUHFRQILUPVWKHSUHGRPLQDQWFRQWULEXWLRQIURP
PDVRQU\LQILOOZDOOVZKHUHDV0(3HOHPHQWVFRQWULEXWHGWRDSSUR[LPDWHO\RI($/7KH
VWUXFWXUDOGDPDJHFRQWULEXWLRQWRWKHULVNLVQHJOLJLEOHKLJKOLJKWLQJWKHLPSRUWDQFHRIXVLQJ
PRGHUQEXLOGLQJFRGHVWRUHGXFHVHLVPLFULVN
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,QILOOZDOOV

,QWHULRU
ILQLVKHV
'DPDJHDEOH HOHPHQW FDWHJRULHV







0(3



)LJXUH&RQWULEXWLRQVRIFROODSVHDQGGDPDJHDEOHHOHPHQWORVVHVWRH[SHFWHGDQQXDOL]HGORVVIRUWKHWZRLP
SOHPHQWHGSHUIRUPDQFHPRGHOV6/DQG%'

 &21&/86,216
7KLVSDSHUDLPVWRDVVHVVWKHHIIHFWRIPRGHOFODVVXQFHUWDLQW\UHODWHGWR850LQILOOVPRG
HOLQJRQVHLVPLFULVNRIDPRGHUQ5&EXLOGLQJE\XVLQJWZRGLIIHUHQWHTXLYDOHQWVWUXWPRGHOV
QDPHO\6/DQG'%DQGWKHXQFHUWDLQW\LQWKHLQILOOVWUXWEDFNERQHSDUDPHWHUV15+$V
ZHUHSHUIRUPHGDWHLJKWKD]DUGOHYHOVIRU)(0UHDOL]DWLRQVRIHDFKRIWKHWZRVHOHFWHGLQILOO
VWUXWEDFNERQHVREWDLQHGWKURXJK/DWLQK\SHUFXEHVDPSOLQJRIWKHEDFNERQHSDUDPHWHUV7KH
NH\ILQGLQJVRIWKHVWXG\DUHDVIROORZV
x &RPSDULVRQ EHWZHHQ XQFHUWDLQWLHV LQ 15+$V UHVXOWV DQG ORVV DQDO\VLV UHVXOWV VKRZV D
VWURQJDPSOLILFDWLRQRIUHSDLUFRVWGLVSHUVLRQVFRPSDUHGWRPD[LPXP3,'5 0,'5 GLV
SHUVLRQDWORZDQGPHGLXP+/VZKLFKUHGXFHDWKLJKHU+/VIRUERWKWKHLQILOOVWUXWPRGHO
FODVVXVHG
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x 7KHUHVXOWVRIWKHORVVDQDO\VLVUHYHDOWKHLQIOXHQFHRIPRGHOFODVVVHOHFWLRQIRU850ZDOOV
RQPHDQUHSDLUFRVWVLQIDFWWKH6/PRGHOFODVVH[SHULHQFHVODUJHUORVVHVDWORZDQG
PHGLXP+/VZKHUHDVUHSDLUFRVWVIRUWKH%'PRGHOFODVVEHFRPHSURJUHVVLYHO\SUH
GRPLQDQWDWLQFUHDVLQJ+/VGXHWRWKHKLJKHUFRQWULEXWLRQRIFROODSVHORVVHV
x 7KH($/YDOXHVIRUWKHWZRLPSOHPHQWHGSHUIRUPDQFHPRGHOVDUHYHU\VLPLODU0RUHRYHU
WKH ($/ GHDJJUHJDWLRQ LQGLFDWHV WKH SUHGRPLQDQW FRQWULEXWLRQ IURP WKH PDVRQU\ LQILOO
ZDOOVDQGRWKHUQRQVWUXFWXUDOHOHPHQWVZKLOHWKHFRQWULEXWLRQIURP5&IUDPHVDQGFRO
ODSVHLVQHJOLJLEOH
6XPPDUL]LQJPRGHOFODVVXQFHUWDLQW\IRU850LQILOOVKDVVLJQLILFDQWHIIHFWVRQUHSDLUFRVWV
DQGPRVWO\RQUHSDLUFRVWVGLVSHUVLRQVZKHUHDVWKHLPSDFWRQDQQXDOL]HGFRVWVLVOHVVUHOHYDQW
6XFKFRQVLGHUDWLRQLVYDOLGIRUWKHSUHVHQWFDVHVWXG\PRGHUQ5&EXLOGLQJDQGIXUWKHUZRUN
VKRXOGEHSHUIRUPHGWRYDOLGDWHWKHUHVXOWV
 $&.12:/('*(0(17
7KHILUVWWKHWKLUGDQGWKHODVWDXWKRUZLVKWRDFNQRZOHGJHWKHILQDQFLDOVXSSRUWUHFHLYHG
E\WKH,WDOLDQ'HSDUWPHQWRI&LYLO3URWHFWLRQ 5H/8,6*UDQW±5HLQIRUFHG&RQFUHWH6WUXFWXUHV 
7KHVHFRQGDQGILIWKDXWKRUVZRXOGOLNHWRDFNQRZOHGJHWKDWSDUWRIWKHIXQGLQJIRUWKLVVWXG\
ZDVSURYLGHGDVSDUWRIWKHFRRSHUDWLYHDJUHHPHQW1$1%+EHWZHHQWKH1DWLRQDO,Q
VWLWXWHRI6WDQGDUGVDQG7HFKQRORJ\ 1,67 DQG&RORUDGR6WDWH8QLYHUVLW\WKURXJKDVXEDZDUG
WR2UHJRQ6WDWH8QLYHUVLW\7KHFRQWHQWVH[SUHVVHGLQWKLVSDSHUDUHWKHYLHZVRIWKHDXWKRUV
DQGGRQRWQHFHVVDULO\UHSUHVHQWWKHRSLQLRQVRUYLHZVRI1,67RUWKH86'HSDUWPHQWRI&RP
PHUFH

5()(5(1&(6
>@

)/$5LEHLUR/$&1HYHV$5%DUERVD,PSOHPHQWDWLRQDQG&DOLEUDWLRQRI)LQLWH
/HQJWK3ODVWLF+LQJH(OHPHQWVIRU8VHLQ6HLVPLF6WUXFWXUDO&ROODSVH$QDO\VLV
-RXUQDORI(DUWKTXDNH(QJLQHHULQJ±

>@

+9DUXP5'XPDUX$)XUWDGR$5%DUERVD'*DXWDP+5RGULJXHV6HLVPLF
3HUIRUPDQFHRI%XLOGLQJVLQ1HSDO$IWHUWKH*RUNKD(DUWKTXDNH,PSDFWVDQG,QVLJKWV
RI*RUNKD(DUWKTXDNHLQ1HSDO(OVHYLHU

>@

0)DJJHOOD5*LJOLRWWL*0H]]DFDSR(6SDFRQH*UDSKLFG\QDPLFSUHGLFWLRQRI
SRODUL]HGHDUWKTXDNHLQFLGHQFHUHVSRQVHIRUSODQLUUHJXODUVLQJOHVWRU\EXLOGLQJV
%XOOHWLQRI(DUWKTXDNH(QJLQHHULQJ±

>@

$)0RKDPPDG0)DJJHOOD5*LJOLRWWL(6SDFRQH(IIHFWVRIERQGVOLSDQG
PDVRQU\LQILOOVLQWHUDFWLRQRQVHLVPLFSHUIRUPDQFHRIROGHU5&IUDPHVWUXFWXUHV6RLO
'\QDPLFVDQG(DUWKTXDNH(QJLQHHULQJ±

>@

)5RPDQR0=XFFRQL%)HUUDFXWL6HLVPLFIUDJLOLW\FXUYHVIRU5&EXLOGLQJVDW
WHUULWRULDOVFDOH3URFHHGLQJVRIWKHWK,QWHUQDWLRQDO&RQIHUHQFHRQ&RPSXWDWLRQDO
0HWKRGVLQ6WUXFWXUDO'\QDPLFVDQG(DUWKTXDNH(QJLQHHULQJ &203'<1 
+HUQRVLVVRV&UHWH*UHHFH-XQH

>@

0=XFFRQL5)HUOLWR/6RUUHQWLQR9DOLGDWLRQDQGH[WHQVLRQRIDVWDWLVWLFDOXVDELOLW\
PRGHOIRUXQUHLQIRUFHGPDVRQU\EXLOGLQJVZLWKGLIIHUHQWJURXQGPRWLRQLQWHQVLW\
PHDVXUHV%XOOHWLQRI(DUWKTXDNH(QJLQHHULQJ±
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>@

+&URZOH\--%RPPHU53LQKR-%LUG7KHLPSDFWRIHSLVWHPLFXQFHUWDLQW\RQDQ
HDUWKTXDNHORVVPRGHO(DUWKTXDNH(QJLQHHULQJDQG6WUXFWXUDO'\QDPLFV±


>@

'&HODUHF35LFFL0'ROãHN7KHVHQVLWLYLW\RIVHLVPLFUHVSRQVHSDUDPHWHUVWRWKH
XQFHUWDLQPRGHOOLQJYDULDEOHVRIPDVRQU\LQILOOHGUHLQIRUFHGFRQFUHWHIUDPHV
(QJLQHHULQJ6WUXFWXUHV±

>@

$)0RKDPPDG0)DJJHOOD5*LJOLRWWL(6SDFRQH3UREDELOLVWLFVHLVPLFUHVSRQVH
VHQVLWLYLW\RIQRQOLQHDUIUDPHEHQGLQJVKHDUDQGLQILOOPRGHOSDUDPHWHUVIRUDQH[LVWLQJ
LQILOOHGUHLQIRUFHGFRQFUHWHVWUXFWXUH3URFHHGLQJVRIWKHWZHOIWK,QWHUQDWLRQDO
&RQIHUHQFHRQ&RPSXWDWLRQDO6WUXFWXUHV7HFKQRORJ\

>@ $0XUDWRYLF1$GHPRYLF,QIOXHQFHRIPDVRQU\LQILOORQUHLQIRUFHGFRQFUHWHIUDPH
VWUXFWXUHV¶VHLVPLFUHVSRQVH&RXSOHGV\VWHPVPHFKDQLFV±
>@ -/%HFN.9<XHQ0RGHO6HOHFWLRQ8VLQJ5HVSRQVH0HDVXUHPHQWV%D\HVLDQ
3UREDELOLVWLF$SSURDFK-RXUQDORI(QJLQHHULQJ0HFKDQLFV±
>@ %$%UDGOH\$FULWLFDOH[DPLQDWLRQRIVHLVPLFUHVSRQVHXQFHUWDLQW\DQDO\VLVLQ
HDUWKTXDNHHQJLQHHULQJ(DUWKTXDNH(QJLQHHULQJ 6WUXFWXUDO'\QDPLFV±

>@ )-DOD\HU'LUHFWSUREDELOLVWLFVHLVPLFDQDO\VLVLPSOHPHQWLQJQRQOLQHDUG\QDPLF
DVVHVVPHQWV'HSDUWPHQWRI&LYLODQG(QYLURQPHQWDO(QJLQHHULQJ6WDQIRUG8QLYHUVLW\

>@ )(0$)(0$36HLVPLFSHUIRUPDQFHDVVHVVPHQWRIEXLOGLQJV0HWKRGRORJ\
)HGHUDO(PHUJHQF\0DQDJHPHQW$JHQF\
>@ )5RPDQR0)DJJHOOD5*LJOLRWWL0=XFFRQL%)HUUDFXWL&RPSDUDWLYHVHLVPLF
ORVVDQDO\VLVRIDQH[LVWLQJQRQGXFWLOH5&EXLOGLQJEDVHGRQHOHPHQWIUDJLOLW\
IXQFWLRQVSURSRVDOV(QJLQHHULQJ6WUXFWXUHV±
>@ &'HO9HFFKLR0'L/XGRYLFR63DPSDQLQ$3URWD5HSDLU&RVWVRI([LVWLQJ5&
%XLOGLQJV'DPDJHGE\WKH/¶$TXLOD(DUWKTXDNHDQG&RPSDULVRQZLWK)(0$3
3UHGLFWLRQV(DUWKTXDNH6SHFWUD±
>@ '&RRN.:DGH&+DVHOWRQ-%DNHU'-'HERFN$VWUXFWXUDOUHVSRQVH
SUHGLFWLRQHQJLQHWRVXSSRUWDGYDQFHGVHLVPLFULVNDVVHVVPHQW3URFHHGLQJVRIWKHWK
861DWLRQDO&RQIHUHQFHRQ(DUWKTXDNH(QJLQHHULQJ/RV$QJHOHV&DOLIRUQLD-XQH

>@ )5RPDQR06$ODP0=XFFRQL0)DJJHOOD$5%DUERVD%)HUUDFXWL6HLVPLF
GHPDQGPRGHOFODVVXQFHUWDLQW\LQVHLVPLFORVVDQDO\VLVIRUDFRGHGHVLJQHG850
LQILOOHG5&IUDPHEXLOGLQJ%XOOHWLQRI(DUWKTXDNH(QJLQHHULQJ±
>@ )0F.HQQD0+6FRWW*/)HQYHV1RQOLQHDU)LQLWH(OHPHQW$QDO\VLV6RIWZDUH
$UFKLWHFWXUH8VLQJ2EMHFW&RPSRVLWLRQ-RXUQDORI&RPSXWLQJLQ&LYLO(QJLQHHULQJ
±
>@ 0+0<DVVLQ1RQOLQHDUDQDO\VLVRISUHVWUHVVHGFRQFUHWHVWUXFWXUHVXQGHU
PRQRWRQLFDQGF\FOLFORDGV8QLYHUVLW\RI&DOLIRUQLD%HUNHOH\
>@ 06$ODP$5%DUERVD3UREDELOLVWLFVHLVPLFGHPDQGDVVHVVPHQWDFFRXQWLQJIRU
ILQLWHHOHPHQWPRGHOFODVVXQFHUWDLQW\$SSOLFDWLRQWRDFRGHGHVLJQHG850LQILOOHG
UHLQIRUFHGFRQFUHWHIUDPHEXLOGLQJ(DUWKTXDNH(QJLQHHULQJ 6WUXFWXUDO'\QDPLFV

109

)DELR5RPDQR0RKDPPDG6$ODP0DULD=XFFRQL0DUFR)DJJHOOD$QGUH%DUERVD%DUEDUD)HUUDFXWL

±
>@ 01)DUGLV([SHULPHQWDODQGQXPHULFDOLQYHVWLJDWLRQVRQWKHVHLVPLFUHVSRQVHRI5&
LQILOOHGIUDPHVDQGUHFRPPHQGDWLRQVIRUFRGHSURYLVLRQV5HSRUW(&2(6735(&1R

>@ ::(O'DNKDNKQL0(OJDDO\$$+DPLG7KUHH6WUXW0RGHOIRU&RQFUHWH
0DVRQU\,QILOOHG6WHHO)UDPHV-RXUQDORI6WUXFWXUDO(QJLQHHULQJ±

>@ )-&ULVDIXOOL$-&DUU3URSRVHG0DFUR0RGHOIRUWKH$QDO\VLVRI,QILOOHG)UDPH
6WUXFWXUHV%XOOHWLQRIWKH1HZ=HDODQG6RFLHW\IRU(DUWKTXDNH(QJLQHHULQJ±

>@ $6WDYULGLV$QDO\WLFDODQGH[SHULPHQWDOVWXG\RIVHLVPLFSHUIRUPDQFHRIUHLQIRUFHG
FRQFUHWHIUDPHVLQILOOHGZLWKPDVRQU\ZDOOV8QLYHUVLW\RI&DOLIRUQLD6DQ'LHJR
>@ 66DWWDU$%/LHO6HLVPLFSHUIRUPDQFHRIUHLQIRUFHGFRQFUHWHIUDPHVWUXFWXUHVZLWK
DQGZLWKRXWLQILOOZDOOVWK861DWLRQDODQGWK&DQDGLDQ&RQIHUHQFHRQ
(DUWKTXDNH(QJLQHHULQJ7RURQWR&DQDGD
>@ +%XUWRQ*'HLHUOHLQ6LPXODWLRQRI6HLVPLF&ROODSVHLQ1RQGXFWLOH5HLQIRUFHG
&RQFUHWH)UDPH%XLOGLQJVZLWK0DVRQU\,QILOOV-RXUQDORI6WUXFWXUDO(QJLQHHULQJ
$
>@ )(0$)(0$(YDOXDWLRQRIHDUWKTXDNHGDPDJHGFRQFUHWHDQGPDVRQU\ZDOO
EXLOGLQJVWHFKQLFDOUHVRXUFHV)HGHUDO(PHUJHQF\0DQDJHPHQW$JHQF\
>@ 0)DJJHOOD$%DUERVD-3&RQWH(6SDFRQH-,5HVWUHSR6HLVPLF$VVHVVPHQWRI
5»&%XLOGLQJ6WUXFWXUHWKURXJK1RQOLQHDU3UREDELOLVWLF$QDO\VLVZLWK+LJK
SHUIRUPDQFH&RPSXWLQJ$,3&RQIHUHQFH3URFHHGLQJV$,3
>@ 0.RKUDQJL'9DPYDWVLNRV3%D]]XUUR,PSOLFDWLRQVRI,QWHQVLW\0HDVXUH
VHOHFWLRQIRUVHLVPLFORVVDVVHVVPHQWRI'EXLOGLQJV(DUWKTXDNH6SHFWUD±

>@ &%+DVHOWRQ&$*RXOHW-0LWUDQLUHLVHU-/%HFN**'HLHUOHLQ.$3RUWHU
-36WHZDUW$Q$VVHVVPHQWWR%HQFKPDUNWKH6HLVPLF3HUIRUPDQFHRID&RGH
&RQIRUPLQJ5HLQIRUFHG&RQFUHWH0RPHQW)UDPH%XLOGLQJ
>@ &05DPLUH](0LUDQGD%XLOGLQJVSHFLILFORVVHVWLPDWLRQPHWKRGV WRROVIRU
VLPSOLILHGSHUIRUPDQFHEDVHGHDUWKTXDNHHQJLQHHULQJ7KH-RKQ$%OXPH(DUWKTXDNH
(QJLQHHULQJ&HQWHU'HSDUWPHQWRI&LYLODQG(QYLURQPHQWDO(QJLQHHULQJ6WDQIRUG
8QLYHUVLW\
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HPDLODLONL#LWXHGXWU

Abstract
In earthquake prone areas, columns of many relatively old RC (reinforced concrete) structures do not comply with the current seismic design codes, particularly in developing countries. Low concrete strength, improper seismic detailing of transverse reinforcement and high
axial stresses on the columns are common problems causing lack of sufficient ductility under
seismic forces. External jacketing of substandard columns by spraying GFRM (glass fiber reinforced mortar) is a new, practical and feasible method to overcome these deficiencies, particularly for the cases where access to the structural members is limited. In this study, the
effects of cross-sectional aspect ratio (h/b) of columns on effectiveness of external jacketing
with sprayed GFRM are investigated experimentally. For this purpose, four full scale RC columns were tested under constant axial load (0.35f’cAg) and cyclic lateral displacement reversals before and after seismic retrofit with sprayed GFRM jacket. The cross-sectional aspect
ratios of two columns were 2.0, whereas the cross-sectional aspect ratio was 4.0 for the other
two columns. The structural responses of the columns are discussed through hysteretic and
envelope load-displacement curves. The test results show that sprayed GFRM jacketing improves lateral ductility of the substandard columns significantly. It is also shown that the
method is effective for the columns with high cross-sectional aspect ratios.
Keywords:&ROXPQ*)505HLQIRUFHG&RQFUHWH6HLVPLF
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1

INTRODUCTION

7KHUHDUHPDQ\EXLOGLQJVDOORYHUWKHZRUOGWKDWGRQRWFRPSO\ZLWKWKHUHTXLUHPHQWVRI
FXUUHQWVHLVPLFGHVLJQFRGHVRUZLWK WKH UHTXLUHPHQWV RIWKHLUFRQVWUXFWLRQWLPHV7KHSRRU
VHLVPLF SHUIRUPDQFH RI EXLOGLQJV ZLWK W\SLFDO GHILFLHQFLHV RI VWUXFWXUDO PHPEHUV LH FRO
XPQV  VXFK DV ORZ VWUHQJWK FRQFUHWH LQDGHTXDWH GHWDLOLQJ DQG LQVXIILFLHQW WUDQVYHUVH UHLQ
IRUFHPHQWPD\FDXVHDFRQVLGHUDEOHQXPEHURIFDVXDOWLHVDQGHFRQRPLFORVVHVGXULQJVHYHUH
HDUWKTXDNHV 3UHYLRXV GHYDVWDWLQJ HDUWKTXDNHV LH  1RUWKULGJH  .REH 
.RFDHOL9DQ(OD]LJDQG,]PLUHDUWKTXDNHV KDYHDOVRGHPRQVWUDWHGWKHYXOQHUD
ELOLW\ RI VXEVWDQGDUG 5& FROXPQV H[SRVHG WR VHLVPLF DFWLRQV GHPDQGLQJ ODUJH LQHODVWLF GH
IRUPDWLRQV >@ 7R PLWLJDWH WKLV ULVN PDQ\ VWXGLHV RQ VHLVPLF UHWURILWWLQJ RI VXEVWDQGDUG
FROXPQVZHUHFRQGXFWHGLQWKHODVWGHFDGHV%HFDXVHWKHPDMRUSUREOHPIRUWKHVXEVWDQGDUG
EXLOGLQJVWRFNVWHPVIURPWKHODFNRIODWHUDOVWUHQJWKGXFWLOLW\DQGVWLIIQHVVWKHH[WHUQDOMDFN
HWLQJPHWKRGXVLQJILEHUUHLQIRUFHGSRO\PHUV )53V KDVJDLQHGSRSXODULW\IRUWKHHQKDQFH
PHQW RI WKH VHLVPLF SHUIRUPDQFH RI VXEVWDQGDUG 5& PHPEHUV >HJ @ 7KH SURYHQ
HIILFLHQF\ RI WKLV LQQRYDWLYH VROXWLRQ LQ WHUPV RI SURYLGLQJ DGGLWLRQDO FRQILQHPHQW OHDGV WR
LPSURYHGVHLVPLFUHVLVWDQFHLQWHUPVRIODWHUDOORDGFDSDFLW\DQGLQHODVWLFGHIRUPDWLRQFDSD
ELOLWLHVRIVXEVWDQGDUG5&PHPEHUV5HFHQWUHVHDUFKHVKDYHVKRZQWKDWXVDJHRIRWKHULQQR
YDWLYHPDWHULDOVVXFKDVWH[WLOHUHLQIRUFHGPRUWDU>HJ@RUILEHUUHLQIRUFHGPRUWDU>@
IRUH[WHUQDOFRQILQHPHQWLVDOVRDSURPLVLQJUHWURILWWLQJVROXWLRQIRUUHLQIRUFHGFRQFUHWHDQG
PDVRQU\PHPEHUV>@
7KHUHIRUHWKLVSDSHULVDLPHGDWLPSURYLQJWKHVHLVPLFUHVLVWDQFHRIH[WHQGHGUHFWDQJXODU
VXEVWDQGDUG 5& FROXPQV WKURXJK VSUD\HG *)50 JODVV ILEHU UHLQIRUFHG PRUWDU MDFNHWLQJ
7RZDUGVWKLVDLPSUHOLPLQDU\UHVXOWVRIDQH[SHULPHQWDOVWXG\FRQGXFWHGRQIXOOVFDOHVXE
VWDQGDUG5&FROXPQVRIGLIIHUHQWFURVVVHFWLRQDODVSHFWUDWLRV DQG DUHSUHVHQWHGLQ
WKLVSDSHU7KHVWXG\H[DPLQHVWKHLPSDFWRIUHYHUVHGF\FOLFODWHUDOORDGLQJRQWKHFROXPQV
EHIRUHDQGDIWHUDSSOLFDWLRQRISURSRVHGH[WHUQDOMDFNHWLQJPHWKRG
2
2.1

EXPERIMENTAL WORK
Specimen details and test setup

,QWKHVFRSHRIWKHVWXG\DWRWDORIFDQWLOHYHUFROXPQVZHUHFDVWWRDVVHVVWKHHIILFLHQF\
RI VSUD\HG *)50 MDFNHWLQJ RQ VHLVPLF EHKDYLRU RI VXEVWDQGDUG 5& FROXPQV 7KH FROXPQV
KDGGLPHQVLRQVRIPPîPPDQGPPîPPFRUUHVSRQGLQJWRFURVVVHFWLRQDO
DVSHFWUDWLR KE RIDQGUHVSHFWLYHO\7KHFROXPQVZLWKKERIDQGZHUHFDVW
KDYLQJDKHLJKWRIDQGPPUHVSHFWLYHO\)RUHDFKDVSHFWUDWLRWZRFROXPQVZHUH
FDVWRQHWREHDUHIHUHQFHFROXPQDQGWKHRWKHUZLWKSXUSRVHRIUHWURILWWLQJ(DFKFROXPQLQ
FRUSRUDWHGDQ5&IRXQGDWLRQEORFNZLWKGLPHQVLRQVRIPPîPP KE  RU
PPîPP KE  DQGKHLJKWRIPP&ROXPQVZHUHUHLQIRUFHGZLWKRIPP
KE  RURIPP KE  GLDPHWHUORQJLWXGLQDOVWHHOSODLQEDUVSODFHGDWWKHFRUQHUV
ZLWKDPPFRQFUHWHFRYHUIURPWKHHGJHRIWKHVSHFLPHQWRWKHRXWVLGHRIWKHORQJLWXGLQDO
EDUV )LJ 7KHVHEDUVKDGD\LHOGVWUHQJWKRI03D7UDQVYHUVHUHLQIRUFHPHQWZDVSUR
YLGHGLQWKHIRUPRISODLQEDUVZLWKPPGLDPHWHUZKLFKKDGD\LHOGVWUHQJWKRI03D
7KHVHEDUVZHUHIRUPHGDWPPVSDFLQJFHQWHUWRFHQWHUZLWKGHJUHHVKRRNDQJOHDWWKH
WHVWUHJLRQUHSUHVHQWLQJH[LVWLQJVXEVWDQGDUGEXLOGLQJVWRFN7KHJHRPHWULFUDWLRRIORQJLWXGL
QDOUHLQIRUFHPHQWUDWLRZDVDQGYROXPHWULFUDWLRRIWUDQVYHUVHUHLQIRUFHPHQWVZDV
KE  RU KE  UHVSHFWLYHO\ZKLFKZHUHFDOFXODWHGDFFRUGLQJWRFXUUHQW7XUNLVK
%XLOGLQJ (DUWKTXDNH &RGH >@$OO FROXPQV ZHUH FRQVWUXFWHGVRDVWR EHUHSUHVHQWDWLYHRI
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WKHVXEVWDQGDUGFROXPQVQRWFRPSO\LQJWRDQ\GHVLJQFRGHV&RQFUHWHFRPSUHVVLYHVWUHQJWK
DWWKGD\DIWHUFDVWLQJZDVDURXQG03DDQGDWDURXQGWKHVHLVPLFWHVWGD\ VL[PRQWKV
DIWHUFDVWLQJ LWZDV03DZKLFKZHUHREWDLQHGIURPPPîPPVWDQGDUGF\OLQ
GHUV 7KH FROXPQV ZHUH WDJJHG DV & UHIHUHQFH VSHFLPHQ ZLWK KE   &5 UHWURILWWHG
VSHFLPHQ ZLWK KE   & UHIHUHQFH VSHFLPHQ ZLWK KE   DQG &5 UHWURILWWHG VSHFL
PHQZLWKKE  7KHFROXPQVZHUHVWUHQJWKHQHGZLWKVSUD\HG*)50WKDWKDGJODVV
ILEHUFRQWHQWE\ZHLJKW7KHDYHUDJHGD\FRPSUHVVLYHVWUHQJWKRIILYHVWDQGDUGPPFX
ELF*)50VSHFLPHQVZDVREWDLQHGLQDFFRUGDQFHZLWK$670&>@DV03D

)LJXUH5HLQIRUFHPHQWGHWDLOVRIWKHFROXPQV1RWH$OOGLPHQVLRQVDUHLQPP

7KHJHQHUDOYLHZRIWKHWHVWVHWXSDQGPHDVXUHPHQWV\VWHPFRQVLVWLQJRIORDGFHOOVSRWHQ
WLRPHWHUVDQGVWUDLQJDXJHVDUHVKRZQLQ)LJ7KHGDWDIURPWKHSRWHQWLRPHWHUVORDGFHOOV
DQGHOHFWULFDOUHVLVWDQFHVWUDLQJDXJHVZHUHFROOHFWHGE\PHDQVRIDGDWDORJJHU70/<)/$
SRVW\LHOGVWUDLQJDXJHVDQG70/)/$IRLOVWUDLQJDXJHVZHUHPRXQWHGRQORQJLWXGLQDO
DQG WUDQVYHUVH UHLQIRUFHPHQWV UHVSHFWLYHO\ 7KH W\SHV DQG PHDVXUHPHQW OHQJWKV RI SRWHQWL
RPHWHUVDUHVKRZQLQ)LJ,QWKLVILJXUHIRULQVWDQFH6/36GHQRWHVWKHSRWHQWLRPHWHU
ZLWK D  PP VWURNH OHQJWK 6SHFLPHQV ZHUH IL[HG WR WKH VWURQJ IORRU RI WKH ODERUDWRU\ E\
PHDQVRIVL[KLJKVWUHQJWKPPGLDPHWHUEROWV3ULRUWRWKHVHLVPLFWHVWVWKHD[LDOORDGZDV
DSSOLHGE\PHDQVRIDPDQXDOO\IRUFHFRQWUROOHGK\GUDXOLFMDFNZLWKN1FDSDFLW\$IWHU
DSSOLFDWLRQRIYHUWLFDOFRQVWDQWORDGUHYHUVHGF\FOLFODWHUDOGLVSODFHPHQWSURWRFROZDVDSSOLHG
WRWKHFROXPQE\PHDQVRIDKRUL]RQWDOK\GUDXOLFDFWXDWRUZLWKDN1DQGPPIRUFH
DQG GLVSODFHPHQW FDSDFLW\ UHVSHFWLYHO\ (DFK WDUJHW GLVSODFHPHQW KDG WZR UHSHDWHG F\FOHV
7KHUHYHUVHGF\FOLFODWHUDOORDGLQJZDVDSSOLHGFRQVLGHULQJLQFUHDVLQJGULIWUDWLRVLQSXVKLQJ
DQGSXOOLQJGLUHFWLRQVWKDWFRUUHVSRQGHGWR
DQGGULIWUDWLRVDF
FRUGLQJWR$&,5>@7HVWVZHUHQRWWHUPLQDWHGXQWLOWKHIDLOXUH DWOHDVWORVV
RID[LDODQGRUODWHUDOORDGFDSDFLWLHV ZDVREVHUYHG
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)LJXUH6HLVPLFWHVWVHWXSDQGLQVWUXPHQWDWLRQ

2.2

Retrofitting procedure

7KHFROXPQV&5DQG&5ZHUHSUHSDUHGWREHVWUHQJWKHQHGE\URXQGLQJRIIWKHLUFRU
QHUVZLWKDUDGLXVRIPP$IWHUSUHSDULQJWKHVXUIDFHE\FOHDQLQJWKHGXVWWRSURYLGHVDWX
UDWLRQEHWZHHQFRQFUHWHDQG*)50VSUD\LQJRI*)50VWDUWHG7KHQ*)50ZDVVSUD\HGE\
XVLQJDVSUD\LQJJXQWRWKHVXUIDFHRIWKHFROXPQ7KHWKLFNQHVVRI*)50MDFNHWIRUWKHFRO
XPQ&5YDULHGEHWZHHQPPDQGPPZKHUHDVIRUWKHFROXPQ&5WKLVWKLFNQHVV
ZDVEHWZHHQPPDQGPP7KLVHQODUJLQJWKLFNQHVVHVWRZDUGVWKHFHQWHURIWKHFROXPQ
HGJHV ZHUH SURSRVHG WR HQKDQFH WKH ODWHUDO FRQILQHPHQW SUHVVXUH SURYLGHG E\ WKH MDFNHW
&KRSSHGJODVVILEHUVRIPPOHQJWKZHUHXVHGLQWKLVFRPSRVLWHPDWHULDO7HFKQLFDOSURSHU
WLHVRIWKHILEHUVSURYLGHGE\WKHPDQXIDFWXUHUDUHVKRZQLQ7DEOH,QRUGHUWRDYRLGORFDO
GDPDJHVLQWKH*)50QHDUWKHFROXPQIRXQGDWLRQDPPRIYHUWLFDOJDSZDVOHIWEHWZHHQ
WKH *)50 DQG WKH FROXPQIRXQGDWLRQ LQWHUIDFH 7KH SURFHVV RI VWUHQJWKHQLQJ LV VKRZQ LQ
)LJ
7DEOH&KRSSHGJODVVILEHUWHFKQLFDOSURSHUWLHV

3URSHUWLHV
$YHUDJH)LODPHQW'LDPHWHU ȝP 
6SHFLILF*UDYLW\ JUP 
7KLFNQHVV PP 
7HQVLOH6WUHQJWK 03D 
(ODVWLF0RGXOXV *3D 
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 D  
 E 
 F 
)LJXUH6WUHQJWKHQLQJSURFHVVRIWKHFROXPQVZLWK*)50D URXQGLQJRIIWKHFRUQHUVE UROOLQJ*)50WR
GLVWULEXWHXQLIRUPO\F VSUD\LQJ

2.3

Test results

7KHFROXPQVZHUHWHVWHGXQGHUFRQVWDQWD[LDOORDGDQGUHYHUVDOF\FOLFODWHUDOORDGLQJDERXW
VL[ PRQWKV DIWHU FDVWLQJ 'XULQJ WKH WHVWV D[LDO ORDG ZDV NHSW FRQVWDQW DW 0.35f’cbh IRU DOO
VSHFLPHQVZKHUHf’c LVWKHFRPSUHVVLYHVWUHQJWKRIFRQFUHWHb DQG hDUHWKHZLGWKDQGGHSWK
RIWKHFROXPQFURVVVHFWLRQV7KHODWHUDOORDGGLVSODFHPHQWK\VWHUHWLFFXUYHVRIWKHFROXPQV
DQGWKHLUHQYHORSHVDUHVKRZQLQ)LJVDQG7KHPD[LPXPODWHUDOORDGFDSDFLWLHVLQSXVK
LQJDQGSXOOLQJGLUHFWLRQVDUHVKRZQLQ7DEOH)RUWKHUHIHUHQFHFROXPQV&DQG&SHDN
ODWHUDO ORDGV ZHUH DFKLHYHG DW DURXQG  DQG  GULIW UDWLR UHVSHFWLYHO\ 7KH GDPDJH
SURJUHVVHGIRUWKHVHFROXPQVVHTXHQWLDOO\ZLWKFUXVKLQJDQGVSDOOLQJRIFRQFUHWHFRYHUZKLFK
ZDVIROORZHGE\EXFNOLQJRIORQJLWXGLQDOUHEDUV <LHOGLQJRIORQJLWXGLQDO UHLQIRUFHPHQWGLG
QRWRFFXULQWKHVHFROXPQV )RUWKHUHIHUHQFH FROXPQVWHVWVZHUHWHUPLQDWHGZLWKDQG
 ORVV RI ODWHUDO VWUHQJWK UHVSHFWLYHO\ 2Q WKH RWKHU KDQG GXH WR WKH DGGLWLRQDO FRQILQH
PHQWSURYLGHGE\VSUD\HG*)50UHWURILWWHGFROXPQV&5DQG&5H[KLELWHGDPRUHGXF
WLOHEHKDYLRUZLWK UHVSHFWWRWKHLUUHIHUHQFHFRXQWHUSDUWV7KLV DGGLWLRQDOFRQILQHPHQWOHGWR
GHOD\HGEXFNOLQJRIORQJLWXGLQDOEDUVZKLFKUHVXOWVZLWKPRUHGXFWLOLW\0RUHRYHUORQJLWXGL
QDOUHLQIRUFHPHQWVRIVWUHQJWKHQHGVSHFLPHQV\LHOGHGEHIRUHVWUHQJWKGHJUDGDWLRQLQGLFDWLQJ
WKDWIDLOXUHZDVQRW JRYHUQHGE\FUXVKLQJRIFRQFUHWHPHUHO\ )RUUHWURILWWHGFROXPQV &5
DQG&5SHDNORDGVZHUHDFKLHYHGDWGULIWUDWLRDQGGULIWUDWLRUHVSHFWLYHO\$IWHU
WKLVSRLQWVWUHQJWKORVVLQLWLDWHGGXHWRDQLQFUHDVHLQFUDFNZLGWKVDWWKHHGJHVRIWKH*)50
MDFNHW)LQDOO\WKHVHFUDFNVH[WHQGHGDORQJWKHKHLJKWXSWRWKHPLGGOHRIWKHFROXPQOHDGLQJ
WR WKH IDLOXUH RI WKH FROXPQ -DFNHWLQJ RI WKH VSHFLPHQV ZLWK VSUD\HG *)50 HQKDQFHG WKH
ODWHUDO ORDG FDSDFLW\ RI WKH FROXPQV ZLWK DVSHFW UDWLR  DQG  DURXQG  DQG  UH
VSHFWLYHO\2QWKHRWKHUKDQGPD[LPXPGULIWUDWLRH[SHULHQFHGLQWKHVHLVPLFWHVWVIRUWKHVH
FROXPQVZHUHDQGUHVSHFWLYHO\7KHLQFUHDVHLQPD[LPXPGULIWRIWKHFROXPQV&5
DQG&5ZHUHDURXQGDQGUHVSHFWLYHO\ZLWKUHVSHFWWRWKHLUUHIHUHQFHFROXPQV
7KHGDPDJHVRIWKHFROXPQVDIWHUWHVWVDUHVKRZQLQ)LJ
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)LJXUH+\VWHUHWLFUHVSRQVHRIWKHFROXPQVD &E &5F &DQGG &5

)LJXUH(QYHORSHFXUYHVRIWKHFROXPQV
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D E F G



)LJXUH'DPDJHVRIWKHFROXPQVD &E &5F &DQGG &5DWWKHHQGRIWKHWHVWV
7DEOH6XPPDU\RIWKHWHVWUHVXOWV

)DLOXUH 0D[LPXP
0D[LPXP
<LHOG
8OWLPDWH
'XFWLOLW\
6SHFLPHQ GULIWD ODWHUDOORDGLQ ODWHUDOORDGLQ GLVSODFHPHQW GLVSODFHPHQW
IDFWRUǻ
SXVKLQJ N1  SXOOLQJ N1  Δ1 PP 
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GULIWFRUUHVSRQGLQJWRXOWLPDWHGLVSODFHPHQW ZKHQWKHODWHUDOVWUHQJWKZDVUHGXFHGWRRIWKHSHDNYDOXH 

)RU D EHWWHU FRPSDULVRQ RI WKH FROXPQ SHUIRUPDQFHV LQ WHUPV RI GXFWLOLW\ GLVSODFHPHQW
GXFWLOLW\ IDFWRUV ǻ  DUH FDOFXODWHG DV DQ LQGLFDWRU RI GHIRUPDELOLW\ 'LVSODFHPHQW GXFWLOLW\
IDFWRUVDUHGHILQHGLQWKLVVWXG\DVWKHUDWLRRIXOWLPDWHGLVSODFHPHQWWRWKH\LHOGGLVSODFHPHQW
<LHOG GLVSODFHPHQW Δy LV WKH ODWHUDO GLVSODFHPHQW REWDLQHG IURP ODWHUDO ORDGODWHUDO
GLVSODFHPHQW P-Δ FXUYHFRUUHVSRQGLQJWRWKHPD[LPXPODWHUDOORDGRQVWUDLJKWOLQHMRLQLQJ
RULJLQ DQG WKH SRLQW DW  RI WKH SHDN ODWHUDO ORDG RQ DVFHQGLQJ SRUWLRQ RI WKH DYHUDJH
HQYHORSH FXUYH DQG Δu LV WKH XOWLPDWH ODWHUDO GLVSODFHPHQW REWDLQHG IURP P-Δ FXUYH
FRUUHVSRQGLQJWRRIWKHSHDNORDGRQGHVFHQGLQJSRUWLRQRIDYHUDJHHQYHORSHFXUYH7KH
\LHOGDQGXOWLPDWHGLVSODFHPHQWVDUHVKRZQLQ7DEOHDVZHOODVFRUUHVSRQGLQJGLVSODFHPHQW
GXFWLOLW\IDFWRUV$VVHHQLQWKLVWDEOH VSUD\HG*)50MDFNHWLQJRIWKHFROXPQVGRXEOHGWKH
GXFWLOLW\RIWKHFROXPQVLUUHVSHFWLYHRIWKHFURVVVHFWLRQDODVSHFWUDWLR
3

CONCLUSIONS

7KHPDLQREMHFWLYHRIWKLVVWXG\LVWRLQYHVWLJDWHWKHHIILFLHQF\RIVSUD\HG*)50MDFNHWLQJ
LQWHUPVRILPSURYLQJVHLVPLFSHUIRUPDQFHRIVXEVWDQGDUGFROXPQVZLWKH[WHQGHGUHFWDQJXODU
FURVVVHFWLRQV ,Q DFFRUGDQFHZLWK WKLV SXUSRVHWKHSUHOLPLQDU\UHVXOWV RIDQRQJRLQJ VWXG\
DUHSUHVHQWHGKHUHLQ 7ZRUHIHUHQFH DQGWZRVSUD\HG*)50 MDFNHWHGVXEVWDQGDUG5&FRO
XPQVZHUHWHVWHGXQGHUVHLVPLFORDGLQJZLWKFURVVVHFWLRQDODVSHFWUDWLRVRIDQG7KH
IROORZLQJFRQFOXVLRQVFDQEHGUDZQIURPWKHVWXG\
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x
x

$SSOLFDWLRQRIVSUD\HG*)50MDFNHWLQJUHVXOWHGZLWKDLQFUHDVHLQODWHUDOORDG
FDSDFLW\RIWKHVXEVWDQGDUGFROXPQV
'XHWRWKHHIIHFWLYHFRQILQHPHQWSURYLGHGE\VSUD\HG*)50MDFNHWLQJWKHGULIWFD
SDFLWLHV RI WKH FROXPQV ZHUH DSSUR[LPDWHO\ GRXEOHG FRUUHVSRQGLQJ WR  DQG 
LQFUHDVHRIGLVSODFHPHQWGXFWLOLW\IRUWKHFROXPQVZLWKFURVVVHFWLRQDODVSHFWUDWLRVRI
DQGUHVSHFWLYHO\

)XUWKHUQXPHULFDODQGH[SHULPHQWDOVWXGLHVDUHXQGHUSURJUHVVIRUGLIIHUHQWFURVVVHFWLRQV
WRVKHGVRPHPRUHOLJKWRQWKHEHKDYLRURIVSUD\HG*)50VWUHQJWKHQLQJIRUVXEVWDQGDUGH[
WHQGHG UHFWDQJXODU FROXPQV 7KH FXUUHQW UHVXOWV VKRZ WKDW WKLV FRVWHIIHFWLYH DQG HDVLO\
DSSOLFDEOHWHFKQLTXHLVSURPLVLQJIRUIXWXUHSUDFWLFDODSSOLFDWLRQV
ACKNOWLEDGMENTS
7KLVUHVHDUFKZDVJUDQWHGLQWKHVFRSHRIWKHELODWHUDOFROODERUDWLRQEHWZHHQWKHUHVHDUFK
FRXQFLOV RI 7XUNH\ 78%,7$.  DQG WKH 3DNLVWDQ 36)  XQGHU WKH JUDQW QXPEHU 0
7KHDXWKRUVDUHPRVWWKDQNIXOWR WKH)LEUREHWRQFRPSDQ\IRUWKHLU FRQWLQXRXVVXSSRUWIURP
WKH FRQVWUXFWLRQ SKDVH RI WKH VSHFLPHQV WR WKH WHVWLQJ VWDJH 7KH FRQWULEXWLRQV RI 'U &HP
'HPLU$OLKDQ%DOWDFL6DIL\H*XQGRJDQDQG(UNDQ7RUHDUHDOVRJUDWHIXOO\DFNQRZOHGJHG
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8QLYHUVLW\RI3DUGXELFH
'HSDUWPHQWRI7UDQVSRUW6WUXFWXUHV)DFXOW\RI7UDQVSRUW(QJLQHHULQJ
R]JXU\XUGDNXOODGLVODYURXWLO #XSFHF]


8QLYHUVLW\RI6DQQLR
'HSDUWPHQWRI(QJLQHHULQJ
FGHOYHFFKLR#XQLVDQQLRLW


8QLYHUVLW\RI1DSROL)HGHULFR,,
'HSDUWPHQWRI6WUXFWXUHVIRU(QJLQHHULQJDQG$UFKLWHFWXUH
GLOXGRYL#XQLQDLW


(VNLúHKLU7HFKQLFDO8QLYHUVLW\
'HSDUWPHQWRI&LYLO(QJLQHHULQJ(QJLQHHULQJ)DFXOW\
R]JXUDYVDU#HVNLVHKLUHGXWU

Abstract
Substandard reinforced concrete (RC) joints often exhibited poor seismic performance even
under moderate intensity earthquakes, which is due to the lack of earthquake-resistant design
detailing. Premature joint cracking often compromises the seismic performance of the entire
building, initiating local collapses or global failure mechanisms. The quantification of the joint
repairability in terms of reduction of the structural damage as well as expected economic losses
is still a challenging task. This is due to the uncertainties in the assessment of residual and
maximum crack widths. This study deals with the evaluation of crack by the increasing drift
level. To this end, available numerical and experimental cyclic data on the substandard beamcolumn joints are collected. The variability in material properties is considered and the correlation between residual and maximum crack width is obtained. These data are then used to
obtain residual-to-maximum crack width ratio by increasing drift level. The available repairability thresholds are then compared with the residual-to-maximum crack width ratio curve.
Keywords:&UDFNZLGWK5HSDLU3UREDELOLVWLF%HDPFROXPQMRLQWV6XEVWDQGDUG
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1

INTRODUCTION

([LVWLQJUHLQIRUFHGFRQFUHWHEXLOGLQJVGHVLJQHGDFFRUGLQJWRIRUPHUFRGHSURYLVLRQVODFN
VHYHUDOHDUWKTXDNHUHVLVWDQWGHVLJQGHWDLOLQJ7KLVPDNHVWKHVHEXLOGLQJVYXOQHUDEOHWRVHLVPLF
DFWLRQV7KHSRRUHQHUJ\GLVVLSDWLRQDQGVXGGHQVWUHQJWKDQGVWLIIQHVVGHJUDGDWLRQDUHWKHPDLQ
FRQVHTXHQFHVRIWKHEULWWOHIDLOXUHVRIVXFKYXOQHUDEOHVWUXFWXUDOPHPEHUV%HDPFROXPQMRLQWV
GHVHUYHVSHFLDOLQWHUHVWLQH[LVWLQJEXLOGLQJVEHFDXVHWKH\FDQEHWKHFULWLFDODQGSRVVLEO\WKH
ZHDNHVWOLQNDFFRUGLQJWRWKHFDSDFLW\GHVLJQSULQFLSOHVRUKLHUDUFK\RIVWUHQJWKFRQVLGHUDWLRQV
>@6XFKDQXQIDYRUDEOHVHLVPLFEHKDYLRURIMRLQWVREYLRXVO\FRPSURPLVHVWKHVWUXFWXUDOLQ
WHJULW\RIWKHZKROHV\VWHP7KHUHIRUHWKHH[SHULPHQWDOSHUIRUPDQFHRIWKHGHILFLHQWMRLQWVKDV
DWWUDFWHGFRQVLGHUDEOHUHVHDUFKLQWHUHVW>±@7KHUHVSRQVHRIEHDPFROXPQMRLQWVXQGHUDPXO
WLD[LDOFRPSOH[VWUHVVILHOGLVDOVRUHSURGXFHGE\WKHFRPSXWHUDLGHGQRQOLQHDUDQDO\VLV>±@
7KHUHILQHGDQGYDOLGDWHGQXPHULFDOPRGHOVDUHDOVRFRPELQHGZLWKWKHVWRFKDVWLFDSSURDFK
UHTXLULQJDVROXWLRQZLWKUDQGRPL]HGPDWHULDOSURSHUWLHVWRLPSURYHWKHDFFXUDF\RIWKHDQDO\VLV
UHVXOWV>±@7KHUHSDLURIGHILFLHQWMRLQWVKDVDWWUDFWHGFRQVLGHUDEOHUHVHDUFKLQWHUHVW>±
@+RZHYHUWKHEXLOGLQJUHSDLULVXVXDOO\OLPLWHGE\WKHKLJKUHSDLUFRVWRIGULIWVHQVLWLYH
PHPEHUV>@DQGPDVVLYHUHFRQVWUXFWLRQDQGLQWUXVLYHUHSDLUSURFHGXUHV>@%HVLGHVWKH
UHSDLUSURFHGXUHDQGW\SHDUHIDLUO\VHQVLWLYHWRGDPDJHOHYHO LHOLJKWPRGHUDWHRUVHYHUH
GDPDJH 7KHGDPDJHLQGLFDWRUVFKDUDFWHUL]LQJWKHVHYHULW\DQGH[WHQWDUHXVXDOO\DVVRFLDWHG
ZLWKWKHFUDFNZLGWKIRUOLJKWPRGHUDWHGDPDJHOHYHODQGPDFURVFRSLFFRQFUHWHDQGUHLQIRUFLQJ
EDUGDPDJHIRUVHYHUHGDPDJHVWDWH>±@7KHUHIRUHWKHVHOHFWLRQRIDVXLWDEOHUHSDLUSUR
FHGXUHXVXDOO\GHSHQGVRQGDPDJHOHYHODQGFUDFNZLGWK7KHHYROXWLRQRIWKHFUDFNZLGWKE\
WKHLQFUHDVLQJGULIWOHYHOWKHFRUUHODWLRQEHWZHHQPD[LPXPDQGUHVLGXDOFUDFNZLGWKDUHLP
SRUWDQWSDUDPHWHUVLQDVVHVVLQJWKHOHYHORIGDPDJH DQGWKHUHSDLUDFWLRQV 7KHHIIHFWRIUDQ
GRPQHVV DW WKH PDWHULDO OHYHO VKRXOG EH DOVR FRQVLGHUHG ZKHQ REWDLQLQJ VXFK HQJLQHHULQJ
GHPDQGSDUDPHWHUV ('3V 7KLVVWXG\PDLQO\GHDOVZLWKWKHHYROXWLRQRIFUDFNDWLPSRVHG
GULIW DQG UHVLGXDO FUDFN ZLGWK E\ WKH LQFUHDVLQJ GULIW OHYHO 7KH UHVLGXDOWRPD[LPXP FUDFN
ZLGWKUDWLRDWLPSRVHGGULIWUDWLRLVREWDLQHGWRVKRZWKHFUDFNFORVXUHHIIHFW7KHQWKLVUDWLRLV
FRPSDUHGZLWKFXUUHQWUHSDLUDELOLW\WKUHVKROGVWRREWDLQSURSHUUHODWLRQVKLSVVXLWDEOHIRURQ
VLWHHQJLQHHULQJDSSOLFDWLRQV
2

METHODOLOGY

7KHGHIRUPDWLRQOLPLWRIVHUYLFHDELOLW\DQGLWVFRUUHVSRQGLQJFUDFNZLGWKDUHXVXDOO\FRQ
VLGHUHGDVDWKUHVKROGIRUWKHEXLOGLQJUHSDLUDELOLW\FRQVLGHULQJFRQYHQWLRQDOUHSDLUDFWLRQV LH
FUDFN ILOOLQJ FRQFUHWH SDWFKLQJ RU FRYHU UHSODFHPHQW  2Q WKH RWKHU KDQG LW VKRXOG QRW EH
EH\RQGHFRQRPLFDOUHSDLU)(0$3>@VSHFLILHVDWKUHVKROGYDOXHRIRIEXLOGLQJFRVW
ZKHQFRQWHPSODWLQJZKHWKHUDGDPDJHGVWUXFWXUHVKRXOGEHUHSODFHGRUUHSDLUHG/LJKWWRPRG
HUDWHGDPDJHFDQEHLGHQWLILHGDVWKHWKUHVKROGIRUWKHIHDVLELOLW\RIUHSDLU+HUHOLJKWGDPDJH
FRUUHVSRQGVWRKDLUOLQHFUDFNVRUFUDFNVWKDWFDQEHUHSDLUHGZLWKVXUIDFHILQLVKLQJHSR[\UHVLQ
ZKLOHPRGHUDWHGDPDJHUHIHUVWRUHPDUNDEOHZLGHFUDFNVFRQFUHWHFRYHUVSDOOLQJORFDOFRQ
FUHWHFUXVKLQJDQGUHLQIRUFHPHQW\LHOGLQJ>@7KHXVHRIILEHUUHLQIRUFHGSRO\PHUV )53 
IRUWKHUHSDLUDQGUHKDELOLWDWLRQRIKHDYLO\GDPDJHG5&PHPEHUVLVDQHIILFLHQWVROXWLRQ>±
@ 7KH LQGLFDWRUV IRU WKH GHWHFWLRQ RI GDPDJH DW OLJKW WR PRGHUDWH GDPDJH OHYHOV DUH DOVR
LGHQWLILHGIRULQVLWXLQVSHFWLRQVLQWHUPVRIUHVLGXDOFUDFNZLGWK7KHUHIRUHWKHUHVLGXDOFUDFN
ZLGWKFDQEHXVHIXOIRUWKHGHWHFWLRQRIWKHGDPDJHGXULQJSRVWHDUWKTXDNHGDPDJHLQVSHFWLRQV
IRUWKHIHDVLEOHUHSDLUDFWLRQ7KHDYDLODEOHVWDQGDUGVDQGJXLGHOLQHVDOVRUHIHUWRWKHXVHRI
UHVLGXDOFUDFNZLGWKIRUUHSDLUDELOLW\>@2QWKHRWKHUKDQGVSHFLDODWWHQWLRQVKRXOG
EHJLYHQWRDVVHVVWKHUHVLGXDOFUDFNZLGWKDVWKHVFDWWHULQWKHUHVLGXDOFUDFNZLGWKLVKLJK
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1RWHWKDW0D[LPXP,QWHUVWRU\'ULIW5DWLR ,'5 LVFRPPRQO\DFFHSWHGWREHDNH\HQJLQHHU
LQJGHPDQGSDUDPHWHU7KHUHVLGXDOVWRU\GULIWLVDOVRRQHRIWKHJOREDODFFHSWDQFHFULWHULDIRU
UHSDLUDELOLW\>@KRZHYHUODUJHYDULDELOLW\FRXOGEHDVVRFLDWHGWRWKLVSDUDPHWHUDQGUHVLGXDO
FUDFN ZLGWK %HVLGHV LW LV PRUH VHQVLWLYH WR K\VWHUHWLF XQORDGLQJ DQG UHORDGLQJ UHVSRQVH LQ
PRGHUDWHO\GDPDJHGUHLQIRUFHGFRQFUHWHSODVWLFKLQJHV>@,QWKHFDVHRIEULWWOHEHKDYLRURI
MRLQWOLPLWLQJWKHUHVLGXDOGLVSODFHPHQWV DQGVRWKHUHVLGXDOFUDFNZLGWK DVDPHDQVRILQ
FUHDVLQJWKHSUREDELOLW\WKDWWKHEXLOGLQJFDQEHUHSDLUHGIROORZLQJHDUWKTXDNHJURXQGVKDNLQJ
LVDOVRDQHIILFLHQWVROXWLRQ7KHUHIRUHWKHGDPDJHHYROXWLRQFRXOGEHUHSUHVHQWHGE\WKHFUDFN
ZLGWKDWPD[LPXPDQGUHVLGXDO,'5
7KLV UHVHDUFK SURSRVHV UHODWLRQVKLSV EHWZHHQ UHVLGXDO FUDFN ZLGWK DQG PD[LPXP FUDFN
ZLGWKWRJHWKHUZLWKWKHFRUUHODWLRQWRPD[LPXPGULIW7KLVDOORZVWKHUHDGHUWRREWDLQWKHUHOD
WLRQVKLSEHWZHHQUHVLGXDODQGPD[LPXPFUDFNZLGWKWRJHWKHUZLWKWKHHYROXWLRQRIWKHFUDFN
ZLGWKE\WKHLQFUHDVLQJGULIWOHYHO7RDGGUHVVWKLVVFRSHWKHRXWFRPHVRIVWRFKDVWLFDQDO\VHV
GHYHORSHGRQYDOLGDWHG)(0QXPHULFDOPRGHOVDUHXVHG7KHVXEVWDQGDUGEHDPFROXPQMRLQW
VSHFLPHQZLWKORZVWUHQJWKFRQFUHWHDQGSODLQURXQGEDULVILUVWWHVWHG LHVSHFLPHQ(-B5 
>@7KHQWKHSURJUHVVRIFUDFNGHYHORSPHQWVLWVSDWWHUQVDQGJOREDOK\VWHUHWLFUHVSRQVHLV
UHSURGXFHGLQ$7(1$6FLHQFH>@ILQLWHHOHPHQWPHWKRG )(0 VRIWZDUH7KHPRGHOLQJDS
SURDFKWKHFRQVWLWXWLYHODZRIWKHPDWHULDOVDQGLWVSDUDPHWHUVVXLWDEOHIRUDSSOLFDWLRQWRVXE
VWDQGDUG EHDPFROXPQ MRLQW PRGHOLQJ DFFXUDF\ DQG HIIHFWLYHQHVV LQ UHSURGXFLQJ WKH
H[SHULPHQWDOEHKDYLRUPRGHOLQJDGYDQWDJHVGLVDGYDQWDJHVGLIILFXOWLHVLQWKHPRGHOLQJRIVXE
VWDQGDUGMRLQWVDUHGLVFXVVHGLQGHWDLOLQ<XUGDNXOet al. >@7KHVLPXODWLRQRIWKHUDQGRPQHVV
DWWKHPDWHULDOOHYHO LHFRQFUHWHDQGUHLQIRUFLQJVWHHO LVDFFRXQWHGE\FRPSXWDWLRQDOVWRFKDV
WLF PHFKDQLFV 7KH PHFKDQLFDO SURSHUWLHV RI FRQFUHWH DQG UHLQIRUFLQJ VWHHO DUH GHVFULEHG DV
UDQGRPYDULDEOHVWRFRQVLGHUWKHYDULDELOLW\LQPDWHULDOSURSHUWLHV>@7KXVWKHHIIHFWRIPD
WHULDOSDUDPHWHUVRQWKHFUDFNLQJUHVSRQVHLVIRXQG7KHUHVLGXDOFUDFNZLGWKDQGPD[LPXP
FUDFNZLGWKDWWKHLPSRVHGGULIWZLWKWKHLUVFDWWHUDUHREWDLQHGIURPWKHQXPHULFDODQDO\VHV,Q
PDQ\FDVHVWKHFUDFNLQJPHFKDQLVPDWWKHMRLQWEDFNMRLQWFRUHDQGLQWHUIDFHRFFXUVLPXOWD
QHRXVO\7KHPRVWFULWLFDOFDVHVIRUWKHPRVWXQIDYRUDEOHVLWXDWLRQDUHWDNHQLQWRDFFRXQWZKHQ
HYDOXDWLQJWKHFUDFNZLGWKDWHDFKORFDWLRQRIWKHMRLQWUHJLRQ0RUHGHWDLOHGLQIRUPDWLRQDERXW
WKHFUDFNLQJUHVSRQVHFDQEHIRXQGLQ<XUGDNXOet al>@
3

RESULTS AND DISCUSSION

7KHRXWFRPHVRIQXPHULFDODQDO\VHVLQWHUPVRIWKHFUDFNZLGWKYVPD[LPXPRUUHVLGXDO
,'5DUHUHSRUWHGLQ)LJXUHDDQGEUHVSHFWLYHO\7KHGDWDFDQEHILWWHGZLWKDOLQHDUUHODWLRQ
VKLSZLWKDQDFFHSWDEOHOHYHORIDFFXUDF\7KHFRUUHODWLRQDPRQJGDWDVHWV LHLPSRVHGUHVLG
XDOGULIWDQGLPSRVHGUHVLGXDOFUDFNZLGWK UHIHUUHGDVWKHFRHIILFLHQWRIGHWHUPLQDWLRQR2LQ
WKHJUDSKVLVKLJKGHPRQVWUDWLQJWKHDFFXUDF\RIWKHILWWLQJ:KHQERWKLPSRVHGDQGUHVLGXDO
FUDFNZLGWKVDWWKHLQWHUIDFHDUHFRQVLGHUHGDKLJKHUVFDWWHULQILWWLQJWKHGDWDFDQEHREVHUYHG
$VPHQWLRQHGLQWKHSUHYLRXVVHFWLRQWKHXQFHUWDLQW\LQWKHUHVLGXDOFUDFNZLGWKLVKLJK
7KHUHIRUHWKHUHOLDELOLW\RIVHWWLQJDFUDFNUHSDLUDELOLW\OLPLWEDVHGRQWKHUHVLGXDOGULIW DQGVR
FUDFNZLGWK VKRXOGEHIXUWKHULQYHVWLJDWHG7KHFRUUHODWLRQEHWZHHQWKHUHVLGXDOFUDFNZLGWKV
DQGPD[LPXPFUDFNZLGWKVLVSUHVHQWHGWRYDOLGDWHWKHUDQJHRIDSSOLFDWLRQRIWKHFRQVLGHUD
WLRQVIRUMRLQWUHSDLUDELOLW\EDVHGRQUHVLGXDOFUDFNZLGWK)RUWKLVSXUSRVHWKHGDWDDUHILWWHG
ZLWK D OLQHDU UHODWLRQVKLS DQG WKH FRUUHODWLRQ EHWZHHQ WKH UHVLGXDO FUDFN ZLGWKV DQG FUDFN
ZLGWKVDWLPSRVHGGULIWLVREWDLQHGIRUVDPSOHV VHH)LJXUH 7KHJUDSKLQGLFDWHVWKHFRU
UHODWLRQDWHDFKLPSRVHGDQGUHVLGXDOGULIWUDWLR
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7KHHYROXWLRQRIWKHFRUUHODWLRQFRHIILFLHQWUHIHUUHGDVDFRHIILFLHQWRIGHWHUPLQDWLRQR2DW
HDFKGULIWOHYHOLQ)LJXUHLVSUHVHQWHGLQ)LJXUH$ORZFRUUHODWLRQEHWZHHQSHDNDQGUHVLGXDO
FUDFNZLGWKLVIRXQGDWORZLPSRVHGGULIWV LHDQG 7KLVLVGXHWRWKHVHQVLWLYLW\
RI WKH FUDFN ZLGWK WR WKH WHQVLOH VWUHQJWK RI FRQFUHWH DW ORZ MRLQW VKHDU VWUHVV GHPDQG >@
,QGHHG D KLJK YDULDELOLW\ RI FRQFUHWH WHQVLOH VWUHQJWK LV ZLGHO\ UHFRJQL]HG > @ 7KH R2
YDOXHVLQGLFDWHWKHDFFHSWDEOHOHYHORIFRUUHODWLRQEHWZHHQWKHUHVLGXDOFUDFNZLGWKVDQGFUDFN
ZLGWKVDWLPSRVHGGULIWDWUHVLGXDOGULIW FRUUHVSRQGLQJWRWKHLPSRVHGGULIWRI 
DQGUHVLGXDOGULIW FRUUHVSRQGLQJWRWKHLPSRVHGGULIWRI ,WVKRXOGEHQRWHGWKDW
)(0$3>@UHIHUVWRWKHUHVLGXDOGULIWUDWLRRIDVDWKUHVKROGIRUWKHIHDVLEOH UHSDLU
DFWLRQ7KHUHVLGXDOGULIWVRIDQGDUHWKHFORVHVWYDOXHVWRUHVLGXDOGULIWUDWLR
UHSUHVHQWLQJWKHWKUHVKROGOLPLWDVSHU)(0$ 3 >@7KHFRUUHODWLRQWKHQGURSVWRDFHUWDLQ
OHYHOLQWKHVXEVHTXHQWGULIWOHYHOV7KLVFRXOGEHGXHWRH[FHVVLYHGDPDJHLQVXEVHTXHQWGULIW
OHYHOV


-RLQW%DFN


-RLQW&RUH
7+5(6+2/'

,QWHUIDFH








)LJXUH&RHIILFLHQWRIGHWHUPLQDWLRQR2RIWKHOLQHDUILWWLQJRIPD[LPXPYVUHVLGXDOFUDFNZLGWKDWLQFUHDVLQJ
GULIWGHPDQG

7KHFKDQJHLQWKHUHVLGXDOWRPD[LPXPFUDFNZLGWKUDWLRE\WKHLQFUHDVLQJLPSRVHGGULIWLV
SUHVHQWHGLQ)LJXUHDF,IRQHRIWKHSDUDPHWHUVLQ)LJXUHDFLVNQRZQWKHRWKHUSDUDPHWHUV
FDQEHHVWLPDWHGIURPWKHSUHVHQWHGHTXDWLRQV)RULQVWDQFHWKHSURSRVHGUHODWLRQVKLSVDOORZ
WKHFDOFXODWLRQRIWKHPD[LPXPFUDFNZLGWKE\NQRZLQJWKHUHVLGXDOFUDFNZLGWKDQGPD[LPXP
LQWHUVWRU\GULIW WKDWFDQEHHVWLPDWHGZLWKDQXPHULFDOPRGHO 7KXVLWDOORZVFRUUHODWLQJWZR
RIWKHPRVWLPSRUWDQW('3WRDVVHVVEXLOGLQJUHSDLUDELOLW\
$QLQGHSWKDQDO\VLVRIWKHUHVXOWVUHSRUWHGLQ)LJXUHDFDOORZVWRGUDZLPSRUWDQWFRQVLG
HUDWLRQRQWKHIHDVLEOHUHSDLUDELOLW\DQGFUDFNFORVXUHHIIHFWIRU5&EHDPFROXPQMRLQWV$Q
DVFHQGLQJOLQHDUWUHQGLVIROORZHGE\DVHFRQGOLQHDUWUHQGZLWKDORZHUVWHHSQHVV7KHFKDQJH
RIVWHHSQHVVDSSUR[LPDWHO\WDNHVSODFHEHWZHHQDQGLPSRVHGGULIW:LWKWKHOHVV
VWHHSFXUYHWKHUHVLGXDOWRPD[LPXPFUDFNZLGWKUDWLRJHWVFORVHWR1DPHO\WKHFUDFNV
EHFRPHODUJHHQRXJKZKLFKDUHQRWFORVLQJDQGH[KLELWODUJHUHVLGXDOFUDFNV7KHUHIRUHWKH
EUHDNSRLQWRIWKHFXUYHZKHUHLWFKDQJHVWKHFKDUDFWHULVWLFVFDQEHDVVXPHGDVDIHDVLEOHUHSDLU
DELOLW\WKUHVKROG YDOXH1RWHWKDWWKHUHVLGXDOGULIWVRI FRUUHVSRQGLQJWRLPSRVHG
GULIW DQG FRUUHVSRQGLQJWRLPSRVHGGULIW DUHWKHFORVHVWYDOXHVWRUHVLGXDOGULIW
UDWLRRIEHLQJDWKUHVKROGIRUIHDVLEOHUHSDLUDFFRUGLQJWR)(0$3>@2YHUDOOWKH
FKDQJHLQWKHFKDUDFWHULVWLFVRIWKH PXOWLOLQHDUFXUYHWDNHVSODFHEHWZHHQDQG
GULIWUDWLREHLQJWKHFRUUHVSRQGLQJLPSRVHGGULIWVFORVHVWWRWKHIHDVLEOHUHSDLUWKUHVKROG
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F
)LJXUH5HVLGXDOWRPD[LPXPFUDFNZLGWKUDWLRDWGLIIHUHQWUHVLGXDOGULIWOHYHOV

7KH SURSRVHG UHVLGXDOWRPD[LPXP FUDFN ZLGWK FXUYHV DUH FRPSDUHG ZLWK HDFK RWKHU DV
ZHOODVZLWKWKHFXUYHDYDLODEOHLQWKHOLWHUDWXUH )LJXUH 7KHWUHQGRIWKHSURSRVHGFXUYHIRU
WKHMRLQWEDFNFUDFNLVIDUIURPWKHH[SHULPHQWDOREVHUYDWLRQVRI&KHQet al.>@7KDWRILQWHU
IDFHSUHGLFWVWKHH[SHULPHQWDOREVHUYDWLRQVRI&KHQet al.>@ZLWKDUDWKHUORZDFFXUDF\LQ
WXUQWKHSURSRVHGFXUYHIRUMRLQWFRUHFORVHO\FKDUDFWHUL]HVWKHH[SHULPHQWDOREVHUYDWLRQVRI
&KHQet al.>@7KHWUHQGREWDLQHGIRUWKHMRLQWFRUHLVEHVWDPRQJDOOGDWDLQUHSURGXFLQJWKH
H[SHULPHQWDOREVHUYDWLRQVRI&KHQet al.>@
5HVLGXDO0D[LPXP&UDFN:LGWK5DWLR




3URSRVHG-RLQW%DFN



3URSRVHG-RLQW&RUH
3URSRVHG,QWHUIDFH



&ROXPQZLWK1$FIF 
&KHQHWDO


















,PSRVHG'ULIW 

'DWDUHWULHYHGIURP&KHQet al.>@

)LJXUH&RPSDULVRQRIUHVLGXDOWRLPSRVHGFUDFNZLGWKUDWLR
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4

COMMENTS ON REPAIRABILITY

7KHDSSDUHQWPDFURVFRSLFGDPDJHDW5&FRPSRQHQWVZKLFKFRYHUVZLGHFUDFNVWKHRQVHW
RI FRQFUHWH VSDOOLQJ DQG ORFDO FRQFUHWH FUXVKLQJ LV XVXDOO\ DVVRFLDWHG WR WKH UHSDLUDELOLW\
WKUHVKROG 3URSHU UHSDLU DFWLRQV FDQ UHVWRUH WKH VWUHQJWK DQG VWLIIQHVV RI WKH FRPSRQHQW WKDW
H[SHULHQFHGVXFKDGDPDJHOHYHO$FRPSUHKHQVLYHOLWHUDWXUHUHYLHZRIFRGHVVWDQGDUGVDQG
JXLGHOLQHV>@VKRZHGDKLJKVFDWWHULQWKHGHILQLWLRQRIWKHUHSDLUDELOLW\WKUHVKROG)(0$
3>@ UHIHUVWR'6 ZLWKFRUUHVSRQGLQJPD[LPXPGULIWUDWLRRI IRUQRQFRQIRUPLQJ
EHDPFROXPQMRLQWV XQGHUWKHFRQGLWLRQWKDWUHVLGXDOFUDFNZLGWKLVVPDOOHUWKDQPP 
ZKLOH+$=8605>@DVVRFLDWHVWKHLPSRVHGGULIWZLWKIRUPRGHUDWHVWUXFWXUDOGDP
DJH%HVLGHV)(0$3>@DOVRUHIHUVWRUHVLGXDOGULIWUDWLRRIIRUWKHUHSDLUDELOLW\
WKUHVKROG$VPHQWLRQHGSUHYLRXVO\WKHUHVLGXDOGULIWVRIDQGDUHWKHFORVHVWYDO
XHVWRUHVLGXDOGULIWUDWLRUHSUHVHQWLQJWKHWKUHVKROGOLPLWDVSHU )(0$3>@7KH
LPSRVHGGULIWVDUHDQGUHVSHFWLYHO\7KHFKDQJHLQWKHFXUYHFKDUDFWHULVWLFVOLHV
EHWZHHQLPSRVHGGULIWVRIDQGFRUUHVSRQGLQJWRWKHWKUHVKROGYDOXHRIUHVLGXDO
GULIWVLQ)(0$3>@ )LJXUH 7RFRQFOXGHWKHEUHDNSRLQWRIWKHFXUYHZKHUHLWFKDQJHV
WKHFKDUDFWHULVWLFVFDQEHDVVXPHGDVDIHDVLEOH UHSDLUDELOLW\WKUHVKROGYDOXHZKLFKLVEHWZHHQ
DQGLPSRVHGGULIW
7KHFRUUHODWHGPRVWLPSRUWDQW('3VZKLFKDUHUHVLGXDODQGPD[LPXPFUDFNZLGWKDOORZV
WKHFDOFXODWLRQRIWKHPD[LPXPFUDFNZLGWK7KHPD[LPXPFUDFNZLGWKFDQEHFDOFXODWHGE\
WKHSURSRVHGFXUYHVLIWKHUHVLGXDOFUDFNZLGWK ZKLFKLVDTXDQWLILDEOHSDUDPHWHUDIWHUDQHDUWK
TXDNH DQGPD[LPXPLQWHUVWRU\GULIW ZKLFKFDQEHHVWLPDWHGZLWKDQXPHULFDOPRGHO  DUH
NQRZQ,WVKRXOGEHDOVRQRWHGWKDWWKLVVWXG\UHOLHVRQWKHQXPHULFDODQGVWRFKDVWLFDVVHVVPHQW
RIWKHVXEVWDQGDUGEHDPFROXPQMRLQW7KH VSHFLPHQUHSUHVHQWVWKHVXEVWDQGDUG5&PHPEHU
ZLWKORZVWUHQJWKFRQFUHWHDQGSODLQURXQGEDU7KHVFDWWHULQWKHVWRFKDVWLFDQDO\VLVLVFRQVLG
HUHGRQO\IRUPDWHULDOXQFHUWDLQWLHV%HVLGHVWKHUHVXOWLQJIDLOXUHPRGHLVVKHDUIDLOXUHWRJHWKHU
ZLWKVOLSSDJHRIWKHEHDPORQJLWXGLQDOUHLQIRUFHPHQW$IXUWKHUVWXG\LVUHTXLUHGDFFRXQWLQJ
IRUJHRPHWULFDOXQFHUWDLQWLHVWRJHWKHUZLWKGLIIHUHQWIDLOXUHPRGHV
+$=8605UHSDLUDELOLW\WKUHVKROG

)(0$3UHVLGXDOUHSDLUDELOLW\WKUHVKROG
)(0$3UHSDLUDELOLW\WKUHVKROG

5HVLGXDO0D[LPXP&UDFN:LGWK5DWLR





3URSRVHG-RLQW%DFN

3URSRVHG-RLQW&RUH



3URSRVHG,QWHUIDFH
+$=8605



)(0$3

)(0$35HVLGXDO


















,PSRVHG'ULIW 

)LJXUH5HSDLUDELOLW\WKUHVKROGVRQUHVLGXDOWRPD[LPXPFUDFNZLGWKSORWV
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5

CONCLUSION

([LVWLQJUHLQIRUFHGFRQFUHWHEXLOGLQJVDUHYXOQHUDEOHWRVHLVPLFDFWLRQVGXHWRODFNRIHDUWK
TXDNHUHVLVWDQWGHVLJQGHWDLOLQJ7KHSRRUHQHUJ\GLVVLSDWLRQDQGVXGGHQVWUHQJWKDQGVWLIIQHVV
GHJUDGDWLRQPD\UHVXOWLQGHYDVWDWLQJEULWWOHIDLOXUHIRUEHDPFROXPQMRLQWV)XUWKHUPRUHWKH
ODFNRIWUDQVYHUVHUHLQIRUFHPHQWGRHVQRWDOORZWRNHHSWKHLQWHJULW\RIMRLQWSDQHORIWHQUHVXOW
LQJLQPDUNHGFUDFNLQJGLIILFXOWWRUHSDLU'HWHUPLQLQJZLGHO\UHFRJQL]HGDFFHSWDQFHFULWHULD
IRUIHDVLEOHUHSDLULVFKDOOHQJLQJ/LPLWLQJWKHUHVLGXDOGULIWLVFRPPRQO\DFFHSWHGVLQFHLWLVD
PHDVXUDEOHTXDQWLW\DIWHUDQHDUWKTXDNH LHWKHUHVLGXDOVWRU\GULIWDQGVRUHVLGXDOFUDFN 2Q
WKH RWKHU KDQG WKH PD[LPXP LQWHUVWRU\ GULIW DOORZV PDNLQJ SURSHU FRQVLGHUDWLRQ RQ WKH
DFKLHYHG GDPDJH VWDWH E\ XVLQJ DYDLODEOH IUDJLOLW\ FXUYHV +RZHYHU WKLV UHTXLUHV D UHOLDEOH
QXPHULFDOPRGHO%DVHGRQWKHUHVXOWVRIQXPHULFDODQDO\VHVE\XVLQJDYDOLGDWHGQXPHULFDO
)(0PRGHOWKLVVWXG\SURSRVHVDFRUUHODWLRQEHWZHHQUHVLGXDODQGPD[LPXPFUDFNZLGWKDV
ZHOODVHYDOXDWLRQRIERWKPD[LPXPDQGUHVLGXDOFUDFNZLGWK
%DVHGRQWKHREWDLQHGUHVXOWVWKHIROORZLQJSUHOLPLQDU\FRQFOXVLRQVFDQEHGUDZQ
x 7KHUHOLDELOLW\RIVHWWLQJDFUDFNUHSDLUDELOLW\OLPLWEDVHGRQWKHUHVLGXDOGULIW DQGVR
FUDFNZLGWK LVYDOLGDWHGYLDWKHFRUUHODWLRQEHWZHHQWKHUHVLGXDOFUDFNZLGWKVDQG
PD[LPXPFUDFNZLGWKV
x 7KHGDWDILWWHGZLWKDOLQHDUUHODWLRQVKLSKDVHQRXJKDFFXUDF\7KHFRUUHODWLRQDPRQJ
GDWDVHWV LHLPSRVHGUHVLGXDOGULIWDQGLPSRVHGUHVLGXDOFUDFNZLGWK UHIHUUHGDV
WKHFRHIILFLHQWRIGHWHUPLQDWLRQR2LQWKHJUDSKVLVKLJKGHPRQVWUDWLQJDQDFFHSWDEOH
OHYHORIDFFXUDF\RIWKHGDWDILWWLQJDWDQGLPSRVHGGULIWVFRUUHVSRQGLQJ
WRDQGUHVLGXDOGULIWVUHVSHFWLYHO\7KRVHDUHWKHFORVHVWYDOXHVWR
ZKLFKLVFRQVLGHUHGDIHDVLEOHWKUHVKROGYDOXHIRUUHSDLUDFFRUGLQJWR)(0$3
>@
x 7KHUHVLGXDOWRPD[LPXPFUDFNZLGWKUDWLRJUDSKVDOORZWRGUDZLPSRUWDQWFRQVLG
HUDWLRQRQWKH IHDVLEOHUHSDLUDELOLW\DQG FUDFNFORVXUH HIIHFWIRU5&EHDPFROXPQ
MRLQWV7KHFKDQJHRIVWHHSQHVVDSSUR[LPDWHO\WDNHVSODFHEHWZHHQDQG
LPSRVHGGULIW:LWKWKHOHVVVWHHSFXUYHWKHUHVLGXDOWRPD[LPXPFUDFNZLGWKUDWLR
JHWVFORVHWR1DPHO\WKHFUDFNVEHFRPHODUJHHQRXJKZKLFKDUHQRWFORVLQJ
DQG H[KLELW ODUJH UHVLGXDO FUDFNV 7KHUHIRUH WKH EUHDNSRLQW RI WKH FXUYH ZKHUH LW
FKDQJHV WKH FKDUDFWHULVWLFV FDQ EH DVVXPHG DV WKH IHDVLEOH UHSDLUDELOLW\ WKUHVKROG
YDOXH
x 7KHVWXG\UHOLHVRQWKHQXPHULFDODQGVWRFKDVWLFDVVHVVPHQWRIWKHVXEVWDQGDUGEHDP
FROXPQMRLQWZLWKORZVWUHQJWKFRQFUHWHDQGSODLQURXQGEDU7KHVKHDUIDLOXUHWR
JHWKHUZLWKVOLSSDJHRIWKHEHDPORQJLWXGLQDOUHLQIRUFHPHQWLVWKHUHVXOWLQJIDLOXUH
PRGH$IXUWKHUVWXG\LVUHTXLUHGDFFRXQWLQJIRUJHRPHWULFDOXQFHUWDLQWLHVWRJHWKHU
ZLWKGLIIHUHQWIDLOXUHPRGHV
ACKNOWLEDGMENTS
7KLVVWXG\ZDVSHUIRUPHGZLWKLQWKHIUDPHZRUNRIWKH3(±MRLQWSURJUDP'3&
5H/8,6$OVRLWZDVDFFRPSOLVKHGZLWKWKHVXSSRUWRIWKH(GXFDWLRQDODQG5HVHDUFK&HQWUH
LQ7UDQVSRUW)DFXOW\RI7UDQVSRUW(QJLQHHULQJ8QLYHUVLW\RI3DUGXELFH
REFERENCES
>@ 3DPSDQLQ6&KULVWRSRXORV&&KHQ7+'HYHORSPHQWDQGYDOLGDWLRQRIDPHWDOOLF
KDXQFKVHLVPLFUHWURILWVROXWLRQIRUH[LVWLQJXQGHUGHVLJQHG5&IUDPHEXLOGLQJVEarthquake Engineering & Structural Dynamics35
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>@ %HGLUKDQRJOX,,ONL$3XMRO6.XPEDVDU16HLVPLFEHKDYLRURIMRLQWVEXLOWZLWK
SODLQEDUVDQGORZVWUHQJWKFRQFUHWHACI Structural Journal
>@ <XUGDNXOg$YúDUg6WUHQJWKHQLQJRIVXEVWDQGDUGUHLQIRUFHGFRQFUHWHEHDPFROXPQ
MRLQWVE\H[WHUQDOSRVWWHQVLRQURGVEngineering Structures107
>@ <XUGDNXOg7XQDER\X2$YúDUg5HWURILWRIQRQVHLVPLFDOO\GHVLJQHGEHDPFRO
XPQMRLQWVE\SRVWWHQVLRQHGVXSHUHODVWLFVKDSHPHPRU\DOOR\EDUVBulletin of Earthquake Engineering16
>@ 'HO9HFFKLR&'L/XGRYLFR0%DOVDPR$3URWD$6HLVPLFUHWURILWRIUHDOEHDP
FROXPQMRLQWVXVLQJILEHUUHLQIRUFHGFHPHQWFRPSRVLWHVJournal of Structural Engineering144
>@ +DVVDQ:00RHKOH-36KHDUVWUHQJWKRIH[WHULRUDQGFRUQHUEHDPFROXPQMRLQWV
ZLWKRXWWUDQVYHUVHUHLQIRUFHPHQWACI Structural Journal115
>@ 'H5LVL07'HO9HFFKLR&5LFFL3'L/XGRYLFR0HWDO/LJKW)53VWUHQJWKHQ
LQJRISRRUO\GHWDLOHGUHLQIRUFHGFRQFUHWHH[WHULRUEHDP±FROXPQMRLQWVJ. Compos. Constr.24
>@ +DDFK9*/~FLD+RPFH'H&UHVFH(O'HEV$.KDOLO(O'HEV0(YDOXDWLRQRIWKH
LQIOXHQFHRIWKHFROXPQD[LDOORDGRQWKHEHKDYLRURIPRQRWRQLFDOO\ORDGHG5&H[WHULRU
EHDP±FROXPQMRLQWVWKURXJKQXPHULFDOVLPXODWLRQVEngineering Structures30
>@ .XONDUQL6$/L%<LS:.)LQLWHHOHPHQWDQDO\VLVRISUHFDVWK\EULGVWHHOFRQ
FUHWHFRQQHFWLRQVXQGHUF\FOLFORDGLQJJournal of Constructional Steel Research64

>@ 'HO9HFFKLR&'L/XGRYLFR03URWD$0DQIUHGL*0RGHOOLQJEHDPFROXPQ
MRLQWVDQG)53VWUHQJWKHQLQJLQWKHVHLVPLFSHUIRUPDQFHDVVHVVPHQWRI5&H[LVWLQJ
IUDPHVComposite Structures142
>@ 1DMDIJKROLSRXU0$'HKJKDQ60'RRVKDEL$1LURRPDQGL$)LQLWHHOHPHQW
DQDO\VLVRIUHLQIRUFHGFRQFUHWHEHDPFROXPQFRQQHFWLRQVZLWKJRYHUQLQJMRLQWVKHDU
IDLOXUHPRGHLatin American Journal of Solids and Structures14
>@ <XUGDNXOg'HO9HFFKLR&'L/XGRYLFR0$YVDUg1XPHULFDOVLPXODWLRQRI
VXEVWDQGDrd beam‐column jointVZLWKGLIIHUHQWIDLOXUHPHFKDQLVPVStructural Concrete

>@ <XUGDNXO2'HO9HFFKLR&'L/XGRYLFR05RXWLO/HWDO6HQVLWLYLW\RIF\FOLF
UHVSRQVHRIVXEVWDQGDUGEHDPFROXPQMRLQWVWRPDWHULDOSURSHUWLHVLQComputational
Methods in Structural Dynamics and Earthquake Engineering (COMPDYN 2019),
Crete, Greece.
>@ <XUGDNXOg7XQDER\X25RXWLO/$YúDUg3DUDPHWHUVHQVLWLYLW\RI&)53UHWUR
ILWWHGVXEVWDQGDUGMRLQWVE\VWRFKDVWLFFRPSXWDWLRQDOPHFKDQLFVComposite Structures
238
>@ 6KD\DQIDU-+HPPDWL$%HQJDU+$$VLPSOLILHGQXPHULFDOPRGHOWRVLPXODWH5&
EHDP±FROXPQMRLQWVFROODSVHBull Earthquake Eng17
>@ (O$PRXU\7*KREDUDK$6HLVPLFUHKDELOLWDWLRQRIEHDP±FROXPQMRLQWXVLQJ*)53
VKHHWVEngineering Structures24
>@ ,ONL$%HGLUKDQRJOX,.XPEDVDU1%HKDYLRURI)53UHWURILWWHGMRLQWVEXLOWZLWK
SODLQEDUVDQGORZVWUHQJWKFRQFUHWHJournal of Composites for Construction15
>@ 6H]HQ+5HSDLUDQG6WUHQJWKHQLQJRI5HLQIRUFHG&RQFUHWH%HDP&ROXPQ-RLQWVZLWK
)LEHU5HLQIRUFHG3RO\PHU&RPSRVLWHVJ. Compos. Constr.16
>@ *DUFLD53LODNRXWDV.+DMLUDVRXOLKD,*XDGDJQLQL0HWDO6HLVPLFUHWURILWWLQJ
RI5&EXLOGLQJVXVLQJ&)53DQGSRVWWHQVLRQHGPHWDOVWUDSVVKDNHWDEOHWHVWVBulletin
of Earthquake Engineering15
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>@ )DOHVFKLQL)*RQ]DOH]/LEUHURV-=DQLQL0$+RIHU/HWDO5HSDLURIVHYHUHO\
GDPDJHG5&H[WHULRUEHDPFROXPQMRLQWVZLWK)53DQG)5&0FRPSRVLWHVComposite
Structures207
>@ 'HO9HFFKLR&(HUL0'L/XGRYLFR03URWD$5HSDLUFRVWVRI5&EXLOGLQJFRP
SRQHQWV)URPDFWXDOGDWDDQDO\VLVWRFDOLEUDWHGFRQVHTXHQFHIXQFWLRQVEarthquake
Spectra36
>@ <XUGDNXO2$YVDU26WUXFWXUDOUHSDLULQJRIGDPDJHGUHLQIRUFHGFRQFUHWHEHDPFRO
XPQDVVHPEOLHVZLWK&)53VStructural Engineering and Mechanics54
>@ -%'3$*XLGHOLQHIRUSRVWHDUWKTXDNHGDPDJHHYDOXDWLRQDQGUHKDELOLWDWLRQ7KH-DSDQ
%XLOGLQJ'LVDVWHU3UHYHQWLRQ$VVRFLDWLRQ -%'3$ -DSDQ
>@ ILE'LVSODFHPHQWEDVHGVHLVPLFGHVLJQRIUHLQIRUFHGFRQFUHWHEXLOGLQJV6WDWHRIDUWUH
SRUW)pGpUDWLRQ,QWHUQDWLRQDOHGX%pWRQ ILE ILE%XOOHWLQ1R/DXVDQQH6ZLW]HU
ODQG
>@ (XURSHDQ&RPPLVVLRQ -RLQW5HVHDUFK&HQWUH)LHOG0DQXDOIRUSRVWHDUWKTXDNHGDP
DJHDQGVDIHW\DVVHVVPHQWDQGVKRUWWHUPFRXQWHUPHDVXUHV $H'(6 ,QVWLWXWHIRUWKH
3URWHFWLRQDQG6HFXULW\RIWKH&LWL]HQ-RLQW5HVHDUFK&HQWUH(XURSHDQ&RPPLVVLRQ

>@ &DUGRQH')UDJLOLW\FXUYHVDQGORVVIXQFWLRQVIRU5&VWUXFWXUDOFRPSRQHQWVZLWK
VPRRWKUHEDUVEarthquakes and Structures10
>@ )(0$(YDOXDWLRQRIHDUWKTXDNHGDPDJHGFRQFUHWHDQGPDVRQU\ZDOOEXLOGLQJV
%DVLFSURFHGXUHVPDQXDO )(0$ )HGHUDO(PHUJHQF\0DQDJHPHQW$JHQF\86$

>@ 3DJQL&$/RZHV/1)UDJLOLW\IXQFWLRQVIRUROGHUUHLQIRUFHGFRQFUHWHEHDPFROXPQ
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Abstract
Recent devastating earthquakes pointed out the high vulnerability of existing reinforced concrete (RC) buildings and the critical role of infills. The presence of stiff infills may significantly modify the lateral response of RC moment resisting frame buildings and cause severe
damage on the surrounding RC members due to seismic actions transmitted at level of beamcolumn joints. Furthermore, due to their brittle response, they commonly exhibited severe
damage often leading to high economic losses. In this context, effective seismic retrofit strategies should aim at both increasing the shear strength of RC members and reducing the damage to infills. However only few tests are available in literature addressing the seismic
strengthening of existing RC frames accounting for the infill-to-structure interaction. To fill
this gap a comprehensive experimental program of pseudo-dynamic tests on full-scale twostorey infilled RC frames has been designed and is currently ongoing at the full-scale laboratory testing of the University of Napoli Federico II.
This paper reports the preliminary experimental results and numerical analyses carried out
by using available non-linear models accounting for the infills contribution. The comparison
between theoretical predictions and experimental results provides useful insights to improve
the numerical models to reproduce the infill-to-strut interaction. Finally, a retrofit strategy to
improve the seismic performance of the structural system and reducing the expected damage
to infills is herein outlined.
Keywords: pseudo-dynamic, full-scale, shear failure, FRP
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1

INTRODUCTION

Recent devastating earthquake pointed out the high vulnerability of existing reinforced
concrete (RC) buildings designed with obsolete code provisions. This resulted in number of
fatalities, injuries and massive economic losses [1]. Severe damage were commonly found on
hollow clay brick infills (see Figure 1a) [2] and at level of beam-column joints with marked
shear cracks involving in many cases also the top end of the columns; this latter effect is
caused by the interaction with stiff infills (see Figure 1b). Thus, stiff infills have a crucial role
in the seismic response of existing RC buildings, modifying their dynamic response [3–5],
increasing the shear actions transmitted to surrounding RC members [6], and, last but not least,
experiencing significant damage and high economic losses due to their brittle response [7].
This remarks the need to properly account for the infill contribution to the lateral response of
RC buildings and for the infill-to-structure interaction that may lead to premature shear failure
of poorly detailed columns.

(a)
(b)
Figure 1: Case study building: front view (a); damage to RC column due to infill-to-structure interaction (b).

In the last decades, a significant research effort was devoted to the experimental testing
[3,6,8–10] and numerical modelling of RC building or frames with hollow clay brick infill
and partitions [5,6,11,12]. This resulted in number of analytical and numerical approaches to
assess the infill contribution to the lateral response of RC buildings. Nowadays different numerical models are available [3,6,9,13–16]. They can be used to assess the damage state of the
infills and the action transmitted to the surrounding frames. Furthermore, refined analytical
models are recently proposed to capture the column shear failure due to the infill-to-frame
interaction.
Although number of studies can be found in literature to assess the contribution of infills to
the lateral response of RC buildings, only few researches addressed the experimental behavior
of full-scale RC frames and their seismic strengthening to resist the infill action [17,18]. This
paper presents the preliminary results of pseudo-dynamic experimental tests carried out on
infilled full-scale RC frames. The experimental outcomes are reported and compared with the
preliminary results of a numerical model. Then, the model is used to assess internal actions in
RC members that can be used for the design of suitable strengthening solutions.
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2

EXPERIMENTAL PROGRAM

The experimental program consists of pseudo-dynamic tests on a full-scale two storey infilled RC frame (see Figure 2). The frame reproduces a perimetral frame of a real building
damaged during the L’Aquila earthquake (2009), see Figure 1, and re-built due economic inconvenience of repair and structural retrofit [1]. Indeed, the severe damage to structural and
non-structural components (see Figure 1) resulted in very high repair costs.

Figure 2: Front view of the prototype infilled RC frame.

The selected frame is extracted from the building depicted in Figure 1. It is 6.86 m high and
4.50 m long. The interstorey height is about 3.10 m and the foundation block is 0.56 m high.
The square columns, 0.40 m side, are reinforced with 8 I 16 mm longitudinal bars and I 8
mm transverse reinforcement 250 mm spaced. The beam is 0.55 m high and 0.40 m width reinforced with 6 I 16 mm and 4 I 16 mm bars at top and bottom side, respectively. The joint
panel have no transverse reinforcements as commonly observed in existing buildings built in
the last century in the Mediterranean area.
The concrete compressive strength of the tested frame is about 8 MPa corresponding to a very
poor-quality concrete as often found in many existing buildings in the Mediterranean area
[19].
Hollow clay brick stiff infills are used at both floors. Square bricks with 250 mm side and 200
mm thick are used. Furthermore, 10 mm joints of M10 class mortar are used to build the infill
walls. The mechanical characterization tests on wall samples showed a shear strength of about
0.35 MPa.
The experimental program consists of pseudo-dynamic tests at increasing intensities. In particular, the AQG record in the Est direction (PGA=0.45 g) of the 2009 L’Aquila earthquake is
used as input acceleration. The Alpha-OS [20] integration algorithm is used for the numerical
solution of the equation of motion and calculate step-by-step the displacement profile to apply
at the different floors. The mass matrix is defined considering two lumped mass at the level of
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the two floors. They are calculated making simple considerations on the substructuring of the
test. In particular, it is assumed that the portion of the floor mass belonging to each frame is
function of the elastic stiffness of the frame. In this case, exterior frames are considered infilled and interior frame bare. The test results in terms of recorded displacement histories at
the two floors as well as in terms of global hysteretic response are reported in the following
and compared with the numerical predictions.
3

NUMERICAL MODELLING

A non-linear FEM model has been developed in the SAP2000 environment [21]. An overview of the adopted model is reported in Figure 3 along with the selected capacity models
used to characterize the structural members and the infill walls.
l = 4.1 m

Off-diagonal strut

m2 = 68.4 tons

Dch= 0.65 m

h2 = 3.1 m

Dbl= 0.89 m

Beam hinge

Beam end
cross-section

6 I16 long. reinf.
4 I16 long. reinf.

m1 = 27.2 tons

according to EC8
Column hinge

I 8/25 transv. reinf.

Column
cross-section

Panagiotakos et al. 1996
Central-diagonal strut

I16 long.
reinf.

h1 = 3.1 m

ȋ  Ȍ

according to EC8

Panagiotakos et al. 1996

I 8/25 transv. reinf.

record motion

ȋ  Ȍ

Figure 3: Overview of the adopted numerical model.

The frame is represented by using the member axis. All the nonlinearities are lumped at the
member ends. The plastic hinge properties are characterized by using the capacity models
suggested by the Eurocode 8 [22] and Italian building code [23,24] for the plastic hinge rotation at the yielding and at the ultimate limit state. The contribution of the joint non-linear response to the building lateral deformation is neglected at this stage. The infill walls are
included in the model by means of diagonal compression struts in the perimetral frames. A
three-strut model is considered for this study. Indeed, it is demonstrated that this model can
reproduce the actual force distribution transmitted by the infills to the surrounding frame
members [6]. The mechanical properties of the strut are defined according to the Panagiotakos
and Fardis model [3]. The mechanical properties of the hollow clay brisk masonry wall are
assumed according to mechanical characterization tests (i.e. Wcr = 0.35 Mpa). The distribution
of the portion of the infill lateral load absorbed by each strut assumed in this work is compliant with the proposal by Jeon, Park, and DesRoches [25], while the mechanical characterization of the off-diagonal struts have been reproduced according to the proposal by
Chrysostomou et al. [26]. Furthermore, the use of a three-strut model allow to identify the ac-
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tual distribution of shear on the column due to the interaction of the RC frame with the infill
walls [6]. Nonlinear time-history analyses (NLTH) are carried out imposing the input motion
at the base and concentrating the masses in the center of the beam. A mass of about 27.2 tons
is applied at the first level, while a mass of 68.4 tons at the second level. The reference mass
of the selected frame is calculated distributing the total floor mass of the reference building
(see Figure 1) as function of the elastic stiffness of the frame respect to the total floor stiffness
of the building. The masses of the third and forth floor are lumped at the second level assuming that they behaved as rigid floor. This assumption is made according to those made in the
substructuring of the pseudo-dynamic test as discussed in the previous section.
4

COMPARISON OF EXPERIMENTAL AND NUMERICAL RESULTS

A direct comparison of the experimental and numerical response in terms of measured top
displacement, d2, during the pseudo-dynamic test at 50% and 100% of the 2009 L’Aquila
earthquake is depicted in Figure 4.
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Figure 4: Comparison of experimental and numerical results in terms of top displacement: 50% of the selected
record motion (a); 100% of the selected record motion (b).

The comparison outlines the accuracy of the proposed modelling procedure that is capable of
providing reliable estimations of the top displacement at all the steps of the test. In particular,
the best match between experimental response and theoretical model at 50% of the earthquake
intensity (Figure 4b) is attained in the first 5 seconds of the test. Also, the peak displacement
of about 3 mm is well captured by the model. In the following time steps, the model predicts a
displacement lower than the experimental one as a consequence of a theoretical stiffness
higher than the actual one. This can be clearly observed comparing the experimental and
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global stiffness expressed as the ratio of the base shear and the top displacement showed in
Figure 5a. Although a quite good matching can be observed also in the hysteretic response,
the numerical model have a post peak degraded stiffness higher than the experimental one in
the range 0-1 mm. This results in an underestimation of the top displacement in the post peak
after 5 s in the time-history response.
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Figure 5: Comparison of experimental and numerical results in terms of global hysteretic response: 50% of the
selected record motion (a); 100% of the selected record motion (b).

With reference to the test at 100% intensity of the L’Aquila 2009 earthquake, a top displacement of about 13.5 mm is achieved. It is significantly larger than the double of the one
achieved at 50% due to the stiffness degradation in the infill walls. This can be clearly observed comparing the two responses in Figure 5, where a drop of the experimental secant
stiffness of about 1/3 to 1/4 can be observed. The numerical model well captures both the displacement time history and hysteretic response resulting in an good accuracy of the predicted
displacement and base shear during the test.
5

STRUCTURAL DAMAGE AND RETROFIT STRATEGY

During the test at 100% of the earthquake intensity a significant shear cracking at top of the
ground floor columns was observed. This is related to the infill-to-structure interaction and
could be triggering of a shear failure and collapse as observed in the post-earthquake inspections in many exiting RC buildings. In order to assess the reliability of the proposed modelling procedure to assess the shear failure at the top of the columns due to the infill-to-structure
interaction, the model proposed by Verderame et al. [6] is used to evaluate the shear strength.
According to experimental evidences and other available literature models [27,28], the shear
strength degrades as function of the inelastic demand at the top of the column. Despite other
degrading models, it allows to account for the actual internal force distribution due to the interaction with the off-diagonal infill strut insisting on the column. The overlapping of the
shear strength with the shear demand at the top of the column due to the infill action is depicted in Figure 6. The intersection between capacity and demand allows to recognize the shear
failure detected at a top displacement at the ground column of about 4.15 mm corresponding
to about 0.2% drift. This result clearly remarks the key role of such failure mode to properly
assess the seismic response and the structural safety of existing infilled RC buildings. In order
to avoid such a kind of failure, different strengthening solutions can be found in literature
[17,29,30]. However, it should be considered that recent financial incentives provided by the

136

C. Del Vecchio, C. Molitierno, M. Di Ludovico, G.M. Verderame, A. Prota and G. Manfredi

Italian government, consisting in 100% tax deduction of the cost of seismic strengthening interventions, exacerbated the need to have light strengthening intervention that can be applied
to the structural system with a minimum level of disruption [31,32].

Shear failure

4.15 mm

Figure 6: Comparison of the shear demand at the ground floor column top end and shear capacity

This will help the widespread of seismic strengthening interventions to large scale and may
fulfill the needs to significantly improve the seismic response with the low disruption to occupants. In this context composite materials may represents a sound solution because they
combine the advantage related to the easy installation procedure with their high performances
to increase the shear capacity of RC members and beam column joint panels [33]. In light of
the observed damage and the structural weaknesses outlined from numerical analyses, the
strengthening layout proposed in Figure 7 is initially outlined.

Joint panel shear strengthening
(CFRP quadriaxial)

Column end shear strengthening
to resist infill action
(CFRP quadriaxial or uniaxial)

Mechanical anchors

Figure 7: Strengthening system for the RC frame.

It consists of the column end shear strengthening by using Quadriaxial or uniaxial CFRP
wrapped around the column on the two sides. This is in line with the strengthening system
proposed in the ReLUIS guidelines [29] to resist the infill action. Then quadriaxial fabric is
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also outlined on the joint panel serving as joint shear strengthening to avoid the joint panel
shear cracking, which are commonly observed in poorly detailed subassemblies. Number of
layers of quadriaxial fabric on the joint panel can be designed according to the formulation
proposed in the fib bulletin 90 [34] properly developed and validated on experimental data
[29]. The novelty of this new proposal consists in the use of FRP mechanical anchors to replace the commonly adopted U-wrap on beams and columns useful to avoid end-debonding.
This may further reduce the disruption to occupants in real field applications. This is a promising technique [32] that requires further experimental investigation to validate its use at large
scale. Ongoing experimental tests will show the advantages and limitations of such strengthening solution.
6

CONCLUSIONS

This research focuses on the design and analysis of an experimental pseudodynamic tests
on a full scale infilled RC frame representative of a portion of an existing RC building damaged by the L’Aquila 2009 earthquake. The analytical modelling of the specimen behavior
under seismic actions is also presented. In particular, the experimental results in terms of time
histories of the top displacement and global hysteretic response are showed and compared
with the results of a non-linear FEM model. The following preliminary conclusions can be
drawn:
x

x

x
x

the experimental tests remarked the role of stiff infills in the lateral response of existing RC frames. They increase the stiffness of the building resulting in a reduction
of the displacement demand and in an increase of the seismic forces that will be
transmitted to surrounding RC members;
the proposed non-linear numerical model consisting in a lumped plasticity model
for the RC frame and in a three-strut model to reproduce the infill contribution well
captured the global displacement and hysteretic response occurred in the experimental tests;
the proposed numerical model allowed to quantify the actual internal force distribution with particular emphasis on the shear actions transferred from the infill to the
RC columns;
literature shear strength capacity models properly developed to account for the top
column shear failure due to infill-to-structure interaction allows to accurately predict the failure mechanism and to provide useful insights for the design of an effective strengthening intervention.

ACKNOWLEDGMENTS
This study was performed within the framework of the PE2019–2021 joint program DPCReLUIS, WP5: “Fast and Integrated Retrofit Interventions” and of the reSTARt-school research project funded by the UNINA - Compagnia San Paolo STAR 2018 program.

REFERENCES
[1]

M. Di Ludovico, A. Prota, C. Moroni, G. Manfredi, M. Dolce, Reconstruction process
of damaged residential buildings outside historical centres after the L’Aquila
earthquake: part II—“heavy damage” reconstruction, Springer Netherlands, 2017.

138

C. Del Vecchio, C. Molitierno, M. Di Ludovico, G.M. Verderame, A. Prota and G. Manfredi

[2]
[3]
[4]
[5]
[6]

[7]
[8]
[9]
[10]
[11]

[12]
[13]
[14]
[15]
[16]

[17]
[18]

https://doi.org/10.1007/s10518-016-9979-3.
C. Del Vecchio, M. Di Ludovico, S. Pampanin, A. Prota, Repair costs of existing rc
buildings damaged by the l’aquila earthquake and comparison with FEMA P-58
predictions, Earthq. Spectra. (2018). https://doi.org/10.1193/122916EQS257M.
T.B. Panagiotakos, M.N. Fardis, Seismic response of infilled RC frame structures, in:
Proc. 11th World Conf. Earthq. Eng., 1996: pp. 1–8.
F. Colangelo, Pseudo-Dynamic Seismic Response of Reinforced Concrete Frames
Infilled with Non-Structural Brick Masonry, Earthq. Eng. Struct. D. 34 (2005) 1219-41.
G. Magenes, S. Pampanin, Seismic response of gravity-load design frames with
masonry infills, 13th World Conf. Earthq. Eng. (2004).
G.M. Verderame, P. Ricci, M.T. De Risi, C. Del Gaudio, Experimental Assessment and
Numerical Modelling of Conforming and Non-Conforming RC Frames with and
without Infills, J. Earthq. Eng. 00 (2019) 1–42.
https://doi.org/10.1080/13632469.2019.1692098.
C. Del Vecchio, M. Di Ludovico, A. Prota, Repair costs of reinforced concrete building
components: from actual data analysis to calibrated consequence functions, Earthq.
Spectra. (2020) 1–25. https://doi.org/10.1177/8755293019878194.
A.D. Dautaj, Q. Kadiri, N. Kabashi, Experimental study on the contribution of masonry
infill in the behavior of RC frame under seismic loading, Eng. Struct. 165 (2018) 27–
37. https://doi.org/10.1016/j.engstruct.2018.03.013.
L. Cavaleri, F. Di Trapani, Cyclic response of masonry infilled RC frames:
Experimental results and simplified modeling, Soil Dyn. Earthq. Eng. 65 (2014) 224–
242. https://doi.org/10.1016/j.soildyn.2014.06.016.
G.M. Calvi, D. Bolognini, Seismic response of reinforced concrete frames infilled with
weakly reinforced masonry panels, J. Earthq. Eng. 5 (2001) 153–185.
https://doi.org/10.1080/13632460109350390.
L. Liberatore, F. Noto, F. Mollaioli, P. Franchin, In-plane response of masonry infill
walls: Comprehensive experimentally-based equivalent strut model for deterministic
and probabilistic analysis, Eng. Struct. 167 (2018) 533–548.
https://doi.org/10.1016/j.engstruct.2018.04.057.
A. De Angelis, M.R. Pecce, The Role of Infill Walls in the Dynamic Behavior and
Seismic Upgrade of a Reinforced Concrete Framed Building, Front. Built Environ. 6
(2020). https://doi.org/10.3389/fbuil.2020.590114.
A.M.B. Nafeh, G.J. O’Reilly, R. Monteiro, Simplified seismic assessment of infilled
RC frame structures, Springer Neth, 2020. https://doi.org/10.1007/s10518-019-00758-2.
G. Mucedero, D. Perrone, E. Brunesi, R. Monteiro, Numerical modelling and
validation of the response of masonry infilled rc frames using experimental testing
results, Buildings. 10 (2020) 1–30. https://doi.org/10.3390/buildings10100182.
M. Galli, Evaluation of the Seismic Response of Existing R . C . Frame Buildings With
Masonry Infills, Response. (2006).
F. da Porto, M. Donà, N. Verlato, G. Guidi, Experimental Testing and Numerical
Modeling of Robust Unreinforced and Reinforced Clay Masonry Infill Walls, With and
Without Openings, Front. Built Environ. 6 (2020).
https://doi.org/10.3389/fbuil.2020.591985.
L. Koutas, S.N. Bousias, T.C. Triantafillou, Seismic Strengthening of Masonry-Infilled
RC Frames with TRM: Experimental Study, J. Compos. Constr. 19 (2015) 04014048.
https://doi.org/10.1061/(asce)cc.1943-5614.0000507.
F. Bianchi, R. Nascimbene, A. Pavese, Experimental vs. Numerical Simulations:
Seismic Response of a Half Scale Three-Storey Infilled RC Building Strengthened

139

C. Del Vecchio, C. Molitierno, M. Di Ludovico, G.M. Verderame, A. Prota and G. Manfredi

[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]

[31]
[32]

[33]

[34]

Using FRP Retrofit, Open Civ. Eng. J. 11 (2018) 1158–1169.
https://doi.org/10.2174/1874149501711011158.
I.E. Bal, H. Crowley, R. Pinho, F.G. Gülay, Detailed assessment of structural
characteristics of Turkish RC building stock for loss assessment models, Soil Dyn.
Earthq. Eng. 28 (2008) 914–932. https://doi.org/10.1016/j.soildyn.2007.10.005.
D. Combescure, P. Pegon, Α-Operator Splitting Time Integration Technique for
Pseudodynamic Testing Error Propagation Analysis, Soil Dyn. Earthq. Eng. 16 (1997)
427–443. https://doi.org/10.1016/S0267-7261(97)00017-1.
C.S.I. Computers and Structures Inc., SAP 2000, Static and Dynamic Finite Element
Analysis of Structures, (2004).
CEN, “Design of structures for earthquake resistance - Part 3: Assessment and
reofitting of buildings” EN-1998-3, Eurocode 8., European Committee for
Standardization, Brussell, 2005.
MIT, Aggiornamento delle «Norme tecniche per le costruzioni» (in Italian).
Supplemento ordinario n. 8 alla GAZZETTA UFFICIALE del 20-2-2018, Italy, 2018.
MIT, Istruzioni per l’applicazione dell’«Aggiornamento delle “Norme tecniche per le
costruzioni”» di cui al decreto ministeriale 17 gennaio 2018., Italy, 2019.
J.S. Jeon, J.H. Park, R. DesRoches, Seismic fragility of lightly reinforced concrete
frames with masonry infills, Earthq. Eng. Struct. Dyn. 44 (2015) 1783–1803.
https://doi.org/10.1002/eqe.2555.
C.Z. Chrysostomou, P. Gergely, J.F. Abel, A six-strut model for nonlinear dynamic
analysis of steel infilled frames, Int. J. Struct. Stab. Dyn. 2 (2002) 335–353.
https://doi.org/10.1142/S0219455402000567.
D.E. Biskinis, G.K. Roupakias, M.N. Fardis, Degradation of shear strength of
reinforced concrete members with inelastic cyclic displacements, ACI Struct. J. 101
(2004) 773–783. https://doi.org/10.14359/13452.
C. Del Vecchio, M. Del Zoppo, M. Di Ludovico, G.M. Verderame, A. Prota,
Comparison of available shear strength models for non-conforming reinforced concrete
columns, Eng. Struct. (2017). https://doi.org/10.1016/j.engstruct.2017.06.045.
DPC-ReLUIS, Linee Guida Per Riparazione E Rafforzamento Di Elementi Strutturali,
Tamponature E Partizioni (in Italian), Doppiavoce, 2011.
V. Bolis, A. Paderno, M. Preti, Experimental assessment of an innovative isolation
technique for the seismic downgrade of existing masonry infills, in: Brick Block
Mason. - From Hist. to Sustain. Mason., 2020: pp. 935–942.
https://doi.org/10.1201/9781003098508-133.
C. Menna, C. Del Vecchio, M. Di Ludovico, G.M. Mauro, F. Ascione, A. Prota,
Conceptual design of integrated seismic and energy retrofit interventions, J. Build. Eng.
38 (2021). https://doi.org/10.1016/j.jobe.2021.102190.
M.T. De Risi, C. Del Vecchio, P. Ricci, M. Di Ludovico, A. Prota, G.M. Verderame,
Light FRP strengthtening of poorly detailed reinforced concrete exterior beam-column
joints, ASCE J. Compos. Constr. (in press) (2020).
https://doi.org/10.1061/(ASCE)CC.1943-5614.0001022.
C.E. Bakis, L.C. Bank, V.L. Brown, E. Cosenza, J.F. Davalos, J.J. Lesko, A. Machida,
S.H. Rizkalla, T.C. Triantafillou, Fiber-reinforced polymer composites for construction
- State-of-the-art review, J. Compos. Constr. 6 (2002) 73–87.
https://doi.org/10.1061/(ASCE)1090-0268(2002)6:2(73).
fib bulletin 90, Externally applied FRP reinforcement for concrete structures,
Fédération internationale du béton (fib), 2019, 2019.
https://doi.org/doi.org/10.35789/fib.BULL.0090.

140

&203'<1
WK(&&20$67KHPDWLF&RQIHUHQFHRQ
&RPSXWDWLRQDO0HWKRGVLQ6WUXFWXUDO'\QDPLFVDQG(DUWKTXDNH(QJLQHHULQJ
03DSDGUDNDNLV0)UDJLDGDNLV HGV 
6WUHDPHGIURP$WKHQV*UHHFH-XQH

DEFENCE OF ARCHITECTURAL HERITAGE: EXPERIMENTAL
CAMPAIGN ON MASONRIES REINFORCED WITH NATURAL FRCM
COMPOSITE MATERIALS
R. Liberotti, N. Cavalagli, F. Cluni, M. Gioffrè, C. Pepi and V. Gusella
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Abstract. In this contribution are reported the ﬁrst results of an experimental campaign conceived to evaluate the performance of FRCM (Fiber Reinforced Cementitious Matrix) composite
materials for the recovery and restoration ﬁeld of heritage buildings. With reference to the risks
of seismic collapse concerning ancient masonry buildings, the peculiar structural behaviour of
“in falso” walls, a typology of load-bearing masonries built without a direct load path to the
foundations, has been examined. The tests have been conducted, through an experimental setup specially designed, on two rectangular walls characterized by the same basic traits: the ﬁrst
one in unreinforced masonry, the second presenting a non-canonical “truss-like” application of
bands of composites. Alongside the progression of the experimental campaign - delayed due to
the COVID outbreak - that in the near future will engage other two masonry panels enhanced by
different applications of the FRCM, the creation of a FEM will be achieved gathering data from
the new tests in order to replicate the complex mechanical behaviour of the FRCM composites
with reference to the skills and time required for different installation modalities.
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1

INTRODUCTION

For any country, the conservation of heritage buildings is a primary goal: it is a reﬂection
of the society and a basic tool to transfer its cultural and educational values. These purposes
require an inclusive and interdisciplinary approach to masonry structures’reinforcement that involves, among the others, structural engineering, non-destructive techniques of survey, numerical modelling and architectural design [1, 3, 4]. In this regard, as part of an ongoing research, a
peculiar focus is dedicated to the study of the mechanical behaviour of natural FRCM composite materials in the ﬁeld of the innovative strengthening techniques, since they are compatible
with the architectural value of historic surfaces and are, to a large extent, reversible, biodegradable and eco-friendly; however, their numerical modelling represents a complex task, due to the
interactions between ﬁbers, matrix and masonry. Moreover, a previous experience, that covered
the seismic assessment and the restoration plan of an architectural complex designed by Luigi
Vanvitelli, pointed out a recurrent feature affecting the structural safety of Italian heritage architectures: the presence of “in falso” walls, consisting of load bearing walls built without a direct
load path to the ground and standing on top of masonry vaults [2, 5]. That occurrence, in case of
seismic action, could trigger a “domino effect”, due to the possible collapse of underlying masonry vaults, then compromising the safety of the entire heritage structure. However, it should
be noted that the investigation for the mechanical behaviour of the such walls, that struggle to
perform like masonry beam structures, is not adequately investigated by the scientiﬁc literature. In order to improve the knowledge about such topic and to investigate new applications
of FRCM technology, an experimental campaign has been started in partnership with a company, the Kimia S.p.a., to evaluate the effectiveness of composites regarding the prevention of
in-plane collapses described above.
2
2.1

THE EXPERIMENTAL CAMPAIGN
The setup implementation: an experimental test designed “ad hoc”

The FRCM systems represent an innovative class of ﬁber-reinforced composites, which are
becoming broadly used concerning heritage constructions. The key feature of this emergent
technology is the replacement of the classical polymeric matrix with an inorganic one, making
them particularly effective in retroﬁtting of historical masonries given their chemical, physical,
and mechanical compatibility to the ancient substrates. Such new-gen. methodologies allow to
fulﬁl the strengthening and the architectural reconﬁguration of historical masonry buildings in
compliance with the cultural and social context. On this, the beneﬁts of FRCM materials are
the following:
• Good mechanical properties in the face of low thickness and little weight;
• Easy installation modalities ensuring the continuity of the building’s activities;
• Use of inorganic mortar (less aggressive than the epoxy resins) that is useful in order to
apply ﬁrst aid enhancements whilst and at the same time permits a better transpiration to
masonry;
• Chance to recycle, considering the natural origin of nets and the matrix characteristics.
Several experimental investigations have been carried out so far - during previous experiences
- both at the scale of the composite material and of the single components, reaching an adequate level of experimental mechanical characterization of the materials used for the campaign
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in question; for further details refer to such data [6]. Even so, in this contribution the beneﬁcial
effects of composites on walls subjected to gravity loads and earthquake actions in peculiar conditions are highlighted, also with reference to the installation modalities. Indeed, the outcomes
deriving from an experimental test on an ordinary masonry wall and another one retroﬁtted according to non-canonical criteria are compared. In order to evaluate the inﬂuence of FRCM
in the prevention of knock-on collapses a speciﬁc experimental set-up has been conceived, and
realized, to engage life-sized masonry walls with action similar to the ones ascribed in case of
collapse of the below vaults on which they rest: masonry panels inferiorly suspended, except for
lateral supports of reduced length, Figure 1. Therefore, with the aim of bringing a single brick
wall to failure, a steel contrast portal has been designed - and realized - to make a self-balanced
closed system.
2.2

Preparation of the specimens

The masonry specimens are walls of the dimensions 2.4m wide for 1.2m high, made of a single wythe of solid bricks, of dimensions 12x24x5.5 (respectively thickness, width and height),
and recalling the wall’s dimensions provided by the Italian Building Code for the shear veriﬁcation [7]. Concerning the materials’features of the walls, solid bricks and lime mortar were used
and with reference to the latter a “shoddy” lime inorganic mortar (M 2.5) with poor mechanical properties was created from the company in order to simulate the structural behaviour of a
historical masonry.
Concerning the composite materials, the ﬁber net Kimitech BS ST 200 and the matrix MALTA
M15/F have been used. In particular, has been used a bidirectional basaltic ﬁber net characterized by a size of the square knitting interaxle spacing of 20mm between the strands (of 4mm
wide). The matrix is a lime inorganic mortar with maximum 1.20 mm particle size distribution.
The samples’preparation, concerning the application of the composites, required:
• the cleaning of the surface of the masonry substrate and its saturation and wetting (condition s.s.a.);
• application of a ﬁrst layer of mortar Basic MALTA M15/F;
• positioning of the ﬁber net Kimitech BS ST 200;
• application of a second layer of mortar Basic MALTA M15/F.
As mentioned so far regarding the reinforced wall, for this non-conventional reinforcement
a speciﬁc intervention was designed - since generally this type of composite material is applied
evenly on the wall’s surface - devising the application of FRCM bands each 20cm wide, a
measure that represents a multiple of one meter, the dimension with which the meshes in basaltic
ﬁber are produced [8].
The goal was to reinforce the weakest areas of the wall thus using less composite material
than ins the classic applications: the diagonals subject to traction, two shorter diagonals parallel
to the main ones but placed below, the lower band of the masonry panel and, moreover, three
vertical bands useful for maintaining adhered to the wall the ends of the other strips of composite
material. The reinforcement intervention was applied with the same criteria on both sides of the
wall. After the curing period exceeding 56 days - 28 days for the walls plus the same duration
for the FRCM - the experimental tests were performed. All the material’s mechanical features
are available in the aforementioned contribution [6].
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Figure 1: On the right, the “in falso” walls of Palazzo Murena. On the left, a schematization of the walls in the
vault’s collapse scenario.

2.3

Boundary conditions and acquisition systems

In the scientiﬁc literature there are several references to experimental tests, both codiﬁed
and innovative ones for these materials, but there is no one similar to the one presented in such
contribution [9, 10]. The specimens were built directly on top of steel temporary supports,
designed with a dual function: the ﬁrst reason to facilitate their movement on the portal-shaped
steel frame, the other to prop-up the walls themselves until the beginning of the test; in both
cases without causing damages or deformations to the samples. Thanks to a forklift it was
possible to remove the support - separated from the rest thanks to plastic sheets - and begin
the test with the walls, already equipped with sensors, resting only on the remaining permanent
lateral supports (Figures 2 and 3); such constraint condition is addressing the described above
damage scenario (Figure 1). Concerning the load conditions, the load was applied gradually
by means of a hydraulic jack placed on the top of a load cell. About the modalities, force
distribution steel beams were used to create a load concentrated in two points, by means of two
steel plates, similar to an equivalent distributed load. Moreover, an active sensor system has
been implemented. A total of 8 Linear Variable Displacement Transducer (LVDT) sensors was
installed on the wall - 4 for each side - as indicated in Figure 4. The measured lengths waere
extended by means of diagonal support rods anchored to the specimens through rocker like
constraints. Those sensors along with the load cell, aimed at measure the applied load, were
connected to an acquisition system.
3

THE TWO EXPERIMENTAL TESTS

In this Section will be discussed, and ﬁnally compared, the results of the aforementioned ﬁrst
two tests, in the order: ordinary masonry and masonry reinforced on both faces with a trusslike application of FRCM designed to reinforce the diagonals subjected to tension and other
signiﬁcant parts [11].
3.1

Experimental test on the ordinary wall

Both tests lasted less than 15 minutes. The breakage, as can be seen in Figure 3, occurred
due to the separation and breakage of the mortar joints. In test led to breaking the masonry
sample with the damages starting at a load of about 40KN.
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As far as possible, the load was applied gradually with the hydraulic jack by controlling the
load cell connected to the acquisition system.
Due to the structural relaxation, even before the removal of the sensor’s support rods, a
further collapse and the effective damage pattern came forward. From the critical interpretation
of this latter, a “arched” stress redistribution mechanism is observable, comparable to the one
to which are subject the weakly reinforced concrete beams, Figure 3. Moreover, concerning
the data acquisitions, it is observable that the sensors sg2 with sg6 and sg3 with sg7 record
consistently even if, however they mate on opposite faces, not all manifest the same trend. For
example, it is noted that, possibly due to a manufacturing defects on the wall, the sensors sg1
and sg4 were in traction (negative sign on the acquisitions), Figures 4 and 5, perhaps implies a
ﬂexural behaviour out of plane of the wall. Considering that is an innovative and non-codiﬁed
type of test, such results have been used as a basis for the subsequent test which, except for
the application of the composite materials, in every part has been analogous to this one. The
purpose is to evaluate, by comparison, the inﬂuence of FRCM on the structural behaviour due
to seismic damages to the vaulted underlying masonry elements. Therefore, the same procedure
will always be respected also in the future tests, also in terms of points of view for the photos.

Figure 2: On the right starting with the top row, the ordinary wall ready to be moved, handling of the same and the
subsequent removal of the steel support, zoom on one of the two remaining supports. On the left, masonry wall
reinforced with truss-like application of FRCM at the start of the test, all components of the setup.

3.2

Experimental test on the wall reinforced with FRCM

In this case it was possible to witness a peculiar collapse phenomenon which manifested
itself ﬁrst with partial lesions on the composite reinforcements and then led to the collapse
through the breaking of bricks (and not by the separation of the courses, as seen in the ﬁrst test).
Moreover, were necessary about 140KN to break this wall, compared to the 40KN needed to
breach the unreinforced one in the very ﬁrst test.
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Figure 3: On the right, tearing of the wall at the end of the test. On the left, photo of the experimental setup at few
minutes later the completion of the test.

Although the beginning of a fracture in the lower left reinforcement band has been observed
during the test, the presence of the vertical strip in composite probably led to an asymmetry
in the damage pattern of the wall that has collapsed because of a large crack located on the
right side of the wall, that evidently was weaker (Figure 6). It is observed how the instruments
that match each other on the opposite faces of the reinforced wall (sg1-sg5, sg2-sg6, sg3-sg7,
sg4-sg8) seem to acquire data consistently and in parallel. In particular the diagonals with
sensors sg1, sg4, sg5 and sg8 worked at traction, Figure 7. From the previous and further data
processing (Figure 8) it is clear that during such test the expected behaviour of the diagonals, in
terms of displacements related to compressive and tensile deformations, was conﬁrmed. Among
the readings of the instruments, the one of inferior quality this time concerned only that of the
sensor marked as sg1. For purposes of comparison, the averages of the sensor readings with
positions sg3 and sg7 (Figures 5 and 8) were plotted in relation to the applied load path, which
in the authors’opinion represent reliable measurements in both the experimental tests, Figure 9.
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Figure 4: On the top the positions of the sensors on the wall (the picture on the right presents the same point of
view of the photos reported in Figure 3). Below, respectively the force and displacement diagrams against time.

Figure 5: For the sensors subjected to tension, force-displacement graphs for collapse incipient.
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Figure 6: On the right, tearing of the wall at the end of the test. On the left, two closer photos of the crack taken
on the opposite face than the previous photo.

Figure 7: On the top the positions of the sensors on the reinforced wall (the picture on the right presents the same
point of view of the photos in Figures 4). Below, respectively the force and displacement diagrams against time.
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Figure 8: For the sensors subjected to tension, force-displacement graphs.

Figure 9: A comparison diagram between the two tests: unreinforced masonry in blue lines, the reinforced wall in
organge lines.

4

CONCLUSIONS
• A focus on the study of the mechanical behaviour of natural FRCM composite materials was carried out in the ﬁeld of the innovative strengthening techniques on masonry
structures, since they are more compatible with the architectural value and speciﬁcities of
heritage buildings;
• A experimental setup has been designed and realized in order to evaluate the inﬂuence of
FRCM in the prevention of knock-on collapses in heritage buildings and to, in a future
perspective, achieve the creation of a Finite Element Model gathering data from the tests;
• The ﬁrst two tests have been made, involving an unreinforced masonry panel and a reinforced one, whose allowed to analyse the good functioning of the experimental setup
designed and to evaluate the loads necessary to break the prototype and observe the stress
redistribution mechanism due to the peculiar constraint conditions.
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REFERENCES
[1] V. Gusella, F. Cluni, R. Liberotti, Feasibility of a Thermography Nondestructive Technique for Determining the Quality of Historical Frescoed Masonries: Applications on the Templar Church of San Bevignate. Appl. Sci., 11, 281, 2021.
https://doi.org/10.3390/app11010281
[2] V. Gusella, R. Liberotti, Seismic Vulnerability of Sub-Structures: Vantitelli’s Modulus in
Murena Palace. Buildings, 10(9), 164, 2020.
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NUMERICAL MODELLING AND ANALYSIS OF ECCENTRIC
BRACING WITH VERTICAL SHEAR LINKS
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'HSDUWPHQWRI6WUXFWXUHVIRU(QJLQHHULQJDQG$UFKLWHFWXUH8QLYHUVLW\RI1DSOHV)HGHULFR,,
1DSOHV,WDO\
HPDLO^JDHWDQRFDQWLVDQLJDHWDQRGHOODFRUWH`#XQLQDLWHPLOLRURGRQWLQL#JPDLOFRP

Abstract
Eccentric steel bracing with a vertical shear link is a type of seismic force resisting system
that could be selected for seismic retrofitting or upgrading of existing structures. Previous
studies have shown that short links with relatively small sections could develop peak shear
forces larger than usually predicted values, because of a combination of geometrical characteristics of the link cross section, the link length and the boundary conditions. The peak shear
force could be limited by the ductility demand as well as by the occurrence of local and/or
global buckling phenomena. This paper explores the response of eccentric bracing comprising the link as well as the diagonal members, looking for the overall behavior. To this end,
realistic eccentric bracing systems have been first designed. The case studies were generated
starting from the analysis of an existing RC school building in Italy. The existing building was
selected within an Italian research project sponsored by the ReLUIS consortium and the Department of Civil Protection in Italy. The response of the existing RC structure was upgraded
by designing a steel eccentric bracing system to fulfil the design criteria of the Italian seismic
code. Then, the steel bracing system was modelled by means of the finite element (FE) method. This paper describes shortly the design criteria and the consequent results. Then, the FE
models and the analyses are described in detail, especially discussing the global behavior in
terms of steel strain hardening and overall system stability at the peak inelastic deformation
demand estimated at the design stage.
Keywords:%XLOGLQJEUDFHEXFNOLQJ)(0OLQNXSJUDGLQJ
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1

INTRODUCTION

2OGHUUHLQIRUFHGFRQFUHWH 5& EXLOGLQJVXVXDOO\VXIIHUIURPNQRZQVWUXFWXUDOGHILFLHQFLHV
ZKLFKW\SLFDOO\OHDGWRSRRUVHLVPLFSHUIRUPDQFH,QIDFWVHYHUDOVWUXFWXUDODQGQRQVWUXFWXUDO
GDPDJHVZHUHREVHUYHGGXULQJSDVWDQGPRUHUHFHQWHDUWKTXDNHV>@1RZDGD\VEHFDXVHRI
WKHVHYHUHGLIILFXOWLHVLQXSJUDGLQJH[LVWLQJEXLOGLQJVWKH,WDOLDQVHLVPLFFRGHDOORZVGHVLJQ
LQJ IRUD PLQLPXP SHUIRUPDQFH ,QIDFW WKH FRGH LQWURGXFHV D FRQYHQWLRQDO ULVNPHDVXULQJ
SDUDPHWHU ζ( GHILQHGDVWKHUDWLREHWZHHQWKHPD[LPXPVHLVPLFLQWHQVLW\WKDWWKHEXLOGLQJ
LVSUHGLFWHGWRUHVLVWDQGWKHGHVLJQLQWHQVLW\WKDWLWVKRXOGUHVLVWLILWZHUHDQHZEXLOGLQJ7KH
UDWLRζ(LVDFFHSWHGWREHOHVVWKDQXQLW\EXWQRWOHVVWKDQDPLQLPXPYDOXHIRUH[DPSOHLQ
FDVH RI VFKRRO EXLOGLQJV §( ı  ,Q WKLV FRQWH[W UHWURILW VROXWLRQV ZKLFK PD[LPL]H WKH
EXLOGLQJUHVLVWDQFHDQGGXFWLOLW\ZKLOHLQFUHDVLQJWKHODWHUDOVWLIIQHVVDUHZRUWKWREHVWXGLHG
DGGUHVVLQJGHVLJQHUVLQXVLQJOHVVFRQVHUYDWLYHDVVHVVPHQWSURFHGXUHVDQGGHVLJQLQJVWUXFWXU
DOGHWDLOVIRUZKLFKRQHFDQKDYHERWKQXPHULFDODQGH[SHULPHQWDOYDOLGDWLRQV7KHWHFKQLFDO
OLWHUDWXUHKDVSURSRVHGVHYHUDOWHFKQLFDOVROXWLRQVEDVHGRQXVLQJDGGLWLRQDOVWHHOHOHPHQWV<
EUDFLQJ ZLWK YHUWLFDO VKHDU OLQNV LV RQH SRVVLELOLW\ DOORZLQJ WR LQFUHDVH WKH EXLOGLQJ ODWHUDO
VWLIIQHVVUHVLVWDQFHDQGEHLQJLQKHUHQWO\GXFWLOH>@,QIDFWVWHHOEUDFHVGRJHQHUDOO\SUR
YLGHVLJQLILFDQWLQFUHDVHRIWKHJOREDOV\VWHPVWLIIQHVVWKXVFRQWULEXWLQJWRUHGXFHWKHGHIRU
PDWLRQGHPDQGWRH[LVWLQJPHPEHUVDQGMRLQWV%HVLGHVWKHXVHRI\LHOGLQJOLQNVDOORZVWKH
DGGLWLRQDOIRUFHVLQWURGXFHGLQWRWKHH[LVWLQJV\VWHPWREHOLPLWHGWRVHOHFWHGXSSHUERXQGV
VRWKDWWKHH[LVWLQJVWUXFWXUHFRXOGVXVWDLQWKHFKDQJHLQWKHORDGLQJV\VWHP,QFDVHRIHFFHQ
WULFEUDFLQJWKHXVHRIVKRUWOLQNVLVXVXDOO\SUHIHUDEOHEHFDXVHVKRUWOLQNVDOORZPD[LPL]LQJ
WKHLQFUHDVHRIJOREDOV\VWHPVWLIIQHVVZKLOHPLQLPL]LQJWKHPRPHQWGHPDQGWRWKHFRQQHF
WLRQVEHWZHHQWKHOLQNDQGWKHH[LVWLQJ5&IUDPHPHPEHUV
7KHUHIRUHWKHSDSHUGHVFULEHVDQLQYHVWLJDWLRQLQWRDIHZGHVLJQDQGDQDO\VLVLVVXHVIRU<
EUDFLQJ V\VWHPV ZLWK VKRUW OLQNV E\ DGRSWLQJ DQ H[LVWLQJ VFKRRO EXLOGLQJ DV D FDVH VWXG\
1XPHULFDOPRGHOOLQJLVVXHVDUHGLVFXVVHGFRQFHUQLQJERWKJOREDODQGORFDOEHKDYLRUVHVSH
FLDOO\UHIHUULQJWRWKHRXWRISODQHVWDELOLW\RIWKHEUDFLQJV\VWHP
2

CASE STUDY STRUCTURE AND DESIGN OF THE BRACING SYSTEM

7KHFDVHVWXG\VWUXFWXUHLVWDNHQIURPDQH[LVWLQJVFKRROEXLOGLQJORFDWHGLQDVPDOOWRZQ
LQ,WDO\ /RUR3LFHQR0& )LJXUHVXPPDUL]HVWKHVWUXFWXUDOOD\RXWZLWKSODQDQGHOHYDWLRQ
YLHZV7KHEXLOGLQJKDVPRPHQWUHVLVWLQJ 05 IUDPHVLQWKHWUDQVYHUVH ; GLUHFWLRQZKLOH
ERWK05IUDPHVDQG5&ZDOOVH[LVWLQWKHORQJLWXGLQDO < GLUHFWLRQ7KH5&ZDOOVHYLGHQWO\
RULJLQDWHVRPHLUUHJXODUG\QDPLFUHVSRQVH,QIDFWWKHPRGDODQDO\VLVUHVXOWVIRUWKHDVEXLOW
VWUXFWXUHVKRZWKDWWKHILUVWYLEUDWLRQPRGHLVPDLQO\WRUVLRQDOZKLOHWKHVHFRQGPRGHZDVD
FRPELQDWLRQRIWUDQVODWLRQLQWKH;GLUHFWLRQDQGWRUVLRQ2QWKHFRQWUDU\EHFDXVHRIWKHUHOD
WLYHO\ODUJHODWHUDOVWLIIQHVVRIWKH5&ZDOOVWKH<WUDQVODWLRQDOPRGHRIYLEUDWLRQZDVHVVHQ
WLDOO\XQFRXSOHGIURPWKHWRUVLRQDOUHVSRQVH6WUXFWXUDOGHILFLHQFLHVZHUHIRXQGLQEHDPVDQG
FROXPQVDVZHOODVLQEHDPWRFROXPQMRLQWVOHDGLQJWRSUHPDWXUHVKHDUIDLOXUHV7KHUHIRUH
WKHQHHGIRUVRPHORFDOUHLQIRUFHPHQWVWRHQVXUHDJOREDOGXFWLOHIDLOXUHPRGHZDVDSSDUHQW
IURPWKHDQDO\VLVRIWKHDVEXLOWVWUXFWXUH>@+RZHYHUWRLPSURYHWKHRYHUDOOV\VWHPSHU
IRUPDQFH LHWRUHGXFHGDPDJHWRQRQVWUXFWXUDOHOHPHQWV DJOREDOEUDFLQJV\VWHPZDVDOVR
QHHGHGWRNHHSWKHGLVSODFHPHQWGHPDQGLQWRDQDFFHSWDEOHUDQJH
)LJXUHVKRZVDQRYHUDOOYLHZRIWKHGHVLJQHGEUDFLQJV\VWHP7KHILJXUHKLJKOLJKWVDOVR
WKHSODQORFDWLRQRIWKHEUDFHV'HVLJQRIWKHDGGLWLRQDOVWHHOPHPEHUVZDVFDUULHGRXWDFFRUG
LQJWR>@7ZRDOWHUQDWLYHGHVLJQVROXWLRQVZHUHDQDO\]HG L VKRUWOLQNVZLWK+(FURVV
VHFWLRQVDQG LL VKRUWOLQNVZLWKEXLOWXSVTXDUHKROORZVHFWLRQV %6+6 ,QERWKFDVHVGL
DJRQDOPHPEHUVZHUHGHVLJQHGXVLQJ+(FURVVVHFWLRQV,Q)LJXUHLQIRUPDWLRQFRQFHUQLQJ

152

*&DQWLVDQL(5RGRQWLQLDQG*'HOOD&RUWH

WKH5&EHDPDQGFROXPQGLPHQVLRQVDUHDOVRVXPPDUL]HG(YHQWXDOO\WKHILJXUHVKRZVWKH
OLQNDQGEUDFHFURVVVHFWLRQV

)LJXUH3ODQDQGHOHYDWLRQYLHZVRIWKHVWUXFWXUDOOD\RXW

7KH GHVLJQ RI FRQQHFWLRQV ZDV FDUULHG RXW DFFRUGLQJ WR >@ &DSDFLW\ GHVLJQ UXOHV DQG
VWUDLQKDUGHQLQJRIWKHVWHHOOLQNVDVZHOODVXQFHUWDLQWLHVLQWKHGHILQLWLRQRIWKHOLQN\LHOGLQJ
VWUHQJWKZHUHFRQVLGHUHGDFFRUGLQJWR>@)LJXUHVKRZVH[DPSOHVRIW\SLFDOFRQQHFWLRQ
GHWDLOVIRUWKHFRQVLGHUHGFDVHVWXG\3DUWLFXODUO\)LJXUH D DQG)LJXUH E VKRZH[DPSOHV
RIOLQNWR5&EHDPFRQQHFWLRQVIRUWKH+(DQGWKH%6+6GHVLJQVROXWLRQVUHVSHFWLYHO\,Q
ERWKFDVHVOLQNWR5&EHDPFRQQHFWLRQVZHUHVWURQJO\DIIHFWHGE\WKHFRQFUHWHHGJHIDLOXUH
PRGH > @ WKXV UHVXOWLQJ LQ PXOWLSOH DQFKRUV WR DOORZ IRU VXIILFLHQW FRQQHFWLRQ RYHU
VWUHQJWKHVSHFLDOO\IRUWKH+(OLQNV )LJXUH D $VPDOOHUQXPEHURIFRQQHFWRUVZDVQHHG
HGIRUWKH%6+6OLQNVEHFDXVHRIWKHVPDOOHUOLQNOHQJWKSURGXFLQJVPDOOHUPRPHQWGHPDQG
WRWKHFRQQHFWLRQ )LJXUH E 

D



E

)LJXUH/LQNWREHDPFRQQHFWLRQV D +( E %6+6
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)LJXUH D VKRZVWKHFRQQHFWLRQEHWZHHQWKHEUDFHDQGWKH5&EHDPFROXPQMRLQWZKLOH
)LJXUH E VKRZVWKHEUDFHFRQQHFWLRQWRWKH5&FROXPQDQGIRXQGDWLRQEHDP,QHYHU\FDVH
EUDFHFRQQHFWLRQVZHUHGHVLJQHGDVVXPLQJIL[HGHQGVIRUWKHGLDJRQDOPHPEHUVWKXVFRQVHU
YDWLYHO\HYDOXDWLQJWKHEHQGLQJPRPHQWGHPDQG

D

E



)LJXUH%UDFHWRIUDPHFRQQHFWLRQV D DWDEHDPWRFROXPQMRLQW E DWDIRXQGDWLRQEHDPMRLQW

3
3.1

ASSESSMENT OF THE EXISTING STRUCTURE AND DESIGN OF THE
BRACING SYSTEM
Numerical models

7KH JOREDO VHLVPLF UHVSRQVH DVVHVVPHQW ZDV FDUULHG RXW E\ GHYHORSLQJ D ' QRQOLQHDU
PRGHOLQ6$3>@$OOWKH5&PHPEHUVZHUHPRGHOOHGQRQOLQHDUO\ZLWKDFRQFHQWUDWHG
SODVWLFLW\DSSURDFK>@'LDJRQDOEUDFHPHPEHUVZHUHPRGHOOHGDVHODVWLFEHDPFROXPQHOH
PHQWV ZKLOH D VKHDU SODVWLF KLQJH ZDV XVHG WR FRQVLGHU OLQN \LHOGLQJ DQG F\FOLF KDUGHQLQJ
)LJXUHVKRZVWKHOLQNVKHDUIRUFH Vl YVOLQNFKRUGURWDWLRQ θ UHODWLRQVKLSDGRSWHGIRUWKH
JOREDOVWUXFWXUDODVVHVVPHQW7KHOLQNVKHDUIRUFHZDVQRUPDOL]HGE\WKHGHVLJQUHVLVWDQFHRI
WKHOLQN VO5G 2WKHUEDFNERQHSDUDPHWHUVZHUHREWDLQHGE\DSSO\LQJWKH$6&(6(,VWDQG
DUGUXOHV>@$FFRUGLQJWRWKH,WDOLDQFRGH>@WKHPD[LPXPOLQNURWDWLRQVKRXOGQRWH[FHHG
θX rad
Vl
Vl ,Rd
.

c .


Tu

Ty

.

T

a .
b .
)LJXUH0RGHOOLQJWKHVKHDUOLQNVIRUGHVLJQSXUSRVHV
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3.2

Analysis results

3XVKRYHUDQDO\VLVUHVXOWV DUH VXPPDUL]HGLQ )LJXUH 7ZRIRUFHGLVWULEXWLRQV ZHUHXVHG
IRU WKH DQDO\VLV L  D PRGDO IRUFH SDWWHUQ 03  DQG LL  D XQLIRUP IRUFH SDWWHUQ 83  7KH
ZRUVWVWUXFWXUDOUHVSRQVHZDVDOZD\VREVHUYHGLQWKH<GLUHFWLRQ7KHUDWLRVEHWZHHQWKHODW
HUDOVWLIIQHVVFRQVLGHULQJWKH(%VDQGWKHEDUH5&IUDPHPRGHOUHVXOWHGHTXDOWRDQG
IRUWKH;DQG<GLUHFWLRQUHVSHFWLYHO\7KHUDWLREHWZHHQWKHEDVHVKHDUIRUFHUHVLVWDQFHRI
WKHVWUXFWXUHHTXLSSHGZLWK(%VDQGWKDWRIWKHEDUH5&IUDPHZDVHTXDOWRDSSUR[LPDWHO\
IRUHYHU\EXLOGLQJGLUHFWLRQVDQGOLQNVHFWLRQV,QWKHILJXUHGXFWLOHIDLOXUHVRIPHPEHUVDUH
KLJKOLJKWHGZLWKHPSW\FLUFOHV ζ(PLQ! (PSW\WULDQJOHVLQWKHSORWVKLJKOLJKWEULWWOHVKHDU
IDLOXUHRI5&FROXPQV,QWKHFDVHRIWKHVWUXFWXUHZLWK(%VVXFKFRQGLWLRQZDVUHDFKHGZLWK
DYDOXHRIζ( LHZLWKDIXOO\VDWLVIDFWRU\SHUIRUPDQFH

D

E

F

G
)LJXUH3XVKRYHUDQDO\VLVUHVXOWV
(%ZLWK+(OLQNVLQ; D DQG< E GLUHFWLRQV(%ZLWK%6+6OLQNVLQ; F DQG< G GLUHFWLRQV
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4
4.1

ANALYSIS OF THE BRACING SYSTEM RESPONSE
Numerical models

7KH RXWRISODQH 2R3  VWDELOLW\ RIWKH EUDFLQJ V\VWHP DQG WKH HIIHFWV RI YDULRXV PRGHOV
IRUWKHVWHHOVWUDLQKDUGHQLQJUHVSRQVHZHUHLQYHVWLJDWHGXVLQJILQLWHHOHPHQW )( PRGHOVRID
FRXSOH RI EUDFHV DQG WKH FRUUHVSRQGLQJ YHUWLFDO OLQN 7KH PRGHOV ZHUH EXLOW E\ XVLQJ QRQ
OLQHDU VKHOO HOHPHQWV 7ZR )( VRIWZDUH SDFNDJHV ZHUH DGRSWHG WR SHUIRUP WKH DQDO\VLV DQG
FRPSDUHWKHUHVXOWV L SAP2000DQG LL WKHRSHQVRXUFHVRIWZDUHCode_Aster>@7KHWZR
VRIWZDUHSDFNDJHVZHUHXVHGWRSHUIRUPHODVWLFOLQHDUEXFNOLQJDQGQRQOLQHDUVWDWLFDQDO\VHV
7KHDVVXPHGLQSODQHERXQGDU\FRQGLWLRQVDUHVKRZQLQ)LJXUH D %RWKRXWRISODQHGLV
SODFHPHQWV DQG URWDWLRQV ZHUH IL[HG DW WKH ERXQGDULHV 5HJDUGLQJ WKH OHQJWK RI WKH EUDFH
PHPEHUV WZR PRGHOV ZHUH FRQVLGHUHG L  D QRGHWRQRGH OHQJWK 1 )LJXUH  E  LL  D
VKRUWHUEUDFHPHPEHUFRQVLGHULQJWKH5&EHDPDQGFROXPQVL]HV &)LJXUH F 7KHDQDO
\VHVZHUHFDUULHGRXWIRUWKH(%VZLWKOLQNVKDYLQJWKH+(FURVVVHFWLRQV

V

D
5& FROXPQ
D[LV

D
5& FROXPQ
D[LV

%UDFH
D[LV

hb


D
E

5& EHDPD[LV

F

%UDFH
D[LV

D
hc


5& EHDPD[LV

)LJXUH(%PRGHO D ERXQGDU\FRQGLWLRQV E 1RGHWRQRGH 1 PRGHO F PRGHOFRQVLGHULQJWKHILQLWHVL]H
RIWKHFRQFUHWH & PHPEHUV

7KUHH VWHHO VWUHVVVWUDLQ UHODWLRQVKLSV ZHUH XVHG WR LQYHVWLJDWH WKH UROH RI WKH VWHHO VWUDLQ
KDUGHQLQJ PRGHO )LUVW D VLPSOH ELOLQHDU VWUHVVVWUDLQ UHODWLRQVKLS ZLWK NLQHPDWLF KDUGHQLQJ
.+ ZDVFRQVLGHUHG7KH\LHOGLQJVWUHQJWKZDVDVVXPHGHTXDOWRWKHH[SHFWHGYDOXH f\P 
03D ZKLOHWKHXOWLPDWHVWUHQJWKDQGVWUDLQZHUHDVVXPHGHTXDOWRWKHGHVLJQQRPLQDO
YDOXHV fX 03DHX  6XFKELOLQHDUUHODWLRQVKLSZDVLPSOHPHQWHGIRUDOOWKHEUDFH
JHRPHWULHVERWKLQSAP2000DQGCode_Aster7KH.+PRGHOLVVKRZQLQ)LJXUH D 6HFRQG
WKHQXPHULFDOGDWDXVHGE\'HOOD&RUWHet al. >@ZHUHDGRSWHGWRILWDQXPHULFDOVWUHVVVWUDLQ
UHODWLRQVKLS WR WKH VWUHVVVWUDLQ H[SHULPHQWDO GDWD 7KH FRQVLGHUHG H[SHULPHQWDO VWUHVVVWUDLQ
UHODWLRQVKLSVDUHVKRZQLQ)LJXUH D ZKHUHERWKPRQRWRQLF 0GDVKHGOLQH DQGF\FOLF &
GRWWHGOLQH WHVWGDWDDUHUHSRUWHGDFFRUGLQJWR>@7KHQXPHULFDOFDOLEUDWLRQZDVFDUULHGRXW
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XVLQJWKHF\FOLFUHVSRQVHGDWDEHFDXVHWKHQRQOLQHUVWDWLFDQDO\VLVZDVXVHGWRDVVHVVWKHHQ
YHORSH UHVSRQVH IRU D F\FOLF ORDGLQJ KLVWRU\ LH WR SURSHUO\ LQFOXGH WKH VWHHO F\FOLF VWUDLQ
KDUGHQLQJ  7KH QRQOLQHDU LVRWURSLF VDWXUDWLRQ KDUGHQLQJ 6+  PRGHO DYDLODEOH LQ SAP2000
ZDVXVHG7KH6+PRGHOKDVWZRSDUDPHWHUV L WKHUDWLRRIWKHXOWLPDWHVWUHVVWRWKH\LHOG
VWUHVV k  LL WKHKDUGHQLQJUDWH δ ZKLFKFRQWUROVWKHUDWHRIDSSURDFKLQJWKHXOWLPDWHVWUHVV
ZLWKDQH[SRQHQWLDOGHFD\IXQFWLRQ(TXDWLRQ  VKRZVWKH6+PRGHOIRUWKHXQLD[LDOVWUHVV
VWUDLQFDVHLQZKLFKεSUHSUHVHQWVWKHXQLD[LDOSODVWLFVWUDLQ

V Hp

f y  f y  k    e

GH p



,Q)LJXUH D WKHFXUYHODEHOOHGDV6+DVVXPHVk DQGδ 7KLVFXUYHZDVWDN
HQDVDEHVWILWRIWKHQRQOLQHDUEHKDYLRUIRUVWUDLQYDOXHVODUJHUWKDQ7KHFXUYHODEHOOHG
DV6+DVVXPHVk DQGδ ZKLFKZDVWDNHQDVDEHVWILWRIWKHQRQOLQHDUEHKDYLRU
IRUVWUDLQYDOXHVVPDOOHUWKDQ
,Q WKH SAP2000 PRGHO ERWK WKH VKHOO ³WKLFN´ DQG VKHOO ³WKLQ´ PHFKDQLFDO IRUPXODWLRQV
ZHUHXVHGZKLFKGRUHVSHFWLYHO\FRQVLGHURUH[FOXGHWKHGHIRUPDELOLW\WRVKHDUIRUFHVWUDQV
YHUVHWRWKHVKHOOWKLFNQHVV:LWKLQCode_AsterVLPLODUPHFKDQLFDOIRUPXODWLRQVDUHDYDLODEOH
FDOOHG'67DQG'.7UHVSHFWLYHO\ 7ZRGLIIHUHQWPHVKLQJVWUDWHJLHVZHUHFRQVLGHUHGIRUWKH
SAP2000DQGCode_AsterPRGHOVDVVKRZQIRUH[DPSOHLQ)LJXUHZLWKUHIHUHQFHWRRQHRI
WKHH[DPLQHGOLQNV7KHPHVKIRUWKHSAP2000PRGHOZDVPDQXDOO\JHQHUDWHGWRPLQLPL]H
WKHQXPEHURIWULDQJXODUHOHPHQWVQHHGHGWRPHVKORFDOO\WKHJHRPHWU\DWWKHLQWHUVHFWLRQVRI
WKHOLQNDQGWKHWZRGLDJRQDOPHPEHUV )LJXUH D 2QWKHFRQWUDU\ZLWKLQCode_AsterWKH
PHVKZDVJHQHUDWHGDXWRPDWLFDOO\E\RQHRIWKHDOJRULWKPVDYDLODEOHZLWKLQWKHJUDSKLFDOSUH
SURFHVVRUSalome >@ NETGEN 1D-2D &RQVHTXHQWO\WKHQXPEHURIWULDQJXODUHOHPHQWVLV
DXWRPDWLFDOO\JHQHUDWHGE\WKHVRIWZDUH )LJXUH E 

D

E
)LJXUH([DPSOHRIJHQHUDWHGPHVKHVZLWK D 6$3DQG E &RGHB$VWHU

$QDQDO\VLVRIWKHVHQVLWLYLW\WRWKHPHVKGHQVLW\ZDVFDUULHGRXWWRVHOHFWWKHPD[LPXP
SHUPLVVLEOHVL]HRIWKHILQLWHHOHPHQWV DQGWRHYDOXDWHWKH HIIHFWRIWKHGLIIHUHQWPHFKDQLFDO
IRUPXODWLRQV ³WKLQ´RU³WKLFN´HOHPHQWV 5HVXOWVDUHVXPPDUL]HGLQ)LJXUH E E\SORWWLQJ
WKHKRUL]RQWDOGLVSODFHPHQWDWWKHWRSHQGFURVVVHFWLRQRIWKHOLQN uWRS DVDIXQFWLRQRIWKH
PHVKJHRPHWULFDOSDUDPHWHU LHWKHFKDUDFWHULVWLFVL]HRIWKHJHQHULFVKHOOHOHPHQW 7KHKRU
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L]RQWDOGLVSODFHPHQWZDVFDOFXODWHGE\SHUIRUPLQJDVWDWLFDQDO\VLVRIWKHEUDFLQJV\VWHPVXE
MHFWHGWRDKRUL]RQWDOIRUFHHTXDOWRWKHOLQNSODVWLFVKHDUUHVLVWDQFH7RKDYHDUHIHUHQFHVROX
WLRQDJHRPHWULFDOO\HTXLYDOHQWIUDPHPRGHO LHZLWKRQO\EHDPFROXPQHOHPHQWV ZDVDOVR
EXLOW DQG DQDO\]HG LQ SAP2000 7KH IUDPH PRGHO KDG WKH VDPH ERXQGDU\ FRQGLWLRQV DV WKH
UHILQHGVKHOOPRGHO )LJXUH D 7KHVROXWLRQIURPWKHIUDPHPRGHOLVGHSLFWHGLQWKHSORW
ZLWKDGDVKHGOLQH$VRQHFDQVHHDQDO\VLVUHVXOWVVKRZDVPDOOLQFUHDVHRIWKHHODVWLFGLV
SODFHPHQWYDU\LQJWKHPHVKVL]H$UHODWLYHO\VPDOOGLIIHUHQFHLVDOVRVKRZQE\YDU\LQJWKH
VKHOOPHFKDQLFDOIRUPXODWLRQDVZHOODVWKHFRQVLGHUHG)(VRIWZDUH,QHYHU\FDVHWKHIUDPH
PRGHOZDVIRXQGWREHVWLIIHUWKDQWKHFRUUHVSRQGLQJVKHOOPRGHOV$PHVKFKDUDFWHULVWLFVL]H
HTXDOWRmmZDVFKRVHQIRUWKHVXEVHTXHQWQRQOLQHDUDQDO\VLV
7KUHHGLIIHUHQWEUDFLQJZHUHH[WUDFWHGIURPWKH GHVLJQUHVXOWVWRHYDOXDWHDQ\FKDQJHLQ
UHVSRQVHGXHWRFKDQJHVLQWKHGLDJRQDOPHPEHULQFOLQDWLRQVDQGOHQJWKV

D

E
)LJXUH D 6WHHOVWUHVVVWUDLQUHODWLRQVKLS E PHVKVHQVLWLYLW\DQDO\VLV

4.2

Linear buckling analysis results

7KHOLQHDUEXFNOLQJDQDO\VHVZHUHFDUULHGRXWWRLQYHVWLJDWHWKH2R3VWDELOLW\RIWKHEUDFLQJ
V\VWHP DV ZHOO DV WR LGHQWLI\ WKH VKDSH RI WKH LPSHUIHFWLRQV WR XVH IRU WKH QRQOLQHDU VWDWLF
DQDO\VHV
1XPHULFDO UHVXOWV IURP SAP2000 DUH VXPPDUL]HG LQ 7DEOH  IRU DOO WKH H[DPLQHG FDVHV
3DUWLFXODUO\WKHWDEOHSURYLGHVLQIRUPDWLRQFRQFHUQLQJWKHEUDFHOHQJWK LEU WKHEUDFHLQFOL
QDWLRQZLWKUHVSHFWWRWKHKRUL]RQWDOD[LV αDVVKRZQLQ)LJXUH WKH HODVWLF FULWLFDOOLQN
VKHDUIRUFH VFU DQGWKHJOREDOVOHQGHUQHVVIRU2R3EXFNOLQJ λRS ZKLFKZDVHYDOXDWHGDF
FRUGLQJWR(&>@,QWKHZRUVWH[DPLQHGFDVHWKHHODVWLFFULWLFDOORDGPXOWLSOLHUZDVHTXDO
WRZLWKUHVSHFWWRWKHVKHDU\LHOGLQJVWUHQJWKRIWKHOLQN7KHFRUUHVSRQGLQJJOREDOVOHQ
GHUQHVV λRS ZDV HTXDO WR  IRU WKH 1 PRGHO DQG  IRU WKH & PRGHO 6XFK YDOXHV DUH
VOLJKWO\ODUJHUWKDQWKH(&VWLSXODWHGOLPLW  IRUSUHGLFWLQJ\LHOGLQJSULRUWREXFNOLQJ
)LJXUH D DQG)LJXUH E VKRZILUVWPRGHEXFNOLQJVKDSHV IRUWKH1 DQG& PRGHOV
UHVSHFWLYHO\ZLWKUHVSHFWWRDVDPSOHJHRPHWU\DPRQJDOOWKHH[DPLQHGFDVHV6LPLODUUHVXOWV
ZHUHREWDLQHGIRUWKHRWKHUJHRPHWULHV7KHILUVWEXFNOLQJPRGHVVKRZODWHUDOWRUVLRQDOEXFN
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OLQJRIWKHFRPSUHVVHGEUDFHDORQJZLWKVRPHRXWRISODQH 2R3 OLQNGLVSODFHPHQWVPDLQO\
FRQFHQWUDWHGDWLWVERWWRPHQGFURVVVHFWLRQ
)RUWKH1FDVHVWXG\DOLQHDUEXFNOLQJDQDO\VLVZDVSHUIRUPHGDOVRXVLQJCode_AsterIRU
FRPSDULVRQSXUSRVHV 7KHDQDO\VLV UHVXOWV IURP WKH Code_Aster PRGHO VKRZV WKHVDPHILUVW
PRGHRIEXFNOLQJDVREWDLQHGZLWKSAP2000 )LJXUH WKXVFRQILUPLQJWKHODWHUDOWRUVLRQDO
EXFNOLQJRIWKHFRPSUHVVHGEUDFH
02'(/
1
1
1
&
&
&

LEU>P@







α>@







VFU>N1@







λRS>@







7DEOH%XFNOLQJDQDO\VLVUHVXOWV

D

E
)LJXUH)LUVWPRGHEXFNOLQJVKDSHVZLWKSAP2000 D 1(%PRGHO E &(%PRGHO

)LJXUH)LUVWPRGHEXFNOLQJVKDSHZLWKCode_AsterIRUWKH1(%PRGHO
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4.3

Non-linear static analysis results

1RQOLQHDU VWDWLF DQDO\VHV ZHUH SHUIRUPHG WR LQYHVWLJDWH WKH 2R3 VWDELOLW\ DQG WKH QRQ
OLQHDUOLQNEHKDYLRU7KHSUHYLRXVO\GHVFULEHG)(PRGHOEDVHGRQVKHOOHOHPHQWVZDVXVHGIRU
WKHVHDQDO\VHV$QLPSHUIHFWJHRPHWU\ZDVFRQVLGHUHGE\XVLQJWKHEXFNOLQJVKDSHREWDLQHG
E\ PHDQV RI WKH OLQHDU EXFNOLQJ DQDO\VLV UHVXOWV SUHYLRXVO\ GLVFXVVHG 7KH DPSOLWXGH RI WKH
LPSHUIHFWLRQ ZDV DVVXPHG HTXDO WR  RI WKH EUDFH OHQJWK 5HVXOWV DUH VXPPDUL]HG LQ
)LJXUH  E\ SORWWLQJ WKH OLQN VKHDU IRUFH QRUPDOL]HG ZLWK UHVSHFW WR WKH H[SHFWHG SODVWLF
VKHDUUHVLVWDQFHVO5HDVDIXQFWLRQRIKRUL]RQWDOGLVSODFHPHQWRIWKHWRSHQGFURVVVHFWLRQRI
WKHOLQN uWRS 3DUWLFXODUO\)LJXUH D VKRZVDFRPSDULVRQEHWZHHQWKHUHVXOWVREWDLQHGE\
XVLQJ HLWKHU SAP2000 RU Code_Aster ZLWK WKH .+ QRQOLQHDU VWUHVVVWUDLQ PRGHO ,Q
Code_AsterWKHDQDO\VLVZDVSHUIRUPHGHLWKHUFRQVLGHULQJRUQHJOHFWLQJQRQOLQHDUJHRPHW
ULFDO HIIHFWV 1/*  $QDO\VLV VKRZV LGHQWLFDO UHVXOWV XS WR \LHOGLQJ RI WKH OLQN $IWHU VXFK
QRQOLQHDU HYHQW QRQOLQHDU JHRPHWULFDO HIIHFWV WRRN SODFH DORQJ ZLWK WKH VWUDLQ KDUGHQLQJ
WKXVLQFUHDVLQJWKHVKHDUVWUHQJWK5HVXOWVVXJJHVWPLQRUGLIIHUHQFHVEHWZHHQCode_AsterDQG
SAP2000 LQWKHQRQOLQHDUEUDQFKRIWKHFXUYH

D

E
)LJXUH1RQOLQHDUVWDWLFDQDO\VLVUHVXOWV D 6$3YV&RGHB$VWHU E VWUDLQKDUGHQLQJPRGHO

)LJXUH E VKRZVDOOWKHQXPHULFDODQDO\VHVFDUULHGRXWZLWKSAP2000E\XVLQJWKHWKUHH
SUHYLRXVO\GHVFULEHGVWUHVVVWUDLQUHODWLRQVKLSV LH.+6+DQG6+ DQGE\YDU\LQJWKH
FRQVLGHUHGPRGHOJHRPHWU\ &DQG1PRGHOV)LJXUH 7KHUHVXOWVDUHVKRZQE\SORWWLQJWKH
QRUPDOL]HGOLQNVKHDUIRUFHDVDIXQFWLRQRIWKHOLQNFKRUGURWDWLRQ θ $OOWKHSHUIRUPHGQX
PHULFDODQDO\VHVVKRZWKDWERWKOLQNDQGEUDFHVWDELOLW\DUHHQVXUHGXSWRGULIWDQJOHVHTXDOWR
DWOHDVWθX rad7KHUHIRUHWKHUHVXOWVIURPWKHOLQHDUEXFNOLQJDQDO\VHVDSSHDUWRSUR
YLGHFRQVHUYDWLYHUHVXOWVIRUWKHDVVHVVPHQWRIWKHEUDFHVWDELOLW\,QIDFWWKHJOREDOVOHQGHU
QHVV IRU 2R3 VWDELOLW\ ZDV VOLJKWO\ ODUJHU WKDQ  WKDW LV WKH FRGH VWLSXODWHG OLPLW WR DYRLG
2R3 EXFNOLQJ%HVLGHVWKHQRQOLQHDUVWDWLF DQDO\VLVUHVXOWV VKRZ QHJOLJLEOH GLIIHUHQFHV EH
WZHHQ WKH 1 DQG & JHRPHWULFDO PRGHOOLQJ RSWLRQV 3DUWLFXODUO\ WKH SXVKRYHU FXUYHV ZHUH
SUDFWLFDOO\ FRLQFLGHQW LQ WKH HODVWLF UHVSRQVH UDQJH ZKLOVW QHJOLJLEOH GLIIHUHQFHV ZHUH RE
VHUYHGLQWKHLQHODVWLFUHVSRQVHUDQJH
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)RFXVLQJRQWKHOLQNRYHUVWUHQJWKWKHDQDO\VLVUHVXOWVVKRZWKDWWKH.+PRGHOVLJQLILFDQW
O\XQGHUHVWLPDWHVWKHLQHODVWLFOLQNVKHDUIRUFHV,QIDFWWKHUDWLREHWZHHQWKHOLQNSHDNVKHDU
IRUFHGHYHORSHGIRUθ = radDQGWKHH[SHFWHGSODVWLFVKHDUUHVLVWDQFHLVHTXDOWRIRU
WKH.+PRGHOIRUWKH6+PRGHODQGIRUWKH6+PRGHO WKHYDOXHVUHSRUWHGKHUH
DUHWKHPHDQYDOXHVDPRQJWKHVL[H[DPLQHGVWUXFWXUHVSHUHDFKFRQVLGHUHGQRQOLQHDUVWUHVV
VWUDLQUHODWLRQVKLS 7KHEDVLFOLQNRYHUVWUHQJWKIDFWRUWKDWLVVWLSXODWHGE\WKHFXUUHQW,WDOLDQ
FRGHLVZKLFKWKHFRGHLQFUHDVHVWR PXOWLSO\LQJE\DIDFWRURI IRUFDSDFLW\
GHVLJQRI³QRQGLVVLSDWLYH´PHPEHUVDQGFRQQHFWLRQVDGMDFHQWWRWKH\LHOGLQJOLQN6LQFHWKH
DQDO\VLV UHVXOWV SUHGLFWHG SHDN VWUDLQV VPDOOHU WKDQ  IRU θ =  rad WKH 6+ PRGHO
VKRXOG EH FRQVLGHUHG LQ FRPSDULQJ WKH FRGHVWLSXODWHG RYHUVWUHQJWK IDFWRUV ZLWK WKRVH RE
WDLQHG E\ WKH QXPHULFDO DQDO\VLV 7KHUHIRUH WKH UDWLRV EHWZHHQ WKH FRGHVWLSXODWHG RYHU
VWUHQJWKIDFWRUVDQGWKHQXPHULFDOUHVXOWVDUHHTXDOWR DQG 
)LJXUH D VKRZVDQH[DPSOHRIDFRQWRXUSORWRIWKHHTXLYDOHQW9RQ0LVHVVWUHVVHVLQ
WKHOLQNDQGWKHSODWHV FRQQHFWLQJWKH EUDFHV WR WKHOLQN &RQVLGHULQJWKDW YHU\FORVH UHVXOWV
ZHUHREWDLQHGE\YDU\LQJWKHEUDFHJHRPHWU\WKH&PRGHOZDVVHOHFWHGDVDQH[DPSOH7KH
UHVXOWVLQ)LJXUH D DUHIRUDOLQNURWDWLRQ T radZKLFKDSSUR[LPDWHO\FRUUHVSRQGV
WRVO VO5H7KH9RQ0LVHVVWUHVVHVVKRZWKDW\LHOGLQJGHYHORSVDOPRVWXQLIRUPO\ZLWKLQWKH
OLQNZHE<LHOGLQJRFFXUVDOVRLQWKHOLQNIODQJHVFORVHWRWKHERWWRPDQGWRSHQGFURVVVHF
WLRQV2QWKHFRQWUDU\WKH9RQ0LVHVVWUHVVHVZHUHDOZD\VVPDOOHUWKDQWKH\LHOGLQJVWUHQJWK
LQWKHKRUL]RQWDODQGYHUWLFDOSODWHVDVZHOODVLQWKHEUDFHPHPEHUV

D



E

)LJXUH([DPSOHRI D 9RQ0LVHVHTXLYDOHQWVWUHVVHVDQG E HTXLYDOHQWVWUDLQVLQWKHOLQN

)LJXUH  E  VKRZV DQ H[DPSOH RI WKH HTXLYDOHQW 9RQ 0LVHV VWUDLQV LQ WKH OLQN DQG WKH
SODWHV FRQQHFWLQJ WKH EUDFHV WR WKH OLQN 7KH HTXLYDOHQW 9RQ 0LVHV VWUDLQV DUH XVHG LQ
SAP2000DVDPHDVXUHRIWKHSODVWLFGHIRUPDWLRQLQWHQVLW\$JDLQWKH&PRGHOZDVVHOHFWHG
DVDQH[DPSOH7KHDQDO\VLVVWHSFRUUHVSRQGVWRDOLQNURWDWLRQHTXDOWRT radLHFRQ
VLGHULQJWKHXOWLPDWHOLPLWVWDWHIRUWKHOLQNHOHPHQWDFFRUGLQJWRWKH,WDOLDQFRGH9DOXHVRI
WKHHTXLYDOHQWVWUDLQVDUHVPDOOHUWKDQHYHU\ZKHUHLQWKHOLQNZHE3ODVWLFVWUDLQVFDQEH
REVHUYHG DOVR LQ WKH OLQN IODQJHV DW LWV WRS DQG ERWWRP FURVV VHFWLRQV FRQVLVWHQWO\ ZLWK WKH
9RQ0LVHVVWUHVVHVGHSLFWHGLQ)LJXUH D 
)LJXUHVKRZVH[DPSOHVRIGHIRUPHGVKDSHIRUWKHFRQVLGHUHG&PRGHO+HQFH)LJXUH
 D VKRZVWKHGHIRUPHGVKDSHFRUUHVSRQGLQJWRDOLQNURWDWLRQHTXDOWR T rad7KH
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FRQWRXUSORWKLJKOLJKWV RXWRISODQHGLVSODFHPHQWV YDOXHV LQ WKHSORWDUHLQ mm 7KH FRP
SUHVVHGEUDFHRQWKHOHIWVVLGHVKRZV2R3GLVSODFHPHQWVZLWKDPD[LPXPYDOXHDSSUR[LPDWH
O\HTXDOWRmm2QWKHFRQWUDU\WKHWHQVLOHEUDFHRQWKHULJKWVLGHVKRZVQHJOLJLEOH2R3
GLVSODFHPHQWV LI FRPSDUHG ZLWK WKH FRPSUHVVHG EUDFH WKH PD[LPXP YDOXH LV VPDOOHU WKDQ
mm )LJXUH E VKRZVWKHGHIRUPHGVKDSHFRUUHVSRQGLQJWRDOLQNURWDWLRQHTXDOWR T
 UDG7KH UHVXOWVVKRZWKHVDPH GLVWULEXWLRQ RI2R3 GLVSODFHPHQWV DV SUHYLRXVO\GLV
FXVVHGWKXVFRQILUPLQJWKHEUDFHVWDELOLW\IRUWKHZKROHUDQJHRIWKHLQYHVWLJDWHGVWUXFWXUDO
UHVSRQVH

E

D

)LJXUH([DPSOHRIGHIRUPHGVKDSHVZLWKRXWRISODQHGLVSODFHPHQWFRQWRXUSORW
D θ rad E θ rad

2YHUDOO WKH VWDWLF QRQOLQHDU DQDO\VLV UHVXOWV FRQILUP WKH YDOLGLW\ RI WKH DVVXPHG GHVLJQ
SURFHGXUH ZKLFK DGRSWHG PHPEHUEDVHG EXFNOLQJ FKHFNV DQG FDSDFLW\ GHVLJQ UXOHV IRU WKH
GHVLJQ RI ERWK EUDFHV DQG FRQQHFWLRQV )XUWKHU VWXGLHV ZLWK )( PRGHOV H[SOLFLWO\ LQFOXGLQJ
FRQQHFWLRQVEHWZHHQEUDFHPHPEHUVZLOOEHFRQVLGHUHGWRHYDOXDWHWKHLQIOXHQFHRQWKH2R3
VWDELOLW\
5

CONCLUSIONS

7KHSDSHUSUHVHQWHG DQXPHULFDO VWXG\RQVWHHO HFFHQWULFEUDFHVZLWK YHUWLFDO VKHDUOLQNV
XVHG IRU VHLVPLF UHWURILWWLQJ RI ROGHU UHLQIRUFHG FRQFUHWH 5&  VWUXFWXUHV 7KH VWXG\ PDLQO\
IRFXVHG RQ WKH QXPHULFDO PRGHOOLQJ DQG DQDO\VLV RI WKH EUDFLQJ PHPEHUV 3DUWLFXODUO\ WKH
SDSHUSUHVHQWHGDQLQYHVWLJDWLRQLQWRWKHRXWRISODQHVWDELOLW\RIWKHEUDFLQJV\VWHPDQGWKH
SHDN LQHODVWLF IRUFHV GHYHORSHG E\ WKH OLQN 7KH LQYHVWLJDWLRQ ZDV FDUULHG RXW E\ PHDQV RI
YDULRXVILQLWHHOHPHQW )( PRGHOVDQDO\]HGZLWKGLIIHUHQW)(VRIWZDUHSDFNDJHV7KHRXWRI
SODQHVWDELOLW\ZDVDVVHVVHGE\SHUIRUPLQJWZRW\SHVRIDQDO\VLV OLQHDUEXFNOLQJDQDO\VLV
FRXSOHG ZLWK WKH JHQHUDO PHWKRG IRU VWDELOLW\ YHULILFDWLRQ SURSRVHG E\ (XURFRGH    QRQ
OLQHDU VWDWLF DQDO\VHV ZLWK LPSHUIHFW JHRPHWULFDO PRGHOV 7KH ILUVW DQDO\VLV PHWKRG \LHOGHG
FRQVHUYDWLYHUHVXOWVFRPSDUHGZLWKWKHVWDWLFQRQOLQHDUDQDO\VLV7KHQRQOLQHDUVWDWLFDQDO\
VLVKDVVKRZQDVWDEOHEHKDYLRURIWKHEUDFLQJV\VWHPXSWRWKHXOWLPDWHOLQNFKRUGURWDWLRQ
VWLSXODWHGE\WKHFXUUHQW,WDOLDQFRGH5HJDUGLQJWKHSODVWLFRYHUVWUHQJWKRIWKHVKHDUOLQNVWKH
QXPHULFDOUHVXOWVLQGLFDWHVWKDWWKHFXUUHQWO\VXJJHVWHGUXOHVE\WKH,WDOLDQFRGHFRXOGXQGHU
HVWLPDWH WKH SHDN VKHDU VWUHQJWK +RZHYHU HIIHFWV VXFK DV WKH ORDGLQJ KLVWRU\ DQG WKH VWHHO
VWUDLQKDUGHQLQJPRGHOVVWLOOQHHGIXUWKHULQYHVWLJDWLRQVWRPDNHFRQFOXVLYHFRPPHQWVRQWKLV
DVSHFWRIWKHFRGH
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PERFORMANCE OF EXISTING REINFORCED CONCRETE ARCH
BRIDGES UNDER CURRENT NON SEISMIC LOADS
Giovanni Crisci, Francesca Ceroni, Gian Piero Lignola and Andrea Prota
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Abstract
The present analytical work deals with the assessment of the performances of Reinforced
Concrete (RC) Deck Arch Bridges under the non-seismic loading conditions required by the
current mandatory Italian codes. In particular, the attention is focused on a specific RC deck
arch bridge typology, better known as the “Maillart Type Arch Bridge”, which is
characterized by a very stiff deck beam and a slender and wide vault. As well as other existing
RC structures which were designed under only gravity loads and without specific structural
details, such as lower limits for longitudinal and transverse reinforcement bars, these bridges
could be damaged by loading conditions not considered at the time of design. For the
evaluation of the main critical issues related to the current performance of such bridges
under the current non-seismic loading conditions, it has been defined a large inventory of
simulated arch bridges in accordance to the design procedures usually adopted in 1950s
which considered only gravitational loads, i.e. self-weight and moving loads. Each bridge of
the inventory is modelled and studied by means of a Linear Gravitational analysis
implemented in the structural software SAP2000, with support of an Application
Programming Interface (API), such as Matlab.
Due to the differences between the current loads and those considered at the design time and
to the approximations of the design strategies of the time, a performance – based analysis of
the existing bridges under non-seismic loads is important for the stakeholders as much as for
the decision – makers in order to plan risk mitigation programs and prioritize eventual
retrofit interventions for risk reduction.
Keywords:5&$UFK%ULGJHV0DLOODUW%ULGJHV*UDYLWDWLRQDOORDGV9XOQHUDELOLW\$QDO\VLV
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1

INTRODUCTION

farch

,QUHFHQW\HDUVFRQVLGHUDWLRQVDQGUHKDELOLWDWLRQVRIH[LVWLQJEULGJHVKDYHEHHQDQRQJRLQJ
SUREOHP IRU WKH EULGJH DGPLQLVWUDWLRQV DQG IRU WKHLU RZQHUV LQ DOPRVW DOO FRXQWULHV 7KH
SHUIRUPDQFH OHYHO RI DQ H[LVWLQJ EULGJH LV RIWHQ LQDGHTXDWH LQGHHG WKH DOZD\V LQFUHDVLQJ
QXPEHURIYHKLFOHVDQGRIWUDIILFDQGWKHKHDYLHUZHLJKWORDGVKDYHPDGHWKHVWUXFWXUDOVDIHW\
RIH[LVWLQJLQIUDVWUXFWXUHV\VWHPSURJUHVVLYHO\LQVXIILFLHQWHYHQXQGHUYHUWLFDOORDGVRQO\
,Q ,WDO\ WKH 5HLQIRUFHG &RQFUHWH 5&  DUFK EULGJHV DUH WRGD\ VWLOO RQH RI WKH PRVW
LPSRUWDQWSDUWRIWKHWUDQVSRUWDWLRQV\VWHP6XFKEULGJHVGHVLJQHGDQGEXLOWDURXQGVDQG
LQPRVWFDVHVXQGHUGHVLJQHGIRUWKHQRZDGD\VVHUYLFHDELOLW\FRQGLWLRQVUHTXLUHSDUWLFXODUO\
DWWHQWLRQGXHWRWKHLUVSHFLILFSHFXOLDULWLHVWKDWPDNHH[FHSWLRQDOO\FRPSOH[WKHDVVHVVPHQWRI
WKHLU EHKDYLRU XQGHU ERWK VWDWLF DQG G\QDPLF DFWLRQV ,Q DGGLWLRQ WR WKH SUHYLRXV
³YXOQHUDELOLWLHV´PRVWRIWKHVHVWUXFWXUHVZHUHGHVLJQHGRQO\IRUJUDYLWDWLRQDOORDGVLQGHHG
WKH VHLVPLF KD]DUG KDV RQO\ UHFHQWO\ EHHQ UHFRJQL]HG E\ QDWLRQDO VWUXFWXUDO FRGHV >@ >@ 
DQGWKLVPHDQVWKDWWKHLUFXUUHQWYXOQHUDELOLW\PD\EHPXFKPRUHLPSRUWDQW
,Q WKLV VWXG\ WKH DWWHQWLRQ LV IRFXVHG RQ D VSHFLILF DUFK EULGJH W\SRORJ\ WKH ³0DLOODUW
7\SH$UFK%ULGJHV´RU³'HFN6WLIIHQHG$UFK%ULGJHV´ >@>@>@ ZKLFKDUHFKDUDFWHUL]HG
E\ D YHU\ VWLII GHFN EHDP DQG D VOHQGHU DQG ZLGH YDXOW ZLWK D ORZ PRPHQW RI LQHUWLD 
FRQQHFWHG WKH RQH WR WKH RWKHU E\ PHDQV RI VOHQGHU SLHUV RIWHQ ZDOOOLNH DQG OLJKWHQHG E\
FHQWUDO ZLQGRZV )LJXUH   7KH QDPH RI WKLV EULGJH W\SRORJ\ FRPHV IURP WKH 6ZLVV FLYLO
HQJLQHHU5REHUW0DLOODUWZKRILUVWLQWURGXFHGDYHU\UHYROXWLRQDU\FRQFHSWKHUHYHUVHGWKH
FODVVLFDUFKWRGHFNVWLIIQHVVUDWLRUHDOL]LQJLQWKLVZD\DVLJQLILFDQWUHGXFWLRQRIWKHEHQGLQJ
PRPHQWDQGRIWKHVKHDUIRUFHVLQWKHDUFKLQIDYRURIDPDLQO\FRPSUHVVLRQVWUHVVVWDWXVLQ
WKH DUFK 7KLV OHG WR WKH IDFW WKDW EHLQJ WKH VWUXFWXUH K\SHUVWDWLF WKH VWLIIHVW HOHPHQW DOVR
EHDUV WKH KLJKHVW VWUHVVHV DQG WKXV WKH GHFN EHDP EHFRPHV WKH NH\ HOHPHQW RI WKH ZKROH
EULGJHVLQFHLWKDVWREHDUWKHPRVWEHQGLQJPRPHQWVDQGVKHDUIRUFHV >@>@ 
1RZDGD\VDVPHQWLRQHGSUHYLRXVO\VRPHRI5&'HFN6WLIIHQHG$UFK%ULGJHVEXLOWLQWKH
ODVW FHQWXU\ QHHG D VWUXFWXUDO VWUHQJWKHQLQJ GXH WR VHYHUDO HQYLURQPHQWDO IDFWRUV VXFK DV
FRUURVLRQ DQG GHJUDGDWLRQ RI PDWHULDOV DQGRU DQWKURSRORJLFDO IDFWRUV VXFK DV WKH DOZD\V
LQFUHDVLQJWUDIILFORDGVXQGHUVHUYLFHDELOLW\FRQGLWLRQVDQGRUSRRUPDLQWHQDQFH>@

Larch

Figure 1: *HQHUDOYLHZRID5&'HFN6WLIIHQHG$UFK%ULGJH

,WLVZRUWKWRQRWHWKDWDIXQGDPHQWDOSUREOHPLQ,WDO\LVUHSUHVHQWHGE\WKHDEVHQFHRID
GHWDLOHGGDWDEDVHRIH[LVWLQJLQIUDVWUXFWXUHVLQGHHGWKHODFNRIH[DFWLQIRUPDWLRQPDNHVWKH
UROH RI PDQDJLQJ HQWLWLHV HYHQ PRUH GLIILFXOW $Q H[DPSOH RI WKH SDUWLFXODULW\ RI WKH ,WDOLDQ
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VFHQDULRLVWKDWLQ)HEUXDU\WKHUHZHUHDERXWEULGJHVZKRVHRZQHUVKLSZDVQRW
HYHQNQRZQ>@
7KHUHIRUHLQIRUPDWLRQDERXWGDPDJHDQGRUVWUXFWXUDOGHILFLHQFLHVRIEULGJHVLVDOVRTXLWH
UDUH DQG DGGLWLRQDOO\ GHWDLOV DERXW GLPHQVLRQV W\SH DQG DPRXQW RI PDWHULDOV RI UHDO
VWUXFWXUHVDUHQRWDYDLODEOHIRUDODUJHQXPEHURIWKHVHEULGJHV
7KHSUHVHQWVWXG\IRFXVVHVDWWHQWLRQRQWKHDVVHVVPHQWRIWKHVDIHW\FRQGLWLRQVRI5&'HFN
6WLIIHQHG$UFK%ULGJHVXQGHUWKHFXUUHQWVWDWLFORDGLQJFRQGLWLRQVGHILQHGE\WKH,WDOLDQFRGHV
>@>@ 'HVSLWHVHYHUDOEULGJHVRIWKLVW\SRORJ\KDYHEHHQUHFRJQL]HGLQ,WDO\GXHWRWKH
ODFN RI GHWDLOHG LQIRUPDWLRQ DERXW WKHP WKH VWUXFWXUDO DQDO\VHV KHUHLQ SUHVHQWHG KDYH EHHQ
SHUIRUPHGZLWKUHIHUHQFHWRDODUJHEXLOGLQJLQYHQWRU\RIVLPXODWHG³0DLOODUW ±7\SH´$UFK
%ULGJHV FKDUDFWHUL]HG E\ JHRPHWU\ DQG PDWHULDO SURSHUWLHV YDU\LQJ LQ WKH UDQJHV W\SLFDO RI
WKHUHDOVWUXFWXUHV)LUVWO\DVLPXODWHGGHVLJQSURFHGXUHDFFRUGLQJWRWKHFXUUHQWFRGHVDWWKH
DJHRIFRQVWUXFWLRQKDVEHHQXVHGIRUFUHDWLQJWKHJHRPHWULFDOPRGHOVDQGGHILQHWKHLQWHUQDO
VWHHOUHLQIRUFHPHQWV7KHQVWUXFWXUDODQDO\VLVDQGVDIHW\YHULILFDWLRQVKDYHEHHQFDUULHGRXW
IRUWKHVDPSOHVRIWKHFROOHFWHGLQYHQWRU\XQGHUWKHVWDWLFORDGVSURYLGHGE\WKHFXUUHQW,WDOLDQ
FRGHV >@>@ 
2

CREATION OF THE BRIDGES INVENTORY

2.1 Characteristics of existing “Maillart – Type” Arch Bridges in Italy
$OWKRXJKWKHW\SRORJ\RIJLUGHUEULGJHVLVFHUWDLQO\WKHPRVWZLGHVSUHDGLQ,WDO\H[DPSOHV
RIDUFKEULGJHVDUHDOVRIUHTXHQW,Q&ULVFLHWDO>@DIWHUFDUHIXOLQYHVWLJDWLRQVEDVHG
RQH[DPLQDWLRQRIROGSURMHFWVERRNVDQGRQOLQHUHVRXUFHVVHYHUDOH[LVWLQJ5&DUFKEULGJHV
DERXW   ZHUH FROOHFWHG DQG UHFRJQL]HG RQ WKH ,WDOLDQ WHUULWRU\ 8QIRUWXQDWHO\ IRU PRVW RI
WKHPLWZDVRQO\SRVVLEOH WRUHWULHYHJHQHUDOLQIRUPDWLRQRQJHRPHWU\VXFKDVVSDQOHQJWK
/DUFK DQG WKH ULVH RI DUFK IDUFK 7KLV VWXG\ DOORZHG WR LGHQWLI\ WKH YDULDELOLW\ RI WKH PDLQ
JHRPHWULFSDUDPHWHUVRIVXFKVWUXFWXUHVLQGHHGPRVWRIWKHEULGJHVDUHFKDUDFWHUL]HGE\DQ
DUFKVSDQ/DUFKUDQJLQJEHWZHHQDQGPZKLOHDORZSHUFHQWDJHLVIRXQGIRUWKHFDVH
 P )LJXUH D  ,W LV ZRUWK QRWLQJ WKDW WKHVH GLVWULEXWLRQV DUH UHSUHVHQWDWLYH RI WKH RQO\
FROOHFWHGDYDLODEOHGDWDDQGWKXVWKH\PLJKWEHQRWIXOO\UHSUHVHQWDWLYHRIWKHUHDOVLWXDWLRQLQ
,WDO\RUZRUOGZLGH
6LPLODU FRQVLGHUDWLRQV FDQ EH VXPPDUL]HG IRU WKH DUFK ULVH IDUFK D JRRG SHUFHQWDJH RI
EULGJHV DSSUR[LPDWHO\  DUH FKDUDFWHUL]HG E\ DQ DUFK ULVH UDQJLQJ EHWZHHQ  P
ZKHUHDV D ORZHU SHUFHQWDJH LV FRQFHQWUDWHG DURXQG WKH YDOXHV RI  P DQG  P
)LJXUHE ,Q)LJXUHFWKHIUHTXHQF\GLVWULEXWLRQRIWKHUDWLRIDUFK/LVDOVRSORWWHG
,Q DGGLWLRQ WR WKH DUFK WKH VWUXFWXUDO HOHPHQWV RI HDFK EULGJH FRQVLVW RI D UHJXODU JULG RI
PDLQDQGVHFRQGDU\5&EHDPVZLWKUHFWDQJXODUFURVVVHFWLRQVFRQQHFWHGWKHRQHWRWKHRWKHU
E\ PHDQV RI D VODE )LQDOO\ VOHQGHU SLHUV FRQQHFW WKH YDXOW WR WKH GHFN EHDP 'HWDLOHG
LQIRUPDWLRQDERXWWKHGLPHQVLRQVRIWKHYDULRXVVWUXFWXUDOHOHPHQWVRUWKHUHLQIRUFHPHQWUDWLRV
DUH PRUH GLIILFXOW WR GHWHUPLQH RU FROOHFW DQG WKH\ ZRXOG UHTXLUH DG KRF LQYHVWLJDWLRQV DQG
LQVSHFWLRQV)RUVXFKUHDVRQLQ&ULVFLHWDO>@WKDQNVWRKLVWRULFDOGRFXPHQWVDQGROG
GHVLJQV WKH W\SLFDO YDULDELOLW\ RI WKH VHFRQGDU\ JHRPHWULF FKDUDFWHULVWLFV KDV EHHQ SUHVHQWHG
VXFKDVWKHGLPHQVLRQVRISLHUVEHDPVUHLQIRUFHPHQWUDWLRVIRUWKHYDXOWSLHUVHWF
7KXV IRU WKH JHQHUDWLRQ RI WKH LQYHQWRU\ WKH IROORZLQJ UDQJHV ZHUH IL[HG IRU WKH PDLQ
JHRPHWULFDOSDUDPHWHUV
 PIRUWKHDUFKVSDQL
 PIRUWKHDUFKULVHfarch
 IRUWKHUDWLRfarch/L
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 PIRUWKHEDVHRISLHUVBp
 PIRUWKHEDVHRIWKHPDLQEHDPVBb,I
 PIRUWKHKHLJKWRIWKHPDLQEHDPVHb,I
1RWH WKDW IRU WKH SDUDPHWHUV SORWWHG LQ )LJXUH  WKH UDQJHV KDYH EHHQ GHILQHG E\
FRQVLGHULQJWKHPLQLPXPDQGPD[LPXPYDOXHVUHODWLYHWRWKHFDVHVZLWKJUHDWHUIUHTXHQF\

(a)

(b)

(c)
Figure 2: 'LVWULEXWLRQDQGFXPXODWLYHSHUFHQWDJHRIEULGJHVDV D IXQFWLRQRI$UFK6SDQ/ E IXQFWLRQRI
$UFK5LVHIDUFK F IXQFWLRQRIUDWLREHWZHHQIDUFK/

$ERXW WKH PHFKDQLFDO FKDUDFWHULVWLFV RI WKH PDWHULDOV KLVWRULFDO DQG GRFXPHQWHG VRXUFHV
HYLGHQFHG WKDW LW ZDV FXVWRPDU\ WR XVH FRQFUHWH ZLWK D FXELF FKDUDFWHULVWLF FRPSUHVVLYH
VWUHQJWK5FNRIDWOHDVW03DZKHUHDVIRUWKHVWHHOUHLQIRUFHPHQWXVXDOO\WKHRQHNQRZQDV
725ZDVDGRSWHGZLWKDQDYHUDJH\LHOGLQJVWUHVVRIDERXW03D
$SURSHU%ULGJH,QYHQWRU\RIPRUHWKDQVWUXFWXUHVKDVEHHQWKXVGHILQHGE\PHDQV
RIWKH0RQWH&DUORVLPXODWLRQSURFHGXUH >@ 7KHJHQHUDWLRQRIDSURSHUGDWDVHWLVLQGHHG
YHU\XVHIXOLQRUGHUWRVWXG\WKHDYHUDJHEHKDYLRXURIDKRPRJHQHRXVFODVVRIVWUXFWXUHVDW
ODUJHVFDOHZLWKUHJDUGVWRDFHUWDLQGHPDQGWKDWIRUWKHSUHVHQWVWXG\ZLOOEHUHSUHVHQWHGE\
WKHVWDWLFORDGVSURYLGHGE\WKHFXUUHQW,WDOLDQFRGHV
7KH EULGJH LQYHQWRU\ ZDV WKXV EXLOW E\ FKDQJLQJ VRPH VLJQLILFDQW SDUDPHWHUV VXFK DV
JHRPHWULFDO GDWD PHFKDQLFDO DQG UHLQIRUFHPHQW SHUFHQWDJHV LQ WKH IL[HG UDQJHV GLVFXVVHG
SUHYLRXVO\$VUHJDUGWKHUHLQIRUFHPHQWSHUFHQWDJHVWKH\ZHUHHVWDEOLVKHGLQDFFRUGDQFHZLWK
WKHPLQLPXPYDOXHVLQGLFDWHGE\WKHPDQGDWRU\FRGHVRIWKHWLPH >@ DQGZLWKUHIHUHQFHWRD
IHZ GHVLJQV RI UHDO EULGJHV ,Q SDUWLFXODU IRU WKH YDXOW DQG WKH SLHUV WKH PLQLPXP
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UHLQIRUFHPHQW SHUFHQWDJH ZDV RQ DYHUDJH HTXDO WR  RI WKH DUHD RI WKH FRQFUHWH FURVV
VHFWLRQ )RU WKH HOHPHQWV VXEMHFWHG WR EHQGLQJ PRPHQW RQ DYHUDJH WKH UHLQIRUFHPHQW
SHUFHQWDJH YDULHG EHWZHHQ  DQG  0RUHRYHU LW ZDV FXVWRPDU\ WR XVH D WUDQVYHUVH
UHLQIRUFHPHQW HJVWLUUXSV ZLWKDYHU\VFDWWHUHGGLVWDQFHLHYDULDEOHEHWZHHQDQG
PP
,Q SDUWLFXODU ZLWK UHJDUG WR WKH GLPHQVLRQV RI WKH SLHUVLWLV ZRUWK WR QRWH WKDW RQO\ WKH
ORZHUGLPHQVLRQRIWKHYHUWLFDOSLHUVKDVEHHQGHILQHGEHFDXVHLWLVOLQNHGWRWKHEDVHRIWKH
PDLQEHDPVIRUJHRPHWULFUHDVRQV$VUHJDUGWKHODUJHUGLPHQVLRQHJWKHRQHSDUDOOHOWRWKH
ORQJLWXGLQDOGLUHFWLRQRIWKHEULGJHLWKDVEHHQREWDLQHGDVDIXQFWLRQRIWKHVOHQGHUQHVVȜRI
WKHVWUXFWXUDOHOHPHQW,QGHHGLQRUGHUWRUHGXFHWKHHIIHFWVRIWKHVHFRQGRUGHULWZDVXVXDO
DWWKHWLPHWRVHWWKHVOHQGHUQHVVRIWKHSLHUVWRDOLPLWYDOXHRI
*HQHUDOO\ WKH H[WUDFWLRQ RI WKH SDUDPHWHUV VKRXOG WDNH SODFH ZLWK UHIHUHQFH WR D
SUREDELOLW\ GLVWULEXWLRQ EXW GXH WR WKH OLPLWHG QXPEHU RI NQRZQ UHIHUHQFH VWUXFWXUHV DQG
WKXV WR WKH OLPLWHG NQRZOHGJH RI WKH DFWXDO GLVWULEXWLRQ RI HDFK SDUDPHWHU LQ WKH UHDO
VWUXFWXUHV WKH SDUDPHWHUV KDYH EHHQ GUDZQ DVVXPLQJ D XQLIRUP SUREDELOLW\ GLVWULEXWLRQ IRU
HDFKRIWKHP
0RUHRYHULQRUGHUWRH[FOXGHWKHFRPELQDWLRQVRIJHRPHWULFDQGPHFKDQLFDOSDUDPHWHUV
ZKLFKFRXOGOHDGWREULGJHVVWUXFWXUDOO\QRWYHULILHGQRUUHDOLVWLFHDFKJHQHUDWHGDUFKEULGJH
ZDVVXEVHTXHQWO\YHULILHGZLWKUHIHUHQFHWRWKHYHUWLFDOORDGVRIWKHWLPHLHDFFRUGLQJWRWKH
PDQGDWRU\ FRGHV RI WKH WLPH 7KHVH YHULILFDWLRQV H[SODLQHG LQ WKH IROORZLQJ KDYH EHHQ
FDUULHGRXWDFFRUGLQJWRWKHVWUXFWXUDOVFKHPHVDQGDQDO\VLVSURFHGXUHVRIWKHWLPHWKDWZHUH
VLPSOHULQFRPSDULVRQZLWKWKRVHDGRSWHGQRZDGD\VWKDQNVWRWKHDLGRIQXPHULFDOVRIWZDUH

2.2 Verifications of “Maillart – Type” Arch Bridges according to the codes of the time
2QFHWKHEULGJHLQYHQWRU\KDVEHHQGHILQHGWKHJHRPHWULFDQGPHFKDQLFDOFKDUDFWHULVWLFV
RI HDFK VWUXFWXUH DUH NQRZQ VXFK DV DUFK VSDQ DQG ULVH GLPHQVLRQV RI SLHUV SULQFLSDO DQG
VHFRQGDU\EHDPVVWHHOUHLQIRUFHPHQWUDWLRDQGVRRQ)RUHDFKEULGJHDVLPXODWHGGHVLJQKDV
EHHQFDUULHGRXWDFFRUGLQJWRWKHPDQGDWRU\FRGHVDWWKHWLPHRIGHVLJQLQRUGHUWRYHULI\WKH
FRUUHFWVL]HDQGWKHUHLQIRUFHPHQWOD\HUVDVVLJQHGWRWKHYDULRXVVWUXFWXUDOHOHPHQWV &ULVFLHW
DO  >@  DQG WR H[FOXGH QRQUHDOLVWLF FRPELQDWLRQV RI JHRPHWULF DQG PHFKDQLFDO
SDUDPHWHUV,QWKLVVHFWLRQWKHVWHSVIROORZHGIRUFDUU\LQJRXWWKHVHYHULILFDWLRQVDUHGHVFULEHG
7KHVWDUWLQJSRLQWIRUEXLOGLQJWKHJHRPHWU\RIDGHFNDUFKEULGJHLVWKHGHILQLWLRQRI LWV
DUFKDFRPPRQSUDFWLFHRIWKHWLPHFRQVLVWHGLQWRGHVLJQWKHD[LVRIWKHDUFKLQRUGHUWREH
IXQLFXODU RI WKH JUDYLWDWLRQDO ORDGV FRUUHVSRQGLQJ WR WKH VHOIZHLJKW RQO\ RI WKH HQWLUH
VWUXFWXUH7KLVPHDQVWKDWWKHDUFKLVVXEMHFWHGWRD[LDOFRPSUHVVLRQIRUFHRQO\ZLWKRXWDQ\
EHQGLQJPRPHQWDQGVKHDUIRUFH7KHFDOFXODWLRQRIWKHVWUHVVHVDFWLQJRQHDFKDUFKKDVEHHQ
GRQHFRQVLGHULQJDVLPSOLILHGPRGHOLQDJUHHPHQWZLWK WKHDVVXPSWLRQVFRPPRQO\GRQHE\
WKH GHVLJQHUV RI WKH WLPH LH DQ HTXLYDOHQW WZRGLPHQVLRQDO VWUXFWXUH FKDUDFWHUL]HG E\ D
FRQWLQXRXV GHFN EHDP VXSSRUWHG E\ WKH SLHUV D KLQJHG DUFK DW ERWK VSULQJLQJV DQG D[LDOO\
ULJLGSLHUVFRQQHFWHGWRERWKWKHDUFKDQGWKHGHFNEHDPE\PHDQVRIKLQJHV
7KH ORDG FRPELQDWLRQV ZHUH IL[HG ZLWK UHIHUHQFH WR WKH PDQGDWRU\ FRGHV LQ IRUFH DW WKH
WLPH LQ SDUWLFXODU WKH 5R\DO 'HFUHH RI  >@ DQG WKH &LUFXODU Q  FRQFHUQLQJ WKH
ORDGV RQ EULGJHV RI  >@ ,Q SDUWLFXODU WZR GLIIHUHQW W\SHV RI ORDGLQJ VFKHPHV ZHUH
DGRSWHG
7ZRRUPRUHXQGHILQHGWUDLQVRIWUXFNVZHLJKLQJWRQV DERXWN1 VLGHE\VLGH
7ZRFRPSUHVVRUUROOHUVZHLJKLQJWRQVHDFK DERXWN1 VLGHE\VLGH
,QDGGLWLRQDFRPSDFWFURZGZDVH[SHFWHGRQWKHVLGHZDONVQH[WWRWKHGULYHZD\
7KHDVVHVVPHQWRIPD[LPXPVWUHVVHVZDVFDUULHGRXWE\SODFLQJWKHPRYLQJORDGVJLYHQ
E\ WKH ORDGLQJ FRQGLWLRQ  >@ LQ WKH PRVW XQIDYRXUDEOH SRVLWLRQ RQ WKH GHFN ZKLFK ZDV
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IRXQGE\PHDQVRIWKH,QIOXHQFH/LQHV)LJXUHVKRZVVRPHRIWKHLQIOXHQFHOLQHVDGRSWHG
IRU WKH YHULILFDWLRQ RI WKH VWUXFWXUDO HOHPHQWV RI EULGJHV LH WKH LQIOXHQFH OLQHV RI EHQGLQJ
PRPHQWVIRUPRYLQJYHUWLFDOORDGVLQRQHFURVVVHFWLRQRIWKHGHFN PDJHQWDOLQH DQGRIWKH
KRUL]RQWDOWUXVWLQWKHDUFK \HOORZOLQH 

farch

%HQGLQJ0RPHQW'LDJUDP

Larch
,QIOXHQFH/LQHRIEHQGLQJPRPHQW
,QIOXHQFHOLQHRIKRUL]RQWDOWUXVW
(QYHORSHPD[LPXPSRVLWLYHEHQGLQJ
PRPHQW

Figure 3: ([DPSOHVRILQIOXHQFHOLQHRIEHQGLQJPRPHQWRQWKHGHFNKRUL]RQWDOWKUXVWDQGSRVLWLRQRI
PRYLQJORDGVDEOHWRPD[LPL]HWKHEHQGLQJVWUHVV

,W LV ZRUWK WR QRWH WKDW WKH SRVLWLRQ RI WKH PRYLQJ ORDGV JLYLQJ WKH PD[LPXP EHQGLQJ
PRPHQWRQWKHGHFNGRHVQRW\LHOGWKHPD[LPXPKRUL]RQWDOWKUXVWLQWKHDUFKDVZHOO,QGHHG
LQRUGHUWRPD[LPL]HWKHKRUL]RQWDOWKUXVW+DQGVRWKHFRPSUHVVLRQIRUFH1LQWKHDUFKDV
ZHOO WKH PRYLQJ ORDGV PXVW EH DSSOLHG RQ WKH ZKROH HQWLUH GHFN 8QGHU WKLV ODWWHU ORDG
FRQGLWLRQWKHSLHUVZHUHYHULILHGDVZHOO
7KH HQYHORSH RI DOO WKH SRVLWLYH DQG QHJDWLYH SHDNV RI HDFK PDJHQWD OLQH UHSUHVHQWV WKH
GLDJUDP RI WKH PD[LPXP DQG PLQLPXP EHQGLQJ PRPHQWV IURP ZKLFK LW LV SRVVLEOH WR
LGHQWLI\WKHFURVVVHFWLRQDQGWKHUHIRUHWKHSRVLWLRQRIWKHPRYLQJORDGVDEOHWRPD[LPL]HWKH
EHQGLQJ PRPHQW RQ WKH GHFN EHDP )RU VLPSOLFLW\ LQ )LJXUH  WKH RQO\ HQYHORSH RI WKH
PD[LPXP SRVLWLYH EHQGLQJ PRPHQWV LV SORWWHG UHG OLQH  WKH HQYHORSH RI WKH PLQLPXP
QHJDWLYHEHQGLQJPRPHQWVLVLQGHHGPLUURUHGWRWKLVRQH
&RQYHUVHO\WKHVHFRQGDU\EHDPVKDYHEHHQYHULILHGZLWKUHIHUHQFHWRWKHLUWULEXWDU\DUHD
WRGHILQHWKHHQWLW\RIWKHJUDYLWDWLRQDOORDGV XQLIRUPO\GLVWULEXWHGORDGV DQGZLWKUHIHUHQFH
WR WKH ZRUVW FRQGLWLRQ IRU WKH PRYLQJ ORDGV LH ZKHQ WKH D[LV RI WKH YHKLFOH LV MXVW RQ WKH
VHFRQGDU\EHDP0RUHRYHUWKHFRQVWUDLQWFRQGLWLRQVDWWKHHQGVRIWKHVHFRQGDU\EHDPVKDYH
EHHQDVVXPHGDVUDQJLQJEHWZHHQDVLPSOHVXSSRUWHGEHDPDQGDIXOO\IL[HGEHDPLQRUGHUWR
PD[LPL]HWKHSRVLWLYHDQGQHJDWLYHEHQGLQJPRPHQWVDORQJWKHHOHPHQW
$FFRUGLQJWRWKH5R\DO'HFUHHRI>@WKHGHVLJQRIVWHHOUHLQIRUFHPHQWLQWKHEHDPV
ZDVPDGHZLWKUHVSHFWWR³Allowable Stress Method (ASM)´>@ZKHUHWKHZRUNLQJVWUHVVLV
GHILQHGDVWKHSHUFHQWLOHVWUHQJWKGLYLGHGE\DVDIHW\IDFWRUHTXDOWRIRUFRQFUHWHDQG
IRU VWHHO 2Q WKH EDVLV RI WKH VWUHVV GLVWULEXWLRQV LQ HDFK HOHPHQW XQGHU WKH SUHYLRXVO\ FLWHG
ORDG FRPELQDWLRQV HDFK JHQHUDWHG DUFK EULGJH KDV EHHQ YHULILHG ZLWK UHIHUHQFH WR ERWK
IOH[XUDOQRUPDODQGVKHDUVWUHVVHV,IVRPHYHULILFDWLRQVDUHQRWVDWLVILHGWKHEULGJHKDVEHHQ
H[FOXGHG IURP WKH GDWDEDVH XQGHU WKH DVVXPSWLRQ WKDW WKH FDVXDO FRPELQDWLRQV RI WKH
SDUDPHWHUVKDYHOHGWRK\SRWKHVL]HDVWUXFWXUHQRWLQDJUHHPHQWZLWKGHVLJQUXOHVDQGORDGVRI
WKH WLPH DQG WKXV QRW UHSUHVHQWDWLYH RI DQ H[LVWLQJ EULGJH &OHDUO\ IRU WKH QRW YHULILHG
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VDPSOHVDGLIIHUHQWFKRLFHRIVRPHSDUDPHWHUVDVIRUH[DPSOHWKHUHLQIRUFHPHQWSHUFHQWDJH
RU WKH GLPHQVLRQV RI VRPH VWUXFWXUDO HOHPHQWV PLJKW OHDG WR D UHSUHVHQWDWLYH VWUXFWXUH EXW
ODFNLQJPRUHGHWDLOHGLQIRUPDWLRQRQWKHVHSDUDPHWHUVWKLVRSWLRQZDVQRWSXUVXHG7KHUHIRUH
LQSODFHRIWKHH[FOXGHGFDVHVRWKHUEULGJHVZHUHH[WUDFWHGDVORQJDVWKHVDPSOHVL]HZDV
VDWLVIDFWRU\ DQG WKH JHRPHWULFDO SDUDPHWHUV DVVXPHG IRU WKH JHQHUDWLRQ RI WKH VDPSOH ZHUH
HTXDOO\GLVWULEXWHG

2.3 Creation of 3D Finite Element Models
2QFH HDFK JHRPHWULF PRGHO KDV EHHQ GHVLJQHG DQG YHULILHG DFFRUGLQJ WR D VLPSOLILHG
PHWKRGRORJ\ DQG LQ DJUHHPHQW ZLWK WKH ORDGV DQG UXOHV RI WKH WLPH D ' )LQLWH (OHPHQW
0RGHO )(0 LVLPSOHPHQWHGXVLQJWKHVRIWZDUH6$3>@7ZRQRGH±IUDPHHOHPHQWV
LHEHDPHOHPHQWVZLWKWKUHHWUDQVODWLRQDODQGWKUHHURWDWLRQDOGHJUHHVRIIUHHGRP '2) DW
HDFK QRGH KDYH EHHQ XVHG WR PRGHO WKH EHDPV WKH SLHUV DQG WKH DUFK 0RUHRYHU WKH
HFFHQWULFLWLHVRIWKHSLHUVZLWKUHJDUGWRWKHD[LVRIWKHYDXOWKDYHEHHQWDNHQLQWRDFFRXQWE\
PHDQVRIULJLGRIIVHWVDQGPDVVOHVVOLQNV,Q&ULVFLHWDO>@LWZDVLQGHHGYHULILHGWKDW
QR VLJQLILFDQW GLIIHUHQFHV LQ WKH VWUHVVHV LQ DOO VWUXFWXUDO HOHPHQWV RFFXU LI WKH YDXOW LV
PRGHOOHG E\ WZRGLPHQVLRQDO HOHPHQWV LQVWHDG RI IUDPH HOHPHQWV ZLWK RIIVHWV 7KLV ODWWHU
VROXWLRQZDVSUHIHUUHGLQRUGHUWRUHGXFHWKHFRPSXWDWLRQDOHIIRUWDOVRLQYLHZRIWKHDQDO\VHV
XQGHUVHLVPLFDFWLRQV
$ERXWWKHFRQVWUDLQWFRQGLWLRQVRIWKHSLHUVLWLVZRUWKWRUHPHPEHUWKDWXVXDOO\DWWKHWLPH
RI GHVLJQ WKH SLHUV ZHUH PRGHOOHGDV SHQGXOXPV LH VLPSO\ KLQJHG DW ERWK HQGV XQGHU WKH
JUDYLWDWLRQDO ORDGV DQG WKXV WKH\ UHVXOWHG VXEMHFWHG WR D[LDO ORDGV RQO\ 7KH FKRLFH RI
PRGHOOLQJ WKH SLHUV DV SHQGXOXPV ZDV UHODWHG WR WKH UHGXFWLRQ RI WKH K\SHUVWDWLF XQNQRZQV
DQGWKXVRIWKHFRPSOH[LW\RIWKHVROXWLRQRIWKHVWUXFWXUDOVFKHPHRIWKHEULGJHEXWDWWKH
VDPHWLPHOHGDOVRWRDUHGXFWLRQRIWKHGLIIHUHQFHVLQVWLIIQHVVRIWKHGHFNEHDPDQGWKHYDXOW
+RZHYHU VRPH GHVLJQ GRFXPHQWV RI WKH WLPH KDYH HYLGHQFHG WKDW LQ PDQ\ FDVHV WKH SLHUV
ZHUHUHDOL]HGDVIL[HGDWWKHHQGDVWHVWLILHGE\FRQVWUXFWLYHGHWDLOVDQGZHUHWKXVVXEMHFWHG
WRVRPHVKHDUDQGEHQGLQJDFWLRQVDVZHOO)RUWKLVUHDVRQLQWKH6$3PRGHOWKHSLHUV
KDYHEHHQFRQVLGHUHGIL[HGFRQVWUDLQHGDWWKHLUERWKHQGVDQGQRWFRQQHFWHGE\VLPSOHKLQJHV
WR WKH DUFK DQG WKH GHFN ,W LV ZRUWK QRWLQJ WKDW WKH HQWLW\ RI WKH VKHDU DQG EHQGLQJ DFWLRQV
WUDQVIHUUHG WR WKH SLHUV XQGHU JUDYLWDWLRQDO ORDGV ZDV OLPLWHG GXH WR WKH KLJK GLIIHUHQFH RI
VWLIIQHVVEHWZHHQWKHGHFNDQGWKHDUFKDQGWKXVEHWZHHQGHFNDQGSLHUV>@
7KHGHFNVODERQWKH FRQWUDU\ KDVEHHQFRQVLGHUHGRQO\LQWHUPVRIORDGV DFWLQJRQWKH
PDLQEHDPVZKLOHD³GLDSKUDJP´FRQVWUDLQWKDVEHHQXVHGWRVLPXODWHLWVEHKDYLRXURQWKH
EULGJHGHFN )L[HG VXSSRUWVDWHQGVRI WKHDUFKKDYH EHHQDVVXPHGWKLVDVVXPSWLRQLV ZHOO
DFFHSWHG ZKHQ EULGJH IRXQGDWLRQ LV RYHU EHGURFN VLWHV LH JURXQG W\SH $ >@ DV LW LV WKH
FDVH IRU WKH PDMRULW\ RI WKLV W\SH RI EULGJHV :LWK UHIHUHQFH WR WKH GHFN FRQVWUDLQWV WKH
JHQHULF EULGJH ZDV DVVXPHG WR EH FRQVWUDLQHG DORQJ WKH ORQJLWXGLQDO GLUHFWLRQ LQ RUGHU WR
VLPXODWH WKH SUHVHQFH RI DEXWPHQWV RU RI RWKHU URDGV ZKLFK FRXOG OLPLW LWV GLVSODFHPHQW
ZKHUHDVLWZDVFRQVLGHUHGIUHHDORQJWKHRXW±RI±SODQHGLUHFWLRQ
(DFK VWUXFWXUDO HOHPHQW LV PRGHOOHG DV HODVWLF DQG LQ RUGHU WR WDNH LQWR DFFRXQW WKH
GHYHORSPHQW RI FUDFNLQJ SKHQRPHQD LQ WKH FRQFUHWH WKH HIIHFWLYH PRPHQW RI LQHUWLD RI WKH
EHDPV KDV EHHQ UHGXFHG E\  ZKLOH E\ RQO\  IRU WKH YHUWLFDO SLHUV DQG WKH DUFK
DFFRUGLQJWRWKHSUHYDOHQWFRPSUHVVLRQIRUFHVLQWKHHOHPHQWV >@>@ 1RUHGXFWLRQRIWKH
WUDQVYHUVH DUHD WRUVLRQ DQG VKHDU DUHD KDV EHHQ FRQVLGHUHG >@ 7KLV SURFHGXUH ZDV
DXWRPDWL]HG DGRSWLQJ VSHFLILF VRIWZDUH VXFK DV 0$7/$% >@ ZKHUH E\ PHDQV RI 2SHQ
$SSOLFDWLRQ3URJUDPPLQJ,QWHUIDFH 2$3, LWLVSRVVLEOHWRLQWHJUDWHZLWKVWUXFWXUDOVRIWZDUH
VXFKDV6$3>@WRUXQDQDO\VLVRQDPXOWLWXGHRIVHYHUDOPRGHOV
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(a)

(b)

Figure 4: (a)*HRPHWULFPRGHORI5&'HFN6WLIIHQHG$UFK%ULGJH (b)7KUHH'LPHQVLRQDO ' )(0

3

ASSESSEMENT OF TRAFFIC LOADS ACCORDING TO ITALIAN CODES

$VUHSRUWHGLQVHFWLRQWKHGHPDQGLQWHUPVRIWUDIILFORDGLQJLVYHU\GLIIHUHQWQRZDGD\VLI
FRPSDUHG WR WKH SDVW 7KLV VWXG\ LV LQGHHG DLPHG WR KLJKOLJKW ZKLFK DUH WKH PDLQ VWUXFWXUDO
GHILFLHQFLHVRIH[LVWLQJEULGJHVHVSHFLDOO\IRUDUFKEULGJHVGHVLJQHGDQGEXLOWZLWKUHJDUGVWR
WKH UXOHV RI V XQGHU WKH QRQVHLVPLF ORDGV SUHVFULEHG E\ WKH FXUUHQW FRGHV LH WKH QHZ
JXLGHOLQHV IRU H[LVWLQJ EULGJHV >@ DQG WKH ,WDOLDQ FRGH IRU VWUXFWXUHV >@ 7KLV LV D
IXQGDPHQWDO DVSHFW WKDW KDV WR EH LQYHVWLJDWHG SULRU WR SURFHHG ZLWK WKH YHULILFDWLRQV XQGHU
VHLVPLFDFWLRQV,WLVZRUWKWRQRWHWKDWIRUVWUXFWXUDOSXUSRVHVDFFRUGLQJWRQHZJXLGHOLQHV>@
HDFKJHQHUDWHGDUFKEULGJHZDVDVVXPHGWREHFODVVLILHGDV&&LH&RQVHTXHQFHV&ODVVWKDW
PHDQV ³high consequence for loss of human life, or economic, social or environmental
consequences very great, such as bridges, public buildings, where consequences of failure are
high´7KHVWUXFWXUDOYHULILFDWLRQVZHUHFDUULHGRXWFRQVLGHULQJWKHORDGVDFFRUGLQJWRWKHQHZ
JXLGHOLQHVIRUEULGJHV>@WKDWHQWDLOWRDVVXPHWKHVDPHSDUWLDOVDIHW\FRHIILFLHQWVSUHVFULEHG
E\>@
7KHVWUXFWXUDODQDO\VHVZHUHSHUIRUPHGFRQVLGHULQJLQDGGLWLRQWRWKHVWUXFWXUDODQGQRQ
VWUXFWXUDO ZHLJKWV HJ URDG SDYHPHQW WKH PRYLQJ ORDGV VFKHPHV LQ DFFRUGDQFH ZLWK >@
7KHODWWHUVKRZQLQ)LJXUHDOVRLQFOXGHWKHG\QDPLFHIIHFWVGXHWRWKHSDVVDJHRIYHKLFOHV
RQ WKH VWUXFWXUHV DQG WKH\ DUH WKH UHIHUHQFH VFKHPHV WKDW KDYH WR EH XVHG IRU WKH JOREDO
VWUXFWXUDOYHULILFDWLRQVRIWKHEULGJHVWUXFWXUHV
Qik Qik

qik
Q1k=300kN

Lane 1

q1k=9kN/m2

Lane 2
Lane 3

Q2k=200kN
q2k=2.5kN/m2
Q3k=100kN
q3k=2.5kN/m2

Remaining part qrk=2.5kN/m2

Figure 5: 0RYLQJORDGVDFFRUGLQJWR,WDOLDQ%XLOGLQJ&RGH>@

0RUHRYHULWKDVEHHQFRQVLGHUHGWKHEUDNLQJDFWLRQVRIWKHYHKLFOHVZKLFKDUHDSSOLHGDV
XQLIRUPO\GLVWULEXWHGORDGVRQWKHD[LVRIWKHODQH,QDGGLWLRQWRWKHPRYLQJORDGVWKHORDGV
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UHODWHGWRWHPSHUDWXUHZLQGDQGVQRZKDYHEHHQFRQVLGHUHGDVZHOODVVXPLQJIRUVLPSOLFLW\
DFOLPDWLF]RQH,,,DQGDQDOWLWXGHRIOHVVWKDQP>@
,Q RUGHU WR GHILQH WKH FKDUDFWHULVWLF YDOXHV LH WKH  SHUFHQWLOH YDOXHV  RI WKH WUDIILF
ORDGV WKH ORDGLQJ VFKHPHV KDYH EHHQ FRPELQHG E\ FRQVLGHULQJ WZR JURXSV RI DFWLRQV
UHVSHFWLYHO\WKHJURXSDQGWKHJURXSDDVUHSRUWHGLQ>@7KHILUVWJURXSFRQVLGHUVWKH
FKDUDFWHULVWLFYDOXHVRIWKHPRYLQJORDGVZLWKRXWWDNLQJLQWRDFFRXQWWKHEUDNLQJDFWLRQV7KH
JURXSDRQWKHRWKHUKDQGFRQVLGHUVWKHIUHTXHQWYDOXHVRIWKHPRYLQJORDGVDQGWDNHVLQWR
DFFRXQWWKHFKDUDFWHULVWLFYDOXHVRIWKHEUDNLQJDFWLRQV)LQDOO\WKHYDULRXVDFWLRQVKDYHEHHQ
FRPELQHGZLWKWKHIXQGDPHQWDOFRPELQDWLRQDWWKH8OWLPDWH/LPLW6WDWHREWDLQLQJDWRWDORI
LQGLYLGXDOORDGFRPELQDWLRQVDV7DEOHVKRZV
Tab 1:/RDGFRPELQDWLRQVDWWKH8OWLPDWH/LPLW6WDWHDFFRUGLQJWR >@>@
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7KH VWUXFWXUDO YHULILFDWLRQV KDYH EHHQ FDUULHG RXW ZLWK UHIHUHQFH WR ERWK WKH GXFWLOH
IOH[XUDOYHULILFDWLRQV DQGEULWWOHPHFKDQLVPV VKHDUYHULILFDWLRQV LQWHUPVRIFDSDFLW\DWWKH
8OWLPDWH/LPLW6WDWH 8/6 LQDFFRUGDQFHWR>@)RUWKHIOH[XUDOFDSDFLW\LQRUGHUWRWDNH
LQWRDFFRXQWWKH SUHVHQFHRI ELD[LDO EHQGLQJ PRPHQWV WKH IROORZLQJ %UHVOHU¶V HTXDWLRQ KDV
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EHLQJ 0(G[ DQG 0(G\ WKH EHQGLQJ PRPHQWV DURXQG WKH WZR SULQFLSDO D[HV [ DQG \ RI WKH
FURVVVHFWLRQVDQGFRPHIURPWKHORDGVFRPELQDWLRQV05G[DQG05G\WKHIOH[XUDOFDSDFLW\
RI WKH VHFWLRQ HYDOXDWHG ZLWK UHVSHFW WR WKH [ DQG \ D[LV UHVSHFWLYHO\ Į DQG ȕ WZR VKDSH
FRHIILFLHQWVZKLFKIRUUHFWDQJXODUFURVVVHFWLRQKDYHEHHQDVVXPHGHTXDOWR
$VUHJDUGWKHVKHDUFDSDFLW\WZRGLIIHUHQWDSSURDFKHVKDYHEHHQFRQVLGHUHGIRUWKHDUFK
DQGIRUWKHEHDPV'XHWRWKHSUHVHQFHRIORQJLWXGLQDOVWHHOUHLQIRUFHPHQWRQO\IRUWKHDUFK
WKH VKHDU VWUHQJWK IRU PHPEHUV ZLWKRXW VKHDU UHLQIRUFHPHQW JLYHQ E\ >@ >@  KDV EHHQ
XVHGZKLOHIRUWKHSLHUVDQGWKHEHDPVZKLFKDUHVXSSRVHGWRKDYHVWHHOVWLUUXSVWKHVKHDU
FDSDFLW\KDVEHHQHYDOXDWHGDFFRUGLQJWRWKHVWUHQJWKPRGHOSURSRVHGE\>@LQRUGHUWRWDNH
LQWR DFFRXQW WKH VLJQLILFDQW EHQHILW RI WKH FRPSUHVVLRQ IRUFH LQ WKH SLHUV RQ WKHLU XOWLPDWH
VKHDUFDSDFLW\
4

DISCUSSION OF RESULTS

(DFKVLPXODWHGEULGJHKDVEHHQVWXGLHGZLWKUHIHUHQFHWRWKHVHYHUDOFRPELQDWLRQVRIORDGV
GLVFXVVHGDERYHLQSDUWLFXODUWKHUHVXOWVDUHUHSUHVHQWHGLQWHUPVRI'&5LH'HPDQGRYHU
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&DSDFLW\ 5DWLR ZKHUH WKH 'HPDQG DQG WKH &DSDFLW\ DUH UHSUHVHQWHG E\ EHQGLQJ PRPHQW
VKHDU RU D[LDO IRUFH ,W LV ZRUWK WR SRLQW RXW WKDW DV PRUH WKDQ  0DLOODUW7\SH $UFK
%ULGJHVKDYHEHHQJHQHUDWHGDQGYHULILHGWKHUHVXOWVZLOOEHUHSUHVHQWHGLQWKHIROORZLQJLQ
WHUPVRIPD[LPXP'&5UDWLRIRUHDFKEULGJHZLWKUHIHUHQFHWRWKHPDLQVWUHVVDFWLQJLQWKH
YDULRXVVWUXFWXUDOHOHPHQWVHJDUFKSLHUVDQGEHDPVDQGZLWKUHIHUHQFHWRWKHFRQVLGHUHG
ORDGFRPELQDWLRQV7KLVPHDQVWKDWIRUHDFKVWUXFWXUDOHOHPHQWWKHZRUVWVDIHW\FRQGLWLRQLV
UHSUHVHQWHG
7KH)LJXUHVKRZVWKHWUHQGRIWKHPD[LPXP'&5IRUWKHDUFKLQWKHFDVHRIIOH[XUDODQG
VKHDUYHULILFDWLRQVDVDIXQFWLRQRIWKHVSDQ DDQGE DQGWKHULVHRIWKHDUFK FDQGG LW
LV FOHDU WKDW VWUXFWXUDO SUREOHPV GR QRW DULVH LQ DQ\ FDVH IRU WKH DUFK ,Q SDUWLFXODU WKH
PD[LPXP '&5 IRU IOH[XUDO YHULILFDWLRQV LV DERXW  ZKHUHDV LW LV DERXW  IRU VKHDU
YHULILFDWLRQV ,Q RUGHU WR EHWWHU UHDG WKH WUHQG RI '&5 D OLQHDU UHJUHVVLRQ OLQH KDV EHHQ
UHSUHVHQWHGWRRLWLVREVHUYHGWKDWWKHDYHUDJHWUHQGDVIXQFWLRQRIERWKWKHVSDQDQGWKHULVH
LVLQFUHDVLQJLQWKHFDVHRIIOH[XUDOYHULILFDWLRQV PLQLPXPYDOXHRIDERXWDQGPD[LPXP
YDOXHRIDERXW ZKLOHLWLVUDWKHUFRQVWDQWIRUVKHDUYHULILFDWLRQV DSSUR[LPDWHO\ 

(a)

(b)

(c)

(d)

Figure 6:'HPDQGRYHU&DSDFLW\5DWLR '&5 GLVWULEXWLRQLQWKHDUFKIRUIOH[XUDODQGVKHDUIDLOXUHUHVSHFWLYH
O\YVD E $UFK6SDQ/F G $UFK5LVHIDUFK

)LJXUH  VKRZV WKH WUHQG RI WKH PD[LPXP '&5 IRU WKH SLHUV LQ IXQFWLRQ RI DUFK VSDQ
OHQJWKDQGDUFKULVHZLWKUHIHUHQFHWRIOH[XUDO )LJXUHDF DQGVKHDU )LJXUHEG IDLOXUHV,W
FDQ EH QRWHG WKDW WKH IOH[XUDO SUREOHPV DUH YHU\ SURPLQHQW LI FRPSDUHG WR WKH VKHDU RQHV
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HVSHFLDOO\DVWKHVSDQDQGWKHULVHRIWKHDUFKLQFUHDVHV7KLVLVGXHWRWKHIDFWWKDWWKHSLHUV
DV SUHYLRXVO\ PHQWLRQHG ZHUH YHULILHG LQ VHFWLRQ  XQGHU D[LDO IRUFHV RQO\ GXH WR WKH
DVVXPSWLRQRIVLPSOHKLQJHVDWWKHLUHQGVDFFRUGLQJWRDFRPPRQSUDFWLVHRIWKHWLPH7KLV
PHDQVWKDWXQGHURQO\D[LDOIRUFHVDIDLUO\ORZHUSHUFHQWDJHRIVWHHOZDVUHTXLUHGWRVDWLVI\
WKHYHULILFDWLRQVLIFRPSDUHGWRWKHFDVHRIHOHPHQWVVXEMHFWHGWRVKHDUDQGEHQGLQJPRPHQW
+RZHYHULQPDQ\UHDOFDVHVGHWDLOVZHUHEXLOWDWWKHHQGVLQRUGHUWROHWWKHSLHUVZRUNDV
IL[HGHOHPHQWVDQGQRWDVSHQGXOXPV$VSUHYLRXVO\GLVFXVVHGWKHSUHVHQFHRIWKHSHQGXOXPV
GUDVWLFDOO\ UHGXFHG LQGHHG WKH K\SHUVWDWLF XQNQRZQV DQG WKXV WKH FRPSOH[LW\ RI WKH
VROXWLRQRIWKHVWUXFWXUDOVFKHPHRIWKHEULGJHEXWDWWKHVDPHWLPHWKHUHOHYDQWGLIIHUHQFHV
LQWKHVWLIIQHVVRIWKHGHFNEHDPDQGWKHYDXOWHQVXUHGWKDWXQGHUJUDYLWDWLRQDOORDGVRQO\WKH
QHJOHFWHGVWUHVVHVZHUHKRZHYHUOLPLWHGHYHQFRQVLGHULQJWKHKLQJHVDWWKHHQGV

(a)

(b)

(c)

(d)

Figure 7:'HPDQGRYHU&DSDFLW\5DWLRGLVWULEXWLRQLQWKHSLHUVIRUIOH[XUDODQGVKHDUIDLOXUHYVD E $UFK
6SDQ/F G $UFK5LVHIDUFK

&OHDUO\LQDGGLWLRQWRWKHGLIIHUHQWFRQVWUDLQLQJFRQGLWLRQVLQWURGXFHGLQWKH6$3PRGHO
WKHORDGVFRPELQDWLRQVDGRSWHGLQWKHYHULILFDWLRQVKHUHLQSUHVHQWHGEHLQJPRUHGHPDQGLQJ
WKDQWKRVHFRQVLGHUHGDWWKHGHVLJQWLPHERWKLQWHUPVRIJUDYLWDWLRQDOORDGVDQGRISUHVHQFH
RIKRUL]RQWDODFWLRQVDVWKHEUDNLQJDQGDFFHOHUDWLRQIRUFHVQRWFRQVLGHUHGLQWKHSDVWKDYH
DOVR FRQWULEXWHG WR KDYH YDOXHV RI '&5 LQ WKH SLHUV KLJKHU WKDQ  7KLV WRSLF ZLOO EHFRPH
HYHQ PRUH LPSRUWDQW IRU WKH YHULILFDWLRQV RI WKH SLHUV XQGHU VHLVPLF DFWLRQV EHFDXVH WKH\
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EHFDPH PDQGDWRU\ RQO\ LQ WKH PRVW PRGHUQ UHJXODWRU\ FRGHV DQG WKXV LW LV H[SHFWHG WKDW
KLJKHUVWUHVVHVZRXOGEHSUHVHQWLQWKHSLHUVIRUWKHDFFHOHUDWLRQORDGVSURYLGHGE\WKHFXUUHQW
FRGHV7KHUHIRUHXQGHUWKHGHVLJQVHLVPLFDFWLRQVWKHFRQVWUDLQWFRQGLWLRQVDWWKHHQGVRIWKH
SLHUVZLOOPDNHHYHQPRUHWKHGLIIHUHQFH)RUWKHEHDPVRIWKHGHFNIRUWKHVDNHRIVLPSOLFLW\
WKHGLVWULEXWLRQVRIWKHPD[LPXP'&5KDYHQRWEHHQUHSRUWHGEHFDXVHDVIRUWKHDUFKWKHUH
DUHQ¶WFULWLFLVPVUHODWHGWREHQGLQJRUVKHDUIDLOXUHV,WLVZRUWKWRUHPHPEHUWKDWWKHGHFNRI
WKHVH EULGJHV DQG WKHUHIRUH WKH EHDPV DUH FKDUDFWHUL]HG E\ D KLJK IOH[XUDO VWLIIQHVV LQ
FRPSDULVRQZLWK WKH DUFK7KXVLI WKHPRPHQWRI LQHUWLD RIWKH GHFN DQG RIWKH YDXOW FURVV
VHFWLRQ DUHGHQRWHG DV ,G DQG ,D IRU D ³0DLOODUW ± 7\SH´ $UFK %ULGJH WKH UDWLR Id/Ia LV YHU\
ODUJH LQ SDUWLFXODU PDQXDOV DQG KLVWRULFDO VRXUFHV LQGLFDWH WKDW WKH PLQLPXP YDOXH RI WKLV
SDUDPHWHUKDVWREHDERXW >@ IRUVXFKDEULGJHW\SRORJ\
)LQDOO\ WKH DQDO\VLV RI WKH 'HPDQGWR&DSDFLW\ UDWLRV KLJKOLJKWHG WKDW XQGHU WKH FXUUHQW
YHUWLFDOORDGLQJFRQGLWLRQVIRU³0DLOODUW±7\SH´$UFK%ULGJHWKHSLHUVDUHWKHPRVWYXOQHUDEOH
VWUXFWXUDOHOHPHQWV,QSDUWLFXODUWKHPD[LPXP'&5UDWLRLVDWWDLQHGIRUIOH[XUDOIDLOXUHLQWKH
RXWHUPRVWSLHUVZLWKUHVSHFWWRWKHFURZQRIWKHDUFKLHWKHVOHQGHUHVWRQHV,WLVZRUWKQRWLQJ
WKDWDOWKRXJKWKHUDWLRV farch/LUDQJHLQIRUVSDQVRIPWKHUHDUHSLHUVZLWKD
OHQJWKRIDERXWPZKLFKDUHFKDUDFWHUL]HGE\DYHU\LPSRUWDQWEHQGLQJGHPDQG7KHVHSLHUV
RQ WKH FRQWUDU\ DUH FKDUDFWHUL]HG E\ D IOH[XUDO FDSDFLW\ QRW YHU\ DGHTXDWH EHFDXVH DV
SUHYLRXVO\GLVFXVVHGWKH\ZHUHGHVLJQHGWREHDURQO\FRPSUHVVLRQIRUFH

(a)

(b)

(c)

(d)

Figure 8:'LVWULEXWLRQRIIDLOXUHVIRUIOH[XUDODQGVKHDUIDLOXUHYVD E $UFK6SDQ/F G $UFK5LVHIDUFK
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$JOREDOYLHZRIWKHREWDLQHGUHVXOWVIRUWKHH[DPLQHGQXPHULFDOGDWDEDVHRIEULGJHV
FDQ EH UHSUHVHQWHG E\ WKH SHUFHQWDJHV RI IDLOXUHV GLIIHUHQWLDWHG DFFRUGLQJ WR WKH W\SH RI
IDLOXUHDQGGLVWULEXWHGLQWKHYDULDWLRQUDQJHVRIVSDQDQGDUFKULVHLQWKHLQYHQWRU\)LJXUHVD
DQG E UHSRUW LQGHHG WKH IDLOXUH SHUFHQWDJH ZLWK UHIHUHQFH WR IOH[XUDO DQG VKHDU IDLOXUHV
UHVSHFWLYHO\ YHUVXV WKH DUFK VSDQ L $QDORJRXVO\ )LJXUHV F DQG G UHSRUW WKH IDLOXUH
SHUFHQWDJHYHUVXVWKHDUFKULVH,WLVZRUWKQRWLQJWKDWWKHQXPEHURIDQDO\VHGVWUXFWXUHVIRU
HDFKVXEFODVVRIWKHULVHDQGVSDQRIDUFKZLWKLQWKHVHOHFWHGUDQJHVLVIDLUO\XQLIRUPDVLWLV
HYLGHQFHGLQ WKH GLDJUDPV RI )LJXUHV DQG  WKDWUHSRUWWKH QXPEHURI IDLOHGEULGJHV IRU
IOH[XUHLQ)LJXUHDQGIRUVKHDULQ)LJXUH DQGWKHQXPEHURIWKHJHQHUDWHGRQHVIRUWKH
IL[HGUDQJHVRIDUFKULVHDQGDUFKVSDQ
5HSUHVHQWDWLRQV VKRZQ LQ )LJXUHV   DQG  DUH YHU\ XVHIXO WR KLJKOLJKW KRZ PDQ\
VWUXFWXUHVIRUHDFKVXEFODVVKDYHVKRZHGDWOHDVWRQHIDLOXUHRQWKHWRWDOQXPEHURIEULGJHV
RIWKHVXEFODVV,WLVZRUWKWRUHPHPEHURQFHDJDLQWKDWWKHVDPSOHRIEULGJHVZDVJHQHUDWHG
DQGYHULILHGWKURXJKDVLPXODWHGGHVLJQDGRSWLQJWKXVUHLQIRUFHPHQWUDWLRVLQGLFDWHGLQWKH
UHJXODWLRQV RI WKH WLPH GHILQHG DQG FRQWUROOHG DOVR DFFRUGLQJ WR VRPH RULJLQDO GHVLJQV DQG
GUDZLQJV 7KHUHIRUH VXFK UHVXOWV QHFHVVDULO\ UHIOHFW WKH FKDUDFWHULVWLFV RI WKH LQYHQWRU\ RI
EULGJHV GHILQHG LQ WKH SUHYLRXVVHFWLRQ DQGSURYLGHIRUWKDWLQYHQWRU\DQ LGHDRI GDPDJHV
WKDWPD\DIIHFWVXFKW\SRORJ\RIEULGJHV

(a)

(b)

Figure 9:'LVWULEXWLRQRIIDLOHGEULGJHVFRPSDUHGWRJHQHUDWHGEULGJHV IOH[XUDOIDLOXUH 

(a)

(b)

Figure 10:'LVWULEXWLRQRIIDLOHGEULGJHVFRPSDUHGWRJHQHUDWHGEULGJHV VKHDUIDLOXUHV 
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7KHVWXG\RIWKHEHKDYLRXURIWKHVHVWUXFWXUHVDWODUJHVFDOHLVLQGHHGDFUXFLDOSRLQWIRU
SODQQLQJ ULVN PLWLJDWLRQ SURJUDPV DQG IRU XQGHUVWDQGLQJ KRZ WR SULRULWLVH WKH LQWHUYHQWLRQV
IRU ULVN UHGXFWLRQ 0RUHRYHU VLQFH WKH IDLOXUHV DUH ORFDOL]HG DW WKH SLHUV DERYH DOO DW WKHLU
HQGVIRUIOH[XUDOSUREOHPVDQGDORQJWKHHOHPHQWIRUWKHVKRUWSLHUVDWWKHDUFKNH\VWRQHWKH
VWUXFWXUDO UHLQIRUFHPHQW RI WKHVH EULGJHV WKURXJK WKH XVH RI )53 LH )LEHU 5HLQIRUFHG
3RO\PHUVFRXOGUHSUHVHQWDQHIILFLHQWVROXWLRQWKDWZRXOGDOORZWRUHDOL]HQRQLQYDVLYHDQG
UHYHUVLEOHLQWHUYHQWLRQVIRULPSURYLQJWKHVWUXFWXUDOSHUIRUPDQFH >@>@ &OHDUO\IXUWKHU
VWXGLHV DUH LQ SURJUHVV DLPHG WR DVVHVV WKH SHUIRUPDQFH RI WKH VDPH LQYHQWRU\ RI EULGJHV
XQGHU WKH GHVLJQ VHLVPLF DFWLRQV SURYLGHG E\ WKH FXUUHQW FRGHV DQG YHULI\ LI WKH FULWLFDO
HOHPHQWVDUHWKHVDPHLGHQWLILHGLQWKHDQDO\VLVXQGHUWKHORDGFRPELQDWLRQVKHUHLQSUHVHQWHG

5

CONCLUSIONS

7KHSDSHUSUHVHQWVWKHSHUIRUPDQFHRI5HLQIRUFHG&RQFUHWH³0DLOODUW7\SH´$UFK%ULGJHV
DOVRNQRZQDV³5&'HFN±6WLIIHQHG´$UFK%ULGJHVXQGHUWKHJUDYLWDWLRQDODQGWKHPRYLQJ
ORDGVSUHVFULEHGE\WKHFXUUHQWPDQGDWRU\FRGHVIRUEULGJHV
7KHVWUXFWXUDOSHUIRUPDQFHKDVEHHQHYDOXDWHGE\PHDQVRIDOLQHDUDQDO\VLVLPSOHPHQWHG
LQ D )LQLWH (OHPHQW )(  PRGHO IRU D %ULGJH ,QYHQWRU\ PDGH RI PRUH WKDQ  VWUXFWXUHV
ZKLFKKDYHEHHQJHQHUDWHGE\PHDQVRIWKH0RQWH&DUORVLPXODWLRQPHWKRGFRQVLGHULQJIL[HG
YDULDWLRQUDQJHVRIVHYHUDOJHRPHWULFDOSDUDPHWHUV(DFKEULGJHZLWKLQWKHLQYHQWRU\KDVEHHQ
YHULILHG EDVHG RQ WKH W\SLFDO GHVLJQ DSSURDFKHV DGRSWHG LQ WKH V DQG XQGHU WKH ORDGLQJ
FRQGLWLRQV UHTXLUHG E\ WKH &RGHV RI WKH WLPH LH RQO\ JUDYLWDWLRQDO ORDGV  6XFFHVVLYHO\
DFFRUGLQJ WR FXUUHQW JXLGHOLQHV ,WDOLDQ %XLOGLQJ &RGH DQG 1HZ *XLGHOLQHV IRU H[LVWLQJ
EULGJHV WKHSHUIRUPDQFHRIWKHGHVLJQHGEULGJHVKDVEHHQDVVHVVHGFRQVLGHULQJWKHFXUUHQW
QRQVHLVPLFGHVLJQDFWLRQV
7KHDQDO\VHVHYLGHQFHGWKDWDWWKH8OWLPDWH/LPLW6WDWHIOH[XUDOIDLOXUHVRFFXULQWKHPRVW
H[WHUQDO SLHUV ZKLFK DUH DOVR WKH VOHQGHUHVW RQHV ZKLOH VKHDU IDLOXUHV RFFXU PDLQO\ LQ WKH
VKRUWSLHUVDWWKHDUFKNH\VWRQH7KLVLVGXHWRWKHIDFWWKDWWKHSLHUVZHUHGHVLJQHGRQO\IRU
D[LDO IRUFHV DQG VFKHPDWL]HG DV SHQGXOXPV HYHQ LILQ PDQ\ FDVHV WKH\ ZHUH EXLOW DV IL[HG
HOHPHQWV DW ERWK HQGV DQG ZLWK VRPH DGGLWLRQDO VWHHO UHLQIRUFHPHQWV 7KHUHIRUH WKH GHVLJQ
DVVXPSWLRQ RI SHQGXOXP VFKHPH OHG WR D IDLUO\ ORZHU SHUFHQWDJH RI VWHHO LI FRPSDUHG WR
HOHPHQWV VXEMHFWHG WR VKHDU DQG EHQGLQJ PRPHQW &RQYHUVHO\ QR IOH[XUDO RU VKHDU IDLOXUHV
RFFXULQWKHDUFKDQGLQWKHEHDPVRIWKHGHFN
7KLV VWXG\ DOORZHG WR LGHQWLI\ WKH PDLQ YXOQHUDELOLWLHV RI WKLV W\SH RI EULGJH XQGHU WKH
FXUUHQW JUDYLWDWLRQDO DQG PRYLQJ ORDGV DQG WR KLJKOLJKW WKH RSSRUWXQLW\ IRU IXWXUH
GHYHORSPHQWVZKLFKFRXOGLQFOXGHWKHGHILQLWLRQRIGLIIHUHQWVWUXFWXUDOVWUHQJWKHQLQJV\VWHPV
LQRUGHUWRLPSURYHWKHVWUXFWXUDOFDSDELOLWLHVRIVXFKEULGJHV)XUWKHUVWXGLHVZLOOLQYHVWLJDWH
WKHVDPHEULGJHLQYHQWRU\KHUHLQGHILQHGXQGHUWKHVHLVPLFDFWLRQVSURYLGHGE\WKHFXUUHQW
,WDOLDQ FRGHV WR EHWWHU XQGHUVWDQG WKH JOREDO YXOQHUDELOLW\ RI VXFK EULGJHV XQGHU ERWK VWDWLF
DQGVHLVPLFORDGLQJFRQGLWLRQV
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A SUSTAINABLE SOLUTION FOR THE SEISMIC STRENGTHENING
OF RC EXISTING BUILDINGS THROUGH THE HPDF SYSTEM
(HPDF): A CASE STUDY
Giuseppe Ventura, Vincenzo Manfredi, Angelo Masi, Giuseppe Santarsiero,
Andrea Digrisolo
6FKRRORI(QJLQHHULQJ8QLYHUVLW\RI%DVLOLFDWD
YLDGHOO $WHQHR/XFDQR3RWHQ]D,WDO\
^YLQFHQ]RPDQIUHGLJLXVHSSHVDQWDUVLHURDQJHORPDVLJLXVHSSHYHQWXUDDQ
GUHDGLJULVROR`#XQLEDVLW

Abstract
The large number of existing buildings for which seismic rehabilitation interventions are required highlights the need of sustainable techniques able to reduce costs and downtime. To
this purpose, a new strengthening technique named High-Performance Dissipating Frame
(HPDF) was developed. It consists of new framed structures applied from the outside thus
reducing the impact and relocation needs of tenants. This is even more important for strategic
(e.g. hospitals) and other public buildings (e.g. schools) due to the social and economic effects deriving from their interruption of use. HPDF system consists of external precast RC
frames (i.e. exoskeletons) rigidly connected to the existing structure and equipped with both
shear and flexural damper devices to provide a high dissipation capacity in case of seismic
actions and then to protect existing building. In the paper, the HPDF system has been applied
to a Reinforced Concrete (RC) school building designed only to gravity loads. After a brief
description of the building under study and the HPDF system, the stiffness, strength, and dissipation properties have been determined using an iterative displacement-based design procedure purposely set up. Results show that the considered strengthening technique increases
seismic performance of the existing building according to different targets involving both
structural and non-structural components, also avoiding any other local intervention.
Keywords:6HLVPLF6WUHQJWKHQLQJ([LVWLQJ%XLOGLQJV5&6WUXFWXUHV([RVNHOHWRQ6\VWHP
(QHUJ\'LVVLSDWLRQ
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1

INTRODUCTION

7KHODUJHQXPEHURIH[LVWLQJEXLOGLQJVLQ,WDO\ZLWKRXWDGHTXDWHVHLVPLFSURWHFWLRQ>@UH
TXLUHVWKHGHILQLWLRQRIVXVWDLQDEOHLQWHUYHQWLRQWHFKQLTXHVDEOHWRUHGXFHWLPHDQGFRVWVDQG
WR OLPLW WKH LQWHUUXSWLRQ RI XVH 6SHFLILFDOO\ UHJDUGLQJ H[LVWLQJ UHLQIRUFHG FRQFUHWH 5& 
VWUXFWXUHV PRVW RI WKH JDS LV GXH WR LQDGHTXDWH GHWDLOLQJ DQG SRRU EHKDYLRU RI IUDJLOH HOH
PHQWVOLNHEHDPFROXPQMRLQWV>@DVFOHDUO\GHPRQVWUDWHGE\UHFHQWHDUWKTXDNHV>@
6XVWDLQDEOH VWUHQJWKHQLQJ WHFKQLTXHV ZHUH DQG DUH EHLQJ GHYHORSHG DW ERWK ORFDO DQG
JOREDOOHYHOZLWKLQWKHDFWLYLWLHVRIWKH:RUN3DFNDJH³,QWHJUDWHGDQG6XVWDLQDEOH,QWHUYHQ
WLRQVIRUWKH5HTXDOLILFDWLRQRI([LVWLQJ%XLOGLQJV´ :3 FDUULHGRXWLQWKHIUDPHZRUNRIWKH
UHVHDUFKSURJUDPIXQGHGE\WKH,WDOLDQ'HSWRI&LYLO3URWHFWLRQ '3& DQGFDUULHG
RXW E\WKH1HWZRUNRI /DERUDWRULHV RI (DUWKTXDNH(QJLQHHULQJ 5H/8,6 $PRQJRWKHUV D
SDWHQWHGORFDOVHLVPLFVWUHQJWKHQLQJV\VWHPZDVGHYHORSHGLQRUGHUWRDOORZFKHDSLQWHUYHQ
WLRQVRQO\IURPWKHRXWVLGH>@
$OVRQHZWHFKQLTXHVZHUHGHYHORSHGWRSHUIRUPXSJUDGLQJLQWHUYHQWLRQVDWJOREDOOHYHODV
IRUH[DPSOHWKDWEDVHGRQ5&H[RVNHOHWRQV>@7KLVVROXWLRQLVIUHTXHQWO\FRXSOHGZLWK
IXUWKHU LQWHUYHQWLRQV GHYRWHG WR UHGXFLQJ HQHUJ\ FRQVXPSWLRQ RI EXLOGLQJV WKXV LQFUHDVLQJ
WKHLUVXVWDLQDELOLW\>@
,Q>@DVWUHQJWKHQLQJVROXWLRQEDVHGRQWKHXVHRISUHFDVW5&H[RVNHOHWRQVFRQQHFWHGWR
WKHH[LVWLQJVWUXFWXUHWRSURYLGHLWZLWKDGGLWLRQDOVHLVPLFFDSDFLW\LVSURSRVHG)XUWKHUWKH
SRVVLELOLW\RIDGGLQJGLVVLSDWLYHFDSDFLW\WRWKLVNLQGRILQWHUYHQWLRQWHFKQLTXHKDVEHHQVWXG
LHG>@LQRUGHUWRHQKDQFHJOREDOSHUIRUPDQFHDQGWKHUHIRUHRSWLPL]HWKHUHTXLUHGLQ
WHUYHQWLRQ FRVWV 7KH VWUHQJWKHQLQJ VROXWLRQ QDPHG +3') +LJK 3HUIRUPLQJ 'LVVLSDWLRQ
)UDPH  ZDV GHYHORSHG LQ RUGHU WR RSWLPL]H WKH SRVLWLRQ RI GLVVLSDWLYH HOHPHQWV FRLQFLGLQJ
ZLWKWKHFHQWUHOLQHRIWKHEHDPV7KLVPDNHVLWSRVVLEOHWRPD[LPLVHWKHGHIRUPDWLRQWRZKLFK
WKHGLVVLSDWLYHHOHPHQWVDUHVXEMHFWHGZKLFKLVDPSOLILHGZLWKUHVSHFWWRWKHLQWHUVWRUH\GLV
SODFHPHQW7KHUHIRUHDQLQFUHDVHGHIIHFWLYHQHVVLVH[SHFWHGZLWKUHVSHFWWRGLVVLSDWLYHEUDF
LQJV\VWHPVZKHUHK\VWHUHWLFGLVVLSDWLRQHOHPHQWVZRUNRQWKHLQWHUVWRUH\GLVSODFHPHQWGXH
WRVHLVPLFDFWLRQV
$VDILUVWVWHSRIWKHGHYHORSPHQWSURFHVVWKH+3')IUDPHVZHUHDSSOLHGWRVLPSOHVWUXF
WXUDOPRGHOV>@LQRUGHUWRLGHQWLI\WKHSDUDPHWHUVWKDWPRVWLQIOXHQFHWKHLUEHKDYLRXUDQG
HIIHFWLYHQHVVLQLQFUHDVLQJWKHVHLVPLFFDSDFLW\RIWKHVWUXFWXUHXQGHULQWHUYHQWLRQ0RUHRYHU
WKH LWHUDWLYH GHVLJQ SURFHVV ZDV RXWOLQHG VWDUWLQJ IURP WKH SXVKRYHU FXUYH RI WKH H[LVWLQJ
VWUXFWXUHDQGWKHLGHQWLILFDWLRQRIWKHVHLVPLFFDSDFLW\JDSWREHFRYHUHGE\WKHVWUHQJWKHQLQJ
WHFKQLTXH
7KHSUHVHQWVWXG\UHO\LQJRQWKHGHVLJQPHWKRGVHWXSLQ>@LVGHYRWHGWRDSSO\LQJWKH
VWUHQJWKHQLQJVROXWLRQWRDUHDOFDVHVWXG\UHSUHVHQWHGE\WKH³6DQWLQLVFKRROEXLOGLQJ´ORFDW
HGLQWKHVPDOOWRZQRI/RUR3LFHQRWRZQSURYLQFHRI0DFHUDWD,WDO\7KHEXLOGLQJLVDQROG
5&VWUXFWXUHGDWLQJEDFNWRHDUO\µVGHVLJQHGRQO\WRJUDYLW\ORDGV7KHDSSOLFDWLRQRIWKH
+3')V\VWHPWRDUHDOFDVHVWXG\LVKHOSIXOLQLGHQWLI\LQJWKHSRWHQWLDODGYDQWDJHVDQGGLVDG
YDQWDJHVRIWKHWHFKQLTXHDQGWREHWWHUHYDOXDWHLWVHIIHFWLYHQHVV
2

DESCRIPTION OF THE STRENGTHENING SYSTEM

$VFDQEHVHHQLQ)LJXUHDWKH+3')V\VWHPLVPDGHXSRIWZRPDLQFRPSRQHQWVHDFK
RQHPDGHXSRIDFROXPQDQGDKDOIEHDP$WWKHEHDPHQGWKHVKHDUGLVVLSDWLYHGHYLFHVDUH
SODFHGWRZRUNXQGHUWKHUHODWLYHGLVSODFHPHQWV 6KLQJHV 0RUHRYHUDWWKHEDVHRIWKHFRO
XPQIOH[XUDOGLVVLSDWLYHKLQJHVDUHLQVHUWHGZRUNLQJXQGHUWKHURWDWLRQRIFROXPQPHPEHUV
,WFDQEHQRWHGWKDWZKHQWKHVSDQOHQJWKLVWZRWLPHVWKHLQWHUVWRUH\KHLJKWWKHUHODWLYHGLV
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SODFHPHQWRIWKH6KLQJHLVHTXDOWR'ZKHUH 'LVWKHLQWHUVWRUH\GLVSODFHPHQW7KLVKLJK
OLJKWVWKHDGYDQWDJHZLWKUHVSHFWWRRWKHUGHYLFHVZKRVHGLVVLSDWLYHFDSDFLW\LVUHODWHGWRWKH
LQWHUVWRUH\GLVSODFHPHQW'DVIRUH[DPSOHLQWKHFDVHRIEUDFLQJV\VWHPV
$VXLWDEOHZRUNLQJPHFKDQLVPRIWKH+3')V\VWHPLVREWDLQHGZKHQWKHIUDPLQJHOHPHQWV
EHKDYHLQDVXLWDEO\VWLIIPDQQHU,QIDFW LQ RUGHUWR PD[LPL]H WKHUHODWLYHGLVSODFHPHQW RI
WKH6KLQJHVPDOORUQRGHIRUPDWLRQVRIWKHEHDPPHPEHUVDUHQHHGHG7KLVLVVWURQJO\GH
SHQGHQW RQ WKH ED\ OHQJWK DQG PDNHV WKH V\VWHP QRW HIIHFWLYHO\ DSSOLFDEOH LQ FDVH RI ODUJH
YDOXHVRIWKHVSDQOHQJWKZKLFKZRXOGUHTXLUHODUJHFURVVVHFWLRQVRIEHDPVDQGFROXPQV,Q
WKHVH FDVHV DQ DGGLWLRQDO EUDFLQJ V\VWHP PD\ EH LQWURGXFHG WR UHGXFH 5& PHPEHUV GHIRU
PDWLRQVWKXVLQFUHDVLQJWKHHIIHFWLYHQHVVRIWKH+3')V\VWHP VHH)LJE 
7KH QHZ IUDPHV RI WKH +3') V\VWHP KDYH WR EH FRQQHFWHG WR WKH H[LVWLQJ VWUXFWXUH E\
PHDQVRIVKHDUFRQQHFWRUVJURXWHGZLWKHSR[\UHVLQDQGGHVLJQHGWRUHVLVWWKH LQHUWLDO VKHDU
IRUFHVWKDWDUHWUDQVIHUUHGIURPWKHH[LVWLQJVWUXFWXUHWRWKHQHZIUDPHV,QRUGHUWRDOORZWKH
GLVVLSDWLYHNLQHPDWLFVWKHFRQQHFWLRQVPXVWEHVXFKWKDWRQO\YHUWLFDOGLVSODFHPHQWVDUHDO
ORZHG

D
E
)LJXUH3RVLWLRQRIWKHEHQGLQJ ) DQGVKHDU 6 KLQJHVIRUDVLQJOHED\IUDPHD +3')V\VWHPZLWKDGGLWLRQ
EUDFLQJPHPEHUVE 

7KHFRQQHFWLRQEHWZHHQWKH+3')V\VWHPDQGWKHH[LVWLQJVWUXFWXUHPXVWEHSUHVHQWRQO\
DWEHDPFROXPQMRLQWVLQRUGHUWRDOORZDULJLGERG\EHKDYLRURIQHZIUDPHVZLWKUHVSHFWWR
WKHH[LVWLQJRQH'HWDLOVRIWKHFRQQHFWLRQV\VWHPDUHUHSRUWHGLQ>@
3

DESCRIPTION AND ASSESMENT OF THE CASE STUDY

,QRUGHUWRDSSO\DUHLQIRUFHPHQWWHFKQLTXHIURPWKHRXWVLGHE\PHDQVRIDQH[RVNHOHWRQ
WKH 3ULPDU\ 6FKRRO 3LHWUR 6DQWLQL )LJ D  LQ /RUR 3LFHQR 0DFHUDWD  ZDV VHOHFWHG DV D
FDVHVWXG\7KHEXLOGLQJZDVGDPDJHGE\WKH&HQWUDO,WDO\VHLVPLFVHTXHQFH
7KHVFKRROEXLOGLQJKDV5&VWUXFWXUHUHFWDQJXODUSODQZLWKWKUHHVWRULHV )LJE WZRRI
ZKLFKDUHEHORZWKHJURXQGOHYHO VRXWKVLGH ZKLOHRQO\RQHVWRUH\LVYLVLEOHRQWKHQRUWK
VLGHZKLFKIDFHVWKHPDLQURDG7KHEXLOGLQJKDVDIORRUDUHDRIDERXWPDQGLWUHDFKHVD
WRWDOKHLJKWRIDERXWP7KHVWUXFWXUHKDVDUHJXODUPHVKRIFROXPQVZLWKWKHH[FHSWLRQRI
D VPDOO SODQ LUUHJXODULW\ 7KH VWUXFWXUDO DUUDQJHPHQW VKRZV WKH SUHVHQFH RI D VHULHV RI RQH
ZD\IUDPHV )LJ E 7KHVWDLUFDVHPDGHRIWZR 5& ZDOOV LV HFFHQWULF ZLWK UHVSHFW WR WKH
EXLOGLQJ¶VFHQWHURIPDVV,QRUGHUWRYHULI\WKHHIIHFWLYHQHVVRIWKHSURSRVHGWHFKQLTXHWKH
PRGHOOLQJDFWLYLW\ILUVWIRFXVHGRQWKHGHYHORSPHQWDQGFDOLEUDWLRQRIWKH)(0PRGHORIWKH
EXLOGLQJLQ6$3IRUDVVHVVPHQWSXUSRVHV
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E
D
)LJXUH7KH3LHWUR6DQWLQLVFKRROEXLOGLQJVFDVHVWXG\LQ/RUR3LFHQRD SKRWRRIEXLOGLQJE IORRUSODQ
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)LJXUH 'ILQLWHHOHPHQWPRGHODQGG\QDPLFFKDUDFWHULVWLFVRIWKHVWUXFWXUH

7KH PDWHULDO SURSHUWLHV ZHUH GHWHUPLQHG WKURXJK GHVWUXFWLYH DQG QRQGHVWUXFWLYH WHVWV LQ
DFFRUGDQFHZLWKWKHFRGH17&>@,QSDUWLFXODUWKHPHFKDQLFDOFKDUDFWHULVDWLRQRIWKH
FRPSUHVVLYHVWUHQJWKRIFRQFUHWHZDVREWDLQHGIURPFRPSUHVVLYHWHVWVRQFRUHVGULOOHGIURP
WKH VWUXFWXUH )URP WKHVH WHVWV D PHDQ F\OLQGULFDO FRPSUHVVLYH VWUHQJWK IFP   03D KDV
EHHQIRXQG7KH\LHOGVWUHQJWKRIWKHUHLQIRUFLQJVWHHOZDVREWDLQHGIURPWHQVLOHWHVWVRQUHLQ
IRUFHPHQWEDUV7KHVHWHVWVUHVXOWHGLQDQDYHUDJH\LHOGVWUHQJWKI\P 03D,WLVZRUWK
QRWLQJWKDWWKHPDWHULDOSURSHUWLHVIRXQGLQWKH6DQWLQLVFKRRODUHHVVHQWLDOO\FRQVLVWHQWZLWK
WKHH[SHFWHGYDOXHVUHSRUWHGLQ>@IRUWKHVDPHFRQVWUXFWLRQSHULRG
)LJXUHVKRZVWKHUHLQIRUFHPHQWDUUDQJHPHQWDQGPRPHQWURWDWLRQUHODWLRQVKLSVRIW\SL
FDO FROXPQ )LJ D  DQG EHDP )LJ E  PHPEHUV 7KH FROXPQ FURVVVHFWLRQ GLPHQVLRQ LV
JHQHUDOO\ [ FP UHODWHG WR FROXPQ 3 LQ )LJ   ZKLOH EHDPV KDYH [ FP VHFWLRQ
EHDP7LQ)LJ 
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a)

b)
)LJXUH:3ODVWLFKLQJHPRGHOOLQJRIFROXPQ 3 DQGEHDP 7 

)LJXUHVKRZVWKHFDSDFLW\FXUYHRIWKHVWUXFWXUHGHWHUPLQHGWKURXJKSXVKRYHUDQDO\VLV
LQ WKH ; GLUHFWLRQ FRQVLGHULQJ D SVHXGRWULDQJXODU HFFHQWULF ORDG GLVWULEXWLRQ 7KH DQDO\VLV
ZDVSXVKHGXSWRDGLVSODFHPHQWRIPP HYDOXDWHGDWWKHWRSRIWKHVWUXFWXUH ZKHUHWKH
VHLVPLFFDSDFLW\GHPDQGUDWLRLVHTXDOWRȗ( 7KHFDSDFLW\FXUYHGRHVQRWDFFRXQWIRUSRV
VLEOHEULWWOHIDLOXUHVEXWRQO\IRUGXFWLOHRQHVUHODWHGWRWKHH[FHHGDQFHRIWKHURWDWLRQFDSDFLW\
RIIOH[XUDOKLQJHVLQ5&PHPEHUV7KHLGHQWLILFDWLRQRIEULWWOHIDLOXUHVLQ5&PHPEHUVZDV
PDGHex-postE\FRPSDULQJVKHDUVWUHVVHVRQ EHDPVFROXPQV DQGEHDPFROXPQ MRLQWV ZLWK
WKHUHODWHGFDSDFLW\7KHUHIRUHWKHGLVSODFHPHQW DQGUHODWHGEDVHVKHDU WKDWFDXVHVWKHILUVW
IUDJLOHFULVLVZDVGHWHUPLQHGHTXDOWRG PPWRZKLFKDȗ( LVREWDLQHG

E
D
)LJXUH6WUXFWXUDOPRGHOD 3XVKRYHUDQDO\VLVLQWKH;GLUHFWLRQE 
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4

THE STRENGTHENING INTERVENTION

,QRUGHUWRGHVLJQWKHVWUHQJWKHQLQJLQWHUYHQWLRQDOOWKH+3')IUDPHHOHPHQWVZHUHFRQ
VLGHUHGDVHODVWLFDQGVXEVWDQWLDOO\ULJLGZKLOHWKHGDPSHUVZHUHPRGHOOHGDVHODVWRSODVWLF
ZLWKRXW KDUGHQLQJ EHKDYLRXU 6WDUWLQJIURP WKH SXVKRYHU 32  FXUYH >@ REWDLQHG IRU
WKH;GLUHFWLRQ )LJ WKHHTXLYDOHQWELOLQHDUEHKDYLRXUZDVUHSRUWHGLQWKH$'56IRUPDW
DORQJZLWKWKHGDPSLQJGHPDQGVSHFWUXPDFFRUGLQJWRWKHFXUUHQWFRGH17&>@
,QWKH ILUVW GHVLJQSKDVHWKH DFKLHYHPHQWRI VHLVPLF XSJUDGLQJ FRQYHQWLRQDOO\UHODWHGWR D
YDOXHȗ(  ZDVVHWIRUWKHVWUXFWXUHWKHUHIRUHWKHGHPDQGVSHFWUXPZDVSURSHUO\UHGXFHG
7KH WDUJHW GLVSODFHPHQW ZDV DVVXPHG WR EH HTXDO WR WKH GLVSODFHPHQW DW ZKLFK WKH H[LVWLQJ
VWUXFWXUHDFKLHYHVWKHILUVWIUDJLOHFROODSVH G\(; PPG\(< PPIRUWKH;DQG<GL
UHFWLRQV UHVSHFWLYHO\  7KLV ODWWHU PHDQV WKDW WKH +3') V\VWHP LV GHVLJQHG WR SUHYHQW DQ\
IUDJLOHFROODSVHLQWKHH[LVWLQJVWUXFWXUHLQRUGHUWRDOVRDYRLGORFDOLQWHUYHQWLRQVWRVWUHQJWK
HQ5&PHPEHUV7KHGLVSODFHPHQWYDOXHLVUHSRUWHGRQWKHGHPDQGVSHFWUXPWRHYDOXDWHWKH
VWLIIQHVVYDOXHRIWKHFRPSOHWHGLVVLSDWLYHIUDPHVWUXFWXUH .(;+3') 7KHVWLIIQHVVLVJLYHQ
E\WKHVORSHRIWKHVWUDLJKWOLQHFRQQHFWLQJWKHRULJLQRIWKH$'56SODQHDQGWKHLQWHUFHSWRQ
WKHGHPDQGVSHFWUXP )LJ %\UHSRUWLQJWKHWDUJHWGLVSODFHPHQWRQWKHUHGXFHGVSHFWUXP
GDPSLQJȟ  ERWK WKHIRUFHDQGWKH\LHOGGLVSODFHPHQWRIWKH+3')IUDPHUHLQIRUFHG
VWUXFWXUHDUHGHWHUPLQHG,QWKLVFDVHWKHGXFWLOLW\GHPDQGLVDSSUR[LPDWHO\HTXDOWR
$IWHUGHILQLQJWKH.(;+3')VWLIIQHVVRIWKHFRXSOHGV\VWHP JUHHQOLQHLQ)LJ WKHVWLII
QHVVRIWKHGLVVLSDWLYHV\VWHPDORQH  LVREWDLQHGDVIROORZV
.B+3') .B (;+3') .B(;

7KHVWLIIQHVVDQGVWUHQJWKSURSHUWLHVRIVKHDU 6 DQGIOH[XUDO ) KLQJHVDUHOLQNHGWRJHWKHU
DQGFRQWULEXWHWRWKHJOREDOVWLIIQHVV.+3')DFFRUGLQJWRHTXDWLRQ  
$VUHSRUWHGLQ>@WKHFRQWULEXWLRQWRWKHJOREDOVWLIIQHVVDQGVWUHQJWKRI)KLQJHVLVORZHU
WKDQWKDWRI6KLQJHVZKLFKDUHXVXDOO\PRUHQXPHURXV,QVRPHFDVHVWKHFRQWULEXWLRQRI)
KLQJHVFRXOGEHDOVRQHJOHFWHGE\UHDOL]LQJDSLQQHGFRQQHFWLRQDWERWWRPHQGRIWKHILUVWVWR
U\FROXPQV

E
D
)LJXUH'HPDQGDQGFDSDFLW\VSHFWUDDFFRUGLQJWR$'56IRUPDWIRU[GLUHFWLRQD DQG\GLUHFWLRQE 
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)LJXUH6WLIIQHVVRIWKHGLVVLSDWLYHV\VWHPDVDIXQFWLRQRIWKHVWLIIQHVVHVRIWKHLQGLYLGXDOGHYLFHVLQVKHDUDQG
EHQGLQJ


4.1

Assessment of the upgraded structure

7KH QHZ +3') IUDPHV DUH SODFHG RQO\ H[WHUQDOO\ DORQJ WKH H[LVWLQJ VWUXFWXUH SHULPHWHU
)LJ 7KHXSJUDGHGVWUXFWXUHLVPDGHRIWZR5&IUDPHVZRUNLQJLQSDUDOOHO1HZIUDPHV
DUHGHYRWHGWRVXEWUDFWLQJVHLVPLFDFWLRQIURPWKHH[LVWLQJRQHVLQRUGHUWROLPLWWKHLUVWUHVVHV
DQGGHIRUPDWLRQV+RZHYHUIUDPHVDORQJRQHVLGHRQO\ZRUNLQWKHLURZQSODQHVRWKHLUFRQ
WULEXWLRQ LV QHJOLJLEOHLQ RUWKRJRQDOGLUHFWLRQ7KHUHIRUH SRVWLQWHUYHQWLRQVWUXFWXUDODVVHVV
PHQWFDQEHPDGHE\PHDQVRIVHSDUDWH32DQDO\VHVIRUWKHWZRSODQGLUHFWLRQV

)LJXUH ([RVNHOHWRQGHILQHGE\IRXU+3')IUDPHV

7KHSURSRVHGPHWKRGRORJ\ZKLFKUHIHUVWRWKH1PHWKRG>@LVDSSOLHGIRUHDFKRIWKH
WZRPDLQGLUHFWLRQVRIDQDO\VLVDQGLV EDVHGRQ DQLWHUDWLYHSURFHGXUH>@7KDW SURFHGXUH
DOORZV WKH VWLIIQHVV RI GLVVLSDWLYH HOHPHQWV WR EHFDOLEUDWHG DFFRUGLQJ WR WKH VWLIIQHVV RI WKH
V\VWHP +3')H[LVWLQJVWUXFWXUH DQGWKHHTXLYDOHQWGDPSLQJȟ)RUHDFKVWHSRIWKHDQDO\VLV
WKHGDPSLQJYDOXHPXVWEHFRPSDUHGWRWKDWRQHDVVXPHGDQGWRWKLVSXUSRVHWKHH[SUHVVLRQ
SURYLGHGE\0D]]DDQG9XOFDQR>@ZDVDGRSWHG)LJXUHVKRZVWKHUHVXOWVLQWKHILQDOFRQ
ILJXUDWLRQDWGDPSLQJ
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7KH ILUVW UHVXOWV VKRZHG WKDW WKH IOH[XUDO GDPSHUV SURYLGH D VPDOO FRQWULEXWLRQ VR WKH
IUDPHV ZHUH FRQVLGHUHG WR KDYH D SLQQHG FRQQHFWLRQ DW WKH EDVH 7KH FKDUDFWHULVWLFV RI WKH
VKHDUGDPSHUVDUHVKRZQLQ)LJXUH



D

E



)LJXUH 6KHDUKLQJHVRQ;IUDPHV D /RDGGHIRUPDWLRQUHODWLRQVRIVKHDUKLQJHVE 

7KHIRXU+3') IUDPHV )LJ  DUHGHILQHGE\ 5&EHDP DQGFROXPQ HOHPHQWV FRQFUHWH
FODVV &  ZLWK D [FP UHFWDQJXODU FURVVVHFWLRQ 7KH EUDFHV DUH +(% DQG
+(% VWHHO SURILOHV VWUXFWXUDO VWHHO RI FODVV 6  IRU WKH ;GLUHFWLRQ DQG <GLUHFWLRQ
IUDPHVUHVSHFWLYHO\
)LJXUHVKRZVWKHFDSDFLW\FXUYHVDQWHDQGSRVWLQWHUYHQWLRQIRUWKH;DQG<SODQGLUHF
WLRQV$VFDQEHVHHQDODUJHVWLIIQHVVLQFUHDVHIRUERWKGLUHFWLRQVDQGDFRQVHTXHQWLQFUHDVH
LQWKHEDVHVKHDUFDSDFLW\DWWKHWDUJHWGLVSODFHPHQWDUHYLVLEOH

D


E

)LJXUH3XVKRYHUSUHDQGSRVWLQWHUYHQWLRQLQ[GLUHFWLRQD DQG\GLUHFWLRQE 

)LJXUHVKRZVWKHFDSDFLW\GHPDQGFRPSDULVRQLQWKH$'65IRUPDWIRUWKH;DQG<GL
UHFWLRQV $V FDQ EH VHHQ D FOHDUO\ ODUJHU VWLIIQHVV LV SURYLGHG E\ WKH XSJUDGHG VWUXFWXUH
+3')H[LVWLQJVWUXFWXUH 7KHEDVHVKHDUKDVDKLJKHUYDOXHZLWKUHVSHFWWRWKHDVVXPSWLRQ
PDGHLQWKHGHVLJQSKDVH7KLVODWWHUFRXOGEHDWWULEXWHGWRWKHH[LVWLQJVWUXFWXUHLUUHJXODULW\
WKDWEHKDYHLQDOLWWOHGLIIHUHQWZD\ZKHQXSJUDGHGZLWKWKH+3')V\VWHPPRGLI\LQJWKHDV
VXPHG GLVWULEXWLRQ RI EDVH VKHDU EHWZHHQ WKH H[LVWLQJ DQG WKH XSJUDGLQJ IUDPHV +RZHYHU
WKLVGRHVQRWDIIHFWWKHHIIHFWLYHQHVVRIWKH+3')V\VWHPZKLFKUHO\LQJRQDGDPSLQJLV
DEOHWROHDGWKHVWUXFWXUHWRWKHZDQWHGSHUIRUPDQFHGLVSODFHPHQW
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D
E
)LJXUH 3RVWLQWHUYHQWLRQVWUXFWXUHFDSDFLW\DFFRUGLQJWR$'56IRUPDWLQ[GLUHFWLRQD DQG\GLUHFWLRQE 

5

CONCLUSIONS

6HLVPLFVWUHQJWKHQLQJWHFKQLTXHVEDVHGRQH[RVNHOHWRQVDOORZWRRSHUDWHRQO\IURPWKHRXW
VLGHZLWKRXWLQWHUUXSWLQJWKHEXLOGLQJXVH0RUHRYHUWKHGHPROLWLRQDQGUHVWRUDWLRQRIQRQ
VWUXFWXUDOHOHPHQWV HJSOXJJLQJIORRULQJLQILOOVHWF ZKLFKFDXVHFRQVLGHUDEOHLQFRQYHQ
LHQFHWRWKHRFFXSDQWVRIWKHEXLOGLQJVLVDYRLGHG
7KH PDLQ DLP RI WKLV VWXG\ ZDV WR DSSO\ WKH +3') V\VWHP WR D UHDO FDVH VWXG\ EXLOGLQJ
ZKLFK ZDV VR IDU GHYHORSHG DQG DSSOLHG WR VLPSOH VWUXFWXUDO VFKHPHV 7KH PHQWLRQHG FDVH
VWXG\ DOORZHG WR UHFRJQL]H WKDW LQ FDVH RI ODUJH VSDQ OHQJWK RI WKH H[LVWLQJ VWUXFWXUHV LW DS
SHDUV DGYLVDEOHPRGLI\LQJ WKHEDVLF FRQILJXUDWLRQ DGRSWHG IRUWKH +3') V\VWHP ,Q IDFW WR
LQFUHDVHWKHV\VWHPHIIHFWLYHQHVVLWLVVXJJHVWHGWKHLQVWDOODWLRQRIVWHHOEUDFHVWRUHGXFHWKH
EHDP DQG FROXPQ GHIRUPDELOLW\ 7KLV DOORZV WR IXOO\ H[SORLW WKH UHODWLYH GLVSODFHPHQW EH
WZHHQEHDPHQGVPD[LPL]LQJWKHJOREDOVHLVPLFSHUIRUPDQFH0RUHRYHULQVXFKDZD\WKH
5&PHPEHUV¶FURVVVHFWLRQ FDQEH NHSW XQGHUGLPHQVLRQV PRUHVXLWDEOHIURP ERWK WKHHFR
QRPLFDQGDHVWKHWLFSRLQWRIYLHZ
7KH LQWHUYHQWLRQ ZDV GHVLJQHG WR XSJUDGH WKH VHLVPLF FDSDFLW\ RI WKH FDVH VWXG\ EXLOGLQJ
WKDWLQWKHDVEXLOWFRQGLWLRQZDVHTXDOWRRIWKHVHLVPLFGHPDQG ȗ(  7KHHQWLUH
DVVHVVPHQWSURFHVVZDVSHUIRUPHGLQDFFRUGDQFHWRWKHFXUUHQW,WDOLDQVHLVPLFFRGHZLWKUH
VSHFWWRWKHOLIHVDIHW\OLPLWVWDWH7KHH[LVWLQJVWUXFWXUHFDSDFLW\LVUHIHUUHGWRWKHILUVWIUDJLOH
FROODSVHDQGWKHXSJUDGLQJV\VWHPZDVGHVLJQHGWRSUHYHQWLW7KLVLQWHUYHQWLRQDSSURDFKID
YRXUDEO\ DOORZV WR DSSO\ RQO\ WKH +3') V\VWHP ZLWKRXW DQ\ RWKHU ORFDO LQWHUYHQWLRQ WR
DFKLHYHWKHVWUHQJWKHQLQJWDUJHW
8VLQJDQLWHUDWLYHGHVLJQSURFHGXUHDOOWKHHOHPHQWVRIWKHXSJUDGLQJV\VWHPZHUHGHVLJQHG
VWDUWLQJ IURP WKH GLVVLSDWLYH KLQJHV XS WR WKH 5& PHPEHUV DQG EUDFLQJ VWHHO PHPEHUV 7KH
QHHGHGSHUIRUPDQFHSRLQWZDVDWWDLQHGE\SURYLGLQJDGDPSLQJYDOXHRIZKLFKLVXVXDO
IRUK\VWHUHWLFGHYLFHVOLNHWKRVHXVHGLQWKH+3')V\VWHP
7KHFDVHVWXG\DQDO\VHGLQWKHSUHVHQWSDSHUFRQWULEXWHGWRRSWLPLVHWKH+3')V\VWHPIRU
LWVDSSOLFDWLRQWRUHDOEXLOGLQJVVKRZLQJWKHQHHGRIVRPHOD\RXWPRGLILFDWLRQVXQGHUWKHRF
FXUUHQFH RI VSHFLILF VWUXFWXUDO FRQILJXUDWLRQV OLNH IRU H[DPSOH WKH SUHVHQFH RI ORQJ IUDPH
VSDQV
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Abstract
The effectiveness of externally applied Carbon Fiber-Reinforced-Polymer (C-FRP) sheets for
the retrofitting of damaged Reinforced Concrete (RC) beam-column connections is experimentally investigated. Two real-scale exterior RC beam-column connection specimens are tested
under reverse cyclic deformation. The damaged specimens have been repaired using C-FRP
sheets superficial placed as surface reinforcement after the sealing of the developed cracks with
high strength resin paste. The retrofitted joints re-tested under the same reverse cyclic deformation loading. The retrofitted specimens in comparison with the original ones exhibited more
or less similar load capacity and stiffness level with respect to the original ones.
Keywords: Reinforced Concrete, Beam-column connections, C-FRP sheets, Cyclic tests,
Hysteretic response.
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1

INTRODUCTION

Structural repair and upgrading of Reinforced Concrete (RC) beam-column joints in damaged RC frame structures after seismic excitations is a common problem in seismic prone regions. Researchers have published during the last decades valuable research on the postearthquake rehabilitation procedures of damaged beam column joints [1], [2]. Many efforts
have been done so far for the introduction and the establishment of techniques that are based
on the promising material of Fiber-Reinforced Plastics (FRP) sheets [3], [4], [5], [6], [7].
A well-known efficient rehabilitation technique of RC beam-column joints damaged during
earthquake excitations is the application of FRP sheets in combination with resin injections. It
includes thin resin infusion under pressure in the cracks of the damaged area prior to the application of FRP sheets on the damaged body. The efficacy of this combined procedure of resin
injection and FRP sheets for the strengthening of damaged beam-column connections has also
been the subject of the experimental project by Karayannis and Sirkelis (2008) [4] and Tsonos
et al (2017) [2]. Nevertheless, the increasing interest in the use of FRP sheets, due to the immediate and easy-to-apply nature of the required intervention, was the main motive behind the
simplification of the rehabilitation technique by omitting the use of resin injections prior to the
application of the FRP sheets [8]. Addressing the issue of the efficiency of any strengthening
technique it is important to remember that the seismic behavior of reinforced concrete connections involves the interaction of complex phenomena such as bond, shear, confinement, fatigue
which have not been yet well understood [9], [10], [11]. Since many unanswered questions
remain about the traditionally reinforced connections it is justifiable to consent for a certain
measure of uncertainty for the mechanics of joints with superficially applied C-FRP sheets as
external strengthening reinforcement [12], [13]. Despite all the uncertainties and based on the
justified thought that a structural member can adequately be re-designed and strengthened to
resist seismic loading even without full knowledge of all the involving interacting phenomena,
this easy-to-apply technique is experimentally investigated.
This simplified technique is usually adopted in areas after damaging earthquakes due to the
fast and easy-to-apply required procedure. This treatment of the damaged beam column joints
has been mainly based on the generally accepted concept that in all reported cases the application of FRP sheets has been proved rather successful. In this direction, the experimental study
presented herein investigates the efficacy of the rehabilitation of damaged beam-column connections using FRP sheets after a meticulous but superficial repair of the cavities and cracks of
the damaged area using resin paste. The investigation presents experimental results of 4 realscale beam column specimens; two original specimens and two retrofitted ones. The original
two joint specimens first were subjected to cyclic loading and then repaired with C-FRP sheets.
The reteofiited specimens were re-subjected to the same cyclic loading and the observed results
are used for the evaluation of the efficiency of the applied repair technique.
2

CHARACTERISTICS OF THE SPECIMENS

Cross-sections, dimensions, materials and reinforcement arrangements of the specimens
were chosen in the way that the first specimen (BJB-S1) represents common RC buildings designed according to earlier codes without the proper shear reinforcement in the joint body (only
one stirrup in the joint area) whereas the second specimen (BJB-BX) represents cases with Xtype reinforcement in the joint without stirrups.
The maximum joint shear that can be developed in the joint body by the steel bars of the
beam is 0.32 MN and consequently shear stress equal to 3.67MPa. The ratio ΣMc/ΣMb is almost
1.40 (a little higher) and therefore cracks are expected to be developed both in the joint body
and the part of the beam near the joint (ACI 318).
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Name

Geometry and Reinforcement (in mm)
Beam
Column
Cross-section
Steel
Cross-section Steel

Joint area
Steel

BJB-S1

8

BJB-S1-R

8 +

BJB-XV

X212

{350×250}

414 up
414 bot.
8/100

{350×350}

414
8/100

{350×250}

412 up
412 bot.
8/100

{350×250}

414
8/100

FRP

BJB-XV-R X212 + FRP

Table 1: Geometrical and reinforcement characteristics of the tested exterior beam-column joint specimens.

The total length and cross-section of the column are 3.0m and 350/250cm, respectively,
whereas the free length and the cross-section of the beam are 1.875m and 350/250cm, respectively. The list of the tested beam column specimens, their names, the geometrical characteristics and the reinforcement arrangements are presented in Table 1.

Figure 1: Damage of the joint (a, b). Cleaning (c) of the damage area and removal of loose material.

2.1 Application of the C-FRP sheets
The FRP sheets are applied to the body of the damaged joints after a superficial repair of the
damage. First, cleaning and removal of the loose concrete material takes place (Figure 1). Right

193

E. Golias, S. Katsimente, E. Ziavra, K. Kirtsonis, C.E. Chalioris, and C.C. Karayannis

after, meticulous filling of the cavities and the developed cracks is performed with high strength
resin paste (Figure 2). Prior to the application of the C-FRP sheets abrasion of the surfaces is
absolutely necessary (Figure 2c).

Figure 2: Filling of the developed cavities and cracks with high strength resin paste (a, b) and meticulous abrasion of the surfaces (c) prior to the C-FRP application.

The positions of the applied C-FRP sheets are schematically shown in Figure 3a and application works in Figures 3b and c. As presented in Figure 3a the C-FRP sheets are placed round
the joint body and round the critical parts of the upper and down column and the beam.
2.2 Materials
The concrete’s cylinder compressive strength was 34MPa whereas the yield tensile strength
of the longitudinal steel bars and the stirrups was 550MPa. The type of the fiber-reinforced
plastics sheets was Carbon FRP sheets. The characteristics of the used C-FRP sheets as given
by the manufacturer were: Thickness of the sheets 0.168mm, tensile strength 4300MPa and
tensile modulus of elasticity 240GPa.
2.3 Loading procedure and test setup
The loading procedure of the specimens includes full reverse cyclic deformations that are
applied near the free end of the beam. The examined beam column subassemblages are subjected to seven loading steps and each step comprised three full cycles as shown in Figure 4.
The used loading program permits the evaluation of the structural performance parameters of
the specimens.
The experimental setup and the instrumentation are shown in Figure 5. Each beam-column
joint specimen is placed after 90q counter clockwise rotation in the way that the column is in
the horizontal direction whereas the beam is in the vertical direction. The specimen is supported
by rotational devices that allow rotation to simulate the inflection points of the real columns in
the middle of their heights.
Compressive axial load equal to 150kN is applied to the horizontally placed column element
throughout the testing procedure. This loading is almost equal to 5% of the nominal strength of
the concrete section of the column (0.05Acfc).
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(a)

Figure 3: Schematic application of the C-FRP sheets (a) and application works of the C-FRP sheets (b, c).

Figure 4: Loading procedure
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Figure 5: Test setup.

3

TEST RESULTS AND DISCUSSION

For the evaluation of the efficiency of the studied retrofitting procedure the overall performance of each original beam column joint is examined and compared to the performance of the
corresponding retrofitted one in terms of hysteretic responses and energy dissipation curves.
3.1 Hysteretic responses - Load carrying capacity
The hysteretic responses of the original joint BJB-S1 and the corresponding retrofitted one
BJB-S1-R are presented in Figures 6a and 6b, respectively. Further, the cracking patterns of
these specimens at the end of the loading sequence are presented in Figures 6c and 6d, respectively. For comparisons purposes the envelope curves for the three full cycles per loading step,
of these two tested specimens, BJB-S1 and BJB-S1-R, are shown in Figures 7a and 7b, respectively. The comparison of the hysteretic curves and the envelope curves obtained from the original joint and the corresponding ones obtained from the testing of retrofitted joint indicates that
the application of C-FRP sheets restored the capacity values of the damaged joint in respect to
those of the original specimen, to a great degree.
The hysteretic responses of the original joint BJB-XV and the corresponding retrofitted one
BJB-XV-R are presented in Figures 8a and 8b, respectively. Further, the cracking patterns of
these specimens at the end of the loading sequence are presented in Figures 8c and 8d, respectively. For comparisons purposes the envelope curves for the three full cycles per loading step,
of these two tested specimens, BJB-XV and BJB-XV-R, are shown in Figures 9a and 9b, respectively. The comparison of the hysteretic curves and the envelope curves obtained from the
original joint and the corresponding ones obtained from the testing of retrofitted joint indicates
that the application of C-FRP sheets restored the capacity values of the damaged joint in respect
to those of the original specimen, to a great degree.
Nevertheless, from the observations it is concluded that there are some reservations for the
efficiency of the technique in the restoration of the load bearing capacity in cases of high levels
of loading or high levels of initial damage.
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Figure 6: Hysteretic response (a) of the specimen BJB-S1 and hysteretic response (b) of the corresponding repaired specimen BJB-S1-R and cracking pattern at the end of loading of the same specimens (c, d).
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Figure 7: Envelop curves of the hysteretic responses (a) of the specimen BJB-S1 and (b) of the corresponding
repaired specimen BJB-S1-R.
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Figure 8: Hysteretic response (a) of the specimen BJB-XV and hysteretic response (b) of the corresponding repaired specimen BJB-XV-R and cracking pattern at the end of loading of the same specimens (c, d).

(a)

(b)

Figure 9: Envelop curves of the hysteretic responses (a) of the specimen BJB-XV and (b) of the corresponding
repaired specimen BJB-XV-R.
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3.2 Dissipated energy capacity
A measurement for the assessment of the efficacy of the applied retrofitting technique can
be the observed dissipated energy capacity in terms of the area of the hysteresis loops. Energy
dissipation is an indication of the structural element capacity to be strained and it defines the
energy that can be absorbed before the loss of the system stability.
The dissipated energy at 1st, 2nd and 3rd cycles of each loading step as measured in terms
of the area of the corresponding hysteresis loops of the original specimen BJB-S1 are presented
in Figure 10a. Further, the dissipated energy at 1st, 2nd and 3rd cycles of each loading step as
measured in terms of the area of the corresponding hysteresis loops of the retrofitted specimen
BJB-S1-R are presented in Figure 10b. Comparing the diagrams of retrofitted specimen with
the corresponding diagrams of the original specimen it is deduced that the applied technique
can rather adequately restore the energy dissipating capacity for the specimen designed according to earlier codes without the proper shear reinforcement in the joint body (only one stirrup
in the joint area).

(a) Dissipated energy – Specimen BJB-S1

(b) Dissipated energy – Specimen BJB-S1-R
Figure 10: Energy dissipation per each loading step (a) of the specimen BJB-S1 and (b) of the corresponding retrofitted specimen BJB-S1-R.

The dissipated energy at 1st, 2nd and 3rd cycles of each loading step as measured in terms
of the area of the corresponding hysteresis loops of the original specimen BJB-XV are presented
in Figure 11a. Further, the dissipated energy at 1st, 2nd and 3rd cycles of each loading step as
measured in terms of the area of the corresponding hysteresis loops of the retrofitted specimen
BJB-XV-R are presented in Figure 11b. Comparing the diagrams of retrofitted specimen with
the corresponding diagrams of the original specimen it is deduced that the applied technique
can rather adequately restore the energy dissipating capacity for the specimen with X-type reinforcement in the joint (without stirrups).
However, from Figures 9 and 10 it can be observed that there are reservations about the
efficiency of the technique in the restoration of the energy dissipation capacity in high levels of
loading or high degree of initial damage.
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(a) Dissipated energy – Specimen BJB-XV

(b) Dissipated energy – Specimen BJB-XV-R
Figure 11: Energy dissipation per each loading step (a) of the specimen BJB-XV and (b) of the corresponding
retrofitted specimen BJB-XV-R.

4

CONCLUSIONS

The efficacy of using C-FRP sheets for the retrofitting of damaged external beam column
joints after seismic excitations is experimental studied. In the repair technique under investigation in this work, the C-FRP sheets are applied after a meticulous filling of the developing
cavities and cracks but without the infusion of thin resin into the cracking system of the damaged area.
From the comparisons of the hysteretic responses of the original specimens with the hysteretic responses of the retrofitted ones it is deduced that in both cases the load bearing capacity
values of all the retrofitted joints were almost equal to the ones of the original specimens in
every loading step of the loading history.
Further, from the comparisons of the dissipated energy at 1st, 2nd and 3rd cycles of each
loading step of the original specimens with the dissipated energy at 1st, 2nd and 3rd cycles of
each loading step of the corresponding retrofitted ones it is deduced that the applied technique
has rather adequately restored the energy dissipating capacity in the examined cases.
Finally, there are reservations for the efficiency of the technique in the restoration of the load
bearing capacity and energy dissipation in cases of high level of loading or high degree of initial
damage.
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Abstract
The instability risk of underground cavities is issue of concern particularly for areas densely
urbanized as the case of many historical centers in Italy. Among the possible causes of the
cavity damages up to collapse, the proposed work considers a particular triggering factor
that is the dynamic loading induced by an earthquake. Thus, the seismic vulnerability of shallow cavities in soft rock is addressed by proposing a methodology based on an extensive parametric two-dimensional finite element analysis. The proposed methodology is extended to a
significant number of realistic cases, considering the effect of the variability of some predisposing and triggering factors on the cavity stability like roof thickness and cavity width, presence of overburden on the top of the rock layer, seismic signal intensity. The seismic
vulnerability of the studied cases is assessed through the minimum Factor of Safety calculated
during the whole length of the dynamic analysis. Finally, the results of the parametric study
are rearranged into ‘seismic stability charts for cavities in soft rock’ proposed to be adopted
as preliminary level of screening, to assess the seismic vulnerability of shallow underground
cavities in soft rock. The results of screening enable to identify the critical zones that need a
detailed analysis, in consideration of their possible interaction with above-ground structures,
infrastructures and human activities.
Keywords: FEM, full dynamic analysis, underground cavities, soft rock, Factor of Safety
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1 INTRODUCTION
Shallow underground anthropogenic cavities are frequently spread over the most urbanized
areas in many Italian regions whereby their stability represents matter of concern leading to
potential risk for buildings, infrastructures, and population. Different causes can induce cavity
instability: starting from their excavation, the initial static stability can worsen over time due
to an unexpected overloading, water recharge, water table fluctuation and other particular
conditions that can result in progressive damage up to the global collapse. Furthermore, seismic actions can represent source of instability for underground cavities as documented by
numerical studies in literature [1, 2] and historic observations in some Italian database of coseismic
effects
(CFTI5Med,
http://storing.ingv.it/cfti/cfti5/
[3];
CEDIT,
http://www.ceri.uniroma1.it/index_cedit.html, [4]).
In the present work we focused our attention on the seismic behavior of cavities, proposing
a methodology to assess their stability. The proposal was tested in a specific soft rock type,
that is the Neapolitan Yellow Tuff where it is very recurrent to found anthropogenic cavities
excavated for different needs during years and with different features (e.g. cavity shape, dimension, cover, other loads). Some studies in the technical literature are dedicated to such
cavities, that consider their stability under static and seismic actions [5, 6, 7, 8, 9, 10].
The proposed methodology, described in detail afterwards, is extended to a significant
number of realistic cases, taking into account the variability of some different predisposing
and triggering factors of the cavity instability (i.e. the width and depth of cavity, the overburden stress, the intensity of the seismic action). A parametric study via numerical dynamic
analyses was conducted in plane strain conditions using the finite element code Plaxis 2D, on
simplified rectangular shapes of shallow cavity. The ground shaking was simulated by applying several time histories of acceleration at the base of the numerical model.
The cavity stability was evaluated by assuming the rock cover above the cavity roof as a
beam and quantifying the so-called Factor of Safety (FoS) calculated as the ratio between the
resistant moment (Mr) and the loading moment (Mload) in correspondence of the most critical
vertical sections. The considered FoS is the lowest one experienced during each shaking. The
obtained results are presented and discussed in terms of variation of FoS as a function of the
ratio L/H (with ‘L’ equal to cavity width and ‘H’ equal to the depth of the cavity roof, or rock
cover), of PGAinput and of the overburden above the rock cover, q.
Although the analyzed conditions are simplified, the parametric study provides a methodological approach to be adopted as a preliminary level of screening to assess the seismic vulnerability of shallow underground cavities in soft rock. The results of screening enable to
identify the critical zones that need a detailed analysis, in consideration of their possible interaction with the above structures, infrastructures and human activities.
2 METHODOLOGY
The preliminary stability assessment of underground cavities in soft rock under seismic actions is proposed upon the results of a significant number of parametric two-dimensional
nite-element analyses carried out for realistic cases of underground cavities. A rectangular
shape cavity was adopted for the analyses that is, with good approximation, representative of
many shallow cavities excavated in soft rock. Therefore, for the specific case of rectangular
shallow cavities, the parametric study was built considering: i) the effect of varying the width
of the cavity (L); ii) the effect of stress acting in the rock, by varying the depth of the cavity
roof (H) and the entity of the load applied above the rock cover (q); iii) the intensity of the
seismic action by varying the PGA and the frequency content of the input signals selected
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among unscaled records of real earthquakes. Table 1 shows all the geometries considered for
the analyses: in total 10 geometrical layouts were analysed, defined by varying H from a minimum of 2 m up to a maximum of 10 m, and L from a minimum of 2 m up to a maximum of
10 m. For each layout, two loading conditions were considered (q1=50 kN/m, q2=150 kN/m),
reaching a total number of cases equal to 20. The minimum cavity dimensions were selected
to obtain a value of the slenderness of the roof, L/H, higher or at least equal to 1 while the
maximum dimensions were set in order to guarantee the static stability of the cavity. The vertical load applied at the model surface intends to simulate the presence of soil layers and fills
and above the rock cover and structures or infrastructures at the ground surface.

layout
#
1.1
1.2
1.3
2.1
2.2
2.3
2.4
3.1
3.2
3.3

H
(m)

L
(m)
2
5
10
5
10
15
20
10
15
20

2

5

10

L/H
(-)
1
2.5
5
1
2
3
4
1
1.5
2

q1, q2
(kN/m)

50, 150

Table 1: Geometric and loading properties of realistic cavity models.

The variability of the seismic action was considered by varying the peak ground acceleration and the frequency content of the input signals as shown in Table 2: 12 unscaled accelerograms of real earthquakes were extracted from the Italian database ITACA
(http://itaca.mi.ingv.it/) and, for the classes with higher energy content, from the international
PEER database (https://ngawest2.berkeley.edu/), considering PGAmax values ranging from a
minimum of 0.118g up to a maximum equal to 0.367g and fmax values ranging from a minimum of 0.51Hz up to a maximum equal to 11.26Hz. The signals were subjected to a bandpass ltering in the range of 0.1–25 Hz prior to the seismic response analyses.
Finally, 240 analyses (10 cavity geometries x 2 load conditions x 12 signals) were performed.
Figure 1 shows, as an example, the numerical model implemented in Plaxis 2D for the layout #3.1 (see Table 1). The cavity was excavated in Neapolitan Yellow Tuff that was modelled with a simple linear elastic-perfectly plastic model with a Mohr-Coulomb failure
envelope [5]: the tuff unit weight (t) equal to 16 kN/m3, the cohesion (c’) equal to 866 kPa,
the friction angle (’) equal to 30°, the angle of dilatancy () equal to 0°, the uniaxial compressive strength (c) equal to 3 MPa, the Poisson ratio () equal to 0.3, the Young modulus
(E) equal to 2000 MPa, a tension cut-off of t equal to 0.1c.
An amount of viscous damping equal to 5% was added to the model through the well-known
Rayleigh formulation, calibrating the mass and stiffness matrix coefficients by means of the
double frequency approach. Moreover, the hysteretic behavior of tuff under dynamic loading
was not modelled, given the high linearity threshold measured experimentally by [11].
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Figure 1: Example of numerical mesh for layout #3.1 implemented in Plaxis 2D.

Event
Greece
L'Aquila (Italy)
Southern Italy
Cosenza (Italy)
Central Italy
Central Italy - Visso
Southern Greece
Central Italy - Norcia
Greece
Imperial Valley
Friuli 3th shock (Italy)
Loma Prieta

Date
07/09/99
09/04/09
09/09/98
25/10/12
26/10/16
26/10/16
15/09/86
30/10/16
15/10/16
15/10/79
15/09/76
18/10/89

Mw
5.8
5.4
5.6
5.0
5.4
5.9
4.8
6.5
5.5
6.4
6.0
6.9

PGAmax
(g)
0.118
0.146
0.161
0.182
0.192
0.210
0.232
0.264
0.287
0.315
0.341
0.367

fmax
(Hz)
2.33
11.26
1.56
3.48
2.91
1.06
1.34
0.88
2.68
1.90
5.10
0.51

Table 2: Natural accelerograms selected for the seismic analyses.

The numerical analyses consist of three calculation stages [12, 13]:
- first stage: initialization of the initial stress state within the soft rock mass domain;
- second stage: simulation of the cavity excavation by means of the deactivation of the
cavity volume. When possible, generally for lower value of L/H, single step excavation
solution was assumed as conservative assumption, while for higher values of L/H multiple steps excavation solution were adopted;
- third stage: full dynamic analyses in the time domain, simulating all the selected earthquake recordings in Table 2.
It is worth noting that the same FE mesh used for static analysis (see Fig. 1) was used for
the full dynamic analysis. The width of such numerical model in fact, was originally optimized by a series of sensitivity analyses, in order to reach a true free-eld condition at the lateral borders and to minimize the inuence of vertical boundaries [13]. Also, the mesh was
refined to achieve a reliable propagation of the minimum signicant wavelength of the input
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signals [14]. The lateral boundary conditions consist of fixed displacements in the horizontal
direction perpendicular to the vertical sides of the mesh in static condition; viscous dashpots
are applied during dynamic stages of analysis [14]; the base of the model, 50 m deep, is fixed
both in vertical and in horizontal directions; the nodes at the top surface are free.
The cavity stability was assessed by means of the Factor of Safety (FoS), calculated as the
ratio between the ultimate resistant moment (Mr,ULS) corresponding to the achievement of the
compressive, c, and tensile, t, strengths in the compression and tensile zones and the loading
moment (Mload) acting in correspondence of the most critical vertical section of the roof beam
and calculated by integrating the horizontal stress component, xx, acting on the considered
sections. The FoSstatic is computed at the end of the second stage of analysis, while FoSdyn is
computed at the end of the full dynamic analyses at stage three, as the lower value experienced during the dynamic analysis under each input signal.
3 RESULTS
Figures 2 and 3 show, for the case of layout #3.1, the horizontal stress distribution acting
around the cavity (assuming negative the compressive stress) in correspondence of three reference sections of the roof beam (central section in red, the right and left sections at pillars
edges in green and light blue, respectively) after its excavation and during Loma Prieta earthquake considered as example.
After the cavity excavation (Figure 2), the roof tends to behave as a beam subjected to uniform distributed load, not completely bounded at the edges of the pillars: in the upper portion
of the vault, the compression area assumes the typical arched profile over the underlying tension area; the separation curve between the compression and tension zones represents the
location of the neutral axes of the different sections of the roof beam that assumes an approximately parabolic shape. Definitely, the central section is stretched in the bottom, in correspondence of the roof cavity extrados, and compressed at the top while the lateral reference
sections at the intersection with pillars are totally compressed. Similar behavior was observed
also in the other cavity layouts (see Table 1); a tensile zone in correspondence of the lateral
section in the upper portion closer to the ground surface has been sometimes calculated for
shallower cavities, depending on the roof slenderness (the ratio between the cavity width and
cover).
For the proposed example in Figure 2, the horizontal stress distributions in correspondence
on the central and the lateral sections produce a value of loading moment equal to
Mload,cx=3432 kNm and Mload,left=right=1144 kNm respectively. By comparing the loading moments with the resistant moment Mr,ULS=13727 kNm of the roof resistant section, FoSstatic
equal to 4 and 12 was calculated for the central and the lateral section respectively. As expected, after the cavity excavation, the central roof section is the most loaded one exhibiting
the lowest value of FoS.
Starting from this stress distribution induced by the cavity excavation, thus from this initial
equilibrium condition, the seismic excitation starts, producing in the surrounding cavity a continuous redistribution of the stresses during ground shaking. As example of the time history of
xx in some points of the cavity roof– selected each 1 m along the central and the right sections of the roof beam –is shown in Figure 3,
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Figure 2: Horizontal stress distribution after the cavity (layout #3.1) excavation.

Consistently with the expected ground deformation under shaking, the lateral sections of
the cavity roof experience higher stress variation than the central section. This implies a different modification of the FoS in the considered sections during shaking.
In the central section, starting from FoSstatic= 4, a minimum value of FoSdyn_min= 3.6 occurred at the instant t=6.15 s of the time history and a value of FoSdyn_final= 4.3 is computed at
the end of the shaking; in the left and right sections, starting from FoSstatic= 12, a minimum
value of FoSdyn_min= 1.6 occurred at the instant t=6.15 s of the time history and a value of
FoSdyn_final= 8 is computed at the end of the shaking.
Therefore, the initial static conditions of the central section do not change substantially
during the shaking, actually a slight increase of FoS occurs at the end shaking due to the redistribution of stress. Such aspect was already observed with reference to a more complex
case study by [10]. Conversely, an important reduction of FoS is observed in the lateral sections both during and at the end of the shaking (a reduction of FoSstatic about equal to 86% and
25% is calculated respectively) due to the high seismic intensity of the selected earthquake,
highlighting the effect of earthquake-induced modifications of the static equilibrium under
gravity loads. Fortunately, the FoS after earthquake increases in the section (the central)
where FoSstatic was lower and does not reduce down to unity in the lateral sections, hence the
roof stability of the selected cavity is not compromised.
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Figure 3: Horizontal stress time history in correspondence of selected points of the cavity roof (layout #3.1) during Loma Prieta earthquake 1989 earthquake.

To generalize the outcome of the proposed parametric study, the FoS values calculated for all
cases as the minimum between the central and lateral sections, were processed as function of
the increasing intensity of PGA in the proposed Seismic Stability Charts for Cavities, SSCCs
(Figure 4). Each chart refers to a specific cavity geometry including both considered loading
combinations (q1 black lines/points, q2 grey lines/points). In particular, the first row of Figure
4 represents the three cases in which H is set equal to 2 m while L varies from 2 m to 10 m
(Figs 4a,b,c respectively), the second row of Figure 4 represents the four cases in which H is
set equal to 5 m while L varies from 5 m to 20 m (Figs 4d,e,f,g respectively), the third row of
Figure 4 represents the three cases in which H is set equal to 10 m while L varies from 10 m
to 20 m (Figs 4h,i,j respectively).
The general trend of the results shown in the figure leads to the following considerations:
1. FoS tends to decrease with the increasing of the seismic loading intensity, here expressed
as function of PGA;
2. higher FoS is expected for q1 loading combination compared to q2, because a lower vertical stress is initially induced by a lower overburden; however, with increasing cavity
depth such effect vanishes as expected;
3. shallower (lower depth H with same width L) and wider (larger width L with same depth
H) cavities exhibit a lower level of safety (FoS) compared with the deeper and narrower
ones, when the seismic intensity (PGA) increases.
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Figure 4: Seismic Stability Charts for Cavities (SSCCs) when H=2m (a,b,c), H=5m (d,e,f,g), H=10m (h,i,j).

It is worth noting that, for the considered layouts, instability conditions (i.e. FoS<1) are
achieved, independently of the amplitude of the input motion, when H=2 m and L/H>5, H=5
m and L/H>3, while failure occurs only under the highest PGA when H=10 m and L/H>1.5.
The proposed charts can be adopted as a preliminary level of screening to assess the seismic vulnerability of shallow underground cavities in soft rock, by comparing the so calculated
FoS values with a threshold expressing the accepted damage level (i.e. the well-known limit
state): “damage limit state” occurring when the FoS is lower than 3; “collapse limit state” associated to FoS lower than 1.5 [10]. In this way, a reconnaissance of possible critical zones
that need a more detailed and site-specific analysis can be accomplished.
However, the basic hypotheses of the present study – that constrain the use of the proposed
charts to a specific field of applicability – should be here underlined: i) the charts are valid for
cavities with approximate flat roof, which are the most widespread in urban areas, hence their
applications to arch roof could lead to an underestimation of FoS; ii) the charts are valid in
presence of cavity excavated into a homogeneous lithotype rock, therefore they are not strictly
applicable in presence of multiple lithotypes that may imply different site effects [15]. Any
simplification in the use of the proposed charts outside the hypotheses under which they were
obtained, can reduces their reliability.
4 CONCLUSIONS
The seismic actions represent a source of instability for underground cavities, bringing to
their damage up to the global collapse. This possibility represents matter of concern leading to
potential risk situations for buildings, infrastructures and population. In this scenario the present work represents an attempt to frame the problem at large scale, proposing a methodologi-
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cal approach that provides stability charts to assess the seismic vulnerability of shallow underground cavities in soft rock, as preliminary level of screening.
The charts evaluate the cavity seismic stability by means of the proposed Factor of Safety
(FoS= Mr,ULS/Mload of the most vulnerable roof beam sections) as a function of some controlling parameters: the width of the cavity, the depth of the cavity roof, the PGA of the earthquake and the overburden stress on the top of the rock layer. By comparing the estimated FoS
values with threshold values expressing the admissible damage level, possible instable cavities can be identified, that require a detailed site analysis.
The discussed results represent a preliminary outcome of a larger ongoing research project
that is aimed to extend the methodological approach proposed in this paper to study a large
number of cases, including different geometrical layouts and rock mechanical characteristics,
in order to widen the applicability of the proposed charts.
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6FKRRORI&LYLO(QJLQHHULQJ1DWLRQDO7HFKQLFDO8QLYHUVLW\RI$WKHQV
,URRQ3RO\WHFKQLRX6WUHHW=RJUDSKRX*UHHFH
HPDLOV DBYDOVDPLV#KRWPDLOFRP WOLPQDLRX#JPDLOFRP DSDSDG#FLYLOQWXDJU

$EVWUDFW
This paper investigates numerically the seismic liquefaction-induced "failure" mechanisms of
elongated structures founded on the ground surface of a liquefiable sandy layer, which is first
considered horizontal and then having a mild inclination angle of 2o. In accordance with the
literature, the paper shows that if the layer is horizontal, the structure suffers from accumulation of settlement. It also shows that even such a mild inclination leads to the additional hazard of horizontal displacement and rotation of the structure due to lateral spreading of its
foundation soil. The paper continues with an investigation of the beneficial effects of implementing rows of prefabricated drains or diaphragm walls at the perimeter of the foundation
soil of these structures. The former mitigation method aims at reducing the developing excess
pore pressures, while the latter targets at increasing the equivalent stiffness of the foundation
system. The study is performed via non-linear dynamic fully coupled plane strain analyses
with the finite-difference method, while the soil response is modeled with NTUA-SAND, a sophisticated bounding surface plasticity model with verified ability of simulating the response
of liquefiable granular soils. It shows that diaphragm walls are much more efficient in reducing settlements, horizontal displacements and rotations than prefabricated drains. However,
this efficiency is fully attained only if their depth reaches the bottom of the liquefiable layer.
.H\ZRUGV 'LDSKUDJP:DOOV'UDLQV (DUWKTXDNHV)RXQGDWLRQ)DLOXUH *URXQG,PSURYH
PHQW /LTXHIDFWLRQ 1XPHULFDO $QDO\VLV
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 ,1752'8&7,21
6LQFHZKHQWKH$ODVNDDQG1LLJDWDHDUWKTXDNHVRFFXUUHGOLTXHIDFWLRQKDVEHHQWUHDW
HG DV RQH RI WKH PRVW VHYHUH JHRKD]DUGV IRU FLYLO HQJLQHHULQJ VWUXFWXUHV 1RZDGD\V WKHUH
H[LVWVDODUJHQXPEHURIVRLOLPSURYHPHQWWHFKQLTXHVIRUOLTXHIDFWLRQPLWLJDWLRQZKLFKFDQ
EHHDVLO\XVHGSULRUWRFRQVWUXFWLRQLQPDQ\YDULDQWV HJGHQVLILFDWLRQE\YLEURIORWDWLRQRU
G\QDPLFFRPSDFWLRQJURXWLQJPL[LQJE\GHHSVRLOPL[LQJRUFRPSDFWLRQJURXWLQJGUDLQDJH
DQG VWLIIHQLQJ E\ JUDYHO SLOHV  <HW DW DOUHDG\ GHYHORSHG VLWHV WKH PDMRULW\ RI WKHVH WHFK
QLTXHVFDQQRWEHDSSOLHGGXHWRWKHLQDELOLW\WRSHUIRUPLPSURYHPHQWZRUNVXQGHUWKHVWUXF
WXUH IRRWSULQW DV ZHOO DV GXH WR WKH SRVVLELOLW\ RI VHYHUHO\ DIIHFWLQJ WKH LQIUDVWUXFWXUHV RU
QHLJKERULQJ VWUXFWXUHV GXULQJ WKHVH ZRUNV HJ GXH WR YLEUDWLRQV IURP GHQVLILFDWLRQ WHFK
QLTXHV 0RUHLPSRUWDQWO\WKHUHLVDVLJQLILFDQWJDSRINQRZOHGJHIRUWKHDSSOLFDELOLW\RIH[
LVWLQJPLWLJDWLRQWHFKQLTXHVLQFDVHVZKHUHODWHUDOVSUHDGLQJRIOLTXHILHGJURXQGLVDQWLFLSDWHG
HLWKHUGXHWRVPDOOLQFOLQDWLRQRIWKHJURXQGVXUIDFH DQJOHVRIȠWRȠ RUGXHWRIUHHIDFH
SUR[LPLW\
,QWKLVSDSHUDQXPHULFDOLQYHVWLJDWLRQRIWKHEHKDYLRURIVWULSIRRWLQJVIRXQGHGGLUHFWO\
RQ D OLTXHILDEOH VRLO OD\HU LV EHLQJ SUHVHQWHG IRFXVLQJ LQLWLDOO\ RQ WKH GLIIHUHQFHV EHWZHHQ
KDYLQJDKRUL]RQWDODQGDPLOGO\LQFOLQHGJURXQGVXUIDFH DQJOHRIȠ 7KHQWKHHIIHFWLYHQHVV
RI WZR GLIIHUHQW OLTXHIDFWLRQ PLWLJDWLRQ WHFKQLTXHV LV EHLQJ DQDO\]HG IRU KRUL]RQWDO DQG LQ
FOLQHGJURXQGVXUIDFHFRQGLWLRQV3DUWLFXODUO\WKHLQYHVWLJDWLRQIRFXVHVRQWKHDSSOLFDWLRQRI
URZVRISUHIDEULFDWHGGUDLQVRUQDUURZGLDSKUDJPZDOOVVROHO\DWWKHSHULPHWHURIWKHIRXQGD
WLRQ 6XFK FRQILJXUDWLRQV PD\ QRW VRXQG LGHDO IRU PLWLJDWLQJ WKH OLTXHIDFWLRQ KD]DUG VLQFH
WKH\ GR QRW FRYHU WKH IRRWSULQW RI WKH VWUXFWXUHV +RZHYHU WKH\ DUH WKH RQO\ FRQILJXUDWLRQV
WKDW PD\ EH UHDGLO\ LPSOHPHQWHG LQ H[LVWLQJ VWUXFWXUHV WKDW LV RXU SULPDU\ FRQFHUQ KHUH
0RUHRYHUWKHUHH[LVWOLPLWHGH[SHULPHQWDOHYLGHQFHRIWKHHIILFLHQF\RIVXFKFRQILJXUDWLRQV
DQGWKLVFRPHVIURPG\QDPLFFHQWULIXJHVWXGLHVIRUGUDLQV>@DQGGLDSKUDJPZDOOV>@RQO\
IRUKRUL]RQWDOJURXQGFRQGLWLRQV
 180(5,&$/0(7+2'2/2*<
7KHQXPHULFDOLQYHVWLJDWLRQLVSHUIRUPHGZLWKWKHILQLWHGLIIHUHQFHFRGH)/$&>@DQGLWV
8VHU'HILQHG0RGHO FDSDELOLW\3DUWLFXODUO\ WKH FRQVWLWXWLYHPRGHO 178$6$1' >@>@ 
LVXVHGIRUWKHVLPXODWLRQRIWKHOLTXHILDEOHVRLOOD\HUDIWHULWVLPSOHPHQWDWLRQLQ)/$&,WLVD
ZHOOHVWDEOLVKHGERXQGLQJVXUIDFH&ULWLFDO6WDWHSODVWLFLW\PRGHOZKLFKKDVSURYHQDELOLW\WR
VLPXODWH WKH F\FOLF EHKDYLRU RI QRQFRKHVLYH VRLOV VDQGV DQG VLOWV  XQGHU DQ\ VPDOO
PHGLXPODUJH  F\FOLF VKHDU VWUDLQ DPSOLWXGH XVLQJ D VLQJOH VDQGVSHFLILF  VHW RI FRQVWDQWV
LUUHVSHFWLYHRIWKHLQLWLDO VWUHVV DQGGHQVLW\FRQGLWLRQV,W LV EDVHG RQDSUHYLRXVO\ SURSRVHG
PRGHO >@>@ EXWLQLWVFXUUHQWIRUPLWLVFKDUDFWHUL]HGE\DYDQLVKHGHODVWLFUHJLRQ,QDG
GLWLRQLWLQFRUSRUDWHVWKUHH  RSHQFRQHW\SHVXUIDFHVZLWKDSH[DWWKHRULJLQRIVWUHVVVSDFH
L WKH&ULWLFDO6WDWHVXUIDFHDWZKLFKGHIRUPDWLRQGHYHORSVIRUIL[HGVWUHVVHVDQG]HURYROX
PHWULFVWUDLQ LL WKH%RXQGLQJVXUIDFHZKLFKORFDWHVWKH HYHUFXUUHQW SHDNVWUHVVUDWLRVWDWHV
DQG LLL WKH'LODWDQF\VXUIDFHZKLFKGLFWDWHVWKHVLJQRIWKHSODVWLFYROXPHWULFVWUDLQUDWHGXU
LQJORDGLQJ7KH 178$6$1'PRGHOKDVEHHQH[WHQVLYHO\YDOLGDWHGDJDLQVWFHQWULIXJHH[
SHULPHQWV UHODWHG WR D QXPEHU RI GLIIHUHQW OLTXHIDFWLRQUHODWHG SUREOHPV ODWHUDO VSUHDGLQJ
>@ IRXQGDWLRQVHWWOHPHQW >@ SLOHUHVSRQVH >@  XVHRIGUDLQV IRUOLTXHIDFWLRQPLWLJD
WLRQ >@ $VVXFKLWFRQVLGHUHGYHU\UHOLDEOHIRUWKHWDVNDWKDQGLQWKLVSDSHU
$VVKRZQLQ)LJXUHWKHOLTXHILDEOHVRLOOD\HU KDVDWKLFNQHVV+ PZKLOHWKHVWULS
IRRWLQJZLGWKLV% P,QRUGHUWRHQVXUHQRHIIHFWVIURPWKHERXQGDULHVWKHVRLOOD\HUKDVD
WRWDO ZLGWK RI P 7KLV VRLO GRPDLQ LV GLVFUHWL]HG LQWR  UHFWDQJXODU ]RQHV WKH ³HOH
PHQWV´LQ)/$&WHUPLQRORJ\ 7KHPHVKLVGHQVHULQWKHYLFLQLW\RIWKHIRRWLQJ IRUDQDS
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SUR[LPDWH ZLGWKRI% P  UHDFKLQJD ]RQHWKLFNQHVVHTXDOWRP 7KHIRRWLQJLVFRQ
VLGHUHGPDVVOHVV ULJLGDQGURXJKDQGLVVLPXODWHGE\EHDPHOHPHQWVRQWKHWRSRIWKHPHVK
7KHVDPHPHVKLV DOVRXVHGIRUWKHDQDO\VHVWKDWFRQVLGHUHGLPSURYHPHQWVDWWKHSHULPHWHURI
WKH IRRWLQJ 6SHFLILFDOO\ D URZRIHOHPHQWV RIPWKLFNQHVV KDV HLWKHUDSHUPHDELOLW\FRHI
ILFLHQWWLPHVODUJHUWKDQWKDWRIWKH QDWXUDOVRLO SUHIDEULFDWHGGUDLQV RU ZDVFRQVLGHUHG
HODVWLFZLWKYHU\LQFUHDVHGVWLIIQHVV GLDSKUDJP ZDOOV PDGHRIUHLQIRUFHGFRQFUHWH  $V DOVR
VKRZQLQ)LJXUHWKLVURZRIHOHPHQWVZDVFRQVLGHUHGDWDGLVWDQFHRIPIURPWKHHGJH RI
ERWKVLGHVRIWKHIRRWLQJZKLOHWKHHIIHFWVRIWKHGHSWKRIWKHLPSURYHPHQW+LPS ZDV VWXGLHG
SDUDPHWULFDOO\DVSDUWRIWKLVVWXG\

)LJXUH %DVLFGHILQLWLRQVDQGGLPHQVLRQV RI WKHQXPHULFDOVLPXODWLRQ PRGHO KRUL]RQWDO JURXQG 

7KH OLTXHILDEOH VRLO LV ILQH 1HYDGD VDQG RI UHODWLYH GHQVLW\ 'U  GU\ GHQVLW\
0JUP YRLGUDWLR  DQGSHUPHDELOLW\N [PV 7KLV LV FRQVLGHUHGLQWKHDQDO
\VHVYLDWKHYDOXHVRIWKH 178$6$1' PRGHOFRQVWDQWVDVDGRSWHGIURPQXPHURXVVXFFHVV
IXO VLPXODWLRQVXVLQJWKLVVDQGLQWKHOLWHUDWXUH HJ>@>@>@>@>@>@ $XQLIRUP
YHUWLFDO ORDG RI N3D LV DSSOLHG WR WKH IRRWLQJ LQ DOO QXPHULFDO DQDO\VHV SUHVHQWHG KHUHLQ
7KH EDVH H[FLWDWLRQ LV DQ DFFHOHUDWLRQ WLPH KLVWRU\ WKDW LV VLQXVRLGDO FRQVLVWLQJ RI WHQ 
PDLQ F\FOHVZLWKSHULRG7 V DQGPD[LPXPDFFHOHUDWLRQDPD[ J 7ZR  DGGLWLRQDO
F\FOHV RI YDULDEOH DFFHOHUDWLRQ KDYH EHHQ DGGHG WR WKH VWDUW DQG WKH HQG RI WKH DFFHOHUDWLRQ
WLPHKLVWRU\ WR HQVXUHJUDGXDOLQFUHDVHDQGGHFUHDVHRIWKHDFFHOHUDWLRQ 7KHODWHUDOERXQGD
ULHV RIWKHPRGHO WKDWDUHDWWKHVDPHDOWLWXGHDUH WLHGWRRQHDQRWKHUWRHQVXUHWKDWWKH\ZLOO
KDYHWKHVDPHKRUL]RQWDOGLVSODFHPHQWV WKURXJKRXWWKHH[FLWDWLRQ WKXV VLPXODWLQJWKHVKDNLQJ
EHKDYLRURIDODPLQDUER[FRQWDLQHURUWKHIUHH ILHOGUHVSRQVHLQVLWX
)RUWKHQXPHULFDOVLPXODWLRQ RI IRRWLQJVUHVWLQJRQPLOGO\LQFOLQHGJURXQG DQJOHL R WKH
VDPH JULGKDVEHHQXVHGZLWK WKHIROORZLQJ DGMXVWPHQWV
x WKHJUDYLW\YHFWRUKDVEHHQURWDWHG E\ R WRVLPXODWHWKHVORSLQJJURXQG VHH>@ IRUGHWDLOV
x DPLQRU³H[FDYDWLRQ´ KDVEHHQPRGHOHG DWWKH IRRWLQJORFDWLRQWRHQVXUHWKHIRRWLQJUHVWV
RQ KRUL]RQWDO JURXQGGHVSLWHWKHLQFOLQDWLRQRIWKHVORSLQJJURXQG
,QDGGLWLRQ IRUUHIHUHQFHSXUSRVHVWKH LQFOLQHG JURXQG UHVSRQVH DQDO\VLV ZLWKRXW WKHH[LVW
HQFH RI IRRWLQJ ODWHUDO VSUHDGLQJ RI VRLO DW WKH IUHHILHOG LV DOVR SHUIRUPHG DQG GHQRWHG DV
IUHHILHOG )) KHUHLQ


7<3,&$/6758&785$/5(63216(21 /,48(),$%/( 6$1'

$VLWZDVH[SHFWHGWKH SHUIRUPHGQXPHULFDO DQDO\VHV YHULI\ WKHVHYHUH SUREOHPV FDXVHG
E\ WKHH[LVWHQFHRI D OLTXHILHG VDQG OD\HURIVLJQLILFDQW WKLFNQHVV XQGHUQHDWK H[LVWLQJ VWUXF
WXUHV 7KHGHYHORSHG³IDLOXUH´ PHFKDQLVPRIHDFK IRRWLQJ LQWKHOLTXHILHGVRLOFDQEHGHGXFHG
IURP )LJXUH ZKHUH WKHDFFXPXODWHG VKHDUVWUDLQV LQWKHVRLO XQGHUQHDWKWKHIRRWLQJ DW WKH
HQGRIVKDNLQJ DUHVKRZQ ERWKIRUKRUL]RQWDO VXESORWD DQG PLOGO\ LQFOLQHG VXESORWE 
JURXQGFRQGLWLRQV
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)LJXUH $FFXPXODWHG VKHDUVWUDLQV XQGHUQHDWK VWULSIRRWLQJVRIZLGWK% P DWWKHHQGRIVKDNLQJ UHVWLQJRQ
OLTXHILHGJURXQGRIWKLFNQHVV+ PWKDWLV D KRUL]RQWDO DQG E LQFOLQHGE\ R

,Q KRUL]RQWDO JURXQG FRQGLWLRQV )LJXUH D  WKH VKHDU VWUDLQV FRQFHQWUDWH LQ WKH DUHD EH
QHDWK WKH VWULS IRRWLQJ FUHDWLQJ D ³SXQFKLQJ´ IDLOXUH PHFKDQLVP WKDW UHDFKHV WKH ERWWRP RI
WKHOLTXHILHGOD\HU DWGHSWK%KHUH ZLWKRXWH[WHQGLQJ ODWHUDOO\ 7KLV ³IDLOXUH´ PHFKDQLVP
LVQDUURZHUDQGGHHSHUWKDQWKHZHOONQRZQ EHDULQJFDSDFLW\PHFKDQLVPRIIRRWLQJVLQQRQ
OLTXHILHG VRLOV JHQHUDOL]HGIDLOXUHLQ WKH VKDSHRIDORJDULWKPLFVSLUDO  ZKLFK H[WHQGVWRGLV
WDQFHVXSWR% WR%ODWHUDOO\ DQGGRZQWR%LQGHSWK :KHQWKHVDPHIRRWLQJUHVWVRQ
DPLOGO\ LQFOLQHGJURXQGVXUIDFHWKHSXQFKLQJ³IDLOXUH´ PHFKDQLVP UHDFKHVDJDLQWKH ERWWRP
RIWKHOLTXHILHGOD\HU EXW LVQRORQJHUV\PPHWULFDO VHH)LJXUHE  3DUWLFXODUO\WKH ]RQH RI
LQWHQVHVKHDULQJLVPRUHSURQRXQFHGWRZDUGVWKHGRZQVORSHVLGH DQGLVFRQQHFWHGWR WKH VKHDU
EDQGWKDW DSSHDUV DWWKHEDVHRIWKHOLTXHILHGOD\HUGXHWRODWHUDOVSUHDGLQJ
,Q RUGHU WR JDLQ IXUWKHU LQVLJKW LQWR WKH VWUXFWXUDO UHVSRQVH )LJXUH  SUHVHQWV WKH WLPH
KLVWRULHV RI IRRWLQJGLVSODFHPHQW KRUL]RQWDO[ DQGYHUWLFDO ] DQGURWDWLRQ ș GXULQJWKHH[FL
WDWLRQ IRUERWKKRUL]RQWDO DQGLQFOLQHGJURXQGFRQGLWLRQV3DUWLFXODUO\ LQ)LJXUHDWKHKRUL
]RQWDOGLVSODFHPHQWRIWKHIRRWLQJUHVWLQJRQLQFOLQHGJURXQGLV EHLQJSUHVHQWHG EOXHOLQH LQ
FRPSDULVRQZLWK WKH KRUL]RQWDOGLVSODFHPHQW RI WKHJURXQGVXUIDFHRIWKHFRUUHVSRQGLQJ IUHH
ILHOGODWHUDOO\VSUHDGLQJOD\HU GDVKHG JUHHQOLQH XQGHUWKHVDPHH[FLWDWLRQ 7KHSRVLWLYHVLJQ
GHSLFWV GRZQVORSH GLVSODFHPHQWV 7KH ILJXUH VKRZV WKDW LQ ERWK FDVHV WKH KRUL]RQWDO GLV
SODFHPHQWVDFFXPXODWHOLQHDUO\ZLWKWLPHRUZLWKWKHQXPEHURIVLQXVRLGDOH[FLWDWLRQF\FOHV
,Q TXDQWLWDWLYH WHUPV WKH IRRWLQJ LV FDUULHG DZD\ E\ WKH ODWHUDOO\ VSUHDGLQJ RI WKH OLTXHILHG
JURXQG VLQFH WKH IRRWLQJ GLVSODFHPHQW LV SUDFWLFDOO\ LGHQWLFDO WR WKDW RI WKH IUHH ILHOG GLV
SODFHPHQW +HQFH GHVSLWHWKDWWKHIRRWLQJLQFUHDVHVWKHYHUWLFDO VWUHVVHVLQWKHJURXQGEHORZ
LWVIRRWSULQW WKHSURFXULQJ ORFDO LQFUHDVHRI VKHDU VWUHQJWK GRHV QRW VXIILFH IRU UHGXFLQJ WKH
KRUL]RQWDOGULIWRIWKHIRRWLQJ,WLVEHOLHYHGWKDWWKLVUHVSRQVH LV WKHZRUVWFDVHVFHQDULRIRU D
IRRWLQJDQGLWLV GXHWR LWV UHODWLYHO\VPDOO ZLGWK% LQ FRPSDULVRQ WRWKHWKLFNQHVV + RIWKH
OLTXHILHGOD\HUWKDWWDNHVDYDOXHRI %+ KHUH ,Q RWKHUFDVHV ZKHUH%+!  LW LVH[
SHFWHGWKDWWKHIRRWLQJGULIWZRXOGEHVPDOOHUWKDQWKH KRUL]RQWDOGLVSODFHPHQW RI WKHJURXQG
VXUIDFHRIWKHFRUUHVSRQGLQJ IUHHILHOGODWHUDOO\VSUHDGLQJOD\HU
,QDGGLWLRQ)LJXUH E SUHVHQWVWKHDFFXPXODWHG VHWWOHPHQW RI WKH FHQWHUOLQH RIWKH IRRW
LQJV LQ ERWK KRUL]RQWDO SXUSOH OLQH DQG LQFOLQHG EOXH OLQH JURXQG FRQGLWLRQV XQGHU WKH
VDPHH[FLWDWLRQ ,WLVREVHUYHGWKDWWKHVHWWOHPHQWRIWKHIRRWLQJRQWKHLQFOLQHGOD\HU LV RIWKH
VDPHPDJQLWXGH DFWXDOO\VOLJKWO\ODUJHU ZLWK WKDWRIWKHVDPHIRRWLQJLI WKH OD\HULVKRUL]RQ
WDO7KLVPHDQVWKDWWKHH[LVWHQFHRIDPLOGJURXQGLQFOLQDWLRQGRHVQRWVLJQLILFDQWO\DIIHFWWKH
VHWWOHPHQWUHVSRQVH1RWH DOVRWKDWWKH ILQDO VHWWOHPHQWYDOXHLVLQWKHRUGHU RIFPLH
PXFKVPDOOHUWKDQWKHFPRIKRUL]RQWDOGLVSODFHPHQWRIWKHIRRWLQJ )LQDOO\)LJXUHF SUH
VHQWV WKHURWDWLRQRIWKHULJLGIRRWLQJ UHVWLQJRQWKHLQFOLQHGOD\HU GXULQJWKHH[FLWDWLRQZLWK
WKHQHJDWLYHYDOXHRIș GHSLFWLQJGRZQVORSHURWDWLRQLHFORFNZLVHURWDWLRQ IRUWKHFDVHRI
)LJXUHE
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)LJXUH7LPHKLVWRULHVRIUHVSRQVHFKDUDFWHULVWLFVRIVWULSIRRWLQJRIZLGWK% PRQOLTXHILHGJURXQGZLWK
+ PWKDWLVKRUL]RQWDORULQFOLQHGLQWHUPVRI D KRUL]RQWDOGLVSODFHPHQW E VHWWOHPHQWDQG F URWDWLRQ

7KHUHLVQRRWKHUFXUYHLQ)LJXUHFIRUFRPSDULVRQSXUSRVHVVLQFHWKHIRRWLQJLQKRUL]RQ
WDOJURXQGGRHVQRWURWDWH GXHWR]HURVWDWLFHFFHQWULFLW\ 2EVHUYHWKDWWKHURWDWLRQDOVRDF
FXPXODWHVOLQHDUO\ZLWK WLPH DQGLWV ILQDO YDOXH RIș  RLV TXLWH VLJQLILFDQW LH VOLJKWO\
ODUJHU WKDQ WKH JURXQG LQFOLQDWLRQ RI R $V ZDV WKH FDVH IRU KRUL]RQWDO GLVSODFHPHQWV WKLV
ODUJHYDOXHRIșLVDOVRGXHWRWKHVPDOO%+UDWLRWKDWDOORZVIRUHDVLHUURWDWLRQVLQFRPSDUL
VRQWRFDVHVZLWK%+!WKDWDUHH[SHFWHGWRURWDWHOHVVXQGHUWKHVDPHH[FLWDWLRQ
2YHUDOO)LJXUHVKRZVWKDWWKHH[LVWHQFHRIDPLOGJURXQGLQFOLQDWLRQ MXVWRLQRXUFDVH 
OHDGVWRWKHDGGHGKD]DUGRI VLJQLILFDQW KRUL]RQWDOGLVSODFHPHQWDQGURWDWLRQRIWKHVWUXFWXUH
GXH WR WKH ODWHUDO VSUHDGLQJ RI WKH OLTXHILHG OD\HU +HQFH VXFK ODUJH FRPELQHG ULJLG ERG\
WUDQVODWLRQVRIWKHVWUXFWXUHFDQQRWEHVDIHO\DFFRPPRGDWHGE\DQ\VWUXFWXUDOV\VWHPDQGWKH
QHHGIRUVRLOLPSURYHPHQWLVPRUHSURQRXQFHGWKDQIRUKRUL]RQWDOJURXQGFRQGLWLRQV
 0,7,*$7,21:,7+3(5,0(75,&$/35()$%5,&$7(''5$,16
7KHILUVWLPSURYHPHQWWHFKQLTXHIRUH[LVWLQJVWUXFWXUHVH[DPLQHGKHUHLVWKHDSSOLFDWLRQRI
GHQVH URZV RI SUHIDEULFDWHG GUDLQV DW WKH SHULPHWHU RI DQ H[LVWLQJ IRRWLQJ ZKLFK IRU D VWULS
IRRWLQJ FRUUHVSRQGV WR WKH DUHD GHQRWHG ZLWK JUHHQ FRORU LQ )LJXUH  7KLV FRQILJXUDWLRQ LV
LQVSLUHG E\ SHUWLQHQW FHQWULIXJH WHVWV >@ DQG DLPV DW UHGXFLQJ WKH GHYHORSLQJ H[FHVV SRUH
SUHVVXUHVEHQHDWKWKHIRRWLQJ,QRXUDQDO\VHVWKHGUDLQVDUHFRQVLGHUHGWRH[WHQGWRWKHERW
WRPRIWKHOLTXHILHGOD\HULH+LPS + P)RUWKHSXUSRVHRIWKHQXPHULFDOVLPXODWLRQWKH
SHUPHDELOLW\RIWKHHOHPHQWVDWWKHLPSURYHG]RQHKDVEHHQFRQVLGHUHGWREHWLPHVKLJK
HUWKDQWKDWRIWKHQDWXUDOVDQGLHLWLVFRQVLGHUHGHTXDOWRN [PV1RWHWKDWWKHLP
SURYHPHQW DUHD RI ZLGWK P VLPXODWHV WKH HIIHFWLYH DUHD RI GHQVH VHULHV RI SUHIDEULFDWHG
GUDLQV HDFK RQH RI ZKLFK KDV D VPDOO GLDPHWHURI D IHZ FP  ZKLFK DV D V\VWHP RIIHUV WKH
IRUHJRLQJGUDLQDJHFDSDELOLW\WRWKHQDWXUDOVDQG6LQFHWKHGUDLQVDUHQRWPDGHRIJUDYHOWKH
UHVSRQVH LV RQO\ DIIHFWHG LQ WHUPV RI GUDLQDJH +HQFH WKH FRQVWLWXWLYH PRGHO IRU WKH LP
SURYHPHQWDUHDLVVWLOOWKH178$6$1'PRGHOFDOLEUDWHGLGHQWLFDOO\WRWKHQDWXUDOVDQG
,QRUGHUWRVWXG\WKHHIIHFWLYHQHVVRIWKLVOLTXHIDFWLRQPLWLJDWLRQWHFKQLTXH)LJXUHSUH
VHQWVWKHWLPHKLVWRULHVIRUWKHIRRWLQJGLVSODFHPHQWV[DQG]DQGURWDWLRQVșZLWKDQGZLWKRXW
WKHSHULPHWULFDOSUHIDEULFDWHGGUDLQV7KHUHVXOWVIRUWKHFDVHVZLWKGUDLQVDUHGLIIHUHQWZKHQ
WKHOLTXHILDEOHOD\HULVKRUL]RQWDO NKDNLOLQHZLWKVSLNHV DQGLQFOLQHG JUHHQOLQHZLWKFURVV
HV 0RUHVSHFLILFDOO\)LJXUHDSUHVHQWVWKHFRPSDULVRQLQWHUPVRIKRUL]RQWDOGLVSODFHPHQW
[RIWKHIRRWLQJZKHUH RQO\DPLQRUGHFUHDVHLVREWDLQHG DSSUR[LPDWHO\ ZLWKWKHLQ
VWDOODWLRQRIWKHSHULPHWULFDOGUDLQV6LPLODUFRQFOXVLRQVDUHGHULYHGLQ)LJXUHEIRUWKHIRRW
LQJVHWWOHPHQWVRQO\WKDWWKHUHGXFWLRQLQVHLVPLFVHWWOHPHQWVLVDSSUR[LPDWHO\IRUERWK
KRUL]RQWDODQGLQFOLQHGJURXQGVXUIDFHFRQGLWLRQV
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)LJXUH(IIHFWRISHULPHWULFDOGUDLQVRQWLPHKLVWRULHVRIUHVSRQVHFKDUDFWHULVWLFVRIVWULSIRRWLQJRIZLGWK% 
PRQOLTXHILDEOHJURXQGZLWK+ PWKDWLVKRUL]RQWDORULQFOLQHGLQWHUPVRI D KRUL]RQWDOGLVSODFHPHQW E 
VHWWOHPHQWDQG F URWDWLRQ

8QIRUWXQDWHO\ WKHVH VPDOO EHQHILWV LQ UHGXFHG IRRWLQJ GLVSODFHPHQWV FRPH DW D SULFH RI LQ
FUHDVHGIRRWLQJURWDWLRQV LQWKHRUGHURI LQWKHFDVHRIODWHUDOO\VSUHDGLQJLQFOLQHGVDQG
DVGHSLFWHGLQ)LJXUHF
2YHUDOOVROHO\SHULPHWULFDOGUDLQVGRQRWVHHPWRRIIHUDQ\VLJQLILFDQWEHQHILWLQWKHIRRW
LQJUHVSRQVHZKLOHWKH\PD\HYHQEHFRQVLGHUHGXQIDYRUDEOHLIURWDWLRQVDUHRISULPDU\FRQ
FHUQ (LWKHU SRVLWLYH RU QHJDWLYH WKH HIIHFWV RI VXFK GUDLQV RQ WKH IRRWLQJ UHVSRQVH DUH
TXDQWLWDWLYHO\ VPDOO 7KLV LV FRUURERUDWHG E\ WKH LPDJHV RI DFFXPXODWHG VKHDU VWUDLQV LQ WKH
IRXQGDWLRQVRLODW WKHHQGRIVKDNLQJ WKDW DUHSUHVHQWHGLQ )LJXUH IRU ERWK KRUL]RQWDO LQ
VXESORW D  DQG LQFOLQHG LQ VXESORW E  JURXQG FRQGLWLRQV LQ WKH SUHVHQFH RI SHULPHWULFDO
GUDLQV 6SHFLILFDOO\ LI RQH FRPSDUHV WKHVH LPDJHV ZLWK WKH UHVSHFWLYH SORWV LQ )LJXUH  D
JUHDWUHVHPEODQFHLVGHSLFWHG)RUH[DPSOHREVHUYHWKH³SXQFKLQJ´IDLOXUHPHFKDQLVPZKHQ
WKHVRLOLVKRUL]RQWDOLQERWKFDVHVIRUKRUL]RQWDOJURXQG VXESORWVDDQGD $OVRREVHUYH
WKDWZKHQWKHVRLOLVPLOGO\LQFOLQHGWKHIRUHJRLQJIDLOXUHPHFKDQLVPEHFRPHVDV\PPHWULFDO
DQG URXJKO\  FRQQHFWHG WR WKH VKHDU EDQG DW WKH EDVH RI WKH OLTXHILHG OD\HU GXH WR ODWHUDO
VSUHDGLQJLQWKHGRZQVORSHVOLGHRIWKHIRRWLQJUHJDUGOHVVRIZKHWKHUSHULPHWULFDOGUDLQVDUH
LPSOHPHQWHG VXESORWE RUQRW VXESORWE 
,QFORVLQJLWLVXQGHUOLQHGKHUHWKDWWKLVLQHIILFLHQWOLTXHIDFWLRQPLWLJDWLRQLVDUHVXOWRIWKH
LQDELOLW\RIWKHVROHO\SHULPHWULFDOGUDLQVWRHIIHFWLYHO\UHGXFHWKHH[FHVVSRUHSUHVVXUHVEHORZ
WKHIRRWLQJ,ILWZDVSRVVLEOHWRLPSOHPHQWGUDLQVWKURXJKRXWWKHDUHDEHORZWKHIRRWLQJWKH
UHVXOWLQJ OLTXHIDFWLRQ PLWLJDWLRQ ZRXOG EH PRUH HIILFLHQW +RZHYHU VXFK FRQILJXUDWLRQ FDQ
RQO\EHLPSOHPHQWHGEHIRUHWKHFRQVWUXFWLRQRIDQHZIRRWLQJDQGQRWEHORZH[LVWLQJVWUXF
WXUHVWKDWLVWKHDLPRIWKLVLQYHVWLJDWLRQ



)LJXUH$FFXPXODWHGVKHDUVWUDLQVXQGHUQHDWKVWULSIRRWLQJVRIZLGWK% PZLWKSHULPHWULFDOGUDLQV DWWKHHQG
RIVKDNLQJ UHVWLQJRQOLTXHILDEOHVDQGRIWKLFNQHVV+ PWKDWLV D KRUL]RQWDODQG E LQFOLQHGE\R
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7KHVHFRQG WHFKQLTXH LQYHVWLJDWHGIRUWKHPLWLJDWLRQRIOLTXHIDFWLRQXQGHUQHDWKDQH[LVWLQJ
VWUXFWXUH LVWKHFRQVWUXFWLRQD VWLIIFRQWDLQPHQWZDOO DWLWV SHULPHWHU DQGZLWKLQWKHIRXQGDWLRQ
VRLO VHH FRQFHSW LQ )LJXUH  DV LQVSLUHG E\ >@  7KLV ZDOO UHWDLQV WKH VRLO XQGHUQHDWK WKH
VWUXFWXUH LQ SODFH ZKLOH LQFUHDVLQJ WKH RYHUDOO VWLIIQHVV RI WKH IRXQGDWLRQ V\VWHP 7KH FRQ
VWUXFWLRQPDWHULDORIWKLVZDOOPD\YDU\EXWLQWKHDQDO\VHVSUHVHQWHGKHUHLQLW LV FRQVLGHUHG
WREHUHLQIRUFHGFRQFUHWH,QWKLV UHVSHFWWKHVHFRQWDLQPHQWZDOOVDUHQDPHG GLDSKUDJPZDOOV
7ZR GLIIHUHQW ZDOO OHQJWKV DUH H[DPLQHG D  IXOOGHSWK ZDOO IURP WKH JURXQG VXUIDFH WR WKH
ERWWRP RIWKHOLTXHILDEOH OD\HU +LPS + P E KDOIGHSWKZDOOIURPWKHJURXQGVXUIDFH
WR WKH PLGGHSWKRIWKHOLTXHILDEOH OD\HU +LPS + P  7KHIXOOGHSWK ZDOOV DUHFRQVLG
HUHG SLQQHGWRWKHEDVHRIWKH PHVKWKXV IROORZLQJWKHEDVHH[FLWDWLRQZKLOHWKHPLGGHSWK
ZDOOVDUHFRQVLGHUHGIORDWLQJ LQVLGHWKHOLTXHILDEOHOD\HU 7KHUHWDLQLQJZDOO RIP WKLFNQHVV
LV VLPXODWHG ZLWK DQHODVWLFPRGHO RI EXONPRGXOXVHTXDOWR*3DVKHDUPRGXOXVHTXDOWR
*3D PDVV GHQVLW\0JUP DQGDUHSUDFWLFDOO\ LPSHUPHDEOH LQ RXUDQDO\VHVDSHUPH
DELOLW\RI[PV LVFRQVLGHUHG LH WLPHVORZHUWKDQWKDWRIWKHVXUURXQGLQJVRLO 
,QRUGHUWRVWXG\ WKHHIIHFWLYHQHVV RI WKLV OLTXHIDFWLRQPLWLJDWLRQ WHFKQLTXH )LJXUH SUH
VHQWVWKHWLPHKLVWRULHVIRUWKHIRRWLQJ GLVSODFHPHQWV [DQG]DQGURWDWLRQV ș ZLWKDQGZLWKRXW
WKH SHULPHWULFDO IXOOGHSWK GLDSKUDJP ZDOOV ,Q RUGHU WR GLVWLQJXLVK WKH UHVXOWV IRU WKH FDVHV
ZLWK WKHVH ZDOOVWKRVHSHUWDLQLQJWRWKHKRUL]RQWDOOLTXHILDEOH OD\HUDUHGHSLFWHGE\DUHGOLQH
ZLWK TXRWDWLRQV ZKLOH WKRVH WKDW UHIHU WR WKH LQFOLQHG OD\HU ZLWK D SXUSOH OLQH ZLWK VTXDUHV
,QWHUHVWLQJO\ WKH FRQVWUXFWLRQ RI WKH ZDOOV VHHPV WR RIIHU PD[LPXP LPSURYHPHQW VLQFH DOO
IRRWLQJ UHVSRQVHFKDUDFWHULVWLFV GLVSODFHPHQWV []DQGURWDWLRQ ș EHFRPHHVVHQWLDOO\ ]HUR
UHJDUGOHVVRIZKHWKHUWKHOLTXHILDEOHOD\HULV KRUL]RQWDO RUQRW

)LJXUH (IIHFWRIIXOOGHSWK +LPS P SHULPHWULFDOGLDSKUDJP ZDOOV RQWLPHKLVWRULHVRI UHVSRQVHFKDUDFWHULV
WLFVRIVWULSIRRWLQJRIZLGWK% PRQOLTXHILDEOHJURXQGZLWK+ PWKDWLVKRUL]RQWDO RULQFOLQHG LQWHUPVRI
D KRUL]RQWDOGLVSODFHPHQW E VHWWOHPHQW DQG F URWDWLRQ

7KLVLPSUHVVLYHSHUIRUPDQFHRIWKHIXOOGHSWKGLDSKUDJPZDOOV LV FRUURERUDWHGE\WKHLP
DJHVRIDFFXPXODWHGVKHDUVWUDLQVLQWKHIRXQGDWLRQ VRLODWWKHHQGRIVKDNLQJWKDWDUHSUHVHQW
HG LQ )LJXUH  IRU ERWK KRUL]RQWDO LQ VXESORW D  DQG LQFOLQHG LQ VXESORW E JURXQG
FRQGLWLRQVLQWKHSUHVHQFHRIVXFK ZDOOV 6SHFLILFDOO\LIRQHFRPSDUHVWKHVHLPDJHVZLWKWKH
UHVSHFWLYH SORWV LQ )LJXUH  D WRWDOO\ GLIIHUHQW UHVSRQVH LV GHSLFWHG )RU KRUL]RQWDO JURXQG
WKHUHDUH QR VKHDUEDQGV IRUPHG XQGHUQHDWKWKHIRRWLQJWKXVH[SODLQLQJWKH]HURIRRWLQJ VHW
WOHPHQWV 2QWKHFRQWUDU\VKHDUEDQGVDUHIRUPHG LQ WKHLQFOLQHGJURXQG 6SHFLILFDOO\WKH XS
KLOOVKHDUEDQG LV UHODWHG WRWKH ODWHUDOO\VSUHDGLQJ VDQG OD\HU WKDW GULIWV WRZDUGVWKHIRRWLQJ
DUHD7KLVVRLOPRYHPHQWLVKLQGHUHGE\WKHXSKLOOULJLGZDOOWKXVOHDGLQJWRXSZDUG UHODWLYH
PRYHPHQWRIWKHVRLODJDLQVWLWZKLFKLQWXUQFUHDWHVD VKHDUEDQG DWWKHLQWHUIDFH
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)LJXUH$FFXPXODWHGVKHDUVWUDLQVXQGHUQHDWKVWULSIRRWLQJVRIZLGWK% PZLWK IXOOGHSWK+LPS P SHUL
PHWULFDOGLDSKUDJPZDOOV DWWKHHQGRIVKDNLQJ UHVWLQJRQOLTXHILDEOHVDQGRIWKLFNQHVV+ PWKDWLV D KRUL
]RQWDODQG E LQFOLQHGE\R

6LPLODUO\WKHGRZQKLOOVKHDUEDQGLVUHODWHGWRWKHODWHUDOO\VSUHDGLQJVDQGOD\HUWKDWGULIWV
DZD\IURPWKHIRRWLQJDUHD$VWKLVVRLOPDVVPRYHVWKHUHLVGRZQZDUGUHODWLYHPRYHPHQWRI
WKHVRLOYHUVXVWKHGRZQKLOOULJLGZDOOWKXVFUHDWLQJWKHSHUWLQHQWVKHDUEDQGDWWKHLULQWHUIDFH
,WEHFRPHVHYLGHQWWKDWWKHVHVKHDUEDQGVKDYHQRHIIHFWRQWKHIRRWLQJUHVSRQVHLWVHOIVLQFH
WKH\DUHIRUPHGRXWVLGHWKHZDOOVDQGQRWXQGHUQHDWKWKHIRRWLQJ$VVXFK]HURGLVSODFHPHQWV
DQGURWDWLRQDSSHDULQWKHXQDIIHFWHGIRRWLQJ
,WKDVWREHXQGHUOLQHGKHUHWKDWWKHULJLGLW\RIWKHGLDSKUDJPZDOOVLVNH\IRUWKLVH[FHOOHQW
SHUIRUPDQFH,QRWKHUZRUGVLIWKHVHIXOOGHSWKFRQWDLQPHQWZDOOVDUHFRQVWUXFWHGZLWKDOHVV
VWLIIPDWHULDO HJGHHSVRLOPL[LQJZLWKFHPHQWRUOLPH WKHQWKHLUSHUIRUPDQFHLVQRWH[
SHFWHGWREHDVH[FHOOHQWLHVRPHVHWWOHPHQWVRUURWDWLRQVRIWKHIRRWLQJPD\SHUVLVW$QRWK
HULVVXHRILPSRUWDQFHLVKRZWKHGHSWKRIWKHGLDSKUDJPZDOOVDIIHFWVWKHIRRWLQJUHVSRQVH
7KLV LVWKHUHDVRQWKDWDQDO\VHVZLWK KDOIGHSWK SHULPHWULFDO GLDSKUDJP ZDOOV DUHSHUIRUPHG
KHUHLQ7KHLUHIILFLHQF\LVH[SORUHGLQ)LJXUHWKDWSUHVHQWVWKHWLPHKLVWRULHVIRUWKHIRRWLQJ
GLVSODFHPHQWV[DQG]DQGURWDWLRQVșZLWKDQGZLWKRXWWKHVHKDOIGHSWKZDOOVLQWKHIRUPDWRI
)LJXUH,QWHUHVWLQJO\WKHRSHUDWLRQRIWKHVHKDOIGHSWKZDOOVGRHVQRWVHHPDVHIIHFWLYHDV
WKDWRILWVIXOOGHSWKFRXQWHUSDUWV6SHFLILFDOO\WKHVHKDOIGHSWKZDOOVPDQDJHWRUHGXFHKRUL
]RQWDOGLVSODFHPHQW[ LQVXESORWD E\MXVWVHWWOHPHQWV]E\ LQVXESORWE DQG
GRZQKLOOURWDWLRQVE\ LQVXESORWF ,QRWKHUZRUGVWKHKDOIGHSWKZDOOVVHHPVLJQLIL
FDQWO\HIIHFWLYHRQO\IRUWKHUHGXFWLRQRIIRRWLQJURWDWLRQVLQFDVHVWKDWWKHVDQGOD\HULVPLOG
O\LQFOLQHG)RUWKHIRRWLQJ KRUL]RQWDODQGYHUWLFDO GLVSODFHPHQWVWKHVHZDOOVDSSHDUWRRIIHU
LPSURYHPHQWWKDWLVFRPSDUDEOHWRWKDWRIIXOOGHSWKSHULPHWULFDOGUDLQV
,QRUGHUWRXQGHUVWDQGWKHUHDVRQVEHKLQGWKLVVLJQLILFDQWO\UHGXFHGHIIHFWLYHQHVVRIKDOI
GHSWKGLDSKUDJPZDOOVLPDJHVRIDFFXPXODWHGVKHDUVWUDLQVLQWKHIRXQGDWLRQVRLODWWKHHQG
RIVKDNLQJDUHSUHVHQWHGLQ)LJXUHIRUERWKKRUL]RQWDO LQVXESORWD DQGLQFOLQHG LQVXE
SORWE JURXQGFRQGLWLRQV2EVHUYHLQVXESORWDWKDWWKHVRLOPDVVLQEHWZHHQWKHGLDSKUDJP
ZDOOVDQGXQGHUWKHIRRWLQJVHHPVWRPRYHGRZQZDUGVDVDULJLGEORFN FUHDWLQJVKHDUEDQGV
LQWKHLQQHULQWHUIDFHVRIWKHZDOOV WKXVWUDQVODWLQJWKH³SXQFKLQJ´EHDULQJFDSDFLW\IDLOXUHLQ
WKH ORZHU KDOI RI WKH OLTXHILHG OD\HU ZKHUH WKH GLDSKUDJP ZDOOV GR QRW UHDFK 6LPLODUO\ LQ
VXESORWEWKHVKHDUEDQGDWWKHERWWRPRIWKHODWHUDOO\VSUHDGLQJVRLOOD\HUVHHPVOLWWOHDI
IHFWHG E\ WKH H[LVWHQFH RI WKH KDOIGHSWK ZDOOV WKXV H[SODLQLQJ WKHLU LQDELOLW\ WR UHGXFH WKH
KRUL]RQWDOGULIWRIWKHIRRWLQJ,QDGGLWLRQWKHFOHDUDV\PPHWU\RIWKHIDLOXUHPHFKDQLVPXQ
GHUWKHIRRWLQJWKDWDSSHDUVLQWKHXQWUHDWHGFDVH VHH)LJXUHE VHHPVOHVVSURQRXQFHGLQWKH
FDVHRIWKHKDOIGHSWK ZDOOV RIVXESORW EDQREVHUYDWLRQ WKDWPD\ H[SODLQ WKH VPDOOHU \HW
QRQ]HUR URWDWLRQVRIWKHIRRWLQJZKHQKDOIGHSWKZDOOVDUHLQSODFH
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)LJXUH (IIHFWRIKDOIGHSWK +LPS P SHULPHWULFDOGLDSKUDJP ZDOOV RQWLPHKLVWRULHVRI UHVSRQVHFKDUDFWHULV
WLFVRIVWULSIRRWLQJRIZLGWK% PRQOLTXHILDEOHJURXQGZLWK+ P WKDWLVKRUL]RQWDO RULQFOLQHG LQWHUPVRI
D KRUL]RQWDOGLVSODFHPHQW E VHWWOHPHQW DQG F URWDWLRQ

)LJXUH $FFXPXODWHG VKHDUVWUDLQV XQGHUQHDWK VWULSIRRWLQJVRIZLGWK% PZLWK KDOIGHSWK +LPS P SHUL
PHWULFDOGLDSKUDJPZDOOV DWWKHHQGRIVKDNLQJ UHVWLQJRQ OLTXHILDEOH VDQG RIWKLFNQHVV+ P WKDWLV D KRUL
]RQWDO DQG E LQFOLQHGE\R



&21&/86,216

)XOO\FRXSOHGQXPHULFDO DQDO\VHV DUH SHUIRUPHGLQRUGHUWR H[DPLQHWKH UHVSRQVH RI VKDO
ORZIRXQGHG VWUXFWXUHV RQ KRUL]RQWDO DQGRU PLOGO\ LQFOLQHG OLTXHILDEOH OD\HUV RI UHODWLYHO\
VLJQLILFDQWWKLFNQHVV 7KHUHVXOWVVKRZWKDWEHVLGHVVLJQLILFDQWVHWWOHPHQWVHYHQDYHU\PLOG
VORSH R KHUH FUHDWHVODWHUDOVSUHDGLQJZKLFKLQWXUQFDXVHV WKH DGGLWLRQDOKD]DUGRIVLPLODU
O\ODUJHKRUL]RQWDOGLVSODFHPHQWVDQGULJLGERG\GRZQKLOO URWDWLRQVRIWKHVWUXFWXUH
7KHQWKHHIILFLHQF\ RI WZR OLTXHIDFWLRQ PLWLJDWLRQPHWKRGV WKDW FDQEHUHDGLO\LPSOHPHQW
HGLQ H[LVWLQJVWUXFWXUHV UHVWLQJ RQWKHIRUHJRLQJOD\HUV LV H[DPLQHG QXPHULFDOO\ 6SHFLILFDOO\
WKH XVH RI SUHIDEULFDWHGGUDLQVDWWKHSHULPHWHURIWKHVWUXFWXUHGRHVQRWSURYHHIILFLHQWVLQFH
LW UHGXFHV E\  LWV KRUL]RQWDO GLVSODFHPHQWV DQG VHWWOHPHQWV EXW PD\ HYHQ LQFUHDVH
VOLJKWO\LWV URWDWLRQV 2QWKHFRQWUDU\WKHLPSOHPHQWDWLRQRIUHLQIRUFHGFRQFUHWHSHULPHWULFDO
ZDOOVZLWKGHSWKXQWLOWKHERWWRP RIWKHOLTXHILDEOH OD\HUSURYHVH[FHSWLRQDOO\HIILFLHQWVLQFH
DOOVWUXFWXUDO GLVSODFHPHQWVDQGURWDWLRQVEHFRPH]HUR 7KH LQYHVWLJDWLRQDOVR VKRZV WKDWWKLV
HIILFLHQF\GLVDSSHDUVLIWKHSHULPHWULFDOZDOOVDUHVKDOORZHU WKDQ WKHERWWRPRIWKHOLTXHILDEOH
OD\HU )RUH[DPSOHLIWKHVHZDOOVUHDFKWKHPLGGHSWKRIWKHOLTXHILDEOHOD\HUWKHSHULPHWULFDO
GLDSKUDJPZDOOVEHFRPHVLPLODUO\HIILFLHQWDVWKHSHULPHWULFDOGUDLQV


$&.12:/('*0(176

7KLVUHVHDUFKLVFDUULHGRXWIXQGHGLQWKHFRQWH[WRIWKHSURMHFW³$SSOLFDELOLW\RIVHLVPLF
OLTXHIDFWLRQ PLWLJDWLRQ YLD QDQRPDWHULDO LQMHFWLRQ XQGHU H[LVWLQJ LQIUDVWUXFWXUHV´ 0,6
 XQGHUWKHFDOO IRUSURSRVDOV ³Researchers' support with an emphasis on young re-
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searchers- 2nd Cycle´7KHSURMHFWLVFRILQDQFHGE\*UHHFHDQGWKH(XURSHDQ8QLRQ (XUR
SHDQ6RFLDO)XQG(6) E\WKH2SHUDWLRQDO3URJUDPPH+XPDQ5HVRXUFHV'HYHORSPHQW(G
XFDWLRQDQG/LIHORQJ/HDUQLQJ


 5()(5(1&(6
>@ % 3DUDPDVLYDP 6 'DVKWL $ /LHO ,QIOXHQFH RI SUHIDEULFDWHG YHUWLFDO GUDLQV RQ WKH
VHLVPLFSHUIRUPDQFHRIVWUXFWXUHVIRXQGHGRQOLTXHILDEOHVRLOVJournal of Geotechnical
and Geoenvironmental Engineering, ASCE, QR
>@ +0LWUDQL 63*0DGDEKXVKL5LJLG FRQWDLQPHQW ZDOOV IRUOLTXHIDFWLRQUHPHGLDWLRQ
Journal of Earthquake and Tsunami1R
>@ ,WDVFD&RQVXOWLQJ*URXS,QF)DVW/DJUDQJLDQ$QDO\VLVRI&RQWLQXD
>@ ., $QGULDQRSRXORV $* 3DSDGLPLWULRX *' %RXFNRYDODV ([SOLFLW LQWHJUDWLRQ RI
ERXQGLQJ VXUIDFH PRGHO IRU WKH DQDO\VLV RI HDUWKTXDNH VRLO OLTXHIDFWLRQ International
Journal for Numerical and Analytical Methods in Geomechanics    

>@ .,$QGULDQRSRXORV$*3DSDGLPLWULRX*'%RXFNRYDODV%RXQGLQJVXUIDFHSODVWLF
LW\ PRGHO IRU WKH VHLVPLF OLTXHIDFWLRQ DQDO\VLV RI JHRVWUXFWXUHV Soil Dynamics and
Earthquake Engineering  
>@ $*3DSDGLPLWULRX*'%RXFNRYDODV<)'DIDOLDV3ODVWLFLW\PRGHOIRUVDQGXQGHU
VPDOO DQG ODUJH F\FOLF VWUDLQV Journal of Geotechnical and Geoenvironmental Engineering, ASCE, QR
>@ $*3DSDGLPLWULRX*'%RXFNRYDODV3ODVWLFLW\PRGHOIRUVDQGXQGHUVPDOODQGODUJH
F\FOLFVWUDLQVDPXOWLD[LDOIRUPXODWLRQSoil Dynamics and Earthquake Engineering
 
>@ $,9DOVDPLV*'%RXFNRYDODV$*3DSDGLPLWULRX3DUDPHWULFLQYHVWLJDWLRQRIODW
HUDOVSUHDGLQJRIJHQWO\VORSLQJOLTXHILHGJURXQGSoil Dynamics and Earthquake Engineering  
>@ '..DUDPLWURV*'%RXFNRYDODV<.&KDORXORV.,$QGULDQRSRXORV1XPHULFDO
DQDO\VLVRIOLTXHIDFWLRQLQGXFHGEHDULQJFDSDFLW\GHJUDGDWLRQRIVKDOORZIRXQGDWLRQVRQ
DWZROD\HUHGVRLOSURILOHSoil Dynamics and Earthquake Engineering
>@ $,9DOVDPLV*'%RXFNRYDODV<.&KDORXORV3DUDPHWULFDQDO\VLVRIVLQJOHSLOHUH
VSRQVHLQODWHUDOO\VSUHDGLQJJURXQGSoil Dynamics and Earthquake Engineering  

>@ $*3DSDGLPLWULRX0(0RXWVRSRXORX*'%RXFNRYDODV$-%UHQQDQ1XPHUL
FDO LQYHVWLJDWLRQRIOLTXHIDFWLRQPLWLJDWLRQXVLQJJUDYHO GUDLQV Proceedings, 4th International Conference on Earthquake Geotechnical Engineering, 7KHVVDORQLNL -XQH
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$EVWUDFW
The prediction of railway track displacements is a topic of great interest in railway engineering. Different constitutive models of the materials (ballast, sub-ballast and ground) have been
applied, from the linear elastic model to non-linear models based on the Equivalent Linear
approach. In the technical literature, it is shown how non-linear models enhance the prediction of the displacements of the railway track, especially when the train's running speed approaches the critical speed. In this paper and for the first time to the authors’ knowledge, the
Hardening Soil Small Strain model is applied and experimentally validated to the study of
track displacements near critical speed. Specifically, the well-known case at Ledsgaard (Sweden) has been used for its evaluation, showing numerical results very similar to those measured experimentally. Moreover, the critical speed is calculated, showing values significantly
lower than those calculated with the linear elastic model. This is relevant for practical geotechnical engineers, even assuming a certain complexity of the model, because its use is increasingly widespread in commercial finite element codes.
.H\ZRUGV Critical speed, Non-linear soil behaviour, Railway geotechnics, Soil dynamics,
Numerical modelling
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The study and conceptualization of the phenomenon of critical speed in railway lines have
been developed since the 1990s, after the problems arising from the increase in the speed of
train operation following the rehabilitation of the railway line in Ledsgard [1-4]. This increase
in speed led to a considerable increase in the track displacements.
From a theoretical point of view, the critical speed is the speed of a non-oscillating moving
load that implies the greatest amplification of the dynamic response. It is the properties of
wave propagation in the embankment-ground system and the bending wave propagation in the
track that completely determine this phenomenon [5-8]. This is associated with a considerable
increase in ground deformations, which may even be permanent [9-10], which can be of great
importance in high-speed lines [11-12] and be critical in soft soils.
When a train travels at lower speeds and speeds far from those of Rayleigh wave propagation on the ground, the level of strains induced in it is low and may be in the range of small
deformations. It is known that here the behavior of the ground is elastic and linear, where G
does not undergo any significant degradation. In this sense, when the train runs on stiff soils,
the geotechnical safety associated with the behavior of the ground is practically guaranteed
and the calculation of the track displacements can be carried out with a simple and numerically highly efficient model such as the linear elastic model. However, when the speed of the
train approaches the speed of propagation of Rayleigh waves in the ground, the deformations
in the ground increase considerably causing a degradation of the stiffness of the ground that
becomes totally relevant and that has an important influence both on the magnitude of the
track displacements and on the value of the critical speed. In these cases, the accuracy and
suitability of the linear elastic model is lower and non-linear cyclic models with degradations
of the value of G are required to satisfy the strain conditions of the ground. In this respect, [13]
has shown how the use of an Equivalent Linear approach (ELA) has led to reductions of between 10-20% in the value of the critical speed with respect to that obtained with the linear
elastic model. Similar values have been found in the studies presented by [2,14].
The constitutive soil model known as the Hardening Soil Small Strain model (HSsmall)
[15] is an advanced ground behavior model which takes into consideration the full degradation curve of G, from the very small strains to the large strains associated with the failure of
the soil. It forms part of the package of constitutive software models for commercial use such
as Plaxis or Zsoil. Although it is a complex model, it is within the reach of all geotechnical
engineers, making it a good tool of analysis for this type of cases. However, to the knowledge
of the authors, it has never been experimentally validated in cases of critical speed in railway
lines. For this reason and for the advance that this might lead to in the practice of geotechnical
railway engineering, this study is presented with the aim of verifying whether the HSsmall
model is a reliable tool for the prediction of displacements undergone by the track near critical
speed and for the prediction of the critical speed. To do this, a numerical simulation of the
famous Ledsgard case[1-4] has been performed, comparing the numerical results (with the
HSsmall and Elastic Linear model) with those measured in reality.
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The Ledsgard site is located 25 km to the south of Gothenburg. In the 1990s, excessive vibrations were detected all along the track and this led to an intense investigation on the geotechnical properties of this site [2]. Both the properties of the ground and those of the track
have been shown in the many studies made of this case [1-4,16] and the reader is advised to
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consult them. In this study, the data proposed by [2] have been used. These are summarized
below, thus avoiding a reiterative description of the data found in the technical literature.
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The geotechnical profile and a detail of the ballasted track is shown in fig. 1.

Figure 1: Soil (left) and ballasted track geometry (right)

The elastic properties of the ground are shown in Table 1, taken from the data provided by
[2].
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79.51·103
5.95·103
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5.31·103
11.18·103
14.75·103

0.19
0.49
0.49
0.49
0.49
0.49

Table 1: Soil elastic properties

As regards the degradation curves of G and the damping considered in the HSsmall model,
these have the following equations [17] and are shown in fig.2:
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where Ȗ0.7 is the shear strain for Gs/G0 = 0.722

Figure 2: Shear modulus reduction (left) and damping ratio (right) (adapted [2])

Given that numerical simulations have also been made considering a linear elastic behavior
of the ground, a Rayleigh damping has been considered. As regards the characteristics of the
railway track, this corresponds to a ballasted track, with a rail type UIC60 which is seated on
railpads of a stiffness of 250 kN/mm. The sleepers have a length of 2.6 m, a height of 0.2 m
and are separated by 0.67m. Their elastic properties are mass density 2,500 kg/m3, Young’s
modulus 3x107 kN/m2 and Poisson’s ratio 0.2. The ballast is included in the embankment
shown in fig. 1, this being made up both of ballast and of gravels and sands [2]. The measurement of the track response during train passage was made with the X2000 train at different
speeds. The geometry and axle load of this train are shown in fig. 3. The tests were performed
in both directions, i.e. Northbound and Southbound but in this study only the Southbound direction is considered.

Figure 3: Geometry and axle load of X2000 train
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To validate the HSsmall model experimentally, a dynamic 3D model formulated in the
time domain has been developed in Plaxis software [15]. The geometry of the numerical model is shown in detail in fig. 4 and as can be seen it corresponds to a symmetric case, so that
only half of it has been modeled. The dimensions of the model are 70x40x30 m in the longitudinal, horizontal and vertical directions respectively, which are values considered and experimentally validated in 3D models of finite elements formulated in the time domain similar
to those used here [16,18-21]. The railpad is modeled as a linear spring, whereas the rail has
been simulated as a beam, with the normalized properties of the UIC-60 type. The rest of the
track components (sleeper, ballast and subballast) and ground were modeled using 3D solid
elements.

Figure 4: Numerical model: 3D view mode (left) and track detail (right)

The numerical model is made up of 370,181 elements and 523,961 nodes. Quadratic tetrahedral elements (10 node elements) are used for solid elements. The boundary conditions correspond to viscous dampers [15] in all boundaries except the plane of symmetry, where
horizontal movements are impeded, and the ground surface, which is a free boundary.
As for the numerical modeling of the moving load, this has been applied using the equivalent nodal force method, in keeping with that described in [22] and the time step has been
considered according to the criteria of Courant-Friedrichs-Lewy [16,22], with an implicit
Newmark integration scheme, as shown below:

where Cn is the Courant number, ǻt is the time step, C is the moving load speed and Lmin is
the distance between two adjacent loading nodes.
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Fig. 5 shows the experimental validation for four different train speeds: 70, 140, 180 and
204 km/h. As can be seen, the results obtained with the Linear Elastic model show relevant
differences from those actually measured for the four speeds, these differences becoming
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more evident the higher the speed of the train. The Linear Elastic model tends to underestimate the dynamic response, and in quantitative terms it predicts only half of the actual displacement of the sleeper. These differences are important.
As for the results obtained by the HSsmall model, these are quite close to those actually
measured for the four speeds studied. It is worth noting that the adjustment is quite acceptable
and that it is more precise when the train speed is higher. In fact, for speeds of 180 and 204
km/h the accuracy of the model is quite good while for the lower speeds (70 and 140 km/h),
the results are also very close but with slightly greater differences than for the high speeds.
In this case, the critical speed is approximately 200 km/h. Around these speeds, the results
of the HSsmall model are highly accurate, showing that the constitutive model is correctly
reproducing the behavior of the different ground layers.
(a)

(b)

(c)

(d)

Figure 5: Measured and computed time histories of sleeper displacements for different train speeds (Southbound
direction): (a) V=70 km/h; (b) 140 km/h; (c) V=180 km/h and (d) V=204 km/h
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Comparing the results between the HSsmall and LE models at low speeds, it can be observed that there is also an appreciable degradation of the stiffness of the ground layers,
which the HSsmall model is also correctly simulating but which is obviously not being simulated correctly with the Linear Elastic model. This fact shows that the degradation of the stiffness of the ground is not only substantial near the critical speed, but that for speeds
considerably lower than the critical speed there is also a significant degradation of the stiffness. It is likely that at low speeds the degradation of stiffness is more important in the structural layers of the track: ballast and subballast, while at speeds close to the critical speed, the
degradation of the stiffness of the underlying ground plays a more important role than at low
speeds.
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It has been considered of interest, once the HSsmall model has been experimentally validated, to calculate the critical speed of the Ledsgard case for a single moving point load. For
this, the same numerical model has been considered, but with only one moving load. Two
scenarios have been considered: Linear Elastic model and HSsmall model. The displacements
of the sleeper and the Dynamic Amplification Factor (DAF) as a function of the speed of the
load are shown in figure 6, where it can be seen how the HSsmall model gives a critical speed
value of 47 m/s, while for the Linear Elastic model it is 53 m/s. Therefore, the use of the
HSsmall model results in a critical speed which is 12% lower than that of the Linear Elastic
model. These differences are relevant and demonstrate the suitability of the HSsmall model
for predicting the critical speed of the train.
Regarding the displacements and the DAF, the HSsmall model yields higher values than
the Linear Elastic model, so for the prediction of the track movements, the HSsmall model is
more suitable, both for low speeds and those close to the critical speed, as shown above.

Figure 6: Sleeper displacements vs velocity (left); DAF in sleeper vs velocity (right)
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This research has studied the applicability of the HSsmall constitutive model to the prediction of the movements of the track in railway lines. Numerical values have been obtained
which are very close to those actually measured in the Ledsgard case, both for speeds close to
the critical speed and for low speeds. In this respect, the HSsmall model has proven to be a
reliable tool for the prediction of the movements of the track with a very acceptable level of
accuracy. Moreover, it has been shown how the critical speed is 12% lower when analyzed
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with the HSsmall model with respect to that obtained by the Linear Elastic model. Hence, the
use of the HSsmall model may be of greater use when in-depth studies are made of the critical
speed.
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7KHFRQVHUYDWLRQRIKHULWDJHPDVRQU\VWUXFWXUHVVHWVSHFLILFLVVXHVIURPDVWUXFWXUDOSRLQWRIYLHZ
FRQFHUQLQJWKHDFKLHYHPHQWRIDGHTXDWHNQRZOHGJHRIWKHPHFKDQLFDOSDUDPHWHUVRIWKHVWUXFWXUDO
HOHPHQWV DQG WKHLU FRPSRQHQWV >@ 'HVSLWH GLIIHUHQW PHWKRGRORJLHV DUH DYDLODEOH IRU WKH
LQYHVWLJDWLRQRIWKHPHFKDQLFDOSURSHUWLHVRIH[LVWLQJEXLOGLQJPDWHULDOVDQGPDVRQU\DVVHPEODJHV
VHYHUDOOLPLWDWLRQVPD\RFFXULQKHULWDJHFRQWH[WV,QGHHGWKHH[HFXWLRQRIGHVWUXFWLYHDQGPLQRU
GHVWUXFWLYHWHVWV'7VDQG0'7V HJGLDJRQDOFRPSUHVVLRQWHVWVD[LDOFRPSUHVVLRQWHVWVVLQJOHRU
GRXEOH IODWMDFN WHVWV  ZKLFK LV UHTXLUHG IRU D GLUHFW HVWLPDWLRQ RI IXQGDPHQWDO PHFKDQLFDO
SDUDPHWHUVLVVWURQJO\UHVWULFWHGLQVXFKDFRQWH[W7KLVLVUHODWHGWRWKHQHHGIRUFRQVHUYDWLRQRIWKH
KHULWDJHVWUXFWXUHVDQGWHFKQLFDOFKDOOHQJHVUHODWHGWRWKHH[WUDFWLRQRIXQGDPDJHGDQGDGHTXDWHVL]H
WHVWVSHFLPHQV2QWKHRWKHUKDQGQRQGHVWUXFWLYHWHVWV1'7V HJVRQLFWHVWVWRPRJUDSK\UDGDU
WKHUPRJUDSK\  FDQ SURYLGH RQO\ D TXDOLWDWLYH HYDOXDWLRQ RI VWUXFWXUHV LH KRPRJHQHLW\ DQG
FRQVLVWHQF\RIWKHVSHFLPHQVSUHVHQFHRIYRLGVRUPDWHULDODOWHUDWLRQV RULQGLUHFWHVWLPDWLRQRIWKH
PHFKDQLFDOSDUDPHWHUVEDVHGRQHPSLULFDOFRUUHODWLRQVZLWK'7VUHVXOWV0RUHRYHUWKHLUUHVXOWVDUH
VWURQJO\DIIHFWHGE\WKHVWUXFWXUDOVWDWHRIFRQVHUYDWLRQDQGE\WHVWFRQGLWLRQV)RUWKHVHUHDVRQVWKH
LPSOHPHQWDWLRQRIDSSURSULDWHGDWDEDVHVFRQWDLQLQJWKHUHVXOWVRIGLIIHUHQWW\SHVRIWHVWVUHODWHGWR
VSHFLILFPDWHULDODQGVWUXFWXUDOW\SRORJLHVFDQEHYHU\XVHIXOWRROVIRUWKHGHILQLWLRQE\DQDORJ\RI
WKHPHFKDQLFDOSURSHUWLHVRIVLPLODUHOHPHQWV
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PDVRQULHVZLWKLUUHJXODUDUUDQJHPHQWVDUHW\SLFDORIKLVWRULFDODQGDUFKDHRORJLFDOFRQWH[WV6HYHUDO
VWXGLHVLQYROYLQJWKHFKDUDFWHUL]DWLRQWKURXJK'7VRILUUHJXODUVWRQHPDVRQU\SDQHOVUHSURGXFLQJROG
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WKHUHVXOWVRI'7VDQG1'7VREWDLQHGRQWKHVDPHPDVRQU\VSHFLPHQVSDUWLFXODUO\IRFXVLQJRQWKH
XVH RI VRQLF SXOVH YHORFLW\ WHVWV 67V  >±@ ,QGHHG 67 LV FRQVLGHUHG DQ HIIHFWLYH PHWKRG IRU D
TXDOLWDWLYHVWUXFWXUDODVVHVVPHQWRIH[LVWLQJPDVRQU\VWUXFWXUHVDQGIHZDSSOLFDWLRQVRI67VRQWKH
DUFKDHRORJLFDOVWUXFWXUHVDWWKH3RPSHLLVLWHDUHDOVRDYDLODEOH>@+RZHYHUWKHDYDLODEOHVHWRI
GDWDLVVWLOOOLPLWHGDQGUREXVWHPSLULFDOFRUUHODWLRQVDUHVWLOOODFNLQJ
7KLVSDSHUSUHVHQWVDZLGHH[SHULPHQWDOSURJUDPDLPHGDWWKH FKDUDFWHUL]DWLRQRIUXEEOHVWRQH
PDVRQU\ SDQHOV UHSURGXFLQJ RQH RI WKH PRVW FRPPRQ PDVRQU\ W\SRORJLHV DW WKH DUFKDHRORJLFDO
3RPSHLLVLWH ,WDO\ WKHDQFLHQWEXLOGLQJWHFKQLTXHRSXVLQFHUWXP7KHPDVRQU\SDQHOVZHUHSURGXFHG
EDVHG RQ D GHHS VXUYH\ RI WKH DQFLHQW WHFKQLTXH DQG XVLQJ RULJLQDO URFN XQLWV DQG QHZ PRUWDU
FRPSOLDQWZLWKWKHDQFLHQWRQH7KLVODWWHUZDVSURGXFHGZLWKSUHFLRXVYROFDQLFVDQGFRPLQJIURP
WKH VDPH YROFDQLF UHJLRQ ZKHUH WKH DQFLHQW EXLOGHUV FROOHFWHG WKHLU SXOYLV SXWHRODQXV LH WKH
3KOHJUHDQ DUHD QH[W WR WKH %D\ RI 1DSOHV 7KH FKDUDFWHUL]DWLRQ LQYROYHG H[WHQVLYH VRQLF SXOVH
YHORFLW\WHVWVWKUHHGLDJRQDOFRPSUHVVLRQWHVWVFDUULHGRXWLQDQRSHQVSDFHODERUDWRU\HTXLSSHGDW
WKH3RPSHLLVLWHDQGILYHD[LDOFRPSUHVVLRQWHVWVFRQGXFWHGLQWKHODERUDWRU\RIWKH8QLYHUVLW\RI
1DSOHV
,QWKHIROORZLQJWKHH[SHULPHQWDOSURJUDPLVSUHVHQWHGDORQJZLWKWKHUHVXOWVSURYLGHGE\WHVWV
0RUHRYHU DGLVFXVVLRQ DQGFRPSDULVRQ RI WKH UHVXOWV REWDLQHG IURP WKH GLIIHUHQW 1'7V DQG '7V
SHUIRUPHGDQGDFRPSDULVRQZLWKDYDLODEOHGDWDIURPOLWHUDWXUHLVSUHVHQWHG
 (;3(5,0(17$/352*5$00(
*LYHQ WKH LPSRVVLELOLW\ RI SHUIRUPLQJ '7V RU 0'7V RQ DUFKDHRORJLFDO VWUXFWXUHV WKLV
H[SHULPHQWDO SURJUDP LQYROYHG WKH UHDOL]DWLRQ DQG FKDUDFWHUL]DWLRQ WKURXJK 1'7V DQG '7V RI
3RPSHLLOLNH UXEEOH VWRQH PDVRQU\ SDQHOV FRPSOLDQW ZLWK WKH DQFLHQW EXLOGLQJ WHFKQLTXH RSXV
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LQFHUWXP 7KH SDQHOV ZHUH EXLOW E\ XVLQJ RULJLQDO VWRQH XQLWV FROOHFWHG ZLWKLQ WKH DUFKDHRORJLFDO
H[FDYDWLRQVVWDUWHGDW5HJLR9LQDQGPRUWDUFRPSDWLEOHZLWKWKHDQFLHQWRQHLHPDGHZLWK
OLPHSXWW\DQGSR]]RODQZLWKDELQGHUWRDJJUHJDWHUDWLRE\YROXPH7KHSR]]RODQXVHGLQWKH
PRUWDUZDVSUHFLRXVYROFDQLFVDQGFRPLQJIURPWKHVDPHYROFDQLFUHJLRQZKHUHWKHDQFLHQWEXLOGHUV
FROOHFWHGWKHLUSXOYLVSXWHRODQXVLHWKH3KOHJUHDQDUHDQH[WWRWKH%D\RI1DSOHV7KHPDVRQU\
SDQHOVZHUHFRQVWUXFWHGE\H[SHULHQFHGPDVRQVLQVLGHDVSHFLILFDOO\GHGLFDWHGWHVWDUHDDW5HJLR9
)LJXUH ,QGHHGDILUVWSDUWRIWKHH[SHULPHQWDOSURJUDPZDVFDUULHGRXWLQWKHRQVLWHWHVWDUHD
LQYROYLQJL UHDOL]DWLRQDQGVWRUDJHRIWKHSDQHOVLL H[HFXWLRQRI1'7VLHVRQLFSXOVHYHORFLW\
WHVWV 67V DWGLIIHUHQWDJHVLLL H[HFXWLRQRI'7VLHGLDJRQDOFRPSUHVVLRQWHVWV$IWHUWKDWWKHILQDO
SKDVH RI WKH H[SHULPHQWDO SURJUDP ZDV FDUULHG RXW LQ WKH ODERUDWRU\ RI WKH 8QLYHUVLW\ RI 1DSOHV
LQYROYLQJ WKH H[HFXWLRQ RI D[LDO FRPSUHVVLRQ WHVWV RQ PDVRQU\ VSHFLPHQV H[WUDFWHG IURP WKH
XQGDPDJHGSRUWLRQVRIWKHSDQHOVDIWHUWKHGLDJRQDOFRPSUHVVLRQWHVWV,QWKHIROORZLQJGHWDLOVRI
WKHH[SHULPHQWDOSURJUDPDUHUHSRUWHG

)LJXUH3ODQRIWKHDUFKDHRORJLFDO3RPSHLLVLWHZLWKWKHLQGLFDWLRQRIWKHORFDOL]DWLRQRIWKHFLW\RI3RPSHLLLQ,WDO\
WKHERUGHUVRIWKH5HJLR9WKHDUHDRIWKHQHZH[FDYDWLRQVDWWKH5HJLR9WKHORFDOL]DWLRQDQGSLFWXUHVRIWKHRQVLWH
WHVWDUHD

3RPSHLLOLNHPDVRQU\SDQHOV
)RUWKHSURGXFWLRQRIWKHSDQHOVGHWDLOHGJHRPHWULFDQGPDWHULDOVXUYH\VRIDUFKDHRORJLFDORSXV
LQFHUWXP PDVRQU\ VWUXFWXUHV ZHUH ILUVWO\ FDUULHG RXW )LJXUH  D  WKHQ VWRQH XQLWV EHORQJLQJ WR
FROODSVHGPDVRQU\VWUXFWXUHVIRXQGWKURXJKRXWWKHH[FDYDWLRQVDW5HJLR9ZHUHFROOHFWHG )LJXUH
E $FFRUGLQJWRWKLVSUHOLPLQDU\VWXG\WKHSDQHOVZHUHUHDOL]HGZLWKWZRH[WHUQDOOHDYHVPDGHRI
DERXWRIPRUWDUDQGRILUUHJXODUO\VKDSHGXQLWVRIODYDWUDYHUWLQHDQGIRDPODYDZLWKIHZ
IUDJPHQWVRIRWKHUPDWHULDOV7KHLQWHUQDOFRUHZDVPDGHRIDEXQGDQWPRUWDUDQGVWRQHIUDJPHQWV
DQGVPDOOHUXQLWV )LJXUH F 7KHZDOOWKLFNQHVVZDVGHILQHGDVHTXDOWRPEDVHGRQWKHYDOXHV
GHWHFWHGRQVLPLODUZDOOVDQGQRWUDQVYHUVDOFRQQHFWLQJHOHPHQWVEHWZHHQWKHH[WHUQDOOHDYHVZHUH
LQVHUWHG7KHSDQHOVKDGDVL]HRIP[P[PDFFRUGLQJWRWKHVWDQGDUG$670(
UHJDUGLQJWKHH[HFXWLRQRIGLDJRQDOFRPSUHVVLRQWHVWVRQPDVRQU\ZDOOSDQHOV>@7KH\ZHUH
SURJUHVVLYHO\LGHQWLILHGDV66DQG6 )LJXUH)LJXUHG >@0HFKDQLFDOFKDUDFWHUL]DWLRQRI
WKHVWRQHXQLWVDQGPRUWDUFRQVWLWXWLQJWKHSDQHOVZDVDOVRSHUIRUPHG>@7KHWHVWVSHUIRUPHG
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RQWKHVWRQHXQLWVUHVXOWHGLQPHDQEXONGHQVLW\DQGFRPSUHVVLYHVWUHQJWKHTXDOWRNJPDQG
 03D  NJP DQG  03D  NJP DQG  03D IRU WKH ODYD WUDYHUWLQH DQG IRDP ODYD
UHVSHFWLYHO\ 7KH WHVWV SHUIRUPHG RQ WKH PRUWDU VSHFLPHQV UHVXOWHG LQ PHDQ EXON GHQVLW\ DQG
FRPSUHVVLYHVWUHQJWKHTXDOWRNJPDQG03DDWWZRPRQWKVRIFXULQJ

ODYDXQLW

D

WUDYHUWLQHXQLW

IRDPODYDXQLW
E

F

G
)LJXUH3RPSHLLOLNHPDVRQU\SDQHOVYLHZRIDUFKDHRORJLFDORSXVLQFHUWXPPDVRQU\VWUXFWXUH D W\SRORJLHVRIWKH
VWRQHXQLWVXVHGWRPDNHWKHSDQHOV E FURVVVHFWLRQRIDSDQHOGXULQJWKHFRQVWUXFWLRQSKDVH F DQGYLHZRIWKH
FRPSOHWHGSDQHOV IURPWKHULJKW66DQG6  G 

1RQGHVWUXFWLYHWHVWLQJ
$QH[WHQVLYHSURJUDPRI67VZDVFDUULHGRXWRQWKHQHZPDVRQU\SDQHOVWRSURYLGHXVHIXOGDWD
IRUFRPSDULVRQZLWKDUFKDHRORJLFDORSXVLQFHUWXPDWWKHVLWHWRPRQLWRUWKHKDUGHQLQJSURFHVVLQWKH
SDQHOVDQGWRDVVHVVWKHSUHVHQFHRIDQ\FRUUHODWLRQZLWKUHVXOWVRI'7V7KHWHVWVZHUHSHUIRUPHG
E\ WUDQVSDUHQF\ HPSOR\LQJ D SLH]RHOHFWULF KDPPHU WUDQVGXFHU DQG D SLH]RHOHFWULF EURDGEDQG
UHFHLYHUZLWK.+]UHVRQDQFHIUHTXHQF\DQGLQWHUQDOSUHDPSOLILFDWLRQRIG%DQGDFRXSOLQJ
PDWHULDOEHWZHHQWKHUHFHLYHUDQGWKHPDVRQU\VXUIDFH7KHWHVWVZHUHFDUULHGRXWDWDQG
GD\VIURPWKHUHDOL]DWLRQRIWKHSDQHOVDPRGXODUPHVKPVSDFHGZLWKDFTXLVLWLRQSRLQWV
ZDV LQYHVWLJDWHG RQ HDFK SDQHO )LJXUH   )RU HDFK SRLQW WKH YHORFLW\ ZDV FDOFXODWHG IURP WKH
FRQYHQWLRQDOSDWKOHQJWKHTXDOWRWKHWKLFNQHVVRIWKHSDQHOGLYLGHGE\WKHPHDQRIWKUHHUHFRUGHG
YDOXHVRIWUDYHOWLPH7KXVWKHPHDQYHORFLW\IRUHDFKSDQHODWHDFKDJHZDVFDOFXODWHGDVWKHPHDQ
RIWKHSRLQWV
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)LJXUH0RGXODUPHVKP[PPVSDFHGRQWKHPDVRQU\SDQHOV6

'HVWUXFWLYHWHVWLQJ
$IWHU WKH 6WV WKH H[SHULPHQWDO SURJUDP LQYROYLQJ '7V VWDUWHG ZLWK WKH LQVLWX GLDJRQDO
FRPSUHVVLRQ WHVWV WKHVH ZHUH FDUULHG RXW DIWHU  GD\V IURP WKH ODVW 67V LH  GD\V IURP WKH
SURGXFWLRQRIWKHSDQHOV WRREWDLQHVVHQWLDOLQIRUPDWLRQRQWKHVKHDUEHKDYLRURIWKHRSXVLQFHUWXP
PDVRQU\DQGWRFRUUHODWHWKHVHUHVXOWVZLWKWKRVHSURYLGHGE\'7V7KHWHVWVZHUHSHUIRUPHGZLWKD
VSHFLILF FXVWRPGHVLJQHGVHWXSIRUWKHRXWGRRUWHVWV$FFRUGLQJWRWKHVWDQGDUG $670(
>@WKHVKHDUVWUHVVĲWKHVKHDUVWUDLQȖDQGWKHVKHDUPRGXOXVRIHODVWLFLW\*ZHUHGHULYHGIURP
WKHWHVWV,QWKLVIRUPXODWLRQDXQLIRUPVKHDUVWUHVVVWDWHLVDVVXPHGDQGWKHWHQVLOHVWUHQJWKLVHTXDO
WRWKHVKHDUFDSDFLW\ĲPD[7KHWHVWVZHUHFDUULHGRXWZLWKVLQJOHORDGLQJUDPSVXQGHUGLVSODFHPHQW
FRQWUROZLWKDUDWHRIPPV'HYLFHVIRUWKHPHDVXUHPHQWRIWKHLQSODQHGLVSODFHPHQWVZHUH
DSSOLHGRQWKHWZROHDYHVRIHDFKSDQHO>@
2QFHGLDJRQDOWHWVZHUHFRPSOHWHGILYHPDVRQU\VSHFLPHQVZHUHH[WUDFWHGIURPWKHXQGDPDJHG
SRUWLRQ RI WKH SDQHOV IRU WKH H[HFXWLRQ RI D[LDO FRPSUHVVLRQ WHVWV LQ WKH ODERUDWRU\ 7KH PDVRQU\
VSHFLPHQVZHUHLGHQWLILHGDV&&&&DQG&7KHILUVWWHVWSHUIRUPHGRQ&ZDVFDUULHGRXW
ZLWKDVLQJOHORDGLQJUDPSWRGHWHUPLQHWKHVSHFLPHQFDSDFLW\WKHIROORZLQJRQHVLQYROYHGF\FOLF
WHVWLQJSURWRFROVVHWEHWZHHQDQGRIWKHPD[LPXPORDGDWWDLQHGLQWKHILUVWWHVW7KLVWR
LQYHVWLJDWHWKHHODVWLFEHKDYLRURIWKHVSHFLPHQDFFRUGLQJWRZKDWLVVXJJHVWHGLQWKHVWDQGDUG(1
>@1RWHWKDWWZRF\FOHVZHUHSHUIRUPHGZLWK&WKHQWKUHHF\FOHVZHUHSHUIRUPHGZLWK
& & DQG & )RU HDFK WHVW WKH D[LDO FRPSUHVVLYH VWUHQJWK IF ZDV HYDOXDWHG DV WKH PD[LPXP
FRPSUHVVLYHVWUHVVDFKLHYHGE\WKHSDQHOıPD[LHWKHPD[LPXPFRPSUHVVLRQORDGUHFRUGHGGLYLGHG
E\WKHDUHDRIWKHORDGHGFURVVVHFWLRQ7KHHODVWLFPRGXOXV(ZDVHYDOXDWHGE\PDNLQJDOLQHDU
OHDVWVTXDUHVILWWKHORDGLQJUDPSRIWKHF\FOHLQWKHVWUHVVVWUDLQFXUYHVDQGFDOFXODWLQJWKHPHDQRI
WKHVORSHVRIWKHWKUHHREWDLQHGOLQHVDVVKRZQLQ)LJXUH
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)LJXUH6FKHPHRIGHWHUPLQDWLRQRIWKHPHDQHODVWLFPRGXOXVRIWKHWKUHHORDGLQJXQORDGLQJF\FOHVRIHDFKWHVW
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&RQVLGHULQJ WKH DQLVRWURS\ RI PDVRQU\ VSHFLPHQV WZR GLIIHUHQW 3RLVVRQ UDWLRV ZHUH DOVR
FDOFXODWHGIRUHDFKVSHFLPHQLQWKHKRUL]RQWDOȞK  DQGWUDQVYHUVDOȞW  GLUHFWLRQ
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İY ቀቁ

ZKHUHİY  İK  DQGİW  DUHWKHYHUWLFDOKRUL]RQWDODQGWUDQVYHUVDOVWUDLQFRUUHVSRQGLQJ
WRRQHWKLUGRIWKHPD[LPXPFRPSUHVVLYHVWUHVVEHLQJHDFKRIWKHPFDOFXODWHGDVWKHPHDQRIWKH
YDOXHVUHFRUGHGRQORDGLQJUDPSVRIWKHORDGLQJXQORDGLQJF\FOHV
 (;3(5,0(17$/5(68/76
6RQLFSXOVHYHORFLW\WHVWV
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3UREDELOLW\'HQVLW\

)LJXUH  VXPPDUL]HV WKH UHVXOWV RI WKH 67V IRU HDFK SDQHO DW   DQG  GD\V LQ WHUPV RI
SUREDELOLW\ GHQVLW\ GLVWULEXWLRQV RI WKH YHORFLWLHV DQG PHDQ YHORFLWLHV ZLWK WKHLU FRHIILFLHQWV RI
YDULDWLRQ &R9 7KH YHORFLWLHV GHWHFWHG RQ WKH SDQHOV LQFUHDVHG ZLWK WLPH FRQVLVWHQWO\ ZLWK WKH
HYROXWLRQRIWKHKDUGHQLQJSURFHVVLQWKHPRUWDU7KHPHDQYHORFLW\DWGD\VUHVXOWHGHTXDOWR
PVPVDQGPVIRU66DQG6UHVSHFWLYHO\
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9>PV@

)LJXUH3UREDELOLW\GHQVLW\GLVWULEXWLRQVRIWKHYHORFLWLHVUHFRUGHGDWDQGGD\VIRUHDFKSDQHODQGVXPPDU\
RIWKHPHDQYHORFLWLHVZLWKWKHLUFRHIILFLHQWVRIYDULDWLRQ

'LDJRQDOFRPSUHVVLRQWHVWV
7DEOHUHSRUWVWKHPDLQRXWFRPHVRIWKHGLDJRQDOFRPSUHVVLRQWHVWVLQWHUPVRIPD[LPXPVKHDU
VWUHVV DWWDLQHG ĲPD[ VKHDU VWUDLQ FRUUHVSRQGLQJ WR WKH PD[LPXP VKHDU VWUHVV ȖĲPD[ VKHDU VWUDLQ
FRUUHVSRQGLQJWRWKHFRQYHQWLRQDOIDLOXUHDVVXPHGDVVWUHQJWKGHJUDGDWLRQRIRIWKHSHDNIRUFH
ȖXDQGWKHVKHDUPRGXOXVRIHODVWLFLW\*7KLVODWWHUZDVQRWGHULYHGIRU6GXHWRLQDFFXUDWHORFDO
UHFRUGLQJV'LIIHUHQWYDOXHVRIWKHVKHDUFDSDFLWLHVZHUHGHWHFWHGZLWKWKHPD[LPXPVWUHVVDWWDLQHG
E\6 LH03D DQGWKHPLQLPXPRQHDWWDLQHGE\6 LH03D 7KHYDOXHVRIWKHVKHDU
VWUDLQFRUUHVSRQGLQJWRWKHPD[LPXPVKHDUVWUHVVDQGRIWKHVKHDUPRGXOXVRIHODVWLFLW\ZHUHVLPLODU
DPRQJ WKH SDQHOV ZKLOH D FHUWDLQ YDULDELOLW\ ZDV DJDLQ GHWHFWHG LQ WHUPV RI VKHDU VWUDLQ DW WKH
FRQYHQWLRQDOIDLOXUH7KHYDULDELOLW\GHWHFWHGLQWKHRXWFRPHVZDVSUREDEO\UHODWHGWRWKHGLIIHUHQW
VSHFLILFDUUDQJHPHQWVDQGTXDQWLWLHVRIWKHVLQJOHEXLOGLQJPDWHULDOVLQHDFKSDQHO
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7DEOH0DLQRXWFRPHVRIWKHRQVLWHGLDJRQDOFRPSUHVVLRQWHVWV
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7KH IDLOXUHPRGH ZDV FRQVLVWHQW DPRQJ WKHSDQHOV ,W UHVXOWHG LQ WKHGHYHORSPHQW RI WKH PDLQ
FUDFNDORQJWKHFRPSUHVVHGGLDJRQDOGLYLGLQJHDFKSDQHOLQWRWZRDOPRVWV\PPHWULFSDUWV7KHFUDFN
SDWWHUQPDLQO\GHYHORSHGLQWKHPRUWDUEXWRFFDVLRQDOO\LQYROYHGURFNXQLWVSDUWLFXODUO\WUDYHUWLQH
DQGIRDPODYD,QGHHGWKLVODWWHUKDGDORZHUFRPSUHVVLYHVWUHQJWKFRPSDUHGWRWKHODYD)LJXUH
VKRZVHDFKSDQHODWWKHHQGRIWKHGLDJRQDOFRPSUHVVLRQWHVWZLWKWKHLQGLFDWLRQRIWKHILQDOFUDFN
SDWWHUQDQGWKHPDVRQU\VSHFLPHQVH[WUDFWHGIURPWKHXQGDPDJHGSRUWLRQVIRUWKHH[HFXWLRQRIWKH
D[LDOFRPSUHVVLRQWHVWV

D

E

F

)LJXUH&UDFNSDWWHUQRIWKHPDVRQU\SDQHOV6 D 6 EDQG6 F ZLWKWKHLQGLFDWLRQ UHGER[HV RIWKHPDVRQU\
VSHFLPHQVH[WUDFWHGIRUWKHH[HFXWLRQRIWKHD[LDOFRPSUHVVLRQWHVWV

$[LDOFRPSUHVVLRQWHVWV
7DEOH  UHSRUWV WKH PDLQ RXWFRPHV RI WKH D[LDO FRPSUHVVLRQ WHVWV LQ WHUPV RI PD[LPXP
FRPSUHVVLYH VWUHVV DWWDLQHG ıPD[ YHUWLFDO KRUL]RQWDO DQG WUDQVYHUVDO VWUDLQ FRUUHVSRQGLQJ WR WKH
PD[LPXP FRPSUHVVLYH VWUHVV İYıPD[ İKıPD[ DQG İWıPD[ YHUWLFDO VWUDLQ FRUUHVSRQGLQJ WR WKH
FRQYHQWLRQDO IDLOXUH DVVXPHG DV D VWUHQJWK GHJUDGDWLRQ RI  RI WKH SHDN IRUFH İX PRGXOXV RI
HODVWLFLW\(3RLVVRQUDWLRVLQWKHKRUL]RQWDOȞKDQGWUDQVYHUVDOȞWGLUHFWLRQV1RWHPLVVLQJYDOXHV
RIİXDUHUHODWHGWRWKHIDFWWKDWWKHFRQYHQWLRQDOIDLOXUHZDVQRWDFKLHYHGDQGPLVVLQJYDOXHVRIȞK
DQGȞWDUHUHODWHGWRLQDFFXUDWHORFDOUHFRUGLQJV7KHRXWFRPHVRIWKHD[LDOFRPSUHVVLRQWHVWVDUHDOVR
VXPPDUL]HGLQ)LJXUHZKLFKSORWVWKHFRPSUHVVLYHVWUHVVYHUWLFDOVWUDLQUHODWLRQVKLSVIRU&&
&&DQG&6SHFLPHQ&VKRZHGWKHKLJKHVWYDOXHVRIFRPSUHVVLYHVWUHVVDQGFRUUHVSRQGLQJ
YHUWLFDOVWUDLQZKLOH&VKRZHGWKHORZHVWRQHV&DOVRVKRZHGWKHORZHVWHODVWLFPRGXOXVZKLOH
WKHKLJKHVWYDOXHZDVVKRZHGE\&7KHKLJKHVWYDULDELOLW\RIWKHUHVXOWVZDVGHWHFWHGIRUWKH3RLVVRQ
UDWLRV+RZHYHUWKHRYHUDOOGLVSHUVLRQRIWKHVHUHVXOWVKDVEHHQFRQVLGHUHGDFFHSWDEOHFRQVLGHULQJ
WKHSURSHULQKRPRJHQHLW\RIWKHPDVRQU\W\SRORJ\DQGFRQVLVWHQWZLWKZKDWZDVIRXQGIURPWKHVRQLF
WHVWVDQGGLDJRQDOFRPSUHVVLRQWHVWV
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7DEOH0DLQRXWFRPHVRIWKHD[LDOFRPSUHVVLRQWHVWV
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)LJXUH&RPSUHVVLYHVWUHVVYHUWLFDOVWUDLQFXUYHV

)LJXUHVKRZVWKHVSHFLPHQVDWIDLOXUH)RUDOOWKHVSHFLPHQVWKHILUVWFUDFNVZHUHYHUWLFDODQG
WKLQDQGLQYROYHGWKHPRUWDUPDWUL[ILQDOO\WKHH[SXOVLRQRIPDWHULDORXWZDUGRFFXUUHGDQGVHYHUDO
VWRQH XQLWV ZHUH DOVR GDPDJHG 7KH XQLWV LQYROYHG LQ WKH FUDFNV ZHUH WUDYHUWLQH DQG IRDP ODYD
FRQVLVWHQWO\ZLWKZKDWZDVIRXQGLQWKHGLDJRQDOFRPSUHVVLRQWHVWV,QPDQ\FDVHVWKHILUVWFUDFNV
GHYHORSHGLQWKHFHQWUDOSDUWRIWKHFURVVVHFWLRQRIWKHVSHFLPHQV+RZHYHUFOHDUGHWDFKPHQWVRI
WKH H[WHUQDO OHDYHV IURP WKH LQWHUQDO FRUH ZHUH QRW GHWHFWHG RQ WKH ILQDO FUDFN SDWWHUQ EXW FUDFNV
GLVWULEXWHGRYHUWKHHQWLUHFURVVVHFWLRQRIWKHZDOO,QGHHGGXHWRWKHLUUHJXODUDUUDQJHPHQWRIWKH
PDVRQU\DVVHPEODJHDORQJZLWKLWVWKLFNQHVVWKHVHSDUDWLRQEHWZHHQWKHFRUHDQGWKHOHDYHVZDVQRW
VKDUSO\GHILQHG
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7DEOHVXPPDUL]HVWKHPDLQUHVXOWVRIWKHPHFKDQLFDOFKDUDFWHUL]DWLRQWKURXJK1'7VDQG'7V
RIWKH3RPSHLLOLNHPDVRQU\SDQHOV
7DEOH0DLQH[SHULPHQWDORXWFRPHVRIVRQLFSXOVHYHORFLW\WHVWVGLDJRQDOFRPSUHVVLRQWHVWVDQGD[LDOFRPSUHVVLRQ
WHVWV
9
PDVRQU\SDQHOV
P[P[P
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7KHILQDOPHDQYHORFLW\DFKLHYHGE\WKHSDQHOV 9 PV&R9  FDQEHDVVRFLDWHGZLWK
JRRGTXDOLW\VWRQHPDVRQU\DFFRUGLQJWRDFRPPRQFODVVLILFDWLRQIRXQGLQWKHOLWHUDWXUH>@ 7DEOH
 7KLVUHVXOWLVFRQVLVWHQWZLWKZKDWZDVIRXQGLQVLPLODUH[SHULPHQWDWLRQVRQVWRQHPDVRQU\SDQHOV
UHSURGXFLQJKLVWRULFDOW\SRORJLHVZLWKJRRGFRPSDFWQHVV>@,QVWHDGORZHUYDOXHVRIYHORFLW\
ZHUH IRXQG IRU KLVWRULFDO RU DUFKDHRORJLFDO PDVRQU\ VWUXFWXUHV >@ RU UHSURGXFHG SDQHOV
LQFRUSRUDWLQJ IODZV RU LQFOXVLRQV >@ ,QGHHG WKH VRQLF SXOVH YHORFLW\ LV JUHDWO\ DIIHFWHG E\
GLIIHUHQFHVLQWKHEXLOGLQJPDWHULDOVDQGLQQHUDQGVXSHUILFLDOFRQGLWLRQVRIWKHVWUXFWXUH
7DEOH5HODWLRQVEHWZHHQWKHPDVRQU\RYHUDOOFRQGLWLRQVDQGWKHPHDQVRQLFSXOVHYHORFLW\YDOXH

5DQJHRIYHORFLWLHV>@

3RRUTXDOLW\PDVRQU\

0HGLXPTXDOLW\PDVRQU\

*RRGTXDOLW\PDVRQU\

PV

PVPV

PV

7DEOHUHSRUWVDOLWHUDWXUHUHYLHZRIWKHPDLQUHVXOWVREWDLQHGIURPGLDJRQDOFRPSUHVVLRQWHVWV
DQGD[LDOFRPSUHVVLRQWHVWVRQVWRQHPDVRQU\SDQHOVUHSURGXFLQJWUDGLWLRQDOW\SRORJLHV'HVSLWHWKH
JHQHUDO VFDWWHU WKH REWDLQHG UHVXOWV DUH FRPSDUDEOH ZLWK WKH DYDLODEOH GDWD IURP WKH OLWHUDWXUH ,Q
SDUWLFXODU WKH REWDLQHG VKHDU VWUHQJWK LV FRPSDUDEOH ZLWK WKH H[SHULPHQWV E\ 0LORVHYLF HW DO
*DWWHVFRHWDODQG0DJHQHVHWDODQGORZHUYDOXHRIWKHVKHDUPRGXOXVFRPSDUHGWR*DWWHVFRHWDO
DQG0DJHQHVHWDOZDVSUREDEO\UHODWHGWRDORZHUDPRXQWRIPRUWDUDQGPRUHUHJXODUWH[WXUHVLQWKH
VSHFLPHQV LQYHVWLJDWHG LQ WKHVH ODWWHU >±@ 0RUHRYHU DV UHJDUGV WKH FRPSUHVVLYH VWUHQJWK DQG
PRGXOXV RI HODVWLFLW\ ORZHU YDOXHV IRXQG LQ WKLV VWXG\ FRPSDUHG WR DYDLODEOH OLWHUDWXUH GDWD ZHUH
SUREDEO\UHODWHGWRUHODWLYHO\ORZFDSDFLW\GHWHULRUDWLRQDQGSUHH[LVWLQJGDPDJHRIVHYHUDORIWKH
DUFKDHRORJLFDOVWRQHXQLWVXVHGLQWKLVZRUN
7DEOH/LWHUDWXUHUHYLHZRIH[SHULPHQWDORXWFRPHVRIGLDJRQDOFRPSUHVVLRQWHVWVDQGD[LDOFRPSUHVVLRQWHVWVRQ
UHSURGXFHGVWRQHPDVRQU\SDQHOV

6RXUFH

0DVRQU\W\SH

5XEEOHVWRQHPDVRQU\PDGHZLWK
0LORVHYLFHW
K\GUDXOLFOLPHEDVHGPRUWDUDQGOLPHVWRQH
DO
XQLWV
*DWWHVFRHW
5XEEOHVWRQHPDVRQU\PDGHZLWKWZR
DO 
W\SHVRIOLPHEDVHGPRUWDU
5HSURGXFHGUXEEOHVWRQHPDVRQU\PDGH
0DJHQHVHW
ZLWKK\GUDXOLFOLPHEDVHGPRUWDUDQG
DO
FDOFDUHRXVVDQGVWRQHXQLWV
5XEEOHVWRQHPDVRQU\PDGHZLWKDOLPH
EDVHGPRUWDUDQGURXJKVKDSHGOLPHVWRQH
9DOOX]]L
EORFNVERQGHGLQVXEKRUL]RQWDOFRXUVHV

RULJLQDOSDQHOV 
 LQMHFWHGSDQHOV 
5XEEOHVWRQHPDVRQU\PDGHZLWKD
K\GUDXOLFOLPHEDVHGPRUWDUDQGURXJK
VKDSHGOLPHVWRQHEORFNVERQGHGLQVXE
6LOYD
KRUL]RQWDOFRXUVHV RULJLQDOSDQHOV 
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UHVXOWVZHUHDGDSWHGWRWKH$670IRUPXODWLRQIRUWKHFRPSDULVRQZLWKWKHUHVXOWVRIWKHSUHVHQWVWXG\
 LQMHFWHGSDQHOV 





'HVSLWH WKH QXPEHU RI GDWD FROOHFWHG LQ WKLV LQYHVWLJDWLRQ LV QRW HQRXJK WR GHILQH UHOLDEOH
FRUUHODWLRQV D SUHOLPLQDU\ FRUUHODWLRQ EHWZHHQ 67V DQG '7V UHVXOWV FDQ EH IRUPXODWHG XVLQJ WKH
REWDLQHGH[SHULPHQWDOUHVXOWV,QGHHGWKHUHVXOWVRIWKHODVW67VZHUHLQJRRGDJUHHPHQWZLWKWKH
UHVXOWVRIWKHGLDJRQDOFRPSUHVVLRQWHVWVZLWKWKHPD[LPXPVKHDUVWUHVVDFKLHYHGEHLQJKLJKHUIRU
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WKH SDQHOV ZKLFK VKRZHG WKH KLJKHU PHDQ VRQLF YHORFLW\ LH 9 PV DQG ĲPD[  IRU 6
9 PVDQGĲPD[ IRU6DQG9 PVDQGĲPD[ IRU6  )LJXUH 



9>PV@

9W 
ĲPD[













Ĳ >03D@
























6

6

6

)LJXUH9DOXHVRIWKHPHDQVRQLFSXOVHYHORFLW\DWGD\VDQGPD[LPXPVKHDUVWUHVVDFKLHYHGE\WKHPDVRQU\
SDQHOVP[P[PZLWKGLDJRQDOFRPSUHVVLRQWHVWV

2QWKHFRQWUDU\WKHUHVXOWVREWDLQHGIURP67VLQWHUPVRIPRGXOXVRIHODVWLFLW\RIWKHPDVRQU\
GLGQRWFRPSO\ZLWKWKHRQHREWDLQHGIURPWKH'7V,QGHHGIURPWKHZHOONQRZQIRUPXODGHILQHG
IRUKRPRJHQHRXVPDWHULDOVDQGDOVRDSSOLHGWRFRQFUHWH>@  
(G 9

ȡ ߥ ߥ
ߥ



ZLWK9HTXDOWRWKHPHDQVRQLFYHORFLW\RIWKHVSHFLPHQDWGD\VȞHTXDOWRWKHPHDQKRUL]RQWDO
3RLVVRQUDWLRUHVXOWLQJIURPWKHD[LDOFRPSUHVVLRQWHVWVDQGȡHTXDOWRWKHEXONGHQVLW\RIWKHPDVRQU\
FDOFXODWHGZLWKDVLPSOLILHGKRPRJHQL]DWLRQSURFHGXUHIURPWKHEXONGHQVLW\RIWKHVLQJOHEXLOGLQJ
PDWHULDOV LHHTXDOWRNJP WKHUHVXOWLQJG\QDPLFPRGXOXVRIHODVWLFLW\(GLVHTXDOWR
03DLHWHQWLPHVKLJKHUWKDQWKHPHDQYDOXHREWDLQHGIURPWKHD[LDOFRPSUHVVLRQWHVWV7KLVUHVXOW
VKRZVWKDWHT  LVQRWUHOLDEOHWRSUHGLFWWKHHODVWLFPRGXOXVRIUXEEOHPDVRQU\
 &21&/86,216
7KLV SDSHU SUHVHQWV WKH UHVXOWV RI D ZLGH H[SHULPHQWDO SURJUDP DLPHG DW WKH PHFKDQLFDO
FKDUDFWHUL]DWLRQ RI PDVRQU\ SDQHOV UHSURGXFLQJ WKH DQFLHQW WHFKQLTXH RSXV LQFHUWXP IRXQG DW WKH
3RPSHLLDUFKDHRORJLFDOVLWH1RQGHVWUXFWLYHWHVWV 1'7V DQGGHVWUXFWLYHWHVWV '7V ZHUHFDUULHG
RXWRQPDVRQU\SDQHOVEXLOWDFFRUGLQJWRWKHWUDGLWLRQDOWHFKQLTXHE\XVLQJRULJLQDOURFNXQLWVDQGD
W\SLFDO PRUWDU PL[WXUH 7KH H[SHULPHQWDO SURJUDP ILUVWO\ LQYROYHG VRQLF SXOVH YHORFLW\ WHVWV DQG
GLDJRQDO FRPSUHVVLRQ WHVWV RQ WKUHH PDVRQU\ SDQHOV P [ P [ P 7KHQ D[LDO
FRPSUHVVLRQWHVWVRQILYHPDVRQU\VSHFLPHQVH[WUDFWHGIURPWKHWKUHHSDQHOVZHUHFDUULHGRXW
7KHIROORZLQJPDLQFRQFOXVLRQVPD\EHGUDZQ
x 7KHSDQHOVVKRZHGDPHDQVRQLFSXOVHYHORFLW\DWGD\VDIWHUWKHLUFRQVWUXFWLRQHTXDO
WR&R9 
x 7KHRQVLWHGLDJRQDOFRPSUHVVLRQWHVWUHVXOWHGLQDPHDQVKHDUVWUHQJWKHTXDOWR03D
&R9 DQGDPHDQVKHDUPRGXOXVRIHODVWLFLW\HTXDOWR03D7KHVHUHVXOWVDUH
FRPSDUDEOH ZLWK ZKDW IRXQG LQ VLPLODU H[SHULPHQWV RQ RWKHU W\SRORJLHV RI UHSURGXFHG
VWRQHPDVRQU\VWUXFWXUHV
x 7KHD[LDOFRPSUHVVLRQWHVWVUHVXOWHGLQDPHDQFRPSUHVVLYHVWUHQJWKRI03D&R9
DQGPHDQPRGXOXVRIHODVWLFLW\HTXDOWR03D&R9 
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x

7KH 3RLVVRQ UDWLRV LQ WKH KRUL]RQWDO DQG WUDQVYHUVDO GLUHFWLRQ GHULYHG IURP WKH D[LDO
FRPSUHVVLRQ WHVWV UHVXOWHG HTXDO WR  &R9   DQG  UHVSHFWLYHO\ +LJK
VFDWWHULQJRIWKHVHYDOXHVZDVDOVRIRXQGLQRWKHUVWXGLHV
x 7KHILQDOPHDQYHORFLW\UHVXOWLQJIURPWKHVRQLFWHVWVZDVFRQVLVWHQWZLWKWKHUHVXOWVRIWKH
GLDJRQDO FRPSUHVVLRQ WHVWV ZLWK WKH KLJKHU YHORFLWLHV VKRZHG E\ WKH SDQHOV WKDW DOVR
DFKLHYHGWKHPD[LPXPVKHDUVWUHQJWK
x 7KHPHDQG\QDPLFHODVWLFPRGXOXVFDOFXODWHGIURPWKHVRQLFSXOVHYHORFLW\ZDVIRXQGWR
EHWHQWLPHVKLJKHUWKDQWKHRQHREWDLQHGIURPWKHD[LDOFRPSUHVVLRQWHVWV
7KHLQIRUPDWLRQKHUHSURYLGHGFRXOGVXSSRUWWKHDVVHVVPHQWRIVHYHUDODUFKDHRORJLFDOPDVRQU\
VWUXFWXUHV LQ WKH H[FHSWLRQDO FRQWH[W RI WKH 3RPSHLL VLWH DQG VLPLODU DUFKDHRORJLFDO DQG KLVWRULFDO
FRQWH[WV
$&.12:/('*0(176
7KH DXWKRUV DFNQRZOHGJH WKH IRUPHU GLUHFWRU RI 3DUFR $UFKHRORJLFR GL 3RPSHL 3$3  3URI
0DVVLPR2VDQQDWKH/HDG3URMHFW0DQDJHURIWKHQHZZRUNVLQ5HJLR9$UFK$QQDPDULD0DXUR
WKH 0DQDJHUV RI WKH /DERUDWRULR GL 5LFHUFKH $SSOLFDWH RI 3$3 $UFKW %UXQR 'H 1LJULV DQG 'U
$OEHUWD0DUWHOORQHWKH'LUHFWRURIZRUNVLQ5HJLR9$UFKW*LDQOXFD9LWDJOLDQRWKHPHPEHURIWKH
7HFKQLFDO6HFUHWDULDWRIWKH*UHDW3RPSHLL3URMHFW(QJ9LQFHQ]R&DOYDQHVHDQGWKHUHVHDUFKFHQWHU
675(666FDUOIRUWKHVXSSRUWSURYLGHGWRWKLVUHVHDUFK
5()(5(1&(6
>@

,&2026 5HFRPPHQGDWLRQV IRU WKH DQDO\VLV FRQVHUYDWLRQ DQG VWUXFWXUDO UHVWRUDWLRQ RI
DUFKLWHFWXUDO
KHULWDJH
 
±
KWWSVDQFLHQWJHRUJLDILOHVZRUGSUHVVFRPUHFRPPHQGDWLRQVBLFRPRVSULQFLSOHV
DQGJXLGHOLQHVSGI
>@ ,WDOLDQ 0LQLVWU\ RI &XOWXUDO +HULWDJH DQG $FWLYLWLHV /LQHH JXLGD SHU OD YDOXWD]LRQH H OD
ULGX]LRQHGHOULVFKLRVLVPLFRGHOSDWULPRQLRFXOWXUDOHFRQULIHULPHQWRDOOH1RUPHWHFQLFKHSHU
OHFRVWUX]LRQLGLFXLDOGHFUHWRGHO0LQLVWHURGHOOH,QIUDVWUXWWXUHHGHLWUDVSRUWLGHOJHQQDLR
  
>@ *0DJHQHV$3HQQD$*DODVFR05RWD([SHULPHQWDOFKDUDFWHULVDWLRQRIVWRQHPDVRQU\
PHFKDQLFDOSURSHUWLHVWK,QW0DVRQ&RQI  ±
>@ 1*DWWHVFR,%RHP$'XGLQH'LDJRQDOFRPSUHVVLRQWHVWVRQPDVRQU\ZDOOVVWUHQJWKHQHG
ZLWKD*)53PHVKUHLQIRUFHGPRUWDUFRDWLQJ%XOO(DUWKT(QJ  ±
>@ - 0LORVHYLF $6 *DJR 0 /RSHV 5 %HQWR ([SHULPHQWDO DVVHVVPHQW RI VKHDU VWUHQJWK
SDUDPHWHUVRQUXEEOHVWRQHPDVRQU\VSHFLPHQV&RQVWU%XLOG0DWHU  ±
KWWSVGRLRUJMFRQEXLOGPDW
>@ *5LYD&%HWWLR&0RGHQD7KHXVHRIVRQLFZDYHWHFKQLTXHIRUHVWLPDWLQJWKHHIILFLHQF\
RI PDVRQU\ FRQVROLGDWLRQ E\ LQMHFWLRQ ,%0$&  K ,QW %ULFN %ORFN 0DVRQ &RQI
6KDQJKDL&KLQD  ±
>@ %6LOYD0'DOOD%HQHWWD)'D3RUWR059DOOX]]L&RPSUHVVLRQDQGVRQLFWHVWVWRDVVHVV
HIIHFWLYHQHVVRIJURXWLQMHFWLRQRQWKUHHOHDIVWRQHPDVRQU\ZDOOV,QW-$UFKLW+HULW  
±KWWSVGRLRUJ
>@ 0%HUUD$)DWWLFFLRQL1RQGHVWUXFWOYHHYDOXDWLRQRIWKHHIILFDF\RIPDVRQU\VWUHQJWKHQLQJ
E\JURXWLQJWHFKQLTXHV  ±
>@ /)0LUDQGD-5LR-0LUDQGD*XHGHV$&RVWD6RQLF,PSDFW0HWKRG$QHZWHFKQLTXH
IRU FKDUDFWHUL]DWLRQ RI VWRQH PDVRQU\ ZDOOV &RQVWU %XLOG 0DWHU    ±
KWWSVGRLRUJMFRQEXLOGPDW
>@ + 'HVVDOHV 9LOOD GH 'LRPqGH &DPSDJQH G¶pWXGH  &KURQLTXH GHV DFWLYLWpV
DUFKpRORJLTXHVGHO¶eFROHIUDQoDLVHGH5RPHKWWSFHIUUHYXHVRUJ
>@ 05 9DOOX]]L ) /RUHQ]RQL 5 'HLDQD 6 7DIIDUHO & 0RGHQD 1RQGHVWUXFWLYH
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>@
>@
>@

>@
>@
>@
>@
>@
>@

LQYHVWLJDWLRQVIRUVWUXFWXUDOTXDOLILFDWLRQRIWKH6DUQR%DWKV3RPSHLL-&XOW+HULW  
±KWWSVGRLRUJMFXOKHU
$670 (  6WDQGDUG 7HVW 0HWKRG IRU 'LDJRQDO 7HQVLRQ 6KHDU  LQ 0DVRQU\
$VVHPEODJHV$P6RF7HVW0DWHU  KWWSVGRLRUJ(
)$XWLHUR*'H0DUWLQR0'L/XGRYLFR$3URWD0HFKDQLFDOSHUIRUPDQFHRIIXOOVFDOH
3RPSHLLOLNH PDVRQU\ SDQHOV &RQVWU %XLOG 0DWHU    
KWWSVGRLRUJMFRQEXLOGPDW
)$XWLHUR*'H0DUWLQR0'L/XGRYLFR$3URWD0HFKDQLFDOSURSHUWLHVRIURFNXQLWVIURP
WKH3RPSHLLDUFKDHRORJLFDOVLWH,WDO\LQ3'H:LOGH (G 6WUXFW6WXG5HSDLUV0DLQW+HULW
$UFKLW;9,SS±KWWSVGRLRUJ675
)$XWLHUR*'H0DUWLQR0'L/XGRYLFR$3URWD0HFKDQLFDOEHKDYLRURIDQFLHQWPRUWDU
VSHFLPHQVIURP3RPSHLLVLWHLQ3URFWK,QW&RQI&RPSXW0HWKRGV6WUXFW'\Q(DUWKT
(QJ &203'<1 ,QVWLWXWHRI6WUXFWXUDO$QDO\VLVDQG$QWLVHLVPLF5HVHDUFK6FKRRORI
&LYLO(QJLQHHULQJ1DWLRQDO7HFKQLFDO 8QLYHUVLW\RI$WKHQV 178$ *UHHFH$WKHQV
SS±KWWSVGRLRUJ
&(1(10HWKRGVRIWHVWIRUPDVRQU\3DUW'HWHUPLQDWLRQRIFRPSUHVVLYHVWUHQJWK
(XU&RPP6WDQG  
0& )RUGH .) %LUMDQGL $- %DWFKHORU )DXOW GHWHFWLRQ LQ VWRQH PDVRQU\ EULGJHV E\
QRQGHVWUXFWLYH WHVWLQJ LQ 3URF QG ,QW &RQI 6WUXFW )DXOWV 5HSDLU (QJLQHHULQJ 7HFKQLFV
3UHVV(GLQEXUJKSS±
%/ 6LOYD 'LDJQRVLV DQG 6WUHQJWKHQLQJ RI +LVWRULFDO 0DVRQU\ 6WUXFWXUHV 1XPHULFDO DQG
([SHULPHQWDO$QDO\VLV
059DOOX]]L&RPSRUWDPHQWRPHFFDQLFRGHOOHPXUDWXUHFRQVROLGDWHFRQPDWHULDOLHWHFQLFKH
DEDVHGLFDOFH8QLYHUVLWjGHJOLVWXGLGL7ULHVWH
059DOOX]]L(&HVFDWWL*&DUGDQL/&DQWLQL/=DQ]L&&ROOD)&DVDULQ&DOLEUDWLRQ
RI VRQLF SXOVH YHORFLW\ WHVWV IRU GHWHFWLRQ RI YDULDEOH FRQGLWLRQV LQ PDVRQU\ ZDOOV &RQVWU
%XLOG0DWHU  ±KWWSVGRLRUJMFRQEXLOGPDW
$670&3XOVH9HORFLW\7KURXJK&RQFUHWH8QLWHG6WDWHV$P6RF7HVW0DWHU
 ±KWWSVGRLRUJ&
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&203'<1
WK(&&20$67KHPDWLF&RQIHUHQFHRQ
&RPSXWDWLRQDO0HWKRGVLQ6WUXFWXUDO'\QDPLFVDQG(DUWKTXDNH(QJLQHHULQJ
03DSDGUDNDNLV0)UDJLDGDNLV HGV 
6WUHDPHGIURP$WKHQV*UHHFH-XQH
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Abstract
Italian building heritage is widely composed of masonry buildings, whose characteristics
largely vary depending on geographical location, construction techniques and materials typology. This type of structures has shown a high vulnerability to horizontal loads that must
not be ignored, especially due to the high seismic hazard of Italian territory. Hence, appropriate numerical models are required to assess the complex structural behavior of unreinforced masonry (URM) existing structures, implementing the non-linear behavior of both
materials and structure.
In this framework, two different approaches have been widely acknowledged: the Equivalent
Frame Model (EFM) and the continuum Finite Element Model (FEM). This paper presents
the application and comparison of these modeling strategies to an URM building dating back
to XVII century, located in the Italian Alpine region (Roana, Vicenza). Non-linear static analyses were carried out by means of the software 3Muri (EFM), DIANA FEA and Midas FEANX (FEM). Results were compared in terms of ultimate resistance, capacity, ductility, and
evolution of the damage state. Finally, assessment of the global behavior was carried out according to the Italian seismic code, pointing out the differences of the two approaches. Results showed that the EFM appears to be more conservative than FEM.
Keywords: Masonry buildings, Seismic vulnerability assessment, Non-linear static analysis,
Finite Element Model, Equivalent Frame Model.
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1

INTRODUCTION

The importance of preserving the Cultural Heritage in Italy has become more and more
important, even due to the seismic events, which interested Italian territory [1]. The complexity of masonry structures, which widely compose built heritage, derives from its nature, being
an extremely non-homogeneous material, whose properties vary depending on units and binder characteristics, assembling techniques, geometric layout. Computational methods can be
helpful for taking into account some uncertainties, which affect the structural behavior and
therefore are becoming more and more essential for the seismic assessment of unreinforced
masonry (URM) structures.
This paper aims to compare various modelling strategies applied to an existing URM
building in north Italy (Veneto region). The models, based on different approaches for the
non-linear behavior of both materials and structure, were compared through pushover analyses, which are able to represent the global structural behavior, providing an estimation for
the structure’s capacity. For this approach to be valid, the assumption of “box behavior” has
to be made, thus considering only in-plane resistance for masonry panels and excluding the
activation of out-of-plane mechanisms, which could lead to local collapses.
The results were also processed in terms of Near-Collapse PGA capacity, in order to evaluate how the different modelling strategies can affect seismic assessment.
1.1

Numerical modeling of masonry structures

Two of the most acknowledged modeling strategies for masonry structures are the Equivalent Frame Model (EFM) and the Finite Element Model (FEM) approaches [2]. EFM is based
on the discretization of masonry walls through three different macro-elements: piers, spandrels, and rigid nodes. This subdivision idealizes a frame structure where piers and spandrels
are connected through un-deformable elements (rigid nodes), while non-linear properties are
lumped at hinge elements. This method is subject to multiple uncertainties, regarding the
frame schematization and non-linear hinges behavior [3]. It is indicated for the in-plane analysis of regular structures [4], since the out-of-plane behavior is not considered [5].
FEM can provide more detailed discretization, yet it presents a higher computational cost.
Different approaches can be used in FE masonry modeling [6], depending on the complexity
and purposes of the analyses. A relatively simple yet effective approach is the continuum
modeling, in which the heterogeneous characteristics of masonry (i.e., resistant units and
binder) are merged into a homogeneous one, and non-linearities are uniformly distributed.
This method allows creating complex models able to identify out-of-plane mechanisms and
more accurate crack patterns [7].
1.2

“La Cattedra” Case Study

The case study is part of “La Cattedra” complex, located in Canove di Roana (province of
Vicenza), in the Italian Alpine region, about 1000 m AMSL. It corresponds to the older portion of the complex (Figure 1a), dating back to XVI century and it is characterized by a rectangular layout of about 10 m x 13 m, split in half by a central wall (Figure 1b). The building
is adjacent to the remaining complex on the north side. It is a regular three-story building with
the arrangement of the windows on three distinct rows. The main entrance is centered on the
eastern façade, whereas the inner stairs are placed on the opposite side.
Due to the lack of a particular economic value, the complex underwent numerous renovations, which altered the original layout. For this reason, experimental investigations had to be
carried out to identify the structural elements of the building and determine their physical parameters.
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b)

a)

Figure 1: a) Picture of ‘La Cattedra’ case study, b) plan scheme of the case study.

The experimental investigation campaign was carried out in 2019 implementing semidestructive and non-destructive tests. Firstly, scarifications were realized on different spots of
the main walls, to identify the masonry type, detecting a stratigraphic composition; the lower
portion is characterized by a local calcareous stone block (Biancone) masonry, whereas the
upper section presents a hollow clay block one, due to a superelevation intervention realized
on the last century. Walls’ thickness varies from about 70 cm on the bottom to 60 cm on top
of the building.
Two types of horizontal structures were detected: RC with slab for the first two floors, and
RC without slabs for the third floor and the roof.
For the identification of masonry properties, both IQM (masonry quality index) analyses
[8] and penetrometer tests on mortar samples were carried out: a very poor mortar was detected, especially for the stone masonry, while the characteristics improve for the block one.

2

MODEL GENERATION

The numerical models were developed via 3MURI (EFM), DIANA FEA and MIDAS FEA
NX+ (FEA) (Figure 3), which represent some of the most common tools for EFM and FEM
analyses of URM structures.

Figure 3: Numerical models: 3MURI (a), DIANA (b) and MIDAS (c)
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2.1

EFM model

3MURI software [9] was used for the EFM modeling [10], allowing the automatic mesh
generation. Material’s properties assigned for masonry elements (Table 1) were defined from
the Italian seismic code [11] and the experimental investigations previously described. The
non-linear properties, different for piers and spandrels, were described by two collapse criteria, related to a flexural and a shear behavior. The constitutive laws adopted for each criterion
presents a bilinear behavior without hardening, followed by progressive resistance softening
(Figure 4). A 50% reduced stiffness is generally suggested [11] to simulate the cracked conditions of masonry elements. However, this assumption strongly affects the initial global stiffness, and it’s commonly accepted the use of un-reduced values, since adopted parameters are
already conservative, deriving from code tables and being already reduced by safety factors
[12]. Hence, having to compare different modelling strategies, uncracked stiffness was considered.
Floors were modeled as 4-noded orthotropic plane strain elements, whose elastic properties
for both types are listed in Table 2.

[a]

[b]

[c]

Figure 4: Constitutive laws adopted for EFM in 3MURI: a) flexural and b) shear behavior for piers, c) lintel
model for spandrels (DL: Damage Level) [13].

2.2

FEM model

FEM analyses were carried out by means of two software: DIANA FEA [14] and MIDAS
FEA NX+ [15], referring to a continuum approach. In both cases, masonry walls were modeled through curved shell elements, considering the material as nonlinear isotropic. For the
non-linear behavior of masonry, the smeared crack approach was chosen, originally developed for concrete [16] and later adapted to masonry. The parameters which characterize this
model (Total Strain Based Crack for DIANA, Concrete Smeared Crack for MIDAS) are the
tensile (ft) and compressive (fc) ultimate stresses and the fracture energy values (Gt and Gc) to
define the post-peak of the stress-strain curve. The behavior is described by a linear softening
function in tension and a parabolic function in compression. In addition, a shear retention factor (β) was defined. The parameters implemented for each masonry type in the FE model (Table 1), are equal for both FE models. As for the EF model, the reference values derive from
Italian seismic code [11], in accordance with the results of experimental tests, while fracture
energy values were suggested by scientific literature [17].
Floors were modeled as elastic orthotropic shell element and elastic properties, equal for
EF model, are reported in Table 2.
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Parameter
E [MPa]
ν
w [kN/m3]
Tens. function
ft [MPa]
Gt [N/mm]
Comp. function
fc [MPa]
Gc [N/mm]
β

EFM
FEM
SB Masonry HCB Masonry
SB Masonry
HCB Masonry
1740
4550
1740
4550
0.25
0.25
0.25
0.25
20
14
20
14
Linear softening Linear softening
0.018
0.037
0.018
0.037
0.00135
0.0045
Parabolic
Parabolic
1.12
1.85
1.12
1.85
4.8
5
0.01
0.01

Table 1: Mechanical parameter for masonry type in EFM and FEM model. SB: stone blocks; HCB: hollow clay
blocks.

Parameter
Ex [MPa]
Ey [MPa]
Gxy [MPa]

RC floor
(with slab)
39200
20000
8300

RC floors
(without slab)
36000
0
1000

. Table 2: Mechanical parameter for floors types (equal for EFM and FEM)

3

RESULTS

The seismic assessment was carried out through modal and pushover analyses. These last,
as stated by the Italian code [11], were performed for both principal directions, following two
load profiles: proportional to mass distribution and proportional to mode shape. The results,
consisting in four capacity curves for each model, permitted to evaluate the seismic vulnerability for the global structure in terms of peak ground acceleration (PGA).
3.1

Modal analyses

The models were firstly compared through eigenvalue analyses. Table 3 reports the results
for the three models in terms of modal frequencies and participant mass percentage for each
principal direction. The comparison shows a good correlation for the first modes, especially
between the two FE models, whose frequencies are close. For higher modes, differences become more significant, although less important than former ones.
Observing mass participation percentages, the FE models present similar values (about
75%), for the first two modes, corresponding to the main bending modes in Y and X direction, respectively. Major differences can be observed for the EF model, especially on the second and third modes, which both are oriented in X direction, although involving less dynamic
mass. Thus, while FE models shows a global dynamic behavior, with participating masses
lumped in the first modes, EF model does not.
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MODE
1
2
3
4
5
6
7
8
9
10

3MURI
f [Hz] mx [%] my [%]
6.059
0.1% 80.8%
6.851 22.4% 5.4%
7.418 56.1% 1.2%
12.152 10.3% 0.0%
16.367 0.0%
0.4%
17.452 0.2%
9.4%
19.508 4.6%
1.4%
20.509 0.3%
0.2%
21.716 2.2%
0.3%
22.738 0.0%
0.0%

DIANA FEA
f [Hz] mx [%] my [%]
6.286
0.0%
75.6%
8.230
76.2%
0.0%
9.779
2.2%
0.0%
13.220
0.0%
6.0%
15.483
0.0%
0.0%
20.009
0.0%
3.6%
20.119
4.5%
0.0%
20.849
0.1%
0.8%
21.361
0.7%
0.1%
21.870
2.4%
0.0%

MIDAS FEA NX+
f [Hz] mx [%] my [%]
6.329
0.0% 77.4%
8.283 73.5% 0.0%
9.430
5.1%
0.0%
11.200 0.0%
0.1%
13.001 0.0%
2.8%
16.047 0.1%
0.0%
16.638 0.0%
1.9%
17.635 0.0%
0.0%
18.728 0.0%
0.7%
19.751 0.1%
0.0%

Table 3: Results of modal analyses

Figure 5: Comparison between modal frequencies

3.2

Pushover analyses

The capacity curves deriving from pushover analyses pointed out significant differences
among the three models (Figure 6). The EF curves were characterized by two very distinct
sections: the first elastic and the second almost perfectly horizontal. On the FE curves, instead, the transition between elastic and post-elastic behavior was less defined. This difference is due to the nature of non-linearities in the models. On the EF model, the behavior is
ruled by few idealized elements (plastic hinges), while on FE model the non-linearities are
spread to all the elements; therefore, the transition between the linear and nonlinear phase is
much more dilatated, depending on the status of more elements.
Differences can be noticed even in the post-elastic phase, thus inducing major divergencies
on displacement capacity, as the FEM analyses provide higher values for ultimate displacement and peak shear capacity, which brings to a brittle failure of the structure. Significant differences can be observed even between the FE models: while the curves coincided in the
elastic section due to the equal elastic properties of the materials’ model, the post-elastic behavior changed, due to the different non-linear model implemented by the two software:
MIDAS curves were characterized by a higher post-elastic stiffness, leading to higher maximum shear values.
The models were also compared on damage evolution (Figure 7). For the EF model, the
damage is represented by a color scale legend of the status reached by every element based on
the related plastic hinges status, while for FE model, the damage is represented by major principal strain. Firstly, a correspondence between the rigid node elements of EF model and the
un-damaged portion of FEM walls can be noticed, thus validating the assumptions of the EF
approach. Secondly, all the three models pointed out the major damage located at the piers of
the first floor, suggesting the activation of a soft story mechanism, which led to the collapse
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of the structure. The main difference can be observed on the damage at upper levels, as the FE
model led to the damage located on the piers of the second floor, while the EF on the third
one.

Figure 6: Comparison among pushover curves of different models

[a]

[b]

[c]

Figure 7: Damage pattern example for each model: 3MURI (a), DIANA (b) and MIDAS (c).
Analysis case: Modal X

3.3

Seismic capacity assessment

Verifications were carried out following the Italian seismic code [10][18], obtaining the
capacity in terms of Near-Collapse PGA (PGAC) for every pushover curve. Resulting PGA
capacities of FE models were compared to EF ones (ΔPGA) and reported in Table 4. Results
pointed out that the Y direction is the most vulnerable one, providing lower values of NearCollapse PGA (PGAC). Comparing the modeling strategies, lower values can be observed for
the EF model, especially for the transversal direction analyses, suggesting a more conservative approach. The FE models deliver similar PGA values for Y-direction analyses, while dif-
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ferences emerge from X-direction ones, as MIDAS values are significatively higher than
DIANA ones.
Analysis
X Mass
Y Mass
X Modal
Y Modal

3MURI
PGAC [g]
0.220
0.125
0.194
0.104

DIANA FEA
PGAC [g]
ΔPGA [%]
0.222
+0.9
0.187
+49.6
0.174
-10.4
0.114
+9.6

MIDAS FEA NX+
PGAC [g]
ΔPGA [%]
0.289
+31.3
0.189
+51.2
0.200
+3.1
0.118
+13.5

Table 4: Near-collapse PGA capacities (PGAC) and percentage variation ΔPGA on EFM model.

4

CONCLUSIONS

In this contribution, different modeling strategies for existing URM buildings have been
applied to a representative case study.
The case study was a three-story URM building located in the Italian Alpine region. It has
a rectangular plan shape, as well as it is regular in elevation. Lower portion was built using
local calcareous stone blocks, while the upper portion was made of hollow clay blocks.
Equivalent Frame (EF) and Finite Element (FE) models were implemented using different
software [9,14,15]. The comparison of analyses results showed that:
x differences related to the various approaches can be observed, especially in damage
evolution and post elastic behavior;
x both EFM and FEM approaches identified the same soft story mechanism involving
the first floor’s piers, even if differences can be observed in damage pattern among
the strategies;
In this study, EFM approach produced more conservative results than FEM ones, providing
lower capacity PGA values. Other examples led to controversial results [2][4][7], suggesting
that one or other strategy has to be carefully chosen, depending on case study characteristics
and analysis purposes; besides its low computational effort, the EFM approach appears to be
suitable for seismic assessment of regular building. FE approach is indicated for more irregular structures, which cannot be easily schematized with EF method. They even provide more
detailed results, allowing local damage patterns to be better identified, however they require
way more computational time.
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Abstract
The seismic vulnerability of unreinforced masonry structures is a relevant topic as they stand
for one of the most typical building typologies in the world. Despite the effort carried out by
researchers, further experimental campaigns can help to increase the level of knowledge on
the most frequent collapse mechanism and to suggest the most adequate reinforcement technique for the specific case. In this context, we address here a study on a mixed construction
technique, in particular a type of building with masonry walls and concrete slabs, the socalled “Placa” buildings. Such buildings are typical of the Lisbon region and were mainly
erected from 1930 to 1960. In this period, there was low awareness about the effects of adding heavy slabs to the global and local behavior of masonry structures. The seismic vulnerability of such structures is high, which is relevant in a medium-high seismic hazard region
such as Lisbon.
An experimental campaign will be performed at the University of Minho. The set-up comprises a U-shaped brick wall tested subjected to an out-of-plane load and three tests are planned
to perform: an unreinforced and two (different) reinforced configurations.
In this paper, sensitivity analyses concerning the unreinforced wall are shown. The primary
goal is the identification of the correct set-up that would allow the exploitation of the energy
at the orthogonal connection without leading to undesirable rocking phenomena of the wall.
In such a way, the subsequent application of the reinforcement will have a major role in vulnerability reduction.
Keywords: “Placa” buildings, brick walls, out-of-plane, micro-modeling, concrete damage
plasticity.
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1

INTRODUCTION

Masonry structures are one of the most typical building typologies all over the world. Despite
their great efficacy for sustaining gravity loads, they may suffer severe damage when subjected to horizontal loads coming from destructive events like earthquakes [1][2][3]. In recent
years, several efforts were made to reduce the seismic vulnerability of such structures [4][5].
Indeed, not only for historical structures, but also for schools [6], hospitals and palaces that
assume strategic importance during possible emergency management. Many of these buildings are relatively recent and can present a mixed technology, in which both masonry brick
walls and reinforced concrete slabs are combined. A remarkable example of such construction
typology is represented by the so-called “Placa” buildings, typical of the urban expansion of
Lisbon in the period from 1930 to 1960.
In the progressive trend of introducing the reinforced concrete as the main structural element,
the “Placa” buildings are characterized by brick walls, which stand as structural elements and
reinforced concrete (RC) slabs. However, such a combination was realized in a period of insufficient awareness of the consequence of adding heavy concrete slabs (if compared to the
timber ones) for the local and overall response of the buildings. Many deficiencies, along with
inadequate construction details, can be typically found in “Placa” buildings, namely: i) internal structural irregularities, ii) limited capacity of the vertical elements against shear forces
and bending, iii) a low number of vertical elements, iv) interruption between floor slabs and
masonry walls affecting the rigid diaphragm behavior. All these aspects, combined with the
increase of inertia loads because of concrete slabs, might lead to a marked seismic vulnerability, enhanced by the relevant seismic exposition of Lisbon.
An experimental campaign has been planned to investigate the local structural capacity of
such buildings. The primary focus is the investigation of the out-of-plane capacity of the brick
masonry walls that rarely have enough resistance against forces acting perpendicular, causing
local collapse mechanism. Three U-shaped brick walls will be tested by applying a uniform
pressure on the internal side of the wall (as done in [7]). The first configuration (unreinforced
wall) will serve as a reference for the two subsequent reinforced configurations. To get a
damage pattern that resembles what is observed in “Placa” buildings, particular care has been
addressed in the design process of the experimental set-up. Indeed, in order to define the most
effective strengthening solution and provide a fair comparison, the damage should spread
mainly at the connection with the orthogonal walls. For this reason, it is necessary to avoid, or
significantly postpone, any rocking of the U-shaped wall. In such a way, the improvements
ensured by the reinforcement technique will be more noticeable. To this end, this paper summarizes distinct hypotheses for the geometry, load and boundary conditions on the unreinforced configuration. Damage patterns and load-displacement curves are presented in order to
provide a comparison of the results.
2

EXPERIMENTAL PLAN: AN OVERVIEW

In this section, the experimental plan is exposed in each step. I will include: i) material characterization tests, ii) test on one scaled unreinforced configuration, iii) test on two different
scaled reinforced configurations. Regarding the firsts, masonry wallets with an English-bond
arrangement (the same as the U-shaped walls) have been built and will be tested according to
the recommendations given in EN 1052-1:1998 [8] and EN 1052-2 [9]. In particular, 3 wallets
will be tested under compression and 3 wallets under diagonal compression in order to define
the in-plane behavior. The out-plane behavior will be investigated by testing 5 wallets under
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horizontal flexural tests and 5 wallets under vertical flexural tests. Along with these tests, a
mechanical characterization of the mortar will be provided.
The geometric configuration of the walls has been defined to represent a typical façade and
corresponding transversal walls of a ‘Placa’ building. As mentioned, bricks are arranged according to an English-bond arrangement with dimensions 250mm×120mm×60mm. The initial geometric dimensions of the set-up are: 3.24m of façade wall length, walls’ height of 1.40m, transversal
walls’ length of 1.20m and thickness of 0.25m. However, as it will be clearer in the next Sections,
such initial assumption resulted to not be sufficient for avoiding a rocking of all systems. So, a
slight modification of such configuration is later justified.

Figure 1 Frontal view (top) and top view (bottom) of the planned configuration.

The plan includes two different strengthening solutions are planned to be carried out: i) an anchored system between façade and transversal walls; ii) a textile reinforced mortar on the outer
façade eventually coupled with the anchored system. In order to provide a further reference, the
unreinforced wall will be reinforced after the damage and led to the collapse.

3

NUMERICAL STRATEGY: A MICRO-MODELING APPROACH

In the current prediction stage of the experimental campaign, a detailed heterogonous approach has been picked to reproduce accurately the failure modes. In such an approach, the
bricks and mortar joints are modeled separately with contiguous 3D elements. No interfaces
are interposed between them and the non-linear mechanical properties are exclusively lumped
at the joints, addressing only elastic properties to the bricks (as done in [10–12]). Such simplification is reasonable as the good mechanical properties of bricks and the weak capacity of the
mortar. Specifically, the mortar intended to be used in the tests is characterized as Mortar5,
with a compressive strength equal to 5 MPa. All the analyses are carried out in the FE-based
software Abaqus and non-linearities are addressed through the already available constitutive
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model Concrete Damage Plasticity. In such a way, it is possible to input a differential behavior in compression and tension and define a specific softening law. In this predictive stage, a
tensile strength equal to 0.2 MPa has been addressed to the mortar along with fracture energy
of 0.02 N/mm. Regarding the mesh, taking advantage of the symmetry of the setup, a half
wall has been modeled. The average size of the 3D brick elements is around 10-20 mm leading to an overall number of nodes around 140000.

Figure 2 Model in Abaqus of half wall and mesh detail.

The analyses are carried out by applying a perpendicular uniform pressure on the internal
side of the main wall in order to simulate the load transferred from the airbag that will be used
in the experimentation (same procedure followed in [7]). In this way, the analyses are all performed under load control and the arch-length algorithm is employed for obtaining the softening response of the structure. Fixed boundary conditions are imposed at the bottom of the wall
where a mortar layer (with the same mechanical properties used for the joints) is posed.
4

NUMERICAL RESPONSE OF THE U-SHAPED URM WALL: PARAMETRIC
ANALYSES

The sensitivity (in terms of geometry, pre-stress level and boundary conditions) numerical analyses that will be shown in the next Sections are applied only at the unreinforced masonry case.
Indeed, the main goal of the present work is the definition of the correct set-up with the view of
applying different strengthening techniques on the same configuration in a subsequent step.
The first parametric analysis concerns the amount of pre-stress that is necessary to impose on
the side walls in order to avoid or postpone any rocking phenomena. In Figure 3a it is provided a
comparison of the load-displacement curves related to different values of the imposed pre-stress.
The control point is picked exactly at the top middle of the wall (red circle in Figure 1). It is important to highlight that the global loads to which reference is made are related to the half specimen. As it is noticeable, the U-shaped wall tested with no pressure on the top of the side walls is
characterized by a marked softening behavior. However, as shown in Figure 3b, such behavior is
associated with a rocking phenomenon that is not desirable. The softening branch is strongly reduced at the increase of the pre-stress applied, reaching a plateau when a pre-stress of 100 kPa is
considered. In fact, in Figure 3c, it is possible to appreciate the reduction of the damage at the bottom of the wall. However, its extent is still too clear and further sensitivity analyses are required.
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(b)

(c)

(a)

Figure 3 Load-displacement curves related to the wall in its original configuration by applying different values
of pressure (a); damage configuration of the wall without pre-stress(b); damage configuration of the wall subjected to a pressure of 100 kPa (c).

The next sensitivity analyses are focused on the possibility to impose further constraints. In
Figure 4 it is provided a qualitative overview of the results obtained. In particular, in Figure
4a the back face of the side wall is constrained. This hypothesis can be implemented by embedding the back portion of the lateral wall in U-shaped steel beams (a similar setup can be
found in [13]). In such a way, the rotation of the side walls is prevented and the damage
spread mostly at the connection as required. A similar result can be achieved by imposing a
steel beam above the top back corner of the lateral walls. As it is noticeable in Figure 4b the
damage pattern can be superimposed to the previous case. These strategies are highly efficient
but, on the other hand, the control of the load attained by such constraints might be complicated.
In Figure 4c-d it is shown an attempt of modifying the boundary conditions at the base of
the wall. In Figure 4c, the first layer of brick and mortar is furtherly constrained, but in such a
way the rocking trend is only delayed. In Figure 4d, a different hypothesis has been made. In
this case, the central wall is considered only supported at the base (a layer of sand can serve
the purpose) leading to a single curvature bending moment. However, the damage pattern is
concentrated mainly at the connection at the base of the walls
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(a)

(b)

(c)

(d)

Figure 4 Boundary condition applied at the back face of the side wall and related damage pattern (a); boundary
condition applied at the top of the side wall and related damage pattern (b); boundary condition applied at the
bottom (fixing two layers of bricks) of the side wall and related damage pattern (c); boundary condition released
at the bottom of the main wall and related damage pattern (d).

From the previous analyses, it seems evident the necessity to change the original geometric
configuration presented in Section 2. So, a parametric analysis is conducted on the length of the
main wall and side walls. These lengths are increased to 25 cm (model “SWL_25cm” that stands
for Side Wall Longer of 25 cm) and to 50 cm (model “SWL_50cm”). The main wall is modified
by adding 80 cm and 120 cm (model “402_SWO”) that stands for the main wall of 402 cm
and the Side Wall Original and model “442_SWO”). Also, a combination of both modifications is provided in the models “402_SWL_25cm” and “442_SWL_25cm”. In all the cases a
vertical pre-stress of 20 kPa is imposed.
In Figure 5 the global responses of all the models are reported. It is interesting to notice the
strong enhancement that the extension of the side walls can provide (Fig. 5a). From a comparison of the capacity curves, the outcomes are very similar to the one obtained when a vertical
pre-stress of 100 kPa is imposed. However, comparing the damage pattern (Fig. 6a-b), the
rocking behavior is much less evident. Moreover, no evident differences can be noticed
among the curves related to the models SWL_25cm and SWL_50cm but as shown in Figures
6a and 6b the damage at the base of the side wall is almost absent in this case. This might
have huge relevance when the reinforced configurations will be treated.
Figure 5b provides the results related to the extension of the main wall (also in combination with an extension of 25 cm of the side walls). It is quite evident how increasing the
length of the side walls is much more effective than extending the longitudinal dimension of
the main wall. Moreover, this strategy would require much more material for the construction
of the walls without leading to further improvements (see the comparison of the damage pattern in Figure 6a and Figure 6c).
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(b)

(a)

Figure 5 Load-displacement curves related to the original setup by changing the length of the side walls (a);
Load-displacement curves of the original setup by changing the length of the main and of the side walls.

(a)

(b)

(c)

Figure 6 Damage pattern of the model SWL_25cm (a); Damage pattern of the model SWL_50cm (b); Damage
pattern of the model 442_SWL_25cm (c).

5

CONCLUSIONS

The paper summarizes preliminary analyses conducted on an unreinforced brick masonry wall.
The main scope was the definition of the correct set-up in terms of geometric configuration, the
load applied and boundary conditions for upcoming experimental tests that will be performed at
the facilities of the University of Minho in Guimarães.
The experimental campaign will focus on the seismic vulnerability and possible strengthening
solutions for building realized with a mixed technology: masonry walls and RC slabs. The socalled “Placa” buildings are a typical example of such configuration, and particularly vulnerable
as mainly spread in the Lisbon region. In order to resemble this structural typology, a U-shaped
brick wall has been conceived. Several parametric analyses have been carried out to highlight the
parameters that have more influence on both the global behavior and collapse mechanism. The
different proposed scenarios revealed the necessity to adapt the initially planned configuration to
prevent any rocking mechanism of the structure that would be undesirable. In fact, the occurrence
of such a collapse mechanism would prevent the spread of damage at the connection between
transversal walls, which will the point of more interest when defining the strengthening solutions
will be discussed. In the upcoming numerical analyses concerning the reinforced scenarios, the
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composite materials might be added using a detailed micro-modeling [10][14] or through a simplified approach [15]. Whereas, the anchors might be introduced explicitly in the model or
through truss FEs [7] avoiding an increase in the computational demand.

7
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Abstract
Unreinforced masonry (URM) buildings are one of the most common constructions in developing countries and are usually constructed based on traditional knowledge without engineering intervention. Due to poor seismic performance of URM buildings, the development of
seismic protection systems can play a key role in the mitigation of losses in future earthquakes. Despite the availability of different interventions for seismic strengthening of URM
buildings, the quest for a cost-effective technique still exits. On the basis of recent outcomes
by these authors, this study presents the design of low-cost base isolation systems for a class
of URM buildings deemed representative of the building stock of developing countries. The
proposed base-isolation system is made by recycled-rubber fibre-reinforced elastomeric isolators (RR-FREIs). Building classes were defined by properly selecting those parameters
which are expected to mostly affect the seismic behaviour of the building such as number of
storeys, masonry type and in-plan irregularity. Three-dimensional numerical models of URM
buildings were developed in SAP2000 using nonlinear layered shell elements and bilinear
models for RR-FREIs. Nonlinear time history analyses were carried out for a set of ground
motion records to investigate the performance of both fixed-base (FB) and base-isolated (BI)
configurations of URM buildings. The comparison of results shows a significant reduction of
inter-storey drift ratios for BI configuration, thus demonstrating the effectiveness of RRFREIs.

Keywords: Unreinforced masonry buildings, base isolation system, recycled rubber, fiber reinforced elastomeric isolators, finite element analysis.
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1

INTRODUCTION

Unreinforced masonry (URM) buildings are usually constructed using locally available
bricks, based on traditional knowledge without engineering intervention. Such non-engineered
constructions (NEC) are highly susceptible to damage when subjected to lateral loads like
seismic motion. This is mainly due to the lack of seismic design, low strength construction
materials and poor structural detailing [1]. The common URM buildings found in developing
nations of the world are constructed using masonry walls with roofs made up of reinforced
concrete. Such type of buildings tends to develop deep cracks and undergo significant damage
even under moderate earthquakes [2]. The collapse of such non-engineered and semiengineered buildings during seismic events had resulted in huge losses especially in developing nations like India, Nepal, Philippines, Pakistan, Mexico, and Indonesia. Notable events
include the 2006 Yogyakarta earthquake and 2005 Kashmir earthquake in India and Pakistan,
respectively [3].
Considering the economic impact, the complete replacement of NECs with earthquakeresistant buildings is unfeasible. Hence, there is a need for a sustainable control strategy with
reduced cost. One of the promising solutions is the base isolation technology in which the
seismic response of the superstructure is reduced by introducing isolation bearings between
the superstructure and the foundation of the building [4,5,6]. However, the cost of the base
isolation system being high, the application is usually limited to important structures such as
hospitals and historic buildings. The continuous development in this field had led to the development of novel configurations of elastomeric bearings for base isolation. Among these,
fibre-reinforced elastomeric isolators (FREIs) have been developed in the recent years as an
alternative to conventional laminated rubber bearings [7,8]. The replacement of internal shims
with flexible reinforcement makes FREIs less heavy and easier to install in comparison with
conventional isolators.
In order to further reduce the cost of FREIs, significant research effort is being dedicated
currently to developing a novel elastomeric bearing using recycled rubber. The extremely low
cost of recycled-rubber fibre-reinforced elastomeric isolators (RR-FREIs) would make them
highly suitable for application in developing nations [9,10,11,12]. However, research on the
suitability and effectiveness of the novel RR-FREIs for base isolation of URM buildings is
scarce in the literature [13]. A recent study by Losanno et al. investigated the effectiveness of
RR-FREIs for a box-type URM building in developing nations [14]. The study assessed the
response of fixed-base (FB) and base-isolated (BI) building models developed based on macro-modelling approach using SAP2000 [15]. The use of such simplified macro-modelling approach for nonlinear analysis of base-isolated structures can be widely seen in the literature
[16, 17]. Developing a suitable modelling approach with acceptable accuracy is necessary to
capture the exact response of the masonry structures [14,18,19,20].
In this context, the present study aims at investigating the effect of low-cost base isolation
system on typical URM buildings from the stock of developing nations. Three building types
were chosen in order to address the effect of plan variability, wall density and number of storeys on effectiveness of base isolation under a set of earthquake records. Nonlinear time history analyses of the FB and BI-URM buildings were carried out using a simplified threedimensional numerical model developed in SAP2000.
2

SELECTION OF CASE STUDIES

Three different masonry buildings representing URM buildings in developing nations are
considered for the aim of the study. The first building prototype (URM1) is a single-story
building reported by Shahzada et al. (2012) with plan dimensions 4.115 m × 3.505 m, built
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with 0.228-m-thick walls as shown in Figure 1a. The experimental and numerical analysis results of URM1 are available in the literature [14,21,22]. The second building prototype
(URM2) is selected based on a detailed investigation on the URM building stock in developing nations and the building plan with dimensions 8.0 m × 6.0 m is shown in Figure 1b. The
building plan is framed by also considering the Indian Standards for earthquake design [23].
The third building prototype (URM3) considered in the study is a two-storey building with the
same building plan of URM2.

(a)

(b)

Figure 1: Plan view of URM buildings: (a) URM1; (b) URM2 and URM3.

The wall thickness is constant in plan and elevation, and equal to 0.228 m; the roof of the
URM buildings was considered to be made up of 0.152 m reinforced concrete slab. Further,
the buildings were also provided with a 0.152 m thick RC lintel above the openings to improve the building resistance to gravity loads. The inter-storey height of the structures was
taken equal to 3.3 m. Mohr-Coulomb failure criterion with associated flow rule was used for
simulating the inelastic shear behaviour and failure of the masonry. The RC elements were
assumed as linear elastic and a rigid diaphragm constraint was assigned to the roof level of the
buildings.
In order to consider the variability of mechanical properties, the material properties of the
masonry structures considered in the present study were selected from previous studies on
URM buildings located in developing nations such as India, Nepal, Pakistan and Iran
[21,24,25,26,27]. The statistical distributions, mean value and coefficient of variation (CoV)
of the main material properties are listed in Table 1.
Material properties
Mass density [kg/m³]
Compressive strength [MPa]
Tensile strength [MPa]
Shear strength [MPa]
Young’s modulus [MPa]

Distribution
Lognormal

Mean
1707.5
4.2
0.16
0.24
1302

Table 1: Material properties of URM buildings.
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0.13
0.43
0.56
0.66
0.68
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3

DESIGN OF BASE ISOLATION SYSTEM

Detailed research on RR-FREIs has been carried out in the recent years both numerically
and experimentally. The RR-FREI sample and its experimental shear behaviour obtained from
Losanno et al. (2020) is shown in Figure 2 [12]. These bearings are made up of rubber grains
from used tires and industrial leftovers that are crumbled and glued together. The devices are
installed in unbounded configuration in order to achieve an easier installation and significantly releasing internal stress within the isolator. The cost of this innovative RR-FREIs has been
estimated in the order of 10% of the cost of conventional laminated rubber bearings.

(a)

(b)

Figure 2: RR-FREI prototype: (a) picture; (b) experimental shear behaviour [12].

The weight of the building plays a major role in the design of rubber-based isolation systems. Considering the low weight of single-story URM buildings, only a smaller number of
bearings would be required to achieve a conventional target period in the range of 2.00 to 2.50
s. But the requirement of a deep beam spanning over the whole length of the masonry walls
poses a major challenge. In order to maintain the overall lateral stiffness of the system, a suitable trade-off needs to be identified while designing the base isolation systems with a limited
number of bearings trying to avoid a deep base-beam. In the present study, the reinforced
concrete base beam was designed in accordance with Indian code provisions confirming minimum concrete strength and internal reinforcement for URM buildings. The width of the base
bond beam is maintained same as that of the wall thickness. Dead load analysis of finite element model was carried out with varying support locations to identify the most suitable position of the least number of isolators while satisfying the requirements in terms of both stress
and deformation limits provided by the code. The number of isolators used in the three BIURM buildings considered in the present study is equal to 8 (URM1) and 15 (URM2 and
URM3), respectively. The layout of the isolation bearings is shown in Figure 3.
The properties of the square RR-FREIs used in the building prototypes are listed in Table 2.
Square-shaped devices are considered for the possibility of easy cutting RR-FREIs from larger size rubber pads. The width of the bearing is defined according to stability requirements.
The target period of BI-URM buildings is obtained as a trade-off between the longer period
range for a more significant mitigation of spectral accelerations and the lower period value
corresponding to limited displacement demand of the isolation system.
According to previous studies by the authors, the stability limit and damping capacity of
RR-FREIs were set equal to 50% shear strain and 15% of critical damping, respectively [11].
Shear modulus for URM1 was set equal to 0.70 MPa [14]. A lower value of that modulus, i.e.
0.40 MPa, was selected for URM2 and URM3 in order to obtain a more stable geometry of
the bearings. A laboratory investigation is being developed in order to reduce the shear modulus to a value which is typical of a softer compound.
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(a)

(b)

Figure 3: Location of RR-FREIs in URM buildings: (a) URM1; (b) URM2 and URM3.

Building
model
URM1
URM2
URM3

FB fundamental period (s)
0.12
0.10
0.14

Target BI Target disperiod (s) placement
(mm)
1.30
60
1.50
150
1.70
170

Equivalent
damping
(%)
15
15
15

Shear
modulus
(MPa)
0.70
0.40
0.40

Rubber
height
(mm)
120
300
340

Table 2: Properties of RR-FREIs used in BI-URM buildings.

Due to increasing weight, a higher target period can be achieved with larger URM buildings, i.e. URM2 and URM3 in comparison with URM1. The variability associated with the
properties of the isolators is not considered in the present study.
4

NUMERICAL MODELLING OF URM BUILDINGS

Masonry being a complex material demands extensive computational effort and experienced users in order to model the exact characteristics of the structure. Further, the inclusion
of orthotropic properties of masonry requires additional material properties that are not readily available. Thus, a detailed experimental study on the masonry structure under investigation
is necessary to reproduce the realistic behaviour of the masonry through numerical modelling.
Hence, simplified macro-modelling techniques are preferred when the aim of the research is
mainly focussed on the global behaviour of the structure. In macro-modelling techniques, masonry is modelled as a homogeneous material with equivalent mechanical properties.
The numerical model of the buildings was developed using this simplified macromodelling approach in SAP2000 software package with nonlinear layered shell elements. In
this macro-modelling approach, masonry was considered as an isotropic material. The shell
layers are defined with different constitutive law in the thickness direction. Two stress-strain
curves corresponding to normal and shear stresses were used to represent the nonlinear behaviour of the masonry [1,16]. The uniaxial compressive strength of the masonry was defined
based on the analytical model developed by Kaushik et al. [28]. The uniaxial tensile strength
of the masonry was defined based on the relationship suggested by Akhaveissy and Milani
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[29]. The presented numerical approach had also been proven to be accurate and computationally efficient compared to other micro modelling approaches used in masonry modelling.
The comparison of numerical and experimental results of the box-type structure can be seen
in Losanno et al. [14]. Furthermore, a detailed research article on the comparison of different
macro-modelling approaches for URM buildings highlights the suitability of this method [30].
In case of base-isolated buildings, the RC base beam is modelled using linear elastic frame
elements. The RR-FREIs are modelled using a simplified bilinear model to account for nonlinear behaviour of the bearings. The initial and post-yielding stiffness values were used in
order to provide the effective stiffness and equivalent damping ratio obtained with the base
isolation system design according to values listed in Table 2. The numerical models of the
base-isolated buildings along with their first mode of vibration are shown in Figure 4. The
first mode of BI-URM buildings clearly shows the rigid-body motion in the superstructure.

(a)

(b)

(c)

Figure 4: Numerical model (first mode of vibration) of base-isolated buildings using RR-FREIs: (a) URM1; (b)
URM2; (c) URM3.

5

SEISMIC ANALYSIS OF URM BUILDINGS

In order to consider the uncertainties associated with earthquake ground motion (i.e. record-to-record variability), the response of the FB- and BI-URM buildings was studied under
20 ground motions recorded in several developing nations all around the world. The peak
ground acceleration (PGA) of the selected records ranges from 0.01g to 1.78g. The moment
magnitude and epicentral distance of the earthquakes associated with those ground motions
range from 5.2 to 7.9 and 2.2 to 190 km, respectively. The variation of PGA with moment
magnitude and epicentral distance of the ground motions is shown in Figure 5.
In order to model uncertainties associated both with the ground motions and material properties, Latin hypercube sampling (LHS) technique is used in the present study to select the
random variables. Using this technique, 20 sets of random parameters were selected and randomly combined with 20 ground motion records. Then, direct integration nonlinear timehistory analysis (NLTHA) of FB- and BI-URM buildings was carried out and the structural

291

Nagavinothini Ravichandran, Daniele Losanno and Fulvio Parisi

2

2

1.5

1.5
PGA (g)

PGA (g)

response is obtained. Thus, a total of 120 NLTHAs were carried out over the different cases
considered in the study.
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Figure 5: Selected input ground motion records: (a) PGA vs. moment magnitude; (b) PGA vs. epicentral distance.

6

RESULTS AND DISCUSSION

Structural response in terms of inter-storey drift ratio (IDR), which is the ratio between relative lateral displacement measured at the roof level and inter-story height, was computed for
all case studies. IDR values were studied due to their direct correlation with the damage of the
masonry buildings. The range of IDR corresponding to different damage levels varies in accordance with the building type and material strengths [31]. Previous studies suggest that IDR
values greater than 0.2% usually correspond to extensive damage and significant strengthening interventions would be necessary. As far as isolators’ displacements are concerned, a
maximum response value was not explicitly given since the present study mainly focused on
effectiveness of base isolation on seismic response of URM buildings. As a further development of the subject, the authors will study the fragility of the different structural components
including base isolators.
6.1

URM1 building

The comparison between FB and BI configurations of URM1 building is shown in Figure 6.
The results clearly highlight the effectiveness of base isolation. Under PGA = 1.78g, the reduction in IDR in the BI-URM building reaches approximately 91% whereas the reduction
corresponding to the lowest PGA level, i.e. 0.04g, is about 40%. It is also important to note
that the IDR values of BI-URM1 building under all the earthquake excitations would be less
than 0.2%, which demonstrates the absence of extensive damage. Furthermore, comparatively
higher reduction in IDR is observed under seismic excitations with PGA > 1g. The percentage
reduction of IDR in BI-URM1 in comparison with FB-URM1 building is shown in Figure 7,
with average value equal to 63% over all shaking intensities. For ground motion records with
PGA ≈ 1g, a wide variation in the building response is observed due to the combined variation
in material properties and record characteristics. It can be noted that a linear regression model
would be poorly accurate in providing an estimate of IDR reduction versus PGA due to significant non-linear behaviour in both FB- and BI-URM buildings.
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Figure 6: Seismic response of URM1 building.

Figure 7: Percentage reduction in IDR of base isolated URM1 building.

6.2

URM2 building

URM2 building prototype is considered to identify the effect of base isolation with the variation in wall density along the direction of excitation (X-axis) and plan area in comparison
with URM1 building. The response of URM2 building under earthquake excitations is shown
in Figure 8. A significant reduction in IDR is observed in BI-URM2 building.

Figure 8: Seismic response of URM2 building.
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Similar to URM1 building, the base isolation technique is found to be more effective under
seismic excitations with PGA > 1g. The reduction in IDR due to base isolation under earthquake ground motion with PGA = 1.78g is around 98% and response reduction in BI-URM2
building under varying PGA is shown in Figure 9. The average percentage reduction in IDR is
about 66%, i.e. a higher value in comparison with URM1 building.

Figure 9: Percentage reduction in IDR of base isolated URM2 building.

6.3

URM3 building

URM3 building is considered in the present study to assess the effect of an increased number of storeys. The two-storey URM building is deemed more representative of a common
building type found in developing nations, classified under low-to-medium income socioeconomic people. The building response in terms of IDR is shown in Figure 10 and the percentage reduction is given in Figure 11. The properly designed base isolation system offers a
great reduction in terms of structural response, thus avoiding severe damage even under higher PGA levels. The average percentage reduction in IDR of URM3 building is about 81%,
which is significantly higher than that predicted on others URM buildings due to increased
mass of the building. Differently from previous cases, a linear regression model would result
more accurate in predicting IDR reduction. These outcomes confirm the effectiveness of RRFREIs under medium-size URM buildings, laying the basis for a further development of the
subject.

Figure 10: Seismic response of URM3 building.
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Figure 11: Percentage reduction in IDR of base isolated URM3 building.

7

CONCLUSIONS

In the present study, a low-cost base isolation system using recycled-rubber fibrereinforced bearings for URM buildings in developing countries is assessed. Three URM
buildings are selected as representative of nonengineered constructions and the numerical
models are developed in SAP2000 using nonlinear layered shell elements. The base isolation
system is designed for all the selected buildings and modelled using a simplified bilinear
model. Statistical distributions of material properties were calibrated from previous studies
available in the literature. Then, the nonlinear time history analyses of the URM buildings
were carried out under both fixed-base and base-isolated configurations. In order to consider
the variability associated with both material properties and earthquake excitation, 20 sets of
random variables were obtained through Latin hypercube sampling technique and each combined with a different earthquake ground motion recorded in developing countries. The results
show a significant reduction in the IDR of the base-isolated URM buildings in comparison
with their fixed-base counterparts under all selected ground motions. Furthermore, the reduction in IDR due to base isolation is more effective in URM2 and URM3 buildings in comparison with URM1 building due to their higher mass, i.e. a longer base isolation period is
achieved due to a more stable geometry of the isolators. These promising results confirm the
suitability of a novel low-cost base isolation concept for URM buildings in developing nations. The lower IDRs of the BI configuration are a major proxy of a significant reduction in
the conditional probability of damage to the URM structure under seismic events. In next
studies, the authors will thus investigate the seismic fragility of base isolated URM buildings,
explicitly accounting for the limited displacement capacity of base isolators as additional critical parameter.
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Abstract
Seismic performance assessment of masonry buildings requires a nonlinear response analysis
to achieve a reliable understanding of the possible effects of future earthquakes in terms of
damage and losses. Equivalent frame (EF) modelling combined with nonlinear static procedures has been recognized as an efficient tool, which was validated in several studies through
both experimental data and post-earthquake damage inspections.
In this paper, a new macroelement based on a fibre formulation is implemented into a matrix
analysis approach to build up a nonlinear EF model and to perform incremental static (pushover) analysis with response control. For each step of the analysis, the stiffness matrix of the
structure is updated using the novel macroelement model, accounting for geometric and mechanical nonlinearities both in terms of flexural and shear behaviour. Floor systems are modelled with truss elements, the stiffness of which can be varied in order to consider either rigid
or flexible floors. In addition, the capacity model can simulate different degrees of connection
at wall intersections and can easily be adapted to consider structural elements made of reinforced concrete, steel, wood, or other materials.
The capacity modelling procedure proposed in this study was first validated by simulating the
in-plane lateral behaviour of a full-scale masonry wall with opening, and then, implemented to
run pushover analysis of existing masonry buildings representative of those located in the Campania region (southern Italy).

Keywords: Masonry buildings, Macroelement modelling, Fibre formulation, Experimental
validation, Nonlinear static analysis, Seismic performance.
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1

INTRODUCTION

Post-earthquake reconnaissance missions and experimental programs have shown a significant vulnerability of unreinforced masonry (URM) structures to earthquakes, resulting in huge
losses of life and money [1]. Despite the wide use of masonry as the oldest construction technology worldwide, the simulation of the seismic behaviour of URM structures and their retrofitting still need to be further investigated.
Over the years, various approaches have been proposed for simulation of URM structures,
simplifying the problem differently according to the type of construction (e.g., modern or historical building, church, castle, bridge), specific purpose of the analysis (e.g., structural performance assessment under gravity loads, seismic actions, settlements), and the expected accuracy
level and resolution of mechanical behaviour. Accurate results can be obtained through finite
element (FE) simulation based on micro-modelling techniques, where masonry units, mortar
joints and, if any, unit-mortar interfaces are distinctly modelled with nonlinear finite elements
[2–5]. Several authors have proposed simplified micro-models in which only masonry units and
joints are considered [6,7]. Even though micro-modelling techniques allow accurate simulations of masonry structures, they require a detailed knowledge of masonry constituents and have
a considerable computational cost. This is a major drawback that makes FE micro-modelling
rather difficult to apply in engineering practice and/or in structural assessments based on few
data. In this respect, the macro-modelling approach [2] based on the assumption of masonry as
equivalent homogeneous material allows a good trade-off between computational accuracy and
cost, hence being applicable to real constructions and/or structures with few known properties.
An alternative computational strategy for structural response analysis of URM constructions,
particularly in the case of buildings for their global seismic performance assessment, is based
on macroelement modelling of walls with openings, i.e., the idealization of each wall as an
equivalent frame (EF) with vertical and horizontal elements simulating pier and spandrel panels,
respectively [8,9]. Macroelements with different behavioural modes can be used to model such
types of masonry panels, which have comparable size with respect to openings. Pier-spandrel
joint panels can be implicitly considered within the EF model, making use of macroelements
with rigid parts at their ends. Macroelement modelling was validated on several structures, including those having an irregular layout of openings [10].
This paper presents a novel macroelement modelling procedure that permits the seismic
analysis of masonry buildings, simulating the in-plane nonlinear response of load-bearing walls.
The proposed macroelement, which is based on a fibre formulation, was validated in a previous
study against experimental tests on single piers. In this study, the macroelement is implemented
into a matrix-based formulation for development of EF models and their seismic performance
assessment via nonlinear incremental static (pushover) analysis with response control. The
overall approach is then validated at the system scale by comparing numerical results to experimental data of a lateral loading test on a full-scale masonry wall with central opening. The final
part of this paper describes the application of the fibre-based macroelement approach to an
URM structure representative of real buildings located in Campania (Italy), for their seismic
fragility assessment.
2

MACROELEMENT ANALYSIS PROCEDURE

This study builds upon a fibre-based macroelement that was recently developed and experimentally validated by Parisi and Acconcia [11,12]. The aim was to develop a matrix-based
procedure for nonlinear incremental static (pushover) analysis of masonry walls and buildings.
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The macroelement allows the simulation of flexural, shear and rocking contributions to deformations associated with in-plane lateral loading, considering geometric and mechanical nonlinearity sources as well as the macroscopic constitutive behaviour of masonry.
The pushover analysis procedure is based on a nonlinear incremental algorithm with response control, namely, where the structure is subjected to increasing horizontal displacement
of a control point located at the roof level. The macroelement proposed by Parisi and Acconcia
[12] is modified to incorporate the presence of possible rigid end parts, simulating the presence
of pier-spandrel joint panels. Each macroelement is formulated according to Timoshenko’s
beam theory and its stiffness matrix is defined by accounting for axial, flexural, shear, and
torsional behaviour. The stiffness matrix of the structure is then assembled and updated according to the secant method during pushover analysis. The stiffness matrix coefficients are indeed
a function of the displacement components at the two ends of the macroelement. In each analysis step, the secant stiffness matrix is evaluated through an iterative procedure that can be
summarized in the following phases:
x linearized solution of the structure under the displacements imposed in the current step;
x evaluation of the displacements experienced by each macroelement and corresponding
stresses and strains throughout fibres;
x computation of the secant stiffness for each macroelement;
x linearized solution of the structure based on the updated stiffness matrix;
x convergence check in terms of internal forces for each macroelement;
x iteration of previous steps or termination of stiffness matrix updating.
In the following sections, the EF modelling and analysis algorithm is validated by comparing
pushover analysis results to experimental data in the case of a full-scale tuff stone masonry wall
[13]. The procedure is then used to build up the EF model of an URM building, the seismic
vulnerability of which is evaluated through fragility analysis.
3

EXPERIMENTAL VALIDATION AT SYSTEM SCALE

The EF modelling approach and pushover analysis procedure was validated against a lateral
loading test on a full-scale URM wall with central opening [13]. The wall specimen consisted
of two piers connected to each other by a spandrel with timber lintel above the opening (Fig.
1). The wall was made of tuff stone masonry with running bond and 10-mm-thick mortar joints.
Overall, the wall was 5.10-m-long, 3.62-m-high, and 310-mm-thick. The piers were 1.70-mlong, whereas the spandrel was 1-m-high. The specimen was first subjected to vertical loads on
top of the piers and then to horizontal loading with displacement control. Vertical loads had an
intensity of 200 kN. The horizontal load consisted of a displacement-controlled force that was
applied to the wall at a height of approximately 3.00 m from the base of the piers. The tuff
masonry was composed of yellow tuff stones and a pozzolanic mortar, having the mechanical
properties listed in Table 1.
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Figure 1: Experimental setup of lateral loading test on full-scale URM wall with opening [13].

Material

Tuff masonry under compression parallel to mortar
bed joints (case of spandrel)
Tuff masonry under compression perpendicular to
mortar bed joints (case of
piers)

Tensile
strength ft
[MPa]
0.192

Compressive
strength fc

0.198

[MPa]
3.85

Young’s
modulus E
[GPa]
2.07

Shear
modulus G
[GPa]
0.86

3.96

2.22

0.92

Table 1: Mechanical properties of tuff stone masonry.

Figures 2a and 2b show the EF model of the wall specimen and a numerical-experimental
comparison in terms of base shear versus top displacement curves, respectively. The numerical
procedure allows a satisfactory reproduction of the initial stiffness, the peak base shear (experimental value of 184.31 kN against numerical value of 182.96 kN), and maximum lateral displacement. The damage observed on the wall specimen at the end of test was also well simulated,
indicating a flexural failure of both piers and a diagonal shear cracking in the spandrel.
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(a)

(b)

Figure 2: (a) EF model of wall specimen; (b) numerical-experimental comparison in terms of base shear versus
top displacement curve.

4

FRAGILITY ANALYSIS OF CASE-STUDY BUILDINGS

The definition of case studies was based upon typological-structural data regarding existing
URM buildings in the Campania region (Italy), in order to generate a sample of archetype buildings representative of residential buildings surveyed in that area. In detail, reference was made
to real data from the CARTIS database [15], which collects information on typological and
geometric characteristics of Italian buildings. Based on the 2011 Italian census data [16], the
Campania region is characterized for more than 47% by masonry buildings, 94% of which were
built before the first Italian code on masonry structures, namely DM 20/11/1987 [17]. In terms
of size distribution, the masonry buildings in the area are composed of single-storey buildings
(19%), two-storey buildings (45%), three-storey buildings (22%), and buildings with more than
three storeys (14%).
By querying the CARTIS database [15], the pre-code building class in the area under study
was characterized in more detail. It was found that 57.9% of existing buildings are made of tuff
stone masonry with load-bearing walls having the following distribution of thickness at the
ground floor: 700 mm in 32.9% of cases and 800 mm in 39.4%, with remaining values equal to
400, 500 and 600 mm. The mean thickness of load-bearing walls at the ground floor is 660 mm.
In plan, the on-centre distance between walls was found to be 4.50 m in 80.2% of cases, 5.0 m
in 15.3%, and 4.0 m in 4.5%, with a mean value of 4.64 m. The mean floor area of buildings
falls in the interval [100 m2, 150 m2] in 41% of cases, [60 m2, 100 m2] in 24%, [150 m2, 250
m2] in 28%, and [250 m2, 350 m2] in 3%, with the remaining 4% of buildings having an area
larger than 350 m2. The mean floor area is 159 m2. It was also found that 79% of tuff stone
masonry buildings have flat floors, whereas the remaining 21% of them is characterized by
vaults. Among flat floors, there are 68% of them consisting of steel I-beams and hollow tiles,
14% made of wooden beams, 12% made of concrete and hollow tiles, 5% consisting of wooden
beams and tiles, and 1% made of SAP-type prefabricated systems with steel-reinforced tiles.
The selected building has a rectangular plan with 3 walls in the X direction and 5 walls in the
Y direction and consists of 2 floors (Fig. 3). The geometric characteristics agree with statistics
reported above, so the distance between walls is approximately 4.60 m, the thickness of walls
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at the ground floor is 660 mm, reducing to 500 mm at the first floor. The floors have an area of
246 m2 and consist of steel I-beams and hollow clay tiles.

Figure 3: Plan of the building (longitudinal and transverse walls in the X and Y directions, respectively).

As regards the mechanical characteristics, the tuff stone masonry under study was regarded
as ‘regular soft stone masonry’ according to the Italian building code NTC 2018 [18]. The mean
values of mechanical properties assumed here were set to the average of those provided by the
Italian building code commentary CS.LL.PP. 21/01/2019 n.7 [19]. According to CNR-DT 2122013 guidelines on seismic reliability assessment of existing buildings [20] and previous studies
[7,14], uncertainties in material properties were modelled as outlined in Table 2, defining the
dispersion of lognormally distributed variables as follows:

E

X max  X min
2

(1)

where Xmin and Xmax are the minimum and maximum values of the natural logarithms of the
property.
Property

Symbol

Compressive strength
Diagonal shear strength
Sliding shear strength
Young’s modulus
Shear modulus
Tensile strength
Tensile fracture energy
Specific weight

fm
Ĳ0
fv0
E
G
ft
Gft
w

Range
min max
MPa
2.00 3.20
MPa
0.04 0.08
MPa
0.10 0.19
MPa
1200 1620
MPa
400 500
MPa
N/mm
kN/m3
-

Unit

Distribution

P

E

Lognormal
Lognormal
Deterministic
Lognormal
Lognormal
Lognormal
Deterministic
Deterministic

2.60
0.06
0.145
1410
0.33E
0.05fm
0.0025
16

0.24
0.35
0.15
-

Table 2: Uncertainty modelling of material properties.

As regards the mechanical modelling of masonry, the compressive behaviour was simulated
by assigning the constitutive model proposed by Augenti and Parisi [21]. That model is defined
by the peak compressive strength fm and the corresponding axial strain, which was assumed so
that the secant modulus of elasticity at 0.3fm was equal to Young’s modulus E provided in [19].
The tensile behaviour of masonry was assumed to be linear elastic up to the peak strength ft and
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followed by an exponential post-peak phase, assuming ft = 0.05fm and a deterministic value of
tensile fracture energy Gft = 0.0025 N/mm.
The selected building was analysed through an equivalent frame model (Fig. 4) in which
macro-elements were equipped with rigid offsets suitably sized to take into account the pierspandrel joint flexibility and interaction according to previous studies [10,22]. Floor systems
were modelled through linear truss elements with axial stiffness derived from size and material
properties. That modus operandi allowed on one hand the floor flexibility to be considered in
the distribution of horizontal actions between walls, and on the other, the axial force in spandrels to be computed. By the way, the flange effect due to wall-to-wall connections was taken
into account in the structural model. It is also noted that one-way floors were assumed to span
in the Y direction of the building plan, hence transmitting gravity loads to walls oriented in the
X direction. Therefore, the gravity loads on walls in the Y direction were barely associated with
self-weight of structural elements. Pushover analysis was performed with response control under two lateral load profiles, namely, the ‘modal profile’ with lateral forces proportional to the
first vibration mode times inertia masses and the ‘mass profile’ proportional to inertia masses
only. The centre of mass at the roof level was assumed as control point for nonlinear seismic
analysis.

Figure 4: Equivalent frame model of the cases-study building.

Fragility analysis was carried out on 27 structural models of the building, corresponding to
as many samples of material properties assumed to be lognormally distributed according to
Table 2. More specifically, three possible values equal to P, Pe–E (16th percentile) and Pe+E (84th
percentile) were assigned to fm, W0 and E, resulting in 33 combinations of those material properties. Figure 4 shows the capacity curves corresponding to each direction and profile of horizontal forces.

304

E. Acconcia, V. Buonocunto, F. Parisi

(a)

(b)

(c)

(c)

Figure 4: Pushover capacity curves of case-study building: (a) X direction and modal profile; (b) X direction and
mass profile; (c) Y direction and modal profile; (d) Y direction and mass profile.

Seismic demand was evaluated in accordance with the N2 method [23], allowing global
safety checking in terms of displacement. The building was assumed to be located on ground
type A, i.e., rock or rock-like soil. Damage assessment was then performed with respect to four
damage states (DSs), allowing seismic fragility associated with each DS to be computed under
varying peak ground acceleration (PGA) that was assumed as intensity measure. The following
DSs were considered: slight damage (DS1) associated with 60% of the maximum base shear;
moderate damage (DS2) associated with the maximum base shear; extensive damage (DS3)
associated with 20% post-peak degradation of base shear; collapse (DS4) corresponding to 50%
post-peak degradation of base shear.
After that fragility points were individually derived, a lognormal probability distribution was
fitted to them. The total dispersion was computed as square root of the sum of squares of dispersion associated with capacity (i.e., dispersion derived via fitting) and dispersion associated
with demand, the latter set equal to 0.4.
Figures 5 and 6 show that the seismic fragility of the building was rather insensitive to the
lateral load profile, while highlighting a significant sensitivity to the orientation of seismic actions. Indeed, the highest fragility of the structure is related to the Y direction, as expected
according to the lowest intensity of gravity loads on walls parallel to one-way floors.
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(a)

(b)

Figure 3: Fragility curves in the X direction: (a) modal profile; (b) mass profile.

(a)

(b)

Figure 4: Fragility curves in the Y direction: (a) modal profile; (b) mass profile.

5

CONCLUSIONS

In this paper, a novel macroelement modelling procedure for masonry buildings has been
presented and experimentally validated, creating the basis for efficient computation of seismic
fragility through pushover analysis with response control. The macroelement modelling procedure is based on the fibre modelling approach and is framed within a matrix analysis approach,
allowing consideration of material nonlinearities and real construction features (e.g. wall-towall connections, floor flexibility, presence of lintels). The macroelement modelling procedure
build upon a macroelement that was originally validated against an experimental test on piers,
and then it was extended to the structural system scale. Therefore, the matrix-based analysis
procedure was validated against experimental data of a lateral load test on a full-scale masonry
wall with central opening, highlighting a satisfactory numerical-experimental agreement.
The final part of this paper has presented the implementation of the proposed procedure in
the seismic vulnerability assessment of a masonry building. The building geometry was modelled according to statistical data on existing masonry buildings located in the Campania region,
Italy. Uncertainties in material properties were modelled and propagated through pushover
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analysis, considering 27 samples of the building. Assuming four damage states corresponding
to as many performance levels of the building, fragility curves were obtained to provide the
conditional probability of exceeding each damage state given seismic intensity, which was
measured in terms of peak ground acceleration.
The output of this study can be of interest for seismic risk assessments at regional scale and
can be extended to other geometric configurations, types, and classes of masonry buildings at
national scale. The fragility curves presented in this paper will be compared to those derived
through Monte Carlo simulation, assessing the influence of the uncertainty in capacity that is
usually of paramount importance particularly in the case of existing masonry buildings. Further
developments of this study will also include a computationally efficient computation of the
uncertainty in seismic demand, using nonlinear time history analysis of equivalent elastic-plastic oscillators associated with the pushover curves of the building samples.
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Abstract
Recent earthquakes demonstrated the vulnerability of existing and historical masonry
constructions. Many strengthening techniques for the seismic retrofitting of these structures have
been introduced in the literature. Among these, FRCM strategies, based on the application of fibrereinforced composite materials on the masonry surface through inorganic mortar layers, has become
rather popular due to their physic and mechanic compatibility with historical masonries, low
invasiveness and capacity to improve both the in-plane and the out of plane masonry behaviour. In
this paper, a simplified discrete model, working at the material macroscale, is proposed to simulate
the in-plane behaviour of masonry panels strengthened by FRCM systems. The proposed modelling
approach is based on the DMEM model, whose calibration is enhanced to encompass the properties
of the externally bonded strengthening system. According to the proposed strategy, the masonry
support and the FRCM layers are simulated by an equivalent homogeneous material, discretised by
a mesh of shear-deformable articulated quadrilaterals interacting along their edges by means of 2D
unilateral cohesive-friction links. The model is implemented in OpenSees and validated by simulating
experimental shear-diagonal tests, available in literature.

Keywords: FRCM, Composite material, Masonry structures, DMEM, in-plane behaviour, nonlinear analysis.
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1

INTRODUCTION

The numerical description of the mechanical behavior of masonry elements strengthened with
externally bonded systems, such as Fabric Reinforce Polymer (FRP) or Fabric Reinforced
Cementitious Matrix (FRCM) systems, represent a current complex task and requires complex
mathematical models due to the non-linearity and anisotropy of masonry and the non-linear
interaction between the reinforcement and the masonry support [1,2]. An effective modelling
approaches to simulate unreinforced and reinforced masonry panels are represented by mesoscale
finite element models [3-7] which explicitly simulate masonry, brick-block, units and mortar joints.
According to these strategies, nonlinear zero-thickness interfaces describe both the behaviour of
mortar joints and the masonry-reinforcement layer. However, these models require high
computational costs; especially for external reinforced masonry elements where the matrix, the
reinforce and the interfaces are detailed represented [8]. Consequently, these methods are not suitable
for engineering applications.
Then the challenging problem of the scientific community is to simulate the complex mechanical
behavior of unreinforced/strengthened masonry constructions with a limited computational cost and
with sufficient accuracy. Is the case of simplified continuum finite element models where the masonry
is represented as an equivalent homogenized continuum material [9,10]. Simplified structural macromodels aiming at drastically reduce the computational effort by describing each structural element
through a single computational element (macro-element) or a coarse mesh of them, are largely used
both in engineering practice and research [11,12]. Two of the most popular structural macro-models
are represented by Equivalent Frame Model (EFM), in which the masonry building is represented by
an equivalent nonlinear frame structure constituted by nonlinear beam element and rigid offsets
[13,14], and the Macro-Element Model (DMEM), in which masonry panels are represented by sheardeformable 2D macro-elements interacting by discrete nonlinear interfaces [15-18]. The latter model
guarantees a geometrically consistent description of masonry panels thanks to its 2D kinematics also
allowing a more accurate simulation of the interaction between masonry panels and beam/column
elements [19].
In this paper, a new simplified numerical strategy for the simulation of the in-plane FRCM
strengthened masonry walls is proposed. This approach is based on the subdivision of a FRCMstrengthened masonry panel in a macro-mesh of shear-deformable elements interacting by discrete
interfaces, according to the DMEM modeling strategy. Each interface is composed of a set of 2D
links which describe the flexural/axial and shear behavior of masonry and the reinforcement layer.
The proposed model is applied to simulate some experimental diagonal-compression tests performed
on unreinforced and FRCM-strengthened masonry panels. The comparisons are presented in terms of
load-force capacity curves and distribution of damage at the failure of the panel. The results of the
analyses confirmed that the proposed model is able to simulate the response of the specimens with a
satisfactory level of accuracy.
2

DESCRIPTION OF THE NUMERICAL STRATEGY

According to the proposed strategy, the masonry panel is subdivided in a mesh of sheardeformable panels (shear panel) that simulate the shear deformability of masonry portion represented.
It is worth pointing out that, contrary to mesoscale approaches, the mesh discretization is not directly
related to the brick-masonry arrangement which is taken into account by the calibration procedures
of the interfaces. Following the DMEM approach, each shear panel can be described by an articulated
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quadrilateral with rigid edges which are used to connect the interface links allowing the interaction
between the shear panel and the adjacent elements. . Each interface (horizontal and vertical interfaces
in Figure 1) is constituted by m nonlinear 2D links which model the flexural and shear-sliding
behaviours of masonry and their coupling.

Figure 1 Real masonry wall (left); numerical representation with discrete elements (center); Single discrete element
(right)

Each interface link, as depicted in Figure 2, is constituted by two one-dimension springs arranged
in-series. One spring is oriented along the direction perpendicular to the connected panel edge (normal
spring) and one spring is parallel to the edge (shear spring). The normal spring simulating the masonry
axial behaviour is character by the normal displacement UN and force FN while the shear spring is
characterized by the shear displacement UT and force FT. The two springs behaviour is coupled
according to the Mohr coulomb failure criterion, based on the friction coefficient (μ) and the cohesive
force (F0). KN,0 and KT,0 are the initial values of the stiffness respectively in normal and in tangential
direction.

Figure 2 Discrete element interface with representation of all the nodes that are connected with 2D links (left);
single 2D link numerical representation (right)
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3

MODEL CALIBRATION

3.1 Calibration of the 2D masonry links
The constitutive law of the normal spring in compression is characterized by a parabolic
relationship until the peak-strength, followed by a linear-softening and a residual strength (Figure
3a). The tensile behavior is linear elastic until the material strength after a linear softening is
considered. When the displacement UN,tu is reached the material is considered cracked and the residual
tensile strength is equal to zero. This model considers the masonry material in two conditions: cracked
and uncracked considering two different force-displacement curves as shown in Figure 3b and in
Figure 3c.

(a)

(b)

(c)

Figure 3 Constitutive law of the normal spring: backbone curve in compression and tension and unload-reload rules
in compression; unloading behaviour in tension before cracking (b); behaviour in tension after material cracked (c)

The initial stiffness KN,0 calibration is obtained assigning to each link the axial rigidity of the
corresponding masonry strip. The same process is applied to assign to the normal material the
compression and tensile yielding force FN,cy , FN,ty. In the case of the calibration of the interface link
that connect two shear panels we have:
ܭேǡ ൌ

ܧߣݏ
݄ǡ௧௧

ሺͳሻ

ܨேǡ௬ ൌ  ݏ ߣ  ߪ 

ሺʹሻ

ܨேǡ௧௬ ൌ  ݏ ߣ  ߪ௧ 

ሺ͵ሻ

Where: E is the Young modulus of the masonry, λ is the distance between two 2D links, s is the
thickness of the represented masonry panel, hinfl,tot is the sum of the two semi length of the adjacent
shear panels, measured in the direction orthogonal to the direction of the interface; σc and σt are the
compressive and tensile yielding stresses. The compressive yielding displacement UN,cy and the
tensile yielding displacement UN,ty are calculated considering rigidity, force and the constitutive law.
The shear spring are characterized by an elasto-plastic constitutive law with linear softening
(Figure 4), governed by a Mohr Coulomb yielding surface. The sliding occurs when the force in the
direction tangential reaches its limit value, Flim, calculated as reported in Eq. (4) in which μ is the
friction coefficient, FN is the force acting in the normal spring of the 2D link and F0=cλs, and c is
the cohesive strength of the masonry.
்ܨǡ ൌ ߤ  ܨே  ܨ 
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Figure 4 Shear behaviour of the 2D link (left); influence of the normal force agent in the 2D link to the limit shear
force FT,lim (right)

3.2 Calibration of FRCM strengthening system
The FRCM matrix is represented by an additional 2D links in parallel with the 2D masonry links
and distributed along the panel edge with the same interval. The shear spring of the reinforcement
link is characterized by the same constitutive law of the shear spring of the masonry links (figure 3b),
calibrated considering the experimental shear strength of the mortar layer or the reinforcement [2125]. The normal spring is characterized by an arbitrary multi-linear force-slip (σ-UN) relationship in
tension, calibrated according to the force-slip relationship determined by a shear lap test [21-25]
(Figure 5), and zero compression strength.

Figure 5 Comparison between the experimental result of the single shear lap test and the behaviour of the multilinear
material to assign to the element that represent the fibers. In the graph σ stands for the tension in the fibers area, without
the matrix; UN is the sliding between fibers and matrix.

4

NUMERICAL SIMULATIONS OF DIAGONAL COMPRESSION TESTS FRCM
STRENGHTENED MASONRY WALLET

This case study considers the results of the diagonal compression test brick masonry walls,
executed experimentally [20]. The wall tested in laboratory (129x129x25 cm3) were built using
standard clay bricks and hydraulic lime-based mortar for the bed joints.
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The tests are executed at displacement control, applying the vertical load along the principal
diagonal direction of the square panel. Deformations along the two principal directions were recorded
by using linear potentiometric transducers. The results are reported using τ-γ diagrams, considering γ
as the sum of the deformations along the principal diagonals (εc, εt); τ is the tangential stress calculated
as τ = P/Ad, in which P is the load applied and Ad is the section of the wall measured on the principal
diagonal of the specimen. These tests are reproduced numerically with a mesh 10x10 of discrete
elements (Figure 6).

Figure 6 Comparison between the experimental and numerical results (left) and deformed shape registered after the
first peak in the numerical strengthened wall, considering an amplification factor of 50 (right)

5

DISCUSSION OF THE RESUTS

The proposed procedure well simulates the nonlinear behavior of the URM wall in terms of initial
stiffness, peak load and residual load. Moreover, observing the numerical deformation, is evident the
formation of a single diagonal cracking. This collapse mechanism reflects the failure mode
experimentally observed.
In the case of the strengthened panel, some differences are observed between the experimental and
numerical capacity curves, mainly in the peak-strength phase. However, the global trend of the
experimental curve is reproduced with a satisfactory approximation, moreover the failure mechanism
is well reproduced (Figure 6). Analyzing the stress and deformations of the Links representing
masonry, mortar matrix and fibers, it is possible to determine the failure points of each element, as
reported in Figure 7. The first part of the curve corresponds to the linear part, in which masonry and
matrix aren’t cracked. In this phase the tensile stresses in the fibers are lower than 200 MPa. The first
peak corresponds to the cracking of the masonry in the central part of the panel, followed by the
cracking of the matrix along the loaded diagonal. After this point, the external force decreases due to
opening of the diagonal crack, that can be clearly seen in the deformed shape. The tensile
deformations in the cracked interfaces continue to increase, allowing the fibers to increase tensile
deformations and stresses, which result much higher than those registered during the uncracked phase.
The second increase in strength is due indeed to the contribution of the elements that represents the
fibers. The second peak corresponds to the yield of the fibers in the central part of the panel.
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Figure 7 Numerical result with the indication of collapse of every material

6

CONCLUSION

This paper introduces a simplified model for the simulation of the nonlinear in-plane response of
masonry panels strengthened by FRCM systems. The masonry is described by a mesh of discrete
elements able to simulate the main collapse modes of masonry material. The FRCM reinforcement is
simulated by a simple and efficient method. The calibration of the model is immediate and based on
the materials parameters. As a numerical case study, a diagonal compression test has been simulated.
The comparison between experimental and numerical results highlights the efficiency of the method
in reproducing the global collapse modalities of the mixed system constituted by the masonry and the
reinforcement. In the numerical simulation, according to the experiments, the matrix contributed to
the first peak of the capacity curve while the contribution of the fibers resulted predominant in the
post-peak phase where the capacity curve showed a second peak, after a main diagonal crack was
developed.
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Abstract
Fiber Reinforced Cementitious Matrices (FRCM) are innovative materials currently adopted
for the structural strengthening of existing masonry structures. With reference to the in-plane
behavior of masonry, FRCM systems are effective in enhancing the shear capacity and in influencing the failure mode of masonry panels, which moves from a very brittle failure, typical
of unreinforced masonry walls, to a less brittle failure mode. The main objective of this paper
is to study the structural behavior of masonry panels strengthened with a FRCM system
through nonlinear numerical analyses of diagonal compression tests performed on an unreinforced and a reinforced panel. With reference to the masonry substrate, a brick-to-brick modelling approach is adopted. According to this approach, the non-linearities are all
concentrated in the mortar joints and in correspondence with potential crack surfaces located
in the middle of each brick. The FRCM strengthening system is discretized by means of a continuous bi-directional fiber grid constituted by trusses embedded into the mortar matrix,
which is bonded to the masonry substrate. A calibrated bond-slip relationship is assigned to
the matrix-fiber interface, assuming an idealized bilinear law. The nonlinear analyses allow
to capture the typical experimental shear response of a reinforced masonry panel, characterized by a load-displacement curve in which three principal phases can be identified, corresponding with different failure mechanisms: masonry cracking, mortar matrix cracking and
ultimate failure of the panel. The numerical results are, indeed, compared with experimental
results, showing a good agreement and confirming the suitability of the modelling approach
in reproducing the described experimental behavior. Parametric studies on both the material
and the geometrical parameters of the FRCM system are also performed.
Keywords: Masonry, FRCM, Diagonal Compression Test, Numerical Modelling, Nonlinear
Analysis.
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1

INTRODUCTION

The damages caused by the most severe earthquakes in recent decades have drawn attention to the problem of the vulnerability of the built cultural heritage, mostly consisting of masonry buildings [1,2]. In this framework, the use of composite materials, such as Fiber
Reinforced Cementitious Matrix (FRCM), to strengthen masonry panels became very popular
due to the extremely low weight-to-strength ratio, the ease of application, and the capability
of maintaining the original stiffness of the unreinforced element unchanged [3,4]. These materials proved to be very effective for the enhancement of the shear behavior of masonry structural elements, both in terms of load bearing capacity and failure mode [5,6].
Significant research has been also devoted to the numerical simulation of the behavior of
FCRM strengthened structural elements, adding to the specific aspects of the masonry modelling, further issues related to the FRCM systems, considering all the possible failure modes
[3]. In literature, the FRCM systems are often modeled as homogenized materials, under the
assumption of having the mortar matrix layers homogenized with a distributed reinforcement,
fully embedded inside the matrix elements [7-10]. Moreover, the hypothesis of a perfect bond
between the FRCM systems and the masonry substrate is usually introduced. Some research
works have introduced simplified analytical-numerical approaches to model the interaction
between the fibers and the mortar matrix to analyze the debonding/delamination phenomena
of the FRCM system from the substrate [11,12]. According to these models, the interface behavior between the mortar matrix and the fibers is based on the stress vs slip curves deduced
from experimental tests.
The objective of the paper is the numerical investigation of the in-plane behavior of FRCM
strengthened masonry panels subject to diagonal compression test by proposing a specific
modelling approach. In more detail, the masonry is modelled using a brick-to-brick model,
based on the simplified micro-modelling approach developed in the past and also known in
literature as meso-scale approach [13,14]. With reference to the FRCM system, each component (i.e. mortar matrix, fiber, matrix-fiber interface) is specifically modelled and the constitutive laws are purposely calibrated on the basis of experimental results to account for several
possible failure modes. For the validation of the proposed model, the comparisons between
the results of nonlinear numerical simulations and the experimental results of previous experimental campaigns [15,16] are discussed, together with the results of several parametric analyses.
2

NUMERICAL MODEL

In this paper, the in-plane shear behavior of an unreinforced (URM) and a FRCM strengthened panel is simulated by means of nonlinear numerical analyses of diagonal compression
tests. The geometry of the panels (1210×1210×120 mm3), the setup and the boundary conditions (Figure 1a) are chosen to reproduce the ones used in previous experimental campaigns
on masonry panels built with clay bricks and 10-mm thick cementitious mortar layers, then
strengthened by a FRCM system composed of a bidirectional carbon fiber grid embedded in a
lime-based mortar, having a total thickness of 6 mm per side [15,16]. The bidirectional carbon
grid is characterized by a weight density of 170 g/m2, a grid spacing of 10 mm, an equivalent
thickness of 0.047 mm and a yarn perimeter equal to 4 mm. The masonry components and the
FRCM system were subject to experimental tests for the determination of their mechanical
properties, which are here used as input parameters in the numerical model, as will be explained in the following.
A 2D numerical description of the problem is considered: this is consistent with the fact
that the tested masonry panels are single-wythe walls, characterized by a regular bond pattern.
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The numerical analyses are carried out by using the finite element software DIANA FEA 10.1.
The quality and refinement of the mesh adopted both for the URM panel and the FRCM
strengthened one (Figure 1b,c) is the result of a mesh sensitivity analysis. Numerical analyses
are carried out under displacement control, applying the displacement to the top steel cradle.
To include the presence of the FRCM strengthening system over the masonry panel, an
improved modelling approach is here proposed. More in detail, the approach consists of modelling masonry with a brick-to-brick model, where the nonlinearities are all concentrated in
the zero-thickness interface elements modelling the mortar joints and in correspondence with
potential crack surfaces located in the middle of each brick. The mortar matrix presents discrete cracks at the same locations of the masonry substrate and it is considered perfectly
bonded to the substrate. Then, the single fiber bundles are individually modelled as embedded
in the mortar matrix trough a bond-slip law. In more detail, the bond-slip law of the considered carbon FRCM system is calibrated based on experimental bond tests, performed in a
Round Robin test of the RILEM 250-CSM Technical Committee [4]. The graphical representation of the adopted modelling approach is shown in Figure 2.

(a)

(b)

(c)

Figure 1: Diagonal compression test: (a) setup, (b) FE model of the URM panel, (c) FE model of the FRCM
strengthened panel.

Figure 2: Modelling approach adopted for the FRCM strengthened panel.

2.1

Masonry

According to the brick-to-brick modelling approach, each mortar joint, consisting of mortar and two brick-mortar interfaces, is lumped into a zero-thickness interface element, while
the bricks, modelled with continuum elements, are expanded to keep the overall geometry un-
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changed. Interface elements are also used in the middle of each brick to model its potential
cracking. The bricks are modelled as a linear elastic material and all the nonlinearities of the
problem are lumped in the interface elements. The purpose of this approach is to concentrate
all the damages in the mortar joints and in the brick interfaces. The adopted mesh includes
eight-node quadratic elements for the bricks and six-node quadratic elements for brick-mortar
and potential brick crack interfaces.
Large values of normal (kn) and tangential (ks) stiffness are adopted for the interfaces located in the middle of the bricks to ensure material continuity and to avoid the interpenetration. An exponential tension softening model was used for these elements without a specified
shear or compression failure criteria. The elastic stiffness parameters for the zero-thickness
interfaces modelling the mortar joints are determined starting from the elastic properties of
brick and mortar, as reported in [14].
The nonlinear behavior of the mortar joint interface elements is introduced by considering
the combined cracking-shearing-crushing model available in the software DIANA FEA,
which was developed and improved in past research works [13,17]. This model includes the
failure mechanisms that characterize masonry: cracking of the joints, sliding along bed or
head joints at low values of normal stress, cracking of the bricks in direct tension, brick diagonal tensile cracking and masonry crushing. In more detail, the adopted model is based on
multi-surface plasticity and it includes a Coulomb friction model combined with a tension
cut-off and an elliptical compression cap.
Equations 1-3 describe the Coulomb friction yielding criterion, the yield value and the
coupling between cohesion and friction softening, respectively:

f1 (V, N1 )

W  V tan I(N1 )  V1 ( N1 )

V1 (N1 ) ce



c
G IIf

(1)

N1

(2)

tan I tan I0  (tan Ir  tan I0 )

c  V1 (N1 )
,
c

(3)

where c is the cohesion of the brick-mortar interface, ϕ0 and ϕr are the initial and the residual
friction angles, respectively, GfII is the mode-II fracture energy and κ1 is an internal softening
parameter that controls the softening behavior. Non constant mode-II fracture energy is considered since the softening of the friction angle is taken proportional to the exponential cohesion softening. The dilatancy effect is also included in the model [17] by using the parameter:
up

<0
V
1
G
Vu

1 e

Gv p

,

(4)

where Ψ0 is the dilatancy at zero confining stress and shear slip, σu is the confining stress at
which the dilatancy becomes zero, and δ is the dilatancy shear slip degradation coefficient.
For the tension mode, the yield function reads:

f 2 (V, N 2 ) V  V2 ( N2 )
V2 ( N 2 )



ft e

ft
G If

N2

,

with ft tensile strength of the brick-mortar interface and GfI mode-I fracture energy.
The yield function for the cap model is given by:
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f3 (V, N3 ) CmmV2  Css W2  CnV  (V3 (N3 ))2 ,

(6)

where Cmm, Css, and Cn are a set of material parameters, controlling the center of the cap and
its intersection with the tensile part of the normal stress axis, and V3 is the yield value. The
cap mode is described by a parabolic hardening rule, until the peak compressive strength of
the masonry fc is reached at the plastic strain κp. After the peak, the softening behavior under
compression is described by a parabolic/exponential softening rule and depends on the fracture energy Gf,c, considered according to Eq. 7 [18]:

G f , c 15  0.43 f c  0.0036 f c2 .

(7)

The introduced geometrical and mechanical properties are reported in Table 1 and Table 2,
together with the properties of the FRCM system described in Section 2.2, and they are derived mainly from experimental results or calibrated by considering data found in literature.
The vertical displacement along the compressed diagonal is assigned through two steel
cradles placed at two opposite corners of the panels. The contact surfaces between the panel
and the cradles are also modelled: the normal stiffness of the interface was high (108 N/mm3)
to avoid interpenetration while a small tangential stiffness value (450 N/mm3) was calibrated
to allow relative displacements and to properly simulate the confinement at the corners.
Property
E [GPa]
fc [MPa]
ft [MPa]

Brick
14
44
5

Mortar
7
8
3

FRCM matrix
17
5
3

Fiber
240
2400

Table 1: Mechanical parameter directly obtained from experimental tests.

kn
Interface
Brickmortar
FRCM
matrixmatrix

kt
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G If

c

I0
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< 0 Vu

G G f ,c

Np

ª N º ª N º
ª N º ª N º
ª N º
ª N º
« mm3 » « mm3 » [MPa] « mm » « mm » [rad] [rad] « mm » [rad] [MPa] [-] « mm » [-]
¬
¼ ¬
¼
¬
¼ ¬
¼
¬
¼
¬
¼

1350

550

0.25

0.001

0.40

0.85 0.85 0.05

0.75 -2

5

21

0.0044

2000

800

3.00

0.025

0.55

0.85 0.85 0.10

0.75 -2

9

17

0.0013

Table 2: Mechanical parameter derived from experimental or literature data.

2.2

FRCM

The modelling approach here introduced to describe the FRCM strengthening system behavior allows for relative slips between the fiber bundles and the mortar matrix. The formers
are introduced as a grid of 1D elements, connected to the 2D continuum elements, representing the mortar matrix, through bond-slip reinforcement interfaces. In more detail, the fiber
bundles are modelled as 2-noded linear trusses connected by line-shell interface elements to
the mortar matrix in which they are located (Figure 2). Trusses representing the fibers are
considered elastic in tension and not effective in compression. The use of a linear elastic behavior for the truss elements is a simplification verified and supported by experimental evidence [19]. The bond-slip model adopted within the software DIANA FEA sets a nonlinear
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relation between the shear stress and the shear slip, while the relation between normal traction
and normal relative displacement is maintained linear.
The mortar matrix, composed of 2D elements, is introduced in the model as perfectly
bonded to the masonry panel. This hypothesis is consistent with the experimental failure
modes [15,16], never characterized by detachment or shear slip between the mortar matrix
and the masonry substrate. Accordingly, the mortar matrix is allowed to crack together with
the masonry substrate, in correspondence of the same weak locations, i.e. mortar bed joints
and in the middle of the bricks. Therefore, the mesh of the mortar matrix is considered coincident with the mesh of the masonry, and the same potential discontinuities are introduced
trough zero-thickness nonlinear interfaces (Figure 2), modelled by adopting the combined
cracking-shearing-crushing material model, already introduced. Only the definition of the
normal and the tangential interface stiffness is modified, considering the presence of one material only: kn=E/t and ks=G/t, being E, G and t the elastic modulus, the shear modulus and the
thickness of the mortar matrix, respectively. Since a 2D mesh is used for the mortar matrix, t
is introduced as the overall thickness of the mortar, including both the inner and the outer layers.
In FRCM strengthened masonry panels, the interaction between the reinforcement system
and the substrate is highly complex and different failure modes are possible. In this work, for
reasons of simplicity, all the delamination and slippage phenomena are concentrated at the
matrix-fiber interface. This is indeed the most frequent mechanism leading to failure, after the
rupture of the fibers, which can be explicitly taken into account by the fiber model.
The potential slippage of the fiber bundles with respect to the mortar matrix is described by
zero-thickness interface elements with six-nodes, a quadratic displacement field and a plane
stress assumption. Since they connect 1D elements (fiber bundles) to 2D shell elements (mortar matrix layer), two separate interface laws are assigned along the longitudinal direction and
along the direction orthogonal to the fiber bundle alignment. The adopted constitutive laws
are based on a total deformation theory, which expresses the stresses as a function of the total
relative displacements. The relation between the normal traction and the normal relative displacement is assumed to be linear elastic and characterized by the kn stiffness. The large deformability of fibers along the direction orthogonal to their alignment and the possibility of
relative slippage between orthogonal bundles, suggest that a negligible value of the stiffness
should be considered. Therefore, a very weak stiffness is given to the bond-slip interface elements along the direction orthogonal to the fiber bundles, to neglect their contribution along
that direction. A bilinear shear stress vs slip curve is considered along the longitudinal direction; this is a simple but common choice for FRCM systems [9]. Given the purpose to perform structural analyses with a large number of interface elements and the growing difficulty
of calibrating increasingly complex laws, the choice seems appropriate. Shear laws for positive and negative values of slips are equal.
To calibrate the bond-slip interface laws and to verify the simplified assumptions introduced, preliminary numerical simulations of bond tests are carried out using the software
DIANA FEA 10.1. In more detail, experimental bond tests [4] performed on the same carbon
FRCM system considered for the diagonal compression tests are numerically modelled. The
prevalent experimental failure modes were the delamination at the matrix-fiber interface and
the slippage of the fibers within the mortar matrix. In the numerical simulations, the brick is
considered as a linear elastic material and the FRCM system is modelled as previously described. To simulate the bond tests, the free edges of the fiber bundles (truss elements) were
pulled horizontally by imposing a common displacement, while restraining the brick substrate.
The numerical results of the bond tests in terms of axial stress vs slip curves are shown in
Figure 3a. The axial stress is evaluated as the applied force divided by the cross section of the
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dry fibers. The calibration of the bilinear bond-slip law is performed by direct comparison and
fitting of the experimental results. Figure 3a shows a good matching between the numerical
axial stress vs slip curve and the experimental envelope. This finding confirms the suitability
of the adopted modelling choices. The parameters describing the bilinear bond-slip law are
reported in Figure 3b.
1600

Carbon Carbon
FRCM 1

Shear stress [MPa]

1400

Axial
stress
[mm]
Shear
[MPa]

1200
1000
800
600
Numerical
400
Experimental

200
0
0

0.2

0.4

0.6

0.8

1

Slip [mm]

1.2

1.4

(a)

(0.03;1.60)
1.80
1.60
1.40
1.20
1.00
0.80
0.60
0.40
0.20
0.00
0.00
0.05
0.10

0.15
0.20
Slip [mm]

0.25

0.30

(b)

Figure 3: Numerical simulations of bond tests: (a) axial stress vs slip curve; (b) bilinear bond-slip law.

3

NUMERICAL RESULTS

The results of the nonlinear numerical analyses are presented in this Section for both the
URM and the FRCM strengthened panels. They are compared with the experimental results
obtained in a previous experimental campaign [15,16], in which two unreinforced and two
FRCM strengthened panels were tested, to validate the proposed approach and understand the
capabilities and limitations of the model. In more detail, the load vs vertical displacement (δv)
curves are shown in Figure 4a.
With regards to the URM panels, a good agreement can be noticed between the numerical
curve and the experimental ones, both in terms of peak load and corresponding displacement.
The initial stiffness of the system is properly captured as well as the stiffness decrease registered around the 85% of the peak load. The experimental post-peak behavior was not properly
registered due to the fragility of the experimental failure.
The experimental behavior of the FRCM strengthened panels is well described by the numerical load vs vertical displacement curve: the initial stiffness and the load bearing capacity
increment (+30%) with respect to the URM panels are properly captured. In terms of vertical
displacements, the prediction is realistic and inside the experimental range.
From the numerical results, the mechanical contribution of each single component of the
FRCM strengthened panel (i.e masonry, mortar matrix and fibers) can be observed and described. In more detail, the reference points highlighted in Figure 4b can be identified, corresponding to the following phases of the diagonal compression tests:
x Point A: end of the elastic phase for the masonry panel. The first crack appears locally
inside the substrate while the external mortar matrix layer is still uncracked.
x Point B: diffused masonry cracking, while the FRCM layers are still uncracked.
x Point C: presence of macro-cracks within the mortar matrix. Along the cracking lines, the
fibers reach the peak shear stress and the onset of local delamination. In this phase, the
load reduction between points B and C can be related to the amount and type of mortar
matrix and fibers.
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350
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300

300

250

250

Load (KN)

Load (KN)

x Point D: the crack opening with the fiber slippage determines the significant load drop,
until the stress redistribution allows for a proper bonding of fibers, working alone bridging the cracks. Until this condition is stable, the system can recover the load.
x Point E: the peak shear stress is reached for few further fiber alignments.
x Point F: bond failure of a significant number of fibers: the extent of stress redistribution
is so diffused that fibers do not have the needed minimum bond length. This phase corresponds to the final failure of the FRCM system (due to delamination).
These findings confirm that the crack pattern and failure mechanism of the FRCM
strengthened panels are directly affected by both the fibers and the mortar matrix characteristics. The mortar matrix gives stiffness and peak stress contributions, while the fibers allow to
reseal the crack of the masonry panel and then determine a less brittle post-peak behavior and
eventual force recovery (if the bond is effective).

200
150
URM panel_Num
URM panel_Exp
Strengthened panel_Num
Strengthened panel_Exp

100
50

B

E

C

A

F

D

200
150
100
50

0

Strengthened panel_Num

0

0.0

0.5

1.0

1.5

2.0
2.5
δv (mm)

3.0

3.5

0.0

4.0

(a)

0.5

1.0

1.5
δv (mm)

2.0

2.5

3.0

(b)

Figure 4: Load vs vertical displacement curves: (a) numerical vs experimental results; (b) strengthened panel.

The vertical stress and the interface normal stress are reported in Figure 5 and Figure 6 for
the URM panel at peak and for the FRCM strengthened panel in correspondence with Point C
of Figure 4b, respectively. Moreover, to better investigate the delamination process of the fibers within the mortar matrix during the diagonal compression tests, two representative fiber
bundles are considered, in the positions denoted in Figure 1c. The shear stress distribution
along the two fibers at different vertical displacements (B-F points of Figure 4b) is shown in
Figure 7. The potential cracking lines, in correspondence of mortar joint interfaces and of the
middle of the bricks are represented with vertical black lines. For the fiber bundle 170 (Figure
7a), an increase in the shear stress, even leading to the reaching of the bond strength, can be
observed along some section when the mortar matrix starts to crack (lines B-C). In the following steps, a shift of the peak shear stress can be noticed due to the development of the delamination process. In correspondence with the formation of new cracks (e.g. position at 293.8
mm), a sudden failure (delamination) and a subsequent stress redistribution towards less
stressed portions are observed, until the reaching of the minimum bond length, when the bundle fully delaminates. An analogous behavior can be noticed for the fiber bundle 174, even if
the trend of the shear stress is influenced by the different position of the bundle within the
masonry panel. Indeed, the delamination process starts later with respect to the fiber bundle
170, but the shift of the stress diagram is much larger. Starting from these observations and
considering that the fully delamination can be reached at different time instants for the bundles, it can be observed that a stress redistribution is allowed between the bundles (beyond
point F of Figure 4b). A FRCM strengthened masonry panel can exploit this important resource in the post-peak phase, depending on the quality of the matrix-fiber bond.
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(a)

(b)

Figure 5: Numerical results for the URM panel at peak: a) vertical stresses on the brick elements, b) interface
normal stresses.

(a)

(b)

Figure 6: Numerical results for the FRCM strengthened panel: a) vertical stresses on the bricks, b) interface
normal stresses.

(a)

(b)

Figure 7: Tangential stress distributions along: a) fiber bundle 170, b) fiber bundle 174.

The numerical and experimental results are also compared in terms of failure mode. For
the URM panel, the numerical failure is governed by the formation and development of one
main crack along the compressed diagonal, in good accordance with experimental evidence
(Figure 8a). For the FRCM strengthened panel, the presence of the composite system improves the failure mechanism, bridging the main crack and allowing for an effective stress

326

Francesca Ferretti, Francesco S. Murgo and Claudio Mazzotti

redistribution, which leads to the formation of multiple cracks before failure (Figure 8b). Correspondingly, the sample is allowed to reach much greater deformations before failure, with
respect to the URM panel.

(a)

(b)

Figure 8: Typical failure modes of (a) URM panel and (b) FRCM strengthened panel.

4

PARAMETRIC ANALYSES

After the validation of the proposed numerical model by comparison with experimental diagonal compression tests, parametric analyses are performed to investigate some of the parameters which could affect the structural response. The variations here considered regards
the mortar matrix properties, i.e. elastic modulus and tensile strength, and the amount of fibers
embedded within the mortar matrix, according to Table 3. In more detail, the considered range
of variability of the elastic modulus of the mortar matrix covers adoption of soft mortars and
of thick mortar layers: the cross section of the mortar matrix is indeed kept constant in the
model and the membrane stiffness is properly modified trough the variation of the elastic
modulus only. Concerning the variation of the amount of fibers, different cross sections and
perimeters are considered, selecting appropriate ranges according to the products available in
the market.
Model
Reference
Soft matrix
Stiff matrix
Weak matrix
Strong matrix
Matrix only
Double density
High density
Light density
Double layer

Ematrix
[MPa]
17
5.5
51
17
17
17
17
17
17
17

ft,matrix
[MPa]
3
3
3
1
6
3
3
3
3
3

Area
[mm2]
0.47
0.47
0.47
0.47
0.47
0.92
1.38
0.23
0.92

Perimeter
[mm]
4
4
4
4
4
5.64
6.92
2.83
4

Table 3: Parametric analyses on mortar matrix properties and amount of fibers.

The results of the parametric analyses are reported in Figure 9 in terms of load vs vertical
displacements. In particular, from Figure 9a it can be noticed that the value of the elastic
modulus of the mortar matrix affects the stiffness of the initial uncracked branch, as expected.
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A large deformability of the mortar matrix (soft curve) leaves the masonry alone in the definition of the first peak, which is then remarkably reduced with respect to other cases (ref., and
stiff); on the contrary, a too stiff mortar matrix (stiff) cracks before the masonry, leaving almost unaffected the stress at first peak. After the first peak, the mortar matrix stiffness also
affects the possibility of having a force recovery, due to a possible tension stiffening mechanism allowing for an effective distribution of the cracks around the central portion of the panel. Figure 9a shows also the effect of the mortar matrix tensile strength on the shear behavior:
a weak mortar matrix cracks before the masonry and it produces a sudden stiffness reduction.
Correspondingly, the first peak is significantly lower with respect to the Reference case. On
the other side, a high value of tensile strength seems partially not effective without a coherent
increase of elastic modulus, since the first peak is shifted towards larger deformations and
crack openings, where the larger mortar matrix force contribution is balanced by the smaller
masonry counterpart, clearly inside its softening behavior. Moreover, once the tensile strength
is locally reached, the post-peak stress behavior is more brittle and, correspondingly, the
global force redistribution capability is reduced. Once the mortar matrix is cracked, the second peak is mainly governed by the amount of fibers and their strength. These findings are
also confirmed by recent research works [6].
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Figure 9: Load vs vertical displacement curves: (a) numerical vs experimental results; (b) strengthened panel.

The effect of the use of different amounts of fibers is presented in Figure 9b. It can be noticed that a growing amount of fibers inside the mortar matrix does not improve the first peak
so much, since before cracking mortar matrix is more effective than fibers. Only when the
amount of fibers is relevant (double density and high density) and properly bonded, the initial
capacity is remarkably enhanced, even because the mortar matrix is thin. In fact, when two
layers of strengthening grids are considered (double layer), first peak is not so affected and
the effect of fibers can be observed only later, because of the limited bond between mortar
matrix and fibers. The force drop after the first peak and the slope of the following force recovery branch (tension stiffening effect) are strongly related to the amount of fibers: the former being inversely dependent and the latter being proportional to it. This can be explained by
considering the better stress redistribution which takes place around the main cracks with
growing amount of fibers. As a consequence, a stronger reinforcement tends to merge the two
peaks into one. Finally, as expected, the application of a layer of mortar matrix only produces
an increase of stiffness and shear strength with respect to the URM panel but a very brittle
failure occurs.
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5

CONCLUSIONS

In the present paper, the in-plane shear behavior of FRCM strengthened masonry panels
subject to diagonal compression tests is investigated by means of nonlinear numerical analyses. A novel modelling strategy is proposed to include the contribution of each component of
the FRCM system. In more detail, the FRCM system is discretized by using linear trusses
embedded into the mortar matrix and a proper bond-slip law is calibrated from experimental
bond tests.
The numerical simulations allow to identify the different phases, characterizing the improved shear behavior of a FRCM strengthened panel, highlighting the role of each component, i.e. masonry substrate, mortar matrix and fibers. In particular, it is observed that, in most
of the cases, the masonry cracks before the external mortar matrix, without introducing a sudden change of slope of the force vs vertical displacement curve. Then, the presence of the
mortar matrix mostly influences the first peak load, while the presence of the fibers has an
impact in the post-peak branch and in the determination of a second load peak. Parametric
analyses on the mortar matrix properties and on the amount of fiber are performed to better
analyze the influence of these parameters on the overall structural response.
It can be concluded that the described modelling approach can determine a satisfactory
match between numerical and experimental results both for the unreinforced and the FRCM
strengthened masonry panel. It could be extended to different typologies of FRCM systems,
with a proper calibration of the mechanical properties of the materials and of the matrix-fiber
bond-slip interface laws.
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Abstract
Presently, in historical centres, it is very difficult to analyse buildings as independent structures, since they share the same boundary walls with adjacent structural units. These constructions of the building aggregate interact among themselves under seismic actions, so that their
behaviour differs from that of the individual buildings considered as isolated structures.
Therefore, it is emerging the need to assess seismic vulnerability of building aggregates. Thus,
in this paper both simple empirical and mechanical refined vulnerability evaluation methods
of masonry building aggregates are examined in general terms and illustrated in detail through
the application on a case study in Mirandola, a district of Modena. On one hand, two empirical assessment methodologies, mainly based on the basic observational data of masonry constructions and properly calibrated on macro-element analysis results on a significant number
of clustered buildings, are proposed taking properly into account the interactions among adjacent constructions. On the other hand, a mechanical analysis method at the individual building
scale is also applied to evaluate more realistically the seismic behaviour of clustered structural
units through the development of appropriate capacity curves.
Keywords: Seismic Vulnerability, Masonry Aggregates, Empirical Methods, Quick evaluation, Mechanical Methods, Capacity curves.
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1

INTRODUCTION

The seismic safety of existing masonry buildings represents, as it is known, one of the
main priorities for reducing the seismic risk of historical centres and is conditioned from multiple geometrical and mechanical factors that influence their behaviour against earthquakes [1].
Nowadays, in most Italian centres, it is easy to find a building heritage characterized by
historic masonry constructions without an adequate structural apparatus to resist the increasingly frequent and disastrous seismic actions. This structural inadequacy generates a drastic
increase of the global vulnerability and, therefore, of the seismic risk of entire urbanized sectors.
Buildings erected in aggregate conditions are often made up according to the traditional
constructive practice with very variable types of vertical structure (i.e. heterogeneous or multi-leaf masonry walls) and deficient construction details (bad connections between orthogonal
walls and between walls and floors, variation in the thickness of the walls along with the
building height, etc.), which implicitly involve behavioural deficiencies in terms of stability in
areas characterized by considerable seismicity. Furthermore, the interactions among the contiguous structural cells must be appropriately considered in the study of the vulnerability of
the whole aggregate, since the dynamic response of each cell is strongly influenced by both
the number of aggregate units and the position within the clustered building [2].
Based on these considerations, the present study aims to focus on the seismic response of a
masonry aggregate located in the historical Centre of Mirandola, a municipality within the
province of Modena. The selected masonry aggregate is made of brick walls with deformable
floors, which is a typical structural typology representative of the building classes present in
the examined urban area. The main objective of the present research is to study seismic vulnerability through empirical and mechanical procedures in order to provide a judgement on
the effectiveness of simple analysis methods in predicting seismic vulnerability of masonry
structural units of clustered buildings.
2

CASE STUDY MASONRY AGGREGATE

The case study historical building is a row masonry aggregate (Figure 1) composed of different structural units (SUs), mutually interacting to each other, which occupy different positions (heading or intermediate) within the examined clustered compound.

Figure 1: Case study aggregate placed in the historical centre of Mirandola.

From a structural point of view, the height of the structural units varies from 2 to 4 floors
above ground, with an average inter-storey height of 2.80 m. The vertical structures, characterized by solid brick walls, have an average thickness ranging from 0.24 m to 0.50 m.
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The horizontal structures are mainly made of wooden beams with double planking. The
street views of the study building compound, together with the division of the masonry aggregate in different SUs, are depicted in Figure 2.

Figure 2: Structural layout and identification of the SUs.

Concerning the physical conditions, it has been observed that the main facades along Franciacorta street do not show, globally, a marked deterioration of the materials. Nevertheless,
there are evident spots of humidity and partial detachment of the plaster, which, however, do
not to alter the static behaviour of buildings. Similarly, the façade facing Dei Quartieri street
does not display signs of structural decay or cracks.
3

EMPIRICAL VULNERABILITY ASSESSMENT

To estimate the seismic vulnerability of the reference case study aggregate, firstly, it is
adopted a specific vulnerability index method (V.I.M.) proposed in [3], which is appropriately
conceived for historical buildings aggregates. The proposed survey form takes into account
the effects of mutual interaction among SUs under seismic actions with suitable five parameters accurately calibrated on mechanical analyses. So, the vulnerability index of each SU is
achieved as the weighted sum of the score of each parameter multiplied by the respective
weight. Consequently, the seismic vulnerability of the entire aggregate is estimated as the
weighted mean of the vulnerability indices of each SUs, considering the ratio between the cell
volume and that of the entire aggregate, as shown in the following Equation 1:
n
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Subsequently, the methodology proposed in [4] is applied. This seismic vulnerability assessment procedure is essentially based on specific vulnerability indices, which describe, according to various constructive and functional parameters (geometric characteristics,
construction period, collapse mechanisms, etc.), the seismic criticality degree of each aggregate.
This methodology allows estimating the seismic vulnerability based on a global analytical
vulnerability index (VGA) of the aggregate, providing an immediate quantification of the haz-
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ard of the single aggregate. Mathematically, the used analytic expression is shown in the following Equation 2:
VGA

DM  PDM  RF  PRF  RT  PRT  LP  PLP  VT  PVT  MRC  PMRC  MSS  PMSS

(2)

where: DM is the masonry disconnection index, RF is the index of façades overturning, RT
is the index of the gable overturning, LP is the index of strut-cracks, VT is the shear index,
MRC is the R.C. hammering index and MSS is the hammering index due to staggered floor.
The above mentioned factors are vulnerability indices identifying the portion of the aggregate,
which results to be exposed at seismic damage. Moreover, the coefficients Pi (PDM, PRF, ..,
PMSS) are the weights associated to the previously defined indices, whose numerical values are
assigned proportionally to the corresponding collapse mechanism activated [4].
The two assessment methods are applied to the case study building aggregate. Figure 3
shows the comparison between the analytical indices assessed using the applied methodologies and the respective typological vulnerability curves [5] of the entire aggregate case study.

(a)

(b)

Figure 3: Comparison between the proposed methodologies in terms of vulnerability index (a) and vulnerability
curves (b).

From the results acquired, it is shown how the V.I.M shows a significant increase in vulnerability (+ 26%) compared to the VGA method (Figure 3a). This discrepancy is essentially
due to the parameters monitored in the two methods used. The V.I.M. establishes its applicability mainly on the interactions of structural units, considering the incidence of the planealtimetric configuration of the single SUs. On the contrary, the VGA method is based on the
definition of a set of indices, that affect the behaviour of the façades of the building examined.
The comparison results are also presented in terms of vulnerability curves in Figure 3b, where
it is seen that, starting from a macro-seismic intensity of nine, the VGA method tends to underestimate of one level the expected damage compared to that of the other method proposed.
4

MECHANICAL VULNERABILITY ASSESSMENT

The numerical analyses are performed according to the 3Muri software [6] based on the
Frame Macro-Elements (FME) theory. In this analysis method, it is assumed that masonry
walls are considered as a set of single-dimensional macro-elements suitably interconnected to
each other by rigid nodes.
The strength criteria of deformable elements are assumed based on EN 1998-3 provisions
[7], which establish as maximum drifts for shear and flexural collapse failures the values of
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0.4% and 0.6%, respectively. Furthermore, to consider the confinement effect of the structural
units contiguous to the reference one, the SUs are modelled with the 3Muri software considering half part of adjacent structural cells accounting for their contribution in terms of stiffness
and mass. In Figure 4, the most representative SUs extrapolated from the whole aggregate,
namely head unit (SU1) confined on one side only, intermediate unit (SU7) confined on three
sides and intermediate unit (SU13) confined on two sides, are depicted.

(a) – SU1 (head)

(b) – SU7 (intermed. on 3 sides)

(c) – SU13 (intermed. on 2 sides)

Figure 4: Numerical models of some structural cells: head SU (a) intermediate SU confined on 3 sides (b) and
intermediate SU confined on 2 sides (c).

Subsequently, the above-presented structural configurations are compared in terms of capacity curves, as reported in Figure 5.

(a)

(b)

Figure 5: Capacity curves of the inspected SUs in X (a) and Y (b) analysis directions.

From the analysis of the achieved results, it is possible to appreciate how the structural behaviour of the examined SUs in the two analysis directions is very different to each other.
In particular, it is observed that in the transverse direction (X) the SU1 (head) and SU7 (intermediate, confined on three sides) provide an increase of strength about of 42% and 72%,
respectively, with respect to the SU13 (intermediate, confined on two sides). Moreover, considering the comparison in terms of the ultimate displacement, du, the SU13 exhibits the best
performance, with a value from 1.5 to 2.0 times greater than that of the other abovementioned SUs. Conversely, in the longitudinal direction (Y), the examined structural cells
display a different structural behaviour. In fact, as it is seen from the results attained in Figure
5b, the SU13 shows strength of about 3 and 2 times greater than that of SU1 and SU7, respectively. In addition, by comparing the ultimate displacements of the examined clustered units,
it is noticed how the SU13 provides a value about 1.5 and 2.5 times greater than those of SU1
and SU7, respectively. Finally, the V.I.M method is applied to each of the SUS of the building compound to highlight the differences detected with the results gotten from the mechani-
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cal analyses applied to each of the SUS of the whole buildings aggregate. The comparison of
results deriving from the used analysis procedures are shown in Figure 6.

Figure 6: Comparison between V.I.M. results and mechanical method ones.

From the comparison presented, it is clear how, globally, the vulnerability level obtained
by the empirical method is not very dissimilar from what is obtained by mechanical analysis.
In particular, in the direction X, the mechanical analysis indices differ on average by +25%
(estimated dispersion concerning the entire sample of data examined) compared to the mean
value of the empirical procedure. On the contrary, in the direction Y, the data obtained by the
mechanical approach differ on average by -10% compared to the average empirical one. This
circumstance leads to consider that the proposed V.I.M. method is almost effective for the
simplified estimation of the seismic vulnerability of SUs of masonry building compounds.
5

CONCLUSIONS

The present research applied different analysis procedures for seismic vulnerability evaluation of historical buildings in aggregate condition. In particular, two different approaches,
namely empirical (V.I.M. and A.V.I.) and mechanical, were used to determine the seismic
vulnerability of a clustered building located in the municipality of Mirandola. From the application of empirical methods, based on specific and synthetic survey forms, it was found that:
x The V.I.M method, specifically conceived for cluster buildings, allowed to estimate the
vulnerability of the whole building aggregate as a weighted average of the indices of the
individual structural units (SUs), providing a medium-low vulnerability level equal to 0.43;
x The method proposed by Gulli et al., which was derived as a weighted sum of specific local vulnerability indices, mainly taking into consideration the behaviour of the façade walls,
provided a synthetic vulnerability index equal to 0.106 (low vulnerability);
x The comparison between the empirical methodologies showed how the VGA index underestimates, on average, the expected vulnerability by + 26% compared to the V.I.M. one. This
discrepancy was reflected in the evaluation of the average damage degree too. In fact, starting from a macroseismic intensity equal to nine, a mean underestimation of the expected
damage degree of 33% was found by applying the methodology proposed by Gulli et al.
Subsequently, mechanical analysis was carried out on each of the SUs composing the aggregate to compare the achieved results with the corresponding ones deriving from the empirical V.I.M. method. From comparison, it was noticed that:
x In the two analysis directions, a variation of the seismic capacity was observed for the SUs
examined. In particular, in the direction X, the monitored base shear provided by the SU1
and SU7 was 42% and 72% higher than those of the corresponding SU13, respectively.
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Moreover, the SU13 exhibited a significant increase of the capacity displacement, with a
value from 1.5 to 2.0 times greater than that of the other above-mentioned SUs. On the
contrary, in direction Y, it was observed how the SU13 provided a shear strength about 3
and 2 times higher than that of SU1 and SU7, respectively. In addition, by comparing the
ultimate displacements of the examined clustered units, it has been noticed how the SU13
provided a value about 1.5 and 2.5 times greater than those of SU1 and SU7, respectively.
x The vulnerability level attained by the empirical V.I.M. method did not result dissimilar
from what was obtained by the mechanical approach. In particular, in the direction X, the
mechanical simulation overestimated by +25% the mean index of empirical procedure. On
the contrary, in the direction Y, the vulnerability index obtained by the mechanical approach underestimated on average by 10% the seismic safety condition deriving from the
simple empirical method.
x In conclusion, based on the above-mentioned results, it was found that the V.I.M. method
is quite suitable in predicting, through a simple analysis tool, the seismic vulnerability of
SUs of clustered buildings.
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a1hhG1J1Lh@AL.l*1. .J:1 aa1aaJ1Lh AL lLAGh1_G
JaPL_u@GAE1 ah_l*hl_1a,  SA1*1qAa1 _A:A.
.AaSG*1J1Lh SS_P*>
A/ Jb+QHQ1 - MiQMBQ 6Q`imMiQ1
1

lMBp2`bBiv Q7 aH2`MQ
.2T`iK2Mi Q7 *BpBH 1M;BM22`BM;
oB :BQpMMB SQHQ AA- Rjk @ 39y39 6Bb+BMQ UaV
2@KBH, &BKb+QHQ- X7Q`imMiQ'!mMBbXBi

E2vrQ`/b, JbQM`v- `+? #`B/;2- b2BbKB+ #2?pBQm`- SB2+2rBb2 _B;B/ .BbTH+2K2Mi T@
T`Q+?X
#bi`+iX a2iiH2K2Mib b2p2`2Hv z2+i ?BbiQ`B+ KbQM`v bi`m+im`2b- M/ BM 7+i- b2iiH2K2Mi@
BM/m+2/ bi`m+im`H 7BHm`2b `2 +QKKQM rQ`H/rB/2X h?Bb TT2` /2b+`B#2b  `B;B/ #HQ+F
/2i2+iBQM M/ B/2MiB}+iBQM T`Q+2/m`2 Q7 i?2 +`+F Tii2`M BM KbQM`v@HBF2 bi`m+im`2b
bm#D2+i2/ iQ /2/ HQ/b M/ }MBi2 /BbTH+2K2Mib U2X;X- b2iiH2K2MibVX h?2 T`Q+2/m`2 Bb
#b2/ QM i?2 SB2+2rBb2 _B;B/ .BbTH+2K2Mib US_.V TT`Q+?X h?2 2[mBHB#`BmK T`Q#H2K
Bb 7Q`KmHi2/ BM i?2 7`K2rQ`F Q7 GBKBi MHvbBb #v K2Mb Q7  bmBi#H2 p`BiBQMH 7Q`@
KmHiBQM 7Q` i?2 "QmM/`v oHm2 S`Q#H2K U"oSV Q7 LQ`KH GBM2` 1HbiB+ LQ@h2MbBQM
Ki2`BH UL1LhVX h?2 2[mBHB#`BmK bii2b Q7 KbQM`v@HBF2 bi`m+im`2b `2 Q#iBM2/ b M
QTiBKBxiBQM Q7 hQiH SQi2MiBH 1M2`;v UhS1VX h?2 TTHB+iBQM Q7 i?2 T`QTQb2/ K2i?Q/
iQ `2H +b2 bim/B2b ?B;?HB;?ib Bib TQi2MiBH BM i?2 }2H/ Q7 K2+?MB+b M/ i?2 K2+?MBbKb
Q7 7`+im`2X
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JbQM`v `+? #`B/;2b `2 bmb+2TiB#H2 iQ 2ti2MbBp2 bi`m+im`H /K;2- 7BHm`2- M/ 2p2M
+QHHTb2 r?2M bm#D2+i2/ iQ 2t+2TiBQMH HQ/BM; Q` KbbBp2 /Bz2`2MiBH b2iiH2K2Mib BM/m+2/
#v ~QQ/b- b?BT@rQ`K BM72biiBQMb Q7 rQQ/2M 7QmM/iBQMb- b+Qm`BM;- M/ Qi?2` Mim`H Q`
KM@K/2 2p2MibX h?2 a+`BpB _Bp2`- h`B;MQ- M/ _m#BM2HHQ #`B/;2b BM AiHv U20022003- 2013V- i?2 "HHvMK22M M/ "Bb?QTb7Q`/ _Q/ #`B/;2b BM 1M;HM/ U2015- 2019V- i?2
.2# #`B/;2 BM aTBM U2018V `2 Dmbi bQK2 2tKTH2b Q7 `2+2Mi bT`2/ rQ`H/ rB/2 KbQM`v
#`B/;2b 7BHm`2b mM/2` b+Qm`@BM/m+2/ b2iiH2K2Mib (R)@(e) `2 Dmbi  72r 2tKTH2b Q7 `2+2Mi
rQ`H/rB/2 KbQM`v #`B/;2b 7BHm`2b mM/2` b+Qm`@BM/m+2/ b2iiH2K2MibX h?2b2 2p2Mib `2
7m`i?2` T`QQ7 Q7 i?2 m`;2Mi M22/ 7Q` i?2 MHvbBb M/ bb2bbK2Mi Q7 i?2 HQ/@+``vBM;
+T+Biv Q7 KbQM`v #`B/;2bX h?2 MmK#2` Q7 b+B2MiB}+ `2b2`+? TT2`b /2HBM; rBi? i?Bb
iQTB+ Bb BKT`2bbBp2X h?2 KBM K2i?Q/b Q7 bi`m+im`H MHvbBb Q7 KbQM`v +QMbi`m+iBQM `2,
Ç 61J@#b2/ TT`Q+?2b- r?B+? `2 bm#/BpB/2/ BMiQ i?`22 KBM +i2;Q`B2b /2T2M/BM;
QM i?2 `2T`2b2MiiBp2 b+H2, K+`Q@KQ/2HBM; (d)@(N)- /Bb+QMiBMmQmb KQ/2Hb (Ry) M/
KB+`Q@KQ/2HBM; (RR)X JQpBM; 7`QK i?2 K+`Q@ iQ i?2 KB+`Q@b+H2- i?2 H2p2H Q7 ++m@
`+v BM+`2b2b- #mi i?2 KQ/2HBM; M/ MmK2`B+H BKTH2K2MiiBQM +?HH2M;2b M/ i?2
+QKTmiiBQMH 2zQ`ib HbQ bB;MB}+MiHv BM+`2b2c
Ç ?QKQ;2MBxiBQM TT`Q+?2b (Rk- Rj)- BM r?B+?  bi`m+im`H 2H2K2Mi`v +2HH U+QMbBbi@
BM; Q7 /Bz2`2Mi +QKTQM2Mib bm+? b KQ`i` M/ #HQ+FbV Bb KQ/2H2/ b M 2[mBpH2Mi
?QKQ;2M2Qmb K2/BmK UBX2X-  +QMiBMmmKV rBi? K2+?MB+H T`K2i2`b i?i `2 /2@
`Bp2/ 7`QK 2+? Q7 Bib BM/BpB/mH +QKTQM2Mibc M/
Ç GBKBi MHvbBb@#b2/ TT`Q+?2b- KQ/2`M TT`Q+?2b i?i bmTTQ`i i?2 +HbbB+H
K2i?Q/b 2KTHQvBM; i?`mbi HBM2 i?2Q`v- ;`T?B+ biiB+b- M/ GBKBi MHvbBbX h?2B`
Q`B;BMb /i2 iQ i?2 1M;HBb? b+?QQH BM i?2 Hi2 1600b- rBi? i?2 i?2Q`v Q7 i?2 +?BM
?pBM; }`biHv #22M T`QTQb2/ #v _Q#2`i >QQF2 U1676V M/ mb2/ Hi2` #v *?`BbiQT?2`
q`2M BM aBMi SmHǶb /QK2 U1675V- #v :BQpMMB SQH2MB BM aiX S2i2`Ƕb /QK2 BM oiB+M
U1743V- M/- KQ`2 `2+2MiHv- #v MiQMB :m/ő B *Q`M2i 7Q` i?2 /2bB;M Q7 i?2 +?m`+?
Q7 *QHǁMB :Ƀ2HH BM "`+2HQM U+X 1900V (R9- R8)X h?2B` KQ/2`M 7Q`KmHiBQM- /m2
iQ Mi?QMv EQQ?`BM- C+[m2b >2vKM M/ PH;B2`/ *2+BH wB2MFB2rB+x(Re)@(R3)- Bb
#b2/ QM i?2 LQ@h2MbBQM bbmKTiBQMX h?2 Ki2`BH Bb KQ/2H2/ b  MQ@i2MbBQM `B;B/
Q` 2HbiB+ Ki2`BH- rBi? mMBHi2`H MQ@7`B+iBQM +QMi+i +QM/BiBQMb (RN)@(kk)X
LQM2i?2H2bb- i?2 Bbbm2 Bb 7` 7`QK #2BM; 2t?mbi2/ #2+mb2 2+? Q7 i?2b2 i?`22 K2i?Q/b
vB2H/b `2bmHib QMHv rBi?BM Bib QrM #QmM/bX h?2`2 Bb iQ /i2 MQ ;2M2`HHv ++2Ti2/ rv iQ
bb2bb KbQM`v bi`m+im`2bX
h?Bb TT2` 7Q+mb2b QM MHvxBM; M/ T`2/B+iBM; +`+F Tii2`Mb BM KbQM`v `+? #`B/;2b
bm#D2+i2/ iQ /2/ HQ/b M/ }MBi2 /BbTH+2K2MibX AM i?2 7`K2rQ`F Q7 i?2 KQ/2`M GBKBi
MHvbBb@#b2/ TT`Q+?2b- i?2 2[mBHB#`BmK T`Q#H2K Bb `27Q`KmHi2/ rBi?  +HbbB+H p`B@
iBQMH BM2[mHBiv 7Q`K Q` 2[mBpH2MiHv b  +QMbi`BM2/ KBMBKBxiBQM T`Q#H2K Q7  MQM@
/Bz2`2MiB#H2 7mM+iBQMH UBX2X- i?2 hQiH SQi2MiBH 1M2`;vV Qp2` i?2 b2i Q7 /KBbbB#H2 /Bb@
TH+2K2Mib (kj)@(\)X h?2 KBM MQp2Hiv Bb i?2 +QMbB/2`iBQM Q7  7+iBiBQmb 2HbiB+Biv Q7
i?2 Ki2`BH iQ ;m`Mi22 i?2 +QMp2`;2M+2 Q7 i?2 T`QTQb2/ K2i?Q/X h?2 bQHmiBQM Bb i?2M
Q#iBM2/ #v KFBM; i?2 2HbiB+ /27Q`KiBQM i2MbQ` i2M/ iQ x2`QX h?Bb T`Q+2/m`2 Bb #b2/
QM i?2 SB2+2rBb2 _B;B/ .BbTH+2K2Mib TT`Q+?M (kR)- r?B+? +QMbBbib Q7 `2bi`B+iBM; i?2
KBMBKBxiBQM T`Q#H2K #v  }MBi2 +Hbb Q7 TB2+2rBb2 `B;B/ /BbTH+2K2Mib rBi? bmTTQ`i QM 
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}MBi2 T`iBiBQM Q7 i?2 r?QH2 bi`m+im`H /QKBMX h?Bb `2/m+2b i?2 2[mBHB#`BmK T`Q#H2K iQ
 +QMp2t QTiBKBxiBQM T`Q#H2K 7Q` r?B+? 2tBbi2M+2 M/ mMB[m2M2bb `2 2Mbm`2/X h?2 +b2
bim/v Q7 i?2 .2# "`B/;2 7BHm`2 BM aTBM Bb HbQ +QMbB/2`2/ iQ +Tim`2 i?2 2bb2M+2 Q7 i?2
T`QTQb2/ K2i?Q/ M/ Bib 2z2+iBp2M2bbX
h?2 bi`m+im`2 Q7 i?2 TT2` Bb b 7QHHQrb, a2+iBQM k 7Q+mb2b QM i?2 .2# "`B/;2 M/
Bib 7BHm`2 Q++m``2/ BM 2018- a2+iBQM j T`2b2Mib i?2 Ki?2KiB+H KQ/2H M/ i?2Q`2iB+H
7`K2rQ`F Q7 i?2 T`QTQb2/ MmK2`B+H TT`Q+?- a2+iBQM 9 TTHB2b bm+?  T`Q+2/m`2 iQ
i?2 +b2 bim/v Q7 .2# "`B/;2X h?2 `2bmHib b?Qr  biBb7+iQ`v ;`22K2Mi #2ir22M i?2
MmK2`B+H@#b2/ +`+F Tii2`M M/ i?2 Q#b2`p2/ QM2- T`QpBM; iQ #2  TQr2`7mH M/ p2`biBH2
iQQH 7Q` i?2 bim/v Q7 i?2 K2+?MBbKb Q7 7`+im`2 Q7 LQ@h2MbBQM Ki2`BHbX h?2 T`QTQb2/
K2i?Q/ +M #2 mb27mHHv 2tTHQBi2/ 7Q` i?2 bim/v Q7 +QHHTb2 K2+?MBbKb M/ mHiBKi2 HQ/
+T+Biv Q7  rB/2 `M;2 Q7 KbQM`v@HBF2 bi`m+im`2b b Bi Bb 2KT?bBx2/ BM i?2 +QM+Hm/BM;
`2K`Fb /`rM BM a2+iBQM 8X
k

h?2 .2# "`B/;2

h?2 .2# "`B/;2 Bb  7Qm`@bTM biQM2 #`B/;2 +QMM2+iBM; i?2 +Biv Q7 .2# rBi? Jmi`BFm
BM i?2 "b[m2 *QmMi`v Q7 aTBMX Ai rb #mBHi 7`QK 1865 M/ 1866 b T`i Q7  H`;2`
+QbiH KQiQ`rvb T`QD2+i i?i BK2/ iQ HBMF i?2 +BiB2b Q7 aM a2#biBM M/ "BH#QX
6Q` Bib `iBbiB+ M/ ?BbiQ`B+ pHm2- i?2 .2# "`B/;2 ?b bT2+BH T`Qi2+iBQM rBi?BM i?2
JQMmK2MiH *QKTH2t Q7 i?2 *KBMQ /2 aMiB;QX h?2 mM/2`HvBM; ;2QHQ;v Q7 i?2 .2#
`Bp2`#2/ Bb KBMHv +QKTQb2/ Q7 HHmpBH bQBH KBt2/ rBi? bBHi- bM/- M/ ;`p2H i?i +QM@
biMiHv 2tT2`B2M+2b HM/bHB/2b- /QHBM2b- M/ `Q+F7HHbX h?Bb Bb `2~2+i2/ BM KMv 2TBbQ/2b
Q7 b2iiH2K2Mi@BM/m+2/ #`B/;2 7BHm`2b Qp2` i?2 v2`bX h?2 Hi2bi Q++m``2/ i i?2 #2;BMMBM;
Q7 CmHv 2018- r?2M i?2 +2Mi`H TB2` 2tT2`B2M+2/  p2`iB+H b2iiH2K2Mi Q7 #Qmi 0.80@0.90K`2bmHiBM; BM  ;`2i /2T`2bbBQM BM i?2 `Q/- /K;2 M/ +`+FBM; Q7 i?2 irQ +2Mi`H #`B/;2
pmHib- M/- +QMb2[m2MiHv- +HQbm`2 Q7 i?2 #`B/;2 U6B;m`2 RVX

6B;m`2 R, oB2rb Q7 i?2 .2# "`B/;2 U.2#FQ wm#B FHi2imiV
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j

Ji?2KiB+H KQ/2H

G2i mb +QMbB/2` M 2HbiB+ #Q/v i?i Q++mTB2b- BM Bib mM/27Q`K2/ bii2- M QT2M M/
#QmM/2/ bm#b2i Ω ∈ 2 rBi?  bm{+B2MiHv bKQQi? #QmM/`v UBX2X- C 1,1 @`2;mH` +m`p2 ∂ΩV+QMbBbiBM; Q7 irQ QT2M /BbDQBMi T`ib ∂Ω = ∂ΩD ∪ ∂ΩN ∪X h?2v `2 #QmM/ iQ }`bi@
ivT2 UBX2X- .B`B+?H2iV M/ b2+QM/@ivT2 UBX2X- L2mKMMV #QmM/`v +QM/BiBQMb UBX2X- ?2`2- i?2
/BbTH+2K2Mib M/ i?2 bm`7+2 7Q`+2b `2 T`2b+`B#2/V- `2bT2+iBp2Hv,
u = ū

QM ∂ΩD ,

T(n) = p, b

QM ∂ΩN .

URV

>2`2- ū /2MQi2b i?2 p2+iQ` }2H/ Q7 T`2b+`B#2/ bm`7+2 /BbTH+2K2Mibc p = {pi } M/
b = {bi } /2MQi2 i?2 T`2b+`B#2/ 7Q`+2b M/ i?2 #Q/v 7Q`+2bc M/ T(n) = Tn- r?2`2 n Bb
i?2 Qmir`/ MQ`KH p2+iQ` QM i?2 #QmM/`v Q7 ΩX G2i E = ε + λ /2MQi2 i?2 BM}MBi2bBKH
bi`BM i2MbQ`- //BiBp2Hv /2+QKTQb2/ BMiQ M 2HbiB+ UεV M/ M M2HbiB+ T`i UλVc T i?2
bi`2bb i2MbQ`c M/ C- i?2 TQbBiBp2@/2}MBi2 2HbiB+Biv i2MbQ`X h?2 +QMbiBimiBp2 2[miBQMb 7Q`
i?2 L1Lh Ki2`BH r2 BMp2biB;i2 `2 /2b+`B#2/ #v i?2 b2i Q7 `2HiBQMb,
E = C−1 T + λ,
T ∈ Sym− ,
λ ∈ Sym+ ∧ T · λ = 0.

bi`BM@bi`2bb `2HiBQM,
BMi2`MH +QMbi`BMi,
MQ`KHBiv Hr,

UkV
UjV
U9V

h?2 "QmM/`v oHm2 S`Q#H2K U"oSV 7Q`  L1Lh Ki2`BH Bb ;Bp2M #v,
S`Q#H2K jXR 6BM/ M /KBbbB#H2 bii2 Uu, λ, TV UBX2X- /BbTH+2K2Mi- M2HbiB+ bi`BM M/
bi`2bb }2H/bV,
RX 2[mBHB#`BmK
/BpT + b = 0,

QM Ω

U8V

kX bi`2bb@bi`BM +QMbiBimiBp2 Hr
T = C (E − λ) ,

UeV

jX BMi2`MH +QMbi`BMi M/ MQ`KHBiv Hr
T ∈ Sym− , λ ∈ Sym+ , T · λ = 0 ,

UdV

9X #QmM/`v +QM/BiBQMb
QM ∂ΩN .

Tn = p, u = ū|∂ΩN ,

U3V

h?2 `2bmHiBM; r2F 7Q`KmHiBQM- BX2X- i?2 p`BiBQMH 7Q`KmHiBQM Q7 bm+?  T`Q#H2K- +M
#2 7Q`KmHi2/ b 7QHHQrb,
S`Q#H2K jXk
KBMBKBx2u∈K,ε :

Ep (ε) =
Ω

bm#D2+i iQ :

AU ≥ 0,

φEi (ε)da −

b · uda −
Ω

p · uds ,

UNV

∂ΩN

BU = 0

URyV

r?2`2 K Bb  T`QT2` }MBi2 +Hbb Q7 TB2+2@rBb2 `B;B/ /BbTH+2K2Mib Q#2vBM;!Ki2`BH +QM/B@
iBQMb M/ ?pBM; bmTTQ`i QM  }MBi2 T`iBiBQM Q7 i?2 r?QH2 /QKBM Ω = m
1 Ωi
K ⊂ {u ∈ S(Ω) : λ ∈ Sym+ M/ u = ū QM ∂ΩN }
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φEi /2MQi2b i?2 bi`BM 2M2`;v /2MbBiv- U ∈ 3m Bb i?2 p2+iQ` +QHH2+iBM; i?2 i?`22 G@
;`M;BM T`K2i2`b Q7 i?2 2H2K2Mi`v K2b? 2H2K2Mi Ωi - M/ i?2 Ki`B+2b AU M/ BU
+QHH2+i i?2 MQ@+QM+2Mi`iBQM M/ MQ@bHB/BM; +QM/BiBQMb- `2bT2+iBp2Hv Ua22 XXX 7Q` KQ`2 /2@
iBHbVX LQi2 i?i i?2 `2bmHiBM; QTiBKBxiBQM T`Q#H2K BMpQHp2b  [m/`iB+ 7mM+iBQMH bm#@
D2+i2/ iQ HBM2` +QMbi`BMibX "v KBMBKBxBM; i?2 hS1 rBi? `2bT2+i iQ #Qi? /BbTH+2K2Mib
M/ 2HbiB+ /27Q`KiBQM- r2 `2 7Q`+BM; i?2 2HbiB+ T`i Q7 i?2 bi`BM i2MbQ` iQ pMBb?X Ai Bb
2[mBpH2Mi iQ +QmTHBM; i?2 BMBiBH `B;B/ bi`m+im`2- +?`+i2`Bx2/ #v  TQbBiBp2 b2KB@/2}MBi2
biBzM2bb K- rBi?  }+iBiBQmb 2HbiB+ bi`m+im`2- +?`+i2`Bx2/ #v  TQbBiBp2@/2}MBi2 biBzM2bb
Ks X Ai +M #2 T`Qp2M i?i i?2 T`Q#H2K Q7 }M/BM; M /KBbbB#H2 bii2 Q7 /BbTH+2K2Mi 7Q`
i?2 BMBiBH bi`m+im`2 Bb 2[mBpH2Mi iQ i?2 bK2 T`Q#H2K 7Q`KmHi2/ 7Q`  bi`m+im`2 ?pBM;
 TQbBiBp2@/2}MBi2 biBzM2bb- Kδ = K + δKs - #2+mb2 `2;mH`BxiBQM T`K2i2` δ i2M/b iQ
x2`Q (jy)X
9

LmK2`B+H MHvbBb

h?2 T`QTQb2/ K2i?Q/ Bb pHB/i2/ #v MHvxBM; i?2 +b2 bim/v Q7 i?2 .2# "`B/;2
7BHm`2X h?2 +QMp2t QTiBKBxiBQM T`Q#H2K `2Hi2/ rBi? i?2 T`QTQb2/ TT`Q+? rb bQHp2/
?2`2 #v i?2 AMi2`BQ` SQBMi K2i?Q/ (jR- jk)- r?B+? Bb T`iB+mH`Hv /pMi;2Qmb r?2M i?2
T`Q#H2K BMpQHp2b  H`;2 MmK#2` Q7 p`B#H2b U3 · 1012 BM i?2 +b2 MHvx2/ ?2`2VX h?2
#`B/;2 /QKBM Bb /Bb+`2iBx2/ BMiQ 1012 [m/`BHi2`H 2H2K2Mib M/  p2`iB+H /BbTH+2K2Mi
Q7 0.9K M/  +QmMi2`+HQ+FrBb2 `QiiBQM Q7 1.13 Bb BKTQb2/ QM i?2 +2Mi`H TB2` Q7 i?2 #`B/;2X
X h?2 Q#iBM2/ `2bmHib- #Qi? BM i2`Kb Q7 /BbTH+2K2Mib M/ K+`Q@#HQ+F B/2MiB}+iBQMb?Qr ;QQ/ ;`22K2Mi rBi? i?2 7BHm`2 ;2QK2i`B+H bm`p2vX PM i?2 #bBb Q7 #HQ+Fb `B;B/
`QiQ@i`MbHiBQMb- bBt K+`Q#HQ+Fb ?p2 #22M B/2MiB}2/X h?2 irQ QM i?2 QmibB/2 Ui?2
HB;?i #Hm2 #HQ+Fb BM 6B;m`2 kV `2 }t2/X h?2M  7Qm`@#HQ+F BbQbiiB+ bm#bi`m+im`2 +M #2
B/2MiB}2/- i?2 FBM2KiB+ KQiBQM Q7 r?B+? Bb +HQb2` iQ i?i b22M BM i?2 #`B/;2 7BHm`2 U6B;m`2
kVX
Legend

Roto-translation Legend

Unmodeled

Blocks crumbling

Crack

Sliding

0.0

PRD solution

1.2

C

B

D

A

E

6B;m`2 k, amT2`TQbBiBQM Q7 S_. MmK2`B+H `2bmHib M/ 7BHm`2 ;2QK2i`B+H bm`p2v U`2/ /Qib - "- *- .M/ 1 K`F i?2 ?BM;2b HQ+iBQM #2ir22M irQ /D+2Mi K+`Q#HQ+FbVX

8

*PL*GlaAPLa

 T`2HBKBM`v bim/v Q7 i?2 K2+?MB+b Q7 7`+im`2 K2+?MBbKb BM mMBHi2`H MQ@i2MbBQM
#`B/;2 bi`m+im`2b bm#D2+i2/ iQ TB2` b2iiH2K2Mib Bb T`QTQb2/ ?2`2X h?Bb TT`Q+? 7HHb BMiQ
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i?2 bQ@+HH2/ #HQ+F@#b2/ GBKBi MHvbBb K2i?Q/bX h?2 2[mBHB#`BmK T`Q#H2K Bb 7Q`KmHi2/
#v  +QMp2t QTiBKBxiBQM T`Q#H2K rBi?  [m/`iB+ Q#D2+iBp2 7mM+iBQM M/ HBM2` BM2[mH@
Biv +QMbi`BMibX h?2 KBM BMMQpiBQM BMi`Q/m+2/ #v i?Bb TT`Q+? Bb +QMbB/2`iBQM Q7 
LQ`KH GBM2` 1HbiB+ LQ@h2MbBQM Ki2`BH BM r?B+? i?2 2HbiB+ T`i Q7 i?2 bi`BM i2MbQ`
Bb +QMbB/2`2/ QMHv }+iBiBQmbX "v KBMBKBxBM; i?2 hS1 rBi? `2bT2+i iQ #Qi? /BbTH+2K2Mib
M/ 2HbiB+ /27Q`KiBQM- r2 7Q`+2 i?2 2HbiB+ T`i Q7 i?2 bi`BM i2MbQ` iQ pMBb?X AM i?Bb
rv- i?2 T`Q#H2K Q7 }M/BM; M /KBbbB#H2 bii2 Q7 /BbTH+2K2Mi 7Q` i?2 L1Lh bi`m+im`2
#2+K2 2[mBpH2Mi iQ i?2 bK2 T`Q#H2K 7Q`KmHi2/ 7Q`  LQ@h2MbBQM LQ _B;B/ Ki2`BHX
h?2 T`QTQb2/ TT`Q+? Bb TTHB2/ iQ  +b2 bim/v Q7 i?2 .2# "`B/;2 7BHm`2 U2018VX h?2
Q#iBM2/ `2bmHib BM/B+i2 p2`v ;QQ/ ;`22K2Mi #2ir22M i?2 MmK2`B+H KQ/2H M/ i?2 7BH@
m`2 bm`p2vX h?2 K2i?Q/ Bb bBKTH2- 2z2+iBp2- M/ T`QKBbBM;X h?2 `M;2 Q7 TTHB+#BHBiv
Q7 i?Bb K2i?Q/ +M #2 #`Q/2M2/ iQ 7+/2 M/ +QKTH2t L1Lh bi`m+im`2bX Ai T`QpB/2b 
;QQ/ bi`iBM; TQBMi 7Q` i?2 bim/v Q7 i?2 +QHHTb2 K2+?MBbKb M/ mHiBKi2 HQ/ +T+Biv
Q7 KbQM`v@HBF2 bi`m+im`2bX
_161_1L*1a
(R) wKTB2`B SX- wMBMB- JXX 6H2b+?BMB- 6X >Q72` GX- S2HH2;`BMQ *X- Ƕ6BHm`2 MHvbBb
Q7 KbQM`v `+? #`B/;2b bm#D2+i iQ HQ+H TB2` b+Qm`Ƕ- 1M;X 6BH MHX- oQHX dN- TTX
jdRĜ39- kyRdX
(k) hm#H/B 1X- J+Q`BMB GX- Axxm//BM "XX- Ƕh?`22@/BK2MbBQMH K2bQb+H2 KQ/2HHBM; Q7
KmHiB@bTM KbQM`v `+? #`B/;2b bm#D2+i2/ iQ b+Qm`Ƕ- 1M;X ai`m+iX- oQHX Re8- TTX
93eĜ8yy- kyR3X
(j) aX :HbbB- :X JBbb2`B- GX _Qp2`Q- :X h2KT2bi- 6BHm`2 KQ/2b T`2/B+iBQM Q7 KbQM`v
pQmbbQB` `+?2b QM KQpBM; bmTTQ`ib 1M;BM22`BM; ai`m+im`2b Rdj UkyR3V dyeĜdRd
(9) a+Qxx2b2 6X- _;MB- GX hm#H/B 1X M/ :` 6X- JQ/H T`QT2`iB2b p`BiBQM M/ +QH@
HTb2 bb2bbK2Mi Q7 KbQM`v `+? #`B/;2b mM/2` b+Qm` +iBQM- 1M;BM22`BM; ai`m+im`2boQHX RNN- RyNee8- kyRNX
(8) X h`HHB- X *?BQxxB- LX :`BHHM/- :X JBHMB- JbQM`v bi`m+im`2b BM i?2 T`2b2M+2
Q7 7QmM/iBQM b2iiH2K2Mib M/ mMBHi2`H +QMi+i T`Q#H2KbX AMi2`MiBQMH CQm`MH Q7
aQHB/b M/ ai`m+im`2b- RNR@RNk- R3dĜkyR- kykyX
(e) JH2M JX- M;2HBHHQ JX- 6Q`imMiQ X- /2 62HB+2 :X- Jb+QHQ AX- `+? #`B/;2b bm#D2+i
iQ TB2` b2iiH2K2Mib, +QMiBMmQmb pbX TB2+2rBb2 `B;B/ /BbTH+2K2Mib K2i?Q/b- J2++MB+kykRX UlM/2` _2pB2rV
(d) "2M2/2iiB X- S2H¨ GX- T`BH2 X- JbQM`v T`QT2`iB2b /2i2`KBMiBQM pB bTHBiiBM; i2bib
QM +Q`2b rBi?  `Qii2/ KQ`i` Hv2`X- , AMi2`MiBQMH a2KBM` QM ai`m+im`H J@
bQM`vX Ǵ3i? AMi2`MiBQMH b2KBM` QM bi`m+im`H KbQM`v, T`Q+22/BM;b, y8@yd LQp2K@
#2` kyy3ǴX 1biK#mH, AMbiM#mH h2+?MB+H lMBp2`bBiv- R@3- kyy3X
(3) JHH`/Q oX- JHp2xxB _X- JBHMB 1X- JBHMB :X- a2BbKB+ pmHM2`#BHBiv Q7 ?BbiQ`B+H
KbQM`v #mBH/BM;b,  +b2 bim/v BM 62```- 1M;BM22`BM; ai`m+im`2b- jyU3V- kkkjĜ
kk9R- kyy3X
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(N) S2H¨ GX- T`BH2 X- "2M2/2iiB X- a2BbKB+ bb2bbK2Mi Q7 KbQM`v `+? #`B/;2b- 1M;B@
M22`BM; ai`m+im`2b- jRU3V- RdddĜRd33- kyyNX
(Ry) S2;QM SX- SBMiQ XoX- :û`/BM JX- LmK2`B+H KQ/2HHBM; Q7 biQM2@#HQ+F KQMmK2MiH
bi`m+im`2b- *QKTmi2`b  ai`m+im`2b- dNUkkĜk8V- kRe8ĜkR3R- kyRjX
(RR) *bQHQ aX- J+`Qb+H2 KQ/2HHBM; Q7 KB+`Q@bi`m+im`2 2pQHmiBQM /K;2 #v  `B;B/ #Q/v
M/ bT`BM; KQ/2H- CX J2+?X Ji2`X ai`m+iX- 9UjV- 88RĜ8dy- kyyNX
(Rk) wm++?BMB X- GQm`2M+Q SX"X-  KB+`Q@K2+?MB+H KQ/2H 7Q` i?2 ?QKQ;2MBbiBQM Q7
KbQM`v- AMi2`MiBQMH CQm`MH Q7 aQHB/b M/ ai`m+im`2b- jNURkV- jkjjĜjk88- kyykX
(Rj) JBHMB :X- GQm`2M+Q SX"X- h`HHB X- >QKQ;2MBb2/ HBKBi MHvbBb Q7 KbQM`v rHHbS`i A, 6BHm`2 bm`7+2bǲ A*QKTmi2`b ai`m+im`2b- 39Uj@9V- ReeĜR3y- kyyeX
(R9) _7QHb- CX6X- :m/Ţ RNk3- lMBp2`bBii SQHBi2+MB+ /2 *iHmvX AMB+BiBp .B;BiH SQ@
HBi2+MB+c LXǞ R 2/B+BƦM U9 DmHBQ kyRRV- kykRX
(R8) >2vKM CX- >QQF2Ƕb +m#B+Q@T`#QHB+H +QMQB/- LQi2b _2+X _X aQ+X- 8kURV- jNĜ8yRN3NX
(Re) EQQ?`BM X- GBKBi MHvbBb Q7 pQmbbQB` M/ +QM+`2i2 `+?2b- CX K2`X *QM+`2i2
AMbiX- k9- jRdĜjk3- kykRX
(Rd) >2vKM CX- GBKBi MHvbBb Q7 pQmbbQB` M/ +QM+`2i2 `+?2b- AMiX CX aQHB/b M/ ai`m+@
im`2b- k- k9NĜkdN- RNeeX
(R3) wB2MFB2rB+ PX*X- oHHBTTM aX- EBM; AXSX- ai`2bb MHvbBb Q7 `Q+F b  ǶLQ h2MbBQMǶ
Ki2`BH- :ûQi2+?MB[m2- R3URV- 8eĜee- RNe3X
(RN) Gm++?2bB JX- S/QpMB *X- Sb[mBM2HHB :X M/ wMB LX- ǶJbQM`v +QMbi`m+iBQMb, K2@
+?MB+H KQ/2Hb M/ MmK2`B+H TTHB+iBQMbǶ- G2+im`2 LQi2b BM TTHB2/ M/ *QKTm@
iiBQMH J2+?MB+b- jN- aT`BM;2`- "2`HBM- kyy3X
(ky) M;2HBHHQ JX- 6Q`imMiQ X- :2bmH/Q X- AMMmxxQ X- wm++`Q :X Ƕ_B;B/ #HQ+F KQ/@
2Hb 7Q` KbQM`v bi`m+im`2bǶ- AMi2`MiBQMH CQm`MH Q7 JbQM`v _2b2`+? M/ AMMQp@
iBQM- jU9V- j9NĜje3- kyR3X
(kR) AMMmxxQ X- PHBpB2`B *X- 6Q`imMiQ X- .BbTH+2K2Mi +T+Biv Q7 KbQM`v bi`m+im`2b
mM/2` ?Q`BxQMiH +iBQMb pB T`/ K2i?Q/X CQm`MH Q7 J2+?MB+b Q7 Ji2`BHb M/
ai`m+im`2b- R9U8V- dyj@dR3- kyRNX
(kk) M;2HBHHQ JX- PHBpB2`B *X- .2CQM; JXCX-  M2r 2[mBHB#`BmK bQHmiBQM 7Q`
KbQM`v bTB`H biB`bX 1M;BM22`BM; ai`m+im`2b- kj3- RRkRde- kykRX .PA,
RyXRyRefDX2M;bi`m+iXkykRXRRkRde
(kj) Mx2HHQiiB :X  +Hbb Q7 +QMp2t MQM@+Q2`+Bp2 7mM+iBQMHb M/ KbQM`v@HBF2 Ki2`BHbMMX AMbiX >2M`B SQBM+`û- kU9V- keRĜjyd- RN38X
(k9) .2H SB2`Q :X- *QMbiBimiBp2 2[miBQM M/ +QKTiB#BHBiv Q7 i?2 2ti2`MH HQ/b 7Q` HBM2`
2HbiB+ KbQM`v@HBF2 Ki2`BHb- J2++MB+- k9UjV- R8yĜRek- RN3NX
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(k8) :B[mBMi JX- :BmbiB 1X- Ƕ_2b2`+?2b QM i?2 2[mBHB#`BmK Q7 KbQM`v bi`m+im`2bǶ- `+?X
_iBQMX J2+?X MX- 33U9V- j8NĜjNk- RN38X
(ke) Jb+QHQ AX- 6mH;BQM2 JX- Sb[mBMQ JX- Gi2`H iQ`bBQMH #m+FHBM; Q7 +QKT`2bb2/ QT2M
i?BM rHH2/ #2Kb, 2tT2`BK2MiH +QM}`KiBQMbX AMiX CX JbQM`v _2b2`+? M/ AMMQ@
piBQM- 9URfkV- R8yĜR83- kyRNX .PA, RyXR8y9fACJ_AXkyRNXyNe3kN
(kd) PHBpB2`B *X- M;2HBHHQ JX- :2bmH/Q X- AMMmxxQ X M/ 6Q`imMiQ X- S`K2i`B+
/2bB;M Q7 Tm`2Hv +QKT`2bb2/ b?2HHbX J2+?MB+b Q7 Ji2`BHb- R88- Ryjd3k- kykyX
(k3) 6Q`imMiQ X- :2bmH/Q X M/ Jb+QHQ AX M/ JQM+Q JX- S@"ûxB2` 2M2`;v QTiB@
KBxiBQM 7Q` 2HbiB+ bQHmiBQMb Q7 KbQM`v@HBF2 TM2HbX AMiX CX Q7 JbQM`v _2b2`+? M/
AMMQpiBQM- kykRX UAM S`2bbV .PA, RyXR8y9fACJ_AXkykRXRyyjd8y3
(kN) Jb+QHQ AX- :2bmH/Q X- PHBpB2`B *X- 6Q`imMiQ X- PM `B;B/ #HQ+Fb /2i2+iBQM BM
mMBHi2`H KbQM`v@HBF2 bi`m+im`2bX AMiX CX Q7 JbQM`v _2b2`+? M/ AMMQpiBQM- kykRX
UAM S`BMiV
(jy) aip`QmHFBb :X1X- SM;BQiQTQmHQb SX.X- H@6?2/ XJX- PM i?2 `B;B/ #Q/v /BbTH+2@
K2Mib M/ `QiiBQMb BM mMBHi2`H +QMi+i T`Q#H2Kb M/ TTHB+iBQMbX *QKTmi2`b 
ai`m+im`2b- 9yUjV- 8NNĜeR9- RNNRX
(jR) "Qv/ aX- oM/2M#2`;?2 GX- *QMp2t PTiBKBxiBQMX *K#`B/;2 lMBp2`bBiv S`2bb- kyy9X
(jk) .MixB; :X"X- P`/2M X- qQH72 SX- h?2 ;2M2`HBx2/ bBKTH2t K2i?Q/ 7Q` KBMBKBxBM; 
HBM2` 7Q`K mM/2` HBM2` BM2[mHBiv +QMbi`BMiX S+B}+X CX Ji?X- 8UkV- R3jĜRN8- kyR8X

345

&203'<1
WK(&&20$67KHPDWLF&RQIHUHQFHRQ
&RPSXWDWLRQDO0HWKRGVLQ6WUXFWXUDO'\QDPLFVDQG(DUWKTXDNH(QJLQHHULQJ
03DSDGUDNDNLV0)UDJLDGDNLV HGV 
6WUHDPHGIURP$WKHQV*UHHFH-XQH

ON THE USE OF DIGITAL TWINS FOR SEISMIC STRUCTURAL
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Abstract. This paper presents the introduction of Digital Twins in the case of an historic masonry tower for rapidly addressing earthquake-induced damage identiﬁcation. In the context
of the present paper, a digital twin is a model or a suite of models of the considered structure
that are updated/modiﬁed during time based on monitoring data. In particular, the proposed
approach combines Operational Modal Analysis (OMA), Surrogate Modeling (SM) and nonlinear Incremental Dynamic Analysis (IDA). On the one hand, OMA-based Structural Health
Monitoring (SHM) systems successfully allow the detection of small structural damages occurring during earthquakes, and on the other, SM exploits the correlation between continuous
vibration data and structural stiffnesses while IDA is carried out from a tuned model together
with in situ recorded seismic data. The San Pietro bell tower has been considered for the validation of the proposed methodology. The tower is a monumental medieval masterpiece, located
in Perugia, Italy, and it represents a relevant case study in the scientiﬁc literature due to its
important experience during the 2016-2017 seismic sequence that occurred in Central Italy.
While the OMA-vibration data processing assessed distinct earthquake-induced changes in its
global dynamic behavior, the focus of the present work is the results on the use of linear as
well as non-linear modeling, i.e. SM and IDA, respectively, aimed for post-earthquake damage
localization and quantiﬁcation.
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1

INTRODUCTION

Vibration-based SHM methods based on unsupervised learning techniques have been recently demonstrated in the literature as eminently efﬁcient for early-stage damage detection
[1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13]. Due to their limitation to detection only, more advanced
approaches are required in order to address higher levels of damage identiﬁcation for Cultural
Heritage (CH) masonry structures.
The introduction of Digital Twin (DT) in civil engineering in the case of historic masonry
constructions is a recent concept of scientiﬁc interest [14]. DT can be deﬁned as a model or
a suite of models of the structure that continuously exchanges information with the physical
reality through experimental/ﬁeld data, thus providing evidence of novelties or changes, for
instance, related to a faulty or damage conditions.
Surrogate models (SM) have been lately investigated as computationally efﬁcient tools to
reproduce the behavior of a numerical model, potentially allowing a continuous model updating
procedure for damage identiﬁcation that is compatible with continuous SHM systems in historic
masonry structures [15, 16, 17]. The damage localization task is performed through the inverse
calibration problem on a surrogate of the linear FE model where equivalent elastic properties
of macrostructural elements are considered as uncertain parameters, and by using long-term
vibration data.
Other approaches are adapted given the strong development of computer processing power
and advanced structural analysis software packages, aiming at more accurate analysis methods
for the assessment of masonry buildings. Noteworthy to mention, non-linear dynamic analysis
(NLDA) can provide a reliable assessment of the structural response of masonry constructions
[18, 19, 20, 21]. In particular for NLDA, Incremental Dynamic Analysis (IDA) [22] considers
the selection of time histories to be scaled at increasing seismic intensities. The application of
IDA to CH masonry structures is comparatively less common with respect to RC structures.
The recent research carried out in [21] proposed the use of an IDA-based approach for damage
localization and quantiﬁcation in the case of a laboratory masonry structure, but still, further
investigations can be carried out in the case of full-scale historic masonry constructions.
The methodology proposed in this paper combines OMA, SM and IDA for earthquakeinduced damage identiﬁcation in historic masonry towers. It is applied to the San Pietro bell
tower, an iconic Cultural Heritage masonry building that was hit by the three main shocks of
the 2016 Central Italy seismic sequence: (i) Accumoli Mw6.0 earthquake of August 24th and
the following shocks, (ii) Ussita Mw5.9 earthquake of October 26th and (iii) Norcia Mw6.5 of
October 30th [4, 23, 24]. Fig. 1 illustrates a schematic view of the monitoring system and the
FE model constructed in the ABAQUS platform [25]. With concern to the proposed methodology, the tower is ideally subdivided into three distinct structural parts: the shaft, the belfry and
the cusp.
The paper is organized as follows. Section 2 describes the proposed methodology, while Section 3 reports the results and its validation. Finally, Section 4 summarizes the main conclusions
of the work.
2

METHODOLOGY

This paper investigates a new methodology for rapid damage detection, localization and
quantiﬁcation in long-term monitored historic masonry towers subjected to earthquakes. It
merges the data-driven OMA-based approach for a rapid and automated damage detection with
two combined Digital Twins for damage localization and quantiﬁcation: (i) SM-based damage
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Figure 1: The monitoring system installed on the San Pietro bell tower (a) and view of the calibrated FE model (b).

identiﬁcation based on linear numerical modeling and long-term vibration monitoring data and
(ii) IDA-based damage identiﬁcation relying on a non-linear model and seismic response to
earthquakes.
The OMA is based on a Stochastic Subspace Identiﬁcation (SSI) technique. Concerning
the SM, among different SM models available in the literature, the Response Surface Method
(RSM) has been proposed to be used here. Finally, the IDA approach investigates tensile damage (dt ) as a Damage Measure (DM) versus signiﬁcant uncorrelated Intensity Measures (IMs).
Main theoretical aspects about SM and IDA can be found in [16, 17] and [21], respectively.
3

VALIDATION RESULTS

The OMA-based damage detection has been applied using 5 years of vibration-based monitoring data, from December 2014 onwards. Time series of identiﬁed natural frequencies have
been used for the novelty analysis. Fig. 2 illustrates the control chart where earthquake-induced
damage has been identiﬁed in correspondence to the seismic events. It is clear from the plot
that it represents anomalous deviations from normal conditions due to small permanent changes
of the structural behavior of the bell tower, highlighted right after the Accumoli earthquake, as
well as after Ussita and Norcia shocks.
The SM of the San Pietro bell tower has been constructed considering the FEM ideally subdivided into three distinctive macroelements and thus parametrized by means of a set of damagesensitive features. A training population of N =2048 individuals has been uniformly generated
by using a Latin Hypercube Sampling (LHS) method. The design variables are represented
by the stiffness multipliers ki of the shaft, belfry and cusp, respectively (x = [k1 , k2 , k3 ]T ).
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Figure 2: OMA-based damage detection: 5-year control chart with main seismic events highlighted.

Subsequently, the SM-based damage identiﬁcation approach has been applied before and after
the 2016 seismic sequence for localizing and quantifying earthquake-induced damage, whereby
time series of cleansed natural frequencies and experimental eigenvector components have been
used as input for solving the inverse FE model calibration problem on the RSM-type SM.
A ﬁrst investigation on the time histories of the stiffness multipliers ki has been carried out,
where instant decays have been quantitatively evaluated for each macroelement by comparing
values identiﬁed before and after each shock. The k2 multiplier experiences the highest variation, denoting that damage has occurred in the belfry macroelement, while the shaft and the
cusp show insigniﬁcant values. Subsequently, the ki vectors have been independently used to
build the statistical models for novelty analysis. The control charts are illustrated in Fig. 3,
where the damage can be clearly localized in the belfry macroelement. The relative frequency

Figure 3: SM-based damage identiﬁcation: 5-year control charts obtained with stiffness multipliers ki .
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of outliers in the case of the belfry ”jumps” from 2.21% before the earthquake sequence to
36.41% after the sequence, while for the shaft and the cusp it remains under 2.5%.
As reported by the statistical correlation analysis carried out in [21], nineteen weakly correlated IMs have been investigated for the construction of the IDA curves, independently from
the case study. These IMs have been exploited in the present paper for the San Pietro bell tower,
while tensile damage (dt ) has been used as DM (computed as a volume-averaged damage parameter). Local damage conditions have been investigated for the three distinct macroelements:
shaft, belfry and cusp. Figs. 4a-b depict IDA curve sets obtained from spectral accelerations
Sa (T1) and Peak Ground Velocity (PGV), while other curves can be found in [24]. From the
plots, the belfry can be immediately identiﬁed as the most vulnerable macroelement where the
maximum numerically obtained tensile damage dt is equal to about 0.85.
The recordings of the main earthquakes of the 2016 Central Italy seismic sequence have been
used in the IDA-based damage identiﬁcation approach. Once all the IDA curve sets have been

Figure 4: The IDA curve sets obtained with tensile damage, dt , versus Sa (T1) (a) and PGV (b), and IDA-based
tensile damage estimated for the belfry macroelement by means of eleven input IMs calculated from Accumoli
earthquake (c).

350

A. Kita, N. Cavalagli, I. Venanzi and F. Ubertini

constructed and their dispersion investigated, local damage conditions have been assessed by
using seismic input and response IMs of the real aforementioned seismic events. Eleven seismic
input IMs have been computed from the base seismic records and seven seismic response IMs
have been calculated from the top seismic records. Fig. 4 illustrates damages estimated in the
belfry macroelement by applying all eighteen IMs that are computed from Accumoli, Ussita
and Norcia earthquakes, respectively. Besides IDA-based damages that are reported in terms
of minimum, maximum and mean values, damage predicted through a direct non-linear FEM
simulation is also reported for comparative purposes. It can be seen that there is relatively good
consistency, whereby dt values fall within the corresponding estimated ranges.
4

CONCLUSIONS

The paper presented the validation results of the proposed methodology for earthquakeinduced damage identiﬁcation in historic masonry towers. The San Pietro bell tower (Perugia,
Italy) that was hit by the 2016 Central Italy seismic sequence has been considered as the case
study.
The main concluding remarks are listed below.
• The OMA-based data-driven method is extended through the introduction and implementation of Digital Twins, in particular SM and IDA, for localization and quantiﬁcation of
earthquake-induced damage.
• Both SM and IDA are comparatively combined for higher accuracy of the method: (i) the
former uses a linear model while the latter a non-linear one, (ii) IDA uses the recorded
seismic response of an earthquake, whereas OMA and SM are based on long-term vibration monitoring data in operational conditions.
• Five years of continuous monitoring data of the San Pietro bell tower have been used in
the SM-based procedure for earthquake-induced damage detection and localization and
damage has been localized mainly in the belfry macroelement.
• Non-linear seismic IDA procedure has also identiﬁed the belfry as the most signiﬁcantly
vulnerable and damaged macroelement of the bell tower. In addition, top recorded seismic
responses during earthquakes have allowed the introduction of seismic response IMs.
• Both Digital Twins have localized and consistently quantiﬁed earthquake-induced damage in the belfry macroelement.
The successful validation of the Digital Twins can result potentially useful in more severe future earthquake scenarios due to the precious information provided for needed ﬁrst inspections,
retroﬁt and strengthening interventions.
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Abstract. This work analyzes the in-plane response of unreinforced and reinforced masonry
arches by adopting micromechanical ﬁnite element (FE) models. These allow to describe onset
and evolution of degrading mechanisms until failure, including the accurate characterization
of the pre- and post-peak behavior. Two different models are adopted: the ﬁrst considers each
masonry component, brick and mortar, as continuous material discretized with quadrilateral
FEs; the second connects properly resized bricks through interfaces representing both mortar
and mortar-units interaction. Linear elastic behavior is assumed for bricks, whereas a coupled damage-friction constitutive law is adopted for mortar to account for typical arch collapse
mechanisms involving ﬂexural hinges and shear sliding. As concerns the modeling of the reinforcements, these are considered as truss elements with bilinear response in tension. In such a
way the debonding and delamination phenomena are accounted in a simpliﬁed way.
Results obtained with the proposed models are validated through comparison with experimental data and solutions obtained from other numerical approaches. It emerges that the
response of both the unreinforced and reinforced elements are satisfactorily described, as well
as the positive effect of the introduction of the reinforcement on the collapse load and failure
mechanism.
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1

INTRODUCTION

Most of historical masonry constructions, including monuments, urban buildings and bridges,
are based on arch systems. These typically show high carrying capacity under gravity loads, but
under point loads or seismic actions the thrust line falls outside the arch central core, inducing
tensile stresses with the onset and growth of microcracks which, eventually, lead to the structural collapse. A traditional strengthening technique consists of the insertion of tie-rods which,
however, have a strong visual impact and in some cases are not accepted. The scientiﬁc community proposed and developed several types of alternative strengthening techniques aimed at
improving the arch performance with no visual impact and with negligible added mass. These
are based on innovative composite materials consisting of glass ﬁbers, carbon ﬁbers, steel rod
or other materials embedded in polymer or mortar matrices. Several experimental campaigns
proved the efﬁciency of such strengthening systems [1], which usually increase the structural
capacity in terms of both ductility and maximum strength. Apparently, the type of reinforcement and matrix [2, 3] and the reinforcement location [4, 5] signiﬁcantly affect the overall
response. Moreover, the classical collapse mechanism of unreinforced arches, involving the
formation of four ﬂexural hinges, is modiﬁed for strengthened structures. The failure modes
are, in fact, usually characterized by shear sliding, masonry crushing, reinforcement rupture,
debonding and delamination phenomena [1].
The experimental research is developed together with the formulation of efﬁcient numerical
models to reproduce and predict the arch structural response. In this framework, limit analysis approach is a consolidated tool for the assessment of the arch safety. Starting from the
ﬁrst applications of Heyman [6], many other enriched models have been proposed, where Heyman’s hypotheses are partially or all removed [7, 8, 9] . The success of these models is mainly
due to their simplicity and the reduced number of material parameters required in the analysis. The main limit is that no information is given on the pre- and post-peak response as well
as the evolution process of the nonlinear mechanisms. To overcome these restrictions, accurate nonlinear ﬁnite element (FE) models have been developed [10, 11, 12]. Most of these are
typically based on micromechanical, multiscale and macromechanical approaches [13, 14] and
introduce nonlinear constitutive laws to describe the onset and evolution of degrading mechanisms. In particular, detailed micromechanical ﬁnite element formulations model each masonry
constituent, brick and mortar, and their interaction. However, some simpliﬁed hypotheses are
usually assumed to reduce the computational complexity, still ensuring enough accurate results.
Neglecting the explicit modeling of the unit-mortar interfaces, the composite masonry material
is regarded as the assembly of bricks/units and mortar joints which simultaneously describe
mortar material and interfaces. According to this approach, in this work two strategies are
adopted and compared to analyze the in-plane response of masonry arches. The ﬁrst model,
recently presented in [15], considers masonry components, units and mortar, as continuous materials discretized with quadrilateral FEs. Conversely, in the second model, masonry is modeled
as the assembly of expanded units and interface elements representing both mortar and unitmortar interaction. The two models are based on the same constitutive hypotheses, i.e. linear
elastic and nonlinear behavior are assumed for bricks and mortar, respectively. The damagefriction law originally proposed in [16] is employed for joints. This allows to capture the typical
failure modes of arches due to fracture mode I and II, and has been recently extended to mortar
joints modeled as 2D [17] or 3D [18] interfaces. Moreover, when dealing with strengthened
arch systems, reinforcements are modeled with truss elements, whose constitutive response is
properly identiﬁed to also reproduce the debonding and delamination phenomena in a simpliﬁed

355

Daniela Addessi, Cristina Gatta, Mariacarla Nocera and Domenico Liberatore

and conventional way [8, 10, 19].
To prove the capability of the proposed models to reproduce the response of unreinforced
and reinforced arches, some numerical applications are performed on properly selected experimental tests. The results, in terms of global response curves and failure mechanisms, are
compared with the experimental outcomes, as well as with those obtained by means of different
FE numerical approaches.
2

MICROMECHANICAL FINITE ELEMENT MODELS

Two micromechanical FE models are presented to investigate the response of masonry arches.
Both adopt isoparametric quadrilater FEs to discretize the bricks, but differ in the way the mortar joints are modeled. The ﬁrst (Figure 1(a)), named as continuous model (CM), also uses
isoparametric quadrilater FEs to describe mortar as continuous materials. The second (Figure
1(b)), later called as interface model (IM), adopts interface elements to model the mortar joints.
Moreover, truss elements are used to introduce in a simple but effective way the strengthening
material.
In the following, details about the constitutive assumptions made for brick, mortar and reinforcement are provided. Figure 2 gives a summary of the modeling choices.

(b)

(a)
mortar joint

mortar joint
as interface

brick

resized brick

Figure 1: Micromechanical models: masonry as the assembly of (a) bricks and mortar joints, (b) interfaces and
expanded bricks.

2.1

Constitutive laws of masonry constituent materials and reinforcement

Similar constitutive hypotheses hold for the two micromechanical models CM and IM, as
both assume nonlinear mechanisms only occurring in the mortar and linear-elastic response for
units. Plane stress
 conditions are bconsidered.
T the linear elastic relation between stresses,
 b b bHence,
b
b b b T
σ = σ1 σ2 τ12 , and strains ε = ε1 ε2 γ12 , holds for bricks:
σb = C b εb

(1)

being Cb the elastic constitutive matrix for 2D plane stress problems, depending on the Young’s
modulus E b and Poisson coefﬁcient ν b .
As for the mortar, the damage-friction law proposed in [16, 17] is assumed. This is properly
formulated to analyze the response of arbitrarily curved masonry elements with variable inclination of mortar joints [15]. The constitutive law accounts for the typical ﬂexural and shear
degrading mechanisms characterizing masonry nonlinear behavior, that is degradation due to
the onset of microcracks, friction effects caused by closure of microcracks in compression and
unilateral stiffness recovery.
Herein, the main governing equations are recalled, specializing them on the basis of the
modeling approach, CM or IM, adopted for the mortar. Indeed, stresses, σ, and strains, ε, are
the static and kinematic descriptors of the mortar as continuous material, whereas tractions,
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(a)

(b)

BRICK

σ

quadrilater FEs

REINFORCEMENT

σr

b

truss FEs
Eb

σ0r
Hr< 0

εb

Er

εr

ε 0r

(c)

Hr> 0

MORTAR JOINT

quadrilater FEs

interface FEs
initially
overlapped

xN

or
εN,0 /sN,0

xT

xT
σ = Cm(ε - π)

τNT,0 /tT,0

σN,0/tN,0

}

xN

τNT /tT

σN /tN

εN /sN

area = gcI /GcI

t = Km(s - π s)

SYM

γNT,0/sT,0

γNT/sT

area = gcII /GcII

Figure 2: Types of ﬁnite elements and constitutive laws adopted for: (a) brick, (b) reinforcement and (c) mortar.

t, and displacement jumps, s, are the corresponding quantities in case of interfaces modeling
mortar joints.
The constitutive law is ﬁrstly deﬁned in the local reference system (xT , xN ) of each mortar
layer, being T and N the directions aligned with mortar joint width and thickness (Figure 1(c)).
Then, it is expressed in the global system (x1 , x2 ) by using standard transformation rules. The
constitutive law for the CM is expressed as:
⎡
⎡
⎤
⎤
⎤
⎡
σT
h(εN )εT
εT
⎣ σN ⎦ = Cm ⎣ εN ⎦ − D ⎣h(εN )εN ⎦
(2)
p
τN T
γN T
γ
" #$ %
" #$ % "
#$N T %
σ

ε

π

where Cm is the mortar elastic constitutive matrix for plane stress conditions and π is the
p
inelastic strain vector accounting for damage D, unilateral contact and slip γN
T.
Similarly, tractions t at the interfaces are computed as:

 

 
spT
sT
tT
m
=K
−D
(3)
tN
sN
h(sN )sN
" #$ %
" #$ % "
#$
%
t

s

πs

m

being K the diagonal matrix collecting the stiffness values, KT and KN , along the tangential
and normal directions, respectively, to the interface. In Eqs. (2) and (3), h(•) denotes the Heaviside function (h(•) = 1, if • ≥ 0 and h(•) = 0 otherwise), describing the unilateral stiffness
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recovery due to the re-closure of the tensile cracks in compression.
According to its physical meaning, the damage variable D can range between 0 and 1, representing virgin and fully degraded material states, respectively. Its evolution law is stated as:
&
&

''
1
β
D = maxhistory 0 , min 1,
(4)
η 1+β
where β is the damage associated variable which assumes the following forms for continuous
and interface mortar, respectively:
(
(



2

2
εN + 2
sN + 2
γN T
sT
+
− 1,
β=
+
−1
(5)
β=
εN,0
γN T,0
sN,0
sT,0
In Eq. (5), the Macaulay’s brackets •+ select the positive part of the quantity; εN,0 and γN T,0
are the ﬁrst crack strains, while sN,0 and sT,0 are the displacement jumps at the onset of the
damaging mechanism (see Figure 2(c)).
Parameter η introduced in Eq. (4) rules the coupling of mode I and II of fracture, and assumes
the following expression for CM:
η =1−


1 
2
2

η
+
(γ
)
η
ε
N
N
N
T
N
T
+
α2

with α =

εN 2+ + (γN T )2

(6)

being ηT and ηN T quantities deﬁned on the basis of the peak values of the stresses, σN,0 and
τN T,0 , and the mode I and II fracture energy densities, gcI and gcII , as:
ηN =

σN,0 εN,0
,
2 gcI

ηN T =

τN T,0 γN T,0
2 gcII

(7)

As for IM, the expressions corresponding to Eqs. (6) and (7) are obtained simply introducing
the peak tractions, tN,0 and tT,0 , the displacement jumps, sN,0 and sT,0 , and the fracture energies
for unit area, GcI and GcII .
Finally, the classical Mohr-Coulomb yield function is adopted to govern the evolution of the
p
inelastic slip, γN
T , modeling the frictional mechanisms at the interface between mortar and
bricks for CM:
d
+ |τNd T |
(8)
ϕ(σd ) = μ σN
or spT for IM,

ϕ(td ) = μ tdN + |tdT |

(9)

being μ the friction parameter. Then, the following non-associated ﬂow rules are considered:
p
γ̇N
T = λ̇

τNd T
,
|τNd T |

ṡpT = λ̇

tdT
|tdT |

(10)

together with the Kuhn-Tucker loading-unloading conditions. The resulting constitutive responses for mode I and mode II are schematically depicted in Figure 2(c).
As concerns the constitutive response in tension of the truss element modeling the reinforcement layer, the bilinear elastic-damage law proposed in [20] is adopted:
σ r = (1 − Dr ) E r εr
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where Dr is the damage variable evolving on the basis of the following rule:
&

'
|εr − εr0 |
Hr
r
D = maxhistory 0,
1− r
εr
E

(12)

As emerges from Figure 2(b), the resulting stress-strain relationship in compression is linear
elastic and in tension is bilinear, with the ﬁrst elastic branch characterized by stiffness E r and
the second branch described by the reduced stiffness H r . In case, the constitutive relationship
in Eq. (11) and the damage evolution law in Eq. (12) could easily be modiﬁed and enriched to
describe the typical trilinear responses of composite reinforcement under tensile loads [3, 21].
2.2

Regularization techniques

The constitutive relationships adopted for reinforcements and mortar joints exhibit strain
softening branches, as clearly shown in Figure 2(b,c). This means that the typical pathological
mesh-dependency would affect the numerical FE response, if no proper regularization techniques are applied in the case of the continuous models adopted for the mortar and the reinforcement. In this work, two different regularization strategies are assumed: the nonlocal
integral approach and the fracture energy technique.
The evolution problem of damage in each mortar joint is ruled by nonlocal quantities. In
particular, variables β, η and α in Eqs. (5)a and (6) are evaluated on the basis of the nonlocal
strain vector ε̄. At the generic point x of the k-th mortar joint, ε̄ is deﬁned as:
ε̄(x) = )

1
ψ(x, y)dΩk (y)
Ωk

ψ(x, y)ε(y)dΩk (y)

(13)

Ωk

where Ωk denotes the area of the mortar joint k. The weight function ψ, measuring the inﬂuence
of the point placed at y on the analyzed point located at x, is assumed as the classical Gaussian
function. This latter depends on the nonlocal radius lc related to the characteristic length of the
mortar. No interaction between different joints is accounted for.
The fracture energy approach is employed to regularize the numerical response of the reinforcement. This is a consolidated tool based on the adjustment of the post-peak slope of the
stress-strain law depending on the size of the element. To this end, the stress-strain curve is
properly modiﬁed. The energy dissipated in the ﬁnite element is equal to Gr , i.e. the assigned
value in tension. A characteristic length le is deﬁned for each truss element. The speciﬁc fracture energy g r , deﬁned in Eq. (14), is then scaled so that it results g r le = Gr for each truss
element with:
εr
r

g =
εr0

1
σ r (εr )dεr + σ0r εr0
2

(14)

For each scaled g r , the corresponding value of the reduced stiffness H r is deﬁned, with the aim
of evaluating the evolution of damage, as described in Eq. (12).
3

CORRELATION STUDIES: EXPERIMENTAL-NUMERICAL COMPARISON

Capability of the presented models in describing mechanical response of arch systems is
evaluated with reference to the experimental campaign performed by Oliveira et al. [5]. The
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tests investigated the response of twelve segmental half-scaled masonry arches subjected to increasing concentrated load applied at the quarter span up to failure. Two unreinforced arches,
called US1 and US2, were tested and their reference response was used to evaluate the efﬁciency
of strengthening techniques. The remaining samples were strengthened with different arrangements of GFRP (Glass Fiber-Reinforced polymer) strips. Continuous and localized strips were
located at the intrados and/or extrados, also varying the reinforcement width.
Each arch was built with clay bricks (size 100 × 50 × 25 mm3 ) assembled with 10 mm thick
mortar joints. Figure 3(a) shows the resulting geometry characterized by an internal span and
radius equal to 1467 mm and 750 mm, respectively, thickness 50 mm and out-of-plane width
450 mm.
In the following, the mechanical response of the arches is numerically reproduced and the
results are compared with the experimental outcomes and those derived by other numerical
approaches. Particular attention is devoted to the analysis of the onset and evolution of the
degrading mechanisms and the variation of the maximum load and failure mode caused by the
presence of the reinforcement.
3.1

Response of unreinforced arches

The response of the unreinforced arches US1 and US2 is analyzed adopting both CM and
IM. The ﬁrst model, CM, discretizes each brick and mortar joint with 5 × 3 and 5 × 1 quadrilateral isoparametric FEs, respectively. The last, IM, adopts a similar discretization for the
resized units, but 5 × 1 zero-thickness interface elements for each joint. As for the mechanical
parameters of the constituent materials, these are set according to the available experimental
data [5] and the numerical analyses performed by Di Re et al. [11]. Tables 1 and 2 contain the
mortar mechanical parameters assumed for CM and IM, respectively. In detail, Table 2 shows
the same quantities of Table 1 but expressed for the interfaces, and derived assuming that each
interface models a mortar joint with a constant thickness equal to lm = 10 mm. Consequently,
KN = E m /lm , KT = Gm /lm , GcI = gcI × lm and GcII = gcII × lm are set. Young’s modulus
E b = 5000 MPa and Poisson ratio ν b = 0.2 are assumed for bricks when adopting the contin∗
uous model. Instead, a scaled value E b = 7000 MPa is considered for IM to account for brick
scaling and, consequently, describe the correct initial stiffness of the arches. Considering that
∗
∗
resized bricks have length l = lb + lm , E b is evaluated as E b = llb E b .
E m [MPa]
1200

Gm [MPa]
500

σN,0 [MPa]
0.25

τN T,0 [MPa]
0.25

gcI [MPa]
1.8 × 10−3

gcII [MPa]
1.25 × 10−3

μ
0.5774

Table 1: Mechanical properties adopted for the mortar (CM).

KN [N/mm3 ]
120

KT [N/mm3 ]
50

tN,0 [MPa]
0.25

tT,0 [MPa]
0.25

GcI [N/mm]
1.8 × 10−2

GcII [N/mm]
1.25 × 10−2

μ
0.5774

Table 2: Mechanical properties adopted for the mortar joint interfaces (IM).

The numerical simulations are performed assuming for both materials unit weight γ =
17 kN/m3 and imposing a concentrated monotonically increasing load under displacement control at the nineteenth brick counted from the left impost, mimicking the loading conditions in
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Figure 3(a). The global response of the arch is depicted in Figure 3(b) in terms of vertical force
F -vertical displacement s. The dashed blue lines correspond to the experimental outcomes, the
green curve is that evaluated with the IM and the red line refers to the numerical results derived
from the CM, and already presented in [15], assuming the nonlocal radius equal to the mortar
characteristic length, that is lc = 10 mm. Finally, for further comparison, the black curve shows
the results of the multiscale model proposed by Di Re et al. [11], which adopts the same constitutive modeling assumptions but employs a force-based beam formulation in conjunction with
the energy regularization technique. On the overall, a very good agreement is detected between
(b)

L/4

Vertical load F [kN]

H3

H1
H1, H2: extrados
H3, H4: intrados

H4
R = 75

2
US1 experimental [5]
US2 experimental [5]
Numerical [11]
Numerical CM
Numerical IM

s
50

F

t=

(a)

H2

0
12

12

1.6
H1

1.2

H3
H2

0.8
H4

0.4
Limit analysis

1467
L

0
0

0.5
1
1.5
2
2.5
Vertical displacement s [mm]

3

Figure 3: Unreinforced arches tested by Oliveira [5]: (a) geometry (dimensions in mm), loading conditions and
experimental hinge (H) location, (b) experimental and numerical load-displacement global curves.

all solutions in terms of initial stiffness, collapse load and ductility. The curves referring to
the CM and IM show slight discrepancies caused by the intrinsic differences between the two
modeling assumptions. For instance, the mechanical characteristics assigned to each interface
FEs are derived assuming, in a simpliﬁed manner, a constant mortar thickness of 10 mm, thus
failing to describe the small variation of thickness characterizing each mortar joint starting from
the intrados to the extrados of the arch. Moreover, unlike IM, CM adopts a nonlocal integral
formulation which consistently affects the evolution of degrading mechanisms.
Moreover, in Figure 3(b), the collapse load value evaluated by the classical limit analysis is
depicted with dashed black line. This is estimated following the three hypotheses of Heyman
[6]: masonry has no tensile strength, masonry has inﬁnite compressive strength and sliding
cannot occur between joints. It is noted that both numerical and experimental response curves
approach the limit value from above, thus predicting a higher peak load. This interesting aspect
is caused by the not negligible tensile strength of the mortar, which moves away from the ﬁrst
Heyman’s hypothesis, as more in detail investigated in [8, 15].
As for the failure mechanism, this experimentally involves the formation of the classical four
ﬂexural hinges located at the intrados and extrados, alternatively (Figure 3(a)). Same results are
obtained with the proposed numerical models, as evident from Figure 4(a) and (b) which contain the arch deformed conﬁgurations at the end of the analyses for IM and CM, respectively.
The distribution of the damage variable D deﬁned in Eq. (4) is also illustrated in Figure 4(b),
showing that damage variable, varying between 0 and 1 according to its physical meaning, is
concentrated in the zones where tensile stresses are expected to be higher. The onset of fully
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cracked sections, corresponding to the formation of nonlinear hinges, is the cause of the steep
load drops characterizing the load-displacement global curve in Figure 3(b), as indicated by
the green and red circle markers. Finally, it should be emphasized that the two models provide
indistinguishable results in terms of deformed structural conﬁguration and predict location and
order of formation of the hinges in accordance with the experimental outcomes.
(a)

damage D

(b)

1.00E+00
9.17E-01

H3

H3

H1

8.33E-01
7.50E-01
6.67E-01

H1

5.83E-01
5.00E-01
4.17E-01
3.33E-01
2.50E-01
1.67E-01
8.33E-02

H4

H4

H2

H2

0.00E+00

Figure 4: Numerical failure mode of the unreinforced arches tested by Oliveira [5]: (a) deformed shape obtained
with IM, (b) deformed shape and distribution of the damage variable D obtained with CM.

3.2

Response of GFRM strengthened arches

The response of the GFRP strengthened arches is analyzed by employing the CM. As mentioned before, three main strengthening approaches were tested in [5]. Here, continuous conﬁguration at the extrados is considered and numerically reproduced. The experimental set was
composed of two arches (CSE1 and CSE2) strengthened with two continuous GFRP strips
of 50 mm width, and the other two arches (CSE3 and CSE4) with two GFRP strips 80 mm
width each. In Figure 5(a), the strengthening arrangement applied over the external substrate is
schematically shown.
(a)

(b)

3.5

450

w

Vertical load F [kN]

2 GFRP strips
(w = 80 or w = 50)

w

4

extrados

3
2.5
2
1.5
1
0.5
0
0

CSE1 exp. [5]
CSE2 exp. [5]
CSE3 exp. [5]
CSE4 exp. [5]
CSE1-CSE2 num. CM
CSE3-CSE4 num. CM

10
20
30
40
Vertical displacement s [mm]

50

Figure 5: Strengthened arches tested by Oliveira [5]: (a) location of continuous extrados strengthening (dimension
in mm), (b) experimental and numerical load-displacement global curves.

Two numerical models are considered to reproduce the different conﬁgurations by varying
the size of the strips for the reinforcement and assuming the geometrical characteristic provided
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in [22]. Young’s modulus is set equal to E r = 80000 MPa, according to the experimental
results of the tensile tests performed on several GFRP samples [22]. The reduced stiffness,
characterizing the second branch of the bilinear stress-strain relationship in tension, is assumed
equal to H r = 0.01E r . The tensile strength, σ0r = 200 MPa, is calibrated to reproduce the
experimental response and this is representative of both the reinforcement tensile strength and
the reinforcement/masonry interaction behavior.
Figure 5(b) shows the comparison of the vertical load-vertical displacement global curves numerically and experimentally evaluated. Results referring to the conﬁguration with 50 mm
GFRP strips are depicted in red color, whereas those related to 80 mm GFRP strips are reported
in blue color. Overall, a good agreement emerges between the experimental and numerical
responses. The sliding failure characterized all the experimental specimens CSE, almost certainly due to their weak resistance against shear mode. The failure mechanism exhibited during
testing is illustrated in Figure 6(a). It involves the formation of three hinges: in particular, a
sliding hinge was located close to the right support. In Figure 6(b) the deformed numerical
conﬁguration is shown referring to the end of the analysis and to the case of strips 50 mm wide.
According to the experimental outcomes, two sliding hinges appear. The ﬁrst is located underneath the loading point, the second close to the right support. The numerical failure mechanism
and the damage distribution shown in Figure 6(b) are representative of both the strengthening
conﬁgurations. In fact, it is noted that the increase of the GFRP strips size from 50 mm to 80 mm
did not produce signiﬁcant variations in the structural response in terms of failure mechanism.
Although this type of strengthening does not permit joint opening at the extrados, a widespread
damage distribution seems to appear in the numerical model at the location opposite to the load
application.
(a)

damage
D and Dr

(b)
H1

1.00E+00
9.17E-01

H3

H2

8.33E-01
7.50E-01
6.67E-01
5.83E-01
5.00E-01
4.17E-01
3.33E-01
2.50E-01
1.67E-01
8.33E-02
0.00E+00

Figure 6: Externally strengthened masonry arches tested by Oliveira [5]: (a) experimental failure mechanism
[5, 22], (b) numerical failure mechanism and distribution of the damage variables D and Dr obtained with CM.

4

CONCLUSIONS
• This paper presented two micromechanical FE models for the analysis of the in-plane
response of masonry arches. These are based on the same constitutive assumptions, but
adopt different strategies to model mortar joints. The CM considers the mortar as a continuous material modeled with 4-node isoparametric FEs, whereas the IM discretizes each
mortar joint by means of 2+2 zero thickness interface elements. Linear elastic behavior
is assumed for bricks, whereas a coupled damage-friction constitutive law is adopted for
mortar to account for ﬂexural and shear failure mechanisms.
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• Effectiveness of the models in describing maximum strength and collapse modes of unreinforced and strengthened arches was proved by comparison with experimental outcomes.
• Satisfactory agreement is found between numerical and experimental results as regards
the unreinforced case. The numerical load-displacement global curves, as well as the
four hinge mechanism, well match the experimental counterpart. Moreover, the two numerical models provided very similar structural responses with only slight discrepancies
caused by the different modeling assumptions. Hence, it emerged that the adoption of
interface elements to model response of mortar joints is an efﬁcient alternative to the use
of continuum ﬁnite elements.
• The numerical results referring to strengthened arches with GFRP strips bonded at the
extrados are encouraging. Despite the reinforcement was modeled in a simpliﬁed way by
means of truss elements with mechanical properties representative of both reinforcement
itself and its interaction behavior with the substrate, the change of the structural response
with respect to the unreinforced case is well reproduced. The presence of the reinforcement prevented the hinge mechanism formation and let the shear sliding mechanism to
prevail.
• Further improvements of the model could be performed by introducing the explicit modeling of the reinforcement-substrate interaction in order to distinguish failure mechanisms
due to debonding and reinforcement rupture. To this end proper interface elements connecting masonry and reinforcement [23, 24] could be considered. Moreover, the constitutive assumptions could be modiﬁed and enriched to account for the nonlinear mechanisms
involving the bricks, as masonry crushing is likely to occur in strengthened arches due to
the onset of high compressive stresses.
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Abstract
The seismic response of churches is peculiar due to the building typology, the structural features and the used materials. During last decades a great work of research on damages occurred on such structures after seismic events was performed and some insight of this behavior
have pointed out suggesting different intervention techniques. This lead to apply, during past
years, some interventions on churches already damaged. In particular, the Umbria-Marche
region, has stroked by three relevant earthquakes: Norcia 1979 (Mw 5.8), Colfiorito-Annifo
1997 (Mw 6.0), Norcia 2016 (Mw 6.5). The last events occurred on structures already damaged
in past and strengthened by interventions that aim at improving their seismic behavior.
Starting from the conclusions of such extended survey campaign and analyzing the effect of
interventions, the Church of S. Martino’s dei Gualdesi in Castelsantangelo sul Nera (MC –
Italy) was modelled and studied with both linear and non-linear methods.
The paper presents the results of such analysis comparing also the observed damages and the
effectiveness of some interventions preformed in past years on the church.
Keywords: Masonry Churches, Seismic Vulnerability, Numerical Analysis, Limit Analysis.
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1

INTRODUCTION

The study of structures damaged from earthquakes is the most interesting benchmark to evaluate the analytical and numerical tools available in the vulnerability analysis and commonly
used to design retrofit or refurbishment interventions.
The study herein reported is a preliminary stage of a deeper project carried out on the San
Martino’s dei Gualdesi Church. The case-study selection derives from a wider observation on
a dataset of about 900 churches stricken by the 2016 earthquake swarm [1] that recognize in
Castelsantangelo sul Nera, an interesting opportunity to evaluate vulnerability and effect of
interventions.
The paper presents a qualitative evaluation of interventions carried out in the municipality
and reports the analysis carried out on San Martino. The presented analysis looks at the unreinforced church and aims at evaluating the seismic multiplier. Moreover, a non-linear static analysis has carried out to evaluate its reliability in predicting the damage pattern and to support the
kinematic analysis.
2

RESPONSE OF CHURCHES IN CASTELSANTANGELO SUL NERA

The municipality of Castelsantangelo sul Nera, located in the Marche Region, was interested
by numerous seismic events in past years and also by the 2016 Central Italy seismic swarm.
This last caused severe damage to structures including the churches of the region [2].
In order to evaluate the vulnerability and the seismic response of such structures, a focus on
the municipality cluster, composed by 19 cases, was carried out beginning form the enlarge
database collected in the Centre of Italy [1]. All the churches in the cluster undergone a PGA
between 0.52g and 0.54g evaluated by INGV shake-maps. Therefore, considering similar actions, the damage observed is mainly guided by the vulnerability of each structure.
The Damage Index (id) has evaluated by the A-DC form [3, 4] and the Vulnerability Index
(iv) was first defined according to the II level form for the church survey [5]. The id have shown
an high heterogeneity, ranging from 0.33 to 0.85 (variation of 0.52, average of 0.52 and standard
deviation of 0.14) that could be attributed to the vulnerability of the constructions since the
seismic actions were quite similar. The analysis of iv did not show significant variations varying
between 0.36 and 0.57 (average of 0.48 and standard deviation of 0.06). This could lead to
suggest a small representativeness of the iv value to describe the different vulnerabilities, suggested also by the fact that the variation of the damage index calculated by formulation available
in literature [6] would be 0.09, for the iv and PGA values ranges herein described.
To better highlight the raised differences, a specific evaluation on each case has performed,
also considering the consolidation interventions carried out in past years with the aim of obtaining insight into their effect on the seismic response.
From the observation of all cases, some intervention highlighted always a positive behavior
such as tie rods applied for both goals: prevent the out-of-plane mechanisms of the walls and
counterbalance the loads of arches and vaults. This intervention pointed out some issues only
in case of poor masonry quality with the disaggregation of wall [7]. Another very positive intervention is the introduction of a metallic hopping system on the bell-tower. Indeed, two
churches two hundred meters close, very similar in geometry and dimensions, like S. Stefano
and San Martino’s dei Gualdesi pointed out two emblematic boundaries in behavior (Figure 1)
between the total collapse and only a cracking of the bell-tower due to the presence, in the case
of St. Martino, of hooping interventions on the belfry that avoid the collapse after the mechanism activation. On the other hand, some interventions show generally worsening effects such
as some concrete slab reinforcement of roofs, where due to the increase of loads and stiffnesses,
masonry collapse or severe damage occurred. The task of containing the overturning of the
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walls and distributing the vertical loads was entrusted to the ring beam. Sometimes, it was observed an overall achievement of the goal, whereas either in the case of reinforced concrete ring
beam and in the steel beam sometimes some damage caused by this intervention were observed
such as horizontal cracks at the height of the ring beam and the disintegration of the masonry
below it. The causes can be associated with poor masonry quality as well as an ineffective or
absent connection between the ring beam and the masonry.
The results obtained from this analysis have determined different responses in terms of local
and global damages although the earthquake was the same. For these reasons, in order to understand which parameters have the greatest influence on the vulnerability, a seismic behavior
analysis of a specific church, that may represent the cluster, has been implemented and herein
presented.

Figure 1: S. Stefano’s tower (left) and San Martino’s bell tower (right) after the 30rd of October 2016

3

SAN MARTINO’S DEI GUALDESI CHURCH

San Martino’s dei Gualdesi church, in Castelsantangelo sul Nera (MC), was built in the 14th
century. The structure is mostly made of local limestone (two leaves masonry 70-120 cm thick)
and lime mortar. The structure is 30.60 x 7.40 m in plan and 6.87 m height for the nave with an
height of 17 m for the tower and it is of medium size compared to those present in the region
[1]. The church consists of a single nave, marked by four pointed arches arranged transversely,
covered by a timber gable roof. Externally, the church has the same internal regularity: the
longitudinal south-west facade is characterized by two entrance portals and by further secondary openings. The transversal gabled facade, located to the north-west side, is composed by a
simple window in the central area.
The structural data were entirely deduced from the information collected during the on-site
surveys and through some documentary additions provided by the Superintendence for Cultural
Heritage of Ancona. To date, it has not been possible to carry out diagnostic campaigns for the
characterization of construction details or materials. For this reason, the materials’ mechanical
properties were obtained from a critical analysis of masonry arrangements by the study of the
masonry quality index (IQM) [8] of some panels and masonry sections. These investigations
with its typological and qualitative definition helped in identify two different masonry typologies according to the Italian National Standard [9], whose mechanical properties [10] are summarized in Table 1.
In this case, since the investigations are limited, the confidence factor calculated according
the Italian guidelines for cultural heritage [11] is equal to 1.24 and the level of knowledge
reached is KL1.
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a)

b)
Figure 2: Aerial view (a), and plan (b) of San Martino’s dei Gualdesi church.
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Masonry: Roughly cut stone masonry with good texture - III

2.6

0.056

1740

580

21

Arches: Stone blocks squared masonry- V

5.8

0.090

2850

950

22

Table 1: Mechanical properties of the masonries used.

3.1 Interventions related to the past seismic events
The most significant earthquakes for the Castelsantangelo sul Nera area were the earthquakes of Norcia, Mw 5.8 in 1979, and the Umbria-Marche earthquake, Mw 6.0 in 1997. These
seismic events had a strong impact with regard to both the identification of seismic damage and
the implementation of series of interventions aimed at mitigating its effects (not always with
real benefits). The church of San Martino’s dei Gualdesi, entering into this context, was subjected to four intervention campaigns (in 1988, 1999, 2000 and in 2014). Some of the older
interventions had been replaced in subsequent refurbishments. Therefore, a description of the
present configuration of the church with the current interventions is presented below.
In general, two significant phases of intervention can be distinguished: one relating to the
2000 restorations , which mainly involved the bell tower, and a more recent restoration of 2014
regarding the structure of the nave.
In 2014 interventions, a systematic demolition of the top of the wall was carried out with
subsequent reconstruction of it for a height of 30-50 cm. In addition, a UPN 220 metal profile
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has been inserted and anchored with the underlying wall with a I16 bar 85 cm long, every 50
cm. The bars were inserted inside perforations (with a diameter of 24 mm) and subsequently
injected with lime mortar (blue line in Figure 3). A further intervention was the injection of a
fluid hydraulic lime mortar on the walls. Four holes per square meter with a diameter of 22 mm
were injected (red dot fill in Figure 3). A final and significant structural intervention performed
on the nave concerns the execution of a series of steel bars reinforcement between the longitudinal walls of the nave and the internal arches. Twelve stainless steel bars with a diameter of
16 mm were inserted and injected with epoxy resin inside drillings of 24 mm of diameter (red
strip hatch in Figure 3). Regarding the bell tower, in 2000, two orders of metal hooping beams
have been inserted in elevation under the belfry and at the level of the mouldings (blue dashed
line in Figure 3). Finally, about 20 perforations per wall were made on the tower’s walls with
subsequent insertion of steel bars presumably with a diameter of 20 mm (green dot mesh in
Figure 3).

Figure 3: Representation of interventions implemented in 2014 and 2000 to the San Martino’s dei Gualdesi
church.

3.2 Analysis of damage
The church of San Martino’s dei Gualdesi, referring to the A-DC form [3, 4], has an intermediate damage index (id=0.60). Although the id value is slightly higher than the average of the
Castelsantangelo’s cluster (see § 2), the church showed only a small collapse of the wall above
the entrance (Figure 4d) but, any other structural element of the nave and the tower had not
collapsed. The main damages are located in the internal part of the church, in particular near
the pointed arches, in some parts of the perimeter wall and in the bell tower.
The cracks affecting the internal part of the church are mainly located between the longitudinal walls and the central arches. From the structure of the church, it is clear that the pointed
arches, placed transversely to the nave, support the roof and transmit the loads to the side pillars
and to the perimeter walls. Figure 4b highlights some cracks between pillars and the longitudinal wall probably due to the weak connection in shear between the two. Moreover, it seems that
some interactions in traction are present since some sliding in first voussoirs is present, probably
due to the introduction of rebars and a consequent movement of the pillar according to the outof-plane of the lateral wall.
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More cracks are located at the interface between the extrados of the arch and the masonry,
due to the absence of connection between the two different materials. In the same pictures (Figure 4b), reduced cracks are observed even at the level of the roof, perhaps due to the insertion
of the metallic ring beam that may have limited their opening but also promoted the detachment.
Other cracks were located in the transverse walls of the nave, in particular in the north-west
facade, which still has the shape of the original door. The distribution of the cracks follows the
intersection between the original wall and the added element showing the typical shear cross
shape (Figure 4a).
Lastly, deep cracks were found on the bell tower (Figure 4c). The position of these cracks is
related to the presence of windows and small openings. The windows and the little columns of
the upper level represent the weakest. However, although characterized by widespread cracks,
the bell tower did not show the collapse of masonry parts or other elements. This prove the
effectiveness of the past hooping interventions, which have defined a better connection between
the orthogonal walls ensuring the box behavior during the seismic events.
Unlike the other facades of the church, the longitudinal wall located to the south shows a
loss of the curtain wall with the detachment of the upper portion of the masonry (Figure 4d).
The collapse of this masonry portion seems to be promoted by the reinforcement (of the past
interventions) at the top. Indeed, if the metallic beam presents excessive stiffness, it can generate damages related to the tangential stresses in the contact area with the masonry and therefore
a detachment between the parts. Moreover, the entire wall suffered from an out-of-plane displacement in the order of 15-20 cm. The overall displacement of that seems to be provided by
the monolithic behavior probably promoted and enhanced by injections.

Figure 4: Damages observed on the north-west facade (a), central arch (b), bell tower (c) and o the south-west
facade.

4

STRUCTURAL ANALYSIS

The preliminary structural analysis of the church has focused on the pointed arch behavior
and on the influence that this has on the overall behavior. With this aim, a kinematic study was
performed together with a non-linear static analysis with a Finite Element Model in order to
validate the assumptions made.
4.1 Definition of the seismic action
The seismic action used for the assessment of the church is determined by following the
indications provided by the Italian Standard [12]. The design parameters used in the analysis
are represented in Table 2. The return period, considering the ecclesiastical function, is of 712
years.
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Parameters (DLS)
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ࡲ
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ࡿࢀ

0.120
2.305
0.288
1.500
1.584
1.200

q
S
ƞ
ࢀ
ࢀ
ࢀࡰ

Parameters (ULS)
1.00
1.80
1.00
0.15
0.45
2.08

ࢇࢍ
ࡲ
ࢀ כ
ࡿࡿ

ࡿࢀ

0.283
2.400
0.339
1.295
1.500
1.200

q
S
ƞ
ࢀ
ࢀ
ࢀࡰ

2.000
1.554
1.000
0.170
0.510
2.726

Table 2: Design parameters used in the analysis

4.2 Kinematic analysis
The kinematic analysis is based on the limit analysis and the principle of virtual works and
refers to the upper bound solution [13]. This, on one hand, make easier the analysis and, on the
other, it requires defining the minimum multiplier to obtain the exact solution. Therefore, the
Finite Element Model helps in defining the proper crack pattern and hinges location.
The out-of-plane limit analysis was guided by the actual crack pattern observed, and hence
evaluating those mechanisms activated during the earthquake (Figure 5). In detail, the southwest wall of the nave and the north-west corner of the tower were analyzed as out-of-plane
mechanisms, while the central arch as in-plane mechanisms.

Figure 5: In-plane (left) and out-of-plane (right) analysis of the church.

Table 3 shows the results of the kinematic analysis implementing linear methods. The factor
z is the safety coefficient defined as the ratio between the seismic capacity and the demand for
each macro-element. Values greater than one indicate that the mechanism is verified at the
damage limit state (DLS) and at the ultimate limit state (ULS). As regards the out-of-plane
kinematic mechanisms, the linear verification is not verified for any mechanisms. The activation multiplier was calculated accounting for the masonry compression hence considering the
hinge in the middle of the stress-block. The lower multiplier refers to the wall overturning (C3
Figure 5) and it figures out that the restrain contribution of the roof is not negligible, since that
mechanism does not reach the collapse although it has activated with an overall ultimate displacement of about 15-20 cm. The tower mechanism activated also on the real case but it was
counteracted by the hooping system that avoided the collapse, as did not happen for the near
church of S. Stefano. Lastly, the highest multiplier found (mechanism C2) of 0.535 has activated but not avoided by any interventions resulting in the collapse of the macro-element. That
value is similar to the highest PGA recorded in the swarm of 0.541 the 26th of October 2016.
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1° Mode
Kinematics
C1
C2
C3

α (t/2)
0.266
0.535
0.143

ζ (DLS)
0.38
0.68
0.58

ζ (ULS)
0.44
0.74
0.57

Table 3: Results of the kinematic analysis for the out-of-plane mechanisms

Similar to what has been observed for the out-of-plane mechanism, the hypothesis of interaction among macro-elements may lead to significantly different solutions also for in-plane
analysis. Due to this, different combinations (Table 4) have been defined.
For the in-plane analysis of the arch, which is placed in the transversal direction of the nave
(Y direction), the hinges position was defined by the analysis of the principal traction strains.
The latter were obtained by the non-linear static analysis of the church, considering that this
comes from static considerations which belong to the lower bound solution. Therefore, the obtained multiplier should be the exact one also for the interaction among longitudinal walls and
the arch.
D1- All hinges as FEM

D2 – Hinge D on the impost

D3 – Hinge D in the wall

Case A
Only arch

Case B
Only tension
between the arch and
the wall

Case C
Shear and tension
between the arch and
the wall

Table 4: Type of kinematic analysis implemented

The possible variability may concerns the in-plane and out-of-plane interaction of the longitudinal wall and of the soil on the mountain side. Therefore, looking at Table 4, cases A, B, C
considers different interactions among macro-elements whereas cases from D1 to D3 evaluate
differently positions of the hinge on the mountain side (hinge D).
Table 5 reports the obtained activation multipliers α, always considering the hinge regression,
and the factor ζ that report the structural verification. Due to the not symmetric geometry, the
multiplier of both directions is reported.
In case A the arch is alone, neglecting the contributions of lateral walls, whereas in cases B
and C walls are considered. In the latter the coupling between the arch and the wall is perfect,
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with transmission of normal and shear stresses on the interface, while in case B only the normal
action is considered.

D1

D2

D3

2° Mode (+Y) North/mountain dir.
case
α (t/2)
ζ (DLS)
A
-0.002
B
0.188
0.80
C
0.189
0.80
A
-1.030
B
0.065
0.28
C
0.064
0.28
A
-0.550
B
0.277
1.16
C
0.306
1.28

ζ (ULS)
0.79
0.79
0.28
0.27
1.14
1.26

D1

D2

D3

2° Mode (-Y) South/valley dir.
case
α (t/2)
ζ (DLS) ζ (ULS)
A
0.079
0.34
0.34
B
0.172
0.73
0.72
C
0.184
0.78
0.77
A
0.108
0.45
0.44
B
0.137
0.59
0.59
C
0.159
0.69
0.68
A
0.107
0.44
0.44
B
0.161
0.68
0.67
C
0.198
0.83
0.82

Table 5: Results of the kinematics analysis for the in-plane mechanisms

In the case A, in the positive direction of Y, there is a negative multiplier that means that
there is no equilibrium in the thrust of the arch without the lateral walls providing a counterbalancing effect even in static conditions. Therefore, the case A is not a reliable hypotheses of the
actual behavior. Considering the fact that the FEM model reliably describes the hinge positions,
and comparing with the actual observations, also cases D2 and D3 are not suitably describing
the real situation because did not appear evident cracks next to the guessed hinge position D.
In conclusion, the cases more similar to the actual situation are B and C in conditions D1.
Herein, case B is selected as the most reliable (Table 5 in bold) because even the intervention
with rebars performed in 2014 could not guarantee the shear transfer, as pointed out by the
crack pattern occurred (Figure 4b). Therefore the final multipliers selected are α 0.188 and
0.172 in the positive and negative Y direction respectively.
4.3 Fem analysis
The numerical analysis of San Martino’s dei Gualdesi was performed using the DianaFea
software. In detail, a linear and a non-linear static analysis were performed in order to obtain
results consistent with the actual damages observed.
The church has modeled using two-dimensional elements. The roof analysis of weight has
performed following the information obtained by documents on past interventions. The vertical
elements of the model have defined as regular curved shells: quadrilateral elements with eight
nodes and a quadratic behavior. The mesh has a size of 0.25 m. The linear elements such as
beams have specified as beam elements curved and characterized by three nodes (Class-III 3D).
Boundary conditions were defined to constrain all translations and two rotations except the outof-plane. Finally, the material properties were defined following Table 1 for the linear properties. To account for the non linear behavior a total strain cracked model has been adopted with
a parabolic behavior in compression and a exponential one for the softening in tension. The
fracture energy has defined following the literature [14].
First, a linear static analysis was performed to evaluate the static conditions of the model.
Regarding the reaction forces, the maximum vertical value is 74.9 kN. The vertical deformation
(Z direction), due to its own weight, is located on the bell tower and is approximately 1.7 mm.
Lastly, as regards the main stresses, the compression stress located at the base of the bell tower
is 0.45 MPa.
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Subsequently, the static non-linear analysis was implemented to analyze the non-linear behavior of the structure. The analysis concerns both the longitudinal (X) and transverse directions of the church (Y), with more attention to the transversal direction (east-west direction).
The own weight of the structure was applied in a single load step, followed by the application
of a global acceleration (proportional to the masses) into different load steps.
Results show greater deformations and displacements refer to the analysis with transverse
direction of the seismic action (+Y,-Y). In the first case (+Y, mountain dir.), the displacements
of the control nodes positioned at the top of the central arch are approximately equal to 0.20 m
in agreement with the actual observations. Analyzing the results relating to strains, the main
stresses are located on the transversal walls. However, high cracks are also located on the longitudinal facades of the church and on the tower’s walls (Figure 6).
In the negative direction of Y (-Y, valley dir.), the greatest displacement is measured at the
top of the bell tower (0.12 m) even the control nodes at the top of the central arch reach considerable displacements of 0.10 m.
Regarding the analysis in the longitudinal direction (+X, -X) the main deformations and
displacements are located on the upper part of the bell tower.

Figure 6: Major principal strain for the analysis in the +Y direction (left) and -Y direction (right).

4.4 Comparison between the damages observed and the numerical analysis
The results obtained from the numerical analysis has been compared with the damages described in the previous paragraph (§3.2). The structural parts investigated are the north-west
and the south-west facade of the nave, the walls of the bell tower and finally the internal arches
of the nave.
Figure 7a shows that strains, and thus cracks concerning the internal arch, are mainly located
between its lateral part and the longitudinal part of the south-western masonry and in the interface between the extrados of the arch and the masonry above. From this crack pattern, the four
hinges location for the limit analysis presented above was defined (§4.2).Moreover, damages
and cracks coincide with the damages observed in the on-site survey (Figure 4b), confirming
the reliability of this type of analysis.
Less deformation and damages occurred in the north-east walls, again corresponding to the
actual condition. In this case, the pillars are embedded in the wall itself, ensuring a better connection between them. The greatest displacements are reached in the analysis with transverse
direction of the seismic action.
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The longitudinal south-west wall showed significant damage due to the longitudinal action.
Figure7b shows cracks on the entire wall and in particular near the transverse arches and openings. More cracks are located in the interface between the wall of the bell tower and in the upper
part of the nave facade. These damages coincide also with the current state of the church.

Figure 7: Localized deformations in the central arch (a), south-west wall (b), tower (c) and north-west wall (d).

The north-west facade is characterized by significant damages in the case of transverse seismic action. Cracks obtained from the numerical model provide almost the same pattern observed in the structure. The distribution of cracks follows the intersection between the original
wall and the added element.
Lastly, the south-western wall of the bell tower shows significant deformations due to the
longitudinal action (-X). The principal strains, obtained from the numerical model, are located
near the mullioned windows, in the small openings below and lastly in the contact area between
the roof of the church and the belfry. These critical points are also observed on the damage
picture (Figure 4c).
5

CONCLUSIONS
x The paper presents the first stage of studies carried out on the San Martino’s dei Gualdesi
church, confirming that the integrated methodology among different type of analysis (i.e.
kinematic and non-linear static analysis) lead to achieve reliable results compared to the
real case observations.
x The kinematic analysis, supported by some non-linear analysis in the definition of the
mechanisms, proved to be a valuable tool in the definition of the activating accelerations.
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The evaluation of the interaction in-plane and out-of-plane may also be detrimental to obtain the correct value.
x The static non-linear analysis confirms to be a reliable method of structural modeling detecting a crack pattern very similar to the real one.
x Future works aim at evaluating through capacity curves the real performances of the structure, even compared with the real occurred earthquake, and furtherly improving analysis
by the implementation of interventions.
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Abstract
In this paper, we propose a NURBS-based adaptive approach to the three-dimensional analysis of masonry vaults undergoing foundation settlements. A given masonry vault of arbitrary
geometry is described through its NURBS (Non-Uniform Rational B-Spline) parametric representation in the three-dimensional Euclidean space. The vault surface is then discretized into an initial set of rigid elements. Such discretization is obtained by suitably subdividing the NURBS
parameters space. Jumps of displacement are allowed solely at the interfaces. Given a known
displacement on the external boundary, which comprises possible settlements, the resulting
displacement field is computed by minimizing the total potential energy of the system by
means of a linear programming optimization algorithm. Moreover, a mesh adaptation scheme
based on a suitable Genetic Algorithm (GA) is used to determine the crack pattern yielding
the mechanism actually induced by the settlement. The procedure is here demonstrated
through a numerical example.
Keywords: Masonry, Foundation Settlements, NURBS, Genetic Algorithm
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1

INTRODUCTION

The interest in studying the crack patterns induced by foundation settlements in masonry
structures is quite recent. In fact, differential settlements are one of the most frequent causes
of cracks in historical masonry structures. When undergoing foundation settlements, masonry
structures deform like mechanisms in order to be able to accommodate such settlements, accompanied by a pattern of cracks. The strong nonlinearities of the masonry material, which
have been summarized by Heyman [1] by means of the no-tension material assumption, render masonry constructions quite unsuited to resist differential settlements. In the last decades,
the problem of settlements on masonry structures has been studied by means of nonlinear
analyses within the Finite Element Method (FEM) [2–4], the Discrete Element Method (DEM)
[5], or, rigid blocks analyses under the hypothesis of unilateral contact and simple linear programming techniques [6–9].
The analysis of the response to settlements response using systems of rigid blocks entails
procedures similar to the ones typical of limit analysis. Under the action of settlements, the
above structure reaches a new configuration of equilibrium exhibiting small deformation [10].
However, since masonry cannot withstand deformations of any kind, cracks appear and propagate within the structure, transforming the initially continuous construction into an assembly
of relatively big and approximately rigid blocks. The new configuration of equilibrium can be
described through a discontinuous displacement field. As a result, the structure behaves like a
mechanism and can be studied by using limit analysis techniques. The analogy between limit
analysis and analysis of settlements for rigid blocks structures has been analyzed in detail in a
recent publication [11]. Here, it is shown that the discontinuous displacement field can be obtained by solving a unilateral contact problem. The discrete formulation can be written in
terms of a linear programming problem, in which the external work is maximized. The formulation by rigid blocks and linear programming allows a quick assessment of crack patterns
with a sensibly reduced computational effort with respect to standard finite element nonlinear
techniques and iterative procedures.
In this contribution, we present the study of masonry vaults undergoing differential settlements through a new adaptive GA-NURBS based approach. A masonry vault is modeled
through NURBS rigid shell elements, which allow accurate reproduction of the actual geometry even with a small number of elements is used. Given an initial mesh of NURBS rigid element, the displacement field is found by maximizing the work of external loads. A Genetic
Algorithm mesh adaptation search scheme is devised in order to find the actual displacement
field induced by a given settlement. The procedure is illustrated by solving the historical vault
previously analyzed in [13-14].
2

DISCRETE VARIATIONAL FORMULATION

The behavior of a masonry structues undergoing foundation settlements can be studied by
idealizing it as an assembly of rigid blocks and applying unilateral contact conditions at the
interfaces [11]. The solution u of the variational contact problem, at the continuum level, is
given by
u arg inf* m 3 r v ,
vM

(1)

where
3r v

Nb

 ¦ i (v )
i 1
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is the potential energy of external loads acting on each block and, M *m is the convex set of
rigid motions and (  ) is the linear form:
(v )

³ qqv d J .

(3)

*q

In other words, a displacement field solution of the boundary value problem at hand, can be
found by minimizing the potential energy of the external loads in the set M *m of all the mechanisms satisfying the unilateral constraints in the normal direction and the no-sliding condition.
At the discrete level, a generic piecewise two-dimensional rigid displacement v  M *m is represented by a vector d composed by 3 N b elements being the three barycentric components
of rigid body motion (two translations and a rotation) for each block. Obviously, it is possible
to define the potential energy associated to the rigid body motion v represented by the vector
d as a linear function of d :
3r v

qˆ T d,

(4)

where qˆ  3 N is a vector containing, for each body i , the resultants – in terms of two translational forces and one moment – of the external load distribution q( x ) on * q . Therefore, the
b

discrete linear programming problem associated to (1) can be written as follows:
find d s.t. ^qˆ T d` is maximum,

(5)

under the following linear constraints:
Ad d 0
Bd 0
Cd uˆ 0 ,
N col , p u3 Nb

(6)
(7)
(8)

, C  N u3 N and û 0 is a vector whose elements are the values of the
where A, B 
function u0 x , representing the non-homogeneous essential boundary conditions, evaluated
at collocation points on * . Constraints (6) and (7) represent the requirement that vn d 0 on * c
and vt 0 on * c respectively, * c being the union of all the possible contact curves among the
blocks. On the other hand, constraint (8) represents the non-homogeneous essential boundary
conditions (i.e. foundation settlements) on * u . It should be noticed that the objective function
in (5) is the work of the assigned external loads.
3

col ,r

b

ADAPTIVE GA-NURBS SCHEME

The structural response is described by roto-translations of the rigid blocks and jumps of
displacement on the contact points. The overall displacement field can be obtained by solving
problem (5), in which the external work is maximized under the constraints imposed by unilateral contact conditions, by means of an efficient linear programming.
In this work, a discretization through few NURBS shell rigid elements is adopted. The
NURBS geometry description of the mesh allows to preserve the actual geometry of the structure even when using a small number of elements, avoiding the need for fine discretizations
which would be otherwise required for masonry vaults. Thus, in place of modeling every single brick composing the structure, NURBS elements reproduce the curved macro-blocks
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which determine the mechanism induced by the applied settlement, provided that the crack
pattern is suitably adjusted by means of a suitable meta-heuristic optimization algorithm. On
each interface, the unilateral contact conditions are applied. In case a rigid plastic behavior is
to be accounted for, an associative flow rule can be adopted. As already discussed, the overall
disposition of interfaces, i.e. the mesh adopted, represents only a possible crack pattern but,
since the real crack pattern is not a-priori known, mesh adaptation is required. For this reason,
in order to find the absolute maximum of the external work, we allow a Genetic Algorithm
(GA) to adjust the initial mesh until a good approximation of the actual crack pattern is obtained. The procedure is very similar to the one used in the GA-NURBS limit analysis of masonry vaults proposed in [12], which was proven to be effective in the study of several
typologies of masonry constructions [15–22].
4

NUMERICAL EXAMPLE

As an example, we study a reproduction of the historical barrel vault which constituting the
roofing of the central nave of the Bothwell Parish Church (Glasgow, United Kingdom, see Fig.
1(a)). An in-depth geometrical survey revealed that the vault is slightly skewed, with cracks
that has opened over the years due to settlement across the less braced South edge. In [14],
this response of this vault under foundation settlements has been investigated by means of finite element analyses and several experimental test (also carried out in [13]) on a 1/12 scaled
model (Fig. 1(b)). The actual vault geometry features an interior span of 6.1 m, a rise of 3.8 m,
and a length of 16.8 m, and an average thickness of 36 cm. We assume a 520 kg/m3 density
for masonry material. Finally, in order to better reproduce sliding deformations observed in
the experimental test performed in [14], a 3D Mohr-Coulomb failure surface with tension cutoff and compression linear cap is assumed, with ultimate tensile and compression stresses
equal to 0.03 MPa and 2.6 MPa respectively. Shear failures are controlled by a cohesion of
0.02 MPa and a tangent of the friction angle of 0.5. To replicate the experimental test, in the
first numerical simulation, a vertical linear settlement has been applied (see Fig. 2), with a 1
cm maximum drop along the external edge.

(b)
(a)
Figure 1: (a) Bothwell Parish Church (Glasgow, UK) barrel vault [14] and (b) crack pattern observed in the experimental test [13].

Figure 2: Analysis of the displacement field under the action of non-uniform vertical settlement.
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Figure 3: Analysis of the displacement field under the action of non-uniform horizontal settlement.

Each of the two NURBS surfaces describing half of the vault is discretized with 3×4 shell elements. Fig. 2 depicts the obtained displacement field. It can be noted that the crack pattern
close to the external arch reproduces the typical hinges of the masonry arch undergoing a vertical differential settlement [11]. The shape of the crack pattern long the longitudinal direction
of the vault is mainly due to settlements inducing torsional effects. The crack obtained with
the proposed procedure is in good agreement with the results previously obtained both experimentally and numerically [13].
This barrel vault has been also studied under a horizontal linear settlement. Differential
horizontal settlements are common in vaults used as roof elements in historical constructions,
in which collapse during seismic events often occurs because of the differential movement of
their supports, rather than because of the horizontal seismic actions applied to the vault. Fig. 3,
represents the applied settlements and the obtained results. As in the previous case, it can be
noted that the extremal part of the vault behaves like an arch. Also in this configuration, the
proposed adaptive GA-NURBS scheme allows to accurately predict the 3D behavior of the
vault.
5

CONCLUSIONS

In this paper, a NURBS-based adaptive approach to the three-dimensional analysis of masonry vaults undergoing foundation settlements is presented. A given masonry vault of arbitrary geometry is described through its NURBS parametric representation in the threedimensional Euclidean space. The vault surface is then discretized into an initial set of rigid
elements. Such discretization is obtained by suitably subdividing the NURBS parameters
space. Jumps of displacement are allowed at the interfaces only. Given a known displacement
on the external boundary, which comprises possible settlements, the resulting displacement
field is computed by minimizing the total potential energy of the system by means of a linear
programming optimization algorithm. Moreover, a GA-based mesh adaptation scheme is used
to determine the crack pattern yielding the mechanism actually induced by the settlement. The
example
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Abstract
Bonded brickwork as loadbearing walls is widely found in the heritage structures worldwide.
The bonded brickwork consists of two or more bricks in the thickness direction which causes
them to behave differently to single leaf walls which are the basis of masonry design guidelines. The evaluation of bonded masonry structures under dynamic seismic actions therefore
requires appropriate numerical modelling techniques accounting for the cyclic loading. Subsequently, a simplified 3D mesoscale numerical model has been developed in this paper to
analysis different thicknesses of bonded brickwork under cyclic compression. Each masonry
brick was defined using 3D solid elements with 8 nodes and 24 degree of freedom (DOF) representing an enlarged brick consists of a full-scale brick enveloped by half thickness of the
mortar bedding layer all around. These masonry bricks were arranged in multiple layers using zero thickness cohesive interface elements to simulate the bond behaviour under shear,
tension, and compression actions. A plasticity-based damage constitutive model to represent
the damage in the masonry bricks under cyclic compression loading was employed. A threshold strain level was used to enact the element deletion technique for initiating the brittle crack
opening in the masonry units. Whereas the joint interface failure between the masonry units
was defined using a cohesive model represented by a simple bi-linear traction-separation
constitutive law exhibiting an initial linear elastic behaviour at the interface followed by the
initiation of the damage and evolution until the surface bonding degradation. The robustness
of the developed model under cyclic compression loading has been proven by validating the
test data presented for the clay brick selected to construct 9 masonry wallettes of single, double and triple brick thicknesses. The failure modes, cyclic stress-strain curves and stiffness
degradation have been studied.
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1

INTRODUCTION

Bonded masonry is invariably used as loadbearing elements in structures and the compressive
strength characteristics of this masonry are of prime importance in the design of new and assessment of existing masonry structures. Subsequently, plenty of research efforts have been
put in place to comprehend the compressive strength characteristics of various masonry assemblies in the past [1-4]. However, most of the studies in the past were dedicated to determining the monotonic compressive strength properties of masonry, where only limited studies
were dedicated to understand the cyclic compression characteristics of masonry, which are
needed to assess the performance of masonry elements against seismic or dynamic actions.
Moreover, the non-loadbearing masonry infill walls in reinforced concrete or steel frames are
also considered to act as diagonal compression struts under in-plane actions [5-6], thus analysing such infill frames under dynamic actions need cyclic compression properties of masonry.
The limited experimental studies on the cyclic compression behaviour of bonded masonry revealed that the characteristics of masonry under cyclic compression are different to monotonic
compression in terms of the attainment of strength and deformation characteristics [7-9],
where relatively low compressive strength and considerably larger deformation were depicted
under cyclic compression than the monotonic loading. As a result of lack of cyclic compression experimental data on various assemblies, the development of constitutive models for masonry under cyclic compression was generally derived from the studies on concrete under
cyclic compression [10-12]. While there are some similarities on the general characteristics
between the masonry and concrete under cyclic compression, the damage evolution under cyclic compression is greatly different to concrete due to the anisotropic nature and interfacial
incompatibility between unit and mortar in masonry. Recently, Thamboo et al. [13] compared
the predictability of cyclic compression behaviour of the existing masonry models with the
available experimental data and highlighted that most of the models were not able to predict
one or other cyclic compression characteristics such as envelop response, plastic strain, unloading and reloading paths accurately. Nonetheless, experimental studies are not always viable to develop constitutive models for masonry under cyclic compression, owing to the
diversity of masonry assemblies exist and difficulty in carrying out the cyclic testing. Therefore, numerical assessment of masonry under cyclic compression is a prudent solution.
Although plenty of progresses have been made to develop numerical methods to assess the
masonry at different scales (micro, meso and macro) under various loading conditions [14-16],
no systematic methodologies were developed to evaluate the cyclic compression behaviour of
masonry in the past. Obviously, micro modelling technique is the most appropriate approach
to assess the various assemblies of masonry under a localised loading situation. As an alternative to complex micro-modelling, simplified micro modelling of bonded masonry can save
computational effort and avoid complexity of modelling additional mortar joints in the thickness of bonded brickwork. In this technique, mortar thickness is omitted by expanding the
bricks into an equivalent masonry material which are joined to make assemblies of various
patterns through zero thickness interfaces. Simplified micro-modelling based numerical assessment under cyclic compression could predict the characteristics of masonry reasonably,
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especially in terms of damage evolution and localised stress-strain responses as it has been
used earlier for the monotonic loading conditions [17-19].
This paper provides the details of a simplified 3D micro-scale modelling technique to assess
the characteristics of bonded masonry under cyclic compression. The rationality of the developed modelling technique and outcome under cyclic compression loading simulation have
been validated against the results from the experimental campaign carried out previously to
assess the cyclic characteristics of bonded brickworks by the third author. Subsequently, Section 2 explains the simplified micro-modelling based numerical procedures established to
simulate the cyclic compression behaviour of masonry. The validation of the numerical method against the experimental data is described in Section 3. Finally, the key conclusions derived from the study are mentioned in Section 4.
2

NUMERICAL MODELLING TECHNIQUE

An explicit finite element modelling method was developed to simulate the bonded brickwork
response under cyclic compression loading. A simplified 3D mesoscale homogenised material
model was adopted to analyse different thicknesses of bonded brickwork under cyclic compression. The material and contact non-linearities were incorporated in this model, and the
parameters were calibrated using the datasets of the single brick thick wallette test specimens.
Figure 1 shows the developed FE model of the brickwork constructed of single, double and
triple bricks in their thickness.
Reference Node (Cyclic Displacement)

Rigid Steel plates

Support Condition (Ux=Uz=0)

Dispalcement applied
Displacement applied

Displacement applied

Mesh Size

Zero-thickness Interface

(b)

(c)

(d)

740 mm

(a)

y
z

x

Expanded Brick

Bottom plate Support Condition

Brick

(Ux=Uy=Uz=0)
Zero thickness
Cohesive Interface

Half Brick +
half thickness of mortar
h

Figure 1: Wallettes model details (a) Single brick (b) Double brick (c) Triple brick with detail of expanded
bricks and (d) Mesh size

2.1

Geometry Details

In the simplified 3D mesoscale homogenised numerical modelling method, the homogenised
units were modelled using 3D solid elements (C3D8R) with 8 nodes and 24 degrees of freedom. The selected mesh size (shown in Figure 1(d)) was 20 mm × 20mm × 20mm based on
the mesh sensitivity analysis performed in [17]. The brick size representing an enlarged brick
consists of full-scale brick enveloped by half-thickness of the mortar bedding layer all around,
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was modelled as shown in Figure 1. These masonry bricks were arranged in multiple layers
using zero thickness cohesive interface elements to simulate the bond behaviour under shear,
tension, and compression actions. The sizes of single, double and triple brick thick brickwork
samples were 410 (L) × 740 (H) × 95 (T) mm, 410 (L) × 740 (H) × 200 (T) mm, and 410 (L)
× 740 (H) × 305 (T) mm, respectively. Loading plates were also modelled to distribute the
compressive load uniformly over the specimens and to restrain the specimens against displacement from the bottom.
2.2

Material properties and constitutive model of expanded bricks

A plasticity-based damage constitutive model to represent the damage in the masonry bricks
under cyclic compression loading was employed. The concrete damage plasticity (CDP) model in-built in ABAQUS was used to simulate homogenised brick and mortar behaviour. This
model can predict two main failure modes: tensile cracking and compression crushing. Beyond the failure limit, the formation of minor and major cracks were represented with a softening stress-strain response, as shown in Figure 2. The stress-strain and other material data
were taken from the experimental results of Thamboo & Dhanasekar [20], which were used in
the calibration and validation of model results. A threshold strain level was used to enact the
element deletion technique for initiating the brittle crack opening in the masonry units. The
elastic modulus of the expanded clay bricks was input as 200 MPa. The Poisson’s ratio was
kept as 0.18 as was observed from the experiments [20]. In addition, the CDP model requires
five main parameters: dilation angle (ψ) to account for the volume change caused by the inelastic behaviour of bricks, flow potential eccentricity (e) that defines the rate at which the hyperbolic flow potential approaches its asymptote, the ratio of the biaxial compressive strength
of the material to its uniaxial compressive strength ratio (fb0/fc0), shape factor (Kc) which is
the ratio of the tensile to the compressive meridian for describing the shape of the yield surface and viscosity (μ) that represents the relaxation time of the visco-plastic system, and is
used for the visco-plastic regularisation. More details of these parameters can be found in [21].
The assigned CDP parameters are given in Table 1.
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Figure 2: Stress-strain curve with damage properties of clay brick for CDP material model (a) Compression and
(b) Tension
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Parameter
Dilation angle (ψ)
Eccentricity (e)
Strength ratio (fb0/fc0)
Shape factor (Kc)
Viscosity (μ)

Magnitude
300
0.1
1.16
0.66
0.001

Table 1: CDP model parameters for expanded bricks

2.3

Zero thickness interface: cohesive zone model

The zero-thickness interface between the homogenised expanded bricks was simulated using
the cohesive zone model as shown in Figure 3(a). The interaction between the bricks was
modelled using the simple bi-linear separation constitutive law, as shown in Figure 3 (b). The
traction law is graphically represented using the traction force ( τ ) resulted in the opening displacement ( δ ). The interface allowed a damage initiation based on the threshold value which
is followed by damage evolution until complete degradation of the surface bonding. The interface's elastic behaviour relates the normal and the shear (tractions) to the normal and shear
displacements (separation) across the interface.
The normal stiffness matrix (Kn) is directly related to the thickness of the adhesive (cement) properties and the stiffness of the mortar (bedding layer). To evaluate the normal stiffness at the interface, a mathematical expression used for this relation is given in Equation (1).
§
·
¨
¸
1
¸
Kn = ¨
(1)
¨ t mortar + t ad ¸
¨E
¸
© mortar E ad ¹
Where t ad represents the thickness of the adhesive found in the cement [22], t mortar is the thickness of the mortar bedding layer and the E mortar [20] and E ad [22] are the young modulus of
the mortar and the adhesive, respectively.
Similarly, the shear stiffness matrix (Kss and Ktt) at the interface is mathematically expressed
as shown in Equation (2).
§
·
¨
¸
1
¨
¸
K 0 = K ss = K tt =
(2)
¨ t mortar + t ad ¸
¨G
¸
© mortar G ad ¹
Where, G ad and G mortar are defined as the shear moduli of adhesion and mortar, respectively.
The input values for the interface modelling are provided in Table 2.
The damage initiation in the interface was assumed to occur when a quadratic traction
factors involving the combined normal stress and shear stress ratio reached to the value of 1
as shown in Equation (3). These criteria can be represented as
2
2
2
 ¢V n ² ½  ¢W s ² ½  ¢W t ² ½
(3)
® 0 ¾ ® 0 ¾ ® 0 ¾ 1
¯ Vn ¿ ¯ Ws ¿ ¯ Wt ¿
Where V n is the cohesive tensile and the W s and W t are the shear stresses of the interfaces and
n,s and t refers to the direction of the stress component as shown in Figure 3(c).
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However, the interface damage evolution was expressed in terms of fracture energy release as
shown in Equation (4).
η

§ Gs + G t ·
c
G + (G - G ) ¨
(4)
¸ =G
© G n + Gs + G t ¹
Where, G is the fracture energy; the superscript c represents the critical fracture energy and
the dependency of the fracture energy η is a material parameter (Benzeggagah & Kenane
[23]. The Benzeggagah- Kenane fracture criterion defines the critical fracture energies when
the deformation along the first and the second shear directions are same. The properties of the
zero-thickness interface to account for cohesion, traction separation law and friction are listed
in Table 2.
c
n

c
s

c
t

Parameter

Magnitude
28

Normal stiffness, K n N/mm )
3

Shear stiffness, K ss and K tt (N/mm3)

32

Friction coefficient

0.6
0.68

Maximum tensile stress,
Maximum shear stress,

V (MPa)
0
n

W and W t0 (MPa)

0.82

0
s

Table 2: Mechanical properties of cohesive interfaces

(b) Damage Criteria : Failure Modes

(a) Geometry Details
Brick

2

Damage Initiation

2

 Vn ½  W s ½  Wt ½
® 0 ¾ ® 0 ¾ ® 0 ¾
¯V n ¿ ¯W s ¿ ¯W t ¿

2

1

τmax

Strength

Damage Evolution
K

Gcf

Expanded Brick
0

δ0
Displacement

δf

δ

Half Brick +
half thickness of mortar

Zero thickness
Cohesive Interface

(c) Failure Modes :
Y

Z

X
(1) Tension (Y-axis)

(2) Shear 1 (X-axis)

(3) Shear 2 (Z-axis)

Figure 3: Zero thickness Cohesive Interface model details (a) geometry details of zero-thickness interface (b)
damage criteria at the interface (c) failure modes at the interface
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3

VALIDATION RESULTS

This section presents the validation of the FE model using the experimental results of single,
double and triple brick thick wallettes under cyclic compression loading presented in [20].
The validation includes the failure modes of bonded brickwork walletes, stress-strain curves
comparison with the experimental results and the strain variation in the region of damage.
3.1

Details of experimental programme

The experimental investigation on the cyclic response of the masonry wallettes was studied by
the authors in the previous study [20]. The tested bonded brickwork samples in this experimental programme were constructed using clay bricks. The material properties and geometrical descriptions of types of bonded brickworks are presented in Figures 1 and 2. The
properties of clay bricks varied mainly due to the manufacturing process depending on the
controlled and uncontrolled firing in the kiln. However, the bricks used in this study with low
strength and modulus of rupture are very common in practice in many developing countries.
These bricks also have resemblance to the brick types mainly found in the historical masonry
structures. In total, nine bonded brickwork wallettes were constructed with three different
thickness (single, double, and triple) to assess their cyclic compression behaviour. The wallettes were built and tested according to BS EN 1052-1 provisions and loaded under the cyclic
displacement-controlled protocol. The thickness of the mortar was restricted to 10 mm with
the help of an experienced mason. The constructed masonry wallettes were air cured for 28
days under an ambient temperature of 34oC.
The wallettes were tested in a 1000 kN capacity servo-controlled Universal Testing Machine
(UTM). A 5 mm thick plywood was used between the top and bottom platens of the UTM to
uniformly distribute the compression loading on the surfaces. In total eight displacement
transducers were attached to record the axial and lateral deformation in each wallette. Four
transducers were attached vertically on both faces (two on each face) of the wallette to record
the axial deformation. Similarly, four remaining transducers (two on each face) were placed
horizontally to record lateral deformation on each face of the wallette. A typical cyclic loading protocol applied to the specimens is shown in Figure 4. The cyclic displacement procedure was taken from the load-displacement responses of the similar wallettes under
monotonic testing [20]. The elastic, hardening and peak limits were identified form the load
displacement response presented in [20]. The elastic limit point was observed at the one third
of the peak load and the hardening limit was considered as 0.8 times the peak load. The number of cycles within each limit are reported in the Table 3.
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Displacement (mm)

40
35
30

25
20
15

10
5
0
0

5

10

15

20

25

30

Time (sec)
Figure 4: Loading input for the cyclic test of the wallettes

Monotonic Loading
Load-Displacement Response
Elastic Limit (one third of peak load)
Hardening Limit (0.8 times the peak load)
Peak Limit

Number of Steps
4 steps
4 Steps
3 Steps

Cyclic Loading
Number of Cycles
2 cycles at each step
2 cycles at each step
2 cycles at each step

Table 3: Typical Cyclic loading protocol

3.2

Failure modes

The failure modes of single, double and triple brick thick bonded brickwork models are
shown in Figure 5 in terms of principal strain. The failure pattern observed in the numerical
model for all wallettes was in close agreement with the experimental failure modes as shown
in Figure 5. For single brickwork wallette, vertical cracks developed in the bricks, mainly on
the central area and near the edges of the faces at about 50 to 70% of the peak force. After the
peak load, these cracks propagated diagonally and opened leading to the spalling from the
edges of the wallettes. However, for the double and triple brick wallettes, a single splitting
crack through the thickness of the wallettes and the parallel tensile cracks were observed
along the width of the wallettes. During the post-peak stage, the cyclic loading resulted in the
wider crack propagation within small span of time associated with the spalling of brick-andmortar pieces.
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Threshold Strain Limit
(Crack detection/Opening)
Vertical Cracks

(a)

(b)

Vertical Cracks

(c)

(d)

Figure 5: Numerical Failure modes of the brick wallettes: (a) Maximum Strain contour (b) Single brick (c) Double brick and (c) Triple brick

3.3

Stress-strain relationship

Figure 6 shows the compressive strength of single, double and triple brick thick bonded
brickwork models under cyclic compression loading. The compressive strength predicted by
the FE model of all three brickwork specimens matched well with the experimental data with
only 5~10% approx. deviation. The experimental and numerical results show a 10% increase
in the compressive strength of the double brick thick brickwork compared to the single- brick
wallette. The marginal increase in the compressive strength can be attributed to the reduction
in the slenderness ratio (height-to-thickness ratio). However, no significant enhancement in
the compressive strength observed when compared double brick to triple brick wallettes. The
reason for not increasing the compressive strength is the increase in the number of weak joints
(more perpend joint) with the increase in the thickness of the wallettes.
Additionally, it was also observed that the compressive strength for the cyclic loading was
lower than for the monotonic loading [20]. The compressive strength reduction observed in
the cyclically loaded wallettes was mainly because of the accumulating lateral tractions and
inelastic strains in the bonded brickwork. Hence, the accumulation of the strain over time history is significant for the compressive strength of the bonded brickworks as well as for defining the mitigating strategies under cyclic loading.
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Double Wallette

Compression

Triple Wallette
2.5

Compression

Compression
Hydraulic Ramps
Load Distribution
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LVDTs

Compressive Stress (MPa)

Single Wallette

Experiment
2

FE Analysis

1.5

1

0.5

0
-0.01

-0.005

0
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0.015
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(b)

(a)
2.5

2.5

Experiment

2.0

FE Analysis

FE Analysis
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Experiment

1.5

1.0
0.5
0.0
-0.01

-0.005

0

0.005

0.01

0.015

0.02

Strain (mm/mm)

(c)

2.0
1.5
1.0
0.5
0.0
-0.01
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0

0.005

0.01

Strain (mm/mm)

(d)

Figure 6: Stress-strain variation of the bonded brick wallettes (a) Experimental setup (b) Single brick (c) Double
brick and (d) Triple brick

4

CONCLUSION

A simplified 3D finite element model incorporating expanded bricks with zero thickness cohesive interfaces, representing brick – mortar joints, has been developed for predicting the
cyclic compression behaviour of different thicknesses of bonded brick masonry wallettes. The
experimental results of bonded brickwork constructed with single, double and triple brick
thickness were used for validating the developed model. The FE prediction of the failure
modes and cyclic stress-strain curves under the cyclic loading matched well with the experimental results. The change in the thickness of the brickwork samples did not significantly alter the failure pattern of the bonded brickwork confirming the experimental findings that the
effect of increase in the thickness of the bonded brickwork (or decrease in the slenderness)
was insignificant on the compressive strength of the bonded brickwork.
5
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Abstract
This paper adopts a very convenient ' &A' method to quickly assess the seismic
vulnerability of existing masonry towers. The study selected five typical collapse mechanisms,
vertical splitting, base rocking, overturning with diagonal cracks (+eyman ), a
combination of splitting and diagonal overturning and base sliding. The /onghu pagoda in
&hina is selected as the research case. Based on the principle of virtual works, assuming that
the masonry material is a no-tension material, and the collapse acceleration under loads G
and G is calculated from the four main directions. The research results show that vertical
splitting of collapse mechanism is the easiest to appear, which is in full compliance with the
results of the on-site survey after the /onghu pagoda earthquake, further demonstrating the
reliability of this method. This method does not require complex mathematical foundations,
can be easily mastered by non-professionals, and at the same time greatly reduces the amount
of simulation calculation, which is helpful for the promotion of seismic research of masonry
structures.
Keywords: Masonry pagoda; limit analysis; Collapse mechanism, Collapse acceleration.
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1

INTRODUCTION

As one of the four ancient civilizations, Chinese ancient buildings are a precious heritage
left over from history. The ancient masonry pagoda is a typical representative, which
combines the crystallization of the world's wisdom and the essence of architectural art. With
the development and changes of the times, most of the ancient pagodas left behind have
become historical sites, which not only brighten the city's scenery, but also promote Chinese
culture and enrich tourism resources. The ancient pagoda is mainly located in the north and
south of China, with many styles and characteristics. After going through the changes of the
times, the existing masonry pagodas have extremely high historical and cultural, aesthetic art
and scientific research value. Therefore, trying to protect and repair the ancient masonry
pagoda has become an important mission for contemporary people.
Masonry pagoda has the advantages of high compressive strength, low cost, convenient
construction, fire resistance, and good heat and sound insulation performance. It is a brittle
material with relatively high tensile and shear strength. These pagodas have undergone a
century of historical vicissitudes and changes, and have withstood countless baptisms of
nature, with more or less damage to a certain degree. However, according to investigations
and studies, most of the damage or collapse of ancient masonry pagodas structures are mainly
caused by earthquakes. Once an earthquake occurs, it will cause great harm to human society
[1]. China is located in the middle of the Eurasian seismic belt and the Pacific Rim seismic
belt. There are many and strong earthquakes. The area of seismic belts is also very wide and
scattered. It is one of the countries that suffer the most from earthquake disasters in the world
[2]. In view of this, it is of extraordinary significance to understand and master the structural
form and construction technology of ancient masonry towers, study its dynamic
characteristics under earthquake action, find out the weak links of the structure, and reduce
the losses caused by earthquake disasters.
After subjected to earthquakes, the accumulation of damage will lead to collapse of pagoda
that is major threat of structural safety. The main damage characteristics of pagodas which
were made by earthquake are following (Figure 1): 1) the tilt and collapse of pagoda spire, 2)
the tilt and bend of pagoda body, 3) the break in the middle part of the pagoda, 4) the split of
pagoda body along the central axis, 5) overall collapse [3].

1)

2)
3)
4)
Figure 1. Damage characteristics of pagodas [3].

5)

Studying masonry towers seismic vulnerability is not a trivial task. The current research
work of Chinese scholars on the ancient pagoda is mainly carried out in the three aspects of
classical theory, test data and numerical simulation [4]. Among the others, a "cantilever rod
model" has been proposed, combining different tools to simplify the structural analysis model,
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and apply these theories to the study of real cases such as Quanzhou pagoda, Fawang pagoda,
Wenfeng pagoda, etc. [5,6]. For example, Y. Shen et al. analyzed the dynamic characteristics
and the seismic capacity of the ancient masonry Xiaoyan pagoda based on the historical
survey and reinforcement data. They discussed its seismic performance [7]. F. Zhu et al.
conducted a seismic simulation shaking table test of the China Dinosaur pagoda model
structure to observe the weak links and failure mechanism of the model structure under the
action of earthquakes. They conducted a comprehensive technical evaluation of the seismic
capacity and the technical feasibility of the construction of the pagoda [8]. Seoul National
University in Korea has cleverly built a five-story full-scale model to study the seismic
performance of the masonry pagoda, conducted destructive tests on it. Through the actual test
results, the earthquake effect of the prototype tower body was reversed [9].
Western scholars deeply studied the seismic vulnerability of ancient masonry towers in the
past years applying even more sophisticated methods. Non-linear static and dynamic analyses
have been widely used to apply the earthquake loads [10-13]. University of Minho, Portugal
conducted material mechanical performance tests and ingenious static tests on 24 masonry
walls, evaluated the earthquake resistance level of the masonry structure, and summarized the
relevant non-destructive testing methods, which provided information for the improvement of
its seismic resistance level [14]. A. Carpinteri, S. Invernizzi, G. Lacidogna et al. conducted
non-disturbing non-destructive testing of two ancient masonry pagodas in Italy in the 13th
century, and they also did preliminary linear analysis, which basically coincided with the
measured stress level. Non-linear cracking and damage analysis was also carried out, the
evolution of principal stress damage and damage distribution are predicted. It was found that
the damage is mainly distributed in the local high strain area. The results of the numerical
analysis provide meaningful guidance to the monitored parts and evaluate the seismic
performance analysis [15]. S.T. Sperbeck et al. conducted on-site investigation and testing of
ancient masonry pagodas, comprehensively analyzed the influencing factors, established an
H-dimensional solid model, applied loads of different levels and directions, and changed
boundary conditions [16]. The dynamic characteristics are evaluated, and the influence of the
parameters on the test results was discussed in detail.
To sum up, based on meticulous field exploration and experimental research, it is possible
to conduct dynamic characteristic testing and numerical calculation analysis on ancient
masonry pagodas. In this way, the structural damage of the ancient masonry pagoda can be
identified, and the seismic performance of the structure can be effectively evaluated, which
provides a reference for the seismic resistance of the project.
However, all the above-mentioned researchers are based on strong mathematics, dynamics,
and computer engineering. In the society where the seismic research of masonry buildings has
become the common demand and desire of many people, such a professional research method
is not conducive to the widespread dissemination of knowledge of ancient architectural
heritage protection.
In order to overcome this drawback, Researchers have recently proposed a kinematic limit
analysis where vulnerability can be estimated assuming that a tower fails for the formation of
five possible different pre-assigned failure mechanisms, namely vertical splitting, base
rocking, overturning with diagonal cracks (Heyman 1992), a combination of splitting and
diagonal overturning and base sliding (Figure 2). G. Milani et al. has also used this method in
the vulnerability assessment of a large number of Italian masonry buildings, which greatly
proved the practical significance of this method [17,18].
This paper aims to apply a fast full 3D CAD limit analysis method to the seismic
performance evaluation of Longhu pagoda. The research is based on the principle of virtual
works, assuming that the masonry material is a no-tension material, and quickly assesses the

400

Peixuan Wang, Alessandro De Iasio, Jacopo Scacco, Gabriele Milani, Shengcai Li

horizontal acceleration when the building collapses. The research only needs a detailed 3d
model, basic mechanics knowledge and calculation ability, simple and easy to learn, can well
adapt to the diversified requirements of research and protection of masonry structure
buildings. At the same time, the amount of calculation for simulation research can be greatly
reduced.

a) n.1: vertical
splitting

d) n.4: a
e) n.5: base sliding
combination of
splitting and
diagonal
overturning
Figure 2. Collapse mechanism for masonry towers selected in [17] (images adapted from [17]).

2

b) n.2: base rocking

c) n.3: overturning
with diagonal
cracks (Heymanÿs
diagonal rocking)

INFORMATION ABOUT LONGHU PAGODA

Longhu pagoda (Figure 3) which was built in 1342 A.D. is located in Xiaoquan, Deyang,
Sichuan province (East longitude 104 e 17 ϣ , North latitude 31 e 15 ϣ ) and is the only
preserved masonry pagoda made in Yuan dynasty [19,20]. It has a square plan with 13 layers
of eaves outside it, and it is roughly 33 meters tall which contains 2 meters of stylobate and
31 meters of body.

Figure 3. Longhu pagoda.

Figure 4. Damage of longhu pagoda

On May 12, 2008, a 8.0 magnitude Richter earthquake occurred in Wenchuan, Sichuan
province, China, and the epicenter was in a small town whose name is Yingxiu. Wenchuan
earthquake is destructive and has a strong impact, its maximum acceleration peak value which
appeared after the start of the crustal movement (65 s - 82 s) is nearly 424 cm/s2. According to
incomplete statistics, the earthquake killed around 69227 people, injured 376443 people, and
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17,923 people were missing. Large numbers of architectures were collapsed and cultural
relics were severely damaged, which resulted immeasurable losses.
The position of Longhu pagoda is not very far away from the epicenter (about 100 km),
and it was influenced by the east-west seismic wave. The post-earthquake disaster
investigation showed that the Longhu pagoda had a north-south through crack from the
bottom to the top of the body. The cracks developed along the height, and the higher the
position, the larger its width. The pagoda body was shaken into two parts, east and west, and
its integrity was severely damaged (Figure 4).
3

LIMIT ANALYSIS

In the previous literature, the kinematic theorem of limit analysis has been widely used to
calculate the collapsed ground acceleration of a masonry structure, especially some masonry
pagodas [21,22]. Compared with complex finite element simulation calculations, this method
can predict the collapse mechanism and collapse acceleration of masonry pagodas more easily
and conveniently. The calculation results are quite reliable and can be quickly grasped by
non-professionals. At the same time, when conducting a more detailed and in-depth study of
masonry structures, the results of limit analysis can be compared with pushover and nonlinear
dynamic analysis to improve the accuracy of simulation calculations.
According to Figure 2, this paper applied the same research method in the limit analysis of
Longhu pagoda. The collapse accelerations related to the five collapse mechanisms of Figure
1 have been computed on the real 3D geometric model, applying the kinematic theorem of
limit analysis, and considering the masonry as a no-tension material with infinite compressive
strength. It has been decided to do not optimize the position of the vertical cutting planes (as
done in [22]) but to roughly position them as passing through the middle points of the base
edges. The inclined planes of mechanisms n.3 and n.4 (Figure 2) have been posed with an
inclination of 30 e , 45 e or 60 e to the horizontal plane. Each collapse mechanism is
simulated from four main directions (X+, X-, Z+, Z-). It is worth noting that a Mohr-Coulomb
failure criterion has been used in mechanism n.5 calculation; and the friction angle has been
taken equal to 30° following what stated in [23]. The analysis in load control, and the
considered loading conditions are G1 and G2. G1: principal distribution of forces proportional
to the mass and linearly proportional to the height of the structure (the so-called Āinverted
triangleā). G2: secondary distribution of forces proportional to the mass and constant along
the height of the structure.

Figure 5. Collapse mechanism n.4 that considering the negative work done by the block n.2.
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a) Mechanism n.1 along
x+

b) Mechanism n.2 along
c) Mechanism n.3 along
x+
x+
Figure 6. Some of the studied collapse mechanisms.

d) Mechanism n.4 along
x+

The mathematical basis of this method is very simple: only a first-order equation and basic
geometry consideration are needed, and the collapse multiplier is easily computed for each
mechanism. The kinematic theorem is applied through the equating of the work done by
external forces (inertia forces) and internal forces (self-weight). However, some changes have
been introduced in this paper with respect to reference [21,22] and they are here explained:
the tensile strength has been considered as null (it was not in the reference research) and the
mechanism n.4 (Figure 2) has been slightly modified by considering the negative work done
by the block n.2 (Figure 5)
The collapse accelerations values for each mechanism are reported in Table 1, and Figure 6
represents some of the collapse mechanisms applied to the 3D model of the pagoda. The
results have shown that the vertical splitting (mech. n.1) is always the most likely to occur.
Direction

Mechanism

x
x

#1
#2
#3

x#4
#3
x+
#4
x

#5

z
z

#1
#2
#3

z#4

Inclination Angle
[°]
/
/
30
45
60
30
45
60
30
45
60
30
45
60
/

Collapse Acceleration G2
[g]
0.155
0.310
0.276
0.252
0.214
0.165
0.180
0.219
0.278
0.255
0.215
0.165
0.181
0.224
0.577

Collapse Acceleration G1
[g]
0.124
0.249
0.226
0.215
0.195
0.127
0.138
0.168
0.226
0.216
0.195
0.127
0.138
0.169
0.577

/
/
30
45
60
30
45
60

0.155
0.310
0.280
0.255
0.215
0.167
0.184
0.225

0.125
0.249
0.228
0.217
0.196
0.128
0.140
0.171
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#3
z+
#4
z

#5

30
45
60
30
45
60
/

0.274
0.251
0.216
0.166
0.180
0.222
0.577

0.226
0.215
0.195
0.128
0.139
0.169
0.577

Table 1. Limit analysis results. The minimum of each direction is formatted in bold.

4

CONCLUSIONS

This paper uses a 3D CAD method to perform a quick limit analysis of the Longhu
pagoda. It mainly calculated the collapse accelerations along the four main directions for four
different collapse mechanisms under G1 and G2 loads. Under G1 load, ag/g along the X
direction is 0.155, and ag/g along the Z direction is 0.124. Under G2 load, ag/g along the X
direction is 0.155, and ag/g along the Z direction is 0.125. The research results show that
collapse mechanism n.1 which is vertical splitting is the most likely occurrence. This is also
consistent with the on-site survey of Longhu pagoda earthquake damage after the Wenchuan
earthquake.
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Abstract
The seismic assessment of two vaulted monuments made of Roman concrete is here presented. Both their structural forms and constituent materials are here explored, whose combination enabled to build such largescale structures, and whose knowledge is essential for
assessing and maintaining the safety of the portions of such structures that still exist.
Specifically, two different monuments dating back to the Imperial age are analyzed: the
Calidarium of the Baths of Caracalla and the Calidarium of the Diocletian’s Baths. The two
structures were built at a distance of less than one century one each other and both were
erected with the same construction technique. Nowadays both Calidarium structures no longer exist: the first one still presents two not collapsed monumental pillars, whilst the ruins of
the second were demolished in the Sixteenth Century. Therefore, the present work aims at investigating the causes behind their collapse and how their collapse occurred by performing
advanced numerical simulations.
Keywords: seismic assessment, vaulted monuments, roman concrete, monuments, Imperial age, structural analyses.
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1

INTRODUCTION

Roman vaulted structures belonging to the imperial age represent one of the most important contributions to the artistic, architectural and engineering heritage of the entire world
and their extraordinary durability is an aspect that should make the whole scientific community reflect and inspire. These large spans and curvilinear forms are still visible in buildings
such as the Pantheon, the thermal baths of Caracalla and Diocletian, the Trajan’s Markets and
the Basilica of Maxentius, but these are just some of the many monuments still preserved in
an impressive way. The secret of the majesty of these monuments and their longevity lies in
the combination of the use of monumental vaulted forms and Roman concrete [1].
Caracalla’s and Diocletian’s Calidaria were two of the largest vaulted structures built with
unreinforced pozzolanic Roman concrete. The high complexity of such constructions requires
advanced numerical techniques to be analyzed. The characteristics of the Roman concrete,
poor tensile resistance compared with high compressive strength, provide it a quasi no-tension
behavior [2] allowing to follow the numerical strategies proposed for vaulted masonry structures [3]. Among the methods currently available from the technical literature, we can mention the modern limit analysis tools based on the static [4–6] and the kinematic theorem [7–12]
but also the recent numerical techniques relying on the Finite Element (FE) method [13–16].
In this paper, a numerical investigation behind the causes of the collapse of these vaulted
structures is conducted. The seismic vulnerability is studied through non-linear dynamic
simulations carried out on FE models in the software Abaqus/CAE, where the behavior of the
pozzolanic concrete (opus caementicium) is represented by means of the concrete damage
plasticity model [17] available within Abaqus. Finally, non-linear time-history analyses are
carried out on both structures by applying an accelerogram compatible with the response
spectrum of Rome.
2

ABOUT ROMAN CONCRETE “OPUS CAEMENTICIUM”

The material used in vaulted monuments such as Caracalla and Diocletian Baths consists in
a composite masonry structure, called opus latericium, made of two external brick walls with
a triangular shape and a concrete core composed by a pozzolanic lime mortar containing large
pieces of stone, brick, marble and tufa (opus caementicium). The distribution of materials
with decreasing density are observed: a distinct gradation of brick in the lower third (1800
kg/m3), tufo lionato in the middle third (1600 kg/m3), and Vesuvian scoria in the upper third
(1400 kg/m3).
The mechanical characterization of the Roman concrete was possible thanks to the analysis
of the results obtained from a consistent test campaign carried out at the University of Rome
“La Sapienza” (1996) and conducted by A. Samuelli Ferretti [18]. According to the experimental results, the elastic parameters adopted in the structural analyses are: elastic modulus E
= 3000 MPa, Poisson modulus v = 0.5, compression strength fc = 5 MPa and tensile strength
ft = 0.5 MPa. Post elastic non-linear behavior is taken into account through the Concrete
Damaged Plasticity Model. Damage plasticity is a continuum macro-model for concrete, originally developed by Lubliner et al. [17] and modified by Lee and Fenves [19], which incorporates tensile cracking and compressive crushing as the primary failure mechanisms. Moreover,
it assumes the fracture energy formulation for concrete developed in [20]. Regarding the postelastic behavior on the Roman concrete, an innovative study was performed at the University
of Rochester by Ivancic, Brune and Perucchio [21] which allowed to construct a nonlinear
damage plasticity formulation for both compressive and tensile response of the opus caementicium suitable for 3D implementation in Abaqus (see Figure 1).
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(a)

(b)
Figure 1: Non-linear (a) compression and (b) tension damage-plasticity model implemented in Abaqus for the
Roman concrete (where CMOD stands for Crack Mouth Opening Displacement).

3

NON-LINEAR DYNAMIC ANALYSIS OF TWO CALIDARIA IN ROME

The dynamic non-linear analysis of the Calidaria of the Baths of Caracalla (216 A.D.) and
the Baths of Diocletian (306 A.D.) are here presented.
The Calidarium of the Caracalla’s baths (see Figure 2) was a circular room paved in marble and roofed with a dome of almost 36 m diameter, very similar to the dimension of the
Pantheon. The weight of the dome was carried by eight pillars made in Roman concrete. The
plan view shows a structure composed of an internal diameter of 36 m and pillars with a
thickness of 6 m (1/6 of the external radius). Two levels of vaults can be observed from the
cross-sections. The first one consists of vaults whose springers are located at a height of 11 m
from the ground; conversely, those at the upper level have a particular shape that maximizes
the light entering the structure. The thickness of the dome at the crown is assumed to be equal
to 1.5 m, as in the dome of the Pantheon.
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(a)

(b)

(c)

Figure 2: Baths of Caracalla: (a) drawings made by Palladio, (b) current state of the Calidarium, and (c) FE
model.

By following the prescriptions given by the regional authority (Regione Lazio), an appropriate accelerogram compatible with the response spectrum was adopted and applied in both
directions (x and y). The shape and the duration of the seismic input can be observed in Figure 3. Three meaningful instants indicated through the points A, B, and C, are defined in the
accelerogram and highlighted in the results.

Figure 3: Accelerogram adopted in the dynamic non-linear analyses (points A: t = 7.9 s, B: t = 11.3 s, C: t =
17 s).

The level of damage suffered by the Calidarium is represented in terms of plastic strains in
the different time instants, see Figure 4. The dark areas indicate the presence of plastic strains
generated by traction, therefore they correspond to the areas where tensile cracks develop.
As it can be observed from Figure 4, after the first peaks of the accelerogram (point A),
high plastic strains develop within the structure: fracture lines propagate from the vaults up to
the top of the dome.
Figure 5 shows the trend of the strain energy and plastic dissipation energy during the
analysis. It can be observed that point A (i.e. peak value of the accelerogram) coincides with
the instant in which the plastic dissipation energy begins to increase, while in point C it has
already assumed its final value. At the end of the analysis, the plastic dissipation energy and
the strain energy have almost the same value. The energy plastically dissipated at the end of
the strongest part of the accelerogram reaches a sort of plateau and its value remains stable
until the end of the analysis. Therefore, it can be supposed that an accumulation of damage
has been generated in the Calidarium but that the seismic action is not sufficient to cause the
failure of the dome. Therefore, it can be stated that the collapse of the Calidarium is not associated with a single seismic event, but probably is due to the repetition of multiple earthquakes.
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Point A: t = 7.9 s

Point B: t = 11.3 s

Point C: t = 17 s

End of the analysis: t = 25 s

Figure 4: Plastic-strain maps for the Calidarium of the Bath of Caracalla.

Figure 5: Internal energy-time diagrams (accelerogram applied along both directions).

The Baths of Diocletian, see Figure 6, represent the largest thermal complex ever built in
ancient Rome. Its Calidarium was a rectangular room paved in marble and roofed by a system
of three cross vaults. The entire structure was made in Roman concrete with the exception of
the entablature blocks and granite columns on which the cross vaults rested. Moreover, there
were three lateral apses, also supported by granite columns. Nowadays only a small portion of
the north-eastern side of the Calidarium is still standing (Figure 6b).

(a)

(b)

(c)

Figure 6: Baths of Diocletian: (a) transversal cross-section of the Calidarium (E. Paulin, 1880), (b) current
state, and (c) FE model
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The results of the non-linear dynamic analysis here presented are obtained by considering
the same accelerogram used for the Calidarium of Caracalla (Figure 3) and applying it in both
x and y directions. The analysis stops before the ending of the duration time of the accelerogram due to the collapse of the front apse that provoked the excessive distortion of the elements of the mesh. By observing the derived crack patterns depicted in Figure 7, the
Calidarium appears totally intact, except for the front apse that at the time instant C presents a
high level of plastic strains.
The trend of the internal energies evaluated in the roof of the Calidarium and in its central
apse are reported in Figure 8. While the energy plastically dissipated in the roof is very low,
in the apse it reaches very high values (Figure 8b). This result demonstrates that the collapse
of the apse occurs before the roof suffers high damages. Deduction that is completely in accordance with the ruins of the structure represented in the drawing made by Dosio (15331611).

Point A: t = 7.9 s

Point B: t = 11.3 s

Point C: t = 17 s
Figure 7: Plastic strain maps for the Calidarium of Diocletian.
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(a)

(b)
Figure 8: Internal energy-time diagrams: (a) roof and (b) apse.

4

CONCLUSIONS

In this paper, the collapse of two Roman concrete Calidaria in Rome has been investigated
by means of advanced non-linear dynamic analyses performed in Abaqus. The behavior of the
Roman concrete, the so-called opus caementicium, is represented by means of the concrete
damage plasticity model. A non-linear damage plasticity law for both compressive and tensile
response of the opus caementicium has been implemented in Abaqus to correctly reproduce
the post-elastic behavior.
As far as the Calidarium of the Caracalla’s Baths is concerned, the application of a single
accelerogram is not sufficient to generate its collapse condition. However, at the end of the
dynamic analysis, high plastic strains develop within the structure, indicating that the application of a further accelerogram may cause the collapse of its dome. Therefore, it can be argued
that the seismic events occurring in Rome over the course of its post-Imperial history generated damages that had accumulated within the structure, greatly reducing its resistance. Consequently, the collapse may have occurred during or after one of those seismic events, just when
the structure itself was already damaged.
The analyses carried out on the Calidarium of the Diocletian’s Baths show that the front
apse is the first structural part to have collapsed. Despite how reported by Dosio in its drawings, in which the Calidarium is represented without its front apse and its roof, at the end of
the dynamic analysis the upper cross vaults appear poorly damaged.
Eventually, for both Calidaria it has been discovered that their collapse is not associated
with a single seismic event, but with the repetition of multiple earthquakes.
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Abstract
This paper presents the numerical results obtained simulating a 4x4mq masonry vault (unreinforced and reinforced with glass-TRM) tested at the Universitat Politecnica de Valencia
(Spain). The vault was built using a traditional Catalan layered-construction technique and
its structural behavior was analyzed when subjected to monotonic vertical displacements in
one of its supports. The geometry and construction technique of the vault resembled those in a
church on the outskirts of Valencia, which collapsed probably due to soil settlements. Indeed,
due to their peculiar geometric and mechanical features, these structures are especially prone
to damage from support movements produced by ground settlements or earthquakes.
Two advanced 3D numerical models were developed using the commercial software Abaqus
to study the vault response with and without the application of an extrados layer of lime based
TRM strengthening material. The FE software allowed the adoption of a concrete damage
plasticity (CDP) material model which was employed to both masonry support and TRM
strengthening material, after a preliminary tuning of the compressive and tensile mechanical
properties of the constituent materials.
The outputs obtained with the FE models coupled with the results of the tests, provided valuable information to the scientific community on the available modelling strategies to be used to
evaluate the behavior of ancient masonry double-curvature structures pre-damaged by vertical movements of the vault supports and repaired with TRM materials.
Keywords: Masonry vaults, Textile Reinforced Mortar (TRM) materials, Vertical Settlements.
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1

INTRODUCTION

Textile Reinforced Mortar (TRM) materials represent a valid alternative to Fiber Reinforced Polymers (FRP) [1]-[7] for the reinforcement of ancient structures [8]-[12]. The advantages offered by TRM materials are mainly related to their compatibility with weak
ancient substrates and their permeability. In addition, TRM materials offer some of the advantages of FRP composites, as their ease of installation and adaptability to complex geometries. Until now, TRM materials have been studies to characterize their mechanical properties
which in turn have helped define guidelines and guide professionals during their design [10].
One of the most important features of this strengthening material, is represented by the mortar
matrix, which is generally characterized by a low tensile strength. The adoption of TRM materials has been encouraged in the case of ancient masonries by leveraging their high compatibility and reversibility with respect to ancient supports. An obvious development therefore
was the promotion of lime matrices instead of cementitious ones. Unfortunately, the adoption
of low tensile strength matrices decreases the global performance of the strengthening solutions themselves which thus needed to be engineered by mixing them with reinforcing fibers.
Unlike FRPs, engineered TRM materials usually fail due to slippage phenomena between the
reinforcing textile and the mortar matrix [8][10].
Several research groups focused on this aspect, while few research works were developed
to study their actual applicability to full-scale structures [13]-[16]. This aspect is particularly
important when the support on which the reinforcement is applied is a weak material characterized by negligible tensile strength as in the case of old masonries. In fact, the suitability of
a reinforcing solution needs to be evaluated taking into account possible adverse failure
mechanisms that the reinforcing material could trigger. Several researches highlighted this
aspect especially on isolated masonry panels subjected to diagonal compression or arches reinforced with different strengthening solutions [15]. Furthermore, advanced computational
models and analytical approaches were developed mainly on a local scale to study the bonding performance of TRM materials, completely disregarding the effects these reinforcement
solutions have on full-scale structures [17]-[22]. One of the first examples of a comprehensive
study on the adoption of TRM materials is represented by [23][24]. This work shows the positive and negative effects of TRM solutions when applied on full-scale structures. The results
obtained by the lab investigation were used in the present work to propose a 3D macromodelling strategy to study the structural response of masonry layered vaults. The models
were used to deduce important outcomes on the limitations of TRM strengthening materials.
2

EXPERIMENTAL CAMPAIGN

This section is devoted to the discussion of the results obtained by a unique laboratory investigation developed at the Universitat Politecnica de Valencia (Valencia, Spain) on one masonry timbrel vault damaged by vertical settlements and repaired by an extrados radial TRM
strengthening configuration. The vault had a square 4x4 mq shape and it was constructed on
four concrete supports interconnected by a steel bracing frame. The vault was subjected to
different settlements during two laboratory tests: a downward settlement up to 40 mm was
applied to one support (I test), then the vault was repaired by applying a extrados layer of
TRM materials and it was re-tested by imposing a total downward settlement up to 120 mm
(II test). The vault geometry and displacement history are depicted in Figure 1 -a and -b respectively. The reader is referred to [23][24] for further details. The strengthening material
was composed of a 10-15 mm thick fibre reinforced natural hydraulic lime and eco-pozzolan
based mortar reinforced with a glass textile.
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-a

-b

Figure 1: Geometry of the tested vault (-a) and downward settlement applied to one support (-b).

The vault was rested on four supports: the vertical settlement was applied in S1, the opposite counterpart (S3) was completely fixed while, the remaining two supports (S2 and S4)
were only allowed to slide horizontally. The vertical downward displacement was applied by
means of two mechanical jacks placed below S1. Similarly to S2 and S4, S1 was designed to
slide horizontally. The vault behavior was monitored by means of different sensors, namely:
Linear Variable Displacement Transducers and Fiber Optic sensors. In particular, Figure 2 -a
and -b depicts the results obtained at the end of the experimental investigation in terms of reaction force vs. imposed settlement curves and damage patterns, respectively (test II).

-a

-b

Figure 2: Experimental reaction force vs vertical settlement curves (-a) and crack patterns at the end of the investigation (-b).

As visible in Figure 2, the vault reinforced with TRM composites, experienced the formation of various cracks, namely an extrados diagonal crack connecting the two lateral supports S2-S4 and traditional hinged mechanisms in the lateral arches (S1-S2 and S1-S4). The
application of TRM materials was able to restore the continuity of the masonry structure severely damaged by previous settlements. Also, the damage patterns showed that for extrados
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reinforcements, the strengthening material experienced some mortar cracking without textile
slippages or tensile failures.
3

NUMERICAL MODELLING

This section is provided to discuss the assumptions made during the FE analysis. The following hypotheses lie at the basis of the models developed in Abaqus:
- The masonry support was modeled as a homogeneous material. This simplification, not
normally available for traditional masonry, is adopted here due to the peculiar characteristics
of layered masonry structures. The layered support was in fact composed of a stacked sequence of tiles and joints arranged along two perpendicular directions.
- The longitudinal axis of symmetry was considered to reduce the computational cost of the
simulations. In fact, the masonry structure should have behaved symmetrically during the entire experimental campaign. During the laboratory investigations some torsional effects were
observed, due to geometric and material heterogeneity. These effects do not invalidate the initial hypothesis since they could hardly be considered in standard simulations.
- The vault behavior during the two-stage lab campaign was decoupled allowing the adoption of two models: one considering the unreinforced masonry and the other considering the
TRM strengthening material applied on an undamaged support. This assumption holds considering that the masonry support was subjected to repointing and injections before applying
the TRM material. Also, the reaction force-settlement curves showed that the initial stiffness
of the vault was completely restored after the strengthening interventions.
3.1

Unreinforced and TRM Reinforced structure

The vault behavior was modeled using a 3D macro-modelling strategy using 4-noded shell
elements representing the masonry support and strengthening material. The final models are
depicted in Figure 3 -a and -b, respectively considering the unreinforced and TRM reinforced
vaults.

-a

-b

Figure 3: 3D models of the timbrel vault: unreinforced structure (-a) and TRM reinforced structure (-b).
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In details, the thickness of the masonry supports was considered equal to 70.5 mm for the
vault and 159.5 mm in the lateral arches while, the TRM thickness was set to 10 mm. In order
to realistically study the effect of vertical settlements, the masonry support and TRM materials were simulated using a Concrete Damage Plasticity (CDP) model available in Abaqus.
The elastic modulus of the masonry support was set to 1700 MPa, with tensile and compressive strengths equal to 0.23 MPa and 10 MPa, respectively. The TRM mechanical properties
were deduced according to the data provided by the manufacturer when available. In details,
the authors assumed an elastic modulus equal to 3179 MPa and compressive strength equal to
17 MPa.
4
4.1

NUMERICAL RESULTS
Unreinforced Structure

This section discusses the results obtained using the Abaqus FE model and considering only the unreinforced vault. For the sake of brevity, the damage maps are briefly discussed in
this section (see Figure 4). Figure 4-a and -b depicts the tensile damage maps (red stands for
90% damage whereas blue stands for 0% of damage) obtained at the end of the simulation and
at the end of the first lab test, respectively.

-a

-b

Figure 4: Tensile damage maps at the vault extrados: FE modelling (-a) and lab test (-b).

As visible comparing Figure 4-a and -b, the model was able to describe accurately the development of the failure mechanism found experimentally. The most important damage was
observed along the diagonal connecting supports S2-S4 and along the lateral arches S1-S2
and S1-S4.
4.2

TRM Reinforced Structure

The TRM reinforced vault was modelled using the same approach discussed in the previous sections. In this section the most important numerical results are presented and discussed
with respect to the experimental outcomes. Figure 5 -a depicts the numerical tensile damage
maps plotted at the vault extrados at the end of the simulation while, Figure 5-b proposes a
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comparison between the reaction forces-settlement curves obtained experimentally and numerically.

-a

-b

Figure 5: Experimental reaction force vs vertical settlement curves (-a) and crack patterns at the end of the investigation (-b).

As visible in Figure 5-b the model is able to capture the global structural response of the
vault in terms of initial stiffness, peak reaction load and post peak behavior. Similarly, the
adopted FE approach successfully described the failure mechanism which was characterized
by spreading tensile damages on the masonry substrate in correspondence of the S2-S4 diagonal and mostly in the lateral arches S1-S4 and S1-S2.
5

CONCLUSIONS
The article discusses a series of numerical simulations developed using the commercial
software Abaqus to study the structural response of masonry vaults damaged by vertical
settlements. Based on the results obtained, the following conclusions could be drawn:
- A macro-modelling approach was successfully adopted to study the behavior of unreinforced and TRM reinforced masonry vaults.
- The model, although simplified, was able to capture the global structural response of
the structure and the development of the failure mechanism.
- The TRM strengthening was successfully applied to restore the continuity of the vault
also, extending the displacement capacity of the structure. Conversely, increasing the
displacement capacity increases spreading the damages on the masonry support before failure of the strengthening material. This is particularly evident comparing Figure 4-a with Figure 5-a.
- This latter finding is particularly interesting as it suggests using the TRM materials
cautiously especially for historic structures where the focus is on preserving the
structural integrity. The results suggest to couple FE models to monitoring strategies
in order to verify the behavior of the structure and implement soil improvement interventions before reaching a critical state of the masonry.
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Abstract
In this contribution, a simple and effective Rigid Beam Model, recently introduced for simulating the dynamic behavior of slender freestanding masonry columns and walls, is adopted
and improved for studying masonry chimneys. These structures represent a particular masonry building typology, characterized by a conical shape with a very large slenderness, they are
prone to collapse in case of seismic actions due to poor material mechanical characteristics
and poor state of conservation. The original model is improved by considering the chimney
subdivided into several portions along its height, and each portion is modelled as a rigid
beam element with an annular cross-section. Small displacements and no-sliding at the interfaces between the beam elements are the main adopted hypotheses, following the typical assumptions taken by Housner. Material nonlinearity is considered by means of a momentrotation constitutive law at interface level, also accounting for masonry stiffness and tensile
strength. Several numerical tests are performed by considering an existing case study and
comparing the modal analysis results of the Rigid Beam Model with respect to those obtained
with traditional FE models; then, harmonic tests with varying acceleration and frequency are
performed.
Keywords: Masonry, chimneys, Rigid Beam Model, harmonic excitation.
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1

INTRODUCTION

Unreinforced masonry chimneys are a particular building typology [1], characterized by a
truncated-conical shape with a considerable height and a consequent large slenderness. Masonry chimneys were built in most of the industrial countries around the middle of the 19th
century, for releasing combustion gases from the industrial plants. Due to the industrial technological improvements, masonry chimneys started to be dismissed in the middle of the 20th
century and became part of the huge and various masonry-built environment. However, these
structures turned out to be prone to earthquake effects because of their slenderness and their
poor state of conservation, mostly motivated by atmospheric agents and due to the limited interest on their restoration. For these reasons, the seismic analysis of unreinforced masonry
chimneys is an important challenge in the field of Earthquake Engineering, especially because
of the non-standard shape and size of the structure with respect to ordinary monumental and
minor masonry buildings.
In this contribution, the original rigid beam model, introduced by authors for modelling the
dynamic behavior of monolithic and multi-drum freestanding columns [2] and recently extended for studying cantilever walls [3], is further improved for modelling the dynamic behavior of masonry chimneys. The updated model assumes the chimney subdivided into
distinct portions, which are modelled as rigid beam elements with annular cross-section. The
model keeps the hypotheses of small displacements and no sliding at interfaces, but it considers masonry mechanical properties for defining interface stiffness and strength into a momentrotation constitutive law.
An existing case study, represented by a tall masonry chimney located in Ferrara (Italy), is
taken into consideration for evaluating the effectiveness of the updated rigid beam model
(Figure 1a). This chimney was hit by the Emilia earthquake in May 2012 and after the seismic
sequence [4] it was shortened (Figure 1b) by removing an upper damaged portion for safety
reasons, since the building is located into the Scientific Campus of University of Ferrara. Several numerical tests have been already performed by adopting accurate three-dimensional
models [4,5]; in particular, modal analysis results are here taken as reference for setting the
stiffness parameters of the rigid beam model of the chimney. Then, a set of dynamic analyses
are performed for determining the safe-unsafe domains of both full and shortened case studies.

a

b

Figure 1: Masonry chimney in Ferrara before (a) and after (b) shortening [5].
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2

RIGID BEAM MODEL FOR MASONRY CHIMNEYS

This work considers a generic masonry chimney with a simplified geometry, having overall height H, and characterized by varying outer diameter D and thickness t along the height
(Figure 2a,b). The structure is subdivided into n portions having height hi. The rigid beam
model is then generated by considering n rigid beam elements and n+1 nodes as shown in
Figure 2c. Each beam element represents a portion of the chimney and each node represents
an interface between the portions. In particular, the first node/interface represents the contact
between the foundation and the first portion of the chimney, whereas the last node represents
the top of the chimney. Chimney diameter and thickness are defined at each interface level.
Nodal horizontal translational degrees of freedom are considered, namely ui, ui , and ui represent, respectively, nodal horizontal translation, velocity, and acceleration (Figure 2c). Each ith beam element is characterized by a mass mi, which depends on material density Ȗ and on
the volume of the corresponding portion, which is considered for simplicity as the difference
between the volumes of outer and inner cylinders (Figure 2d), assuming an average diameter
D i and an average thickness ti with respect to upper and lower ones. Due to the rigid beam
hypothesis, each element is subjected to a rigid rotation depending on the horizontal translations at beam ends and beam height, hi (Figure 2e):

θi = (ui +1 − ui ) / hi
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tn+1
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Figure 2: Masonry chimney subdivided into n portions (a), corresponding vertical section (b), corresponding
rigid beam model (c), generic chimney portion with average diameter and thickness (d), corresponding rigid
beam element (e).

Internal forces of the beam element are given by a normal force Ni, a shear force Ti, and a
bending moment Mi, acting at each beam end (Figure 3d).
The translational and rotational equations of motion can be defined with the approach already
adopted for multi-drum freestanding columns [2]. If a horizontal ground acceleration ag(t) acts
at the base of the chimney and the top of the chimney is assumed free to move, equations of
motion can be written for the entire structure by obtaining the following system of differential
equations to be solved:
 − GA g + I G u
 − B g
M (ș) = GM a u
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Where each bending moment Mi in M depends on the rotation și of the corresponding i-th
drum (Eq. 1). Matrices Ma, G, and IG can be called, respectively, mass coefficient matrix, geometric coefficient matrix, and polar inertia coefficient matrix. Details of such matrices and
vectors Ag and Bg can be found in [3].
The system of differential equations in (2) is solved by means of a Runge-Kutta ODE solver.
At this stage, the nonlinear behavior that can affect the chimney is the bending failure at each
interface between the portions, whereas, following Housner’s hypothesis, shear failure cannot
occur [6]. The bending moment Mi at each interface follows a bi- or tri-linear momentrotation relationship, which represents the maximum stabilizing moment for varying block
rotation (Figure 3), and it is slightly modified with respect to Housner’s law by means of an
initial elastic stiffness KM,i and a smoothing parameter ȟ  1.

Mi
Mu,i
ȟMu,i
KM,i
Įi

și

Figure 3: Moment-rotation relationship.

The maximum stabilizing moment in Figure 3 on one hand accounts for the maximum eccentricity of the normal force acting at the i-th interface; on the other hand, it also accounts for
the tensile strength Ft of the i-th interface, depending on masonry tensile strength ft and chimney cross-section Ai:
·
d
d § n
M u ,i = i ( N i + Ft ,i ) = i ¨ ¦ Pj + Ai f t ¸
(3)
2
2 © j =i
¹
At the moment, an infinite compressive strength for masonry is assumed, as it was done in the
original rigid beam model [2]. Eq. 3 is also adopted into an existing rigid block model for
evaluating the bending strength of masonry panel interfaces [7]. However, it can be demonstrated that in case of dead loads close to the 10% of masonry compressive strength, the stabilizing moment evaluated with Eq. 3 is overestimated of about 11% with respect to that
accounting for masonry compressive strength.
In the original rigid block model defined for masonry columns or walls, the interface bending
stiffness Km,i depends on the elastic modulus of the material Em, on the interface thickness ei
and on the moment of inertia of interface cross-section Ji: Km,i = Em ei Ji. In case of a masonry
chimney, an interface does not actually represent a joint between masonry blocks or drums,
hence an interface normal stiffness is introduced: Km,i = km Ji.
3

NUMERICAL TESTS

As stated into introduction, the slender masonry chimney located in the old industrial facility that houses the Scientific-Technological Campus of the University of Ferrara, Italy (Figure
1), is taken into consideration for the numerical tests. The full chimney, 50 m high, suffered
severe damages during the 2012 Emilia seismic sequence. Afterward, for security reasons, the
upper damaged portion, 12.40 m high, was disassembled, leading to a shortened chimney
37.60 m high. Geometric characteristics of the structure are taken from [5] and resumed in
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Figure 4a. It is worth noting that the data at only 4 and 3 levels for the full and shortened
chimney, respectively, are adopted for the rigid beam model. Mechanical characteristics of
masonry for the rigid beam model are material density Ȗ = 1800 kg/m3, tensile strength ft = 0.1
MPa.
y [m]
50.0

D [m] t [m]
3.19 0.22

37.6

3.38

0.28

8.0

4.30

0.95

0.0

6.61

1.80

a

b

Figure 4: Masonry chimney in Ferrara before and after shortening [5], geometric characteristics (a) and corresponding rigid beam models (b).

Since the chimney is characterized by a thick base from 0 to 8 m, having a larger diameter
with respect to the entire chimney, such a base portion is modelled by one rigid beam element.
Then, the full chimney from 8 to 50 m is subdivided into 7 equal portions, whereas the shortened chimney from 8 to 37.60 m is subdivided into 5 equal portions, hence by removing the
two upper beam elements from the full chimney (Figure 4b). The rotation at the base node of
both models is fixed, whereas the stiffness of the interfaces is calibrated by means of a modal
analysis of full and shortened chimneys, assuming as reference existing numerical results obtained with an accurate three-dimensional FE model [5].
3.1

Modal analysis
chimney
full
shortened

model
rigid beam model
FEM [5]
rigid beam model
FEM [5]

frequency
1st
2nd
0.43 Hz
2.03 Hz
0.46 Hz
2.16 Hz
0.93 Hz
0.85 Hz
-

Table 1: Comparison between frequencies of the full and shortened chimneys obtained with the proposed rigid
beam model and with an accurate 3D FE model [5].

Considering the full chimney, assuming km = 800 MPa/mm for all the interfaces of the model,
the first and second frequencies obtained with the rigid beam model turn out to be in excellent
agreement with existing numerical results obtained with accurate 3D models [5]. Furthermore,
the same stiffness parameter applied to the rigid beam model of the shortened chimney allows
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to obtain at least the first frequency in good agreement with existing numerical results (Table
1).
3.2

Dynamic analysis, harmonic excitations

In order to evaluate the dynamic behavior of the full and shortened masonry chimney, with
particular attention to their level of safety and to the potential collapse mechanisms that can
be activated by dynamic excitations, a set of harmonic tests is performed by varying input
frequency and acceleration amplitude at the base of the rigid beam models introduced and calibrated in the previous sub-section.
Starting with the full chimney, Figure 5 shows the deformed configurations obtained at the
end of the harmonic tests by assuming several values of base acceleration and input frequency. The corresponding horizontal displacements versus time, evaluated at the top of the full
chimney and at the 2nd node (after the thick base) of the rigid beam model are collected in
Figure 6. Collapse mechanisms close to the top of the chimney, involving the last or the last
two beam elements, are obtained several times: with 0.25g and 0.5 Hz, 0.5g and 1.0 Hz, 0.5g
and 2 Hz. In some cases (0.25g with 0.5 Hz and 1.0 Hz) the deformed configurations are also
characterized by a significant rigid rotation of a huge portion of the chimney over the thick
base.
0.50 g

0.75 g

2.0 Hz

1.0 Hz

0.5 Hz

0.25 g

Figure 5: Deformed configurations of the full masonry chimney close to the end of several harmonic excitations.
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Figure 6: Base (red continuous line) and top (black dashed line) displacements for a of the full masonry chimney
subjected to several harmonic excitations.

0.50 g

1.00 g

2.0 Hz

1.0 Hz

0.5 Hz

0.25 g

Figure 7: Deformed configurations of the shortened masonry chimney close to the end of several harmonic excitations.

Focusing on the shortened chimney, Figure 7 shows the deformed configurations obtained at
the end of the harmonic tests by assuming several values of base acceleration and input frequency. The corresponding horizontal displacements versus time, evaluated at the top of the
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full chimney and at the 2nd node (after the thick base) of the rigid beam model are collected
in Figure 8.
Collapse mechanisms close to the top of the chimney, involving the last beam element, are
obtained several times, with larger acceleration amplitudes and frequencies with respect to the
full chimney: 0.5g and 1.0 Hz, 1g and 2 Hz. Similarly to the full chimney, in some cases (0.5g
with 1.0 Hz) the deformed configurations are also characterized by a significant rigid rotation
of a huge portion of the chimney over the thick base. However, with 0.25g and 0.5 Hz, the
rigid rotation of the chimney with respect to the thick base involves the entire shortened
chimney.
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Figure 8: Base (red continuous line) and top (black dashed line) displacements for a of the shortened masonry
chimney subjected to several harmonic excitations.

a

b

Figure 9: Safe-unsafe domain for the full (a) and shortened (b) chimneys subjected to harmonic excitations.

Figure 9a and b shows the final results of the campaign of numerical simulations on the full
and shortened masonry chimneys, by highlighting safe and unsafe conditions at the end of the
harmonic tests; a comparison between the two domains is presented in Figure 10. As ex-
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pected, the shortened chimney is characterized by a larger safe domain with respect to the full
one.

Figure 10: Comparison between the safe-unsafe domains of the full and shortened chimneys subjected to harmonic excitations.

4

CONCLUSIONS

This paper presents a simple and effective rigid beam model for studying the dynamic behavior of tall and slender chimneys. The model applied to a real case study i.e. the chimney located in the Scientific Campus of the University of Ferrara which was hit by the Emilia
earthquake in May 2012. During the earthquake, the upper part of the chimney was severely
damaged. For safety reasons, the chimney shortened (from 50 m which was originally to 37.5
m) by removing its upper damaged portion. In the proposed rigid model, both the original and
shortened chimneys investigated. The chimney subdivided into several portions along its
height, and each portion was modelled as a rigid beam element with an annular cross-section.
In each model, material non-linearity allowed by means of a moment-rotation constitutive law
at interfaces, which accounts for masonry stiffness and tensile strength. Initially, modal analysis results were used to obtain the stiffness parameters of the rigid beam model of the chimney. Later, a set of dynamic analysis were performed and the safe-unsafe domains of both full
and shorten chimneys obtained. From the results analysis, it is shown:
• A comparison between frequencies of the full and shortened chimneys obtained from
the proposed rigid beam model found to be in excellent agreement with existing numerical results obtained from 3D models.
• With respect to the dynamic behaviour of the full height chimney, harmonic excitations with low amplitude (i.e., 0.25g) resulted in rotations and collapse of the upper
part of the chimney. On the other hand, harmonic excitations greater or equal to 0.75g
caused collapse mechanism of the entire chimney.
• With respect to the dynamic behaviour of the shortened chimney, harmonic excitations
with low amplitude (i.e., 0.25g) resulted in rotations and collapse of the upper part of
the chimney. The harmonic excitation characterized by 0.75g causes a collapse mechanism involving the entire chimney.
• A comparison between the safe-unsafe domains of the full and shortened undertaken.
As expected, the shortened chimney is characterized by a larger safe domain with respect to the full one.
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Abstract
Masonry building compounds are sets of structural units having at least one common wall.
The numerical analysis of the structural units grouped in aggregate, which are very diffused
in Italian historical centres, is needed for identifying the structural interactions among them.
Starting from these premises, in the current paper a masonry building aggregate built in the
early twentieth century in the municipality of Cercola (district of Naples, Italy) and made of
four structural units has been investigated as a case study. The structural behaviour under
seismic forces has been investigated through non-linear static analyses. In particular, both
the whole aggregate and the individual structural units have been modelled. Moreover, the
single structural units have been considered both in the grouped and isolated conditions in
order to assess either the beneficial or detrimental effect of the aggregated condition. The
numerical models have been carried out with three different FEM software, namely 3MURI,
CDS Win and Edilus, which schematise masonry buildings in different way. The analysis purpose has been to highlight the different results obtained with the three programs and to assess
the most reliable seismic behaviour of investigated structural units. Finally, the susceptibility
at damage of the case study aggregate has been evaluated through empirical fragility curves
and mechanical vulnerability curves, which have been compared to each other and can be
considered as preliminary tools to setup effective rehabilitation interventions.
Keywords: Seismic vulnerability, Building compounds, FEM analysis programs, Macroelement approach, Equivalent frame model.
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1

INTRODUCTION

The structural heritage facing the most part of Italian historical centres is made of masonry
buildings without adequate structural performance level against seismic actions. Therefore,
these types of buildings have high seismic vulnerability [1,2]. For this reason, the seismic
safety assessment of existing masonry buildings is needed by many researchers working in
the field of Seismic Engineering [3,4].
Seismic vulnerability is the tendency of buildings to suffer a certain degree of damage during a seismic event. The vulnerability assessment methods proposed in current standards are
often based on the knowledge of construction features, i.e. connections between orthogonal
walls, floor types and presence of tie beams, which are difficult to detect in old urban centres.
The existing masonry buildings in historic centres are often grouped in aggregates. So, clustered buildings are sets of independent structural units (SUs) which interact to each other under seismic actions. Since SUs are often characterized by masonry walls with poor
mechanical properties, as well as by poor connections between orthogonal walls and between
walls and floors, their seismic behaviour is no easy to be determined [5, 6].
However, the performance of clustered buildings is influenced by several factors, that
mainly depend on the interactions between the individual SUs. Moreover, the presence of effective interconnections between SUs prevents the occurrence of local collapse mechanisms.
Instead, the presence of geometrical irregularities in height and/or the lack of an effective
connection between orthogonal walls can cause the activation of out-of-plane collapse mechanisms [1,7,8].
The bearing capacity of individual SUs may differ significantly from the whole aggregate
one. A SU inside of a building aggregate has a highly non-linear and complex behaviour,
which can lead to evaluation errors in the evaluation of its seismic behaviour. Therefore, it is
essential to consider simplified, but reliable, structural models, which should foresee as well
as possible the vulnerability level of the aggregated constructions [9-13].
The main vulnerability factors are the elevation discontinuities between adjacent units, the
presence of staggered floors and the structural heterogeneity usually leading to disconnections
of walls. All of these factors must be taken into account when studying the global seismic capacity of buildings, because they significantly affect the dynamic response of the structures.
In this framework, in various studies many mechanical models accounting for uncertainties
associated to the vulnerability factors have been developed to quantify the seismic response of
the whole aggregate [14-16].
Based on these considerations, the present study focuses on the seismic response of a masonry aggregate located in Cercola, a municipality near the city of Naples, in the South of Italy. The selected aggregate consists of four SUs (two head units and two intermediate ones)
arranged in line, which interact to each other under earthquake. These clustered buildings date
back to the 19th century and they are representative of the most common building classes present in the Campania Region. In this study the influence of structural units on the global response of the whole aggregate is investigated. For this reason, non-linear static analyses are
carried out to simulate the response of structural units in both isolated and aggregate conditions and their seismic responses are compared with those of the whole aggregate. Finally, by
selecting the most unfavourable analysis conditions, the fragility curves proposed in [17] are
developed and illustrated for all examined cases in order to estimate their propensity at seismic damage.
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2

THE CASE STUDY

The case study is a masonry building aggregate located in the municipality of Cercola
(Figure 1), an urban district located near Naples. This agglomerate of constructions was built
at the end of the 19th century as one of the most representative example of the classic typology of clustered buildings of the Campania Region historical centres. From a structural point of
view, it consists of 4 structural units, two in the head position and two in intermediate one.
The head SUs have 3 floors, while the intermediate SUs develop on 4 floors. Buildings have
commercial use at ground floor and residential use at other floors. Figure 2a shows the external view of the aggregate main façade, while the geometrical plan layouts of the clustered
buildings are shown in Figures 2b, 2c and 2d. The head SUs have the first floor characterized
by masonry vaults, while the remaining floors are made of wooden beams. The intermediate
SUs have steel floors or RC ones at the first level. As the head SUs, the remaining floors are
made of wooden beams. The masonry walls are characterised by Neapolitan yellow tuff
stones and have an average thickness of 0.80 m at the first floor and 0.50 m at the other floors.
Due to the absence of accurate on-site test procedures, wall mechanical properties are assumed according to the indications provided by the Italian Standard [18] by applying a confidence factor (FC) equal to 1.35, which corresponds to a knowledge level LC1 (limited
knowledge) [18,19]. So, the wall mechanical features are as follows: average compressive
strength (fm)= 2.00 MPa; average shear strength (fv0)= 0.10 MPa; Young modulus (E)= 1410
MPa; Shear modulus (G) 450 MPa and dead weight (w)=16 kN/m3.
In order to estimate the aggregate seismic influence on single SUs, two different cases are
studied: (i) the whole aggregate (Figure 2b) and the head structural unit (acronym HSU), both
in aggregated (Figure 2e) and isolated (Figure 2f) configurations.

Figure 1: Identification of the case study.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 2: Graphic representation of the case study: main view (a), plan layout (b) and sections (c, d) of the building aggregate; aggregated (e) and isolated (f) HUS plan layouts.

3

NUMERICAL MODELS

The numerical models are carried out using three different FE analysis programs based on
2 different modelling approaches: from one side, the equivalent frame adopted by 3MURI and
CDS win and, on the other side, the shell model adopted by Edilus. Figures 3,4 and 5 shows
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numerical models developed by the three employed software packages. The basic modelling
concepts of the implemented FEM models are shown in the following sections.

(b)

(a)
(c)
Figure 3: The 3MURI software numerical models: whole aggregate (a) and HSU in aggregated (b) and isolated
(c) conditions.

(b)

(a)

(c)
Figure 4: The CDS Win software numerical models: whole aggregate (a) and HSU in aggregated (b) and isolated
(c) conditions.
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(b)

(a)

(b)
Figure 5: The Edilus software numerical models: whole aggregate (a) and HSU in aggregated (b) and isolated (c)
conditions.

3.1

Equivalent frame model

3MURI and CDS analysis programs adopt a mathematical model based on Frame by MacroElements (FME) theory, which implements the Equivalent Frame Model approach (Figure 6).
The reference model is a three-dimensional equivalent frame, where the walls represent the
vertical elements able to resist both vertical and horizontal loads. The horizontal elements,
namely the floors, transfer the horizontal forces to the walls according to the stiffness they
have in their own plane. Therefore, the numerical modelling of a building is carried out by
inserting walls, which are discretized into macro-elements representative of deformable components (piers and spandrels), while nodes (rigid links) are masonry portions typically less
subjected at seismic damage. Usually, rigid links connect piers and spandrels which are contiguous to the openings. The numerical analyses allow to foresee the expected damage mechanism into masonry buildings, which can occur in deformable elements by either shear or
compression-bending. So, each pier is composed by three parts: one deformable in the element central part, having a certain strength value, and other two placed at the element ends,
having infinite strength and stiffness. Instead, spandrels are represented with frame elements
having horizontal axis. It is assumed that the deformable part corresponds to the opening
length, while the element remaining part is modelled with infinitely rigid beams. Floors are
modelled as finite elements with 3-node orthotropic membrane, having 2 degrees of freedom
per node and connected to the three-dimensional nodes of the building model.
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Figure 6: Schematic representation of the Equivalent Frame Model.

3.2

Shell model

Edilus software adopts the Shell60 model, which consists of high-performance shell elements composed of a membrane part and a flexural one, whose effects can be coupled in order
to have plates having large thickness and different layers, which can be anyway oriented. The
membrane element has stiffness to normal rotation, which allows for a more faithful schematization of shell structures not completely connected to a plane and linked with beam elements.
The implemented elements have triangular or quadrangular shape with three and four nodes,
respectively. The quadrangular elements are obtained by automatically assembling several
triangular elements. The triangular elements are High Performance Elements (HPE). However,
the use of only triangular elements has undoubted advantages. In fact, the triangular elements
allow for a faster analysis execution. The subdivision of any surface is also easier and more
accurate.
The Shell60 element (Figure 7) has a formulation that makes it rather insensitive to distortion. This feature is particularly useful in a pre-processing phase, which generate the mesh
automatically. The formulation of the HPE Shell60 element is based on the composition of an
AnDeS triangular membrane element with drilling degree of freedom with the DKT (Discrete
Kirchhoff Triangle) element. The degree of freedom towards rotation (drilling DoF) is added
by describing the deformation of each side.

Figure 7: Linear shell model definition.

4

PUSHOVER ANALYSES

The seismic behaviour of the buildings facing the case study is investigated through
pushover analyses. Based on the provisions of the Italian standard [19], these analyses are
performed along the two main directions “X” and “Y” of the building aggregate (see Figure
2b). For each direction, the positive and negative accidental eccentricities are considered. Furthermore, 4 different verses of the seismic forces (±X, ±Y) and 2 dissimilar force distributions
(proportional either to masses or to the first vibration mode of the building) are considered.
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So, 24 pushover analyses are performed. Figures 8, 9 and 10 show the pushover analysis
curves in the ‘X’ and ‘Y’ directions performed with 3MURI, CDS Win and Edilus programs,
respectively. In particular, for the sake of representation, among the 24 combinations, the
worst one, that is the analysis minimizing the capacity acceleration of the aggregate, is considered.
The analysis results show that the most deformable direction is the "Y" one for the whole
aggregate and the "X" one for HSU, both in aggregated and isolated conditions. In general,
strength and stiffness increase switching from the HSU isolated, passing through the HSU
(aggregated), to the whole aggregate. With respect to ductility, an opposite behaviour occurs.
“X” Direction

“Y” Direction

Figure 8: Pushover curves along X and Y directions carried out by the 3MURI software.

“X” Direction

“Y” Direction

Figure 9: Pushover curves along X and Y directions carried out by the CDS Win software.

“X” Direction

“Y” Direction

Figure 10: Pushover curves along X and Y directions carried out by the Edilus software.

The three models use different calculation solvers and the solutions obtained are not always like each other. Therefore, a comparison in terms of pushover curves is made. In this
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case, only one curve for each software is taken into account. In particular, among the worst
analyses performed with each analysis program, only the pushover curve proving the lowest
resistance value of the aggregate is chosen. This curve is then compared with the corresponding curves of the other 2 programs, as shown in Figure 11.

(a)

(c)

(b)

Figure 11: Comparison between analysis programs in terms of pushover curves: results for aggregate (a) and
head structural unit in aggregated (b) and isolated (c) conditions.

From the analysis results presented in Figures from 8 to 11 it can be observed that the
curves provided by the Edilus software have a different trend compared to the other ones. In
fact, these pushover curves have an almost linear behaviour. This is because the software does
not adopt a multi-collapse analysis procedure, but, when the first collapse mechanism occurs
in the structure, the software stops the pushover curve. Conversely, 3MURI and CDS Win
programs work with a multi-collapse analysis, where the analysis is not blocked when some
elements attain the ultimate displacement, but the structure is pushed until collapse. This type
of analysis is allowed by the Italian Standard [19] for existing masonry structures.
5

FRAGILITY ANALYSIS

In the last part of the study, the fragility curves of investigated buildings are derived. These
curves represent the probability of exceeding a certain damage state varying the intensity
measurement, generally represented by either the PGA or the spectral displacement. The
evaluation of the fragility curves is carried out according to the methodology proposed in [17].
In particular, four damage levels, namely D1 (slight), D2 (moderate), D3 (near collapse), and
D4 (collapse), are considered (Table 1). These damage states are defined starting from the
yielding displacement (dy) and ultimate displacement (du) of the SDoF system associated to
the MDoF structural system. The fragility curves are analytically defined as follows:
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ª 1 § PGA · º
P[DS|PGA]=Φ  «  ln ¨
¸»
¬« β © PGA DS ¹ ¼»

(1)

where Φ is the cumulative distribution function, PGADS is the median acceleration value
associated to each damage threshold and β is the standard deviation of the log-normal distribution.
Damage thresholds, DSi
D1
0.7‧dy
D2
1.5‧dy
D3
0.5‧(dy+ du)
D4-D5
du

Slight
Moderate
Near-collapse
Collapse

Table 1: Evaluated damage thresholds Di [19]

Based on these above considerations, the fragility functions are plotted considering the
most unfavourable structural analysis conditions both for the whole aggregate (Figure 12) and
the head structural unit in aggregated (Figure 13) and isolated (Figure 14) conditions.

Figure 12: Comparison among fragility curves of the whole aggregate in “Y” direction based on the pushover
curves deriving from the three used programs.
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Figure 13: Comparison among fragility curves of the aggregated HSU in “X” direction based on the pushover
curves deriving from the three used programs.

Figure 14: Comparison among fragility curves of the isolated HSU in “X” direction based on the pushover
curves deriving from the three used programs.

From the acquired results it is observed that for all cases the probability of exceeding a certain threshold of damage Di (i = 1, ..., 4) is greater for the HSU in isolated condition. Fur-

443

Generoso Vaiano and Antonio Formisano

thermore, the probability increases passing from the whole aggregate to the HSU in aggregated condition.
Finally, it is possible to make some considerations on the results achieved from different
programs used. In particular, it is found that the Edilus software shows the most conservative
results, while the CDS Win exhibits safety thresholds higher than those of the 3MURI Software. Considering that the PGA of Cercola at Collapse Limit State (CLS) is 0.263g [18], in
Tables 2,3 and 4 the expected damages evaluated with the different programs for the whole
aggregate, the aggregated HSU and the isolated HSU are respectively shown.
Software
3MURI
CDS Win
Edilus

Whole aggregate
D1
D2
D3
D3
99.35% 28.18% 25.07% 2.03%
99.95% 55.55% 55.55% 8.50%
100%
86.85%
60%
56.88%

Table 2: Expected damages for the whole aggregate.

Software
3MURI
CDS Win
Edilus

Aggregated HSU
D1
D2
D3
D3
99.54% 64.76% 23.60% 3.36%
100%
80%
74.15% 40.16%
100%
100%
100%
100%

Table 3: Expected damages for the aggregated HSU.

Software
3MURI
CDS Win
Edilus

Isolated HSU
D1
D2
D3
D3
100%
94.18% 86.75% 74.84%
100%
96.04% 92.55% 86.81%
100%
100%
100%
100%

Table 4: Expected damages for the isolated HSU.

6

CONCLUSIONS

In this paper the seismic response of a masonry building aggregate located in Cercola, a
municipality near the city of Naples, was investigated. The aggregate is made of four SUs,
namely two in heading position and two in intermediate one. Both the whole aggregate and
the single SUs, both in isolated and aggregate conditions, were analysed to estimate the influence of the mutual interaction among adjacent structural units. Non-linear static analyses were
carried out according to the Italian standards using three Italian popular programs, namely
3MURI, CDS Win and EDILUS, which work with different modelling approaches to schematise the seismic behaviour of existing masonry buildings. From the non-linear analysis results
it was observed that in most cases the maximum strength and stiffness are offered by the
whole aggregate and they reduced with the aggregated SU and much more with the isolated
SU. On the contrary, the structural ductility offered by the US in isolated condition is more
pronounced than the one of the aggregated US, which exhibited greater ductility than that of
the aggregate. Finally, the fragility curves of the buildings under study were plotted to estimate expected damages as a function of different PGA levels. The results achieved showed
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that the Edilus software provides the most conservative results, while CDS Win exhibits safety thresholds higher than those of the 3MURI Software.
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Abstract
Losses and damages induced by strong earthquakes are a dramatic reality worldwide. As a
consequence, the implementation of innovative protection strategies for both existing and new
constructions is of key societal importance. Elastomeric isolators are special devices for seismic isolation of structures. Typically, they are made of alternate layers of steel or fiber reinforced laminas and rubber and they are interposed between the ground and the foundation in
order to increase the natural period of the structure and reduce the inertia forces to apply in
case of an earthquake. This study proposes a detailed 3D FE modelling of isolators conceived
for low-rise masonry buildings in developing countries, carried out through the FE software
code Abaqus. The isolator under study consists of an energy dissipation core made by relatively
High Damping Rubber and an external EPDM ring. In addition, in order to reduce the production cost and allow its applicability in developing countries, it presents unbonded boundary
conditions. In fact, the upper and lower edges do not exhibit any bond with the supports. The
main feature of such a device is the large deformability thanks to the rollover deformation and
the favorably lower lateral stiffness compared to the bonded isolator.
Keywords: Base Isolation, Fiber Reinforced Elastomeric Isolator, High Damping Rubber,
Regenerated EPDM, FE Analysis.
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1

INTRODUCTION

Some commercial base elastomeric isolators have been introduced in the last four decades
to protect buildings from vibration and earthquake. Typically, they are constituted by several
alternating layers of rubber pads and steel, interposed by two continuous pads that limit vertical
deformability (Steel Reinforced Elastomeric Isolator, SREI). This system reduces the seismic
demand and isolates the energy transmission of the earthquakes to the structure. A very effective seismic isolator shall satisfy the following functions: good performance under all service
loads (vertical and horizontal); provide enough horizontal flexibility to reach the natural target
period for the isolated structure; recentering capability after the ground motion, so that no residual horizontal displacement can downgrade the serviceability of the structure; provide an
adequate level of energy dissipation (damping) to control the displacement that could damage
other structural members. Fiber-reinforced elastomeric isolator (FREI) is a new type of elastomeric isolator. Instead of steel lamina, it’s constituted by thin fiber layers for the vertical reinforcement. Compared with SREIs, FREIs have considerably lower weight and can be
manufactured through cold vulcanization. Furthermore, FREIs can be applied to the structure
in unbonded conditions without steel supports [1, 2, 3, 4, 5]. So, the isolators can be installed
between the upper structure and foundation without any bonding or fastening. The advantage
is related to the low production cost, that makes the device suitable for the application in developing countries. The reduced quality of the rubber material used and the unbonded condition
allow their utilization only for low-rise residential masonry buildings, which are however quite
widespread in developing countries. From a technical point of view, the unbonded condition
results in a stable rollover lateral deformation, which reduces the horizontal stiffness and increases the efficiency of the devices. Comparing to the identical specimen but in bonded conditions, the unbonded FREIs exhibit an interesting superior performance concerning the
damping [6]. This paper proposes a novel typology of base seismic isolator, Unbonded Fiber
Elastomeric Isolator (UFREI), made with a core made by a relatively High Damping Rubber
and reactivated Ethylene Propylene Diene Monomer (EPDM) used as ring of each pad. In this
way the ageing of the device is strongly reduced. Preliminary FE results of a non-linear 3D
numerical analysis carried out on a single isolator subjected to cyclic tests are presented.
2

RUBBER MECHANICAL PROPERTIES

Two rubber compounds have been considered for the design of the unbonded fiber elastomeric isolator. The first one is a relatively high damping rubber [7], and it constitutes the damping core of the isolator. This type of rubber compound, made of natural rubber (NR), guarantees
a good performance in terms of energy dissipation (Figure 1), but at the same time, it is vulnerable to quick aging.
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Figure 1: Hysteretic curves for different deformation levels of High Damping Rubber [7]

To protect the HDR, it has been considered a second rubber compound used as ring for each
pad, namely a reactivated EPDM made with 2/3 of regenerated rubber and 1/3 of virgin rubber
[8, 9, 10] which shows good performances even under aging effects (Figure 2). In Figure 3 it’s
possible to see the single rubber pad, made of an EPDM frame (Green) with a thickness of 5
mm, and the core (65x65 mm2) of HDR (Red).

a)

b)
Figure 2: Stretch-stress (a) and relaxation curves (b) of reactivated EPDM, before and after aging [9]
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Figure 3: Rubber pad made of HDR and reactivated EPDM

3

HIGH DAMPING RUBBER BEARING

The device object of the study (Figure 4) is constituted by five pads of HDR and reactivated
EPDM (10 mm thick), and four GFRP laminas (0.5 mm thick) with a square section of 75x75
mm2. On the top and on the bottom, there are two pads of EPDM (3 mm thick) in direct contact
with the superstructure and the foundation.

Figure 4: Design of Unbonded Fiber Elastomeric Isolator made of HDR and EPDM

4

3D FE MODEL - CYCLIC SHEAR ANALYSIS

In this section, detailed 3D FE analyses are performed on a single UFREI. In particular, the
device is subjected to a 0.5 Hz cyclic horizontal displacement up to 60 mm applied at the top
under a constant vertical pressure of 1 MPa.
4.1 3D FE Model
The isolator has been modeled using almost 18000 eight-node brick (C3D8RH) elements
with dimensions 3.5 x 3.5 x 2 mm3. The final mesh is shown in Figure 2. Unbonded condition
has been simulated. No bonding is present between the supports and the rubber pad. So, a penalty surface-interaction model has been introduced between the two surfaces and a friction coefficient of μ=1 has been applied. On the contrary, a perfect bond using the surface-to-surface
tie constraint between HDR, EPDM and GFRP has been adopted.
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Figure 5: FE model of Unbonded Fiber Reinforce Elstomeric Isolator

4.2 Results
Effective horizontal stiffness ܪܭǡ݂݂݁ and damping ratio ξ have been evaluated on four cycles
with maximum displacement equal to 15 mm, 30 mm, 50 mm, and 60 mm respectively. The
computations are based on the equations (1)-(4):
ܪܭ,݂݂݁= (ݔܽ݉ܨ− ݊݅݉ܨሻȀሺ߂݉ܽݔ− ߂݉݅݊ሻ

(1)

ߦ=ܹ݀Ȁሺ4ߎܹݏሻ

(2)

ܹ(=ݏ1/2)*ܪܭ,݂݂݁ȗ߂ʹ݉ܽݔ,ܽ݁ݒ

(3)

߂݉ܽݔ,ܽݔܽ݉߂(=݁ݒ+ ߂݉݅݊)/2

(4)

Cycle Effective horizontal stiff- Damping ratio ξ
ness ۹۶,[ ܍N mm]
[%]
Device cured at 130° for 40 minutes
39.69
1°
5.60
2°
31.91
8.22
3°
22.48
11.65
4°
19.46
14.42
Table 1: Damping ratio and Effective horizontal stiffness for each cycle on the device.
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Figure 6: Lateral force-displacement curve for the unbonded FREI.

In Figure 6, the lateral force-displacement curves of the device are shown. The effective horizontal stiffness decreases from the first to the last cycle, up to the final displacement equal to
60 mm (Table 1). This is a typical characteristic of unbonded application, rollover (Figure 7),
which causes a nonlinear behavior, resulting in a softening behavior.
5

CONCLUSIONS

In this paper, preliminary FE analyses on a novel typology of Unbonded Fiber Reinforced Elastomeric Isolator have been presented.
Each pad of the isolator is constituted by two rubber compounds, HDR as core and EPDM
as external layer; the aim is to obtain -at low cost- a base seismic isolator with good performance
in terms of damping and good durability. Subsequentially, a detailed 3D FE model of the isolator has been considered, carrying out the analyses through the FE software code Abaqus; in
particular, cyclic shear tests with a maximum displacement of 60 mm have been performed.
The preliminary numerical results obtained seem promising to consider this new device suitable
to isolate low-rise masonry buildings in developing countries, where the low cost and the promotion of circular economy will be crucial in the future decades.

Figure 7: Typical rollover deformation due to unbonding, which causes a softening behavior
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Abstract
Recent earthquakes have highlighted the high seismic vulnerability of the structures and the
need of retrofitting interventions. Different seismic protection strategies and techniques can
be used to increase the seismic capacity of existing masonry constructions. Common retrofitting techniques are generally based on a strengthening approach. Instead, innovative retrofitting strategies can be used to mitigate the effect of earthquakes, with the aim of decreasing
the seismic demand on the structure or increasing its energy dissipation capacity. One of the
most innovative devices is the Unbonded Fiber Reinforced Elstomeric Isoletors. UFREIs are
made of alternate layers of fiber and rubber and they are interposed between the ground and
the foundation, with the particularity that no bonding or fastening is provided between the
bearing and top-bottom supports. In this paper, through the FE software code Abaqus, a series of nonlinear dynamic analysis are performed to investigate the influence of crosslinking
on the seismic performance of UFREI made of regenerated rubber. Numerical results show
that the devices vulcanized at 130°C for 40 minutes, although having suboptimal crosslinking
density, are suitable to properly isolate low-rise buildings.
Keywords: Base Isolation, Fiber Reinforced Elastomeric Isolator, Vulcanization, Regenerated Rubber, FE Analysis.
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1

INTRODUCTION

The elastomeric isolators are the most used devices to seismically isolate the buildings.
Applying the elastomeric isolators can restore the horizontal seismic force and does not cause
residual displacements of the isolated building after an earthquake. Usually, they are constituted by several alternating layers of rubber pads and steel interposed by two continuous pads, having the role of limiting vertical deformability. At the same time, they exhibit good deformation
capacity in the horizontal direction when subjected to a seismic load. This system isolates the energy transmission of the earthquake from the foundation to the upper structure. Fiber-reinforced
elastomeric isolator (FREI) is a new type of elastomeric isolator. Instead of using steel lamina,
thin fiber layers are utilized for the vertical reinforcement. FREIs can be applied to the structure in several methods: bonded [1], unbonded [2, 3, 4, 5], partially bonded [6], and friction
(no-bonding between rubber and fiber layers). Without steel supports, the isolators can be
simply installed between the upper structure and foundation without any bonding or fastening.
So, the shear load is transferred through the friction generated between the isolator and the
structure surfaces.
A fundamental part of the manufactory process is vulcanization. During this stage, rubber is
heated with sulfur or peroxides, accelerators, and activators at around 140-160 °C. This process
triggers the formation of crosslinks between long rubber molecules, creating the so called polymer
network. Thanks to crosslinks, the chains are prevented from sliding along each other and the
rubber becomes elastic. The final mechanical properties of rubber (such as elastic modulus, tensile
strength, hardness, etc.) are strongly affected by the degree of curing [7]. Curing temperature and
the exposition time are critical parameters to establish to obtain optimal and homogenously distributed mechanical properties of rubber items. This paper investigates the influence of vulcanization on the seismic performance of Unbonded Fiber Reinforced Elastomeric Isolator made of
regenerated rubber [8, 9, 10], considering two types of vulcanization, one at 130°C for 40 minutes
and one at 150°C for 40 minutes.

Figure 1: Design of the device object of the study

2

BASE SEISMIC ISOLATOR

The device object of the study is constituted by five pads (10 mm thick) of reactivated
EPDM made with 2/3 of regenerated rubber and 1/3 of virgin rubber, and four GFRP lamina
(0.5 mm thick) with a square section of 75x75 mm2 (Figure 1). The results obtained in [11]
show that the device cured with a temperature of 130° for 40 minutes exhibits a non-uniform
curing level. So, rubber mechanical properties are non-homogenous within the isolator. On
the other hand, the curing temperature of 150° leads to homogenous curing, with a homogeneous distribution of mechanical properties. To investigate the distribution of curing level for
the under-vulcanized device, knife-cuts on the middle vertical and diagonal sections (Figure 2)
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have been done, and the Shore A hardness has been measured with a digital Shore A durometer. As expected, the hardness varies from inner to outer points from values of 48±2 Shore A
to 60±2 Shore A (Figure 2).

Figure 2: Middle vertical (Red) and diagonal (Yellow) sections for the measurements of the Shore A hardness

a)

b)

Figure 3: Shore A hardness measured on the middle vertical section (a) and along the diagonal (b) of a device
cured at T=130° for 40 minutes

3

3D FE MODEL - CYCLIC SHEAR ANALYSIS

In this section, detailed 3D FE analyses are performed on a single UFREI. In particular, the
device is subjected to a 0.5 Hz cyclic horizontal displacement up to 50 mm (Total rubber
height) applied at the top under constant vertical pressure of 2 MPa.
Two devices are analyzed. The first one cured at 150°C for 40 minutes, with the rubber
mechanical properties uniformly distributed, and the second cured at 130°C for 40 minutes,
with a non-homogeneous distribution of rubber mechanical properties, which vary almost linearly within the isolator in accordance with the results shown in Section 2.
3.1

3D FE Model

The isolator has been modeled using almost 18000 eight-node brick (C3D8RH) elements
with dimensions 3.5 x 3.5 x 2 mm. The final mesh is shown in Figure 4. In this study, an unbonded condition has been simulated. There is no bonding between the supports and the rubber pad. For this purpose, a penalty surface-interaction model has been introduced between
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the two surfaces, and a friction coefficient of μ=1 has been applied. On the contrary, a perfect
bond using the surface-to-surface tie constraint between rubber and GFRP has been adopted.
As visible in Figure 3, rubber mechanical properties on the device cured at 130°C linearly
changes within the isolator. So, in order to assign different mechanical properties to the model,
the EPDM pad has been partitioned into several cubes (Figure 5).

Figure 4: FE model of UFREI75

Figure 5: EPDM pad subdivided into several cubes on ABAQUS

Then, three different pads have been considered: middle pad, intermediate pad, and external pad. On each pad, a different distribution of mechanical properties has been assigned as
visible in Figure 6 and Figure 7, where the red part is linked to 50 Shore A rubber properties,
the orange one to 54 Shore A, and the green one to 60 Shore A.

a)

b)

c)

Figure 6: a) external pad section, b) intermediate pad section, c) middle pad section.
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Figure 7: Middle horizontal section of FREI cured at T=130°.

3.2

Results

To compare devices' structural responses, effective horizontal stiffness ܪܭǡ݂݂݁ and damping
ratio ξ have been evaluated on four cycles with maximum displacement equal to 5 mm, 15
mm, 30 mm and 50 mm respectively. The computations are based on the equations (1)-(4):
ܪܭ,݂݂݁= (ݔܽ݉ܨ− ݊݅݉ܨሻȀሺ߂݉ܽݔ− ߂݉݅݊ሻ

(1)

ߦ=ܹ݀Ȁሺ4ߎܹݏሻ

(2)

ܹ(=ݏ1/2)*ܪܭ,݂݂݁ȗ߂ʹ݉ܽݔ,ܽ݁ݒ

(3)

߂݉ܽݔ,ܽݔܽ݉߂(=݁ݒ+ ߂݉݅݊)/2

(4)

Cycle Effective horizontal
Damping ratio ξ
stiffness ۹۶,[ ܍N mm]
[%]
Device cured at 130° for 40 minutes
67.59
1°
6.38
2°
64.86
5.67
3°
50.30
7.73
4°
35.08
11.20

Effective horizontal
Damping ratio ξ
stiffness ۹۶,[ ܍N mm] [%]
Device cured at 150° for 40 minutes
ͺǤͷ
Ǥͺ
ͺʹǤͶͳ
Ǥͺ
ͷǤ͵Ͷ
ͳͲǤͲͳ
ͶǤʹͲ
ͳ͵Ǥͻʹ

Table 1: Damping ratio and Effective horizontal stiffness for each cycle on the device cured at 130° for 40
minutes and at 150° for 40 minutes.

In Figure 8, the lateral force-displacement curves for the device cured at 130° and at 150°
for 40 minutes are compared. In both cases, the effective horizontal stiffness decreases, passing from first to last cycle. This is a typical feature of unbonded application: the device experiences a rollover (Figure 9) which causes a nonlinear behavior, resulting in a softening
behavior. Another remarkable feature appreciable in both the devices is the variation of damping ratio with the increase of lateral displacement.
The results summarized in Table 1 show how the device cured at 130° is characterized by
lower effective horizontal stiffness compared to the one cured at 150°. The same holds for the
damping ratio.
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Figure 8: Lateral force-displacement curve for the unbonded FREI cured at 130° for 40 minutes (blue curve)
and cured at 150° for 40 minutes (red curve).

Figure 9: Typical rollover deformation due to unbonding, which causes a softening behavior

4

CONCLUSIONS

In this paper, the seismic performance of under-vulcanized Unbonded Fiber Reinforced Elastomeric Isolators has been studied, and it has been compared with a well-vulcanized one.
Firstly, to investigate the distribution of curing level of the under-vulcanized device, the
Shore A hardness has been measured with a digital Shore A durometer along two sections.
Results have shown the non-homogeneous hardness distribution and the non-homogeneous
rubber mechanical properties within the base isolator.
Subsequentially, the device has been modeled through the FE software code Abaqus and
cyclic shear tests have been performed, with a maximum displacement of 50 mm. Two different seismic performances of the under-vulcanized UFREI and the well-vulcanized one have
been obtained. The device cured at 130° is characterized by lower effective horizontal stiffness and lower damping ratio than the one cured at 150°.
In conclusion, although the devices show different behavior in these cyclic shear tests, both
are suitable to isolate low-rise buildings properly.
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Abstract
Evolution of technologies both in the fields of in situ investigations and Finite Element (FE)
modeling strongly enhanced the possibility to understand the structural dynamic behavior of
masonry historical constructions, allowing a periodic or continuous analysis of their response
to environmental, anthropic, and exceptional actions and the formulation of accurate hypotheses about their future behavior, which is fundamental for Cultural Heritage preservation. In
order to improve the assessment of the health status of historical buildings, inverse methods
re-sorting to dynamic identification techniques are often used to provide experimentally verified data for the accurate calibration of FE models representative of the investigated structures.
In this paper, vibration-based identification methods are coupled with an automatic FE model
updating procedure to study the dynamic behavior of the Civic Tower of Ostra, Italy, and obtain baseline information for future comparative analyses. The experimental data obtained
from two different campaigns of ambient vibration tests are used to update the mechanical
characteristics of the detailed FE model of the tower. The updating process, unsolvable via
common calibration procedures, is automatically managed through a powerful bio-inspired
tool, i.e. the Genetic Algorithm (GA), allowing to closely reproduce the actual behavior of the
tower.
Keywords: Masonry Towers, Cultural Heritage, Structural Health Monitoring, Operational
Modal Analysis, Automated Model Updating, Genetic Algorithms.
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1

INTRODUCTION

Masonry towers are one of the most widespread structural typologies among the various
Italian Cultural Heritage (CH) buildings. The intrinsic characteristics and peculiarities of
these artefacts make them unique objects but, at the same time, render these structures particularly vulnerable against seismic events [1–6], sometimes in irreparable way. Due to the
historical, social and economic importance that CH plays in many countries of the world, it is
crucial to guarantee appropriate maintenance plans and to undertake regular preventive actions in order to avoid irreversible damages to these iconic structures, and to historical buildings in general.
Early damage detection should be one of the primary tasks to ensure the integrity of ancient buildings and the safety of their users. To this end, several non-destructive techniques
relying on the observation of the dynamic behavior of these structures, commonly known under the expression “Structural Health Monitoring (SHM)”, have been developed in the last
decades [7–11]. Among these techniques, those exploiting vibration-based monitoring tools
can be of great help in terms of dynamic characterization of heritage towers, allowing to improve the knowledge of the global behavior of these structures without resorting to any invasive method, which is necessary when the historical value of the construction must be respected. To this end, a grid of sensors, each one communicating with a central processing unit
through wires or wirelessly, can be deployed across the structure and used to collect the vibration response of the system to ambient excitations. Such data are then post-processed to determine the modal parameters of the structure in operational conditions, applying the methodologies of Operational Modal Analysis (OMA). As widely known, modal features, if tracked
on a regular basis, can provide useful information for the evaluation of the health status of the
structures over time, also allowing the detection of possible changes associated to their dynamic behavior in case of exceptional events [12] as well as the estimation of future structural
scenarios.
With the aim of providing reliable experimental data for the calibration of realistic numerical models (NMs), closely representative of the investigated buildings, ambient vibration testing (AVT) is often coupled with another essential tool in the dynamic assessment of historical
structures: the Finite Element (FE) modeling. Various examples of synergy between these two
techniques can be found in the literature [8,13,14], where the results obtained from OMA are
employed in the process of FE model updating so that the unknown parameters of the structure (such as material properties, boundary conditions, quality of connections between elements, etc.) are iteratively updated until the difference between experimental and numerical
modal results is minimized. This operation, if performed manually [15], as it often happens,
can result unwieldy and onerous from a computational standpoint, making difficult to attain a
precise calibration of the model in case of large and multi-dimensional problems. In order to
overcome this limitation, a methodology for the automatic modal-based updating of Finite
Element (FE) models is proposed hereafter making use of genetic algorithms.
The genetic algorithm (GA) is one of the oldest and most known metaheuristics used for
optimization purposes [16–18]. The search for the solution space mimics, in a sense, the Darwinian theory of species evolution. In the present work, a GA provided by the open-source FE
solver Code_Aster is properly exploited to automatically calibrate the elastic properties of the
materials assigned to the model of the Clock Tower of Ostra, an emblematic historical tower
located in Central Italy. To analyze in depth the GA potential, different mesh refinements of
the tower’s geometry are examined along with the adoption of an isotropic constitutive law
for the materials [19–24].
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2

DESCRIPTION OF THE CASE STUDY: OSTRA CIVIC TOWER

The Civic Tower of Ostra (Figure 1), also known as “Clock Tower”, is the most characteristic historical structure located in the homonymous village of the Marche region, Central Italy.
Originally built in 1552 to serve as bell tower the adjacent church of San Giovanni (no
longer existing today) and severely damaged during the aerial bombardments of 1944, in the
second half of the XX century the Civic Tower underwent a profound intervention aimed at
reinstating its sound condition. The works included the strengthening of the uncovered foundation and of the base walls as well as the restoration of some parts of the external walls and
of the battlement, damaged by the bursts of artillery bullets.

Figure 1: Ostra Civic Tower: localization and external view.

2.1

Geometrical and material survey

The Ostra tower is a 30 m high masonry structure featuring four main parts: basement, central body or shaft, belfry, and top roof (Figure 2).
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Figure 2: Geometrical survey of the investigated tower.
The basement resembles a truncated pyramid with a lower base of approximately 7.30 x
7.50 m2 and an upper base of 5.30 x 5.60 m2. This part is characterized by massive walls with
outer brick wythes and develops upwards for a height of 9.95 m, ending with an embattled
balcony. The shaft, partially reconstructed, starts from this height and keeps the same quadrilateral cross-section for additional 9.50 m. Then, at the level of the belfry, the tower’s crosssection dimensions slightly reduce and remain unchanged till the top enlargement of the battlement. Likewise, the thickness of the brick masonry walls of both shaft and belfry progressively decreases upwards, passing from 1.1 m of the first floor to 0.6 m of the last floor.
The entrance door is located at the ground level, in correspondence of the main façade
which overlooks Piazza dei Martiri. Five additional floors can be distinguished along the tower height: the first three are connected through spiral staircases, whereas the fourth (rebuilt in
reinforced concrete during the intervention) and the last floor are accessible by means of an
iron ladder. The clock mechanism is located on the second floor, while the bell is placed at the
third level, being visible through the arch openings of the perimetral walls.
3

AMBIENT VIBRATION TESTING

Ambient vibration testing (AVT) has become a common technique in the world of nondestructive experimental characterization of the global behavior of historical constructions
[13,25]: indeed, studying the full-scale response of structures to environmental and anthropic
actions in real operational conditions, namely without interrupting the normal use of the
building and based on its true boundary conditions, results extremely advantageous for many
rea-sons, which go far beyond the economic aspects [11]. Moreover, the non-invasive character of the experiment makes AVTs particularly suited for CH buildings, as proven by the numerous works that in the last years have shown the potentialities of vibration-based
monitoring through accelerometric sensors in the study of the dynamic behavior of historical
buildings, both in the short-term and in the long-term [26,27].
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3.1

Instrumentation, sensor layout and acquisition parameters

Two AVT campaigns were conducted on the Civic Tower of Ostra to assess its dynamic
behavior: the first one on 29th June 2018 and the second one on 22nd February 2019.
The sensor network which was used to acquire the structural vibration response in eight
specific points defined beforehand consisted of four triaxial MEMS-based piezoelectric accelerometers (model MonoDAQ-E-gMeter) embedded into a data acquisition device simply connected to the PC by a network cable using EtherCAT protocol. One of the major advantages
of this sensing system is that analog to digital conversion is performed inside the device itself,
thus eliminating any noise pickup in analog cabling. Sensors were placed across four levels
(Figure 4), namely at the height of 9.55 m, 14.90 m, 19.05 m, and 27.65 m. At each level, two
MEMS accelerometers were deployed at opposite corners, thereby allowing to catch also the
expected torsional modes.
To comply with the time-window length requirements [28] and in order to avoid any possible influence from non-stochastic excitations, the duration set for the signal acquisition was
far greater than 2000 times the structure’s fundamental period: for each setup the registration
lasted around 40 minutes and the nodal processes were recorded with a sampling rate of 1024
Hz, resulting in nearly two and a half million data points per channel.

Figure 3: Sensor layouts and corresponding acceleration time series for 2018 and 2019 dynamic testing campaigns.

3.2

Operational modal analysis: method and results

The elaboration of the acquired vibration data allowed the construction of an Experimental
Model (EM) of the structure, whose estimated dynamic parameters were subsequently employed to calibrate the Numerical Model (NM) of the tower in order to realistically reproduce
its structural behavior, as better discussed in the next Section. The dynamic feature extraction
process was carried out and cross-validated through the application of two OMA techniques:
the Enhanced Frequency Domain Decomposition (EFDD) [29] and the Stochastic Subspace
Identification – Principal Components (SSI-PC) [30], both available in the commercial software ARTeMIS [31].
Modal frequencies (f), damping ratios (ξ) and mode shapes of the five vibration modes
identified in each AVT campaign are reported and compared in Table 1 and Figure 4, respectively.
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Mode
φ1
φ2
φ3
φ4
φ5

fEM18
[Hz]
2.082
2.156
6.293
6.442
6.941

ξEM18 [%]
0.817
0.893
0.578
2.423
2.463

fEM19
[Hz]
2.092
2.165
6.302
6.449
6.872

ξEM19 [%] Δf [%]

Δξ [%]

0.762
0.787
0.666
3.397
2.739

-7.218
-13.469
13.213
28.672
10.077

0.478
0.416
0.143
0.109
-1.004

MAC
[%]
99.2
99.5
98.1
99.0
97.1

Table 1: Modal frequencies and damping ratios estimated for EM2018 and EM2019 along with their corresponding percentage variation.

As expected, the first two identified frequency values correspond to the translational
modes of the tower in x and y directions, respectively, thus resulting quite closely spaced
(with a difference of just 3.43% in 2018 and 3.37% in 2019). The other three frequency values
fall in the range 6-7 Hz and correspond to the torsion and double bending modes of the tower.
The frequency results, sensibly higher if compared to commonly studied masonry towers, are
not only affected by the low aspect ratio of the structure (λ = 4) but also highlight an elevated
stiffness of the system which is likely imputable to past restoring interventions. No substantial
variation in the dynamic behavior of the structure is recorded during the period elapsed between the dynamic campaigns.
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Figure 4: Comparison between the mode shapes of EM 2018 (a) and the corresponding ones of EM 2019 (b).

4
4.1

AUTOMATIC MODEL UPDATING WITH GENETIC ALGORITHM
Preliminary FE model and modal analysis results

A FE model of the tower was realized using MidasFea©. This NM was needed in the first
stage to preliminary assess the dynamic characteristics of the tower and drive the setting of
the acquisition parameters for the field-testing campaign.
Particular attention was paid to the geometrical features of the tower as well as to the
modeling of the masonry infill walls present in the first two levels, given the nonnegligible influence of both aspects in the modal response of the structure. The reinforced concrete floors
were considered as rigid in their plane, while secondary elements, like stairs, deformable
wooden floors, clock mechanism and towers, were not explicitly modelled, but their presence
was taken into account in the form of added masses.
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Figure 5: FE modeling of the Civic Tower of Ostra: (a) Assonometric view, (b) Bottom view at foundation level.

The FE model, shown in Figure 5, consisted of 78926 4-nodes tetrahedral elements and
21726 nodes. The mesh size was established equal to 0.3 m. The tower was assumed to be
clamped at the base and constituted by three groups of homogeneous and isotropic materials
(three-group discretization) whose initial mechanical properties, chosen in accordance to the
Italian Technical Standards for Structures [32], are reported in Table 2.
Material
Masonry
Concrete
Filling

E [MPa]
1800
18000
1100

® [-]
0.20
0.20
0.20

γ [kN/m3]
18
25
18

Table 2: Mechanical properties of the initial FE model: Young’s Modulus (E), Poisson’s ratio (ν) and mass density (γ).

The results of the preliminary modal analysis, implemented through the Lanczos method
[17,21,33,34], are resumed in Table 3 and Figure 6. A remarkable difference is found among
the frequencies of the EM and those of the NM, being the latter not yet calibrated on the basis
of the experimental outcome.

Mode
φ1
φ2
φ3

fNM0
[Hz]
1.509
1.536
5.012

Eff.
Mass
X dir
[%]
35.80
0.00
0.00

Eff.
Mass
Y dir
[%]
0.00
35.72
0.00

MACEM18-

fEM18
[Hz]

fEM19
[Hz]

|ΔfEM18-NM0|
[%]

NM0

2.082
2.156
6.293

2.092
2.165
6.302

27.52
28.76
20.36

77.6
81.5
22.1
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[%]

MACEM19-

|ΔfEM19-NM0|
[%]

NM0

27.87
29.05
20.47

82.5
67.2
2.6

[%]
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φ4
φ5

5.821
5.883

21.21
0.00

0.00
29.38

6.442
6.941

6.449
6.872

9.64
15.24

52.2
1.1

9.74
14.39

47.6
44.7

Table 3: Preliminary numerical results (NM0) and percentage error with the experimental frequencies (EM)

Analogous considerations can be drawn about the mode shapes (Figure 6), whose main
displacement components are visually correlated with their experimental counterpart – being
the first two modes translational in x and y direction, the third torsional, and the last two double bending modes in x and y direction – but a low degree of consistency is found between
them when MAC values are computed (Table 3).

Figure 6: Mode shapes of the preliminary FE model.

4.2

Genetic Algorithms

The genetic algorithms (GAs) are heuristic techniques inspired by Darwin’s theory and are
based on the imitation of the natural selection process. These algorithms allow to solve optimization problems through an automatic procedure where the final set of optimal solutions is
iteratively selected from an initial set of candidate solutions, based on their fitness score [35–
38]. As for the present case, the initial population of solutions was represented by all the plausible values of material properties falling within pre-defined upper and lower bounds [17,18].
A two-term objective function considering both frequencies and mode shapes residuals between EM and NM was employed for the selection of the optimal values.
In order to avoid the limitations imposed by a manual calibration approach, the iterative
process was implemented into Code_Aster© software environment. The procedure, summarized in Figure 7, started with the creation of a condensed model, carrying all the dynamic
characteristics of the EM, and with its projection onto the NM. This operation allows scaling
the EM DOFs up to those of the NM and, consequently, the creation of dependencies for calculating the gaps between their nodal displacements.
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Figure 7: GA-based model updating flowchart.

The model updating process consisted of four phases (objective function, selection, crossover, mutation) and stopped only when the global optimum was located. Indeed, one of the
main advantages of GA is the possibility to explore diverse regions of interest by running the
same search problem on different conditions and finally locate the global optimum without
getting trapped in local minima [16,17,39,40]. In the present work, these conditions are
checked by resorting to the following objective function (1):
'f

n

¦

i
i
( f exp
 f num
)2

n

i 1

' crossMAC

(1  MAC ) 2
¦
n
i 1
n

(1)

Convergence criteria were satisfied when the residual tolerance of two consecutive steps
reached 1e-4 or after 1000 evaluations.
5

CALIBRATION PROCESS AND RESULTS

In order to improve control over the model dynamic response and to achieve a better tuning with the experimental data, the calibration process was performed operating a further discretization of the preliminary NM in terms of material properties distribution, while the mesh
size remained unchanged. This operation was driven by the careful observation of the masonry appearance and morphology across the tower, which ultimately led to a twelve-group discretization of the updating variables (Figure 8).

479

G. Standoli, G.P. Salachoris, M.G. Masciotta and F. Clementi

Figure 8: Updating variables for the twelve-group discretization of the FE model. Each material group is named
as “X” followed by a subscript composed by a number (00 to 12), which stands for the group, and a letter indicating the material (“M”: masonry, “C”: concrete, “F”: masonry infill).

For each group, properties were attributed considering an isotropic constitutive law for the
materials, thus leading to a total number of 36 updating variables. The pre-defined ranges of
variability for the material parameters, presented in Table 4, were again assigned in accordance with the Italian Technical Standards for Structures [32].
Material
Masonry
Filling
Concrete

E [MPa]
Min - Max
600 - 3300
600 - 2400
27000 - 32000

® [-]
Min - Max
0.01 - 0.45
0.01 - 0.45
0.01 - 0.45

γ [kN/m3]
Min - Max
15 - 20
15 - 20
23 - 26

Table 4: Lower and upper bounds for isotropic elastic properties

The optimal mechanical properties resulting from the model updating are summarized in
Table 5. It is worth noting that the obtained values, especially the Young’s Moduli, consistent-ly reflect the masonry changes produced by the strengthening interventions that the
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Tower underwent in the past: indeed, E first tends to decrease moving from the basement (restored during the 1950s) to the central body (partially restored) and the belfry, and then increases towards the top part of the tower (added afterwards).
NM 2018
Updating
Parameter
X01M
X02M
X03M
X04M
X05M
X06M
X07M
X08F
X09M
X10M
X11C
X12F

NM 2019

E [MPa]

® [-]

γ [kN/m3]

E [MPa]

® [-]

γ [kN/m3]

1909
2783
851
1118
1202
3152
3113
2368
2623
3290
27096
1662

0.11
0.10
0.16
0.18
0.15
0.17
0.21
0.16
0.17
0.23
0.15
0.19

15
15
15
16
15
18
20
20
18
20
24
17

1616
1886
618
1500
1417
3194
3154
2344
2491
2724
28833
1951

0.28
0.15
0.21
0.14
0.22
0.18
0.16
0.14
0.17
0.27
0.33
0.27

15
15
15
18
15
18
20
20
18
19
24
20

Table 5: Optimal values for the material parameters of the isotropic FE model after calibration

The results of the modal analyses run over 2018 and 2019 NMs, both calibrated through
the automatic GA-based procedure previously described, are exposed in Table 6 and Table 7.
The comparison between EM and NM frequency values is satisfactory, being the relative error less than 3% in all cases, with the sole exception of the 4th mode that shows a slightly
higher error for the pair EM18-NM18.

Mode
φ1
φ2
φ3
φ4
φ5

fEM18
[Hz]

fNM18
[Hz]

2.082
2.156
6.293
6.442
6.941

2.087
2.130
6.274
6.654
6.799

Eff.
Mass
X dir
[%]
34.14
0.01
0.26
29.89
0.12

Eff.
Mass
Y dir
[%]
0.01
33.53
0.00
0.11
29.25

MACEM18-

|ΔfEM18-NM18|
[%]

NM18

0.24
1.21
0.30
3.29
2.05

97.9
97.3
97.2
95.7
95.3

[%]

Table 6: Comparison between 2018 experimental (EM) and numerical (NM) frequencies

Mode
φ1
φ2
φ3

fEM19
[Hz]

fNM19
[Hz]

2.092
2.165
6.302

2.097
2.141
6.275

Eff.
Mass
Direction X
[%]
33.94
0.00
0.41
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Eff.
Mass
Direction Y
[%]
0.00
33.41
0.06

MACEM19-

|ΔfEM19-NM19|
[%]

NM19

0.24
1.11
0.43

96.5
96.6
95.7

[%]
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φ4
φ5

6.449
6.872

6.629
6.761

29.22
0.02

0.03
28.48

2.79
1.62

95.8
95.8

Table 7: Comparison between 2019 experimental (EM) and numerical (NM) frequencies

Figure 9: Numerical mode shapes after calibration of 2018 NM and 2019 NM.

Very good results are also achieved in terms of mode shapes (Figure 9), as confirmed by
the optimal levels of correlation (MAC > 95%) obtained from the comparison between experimental and calibrated modal vectors, proving the validity and robustness of the GA-based
model updating when tackling optimization problems otherwise ungovernable with conventional approaches.
6

CONCLUSIONS

The paper showed and discussed the results obtained by combining AVT-based dynamic
identification methodologies and FE model updating techniques, through the application of an
automatic procedure based on GA for the assessment of the dynamic behavior of the Ostra
Civic Tower (Italy).
After an initial geometrical and material survey to define the main morphological and
structural characteristics necessary for the creation of a preliminary NM (over which more
advanced non-linear analyses will be implemented in order to estimate the structural response
against future scenarios), two modal testing campaigns were carried out to acquire the vibration response of the tower to ambient noise. Innovative sensing solutions based on MEMS
were adopted for this purpose.
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After extracting the main dynamic parameters of the tower (i.e. modal frequencies, modal
damping and mode shapes) through well-known OMA techniques, the EM of the structure
was implemented into Code_Aster© and used as a target reference for the calibration of the
afore-mentioned finite element NM. In both campaigns, the same five vibration modes were
identified, meaning that no changes in the structural condition of the tower occurred between
2018 and 2019.
All the eigenfrequencies and eigenvectors associated to these five modes were exploited
for the subsequent automated calibration process, which consisted in a perturbation of the
mass and stiffness matrices of the NM in order to find optimal yet physically meaningful values of the unknown material properties of the tower, so that the difference between estimated
(OMA) and calculated (FEM) eigen-parameters was minimized. The search problem was
solved by applying a metaheuristic inspired by the process of natural selection, namely the
GA, to the OMA eigen-data projected onto the equivalent NM. The employment of such an
algo-rithm was pivotal given the population of candidate solutions taken into account for the
mod-al-based FE updating.
The results, obtained assuming an isotropic behavior for the materials, were satisfactory.
Future developments will take into consideration orthotropic constitutive laws for the masonry in the attempt to further minimize the discrepancies between numerical and experimental
models.
7
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Abstract
Masonry cross vaults are common structural elements in historical buildings. They are largely diffused in all European countries, including those characterized by higher levels of seismicity. Although they have been constructed for centuries, they represent some of the most
vulnerable elements of traditional architecture, especially with reference to horizontal loads.
The understanding of their behaviour under seismic loading and the definition of their safety
are crucial aspects for the accurate assessment of the global health conditions of historical
buildings. In the present work, masonry cross vaults are analysed through the Finite Element
Method (FEM) and static non-linear analyses are performed considering the effect of different brick pattern.
A simplified micro-modelling approach is adopted for the generation of the FEM models and
two different brick arrangements are considered, i.e., radial bricks and diagonal bricks,
which are the most widespread in European cross vaults. Static non-linear analyses are performed by monotonically incrementing a lateral acceleration until collapse. Results are analysed in terms of maximum load factor, crack pattern and damage mechanisms. The analysis
of the results shows that the masonry apparatus strongly influences the vault seismic response
both in terms of stiffness and ductility as well as in terms of global capacity.
Keywords: Cross vaults; Masonry apparatus; FEM model; Push-over analysis, Seismic behaviour.
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1

INTRODUCTION

European historical masonry buildings are often characterized by the presence of vaulted
structures of complex geometry and cross masonry vaults are among the most widespread
types. They are largely diffused in all European countries, including those characterized by
higher levels of seismicity. Although they have been constructed for centuries, they represent
some of the most vulnerable elements of traditional architecture, especially with reference to
horizontal loads when the construction site is characterized by high levels of seismicity. For
this reason, the assessment of their behaviour under seismic loading, and consequently the
definition of a safety level, is a crucial precondition for the accurate assessment of the global
safety of historical buildings.
Compared to simple masonry walls, numerical modelling of masonry vaulted structures is
particularly complex due to their three-dimensional curved geometry and articulated masonry
pattern. As a matter of facts, vaults can be built according to different brick patterns, which, in
historical building practices, were generally chosen for technical reasons.
In the present work, cross vaults of ideal geometry are modelled through the simplified micro-modelling approach in the framework of Finite Element Method (FEM) [1]. This modelling approach has already been used by the authors and successfully validated with physical
in-scale models [2]. The use of micro-mechanical models allows to simulate block-to-block
interactions and therefore the real interlocking of bricks. In this work, two different brick arrangements are considered, i.e., radial bricks and diagonal bricks, which are most found in
European cross vaults. Static non-linear analyses are performed by monotonically incrementing a lateral acceleration until collapse. Results are analysed in terms of maximum load factor,
crack pattern and damage mechanisms.
2

DESCRIPTION OF THE MODEL

In this section the main features of the FEM model are described in terms of geometry,
mechanical parameters of materials and interface properties. Moreover, the load cases and the
boundary conditions are illustrated.
2.1

Geometry and mechanical features

The geometry of the vault is obtained as intersection of two semi-circular barrel vaults.
The base is squared with a net span of approximately 3.1 m and rise of 1.175 m. The volume
is discretized into bricks of size 6x12x24 cm. The shape of the interlocked bricks along the
diagonal arches is idealized and simplified. Four rigid corner supports are modelled at the
base of the vault. Two different masonry apparatus are modelled, namely those which follow
radial (R) and diagonal (D) path. More in detail, in the case of radial pattern, the longitudinal
courses between bricks are disposed normal to the ring arches; conversely, in the case of diagonal pattern, the bed joints are oriented at a 45° angle. Figure 1 shows the details of the geometry and the discretization into bricks; as an example the vault with radial brick pattern is
reported.
The discretization of the solid volume of the vault is conducted by means of a simplified
micro-modelling approach which allows for the detailed definition of the brick pattern [1].
Such a method consists in the assemblage of a series of blocks connected with zero-thickness
interfaces endowed with proper tangential and normal mechanical properties.
The mechanical properties of the blocks are defined through simple elastic behaviour,
adopting the values suggested by [3] for historic brick-masonry. In particular, the density of
the material U is assumed equal to 1800 kg/m3 while the elastic modulus E and the Poisson’s
ratio Q are equal to 1200 MPa and 0.2, respectively. The behaviour of the mortar joints is sim-
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ulated through the insertion of an interaction property between all masonry surfaces into contact. The Authors have already validated this modelling approach in some previous research
[2,4,5]. In the local tangential direction, the response is ruled by frictional behaviour in which
the contribution of cohesion is neglected as suggested in [6]. In particular, a static friction coefficient P equal to 0.5 is assumed. In the normal direction, detachment is allowed with zero
stiffness while an almost infinite stiffness kn is assumed in compression to simulate a rigid
normal contact. Tangential and normal behaviour are assumed uncoupled. The mechanical
parameters adopted in the model are reported in Table 1.

H = 1.175 m
(6 x 12 x 24 cm)

L = 3.1 m

Figure 1: Geometry and discretization of the vault.

Blocks

Joints

ρ [kg/m3]

E [MPa]

ν [-]

μ [-]

kn [N/m3]

1800

1200

0.2

0.5

5·109

Table 1: Mechanical parameters.

2.2

Load conditions

The seismic performance of the cross vault is analysed through pushover analyses, by applying a monotonic lateral load to the structure. The analysis is divided in two steps: first the
gravitational acceleration is applied, then the horizontal acceleration is applied. Two different
inclinations of the horizontal acceleration are considered, i.e., θ = 0° and θ = 45°, the angle θ
being defined in Figure 2. It is noted that, because of the symmetry of the model, there is no
need to study both positive and negative directions.
The vault is confined by lateral Deformable Arches (DA) on three sides and by a rigid wall
on one side (Figure 3). The boundary arches are 27 cm thick (i.e., about twice the vault thickness) and 50 cm depth. The mechanical properties adopted for the DAs are the same adopted
for the masonry of the vault. Figure 3 also shows the fictitious plane which is introduced in
the model to simulate the unilateral constraint of a rigid wall: the head arch of the vault in
contact with the fictitious plane can detach from the plane, while it is prevented to compenetrate inside it. Similarly, contact between blocks of head arches and boundary structures is
defined using the same interface behaviour adopted in the block-to-block contact definition.
This means that normal compressive forces can arise, while no tension forces can develop.
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Shear forces along the planes of the boundary structures can be generated, depending on the
normal forces, according to the Mohr-Coulomb criterion.

Load

Figure 2: Push-over analysis: lateral load direction and control nodes.

Figure 3: Boundary conditions. Pinned supports in red.

3

PARAMETRIC ANALYSIS

A parametric numerical study is conducted with the aim of highlighting the effect of the
masonry apparatus. Table 2 reports the list of the performed simulations. The results will be
commented in the following sections.
ID
1
2
3
4

Pattern
R
D
R
D

Confinement
DA
DA
DA
DA

Angle [°]
0
0
45
45

Table 2: Parametric analysis.

4

RESULTS

By looking at the deformed shapes in Figure 4, it is possible to notice that the two vaults
behave quite differently. Note that the deformed shapes are plotted without boundary arches,
with the exception of plan and axonometric views, to better highlight the collapse mechanism
of the vaults. When θ=0°, the radial vault collapses due to the formation of a global mechanism characterized by four parallel hinges normal to the direction of the seismic action. On
the contrary, the diagonal vault does not experience a global collapse, but only one cap under-
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goes instability. When the angle of the seismic action is θ=45°, the deformed shapes show an
almost symmetric collapse mechanism on both radial and diagonal vaults, with respect to
groins, as visible in Figure 5. In particular, the radial vault shows the formation of parallel
hinges along the bed joints, once again denoting a global collapse mechanism. However, a
local failure occurs in the region along the groins, where the sliding and detachment of few
bricks take place. The diagonal vault shows a quite different crack pattern in comparison to
the radial vault and a local failure occurs at the head arches of two opposite caps.
Figure 6 plots the load-displacement curves in the case of horizontal acceleration along the xaxis direction (θ=0°), for both considered masonry patterns. Two different control nodes have
been chosen, in order to monitor the horizontal displacement in the x-direction: one node at
the crown of the vault and one node at the key of the head arch of one cap, as shown in Figure
2. The load factor is obtained by normalizing the sum of the horizontal forces at the abutments
to the vault’s weight W, including the weight of the lateral confinement structures. The markers in Figure 6 and Figure 7 are referred to the values of imposed displacement uc,Crown and
uc,Key that correspond to the activation of a failure mechanism.

Figure 4: Collapse shapes in Pushover analysis for θ = 0°: axonometric view (first row), x-z plane view (second
row), y-z plane view (third row), planar view with contour plot of uz displacement [m] (fourth row).
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Figure 5: Collapse shapes in Pushover analysis for θ =45°: axonometric view (first row), y-z plane view (second
row), x-z plane view (third row), planar view with contour plot of uz displacement [m] (fourth row).

They have been identified by monitoring the reaction forces at each support, referring to a
sudden decrease of force on the load-displacement curves, as visible in Figure 8.
In order to compare the capacity curves, the following quantities have been identified:
Rmax, peak value of the load factor;
•
uc,Crown, maximum horizontal displacement at the crown of the vault before the activa•
tion of a collapse mechanism;
uc,Key, maximum horizontal displacement at the key of one head arch before the activa•
tion of a collapse mechanism;
Kel, elastic stiffness, calculated as the ratio R60/u60 between the 60% of Rmax and the
•
corresponding settlement;
u80/u60, ductility parameter where u80 is the settlement corresponding to R80, i.e., to a
•
post-peak 20% reduction of Rmax.
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Table 3 reports the values of the above-defined quantities, while Table 4 reports their variation with respect to the radial pattern case for θ=0°. In particular, the table reports the variations in terms of ΔQ = (Qpattern-Qradial)/Qradial ∙100, where Q is the generic quantity.
It can be observed that the two vaults have quite similar capacity, with variations below 20%
with respect to the radial configuration for θ=0°. Also their behaviour in terms of elastic stiffness is similar, whereas the values of ductility differs greatly, depending on the considered
pattern and value of θ. Specifically, when θ=0° the diagonal vault is the one characterized by
the lowest elastic stiffness (14.52% lower than the radial vault) and by the highest reduction
of ductility with respect to the radial pattern (-53.08%). This last aspect is also visible in the
load displacement curves in Figure 6, by looking at the values of displacement of the control
nodes. As a matter of fact, in the radial vault, the horizontal displacement of the head arch is
only 1.16 times greater than the horizontal displacement of the crown of the vault, whereas in
the diagonal vault it is 2.65 times greater.

Figure 6: Capacity curves of confined radial and diagonal cross vaults for θ =0°.

Figure 7: Capacity curves of confined radial and diagonal cross vaults for θ =45°.
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Figure 8: Reaction forces Rx and Ry at the abutments vs. horizontal acceleration.

This means that the diagonal vault undergoes a partial collapse of one cap, but the crown
of the vault is still stable. The different deformation mechanism induced by the two brick laying techniques is also highlighted by the vertical displacement field of the vaults, plotted before the activation of a collapse mechanism. In the case of the diagonal vault it is clearly
visible how the damage is concentrated mostly in one cap, while the rest of the structure results almost undamaged.
When the direction of the seismic action is parallel to the groins, hence for θ=45°, the vault
arranged with the diagonal pattern provides the greatest increase of ductility (+31.67%), while
the radial vault suffers a decrease of ductility of about 8.84% if compared to the same vault
with θ=0°. The radial vault also experiences the greatest increase of elastic stiffness, being
20.61% greater than the loading condition with θ=0°.
Pattern

Rmax
[-]

uc,Crown
[m]

uc,Key
[m]

R60
[-]

u60,Crown
[m]

Kel
[N/m]∙106

u80 Crown
[m]

u80 / u60 []

Radial
θ =0°

0.469

0.131

0.169

0.282

0.0020

10.05

0.158

78.9

Diagonal
θ =0°

0.394

0.064

0.233

0.236

0.0019

8.59

0.072

37.02

Radial
θ =45°

0.419

0.109

0.118

0.251

0.0015

12.12

0.107

71.94

Diagonal
θ =45°

0.374

0.118

0.211

0.225

0.0014

11.07

0.150

68.45

Table 3: Critical quantities used for comparison between brick patterns.
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Pattern

ΔRmax [%]

ΔKel [%]

Δ(u80 / u60) [%]

Diagonal θ =0°

-16.07

-14.52

-53.08

Radial θ =45°

-10.68

20.61

-8.84

Diagonal θ =45°

-20.22

10.21

31.67

Table 4: Variation of peak reaction force, elastic stiffness and ductility compared to the radial vault with θ = 0°.

5

CONCLUSIONS
x In this paper the results of a parametric analysis on the seismic response of cross masonry vaults are presented.
x The geometry of an ideal vault is considered taking into account its detailed brick pattern.
x The FEM simplified micro-modelling approach is adopted for the discretization of the
volume of the structure, endowing the interfaces with tangential frictional behaviour and
normal rigid compressive contact. Free detachment is allowed under traction. Linear elastic behaviour is assumed for the masonry blocks.
x Two different brick patterns are considered, i.e., radial and diagonal. Static non-linear
analyses are performed, assuming two different directions of the seismic input in the horizontal plane, namely 0° and 45°.
x The results show that the influence of the brick pattern on the seismic response is limited
in terms of seismic load capacity and elastic stiffness, while it highly affects the ductility.
In particular, diagonal bed joints are able to provide the vault with almost twice displacement capacity.
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Abstract
This paper outlines the characterization of masonry walls composed of “Scaglia Rossa”, a
typical stone of the Apennine area between the Umbria and Marche Regions in Central Italy.
The study focuses the assessment of the mechanical behavior by means of an experimental
campaign carried out in the laboratory of the Polytechnic University of Marche, where the
samples of “Scaglia Rossa” masonry, obtained from the controlled demolition of three school
buildings, were reconstructed with the same techniques of the 1950s-‘60s, and then tested in
order to identify both the constituent materials, stone and mortar, and the composite masonry.
The experimental tests were prior to a numerical analysis implemented by the adoption of a
nonlinear model capturing the cracking behavior. The main mechanical parameters were
then calibrated by means of an optimization algorithm of Levenberg-Marquardt, considering
a continuous approach in macro-modelling techniques and obtaining resistance parameters
not deriving directly from the experimental tests. The comparison between the results obtained from the Levenberg - Marquardt algorithm by changing the parameters of the damage
model based on data given by the experimental campaign allowed to confirm the validity of
the approach used.
Keywords: Central Italy Earthquake, Masonry, Experimental Tests, FE Modeling, Levenberg
Marquardt Optimization Algorithm, Scaglia Rossa.
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1

INTRODUCTION

In the recent years all over the world an elevated number of seismic events was seen, especially in the southern subregion of Europe [1]–[4]. These events caused important damages to
the architectural heritage and lead to the need of in-depth investigation on the quality of materials and buildings. The features that complement a construction are, in fact, of fundamental
importance in order to acquire a complete comprehension of how historical building heritage
behaves under both static and dynamic loads. Italy, has been affected by diverse earthquakes
(Friuli (1976), Irpinia (1980), Umbria-Marche (1996-1997), Molise (2002), L’Aquila (2009),
Emilia-Romagna (2012), and Central Italy (2016-2017)) and the need to evaluate damage before a restoration project commenced was outlined. The occurred events characterized the
damage and collapse of a great number of buildings demonstrating how fundamental is to assess adequately restoration works since the common ground between the various cases is
made by poor quality mechanical characteristics of masonry, together with absence of connection between vertical and horizontal elements components that define the structures. The quality of masonry is determined by the features of both mortar and stone and presents in many
cases the starting point of the investigation for the diagnosis, since the processes of rehabilitation and restoration are accomplished if the actual state is known. The behavior of masonry’s
components (mortars and stones), becomes important since masonry is a composite material
that is obtained by joining artificial or natural bricks by means of mortar layers. Due to this
above-mentioned reason, stiffness and resistance have great variability but can still characterize masonry materials by means of average values that are not only provided through means
of codes or manuals but also experimental campaigns. In most of the Italian Regions it was
seen that the seismic activity was intense through the centuries and especially in the area that
defines the Apennine region between Umbria and Marche where the heritage is characterized
by rural, vernacular masonry [5]. The material mostly used to define the construction techniques of the area is called “Scaglia Rossa” and is the focus of the experimental campaign and
numerical non-linear modelling approach of the present paper [6], [7]. In Section 2, the methodology for the experimental campaign is presented and it is explained also the numerical approach used to identify the results of the campaign numerically. Section 3 dwells in more
detail on the construction technique utilized for the components that were used during the experiments and Section 4 gives more detail on the numerical approach and damage evaluation
results that were defined. In Section 5 the summarized discussion and conclusions are found.
2

METHODOLOGY

The methodology that was followed for the present work is divided in three parts. The first
part contains the research done in bibliography for the identification of the construction
schemes that used the “Scaglia Rossa” material in the Apennine area and the in-situ campaign
that was done in order to identify visually the constructions and select the sample materials
that are to be used later in the laboratory experimental tests. The second part englobes the
tests that followed to identify the mechanical properties of the samples were done in the the
“Laboratorio Prove Materiali e Strutture” of the Polytechnic University of Marche (Ancona,
Italy). The test considered were divided in two categories, the first for the mortar and the second for the stone samples. In summary, these tests consisted of three-point bending tests, load
bearing tests for the mortar and “Scaglia Rossa” samples individually and shear - compression
tests for matrices that were constructed in the laboratory, following the double leaves technique. The third part was initiated once the results of the experimental campaign were known.
It was then that the numerical modelling began and was done in order to calibrate with the
Levenberg-Marquardt algorithm present in the open source software Code_Aster, the non-
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linear Mazars damage model parameters onto the experimental results, [8]–[12]. This was
done to see if the algorithm can calibrate the parameters and to confirm numerically with a
macro-model approach the evolution of the damage seen in the experimental campaign.
3

CASE STUDY

In the Apennine area, after the II World war, the zones between Marche and Umbria were
built with a relatively new, compared to the older techniques, local material that was easily
available and abundant called “Scaglia Rossa”. This material monopolized the market in the
years between the 50’s and 60’s instead of bricks, tuff and concrete blocks that were also later
introduced. Coming into more recent years and specifically concentrating attention on the
2016-2017 seismic sequence and the damages it caused in Central Italy, the examinations of
engineers reported that the structures consisting of this limestone were considerably damaged.
The damage reports consider at the end of the seismic sequence cases of disintegration of the
masonry, and out-of-plane mechanisms were rare compared to frequent cracks encountered on
the examined panel planes.
The experimental campaign was carried out in the “Laboratorio Prove Materiali e Strutture” of the Polytechnic University of Marche (Ancona, Italy), where the samples of “Scaglia
Rossa” masonry were accumulated. The samples derived from three school buildings [13]–
[15], were controlled demolitions were done. The samples then were assembled using the
construction technique of 1950’s – 60’s and were tested in order to identify the mechanical
properties of the constituent materials, stone and mortar, and the composite masonry. Initially,
load bearing tests were carried out for the selected “Scaglia Rossa” specimens and tested to
measure the compressive resistance of the limestones. Afterwards, four matrices were assembled with a cement mortar mixture with percentages that were found in literature to near the
construction technique of the initial period (1950’s – 60’s). Mortar samples were extracted
and tested with three-point bearing and load bearing tests (on the remaining portions), after 28
days of curing.
Diverse FE models were developed to reproduce the data acquired by the experimental
campaign and a calibration process was executed with the Levenberg – Marquardt algorithm
present in open source software Code Aster, developed by EDF (Eletricité de France), in order to obtain the parameters that characterize the non-linear evolution and could not be directly measured from the experimental tests.
4

SPECIMENS SETUP AND MECHANICAL CHARACTERIZATION

The constructed walls for the masonry mechanical parameters evaluation are four in number and are made with samples of different sizes and shapes utilizing a double leaves technique (Figure 1). Two different kind of tests were performed: a load bearing test in order to
establish the behavior under vertical static loads on one wall and load-bearing tests in order to
establish the resistance to horizontal loads acting in the plane for all three walls. The dimensions of the four constructed walls are reported in Table 1.
Base Length Height
(mm) (mm)
(mm)
Wall matrix n.1 760
846
500
Wall matrix n.2 750
862
500
Wall matrix n.3 720
860
500
Wall matrix n.4 740
857
500
Table 1: Wall specimens’ geometrical properties
Wall N.
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Figure 1: Construction process followed for the wall specimens with "Scaglia Rossa" limestone applying the double leaves technique.
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The load bearing test for the wall matrix follows the Italian legislation and is provided by
UNI EN 1052-1:2001. This experiment aimed to understand the level of axial force that ca be
supported by the composite specimen and to provide indications in presence of only vertical
forces. The force-displacement curve was obtained by using two LVDT between the frame
and the steel plate in the top of the specimen to gain the displacement (Figure 2).

Figure 2: Load-bearing - shear apparatus with example of one matrix specimen. The numbers
indicate the dimensions of the apparatus and the positioning of the strain gauges used to
measure displacements (measures in mm).

Figure 3: Force - Displacement (kN - mm) evolution curve with the enveloped curve of the
Wall#4 that was subjected to load-bearing test.
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The results indicate that the range between 0 – 800 kN the displacement values are almost
null, while the in the range between 900 – 1200 kN there is augmented displacement. The
peak of the curves is found in the 1800 kN range where a clear plateau is visible (Figure 3).
Once the horizontal evolution was observed, three ulterior cycles were applied to evaluate residual displacements and possible accumulated damage. The wall had reached its ultimate
limit and is able to withstand numbers of cycles without a decrease in stiffness (Figure 4).

(a)

(b)

(c)

Figure 4: (a) Installed displacement transducers on the wall matrix, (b, c) damage on the specimen caused by the load - bearing test.
For the shear-compression tests a constant precompression load of 400 kN was applied and
kept constant during the entirety of the procedure. Afterwards, the hydraulic actuators are activated once the stabilization of the vertical force has occurred. The resulting shear forcedisplacement curves of the three specimens are shown in Figure 5.

Figure 5: Summary of the horizontal force (kN -mm) curves of the specimens subjected to
load-bearing-shear tests
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All the performed tests showed homogeneity in their behavior, with a maximum resistance
standing above 500 kN except for local criticalities. In more detail, Wall#1 retains the maximum force applied at 580 kN with the displacement arriving at 2.6 mm or the drift is 0.31%.
For Wall#2, the maximum force stands at 500kN for a drift of 0.18% and Wall#3 a maximum
force of 580kN is observed for a drift of 0.22%. The drift values are comparable with values
encountered in National Standards for nonlinear analysis of masonry’s walls. The absence of
plateau is given to the highly fragile behavior of the specimens once the maximum force is
reached. The damage observed indicates in all the specimens a diagonal rupture due to compression and shearing and in some cases panel disintegration when the maximum force applied was reached (Figure 6).

Figure 6: Damaged specimens at the end of the load-bearing-shear test for Wall#1, Wall#2
and Wall#3.
The non-monolithic behavior of such matrix is well represented and does confirm the behavior found commonly in stone walls made by substantially joined faces with diatones
providing connections transversally.
5

NUMERICAL METHODOLOGICAL ANALYSIS AND RESULTS

Once the experimental campaign was concluded, with the geometrical information received, diverse Finite Element models were developed for each test of the campaign. To consider the material non linearities, Mazars damage model was considered, and a calibrations
process was followed. The process had as its objective the calibration of Mazars damage
model parameters (Isotropic scalar damage model), with the Levenberg – Marquardt algorithm,[16], in order to capture the force – displacement curves course and to visualize and
evaluate the resulting damage coming of the specimens at the end of the experimental campaign on macro – models, [17]–[21].
The model for the analysis and calibration of Mazars damage model was constituted by
3887 nodes and 16930 tetrahedral elements. For the load-bearing model, the nodes number
arrives at 4231 while the tetrahedral elements are 16445. The left side panel substitutes the
place of the two hydraulic heads with an equivalent plate. The decision to model this part was
to reduce possible errors of the calculation by mesh incompatibilities. The loading was given
at the top and left face of the equivalent steel plates of the model while the bottom side is
fixed (Figure 7).
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Figure 7: Macromodel geometry and mesh representation

Figure 7: Comparison between the experimental and numerical force - displacement curves
(kN - mm), results of the macro-modelling approach.
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The results of the calibration by the Levenberg – Marquardt algorithm, obtained under the
form of force – displacement curves and the fit with the experimental curves is shown in Figure 8 and the values product of the optimization process in Table 2. In all cases, it was possible to capture the progress of the compression – shearing with discrepancies shown for
Wall#2 and Wall#3 that was caused by progressive disaggregation of the materials during the
experimental tests.
Wall #
(1)
(2)
(3)
(4)

E
(MPa)

ν

At

Ac

Bt

Bc

k

E0
(10-5)

4049.3 0.243 1.120 0.158 5020 99.3 0.808 5.66
3000.0 0.400 1.170 0.843 6800 0.10 1.090 0.108
4843.8 0.150 0.460 0.223 7260 104.0 0.700 0.0276
8000.0 0.400 0.191 0.017 14000 136.0 0.258 40.40
Table 2: Calibration results of Mazars damage model parameters

Error
(%)
1.56
3.69
3.94
13.21

(a)

(b)

(c)

(d)

Figure 8: Numerical damage evolution for (a) Wall#1, (b) Wall#2, (c) Wall#3, (d) Wall#4.
The damage of the numerical models is concentrated to the upper-right and lower-left sides
of the specimens and evolves later in the middle part of the specimens where the diagonal
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damage is evident. In comparison to the actual damaged state of the specimens, visually the
damage is found to evolve diagonally and at the base of the specimen, so the numerical propagation in this point seems to be visually in good correspondence as can be seen in Figure 8.
The damage evolution is initially concentrated in the inverse diagonal in respect to the experimental schemes. While the shearing process continues so does the damage in the correct diagonal direction and it is at that point that it corresponds to the results of the campaign.
6

CONCLUSIONS

The studies of the present work are carried out to assess the mechanical behavior of masonry walls build utilizing the “Scaglia Rossa” stone, a material typical of the area that encircles the Apennine regions between Umbria and Marche in Central Italy. Diverse experimental
tests and numerical analyses by finite element method were performed with the aim to provide quantitative indications for the professionals that are involved in the reconstruction and
rehabilitation works in the area affected by the renowned earthquake of Central Italy in 2016.
The experimental campaign involved several tests on the constructed masonry composite that
was reconstructed using techniques adopted in 1950’s and 1960’s. The specimens, in presence
of shear loading, demonstrated an evident fragile behavior connected with the diagonal failure
due to compression and shearing deformations. This characteristic mechanism was observed
in all investigated cases. Also, several finite element models were developed aiming to reproduce the resulting data of the experimental campaign. This work was assisted by a calibration
process by the Levenberg – Marquardt algorithm to fit the numerical process on the experimental results and validate if Mazars damage model can reproduce the specimen’s evolution
of damage. The results obtain under the form of force – displacement curves on a macro –
modelling approach and reproduced the experimental behavior visually. The summary of both
experimental and numerical approaches appear to be of importance in order to define the nonlinear and numerical behavior of the material “Scaglia Rossa” masonry, in order to be utilized
under design orders for specific restoration projects whose focus is based on structural fragilities featuring the recent seismic activities.
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Abstract
The seismic vulnerability of masonry towers is a critical research field and it has an important role in the preservation of worldwide conservation of such kind of masonry building.
Indeed, masonry towers have a very high seismic vulnerability and are often located in high
seismic hazard zones. Researches about this topic have become even more frequent in the
last decades. However, the results about the seismic behaviour of the masonry towers are still
limited and further researches are needed. This paper aims to study the value of the behaviour factor (usually called q-factor or R-factor) of ancient masonry tower-like structures. This
parameter provides quantitative information about the ductility of the tower and it can be
computed by the capacity curve of the structure. In particular, the pushover curve can be bilinearized, and the q-factor can be computed according to the equal dis-placement or equal
energy rule. The bilinearization of the capacity curve implies the knowledge of the ultimate
displacement, whose computation is not a trivial task for this kind of structures because the
capacity curves usually computed for such structures are apparently infinite ductility curves
and the ultimate displacement cannot be directly computed. Therefore, an innovative pushover method (called “manual” pushover) has been formulated and implemented in a Matlab®
code to achieve the q-factor computation goal. The tower is modelled by a vertical cantilever
beam with lumped plasticity and it is loaded by self-weight and a user-defined horizontal distributed load profile. The non-linearities are modelled by the Moment-Curvature diagram of
the cross-section where the plasticity is lumped. These cross-sections are positioned along the
height of the tower splitting it into parts as uniform as possible in material and geometry
characteristics. It allows considering the influence of openings and irregularities. The capacity curve is built by curvature control; it is similar to a displacement control and it allows to
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capture the softening branch and, consequently, to compute the ultimate dis-placement. This
method is quick, computationally light and it has been properly benchmarked with FEM results. The obtained capacity curve fits the request of the q-factor computation method presented above. It is worth noting that the Moment-Curvature diagrams have been computed by
a Matlab code based on digital image processing. In particular, it can read the geometry of a
generic cross-section through its digital image representation and it automatically computes
the diagram according to equilibrium, compatibility and energy considerations. Finally, the
q-factor value has been computed for various real case-studies highlighting its strong variability on the tower geometry (e.g. slenderness and shear area). The results have been compared with the suggested behaviour factor given by the Italian Guidelines for Built Heritage
(2011) and it has been found that the code suggestions overestimate the tower ductility and
they are too limited.
Keywords: masonry towers; earthquake; simplified models; pushover; Matlab; behaviour
factor.
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1

INTRODUCTION

The seismic vulnerability of masonry towers is a critical research field and it has an important role in the preservation of worldwide conservation of such kind of masonry building.
Indeed, masonry towers have a very high seismic vulnerability and are often located in high
seismic hazard zones. Researches about this topic have become even more frequent in the last
decades. However, the results about the seismic behaviour of the masonry towers are still limited and further researches are needed.
Masonry towers have usually shown high seismic vulnerability [1–6] and their seismic response is complex and depends on various parameters, both mechanical and geometrical. In
[7,8], the authors have demonstrated that five collapse mechanisms (Figure 1) are the most
likely to occur and they depend on both slenderness and shear area.

a) n.1: vertical splitting in two parts

b) n.2: base rocking

c) n.3: overturning
d) n.4: a combinae) n.5: base sliding
with diagonal
tion of splitting and
diagonal overturncracks (“a la Heying
man”)
Figure 1 Collapse mechanism for masonry towers selected in [7] (images adapted from [7]).

Various analysis methods have been usually applied. Non-linear static and dynamic analysis are the most diffused analysis tools and they have been fully and successfully used in
[1,2,9–12]. Also, simplified methods have been introduced, like the kinematic limit analysis
has shown its accuracy and efficiency in various studies (e.g. in [7,8,13,14]). More sophisticated methods have been recently discovered, like the DEM modelling [7,15] or the NonSmooth Contact Dynamic method [16].
Towers specific features have been analysed too. In [17–19] is has been demonstrated the
importance of the tower inclination in their seismic assessment, while the influence of the surrounding buildings has been studied in [20].
This paper aims to study the value of the behaviour factor (usually called q-factor or Rfactor) of ancient masonry tower-like structures. This parameter provides quantitative information about the ductility of the tower and it can be computed by the capacity curve of the
structure. The capacity curve can be bi-linearized, and the behaviour factor may be computed
according to the equal displacement rule or equal energy rule.
The bilinearization of the capacity curve implies the knowledge of the ultimate displacement, whose computation is not a trivial task for this kind of structures because the capacity
curves usually computed by FE simulations for such structures are apparently infinite ductility
curves and the ultimate displacement cannot be directly computed.
To achieve this goal, an innovative pushover method has been developed by the authors
and it has been called “manual” pushover analysis. It is based on the modelling of the tower
as a cantilever beam with lumped plasticity and it is loaded by self-weight and a user-defined
horizontal distributed load profile.
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The non-linearities are modelled by the Moment-Curvature diagram of the cross-section
where the plasticity is lumped. These cross-sections are positioned along the height of the
tower splitting it into parts as uniform as possible in material and geometry characteristics. It
allows considering the influence of openings and irregularities.
The capacity curve is built by curvature control; it is similar to a displacement control and
it allows to capture the softening branch and, consequently, to compute the ultimate displacement. This method is quick, computationally light and it has been properly benchmarked with
FEM results. The obtained capacity curve fits the request of the q-factor computation method
presented above. The Moment-Curvature diagrams have been computed by a Matlab code
based on digital image processing. In particular, it can read the geometry of a generic crosssection through its digital image representation and it automatically computes the diagram
according to equilibrium, compatibility and energy considerations.
Finally, the q-factor value has been computed for various real case-studies highlighting its
strong variability on the tower geometry (e.g. slenderness and shear area). The results have
been compared with the suggested behaviour factor given by the Italian Guidelines for Built
Heritage (2011) and it has been found that the code suggestions overestimate the tower ductility and they are too limited. In particular, the suggestion made by the Italian Guidelines provides a double choice for the behaviour factor value: equal to 3.6 for regular towers and 2.8
for irregular ones. This value is used in the LV1 procedure proposed by guidelines, which is a
method to quickly study the seismic vulnerability of such structures. The behaviour factor
value is inversely proportional to the applied inertia horizontal forces; therefore its overestimation may lead to unsafe results. Similar final considerations have been produced also in
[21].
A real case-study will be considered: a Chinese masonry pagoda (the Longhu Pagoda). It
is the case study presented in [22], in which several FE pushover analyses have been carried
out. These data will be used in this paper.

Figure 2 Lumped plasticity model for the "manual" PO applied to the Longhu Pagoda.

The structure of this paper is as follow. Section 2 will briefly present the “manual” pushover method and its validation. Finally, in Section 3 the assessment of the behaviour factor
value is reported. Discussions and conclusions are drawn in Section 4.
2

THE “MANUAL” PUSHOVER ANALYSIS

Unfortunately, pushover analysis often needs sophisticated FE tools. Thus, a simplified
pushover method is presented for masonry towers seismic assessment. The computational cost
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is lower, and no FE software are needed. A similar method but with different algorithms and
analysis tools has been proposed in [23].
The tower is modelled as a cantilever beam with lumped plasticity. The plastic properties
are considered through the Moment-Curvature (M-χ) diagram where the plasticity is lumped.
The tower body is split into n parts, posing the horizontal cutting, particularly at openings and
irregularities. Each part has to be as uniform as possible in geometry and materials, similarly
to what is suggested by Italian guidelines [24] to apply the LV1 analysis. An example is represented in Figure 2.
The M-χ diagram has been computed by a Matlab subroutine the author has created that
can compute specific cross-sections properties based on a digital image processing of crosssection itself and equilibrium equations (a specific study will be published on this algorithm
by the authors, an example is shown in Figure 3). The diagram is computed by considering a
compressive axial force equal to the weight of the tower above the cross-section itself. The
material model is implemented through a non-linear stress-strain relationship with softening
both in tension and compression. Figure 4 shows the implemented stress-strain relationship,
while Table 1 reports the main mechanical parameters. The material properties have been
supposed according to the usual values of masonry models.

Figure 3 Example of the implemented M- χ diagrams.

Density
[kg/m3]
2000

Young’s Modulus
[MPa]
1600

Figure 4 The implemented stress-strain relationship.

Poisson’s Coeff.
[-]
0.2

[MPa]

[MPa]

1.5

0.075

Table 1 Main mechanical parameters.

The proposed “Manual” pushover analysis is performed in curvature control. It is a sort of
displacement control method that allows capturing the softening branch. The curvature is
progressively increased in a chooses cross-section (i.e. the first one that would fail, named
controlled cross-section). Both G1 and G2 (Figure 5) load distributions have been used. The
structure is statically determined, thus the bending moment diagram depends only on
equilibrium considerations and its expression will never lose its validity during the whole
analysis procedure. The usual formulas used to compute the bending moment distribution on a
cantilever beam have been used. The external horizontal load is progressively incremented
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and the equilibrium at each step is achieved. Through the bending moment at each crosssection and the related M-χ diagrams, the curvature distribution is computed along the height
and, subsequently the top displacement. Finally, the capacity curve is obtained by the base
shear and the top displacement at each step.

Figure 5 G1 and G2 load distributions.

The horizontal load value decrease after that the structure strength reaches its pick and the
same happen to the bending moment distribution. However, while in the controlled crosssection the curvature is continuously increased, the other cross-sections experience a decreasing in bending moment and the same happens to the curvature: linear unloading is implemented for them.
The method has been applied to real case-studies and its results have been compared to capacity curves obtained by FE simulations. It is the Longhu Pagoda which is a Chinese masonry pagoda and it is the case study presented in [22]. The data collected in this latter study are
presented here to show the validity of the “manual” pushover method.

Figure 6 The pagoda models.

In [22] peculiar considerations have been made on the slenderness influence by building
two fictitious models of the pagoda adding and removing two floors. In this way, the interiors
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and mass distribution are still plausible. The three models are shown in Figure 6 and the interested reader is remanded to [22] for further details about them. Therefore, three case-studies
will be presented in the following. The material model is reported in Figure 4 and Table 1.
Both G1 and G2 load cases have been considered and the pushovers have been carried out
along the z+ direction only (Figure 6).
The “manual” pushover results have been compared with the FEM pushover capacity
curves presented in [22] and carried in the Abaqus environment. The material models are similar in terms of a stress-strain relationship. Figures 7-9 shows the comparison between the capacity curves for the three models. The “Load Factor” is the ratio between the total base shear
and the total weight of the structure. A new phenomenon is here present: the snap-back of the
top displacement in the last phases of the analysis. This novelty has been possible to be
caught only thanks to the special pushover control parameter used (i.e. the curvature control
in the worst cross-section). Apart from the “+2 Model”, in which the predictions of the two
methods differ, in the other cases good agreement is achieved. These results will be used to
compute the behaviour factor of the pagoda.

Figure 7 Abaqus vs Manual POs: original model.

Figure 8 Abaqus vs Manual POs: “-2 Model”.

Figure 9 Abaqus vs Manual POs: “+2 Model”.

3

THE BEHAVIOUR FACTOR OF THE TOWER

To estimate the q-factor it has been decided to use the bi-linearization of the capacity curve
and then to apply the equal displacement rule or the equal energy rule. The bi-linearization
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procedure is taken from the Italian building code [25] and its schematization is shown in Figure 10. It is a function of the frequency content of the seismic action (its elastic-response
spectrum) and the natural period of the structure.

Figure 10 Equivalent bi-linear curve (adapted from [25]).

Figure 11 Equal displacement criterion (adapted
from [26]).

In particular, considering the elastic system and the elastic-plastic system (Figure 11), they
are related between each other according to the value of the natural period of the structure and
the period , which is the upper limit of the period of the constant spectral acceleration
branch in the elastic response spectrum that represents the seismic demand (as defined in the
Eurocode 8 [27]). In this case
(according to the spectrum defined by the Chinese
Building Code [28] for the site of the pagoda and presented in [22]). Two cases can be defined:
: the ultimate displacement is the same between the elastic and the elastica.
plastic system (Figure 11) (“equal displacement” criterion).
: the deformation energy is the same between the elastic and the elastic-plastic
b.
system (“equal energy” criterion).
The q-factor can be computed by Eq. (1).
(1)
where

. Note that

if

.

This method has been applied to the capacity curves obtained from the “manual” pushovers. As an example, the computations made on the capacity curve related to the “manual”
pushover performed on the original model along the z+ direction with a G1 load distribution
is shown in detail (Table 2 and Figure 12). Table 3 report the behaviour factors computed for
each case. It is worth noting that the behaviour factor changes as the applied load and the
height change. Moreover, the value computed for the “+2 Model” might be furtherly studied
due to the discrepancy between the “manual” pushover and the FE capacity curves.
It is noticeable that the behaviour factor values presented in Table 3 are lower than the values proposed by the Italian guidelines [24] and they are different from each other. This means
that what is suggested in [24] may lead to unsafe and unrealistic results in terms of seismic
vulnerability. Indeed, the Italian guidelines [24] propose two values of the behaviour factor:
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3.6 for regular towers and 2.8 for irregular ones and these suggestions are not confirmed by
this research.
FMAX

FY

dY

dU

T

TC

μ

q

[g]

[g]

[m]

[m]

[s]

[s]

[-]

[-]

0.14

0.131

0.039

0.09

0.6537

0.4

2.398

2.398

Table 2 q-factor assessment for the original model case (G1 load).

Figure 12 Capacity curve and the relative equivalent bilinear curve for the original model case (G1 load).

Model

Load Case

q
[-]

original

G1

2.398

original

G2

1.883

-2

G1

2.578

-2

G2

2.095

+2

G1

1.503

+2

G2

1.485

Table 3 Behaviour factor’s values

4

CONCLUSIONS

This paper has studied the value of the behaviour factor of masonry towers through an innovative pushover method that allows to capture the softening branch and thus, to apply the
bi-linearization procedure to the capacity curve to compute the behaviour factor.
The behaviour factor values have been computed for some case-studies: three Chinese masonry pagodas with different slenderness. The behaviour factor has been computed by the capacity curves of these structures obtained from the application of the “manual” pushover
method using both a G1 and G2 load distribution.
The computed values of the behaviour factors show that the suggestions of the Italian
guidelines may underestimate it. Indeed, the Italian guidelines [24] propose two values of the
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behaviour factor: 3.6 for regular towers and 2.8 for irregular ones and these suggestions are
not confirmed by this research.
Therefore, further analysis of this topic may be useful to better quantify the behaviour factor of masonry towers and to propose new guidelines. Indeed, the simple and reliable formula
may be very useful for practitioners for the safety assessment of the masonry towers. However, this study has shown that the behaviour factor may depend on several factors, among them
the geometry of the structures. To assess these dependencies, further researches will be needed.

REFERENCES
[1]
[2]
[3]
[4]
[5]

[6]
[7]
[8]
[9]
[10]
[11]
[12]

D’Ambrisi A, Mariani V, Mezzi M. Seismic assessment of a historical masonry tower
with nonlinear static and dynamic analyses tuned on ambient vibration tests. Eng Struct
2012;36:210–9. https://doi.org/10.1016/j.engstruct.2011.12.009.
Milani G, Casolo S, Naliato A, Tralli A. Seismic assessment of a medieval masonry
tower in Northern Italy by limit, nonlinear static, and full dynamic analyses. Int J
Archit Herit 2012;6:489–524. https://doi.org/10.1080/15583058.2011.588987.
Ge, C. MZT. Research on the Safety Evaluation of Ancient Stone Pagodas in the
Earthquake: a Case Study of Qingjing Pagoda. Chinese Cult Reli Res 2013:(02):46-50.
Jianli Y, Shengcai L. Study of the seismic damage regularity of ancient masonry
pagodas in the 2008 Wenchuan Earthquake. WIT Trans Built Environ 2013;132:421–
32. https://doi.org/10.2495/ERES130341.
Bertolesi E, DelGrosso A, Milani G, Minghini F, Tralli A. 3D FE pushover and nonlinear dynamic analyses of a masonry chimney before and after shortening.
COMPDYN 2015 - 5th ECCOMAS Themat Conf Comput Methods Struct Dyn Earthq
Eng 2015:2158–66. https://doi.org/10.7712/120115.3529.722.
Formisano A, Milani G. Seismic vulnerability analysis and retrofitting of the SS.
Rosario church bell tower in finale emilia (Modena, Italy). Front Built Environ 2019;5.
https://doi.org/10.3389/fbuil.2019.00070.
Sarhosis V, Milani G, Formisano A, Fabbrocino F. Evaluation of different approaches
for the estimation of the seismic vulnerability of masonry towers. vol. 16. Springer
Netherlands; 2018. https://doi.org/10.1007/s10518-017-0258-8.
Milani G. Fast Vulnerability Evaluation of Masonry Towers by Means of an Interactive
and Adaptive 3D Kinematic Limit Analysis with Pre-assigned Failure Mechanisms. Int
J Archit Herit 2019;13:941–62. https://doi.org/10.1080/15583058.2019.1645241.
Peña F, Lourenço PB, Mendes N, Oliveira D V. Numerical models for the seismic
assessment of an old masonry tower. Eng Struct 2010;32:1466–78.
https://doi.org/10.1016/j.engstruct.2010.01.027.
Casolo S, Milani G, Uva G, Alessandri C. Comparative seismic vulnerability analysis
on ten masonry towers in the coastal Po Valley in Italy. Eng Struct 2013;49:465–90.
https://doi.org/10.1016/j.engstruct.2012.11.033.
Valente M, Milani G. Non-linear dynamic and static analyses on eight historical
masonry towers in the North-East of Italy. Eng Struct 2016;114:241–70.
https://doi.org/10.1016/j.engstruct.2016.02.004.
Poiani M, Gazzani V, Clementi F, Milani G, Valente M, Lenci S. Iconic crumbling of
the clock tower in Amatrice after 2016 central Italy seismic sequence: Advanced
numerical insight. Procedia Struct Integr 2018;11:314–21.
https://doi.org/10.1016/j.prostr.2018.11.041.

517

De Iasio, Alessandro, Wang Peixuan, Milani, Gabriele and Ghiassi, Bahman

[13]
[14]
[15]
[16]
[17]
[18]
[19]

[20]
[21]
[22]
[23]
[24]

[25]
[26]
[27]
[28]

Milani G, Shehu R, Valente M. A kinematic limit analysis approach for seismic
retrofitting of masonry towers through steel tie-rods. Eng Struct 2018;160:212–28.
https://doi.org/10.1016/j.engstruct.2018.01.033.
Grillanda N, Valente M, Milani G. ANUB-Aggregates: a fully automatic NURBSbased software for advanced local failure analyses of historical masonry aggregates.
Bull Earthq Eng 2020;18:3935–61. https://doi.org/10.1007/s10518-020-00848-6.
Tavafi E, Mohebkhah A, Sarhosis V. Seismic Behavior of the Cube of Zoroaster Tower
Using the Discrete Element Method. Int J Archit Herit 2019;0:1–16.
https://doi.org/10.1080/15583058.2019.1650135.
Ferrante A, Loverdos D, Clementi F, Milani G, Formisano A, Lenci S, et al.
Discontinuous approaches for nonlinear dynamic analyses of an ancient masonry tower.
Eng Struct 2021;230:111626. https://doi.org/10.1016/j.engstruct.2020.111626.
Ferrante A, Clementi F, Milani G. Dynamic behavior of an inclined existing masonry
tower in Italy. Front Built Environ 2019;5:1–16.
https://doi.org/10.3389/fbuil.2019.00033.
D’Altri AM, Milani G, de Miranda S, Castellazzi G, Sarhosis V. Stability analysis of
leaning historic masonry structures. Autom Constr 2018;92:199–213.
https://doi.org/10.1016/j.autcon.2018.04.003.
Prizeman OEC, Sarhosis V, D’Altri AM, Whitman CJ, Muratore G. MODELLING
from the PAST: The LEANING SOUTWEST TOWER of CAERPHILLY CASTLE
1539-2015. ISPRS Ann Photogramm Remote Sens Spat Inf Sci 2017;4:221–7.
https://doi.org/10.5194/isprs-annals-IV-2-W2-221-2017.
Vaiano G, Venanzi I, Formisano A, Ubertini F. Seismic behaviour of isolate and
aggregate masonry towers: The case study of the sciri tower in Perugia. COMPDYN
Proc 2019;1:1441–59. https://doi.org/10.7712/120119.7010.19301.
Bocciarelli M. On the behavior factor of masonry towers. Soil Dyn Earthq Eng
2017;101:81–9. https://doi.org/10.1016/j.soildyn.2017.05.027.
De Iasio A, Wang P, Scacco J, Milani G. Longhu pagoda : Advanced numerical
investigations for assessing performance at failure under horizontal loads (in press).
Eng Struct 2021.
Bocciarelli M, Barbieri G. A numerical procedure for the pushover analysis of masonry
towers. Soil Dyn Earthq Eng 2017;93:162–71.
https://doi.org/10.1016/j.soildyn.2016.07.022.
Italian Ministry for Cultural Heritage. Assessment and mitigation of seismic risk of
cultural heritage with reference to the Italian Building Code (NTC2008). Directive of
the Prime Minister, 9/02/2011. G.U. no. 47, 26/02/2011 (suppl. ord. no. 54) (in Italian)
2011.
Italian Ministry for Transports and Infrastructures. CIRCOLARE 21 gennaio 2019, n. 7
C.S.LL.PP. Istruzioni per l’applicazione dell’«Aggiornamento tecniche per le
costruzioni"» di cui al decreto gennaio 2018. (19A00855) (in Italian) 2019:1–14.
Pisano B. Alla scoperta del “fattore di comportamento n.d.
European Commission. EN 1998-1 (2004) (English): Eurocode 8: Design of structures
for earthquake resistance – Part 1: General rules, seismic actions and rules for buildings.
n.d.
GB 50011(2016): GB 50011 Code for Seismic Design of Buildings, PRC. n.d.

518

&203'<1
WK(&&20$67KHPDWLF&RQIHUHQFHRQ
&RPSXWDWLRQDO0HWKRGVLQ6WUXFWXUDO'\QDPLFVDQG(DUWKTXDNH(QJLQHHULQJ
03DSDGUDNDNLV0)UDJLDGDNLV HGV 
6WUHDPHGIURP$WKHQV*UHHFH-XQH

FE PUSHOVER ANALYSES OF A 20TH-CENTURY MASONRY
CHIMNEY IN SPAIN: COLLAPSE BEHAVIOUR AND NUMERICAL
UNCERTAINTIES
Alessandro De Iasio1, Gabriele Milani2 and Jose M Adam3
1

University of Nottingham, Faculty of Engineering, Centre for Structural Engineering and Informatics
University Park, Nottingham, United Kingdom
alessandro.deiasio@nottingham.ac.uk
2

Politecnico di Milano
Department of Architecture Built Environment and Construction Engineering ABC, Piazza Leonardo
da Vinci, 32, 20144, Milan, Italy
gabriele.milani@polimi.it
3

ICITECH, Universitat Politècnica de València, Camino de Vera s/n, 46022 Valencia, Spain
joadmar@upv.es

Abstract
The seismic vulnerability of masonry chimneys is a critical research topic, and it has an important role in the preservation of such kind of structural type. Indeed, masonry chimneys
have a very high seismic vulnerability and are sometimes located in high seismic hazard
zones. Researches about this topic have become even more frequent in the last decades. However, the results are still limited, and further studies are needed. This paper aims to study the
seismic behaviour of a 20th-century masonry chimney located in Spain, focusing on its ultimate behaviour. In particular, various FE pushover analyses have been carried out in
Abaqus/CAE using a quite accurate 3D model of the chimney. The pushover analyses have
been made along the four principal directions, and both G1 and G2 load distributions have
been applied. The material properties have been chosen according to previous studies carried
out on similar structures because no specific experimental data were available. The obtained
capacity curves have been compared with each other, and the main weak points of the chimney have been pointed out. Finally, a sensitivity analysis has been done to better understand
the influence of the viscosity parameter on the pushover results in terms of ultimate capacity
and computational effort. The latter one is an input value of the Concrete Damage Plasticity
model, an Abaqus built-in material model, widely used to represent the non-linear behaviour
of masonry structures.

Keywords: masonry chimneys; earthquake; pushover; Finite Element Method; CDP; viscosity parameter; computational effort
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1

INTRODUCTION

The seismic vulnerability of masonry chimneys is a critical research topic, and it has an
important role in the worldwide conservation of such kind of masonry structures. Indeed, masonry chimneys have a very high seismic vulnerability and are often located in high seismic
hazard zones. Researches about this topic have become even more frequent in the last decades. However, the results about the seismic behaviour of the chimneys are still limited, and
further research is needed.
Generally, masonry tower-like structures have usually shown high seismic vulnerability
[1–6]; their seismic response is complex and depends on various parameters, both mechanical
and geometrical. Different analysis methods have been usually applied. Non-linear static and
dynamic analysis are the most used analysis tools, and they have been fully and successfully
used in [1,2,7–10]. Also, simplified methods have been introduced, like the kinematic limit
analysis has shown its accuracy and efficiency in various studies (e.g. in [11–14]). [15–17]
have demonstrated the importance of the tower inclination in their seismic assessment, while
the influence of the surrounding buildings has been studied in [18].
Chimneys are usually brickwork structures, and their typical high slenderness makes them
very vulnerable when subjected to horizontal actions: it has been highlighted in [19] that such
structures may be affected by several actions, and among them, earthquakes play a significant
role. Therefore, their ductility against horizontal loads is crucial. Specific studies on these
structures have been presented in [5,19–25].
This paper aims to study the ultimate behaviour of such structures by using some pushover
analysis carried out with Abaqus/CAE and applied to a real case-study: a 20th-century masonry chimneys located in Villar del Arzobispo (Spain) (Figure 1). It is almost 28m high, and the
base edge is 2.4m long. The base cross-section is a square and became octagonal after almost
5m from the ground. A small opening is present on one of the base facades, and it is directly
connected with the flue, which runs from the base to the top of the chimney with the same
shape as the exteriors. Figure 2 shows the 2D technical drawing of the chimney.

Figure 1: The chimney located in Villar del Arzobispo (Spain) used as a case-study of this research.
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Figure 2: Technical drawing of the Villar del Arzobispo’s chimney.

Different POs analyses have been produced, loading the chimney along the four principal
directions and using both the G1 and G2 load distributions (Figure 3). The material properties
have been chosen according to previous studies carried out on similar structures because no
specific experimental data were available. The plastic properties have been considered
through the Concrete Damage Plasticity (CDP) model, an Abaqus built-in material model,
widely used to represent the non-linear behaviour of masonry structures. The results have
been used to compare the capacity curves between each other and point out the chimney’s
main weak points. Finally, a sensitivity analysis has been done on the viscosity parameter.
The latter one is a numerical input value of the CDP, and it helps the analysis’s steps to converge by smoothing the yield surface. It has been often highlighted that the viscosity parameter increment tends to overestimate the ultimate capacity (e.g. in [26]). On the other hand, the
decreasing of the viscosity parameter increase the computational effort; therefore, a sensitivity
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analysis on this parameter may be helpful to better understand the influence of this parameter
on the pushover results.

Figure 3: G1 and G2 load distributions.

The structure of this paper is as follow. Section 2 will briefly present the pushover results
related to the analyses carried out on the four principal directions with fixed model properties,
while, in Section 3, the influence of some numerical parameters has been presented. Discussions and conclusions are drawn in Section 4.
2

THE FE PUSHOVER RESULTS

The pushover analyses have been carried out on a 3D Finite Element model in
Abaqus/CAE [27]. The FE model uses a 3D representation of the actual chimney geometry
(Figure 4), which has been built in the Autodesk Inventor environment starting from the
available 2D drawings.

Figure 4: 3D model of the chimney case-study.

It has been decided to adopt a macro-modelling approach, and, in light of this latter choice,
solid, homogeneous, and isotropic properties have been applied to the whole chimney body.
The material properties have been chosen following the study presented in [20], and the main
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mechanical parameters are shown in Table 1. The material non-linearities have been modelled
employing the Concrete Damage Plasticity (CDP) model, whose main parameters are reported
in Table 1 Main mechanical parameters.
. The compressive behaviour has been modelled by a brickwork feasible stress-strain relationship (Figure 5), while the fracture energy approach has been used for the tensile behaviour
(Figure 6). The fracture energy has been computed by Eq. (1) as suggested in [28], and it is
equal to 8.1 N/m.
G=0.025 (2st)0.7

(1)

Density r
[kg/m3]

Young’s Modulus E
[MPa]

Poisson’s ratio n
[-]

sc
[MPa]

st
[MPa]

1800

1500

0.15

3.5

0.1

Table 1 Main mechanical parameters.

Dilatation Angle

Eccentricity

fb0/fc0

Kc

Viscosity parameter

10°

0.1

1.16

0.667

0.0005

Table 2 Main parameters for the CDP

Figure 5: Compressive stress-strain branch to define
the compressive CDP part in Abaqus.

Figure 6: The post-failure tensile stress-fracture energy
curve used to define the tensile CDP part in Abaqus.

The chimney body has been meshed through the Abaqus’s automesh command. A seed
dimension equal to 0.2m has been input, and linear tetrahedral elements of type C3D4 has
been chosen. The model has a total number of 17289 nodes and 79666 elements. Figure 7
shows the meshed body, being possible to see that the discretisation is very refined. The element dimension may be considered adequate since the elements are linear.
The pushover analyses have been carried out along the four principal directions applying a
G1 load distribution and along the z+ direction involving a G2 load distribution. The capacity
curves have been built using the Load Factor (which is the ratio between the base shear and
the total weight of the structure) and the horizontal displacement of a control point located at
the top of the chimney. Both the letter quantities are related to the pushover direction. Furthermore, the tensile damage maps have been analysed.
Figure 8 shows the pushover analyses’ capacity curves along the four principal directions
using a G1 load distribution. It is worth noting that the four curves almost coincide; therefore,
the singularities of the chimney body, i.e. the small opening at the base, doesn’t play a crucial
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role in the seismic response (differently from [26], in which it has been shown that the opening at the base of the case-study pagoda constitutes a weak point for the overall dynamic response). Figure 9, instead, presents a comparison between the G1 and the G2 loads’
application along the z+ direction. As expected, the ultimate capacity in the latter case is
higher.

Figure 7: The meshed model .with 3D elements
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Figure 8: Capacity curves of the pushovers along the four principal directions.

Figure 9: Comparison between the G1 and G2 loads’ application along the z+ direction.

It could be interesting to highlight the phases of the damage spread. All the cases behave
qualitatively similar due to the approximative axial symmetry of the structure; thus, the damage evolution of the z+ case is taken as an example and presented in Figure 10. It is shown
how the loss of linearity is due to some horizontal cracks born on the tended fibres at a height
between 5m and 9m; then, an additional horizontal crack born at the base. The plateau is approached when the aforementioned cracks spread and propagate as inclined along the faces
parallel to the pushover load until collapse. Moreover, it is worth noting that the most critical
sections are those at a quota between 5m and 9m. The damage maps suggest that a collapse
mechanism based on a plastic hinge mechanism is activated. Based on [11], it is one of the
most probable collapse mechanisms in tower-like structures under seismic actions when the
structural slenderness is considerable.
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a) Tens. Dam. 1

b) Tens. Dam. 2

2

c) Tens. Dam. 3

d) Tens. Dam. 4

4

3

1

e) Capacity curve
Figure 10: Damage evolution in z+ pushover.

3

SENSITIVITY ANALYSES ON THE VISCOSITY PARAMETER

A sensitivity analysis is proposed to highlight how the viscosity parameter value influences
the analysis’s results. The authors decided to select the G1 load and the z+ direction and varying the viscosity parameter only (the used values are shown in Table 3).
Viscosity parameter
0.001
0.0005
0.0001
0.00005
Table 3: Viscosity parameter’s values used for the sensitivity analysis

Figure 11 shows the results of the sensitivity analysis. It is noticeable that the ultimate capacity significantly increases when the viscosity parameter is incremented. Moreover, the capacity curve’s length is directly proportional to the viscosity parameter’s value (the total load
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increments number is fixed to 1200). The authors expected both the latter facts since the viscosity parameter smooth the yield surface and helps the steps’ convergence and speed up. Increasing the viscosity parameter also increases the efficiency of the analysis by allowing
larger load increments at each step but overestimate the ultimate capacity. Therefore, those
who use the Concrete Damage Plasticity model in their studies must be aware of that and critically analyse the analyses’ results also in light of the selected viscosity parameter’s value.

Figure 11: Sensitivity analysis on the viscosity parameter value.

4

CONCLUSIONS

This study has presented some FE simulations carried out on a real 20th-century masonry
chimney located in Villar del Arzobispo (Spain). Pushover analyses have been carried out using the FE software Abaqus/CAE on a quite accurate 3D model of the case-study. Different
simulations have been presented: various pushover analyses along the chimney along the four
principal directions, using both G1 and G2 load distributions. The material properties have
been chosen according to previous studies carried out on similar structures because no specific experimental data were available, and the plastic properties have been represented through
the Concrete Damage Plasticity (CDP) model, which is an Abaqus built-in material model,
widely used to represent the non-linear behaviour of masonry structures.
The results have been used to compare the capacity curves between each other and point
out that the main weak points of the chimney are the cross-sections at a quota between 5m and
9m. Finally, a sensitivity analysis has been done on the viscosity parameter. The latter one is a
numerical input value of the CDP, and it helps the analysis’s steps to converge by smoothing
the yield surface. It has been often highlighted that the viscosity parameter increment tends to
overestimate the ultimate capacity. On the other hand, the decreasing of the viscosity parameter increase the computational cost; therefore, a sensitivity analysis on this parameter may be
helpful to better understand the influence of this parameter on the pushover results. Results
confirmed that the viscosity parameter significantly affects the ultimate capacity.
This paper aims to present an overview of the seismic vulnerability of the selected casestudy. These results allowed to estimate the order of magnitude of the collapse acceleration
and the main weak points of the structure. Moreover, the results have shown the importance
of the modelling choices in terms of numerical parameters of the material model. However,
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different windows remain open, and the authors intend to continue the research work carrying
out non-linear dynamic analyses with both real and artificial accelerogram and testing innovative and simplified methods that would allow fast analyses (which might be useful in case of
scale campaigns) or the calculation of the ultimate displacements needed to carry out eventual
Displacement Based Design procedures. In this framework, simplified beam models or kinematic limit analysis procedures might be applied.
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Abstract
This paper highlights the main objectives and some of the results of an extensive structural
health monitoring (SHM) project recently started in Khiva, Uzbekistan. The research team
consisted of experts from the University of California, Berkeley (Berkeley, USA) and Urgench
State University (Urgench, Uzbekistan). The paper presents results for the Juma Mosque in
Itchan Kala. The structural health monitoring project was planned as a comprehensive study
consisting of three major phases. In Phase 1, a terrestrial laser scanner was deployed to capture 3D geometry and identify anomalies in the monument’s geometry. In this phase, the
monument’s geometry was captured as a collection of points, the so-called “point clouds”. In
Phase 2, a finite-element (FE) model based on the as-found geometry of the point clouds was
generated. This model was generated to optimize placement of the conventional instruments
to be used in Phase 3. A number of structural anomalies were discovered during Phase 1 and
all of them are incorporated into the FE model. In Phase 3, there is a plan to monitor the
monument by means of conventional instruments (accelerometers, displacement transducers,
temperature gages and others). Accelerometers will be used to measure the resonant frequencies due to ambient vibrations. Displacement transducers will be used along with temperature
gages to monitor the opening and closing of cracks under different thermal conditions and to
measure the long-term growth trends of the cracks. The FE model will be updated based on
the results of Phase 3. Preservation and restoration strategies will be developed based on the
performance of the FE model under static and dynamic loads.
Keywords: Heritage Building Preservation, Laser Scanning, Finite Element Modelling,
Structural Dynamics.
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1

INTRODUCTION

This paper presents some of the results of the ongoing structural health monitoring program being conducted in Khiva, Uzbekistan. This paper focuses on the finite element (FE)
modelling of the Juma Mosque in Itchan Kala, the inner city of Khiva. The main objective of
the modelling is to develop an accurate representation of the actual monument so it can be
investigated for seismic loading. The geometry of the FE model is based on the 3D point
cloud collected during Phase 1 of the project. The main objective of Phase 2 is to generate a
FE model with some assumptions about material properties. The next phase (Phase 3) will
include field studies by means of conventional instruments: accelerometers, displacement
transducers and thermocouples, to name a few. Since the number of instruments is limited and
the access duration to the site is tight, the locations of the instruments need to be optimized to
collect valuable information with the limited resources and within a reasonable timeframe.
The results of this portion of the work are discussed herein. The model will be updated later
based on the results of Phase 3.
2

GEOMETRY BASED ON POINT CLOUDS

The results of Phase 1 were published earlier [1]. As presented in Figure 1, the heritage
structure consists of a courtyard surrounded by walls and a minaret incorporated into its north
wall. The courtyard is covered by a roof that is supported by numerous timber columns. The
heritage structure was scanned by ScanStation C10 from Leica Geosystems [2] and the socalled registration of the point clouds was conducted in Cyclone [3], also from Leica Geosystems.

a)

Aerial view from Google Maps

b) Point cloud

Figure 1: Juma Mosque [1].

3

MODELLING OF MINARET

The minaret was modelled in SAP2000 [4] by utilizing solid 3D elements and some results
were published earlier [5]. In this study of the minaret the interaction of the minaret with the
walls was not considered and as such, the monument was studied as a stand-alone structure as
presented in Figure 2. In this paper, the minaret’s model is integrated into the walls of the heritage structure. From the analysis of the point clouds, it was observed that the minaret’s axis is
inclined in respect to the vertical gravitational axis. This imperfection is included into the
model discussed herein.
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a)

Bottom (left) and top (right) sections

b) 3D mesh

Figure 2: Model of minaret [5].

4

MODELLING OF WALLS

The walls of the heritage structure were also modelled in SAP2000 [4] by utilizing solid
3D elements. A global view of the heritage structure with a vertical reference plane crossing
the wall is presented in Figure 3a. A plane view of the typical cross section of the wall’s point
cloud is presented in Figure 3b. In this image, a spacing between the grid lines is 0.25 m and
one of the vertical grid lines is selected to be parallel to the inner wall. Based on the image,
the following was concluded. First, the overall height of the wall is about 5 m and the roof
starts at about 4 m. Second, the wall thickness at the very bottom is about 1.0 m and about
0.75 m at the roof level. Third, the outer surface of the wall has a slope in respect to a vertical
line. Fourth, the inner surface of the wall is very close to vertical.

a)

Section in 3D point cloud

b) View in X-Z plane

Figure 3: Typical geometry of wall’s cross section.

The overall length of the north wall is presented in Figure 4. A length of each wall was
published earlier [1] and the corner locations are shown in Figure 5. All of this information
was used in the generation of the FE model.
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Figure 4: Overall length of north wall.

Figure 5: Plan view at Z=4.85 m: corner locations.

The openings in the north and east walls shown in Figure 6 were also taken into account.
The opening in the north wall right next to the minaret serves as the main entrance into the
heritage structure.
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a)

East wall

b) North wall
Figure 6: Wall openings.

5

MODELLING OF ROOF DIAPHRAGM

The roof diaphragm was modelled by shell elements in SAP2000. Based on the measurements of the point clouds, the spacing between the columns was very close to 3 m as presented in Figure 7a. A typical view inside of the courtyard is presented in Figure 7b. A proper
selection of the boundary conditions closely replicating the support columns is very important
to ensure that the model closely represents the heritage structure. In the majority of cases the
column has a narrow end at its bottom, which is installed into a stone or concrete footing as
presented in Figure 8a. The interface between the narrow end and the concrete or stone is
packed with a soft material as presented in Figure 8b. Therefore, it was assumed that the columns are free to rock and as such, roller type boundary conditions were assumed under the
roof diaphragm at the locations of the columns.

a)

Spacing between columns

b) Typical inside view in the courtyard
Figure 7: Support columns.
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a)

Typical layout of columns

b) Boundary conditions at bottom of columns

Figure 8: Support columns: details.

There are two skylights in the roof as presented in Figure 9. They were also introduced into
the roof model as openings in the diaphragm.

a)

Two skylights

b) Typical dimensions

Figure 9: Skylights in roof diaphragm.

6

FINITE ELEMENT MODEL

A final model of the heritage structure that consists of the walls, minaret and roof diaphragm is presented in Figure 10a. It was assumed that there is a rigid connection between
these major components of the model. A modal analysis was performed. A typical result
showing the first modal shape is presented in Figure 10b. The first modal shape is associated
with the first flexural vibration mode of the minaret.
The second mode was also associated with the first flexural mode of the conical body in a
horizontal plane orthogonal to the one of the first mode as presented in Figure 11a. The third
mode was also associated with the minaret’s vibrational mode and corresponded to a second
mode of the conical body as presented in Figure 11b.
The fifth modal shape was associated with the minaret and represented the tortional mode
of the vibrations of the conical body. The modal shapes 6, 7, and 8 corresponded to the higher
modes of the minaret. Only starting from mode 9 a vibration mode of the walls was observed
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as presented in Figure 12a. The modal shape of the east and west walls are shown in Figure
12b.

a)

b) 1st modal shape

FE model

Figure 10: FE model and 1st modal shape.

a)

2nd modal shape

b) 3rd modal shape

Figure 11: Typical results of modal analysis: minaret modes.

a)

9th modal shape

b) 11th modal shape

Figure 12: Typical results of modal analysis: wall modes.
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Estimates of the following frequencies were obtained for the assumed material properties.
The first resonant frequency of the minaret is about 2.2 Hz. The estimates of the resonant frequencies of the walls were greater than 20 Hz. The resonant frequency of the roof is greater
than 27 Hz. To capture the first three modes of the minaret the accelerometers in Phase 3 will
be installed at the elevations shown in Figure 13.

Figure 11: Typical results of modal analysis: wall modes.

To capture the torsional mode of the minaret the accelerometers will be installed at diametrically opposite locations of Elevation 0 and Elevation 3.
7

CONCLUSIONS

A detailed finite element model of the Juma Mosque in Uzbekistan was generated. The geometry of the heritage structure was obtained from the point clouds captured by a laser scanner. Typical material properties for brick masonry and timber were assumed. The modal
analysis of the FE revealed the following.
x The first eight resonant frequencies of the heritage structure are associated with various
flexural modes of the minaret.
x The wall frequencies are greater than 20 Hz.
x The roof frequency is greater than 27 Hz.
x A placement of accelerometers in the upcoming Phase 3 of the project was optimized
based on the analysis of modal shapes. The FE model will be updated after ambient vibration studies of the heritage structure which is the main objective of Phase 3.
8
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F. Clementi1, A. Ferrante2, E. Giordano2 and S. Lenci1
1

Department of Civil and Building Engineering, and Architecture, Polytechnic University of Marche,
via Brecce Bianche, 60131, Ancona, Italy
e-mail: {francesco.clementi, s.lenci}@univpm.it

2

Department of Civil and Building Engineering, and Architecture, Polytechnic University of Marche,
via Brecce Bianche, 60131, Ancona, Italy
e-mail: {a.ferrante, e.giordano}@pm.univpm.it

Abstract
Advanced numerical modelling of the masonry “Apennine Church” of Santissimo Crocifisso
in Pretare, Arquata del Tronto (AP), was here utilized to have an insight into the dynamic
properties and behavior of the structure under strong nonlinear dynamic excitations. The objectives were achieved by comparing nonlinear dynamic analyses through discontinuous and
continuous approaches. In the discrete element approach, the Non-Smooth Contact Dynamics
method, implemented in LMGC90©, was applied, adopting a full 3D detailed discretization.
The Church was schematized as an arrangement of discrete rigid blocks, subjected to sliding
by friction and perfect plastic collisions, governed by Signorini’s impenetrability condition
and dry-friction Coulomb’s law, with a null restitution coefficient. In the finite element approach, the Concrete Damaged Plasticity model available in Midas FEA NX© was involved.
This model allows reproducing the tensile cracking, the compressive crushing, and the degradation of the material under cyclic loads. At the end, the structure exhibited a complex dynamic behavior, because of the geometrical nonlinearity and the non-smooth nature of the
contact laws. Finally, the numerical analyses provided a valuable picture of the actual behavior of the church, which is mandatory for future strengthening interventions.
Keywords: Masonry, Dynamics, Nonlinear Dynamic Analysis, Non-Smooth Contact Dynamics Method, Concrete Damaged Plasticity.
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1

INTRODUCTION

Over the years Italy has seen a succession of strong and frequent seismic events. This predisposition is because the peninsula is located on two tectonic plates, the Eurasian and the African, which by pushing themselves accumulate energy that causes earthquakes when released.
The boundary line of these tectonic plates covers all the Apennines and the Alps, which are
precisely the places where strong seismic events have developed most frequently. The most
recent sequence took place between 2016 and 2017 and hit the mountain area of four regions
of Central Italy: Abruzzo, Lazio, Marche, and Umbria. As visible in Figure 1, the first strong
shock of magnitude 6.0 was recorded on 24th August 2016 with epicenter between the municipalities of Accumoli, Amatrice and Arquata del Tronto. This was the shock that caused most
of the damage to the town of Arquata del Tronto, in fact there was a level of damage of the X
degree of the European Macroseismic Scale (EMC). In the following days and months, nine
thousand tremors were recorded, of which nine with a magnitude equal to or greater than 5 [1].
Relevant were those of 26th October 2016 with magnitude 5.4 and epicenter between Castelsantangelo sul Nera, Visso, Ussita and Preci and that of October 30th 2016 of magnitude 6.5
with epicenter between Norcia, Castelsantangelo sul Nera and Preci.

Figure 1: The Central Italy seismic sequence of 2016 (source: http://itaca.mi.ingv.it) and the geographic location
of Pretare in the municipality of Arquata del Tronto (AP).
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The case study analyzed in this research work is the Santissimo Crocifisso Church located
in Pretare, municipality of Arquata del Tronto in the province of Ascoli Piceno (AP) (Marche
region, Central Italy). For its position near the epicenters of the main strong motions, the
structure suffered severe damages during the 2016 seismic sequence. To investigate in depth
the nonlinear behavior of the structure, comparative work was carried out on continuous and
discontinuous approaches applying the Concrete Damaged Plasticity (CDP) model and the
Non-Smooth Contact Dynamics (NSCD) method, respectively. Other applications on towers
[2–5] and churches [6–8] are introduced in the literature, but a comparison of these methods
has not yet been developed.
2

HISTORICAL AND GEOMETRIC DESCRIPTION OF THE CHURCH

The origins of the Santissimo Crocifisso Church are not known and the first information
showing its existence dates to the 15th century, when it was dedicated to Santa Maria della
Cecca. During these years, the church was used sporadically and left in a state of neglect. The
first restoration interventions were executed between 1910 and 1911. In these years, the
church was almost completely rebuilt, the interior paintings were realized and the two niches
on the lateral walls were created. After this restoration, the church was dedicated to the Santissimo Crocifisso in honor of an ancient wooden crucifix recovered from the old parish. In
1950 the church was deconsecrated and used as a parish theater. After the works of 1970 (reconstruction of the roof, reconstruction of the floor, and construction of the steeple in reinforced concrete (RC)) the church was reopened for worship. After the 1997 Umbria-Marche
earthquake, the church presented extended damages. In the years 2014-2015 a new restoration
was carried out, including interventions to improve the structural response. The masonry was
reinforced with interventions of “scuci e cuci” and injection of mortar. A steel curb was inserted at the top main façade and the wooden roof was completely rebuilt. Finally, the church
suffered severe damages following the 2016 Central Italy earthquakes, until its closure for
safeguard reasons. Indeed, after these events, the church exhibited deep cracks and masonry
disaggregation damages on the upper part of the main façade and extended cracks at the connections of the nave walls (see Figure 2). All of the masonry walls introduce the activation of
overturning mechanisms.

Figure 2: Crack pattern of the Santissimo Crocifisso Church in Pretare (Arquata del Tronto, AP) after the earthquakes of 2016 on 1) the main façade and the 2) North and 3) West facades.

From a geometric point of view, the structure introduces a rectangular plan measuring
11.94 m x 7.24 m and it is covered by light vaults in camorcanna, as visible in Errore. L'origine riferimento non è stata trovata.. The structure reaches a maximum height of 10.59 m
in correspondence with the steeple. Two single arched openings are on the lateral sides of the
nave and a semicircular opening is located above the portal of the main facade. The bearing
masonry structure is characterized by local stone and travertine. The steeple and the curb at
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the top of the main facade are built with reinforced concrete. Finally, the roof is made of
chestnut wood.

Figure 3: Geometric configuration of the Santissimo Crocifisso Church in Pretare (Arquata del Tronto, AP).

3

COMPARISON OF THE FINITE AND DISCRETE ELEMENT

In this comparative work, the FEM and DEM modeling are used to analyze the case study.
Both models were subjected to nonlinear dynamic analyses considering the three main shocks
of the 2016 Central Italy sequence: 24th August 2016, 26th October 2016, and 30th October
2016. The events recorded in the surrounding area of the church and in the epicenters were
applied at the base of the FE and DE models in Figure 4. Strong motions of 10 seconds were
considered in sequence, with 5 seconds of rest among them.

542

F. Clementi, A. Ferrante, E. Giordano and S. Lenci
Figure 4: a) FE and b) DE models of the Santissimo Crocifisso Church in Pretare (Arquata del Tronto, AP).

3.1

Finite Element model

The continuous model was accurately reproduced using tetrahedral 3D elements of average
size 0.4 m. In total the model is composed of 23020 elements, 6283 nodes and 19782 degrees
of freedom (see Figure 4a). The foundations were simulated by preventing both the displacements and the translations of the base nodes, while the presence of the camorcanna vaults was
taken into consideration as an additional mass on the lateral walls of the nave.
To simulate the nonlinear behavior of the masonry, the Concrete Damage Plasticity Method (CDP) implemented in the Midas FEA NX© software was used. This type of modeling
developed by Lubliner [9] and implemented by Lee & Fenves [10] was initially used for the
study of reinforced concrete but subsequently proved to be optimal also for simulating fragile
materials such as masonry [11,12].
Starting from the indications in the literature [13], it has been assumed that the masonry
obeys a Drucker-Prager resistance criterion with an unassociated flow rule. The surface of this
criterion was deformed through a coefficient Kc, to resemble that of Mohr-Coulomb, while
the tip of the cone was beveled to avoid numerical convergence problems through an eccentricity parameter. To consider, the ratio between biaxial and mono axial ultimate compressive
strength, it was considered with an appropriate ratio between fbo and fco. In addition, the dilatancy angle and the viscosity parameter were defined. The mechanical parameters applied in
the CDP model are reported in Table 1. The nonlinear behavior of the masonry was defined
assigning suitable inelastic mono-axial stress-strain curves in traction and compression.
Parameter
Dilatancy angle (°)
Eccentricity
fbo/fco
Kc
Viscosity Parameter

Value
10
0.1
1.16
0.667
0

Table 1: Mechanical parameters of CDP model

3.2

Discrete Element model

The discontinuous model reproduces the masonry structure through an assembly of 3D
blocks modeled similarly to the existing masonry texture. The complex model is composed by
a total of 7636 blocks (see Figure 4b).
The NSCD method belongs to the family of DE models, distinguishing from the classical
Distinct Element Method (DEM) for three differences: (i) it integrates the non-smooth contact
laws directly, (ii) it uses an implicit integration scheme, and (iii) it does not account for any
structural damping. It is important to stress the fact that the NSCD method is based on some
modelling simplifications. The main assumption is that bodies are rigid. Since the contact between blocks is governed by the Signorini's impenetrability condition and the dry-friction
Coulomb's law, the churches exhibit discontinuous dynamics. Regarding the contacts between
bodies, the above-mentioned relations imply perfectly plastic impact, i.e., the Newton law
with restitution coefficient equal to zero, which does not account for bounces after impact.
This presents two main advantages: (i) the contribution of impacts to the computational complexity is modest since they are modelled in a very basic and simple way; (ii) since the impact
is perfectly plastic, it dissipates energy, and, from a mechanical viewpoint, this is a way to
account for material damages and micro-cracks, which form in the stones at impact, and, from
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a computational point of view, dissipation contributes to the stability of the numerical integration. In addition, the friction contributes to dissipation, but damping, a fundamental ingredient
of continuum models, is not considered here.
3.3

Critical discussion

For brevity of the paper, the main results of the nonlinear dynamic analyses under the
seismic actions recorded near the church location and performed with the CDP model and
NSCD method are plotted Figure 5a and Figure 5b, respectively. A good match between the
numerical damages and the existing crack pattern (see Figure 2) is reached. The resultant behaviors explain the relevant applicability of these methods in order to obtain similar failures
despite the different laws that govern the two approaches.

Figure 5: Comparison of the numerical damages of the Santissimo Crocifisso Church in Pretare (Arquata del
Tronto, AP) resulting from the nonlinear dynamic analyses with 1) the CDP model and 2) the NSCD method.

4

CONCLUSIONS

The numerical modeling of the Santissimo Crocifisso Church in Pretare, Arquata del Tronto (AP), was carried out by means of advanced FE and DE models. The relevance of the findings is related to the deep investigation of the masonry nonlinear response. The seismic
actions registered near the church leads to the validation of both continuous and discontinuous
methods through a good match with real cracks of the structure. The application of the epicentral seismic actions allows to obtain a development of the failure mechanisms with the amplification of the damages. All these numerical results appear to be interesting in light of design
the retrofitting works. Indeed, the complex nonlinear behavior of the church is clearly pointed
out with CDP model. Moreover, the NSCD method allows to investigate the local failure
mechanisms, as the masonry disaggregation which is neglected in FEM.
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Abstract. Stone masonry buildings are known to be highly vulnerable to seismic actions. In
this context, the analysis of the out-of-plane response of unreinforced masonry structures is
crucial. For this purpose, the Lattice Discrete Particle Model (LDPM) was employed to simulate the mechanical behavior of stone masonries up to their failure. Unlike commonly used
continuum-based methods or simpliﬁed analytical models, that are often limited in modeling
correctly complex failure mechanisms, LDPM is able to capture accurately crack distributions
and failure patterns. LDPM describes the masonry at the scale of stones and takes into account their interactions through tailored constitutive equations for tensile, compressive, shear,
and frictional behaviors. First, LDPM was validated against experimental results on masonry
panels subjected to out-of-plane loading. Next, the vertical bending mechanism was studied in
the cases of one- and two-story walls with and without openings. Finally, more complex mechanisms were considered where the damage evolution and the fracture propagation were analyzed
for a set of panels assumed to be placed within the continuity of a facade. The overall results presented in this paper show that LDPM can realistically predict the collapse mechanisms
associated with out-of-plane loading for different structural conﬁgurations and geometries.
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1

INTRODUCTION

Unreinforced masonry structures often constitute a large part of the cultural and architectural
heritage of historical cities, and they are known to be highly vulnerable to earthquakes. Commonly, masonry structures are made of multiple load-bearing walls placed in orthogonal planes
and with ﬂexible ﬂoor diaphragms [1]. When an earthquake occurs, masonry structures dissipate kinetic energy both at the structural and at the material levels [2, 3]. At the structural scale,
several factors affect the global response: the slenderness of the load-bearing walls [4, 5], the
connections between the walls and the horizontal members, which allows for the box behavior
[6, 7, 8, 9], and the presence of speciﬁc rigid ﬂoor diaphragms [10, 11, 12, 13, 14, 15, 16]. At
the material scale, the mechanical properties of the masonry constituents (mortar and stones)
[17, 18, 19, 20] and the quality of the construction work [21, 22] greatly affect the overall
response. During a seismic event, masonry walls are typically subjected to in-plane and out-ofplane motions. Whereas in-plane behavior is the topic of a large number of studies available
in the literature, the out-of-plane behavior is often neglected. This paper focuses on the latter
behavior, as one of the most common damage reported in post-seismic surveys is the failure
of peripheral masonry walls. Indeed, the earthquake intensity required to obtain out-of-plane
collapse of walls is lower than the one required for in-plane collapse [3].
Several analytical methods exist to analyze the out-of-plane behavior of masonry walls,
namely force-equilibrium and displacement-based methods. The ﬁrst type of formulation is
based on the static equilibrium analysis of rigid body mechanisms and limit theorem of plasticity [23, 24, 25, 26, 27, 28, 29, 30, 31, 32]. Force-equilibrium methods are generally adopted for
large scale analysis and are known to lead to rather conservative limit states [8]. On the other
hand, displacement-based methods [33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44] appear to better
estimate the limit values of masonry walls in out-of-plane loading. The rigid-block assumptions
are often adopted within the postulates of limit theorem analysis (no-tensile strength, inﬁnite
compressive strength and absence of sliding between blocks) [23]. A capacity curve describing
the horizontal multiplier α (limit equilibrium of the system) as a function of displacement d can
then be obtained. When the displacement is zero, the value α(0) = α0 represents the activation of the overturning. The loss of equilibrium is attained when d = du where by deﬁnition
α(du ) = 0. This curve can also be expressed in terms of spectral acceleration versus spectral displacement curve [45] or in terms of force-displacement curve. The rigid-block method
within the displacement-based formulation is chosen in this paper for one part of the analysis
of the out-of-plane behavior of masonry walls.
More advanced descriptions of the out-of-plane behavior of masonry walls and in general
of the mechanical behavior of stone masonry require numerical models. Different methods
are available and correspond to different levels of modeling resolution and computational costs
[46, 47]. The ﬁnite element method is often used and allows micro-, meso-, or macro-modeling
and the reader is referred to [48], [49], and [50], respectively. Although successful for regular masonry, the meshing complexity and the lack of accurate constitutive equations limit
this method. Discrete element methods have also been employed [51, 52, 53, 54]. Multiple
structures such as one or two-story buildings were modeled using 2D and 3D discrete element
method [55], but limitations were found especially in capturing realistic out-of-plane responses.
Moreover, these simulations were unable to correctly describe the fracture initiation and propagation. Indeed, in quasi-brittle materials such as masonry, understanding the development of
the fracture process zone is crucial. An accurate model must also be able to capture the effect
of stress parallel to cracks on the size of the fractured zone as shown recently in [56, 57], which
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might be important in large masonry structures often under multiaxial state of stresses. To overcome these limitations, the Lattice Discrete Particle Model (LDPM) [58, 59] is here adopted for
the numerical modeling. This model was originally conceived to simulate the behavior of concrete and other granular materials at the meso-scale level by modeling the interaction between
coarse aggregate pieces. It was recently applied successfully for the modeling of stone masonry
structures [60, 61]. LDPM is able to simulate accurately the fracturing behavior from crack
trigger to localization, propagation, and to global failure, by taking into account the material
heterogeneity. The interaction between stone aggregates embedded in the irregular matrix of
lime or clay mortar is explicitly considered through dedicated constitutive equations, deﬁned in
a vectorial form to account for the correct state of stresses in the material.
In this study, the numerical model is ﬁrst explained and validated against a set of experimental data relevant to masonry panels subjected to out-of-plane loading conditions. Next, the
numerical model is used to assess its capability to simulate local collapse mechanisms, more
speciﬁcally the bending mechanism. Finally, more complex mechanisms are analyzed with
multiple structural conﬁgurations to simulate masonry walls within the continuity of the facade
and to study the effect of transversal walls, ﬂoors and roofs on the overall behavior.
For a thorough investigation of the topic presented in this paper, the reader is referred to
recent work of Mercuri and coworkers [61].
2
2.1

NUMERICAL MODEL AND VALIDATION
The Lattice Discrete Particle Model

The Lattice Discrete Particle Model (LDPM) was proposed by Cusatis and coworkers [58,
59] to simulate concrete at the coarse aggregate level. This model has a unique capability in capturing crack distribution and damage in granular quasi-brittle materials. It has been adopted to
simulate the mechanical behavior of concrete [59, 62], mortar [63, 64], ﬁber reinforced concrete
[65, 66], or to reproduce multi-physics phenomena such as hygro-thermo-chemical processes,
alkali-silica reaction, and aging [63, 67, 68]. This lattice discrete model was also used to simulate the mechanical behavior of reinforced and unreinforced stone masonry [60, 61].
In the LDPM formulation, the masonry stones are simulated as spherical particles (see Fig. 1a
and b). They are placed randomly from the largest to the smallest size in a given volume of material. The particle size distribution follows a Fuller sieve curve deﬁned from a set of mix-design
parameters: cement-mortar content c, water-to-mortar ratio w/c, maximum and minimum stone
size da and d0 , respectively, and Fuller coefﬁcient nf . Fig. 1e shows on an example the particle
placement inside a dog-bone specimen. The geometry of the interaction between stone-particles
is described as follows. First, a Delaunay tetrahedralization is performed with the centers of the
particles to generate a lattice system (see Fig. 1c). Next, a domain tessellation is performed
to identify the possible failure locations between adjacent stone-particles (see Fig. 1d). These
two steps result in the generation of a system of polyhedral cells enclosing the particles (see
Fig. 1f). These irregular cells idealize real textures and shapes of typical masonry stones and
their surrounding mortar layer. The surface of each polyhedral cell is composed of triangular
facets (see Fig. 1g) where the LDPM constitutive equations, facet stresses and strains are formulated in a vectorial form. The constitutive equations take into account the softening behavior
for pure tension and shear-tension and the plastic hardening behavior for pure compression and
shear-compression. For the complete set of constitutive equations, as well as the compatibility
and equilibrium equations, and the numerical implementation, the reader is referred to the work
of Cusatis and coworkers [58], and the recent work of Mercuri and coworkers [61].
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the central panel and the lateral and back walls. The damage in the case depicted in Fig. 8f,
Fig. 8g and Fig. 9e is similar to the damage in the case shown in Fig. 8a and Fig. 9a. The reason
might be that the continuity between the central and the transversal walls generates cracks in
the lower ﬂoor as well as in the upper part. The main cracks in the cases depicted in Fig. 8b
and Fig. 9b are vertical. On the contrary, the damage is distributed through the entire wall and
are slightly concentrated in the central area (see Fig. 8c and Fig. 9c). In terms of quantitative
analysis, Fig. 9g shows the load-displacement curves for the cases depicted in Fig. 8a, b, c.
Fig. 9h shows all the curves. The more constrained case (see Fig. 8c and the least constrained
one (see Fig. 8d deﬁne the upper and lower bound curves, respectively. One can deduce from
these results that the choice of the correct boundary conditions in the analysis of such structures
is complex and only a good estimation might be made. It also underlines the importance of
performing accurate surveys to understand the architectural conﬁguration and the historical
evolution of the building.
4

CONCLUSIONS

The proposed Lattice Discrete Particle Model (LDPM) is presented, validated and used in
the prediction of the mechanical behavior of unreinforced masonry structures in out-of-plane
loading conditions. The model was ﬁrst validated against experimental data and compared with
nonlinear kinematic analysis (rigid-block displacement-based method). LDPM was then used
to analyze more complex structures. Local bending mechanism was studied on walls with and
without openings. The interaction between adjacent walls were also taken into account. The
proposed numerical model is able to predict realistic fracture pattern in complex structures. On
the basis of the results discussed in this paper, the following conclusions can be drawn.
• The damage distribution resulting from the collapse of masonry walls is well captured by
LDPM.
• LDPM results were veriﬁed experimentally and with kinematic analysis. This suggests
the use of this model to perform limit analysis for the assessment of local collapse mechanisms.
• Unlike typical kinematic analysis, LDPM does not require to identify a priori local collapse mechanisms. More complex conﬁgurations impossible to investigate analytically
can also be considered.
• The presence of openings within walls and the application of adequate boundary conditions greatly affect the stiffness and bearing capacities of the walls.
• The results of this paper underlines the necessity to perform accurate in-ﬁeld surveys in
order to correctly model real masonry walls under out-of-plane loading.

REFERENCES
[1] G. Magenes, G. M. Calvi, In-plane seismic response of brick masonry walls, Earthquake
engineering & structural dynamics 26 (11) (1997) 1091–1112.
[2] A. Menon, G. Magenes, Out-of-plane seismic response of unreinforced masonry: deﬁnition of seismic input, Rose School, IUSS Press, 2008.

557

Micaela Mercuri, Madura Pathirage, Amedeo Gregori and Gianluca Cusatis

[3] T. M. Ferreira, A. A. Costa, A. Costa, Analysis of the out-of-plane seismic behavior of
unreinforced masonry: A literature review, International Journal of Architectural Heritage
9 (8) (2015) 949–972.
[4] K. Lang, H. Bachmann, On the seismic vulnerability of existing unreinforced masonry
buildings, Journal of Earthquake Engineering 7 (03) (2003) 407–426.
[5] P. Morandi, G. Magenes, Second order effects in out-of-plane strength of urm walls subjected to bending and compression, ROSE Report (2006).
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Abstract
Unreinforced masonry (URM) buildings are characterized by high vulnerability to lateral
loading, which is often manifested when an earthquake occurs. The present study investigates
the effectiveness of a timber-based retrofit solution aimed at reducing the seismic vulnerability of existing URM structures. The retrofit technique consists of connecting timber-based
panels, to the interior surface of the walls of a building using mechanical or adhesive pointto-point connections. The application of those panels allows to considerably increase both the
in-plane and the out-of-plane capacity of the URM walls, while preserving the original external facades of the retrofitted building. This solution resulted to be relatively fast and easy to
install and the reversible nature of the system allows to reduce the impact of the retrofit intervention.
In this work the in-plane behaviour of the retrofitted walls was investigated numerically,
building on previous preliminary analyses and in the lights of the results of experimental evidence collected by the authors’ research team. The effectiveness of this retrofit solution was
analysed on several masonry types, considering different masonry properties and geometries.
The influence of various parameters (such as masonry-to panel connection typology, connectors number and position) on the increase of lateral capacity of the retrofitted walls was studied by means of a series of non-linear quasi-static simulations.
Keywords: Unreinforced masonry, Seismic retrofit, Seismic rehabilitation, Timber panels.
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1

INTRODUCTION

The retrofit solution studied herein aims at reducing the seismic vulnerability of existing
masonry buildings while preserving the external facades. The retrofit consists of timber-based
panels connected to the interior surfaces of the masonry walls of a building using mechanical
or adhesive point to point connections. The use of the timber guarantees fast execution and
reversibility of the system. A detailed description of this retrofit solution and the outcomes of
numerical simulations were provided by Giongo et al. [1] while the effectiveness of this retrofit technique was experimentally investigated by Giongo et al. [2] via onsite testing of masonry shear walls strengthened with timber panels. Further experimental evidence on walls
retrofitted with timber panels and timber-to-masonry connections can be found in Borri et al.
[3], Pozza et al. [4], Riccadonna et al. [5] and Rizzi et al. [6].
Other examples of timber based retrofit techniques for masonry structures include the timber strong-backs retrofit solution and the timber frames and sheathing retrofit solution. The
timber strong-backs retrofit solution aims to increase the out-of-plane capacity of the URM
walls by connecting vertical timber elements to the masonry with mechanical screws or bolts.
The effectiveness of this solution was investigated experimentally by Giaretton et al. [7],
Dizhur et al. [8] and by Cassol at al. [9]. The timber frames and sheathing retrofit technique is
instead a hybrid solution between the strong-backs and the timber panels retrofit techniques
with the goal of increasing both the in-plane and the out-of-plane capacity of the URM walls.
The effectiveness of this retrofit solution was recently tested by Guerrini et al. [10]. The use
of timber panels as retrofit components was also studied for the seismic strengthening of reinforced concrete structures by Sustersic and Dujic [11] [12] and by Smiroldo et al.[13].
In this work the in-plane behaviour of walls retrofitted with cross-laminated timber (CLT)
panels was investigated through non-linear quasi-static analysis. Starting from previous numerical analyses reported in [1], different modelling approach and type of analysis were
adopted so as to improve the convergence and reach larger deformations. The properties of
the connections (panel-to-masonry connections, panel-to-panel connections and anchoring
system) were properly calibrated based the results of the aforementioned experimental testing
campaigns carried out by the authors. The influence of different parameters on the effectiveness of the retrofit solution was investigated considering the behaviour of single piers, walls
with openings and multi-storey walls. An example of retrofitted masonry wall is reported in
Figure 1.

a)

Retrofitted masonry wall geometry

b) Numerical model

Figure 1: Retrofitted masonry wall.
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2

NUMERICAL MODEL

The numerical models were realized using the finite element software Abaqus/Explicit [14].
The masonry was modelled as an equivalent, homogeneous and isotropic material. The post
cracked behaviour was described with the Concrete Damage Plasticity (CDP) constitutive
model. Such model was developed by Lubliner et al. [15] and improved with the modifications proposed by Lee and Fenves [16] and it is suitable to represent the behaviour of quasibrittle materials such as masonry. The adopted yield surface function is a modified version of
the Drucker-Prager model, which is governed by a parameter Kc. This parameter represents
the ratio of the second stress invariant on the tensile meridian to that on the compressive meridian and it was assumed equal to 0.667. The dilatation angle, the flow potential eccentricity
and the ratio of initial equibiaxial compressive yield stress to initial uniaxial compressive
yield stress were assumed equal to 40°, 0.1 and 1.16 respectively, while visco-plastic phenomena were neglected. Parabolic and bilinear stress-strain relations were adopted to describe
the compressive and tensile behaviours of the material under axial loading. The maximum
values of the stress strain curves correspond to the compressive and tensile strengths while the
post cracked behaviours are determined considering the fracture energy in tension and in
compression. Such energy values were calculated as recommended by Lourenço [17].
The CLT panel was modelled as a three-layer solid, where the two external layers were defined with the principal direction oriented vertically while the inner layer was oriented horizontally. The timber was implemented as an orthotropic material where inelastic phenomena
(such as local crushing at the panel’s toe) were approximated using a plastic constitutive
model. In this study the timber properties were selected considering timber grade C24 [18].
The point-to-point connections between the CLT panel and the masonry were modelled using
one-dimensional connector elements. The properties of such elements were carefully calibrated on the experimental outcomes of different experimental campaigns. Cartesian and Radial
thrust connectors were used and the connection between fastener extremities and masonry or
timber was ensured by coupling constraints, considering adequate influence radii. Similar approach was adopted also for simulating the presence of anchoring devices such hold-downs
(for tension forces) and angle-brackets (for shear forces). A concrete beam and a concrete
base were also modelled using an indefinitely elastic and isotropic material with the aim of
improving the transfer of the horizontal and the vertical loads to the masonry, and consistently
with the load configuration of the experimental tests used as reference for the model validation. The surface-to-surface connections between the masonry and the concrete beam and the
base were modelled using the tie constraint (no displacement allowed between coinciding
nodes), while the interaction between the other elements was modelled with a hard contact
constrain to avoid overlapping of materials.
A regular mesh pattern with eight nodes three dimensional elements (C3D8R) was used.
The selected mesh size (i.e. 50 mm) is the maximum size that allowed to describe the material
response close to the fasteners with adequate accuracy. Dynamic quasi-static analyses were
performed to reduce the computational cost of simulations and to improve the convergence.
The geometric nonlinearities were considered. The horizontal load was applied in the form of
an imposed displacement while the vertical load was simulated as a uniform pressure. The
loads were applied slowly (ranging between 0.05 and 0.2 mm/s) and the ratio between the kinetic and the internal energies of the system was monitored to verify the reliability of the
analysis.
The model reproducing unreinforced masonry (URM) conditions was validated on the results from cyclic shear-compression testing of double-leaf rubble limestone masonry performed by Gattesco et al [19]. Figure 2 presents the comparison between the experimental

565

D. Cassol, I. Giongo, M. Piazza

outcomes [19] and the numerical model employed in this work. It can be observed that the
numerical results are consistent with the experimental data in terms of both lateral load vs.
displacement curve and failure mechanism.

a)

Lateral load displacement curves

b) Plastic deformation

Figure 2: Model validation by means of a comparison between numerical and experimental results [19].

3

NUMERICAL ANALYSES

The effectiveness of the CLT panel retrofit solution was numerically investigated considering masonry piers retrofitted with one or more timber panels, walls with openings and multistorey walls. The behaviour of the retrofitted walls was compared with the response of URM
walls and parametric analyses were conducted.
3.1

Behaviour of retrofitted masonry piers

The first analyses were developed with the aim of testing the influence of different parameters on the response of the retrofitted walls. Different retrofit configurations were considered
by changing the following parameters:
x Masonry properties (M1-M2-M3)
x Masonry thickness (T1-T2-T3)
x Masonry length (L1-L2-L3-L4-L5)
x Masonry overburden (Q1-Q2-Q3-Q4)
x Fastener configuration (C1-C2-C3-C4-C5-C6-C7)
x Connection properties (K1-K2-K3-KR)
x Hold-down properties (HD1-HD2-HD3-HDR)
x Angle bracket properties (AB1-AB2-AB3-ABR)
The mechanical properties of masonry vary widely and are greatly dependent on the properties of its components. Three masonry types were chosen to represent the masonry typologies that can be encountered when retrofitting existing masonry buildings. Table 1 reports the
values of the adopted masonry properties. Three different thicknesses were selected with the
aim of representing thin, medium and thick walls, see Table 2. All of the tested walls were
characterized by the same height (2700 mm masonry + 300 mm concrete beam) while three
different lengths were considered, see Table 3. The analysis was developed in displacement
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control with the vertical load applied uniformly over the concrete beam. Four values of overburden were applied, see Table 4. Two boundary conditions were studied, assuming the
wall’s ends as either fixed-free (i.e. vertical cantilever) or double fixed. The real behaviour of
the top constraint depends on several factors, such as the presence of the bond beam, the features of the lintels and the type of floor-diaphragm. The two selected boundary conditions represent the limit cases of weak and strong spandrels [20]. The combination of the previous
properties (masonry properties, masonry thickness, overburden and boundary conditions) resulted in wall models characterized by different failure modes (e.g. rocking and diagonal
cracking).
Masonry ID

M01

M02

M03

Elastic modulus E [MPa]

600

1200

1800

Compression strength fc [MPa]

1.50

3.00

4.50

Compression fracture energy Gc [N/mm]

3.98

7.50

10.58

Tension strength fc [MPa]

0.050 0.075 0.100

Tension fracture energy Gt [N/mm]

0.02

0.02

0.02

3

Note: for all the masonry types the density is 18 kN/m and the Poisson ratio is 0.25.
Table 1: Masonry properties.
Thickness ID

T1

T2

T3

Thickness [mm]

250

400

600

Table 2: Masonry thicknesses.
Length ID

L1

Length [mm]

L2

L3

L4

L5

1500 2000 3000 4500 6000

Length to height ratio [-] 0.50

0.67

1.00

1.50

2.00

Table 3: Masonry lengths.
Overburden ID

Q1

Q2

Q3

Q4

Overburden [MPa]

0.10

0.15

0.20

0.25

Table 4: Overburdens.

The retrofit solution proposed herein consists of fixing a 60 mm CLT panel on the surface
of the masonry wall. The point-to-point connection between the masonry wall and the timber
panel is provided by mechanical or adhesive connections. Different retrofit configurations
were analysed by changing the number and the position of the fasteners, see Table 5. The values of the connection stiffness and shear capacity were selected in accordance with the experimental results obtained in [5] and [6], where experimental testing of dry and adhesive
connections under monotonic and cyclic shear loading was performed. The implemented
load-displacement curves of the timber to masonry connections are reported in Figure 3a. The
connection K1 represents a typical dry connection realised with screw-fasteners [5] and which
was used to connect the timber elements (panels or strong-backs) to the wall in the experimental campaigns reported in [2] and [9]. Two adhesive connection types were also considered through K2 and K3 curves [6]. Additionally, a rigid connection (KR) was modelled to
represent the limit case.
The timber panel was constrained to the ground by two hold-down devices positioned on
either side of the timber panel at 100 mm from the lateral edge and by an angle bracket positioned at the middle of the base of the panel, see Figure 1. Three tensile and shear load dis-
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placement curves were chosen to model the hold-down and the angle bracket connections
based on the experimental outcomes presented in [21] and [22], see Figure 3b,c. The cases of
rigid tensile and shear connections were also studied (HDR and ABR) to simulate the properties of high-stiffness connections such as the one presented in [23].
Configuration ID
Connectors number [-]

C1

C2

C3

C4

C5

C6

C7

12

15

16

20

24

28

35

Horizontal spacing [mm] 800

800

533

533

533

533

400

Vertical spacing [mm]

600

800

600

480

400

400

2

2

Connectors/m [-/m ]

800

2.22 2.78 2.96 3.70 4.44 5.19 6.48

Table 5: Connector’s configurations.

a)

Timber panel to masonry
connection

b) Hold-down

c)

Angle-bracket

Note: It was also studied the case of rigid connections (KR, HDR, ABR).
Figure 3: Connection properties.

A base configuration was defined considering the retrofitted masonry wall reported in Figure 1 with the properties M1, T2, L2, Q1, C4, K1, HD2, AB3. Figure 4 presents the results
obtained for this configuration in the unreinforced (URM) and retrofitted (R) states for two
boundary conditions (fixed-free and double-fixed). It can be observed that in case of shear
cracking behaviour (SB) the application of the retrofit allows to increase the lateral and the
displacement capacities of the masonry wall considerably. The crack pattern of this model (RSB) is characterized by the formation of a diagonal crack (point 1) followed by a further increase of load bearing capacity. The maximum capacity increase (56%) corresponds to the
condition where the fasteners’ shear capacity is reached. In case of rocking behaviour (RB),
the application of the retrofit provides an increase in lateral capacity of 67%. The crack pattern is characterized by the formation of a first horizontal crack (point 2) next to the wall base,
typical of the rocking behaviour, followed by the formation of second horizontal crack at midheight of the tension side (point 3) and then, when the maximum lateral capacity is reached, a
third crack developed (point 4). The second and the third cracks’ formation is due to the tensile stress induced in the masonry by the fasteners. The URM-RB model exhibits a displacement capacity larger than 60 mm due to the properties of the URM wall. The displacement
capacity limit imposed by the Italian code standard [24] is 30 mm for the URM-RB failure
(1% wall’s height) and 15 mm (0.5% wall’s height) for the URM-SB failure, therefore in this
work the behaviour of the masonry walls was studied within the displacement interval from 0
to 60 mm.
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R-SB

a) Pushover curves

R-RB

b) Crack pattern

Figure 4: Standard configuration results (M1, T2, L2, Q1, C4, K1, HD2, AB3) (unreinforced masonry URM,
retrofitted R, shear behaviour SB, rocking behaviour RB).

3.1.1. Timber panel anchoring connection
Four retrofit configurations were analysed considering different CLT panel anchoring connections: 1) a retrofit solution with no anchoring system to fix the panel to the foundation
(CLT); 2) a solution with the connection provided by the sole hold-downs (HD); 3) a solution
with just the angle bracket (AB) and 4) a solution with both the hold-downs and the angle
bracket (HD+AB). Figure 5 presents the results for the two boundary conditions. It can be
observed that in the first case (double-fixed condition and shear cracking behaviour), the application of the timber panel considerably increases the displacement capacity. As expected,
the application of the hold-downs does not affect the performance of the retrofit while the
constraint provided by the angle bracket produces a notable increase in the lateral capacity of
the URM wall (AB and HD+AB). In the second case (cantilever and rocking behaviour), on
the contrary, the hold-downs are of paramount importance in determining the effectiveness of
the retrofit.

a)

Shear behaviour

b) Rocking behaviour

Figure 5: Effectiveness of the CLT panel to ground connection on the response of the retrofitted wall (base configuration M1, T2, L2, Q1, C4, K1, HD2, AB3).

Additional analyses were performed considering different hold-down and angle bracket
properties, see Figure 6. The effect of the angle bracket properties was investigated considering the shear cracking behaviour (Figure 6a) and it was shown that the adoption of stiffer and
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stronger angle brackets (AB3) appreciably increases the maximum capacity. Figure 6b shows
the effect of different hold-downs on the response of the retrofitted wall in the case of rocking
behaviour. The hold-down properties affect the stiffness of the second part of the response
curves, when the first horizontal crack is already developed, while the lateral capacity of the
retrofitted walls does not change. The shear load on the angle bracket was between 20 and 40
kN while the tensile load on the hold-downs ranged from 40 to 60 kN.

a)

Shear behaviour

b) Rocking behaviour

Figure 6: Effectiveness of angle bracket (SCB) and the hold-down (RB) properties on the response of the retrofitted wall (base configuration M1, T2, L2, Q1, C1, K1, HD2, AB3).

3.1.2. Timber panel to masonry wall connection
Figure 7 reports the behaviour of masonry walls retrofitted considering different types of
CLT panel to masonry connections (see Figure 3a). The increase of connection stiffness
slightly increases the effectiveness of the retrofit intervention for both failure modes. It can be
noticed that in the shear cracking behaviour case, the response of the dry connection K1 presents a small decrease in the load bearing capacity as soon as the wall starts cracking followed
then by a strength regain and a further increase. This phenomenon is due to the reduced stiffness of the connection, which requires the wall to displace 10 mm prior to engaging sufficient
fasteners’ shear to further increase the global lateral capacity.

a)

Shear behaviour

b) Rocking behaviour

Figure 7: Effectiveness of the CLT panel to masonry connection on the response of the retrofitted wall (base
configuration M1, T2, L2, Q1, C1, HD2, AB3).
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The influence of the timber-to-masonry connection layout was analysed by varying the
number and the position of the point-to-point fasteners, see Figure 8. Not surprisingly, the effectiveness of the retrofit solution grows when increasing the number of connectors, especially for the shear cracking behaviour. It can be observed that the pushover curves obtained from
increasing the number of connectors are compatible with those obtained from increasing the
fastener stiffness (Figure 7). The inevitable local stress-concentration associated with the
stiffer fasteners appeared therefore not to be detrimental to the overall wall performance. As a
result, the adoption of fewer fasteners of larger diameter seems a viable option to reduce costs,
especially when adhesive fasteners are used.

a)

Shear behaviour

b) Rocking behaviour

Figure 8: Effectiveness of the connector’s configuration on the response of the retrofitted wall (base configuration M1, T2, L2, Q1, K1, HD2, AB3).

3.1.3. Overburden
Figure 9 reports the behaviour of retrofitted masonry walls for different overburden levels
(see Table 4). As expected, the increase in overburden improves the load bearing capacity of
both URM walls and retrofitted walls. Regarding the displacement capacity, when the wall
response was governed by rocking (i.e. fixed-free walls), an increase in the vertical loading
produced a reduction in the URM wall capacity due to toe crushing (URM-Q3 and URM-Q4).
Conversely, when the walls responded in shear (i.e. double fixed-end walls) the displacement
capacity was not appreciably affected by the overburden level. As concerns the retrofitted
walls, the response appeared not to be influenced by variations in the vertical load independently from the boundary conditions.
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a)

Shear behaviour

b) Rocking behaviour

Figure 9: Effectiveness of the CLT panel retrofit on URM walls characterized by overburdens (base configuration M1, T2, L2, C1, K1, HD2, AB3).

3.1.4. Masonry wall characteristics
Figure 10 reports the behaviour of retrofitted masonry walls characterized by different masonry properties (see Table 1). It can be noticed that the application of the retrofit solution is
effective for all the investigated configurations. Predictably, an increase in the elastic modulus
affects the initial slope of the response curves while the improvement of tensile and compressive strength values impacts the behaviour of both the URM and retrofitted walls. The walls
URM-M3 and R-M3 are characterized by rocking even in the case of double-fixed conditions.
Such response is characterized by the formation of two horizontal cracks, one at the bottom
and one at the top of the wall, and the retrofit solution resulted to be effective also in this case.
For the RB cases, the effectiveness of the retrofit solution grows when improving the masonry
properties. This phenomenon is mainly due to the increase of tensile strength which allows to
transfer more load on the masonry wall before that the third diagonal crack occurs (Figure 4).

a)

Shear behaviour *

b) Rocking behaviour

Note: * walls URM-M3 and R-M3 are characterized by a rocking behaviour for both boundary conditions.
Figure 10: Effectiveness of the CLT panel retrofit solution on URM walls characterized by different masonry
properties (base configuration T2, L2, Q1, C1, K1, HD2, AB3).
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Figure 11 reports the behaviour of retrofitted masonry walls characterized by different masonry thicknesses (see Table 2). It can be observed that the application of the retrofit solution
considerably increases the shear and the displacement capacities of all the investigated configurations, except for case R-T3 (600 mm thickness) with double-fixed conditions, where the
retrofit has an appreciable impact only over the displacement capacity that increases tenfold.

a)

Shear behaviour

b) Rocking behaviour

Figure 11: Effectiveness of the CLT panel retrofit solution on URM walls characterized by different thicknesses
(base configuration M1, L2, Q1, C1, K1, HD2, AB3).

Figure 12 shows the behaviour of retrofitted masonry walls characterized by different masonry height to length ratios (see Table 3). The retrofit solution resulted to be effective for all
the investigated configurations. As expected, the increase of the length to height ratio reduces
displacement capacity of the URM walls in the cantilever condition, but it does not affect the
displacement capacity of the retrofitted walls. The shorter walls URM-L1 and R-L1 are characterized by rocking failure independently from the boundary conditions adopted, with the
retrofit proving to be effective for both wall configurations. The cases L4 and L5 are described in the following section when considering a multi-panel retrofit.

a) Shear behaviour *

b) Rocking behaviour

Note: * walls URM-L1 and R-L1 are characterized by a rocking behaviour for both boundary conditions.
Figure 12: Effectiveness of the CLT panel retrofit on URM walls characterized by different aspect-ratios (base
configuration M1, T2, Q1, C1, K1, HD2, AB3).
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3.2

Behaviour of URM walls retrofitted with multiple timber sub-panels

The dimensions of the CLT panels employed for the wall-retrofit are often subjected to
limitation due to transport issue inside the buildings and, consequently, the strengthening of a
single wall can be obtained by using two or more “sub-panels” shorter than the wall. In such
case, the panel-to-panel connection and the anchoring connections are key aspects in determining the effectiveness of the retrofit solution. The panel-to-panel connection could be
achieved by inserting fully threaded timber screws at an angle of 45° to the joint line (e.g. 8
mm diameter screws spaced at 200 mm). This connection was modelled using onedimensional connector elements calibrated on the experimental outcomes obtained by Hossain
et al. [25]. Two panel behaviours were analysed considering different anchoring conditions:
the “single panel behaviour” (SPB) (Figure 13a) and the “multi-panel behaviour” (MPB)
(Figure 13b). The SPB is characterized by the presence of a hold-down positioned at the two
corners of the wall. In such case, the CLT sub-panels behave as a single panel with some interface slip at the panel-to-panel joint due to the screw connection deformability. In the second case (MPB), instead, each sub-panel is anchored at its base with two hold-downs and the
CLT panels’ response is more similar to that of independent single panels.
Figure 14 and Figure 15 report the pushover curves of a 3000 mm long URM wall retrofitted with two panels 1500 mm wide, for the SPB and the MPB. Three panel-to-panel connections were studied: no panel-to-panel connection (J0), panel-to-panel screwed connection [25]
(shear stiffness 3000 N/mm, tension stiffness 3000 N/mm, shear capacity 6000 N) and rigid
connection (JR). As visible from the graphs, the adoption of connection J1 resulted in a higher
peak capacity if compared to the case with J0, comparable to the performance obtained with
the rigid connection JR. In previous analyses reported in [1], the influence of the panel-topanel connection was found to be less pronounced. It is worth noting that the analyses in the
preliminary study reached drift ratios (≈ 0.2-0.3%) smaller than those at which the impact of
the panel-to-panel connection observed herein became appreciable. The multi-panel solution
was then applied to two squat walls, with length to height ratios of 1.5 and 2.0 (L4 and L5),
using respectively 3 and 4 CLT panels 1500 mm wide. The panel retrofit was modelled assuming a SPB which resulted in improvements of the walls’ maximum load-bearing capacities larger than 30%. As expected, the squat walls responded mainly in shear with formation
of diagonal cracks. As a consequence, rocking was a secondary mechanism, with the tension
forces in the “SPB hold-downs” being smaller than 35 kN for all three configurations L3, L4
and L5. The maximum shear force measured in the angle-brackets was also small (< 30 kN)
because of the increased number of angle-brackets (one for each CLT panel).

a)

Single panel behaviour

b) Multi-panel behaviour

Figure 13: Multi-panel retrofit solutions.
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a)

Shear behaviour (SPB)

b) Rocking behaviour (SPB)

Figure 14: Effectiveness of the CLT panel retrofit solution on URM walls, single panel behaviour (SPB) (base
configuration M1, T2, L3, Q1, C1, K1, HD2, AB3).

a)

Shear behaviour (MPB)

b) Rocking behaviour (MPB)

Figure 15: Effectiveness of the CLT panel retrofit solution on URM walls, multi panel behaviour (MPB) (base
configuration M1, T2, L3, Q1, C1, K1, HD2, AB3).

3.3

Behaviour of retrofitted masonry walls with openings

The effectiveness of the retrofit when applied to masonry walls with openings was also
studied. Two cases were modelled, consisting of two-pier walls with a door opening
(900×2100 mm2) or a window opening (900×1000 mm2, sill height 1100 mm). The piers had
the same characteristics of those described previously (M1, T2, L2, Q1, C1, K1, HD2, AB3).
The spandrel was modelled without any additional tension-resisting element (no lintel nor
concrete ring-beam). Figure 16 gives the response curves of the retrofitted walls. Three retrofit conditions were modelled: 1) R1, where the reinforcement was applied only to the masonry
piers;2) R2 that sees also the reinforcements of the spandrels, but without any connection between the CLT panels, and 3) R3, where the connection between the CLT panels strengthening the piers and the ones fixed to the spandrels was ensured by inclined timber screws,
similarly to what reported in the previous section for the panel-to-panel connection. All three
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retrofit solutions produced a remarkable increase in the shear capacity of the masonry walls
(increase > 30%) with the contribution of the spandrel retrofit being more effective, expectedly, when the panel-to-panel connection is present.

a)

Window wall

b) Door wall

Figure 16: Effectiveness of the CLT panel retrofit solution on URM walls with openings (base configuration M1,
T2, Q1, C1, K1, HD2, AB3).

3.4

Behaviour of two-storey retrofitted masonry walls with openings

Figure 17 shows the behaviour of two-storey retrofitted masonry walls. The geometry of
such walls was derived from the “Door wall” and the “Window wall” analysed in the previous
section, respectively for the first and the second level. The horizontal loading was applied at
the diaphragm levels assuming a uniform distribution. The three retrofit configurations R1,
R2 and R3 previously introduced for the one-storey walls were evaluated also for the twostorey walls. Three inter-storey force transfer mechanisms were analysed: 1) compression only (IS1); 2) compression and tension (IS2); and 3) compression, tension and shear (IS3). The
condition IS1 can be obtained by creating slots in the bottom portion of the CLT panels at the
second level, so that direct panel-to-panel contact is possible despite the presence of the diaphragm joists (see Figure 17), while the conditions IS2 and IS3 can be achieved by adding
steel plates to transfer the tensile and shear forces. The tension and the shear inter-storey anchors were modelled adopting the force displacement curves of HD2 and AB3. The retrofit
solution R3-IS3 resulted to be the most effective (increase of lateral load bearing capacity >
70%) while the response curves of the other cases provided an increase of lateral capacity
larger than 25%. All the retrofit solutions also guaranteed a noticeable increase in the displacement capacity.
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a)

Panel-to-panel side connection (IS3)

b) Inter-storey panel connection (R3)

Figure 17: Effectiveness of the CLT panel retrofit solution on two-storey URM walls with openings (base configuration M1, T2, Q1, C1, K1, HD2, AB3).

4

CONCLUSIONS

The effectiveness of a timber based retrofit solution where timber panels are connected to
the masonry walls through distributed point-to-point connection was numerically investigated.
The parametric study addressed several aspects including masonry properties, wall geometry
and boundary conditions, and various retrofit configurations. The results obtained herein confirmed and extended the outcomes of a preliminary numerical study previously reported by
the authors. The adoption of a quasi-static approach allowed to investigate the behaviour of
the retrofitted walls for a wider deformation range and to obtain further information about the
lateral load and displacement capacity. The models described herein, benefitted from the outcomes of recent experimental campaigns that were relied to for the calibration of the properties of the connections and that enabled to obtain more refined results. The following
conclusions can be drawn:
x The application of the retrofit technique under study can produce a considerable increase
in the in-plane strength and displacement capacity of the masonry walls. The timber panel retrofit resulted to be effective for all the studied URM wall configurations characterized by different masonry properties, geometries, stress levels and boundary conditions.
The increase in load bearing capacity of masonry walls up to 40 cm thick, ranged from
≈25% to ≈100%. Regarding the displacement capacity, all wall-configurations reached
drift values (top displacement/wall height) larger than 1.5%.
x The connection system to anchor the panels to the foundation or to transfer inter-storey
forces was confirmed to play a major role in determining the retrofit effectiveness. The
best performance was achieved in those configurations where the anchoring/interstorey
connection system allowed transferring of compressive, tensile and shear loads (increase
of wall shear capacity up to 90%). Expectedly, the properties of the hold-downs (tension
anchors) were most influential when the walls showed a rocking behaviour, while the
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properties of the angle brackets (shear anchors) were most relevant for squat walls with
marked shear behaviour. In the case of walls exhibiting diagonal cracking, the timber
panel strengthening generated a noticeable increase in the wall displacement capacity
even in the absence of any anchoring device.
x An effective timber panel-to-masonry connection can be achieved by installing both dry
and adhesive point-to-point fasteners. Fasteners with higher stiffness were found to produce minor yet visible improvements to the intervention effectiveness independently
from the wall failure mode. However, the choice of the type of fastener should not prescind from considerations on the masonry type, with adhesive connections being recommended for irregular masonry with thick mortar joints. The parametric study on the
fastener numbers and layout showed that 4 connectors per square meter of wall-surface
can be considered as sufficient.
x In case of long walls, the application of the timber-based strengthening can be facilitated
by installing multiple sub-panels shorter than the wall, without any detriment to the overall effectiveness. In fact, when screwed panel-to-panel connection was provided and
when the “timber coating” was anchored at its base by two hold-downs and by an anglebracket for every timber sub-panel the result was consistent with that obtained employing
a single CLT panel as long as the masonry wall.
x Predictably, the strengthening of the spandrels can further increase the performance of
the retrofit solution (+50-70% in wall strength with reference to the configuration where
only the piers are strengthened) especially when a spandrel-panel to wall-panel connection is ensured, and when the number of storeys increases and accentuates the spandrel
role in coupling the piers.
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Abstract
Timisoara is the most important city located in Banat seismic area, characterized by shallow
earthquakes of crustal type and was selected to be European Capital of Culture 2021. The
majority of the historical buildings are made in masonry, with masonry vaults and wooden
floors.
First part of the paper presents a quick and simplified empirical methodology based on European studies. The second part presents a detailed mechanical nonlinear analysis obtained for
some of the most important historical buildings in Timisoara, based on complete survey and
site inspection. Moreover, the authors present a direct correlation between the empirical and
the mechanical seismic vulnerabilities. In the end, based on the correlation results, there is
presented the proposed empirical seismic vulnerability assessment methodology for the nearfield events. The methodology considers the specific failure mechanism for buildings with
same characteristics and the particularities of Banat seismic area.
The proposed methodology aims to adapt the quick and simplified empirical methodology to
the near-field earthquakes effects. This could serve for quick and simplified assessment of
seismic vulnerability for any building with similar mechanical, geometrical, architectural and
urbanistic characteristics as the case study buildings, in areas with earthquakes similar to
those specific to Banat seismic area. This kind of study could provide a better knowledge for
the local authorities, helping them to develop or improve earthquake mitigation plan and to
define new earthquake engineering design recommendations.
Keywords: masonry, earthquake, vulnerability assessment, history, nonlinear analysis
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1
1.1

INTRODUCTION
Case study area

Seismic vulnerability assessment represents an interdisciplinary task than can offer valuable
tools for the risk reduction policies at a municipal level. The lack of seismic design rules at
the moment of design or the lack of proper consolidation work during the lifetime of the
buildings has led to an increase in the seismic risk of historic urban centers. The seismic risk
can be divided into the sum of three elements, such as hazard, vulnerability, and exposure [1].
This paper aims to evaluate the seismic vulnerability of some historical masonry building and
adapt an existing European vulnerability assessment methodology to the particularities of the
site.
The Banat region represents an important area located in the western part of Romania. The
biggest city in the Banat region is Timisoara, that was first recognized in 1177 as the “Fortress of Timis,” after the main nearby river [2]. After several administrations, such as Ottoman,
Habsburgic, and Austro-Hungarian, the city developed into an important commercial and defensive pole, presenting a bastionary fortification system in Vauban architectural style, as
shown in Figure 1 [2].

Figure 1: The bastionary fortification system for Timisoara city [2]

The most important historical area of the town is the Cetate district, located in the interior
contour of the fortification, followed by two other districts, Iosefin and Fabric, which appeared outside the defensive walls, as presented in Figure 2 [3].
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Figure 2: The three historic districts of Timisoara city [3]

The case study area in this paper is Fabric historic district, which appeared at first as a
residential area for the craftsman. The streets are both rectangular and organic, with widths
between 10 and 16 meters, and the buildings are made in masonry. Despite the industrial aspect of the area, the existing succession of public squares increases the quality of life in the
area. An image from 1901 with the character of the district is illustrated in Figure 3 [2].

Figure 3: The spirit of Fabric district in 1901 [2]

1.2

Seismicity of the area

The determination of the seismic hazard for a specific area represents a difficult task, than
can be achieved through both probabilistic and deterministic methods. At a global level, there
was made a seismic hazard map, as presented in Figure 4 [4].

Figure 4: Seismic hazard map at a global level [4]

583

E. Onescu, I. Onescu and M. Mosoarca

In Romania, there are two seismic areas, Vrancea and Banat. Vrancea is the most important seismic region, characterized by strong earthquakes with magnitudes around Mw = 7.0
of intermediate depth. Less dangerous earthquakes characterize the Banat region, with magnitudes around Mw = 5.6 of crustal type, with focal depths between 1 and 35 km [5]. The general seismicity of Romania, faults, and past seismic events is presented in Figure 5 [6].

Figure 5: The location of the seismic faults and past earthquakes in Romania [6]

In Timisoara city, there are two active seismic faults located at less than 10 km from the
city center, as shown in Figure 6 [3].

Figure 6: The location of the two active seismic faults in Timisoara [3]

The strongest seismic event registered in Banat area was the earthquake from 1991, in
Banloc city, at less than 40 km from Timisoara, with a magnitude Mw = 5.5 and a focal depth
of 11 km, followed by a strong aftershock of a magnitude Mw = 5.3 and a focal depth of 5 km
[7]. After the event, there were registered damages, especially to attics, arches, lintels, and
chimneys, as presented in Figure 7 [3],[8].
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Figure 7: Damages to masonry buildings in the epicenter after Banloc earthquake, 1991 [3], [8]

There were observed both in-plane and out-of-plane failure mechanisms. The in-plane
mechanism that can be noticed is mostly the diagonal shear cracking, especially in the façade
masonry walls. Also, the vertical cracks can be seen due to the presence of strong vertical
forces and L and R surface waves. Following the on-site observation, there was defined a specific failure mechanism for historic masonry buildings located in the near-field areas, after
earthquakes of crustal type, as illustrated in Figure 8 [9].

Figure 8: The specific failure mechanism for historic masonry buildings in the near-field areas similar to Banloc
seismic region [9]

When the real observed damages were compared with the EMS-98 damage scale for masonry buildings [10], there was noticed the fact that the real damage was around damage state
D2-D3, as shown in Figure 9 [9].

Figure 9: Correlation between EMS-98 damage scale and real damage observed after Banloc earthquake, 1991 [9]
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For Timisoara city, there can be generated an expected damage scenario, similar to the
one that occurred in Banloc area. The peak ground acceleration for Timisoara is considered to
be 0.20g after the Romanian design code [11]. Following a simplified correlation law presented in Equation (1), there was determined that the most probable macroseismic intensity for the
area is IX EMS-98, as shown in Figure 10 [12].
ln(PGA) = 0.24 x IEMS-98 – 3.9

(1)

Figure 10: Correlation between EMS-98 damage scale and real damage observed after Banloc earthquake, 1991
[12]

1.3

Case study buildings

The investigated buildings are considered to be representative of the area, from all existing
height regimes. Their location is presented in Figure 11 [13].

Figure 11: Location of the case study buildings [13]

In the area, there can be noticed that almost all buildings present the basement, while
the minimum height regime is basement and ground floor, and the biggest is a basement,
ground floor and two levels. The structural system of all investigated buildings is the masonry
of burnt clay brick and lime. The buildings are located with the longest dimension along the
main street, presenting massive façade and intermediate walls with thicknesses from 80 centimeters in the basement and 40 centimeters on the last floor. The transversal walls are not
connected with the façade walls in most of the cases and are much thinner, around 15 centimeters [3], [14].
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The horizontal structural systems are masonry vaults above the basement and sometimes ground floor and wooden floors for the other levels. There can be noticed, in many cases, a very tall complex wooden framework for the roof structure [3], [14].
The six selected buildings for investigation are presented in Figure 12 [13].

Figure 12: The six selected buildings for further investigation [13]

2
2.1

EMPIRICAL SEISMIC VULNERABILITY ASSESSMENT
Description of the existing methodology

The empirical methodologies represent a useful tool for a quick and simplified seismic
vulnerability assessment that can also be applied at an urban scale [15].
The existing methodology that is used in this paper was proposed at first by Benedetti and Petrini [16] and was later developed by Mazzolani and Formisano [17].
The procedure is simple, based on visual inspection that leads to the fulfillment of an
investigation form (Fig. 13), in which for several parameters, there is assigned a score for
each possible situation. The parameters are in a number of 10 when the building is considered
as isolated structural unit and 15 when there is also considered the influence of the adjacent
buildings from the aggregate. For each parameter, there is also assigned a weight that illustrates its importance. All parameters and their associated weight are used following the existing Italian methodology [17]. The vulnerability index represents the sum of each parameter,
whit the class score and weight assigned, following Equation (2) [9].
IV = ∑ si x wi

(2)
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Figure 13: Empirical vulnerability form [9]

After the determination of the vulnerability index, the index is normalized in the range
of 0÷1, following Equation (3) [9].
V = (IV – IV MIN) / (IV MAX – IV MIN)

(3)

The last step in the process of determination of the empirical seismic vulnerability is
the damage estimation, where following the normalized vulnerability index, there can be estimated the mean damage grade and the expected damage state, following Equation (4). The
correlation between the mean damage grade and expected damage level is illustrated in Figure
14 [18].
μD = 2.5{1 + tanh[(I + 6.25V – 13.1)// ]}

(4),

where I represents the macroseismic intensity, V is the normalized vulnerability index and
is the factor that modifies the vulnerability curve slope and is considered equal to 2.3 for
residential buildings [19].

Figure 14: Correlation between mean damage grade and expected level of damage [18]

2.2

Results of the applied existing methodology

The application of the empirical seismic vulnerability has led to a series of vulnerability
indexes for ten and 15 parameters, as presented in Table 1.
Building
1
2
3
4
5
6

IV10
68.75
108.75
98.75
93.75
113.75
130

IV15
98.75
110.25
61.25
118.75
66.75
160

Table 1. Vulnerability indexes for the six investigated buildings
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Following the determined vulnerability indexes, there were also designed the vulnerability curves, as presented in Figure 15 for buildings considered as isolated and in Figure 16 for
buildings considered in aggregate. The comparison between the mean vulnerability curves for
both situations is illustrated in Figure 17.

Figure 15: Empirical vulnerability curve for the six investigated buildings considered as isolated structural units

Figure 16: Empirical vulnerability curve for the six investigated buildings considered in aggregate

Figure 17: Comparison between mean vulnerability curves for both isolated and aggregate situations

The results illustrate a low vulnerability for a macroseismic intensity IX EMS-98, according to the most probable seismic scenario, in the range of damage state D1 for both situations,
which means no expected damages.
Considering the real damages observed in Banloc in a similar situation, in the ranges of
D2-D3, there is highlighted the need for performing nonlinear analysis to adapt the empirical
methodology for near-field effect.
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3
3.1

MECHANICAL SEISMIC VULNERABILITY ASSESSMENT
Nonlinear analysis

The numerical analysis represents a more precise tool in the process of seismic vulnerability assessment, indicating the weakest points of the structure [20].
The pushover analysis was obtained with Tremuri software and investigated the in-plane
failure mechanism for the six investigated buildings, considered as isolated structural units.
There was used the local seismic spectrum for Banat region, as illustrated in Figure 18 [21]
while the mechanical proprieties for the masonry structures were determined following experimental tests and other technical expertise for similar buildings, as illustrated in Table 2 [3].

Figure 18: The local spectrum for Banat seismic region [21]

URM

fk
[N/mm2]
2.35

fvk0
[N/mm2]
0.06

E
[N/mm2]
2350

G
[N/mm2]
940

Density
[kg/m3]
1800

Table 2. Mechanical proprieties for the masonry structures

The analysis made with Tremuri is a simplified analysis, appropriate for the investigation
of more than one building, and can be used for historical masonry buildings. It has revealed
the expected cracks damage distribution, as presented in Figure 19 [13].

Figure 19: Cracks and failures to the six investigated buildings after pushover analysis [13]

590

E. Onescu, I. Onescu and M. Mosoarca

The pushover analysis has revealed that the buildings would suffer both nonstructural and
structural damages for the considered seismic scenario, around damage states D2-D3. In Table 3, there are presented the yielding and ultimate displacement and also the maximum shear
forces [13].
Bld.
No.

Yielding
displacement
Δy [cm]

Maximum
shear force
V [kN]

Ultimate
displacement
Δu [cm]

Interstorey
drift [%]

1

0.08

3482

0.28

0.040

2

0.14

966

0.62

0.107

3

0.04

4006

0.12

0.113

4

0.79

2735

2.84

0.318

5

0.60

5309

1.74

0.160

6

0.54

15096

1.74

0.220

Table 3. Displacements, shear forces and interstorey drift for the six investigated buildings [13]

According to the interstorey drift values, there can also be estimated the most probable
damage state for each investigated building, following Table 4 [13].
URM

Damage state
D2
ID < 0.1%

Damage state
D3
0.1%<ID<0.3%

Damage state
D4
0.3%<ID<0.6%

Damage state
D5
0.6%<ID

Table 4. Correlation between interstorey drift values and most probable damage state [13]

3.2

Conclusion of the numerical analysis

The results indicated by the pushover analysis highlight the possibility of an appearance of
cracks and failures due to bending forces, especially to the lintels at the upper part of the
buildings. Also, there can be noticed, in some cases, cracks and failures due to shear forces at
the spandrels also located on the top floors. These aspects indicate a general damage state of
D2-D3 for all six investigated buildings.
Also, the investigation of the interstorey drift values indicates the same damage states D2D3 for all six investigated buildings.
The two aspects previously presented suggest that the existing empirical seismic vulnerability assessment methodology tends to underestimate the real vulnerability of historic masonry buildings located in the near-field areas.
In this case, an adaptation is necessary to be able to provide precise and quick results at an
urban scale for similar buildings located in seismic regions with characteristics similar to
Banloc region.
Because the existing methodology is well-used at the European scale, there is proposed to
keep it in the original form and modify only the damage estimation formula.
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4

NEW PROPOSED EMPIRICAL METHDOLOGY FOLLOWING NONLINEAR
ANALYSIS

4.1

New proposed damage estimation formula

The investigation of real damages after past earthquakes in similar areas and on similar
buildings have illustrated considerable damages to structural elements, without affecting the
bearing capacity of the structure, so a damage state of D2-D3.
The same probable damage state was indicated by the nonlinear analysis obtained with
Tremuri software and also, by the investigation of the interstorey drift values obtained following the pushover analysis.
Both visual and numerical investigation revealed the fact that, for a macroseismic intensity
of IX EMS-98, there is the need to adapt the damage estimation formula.
This adaptation could provide the necessary tools for correctly assessing the seismic vulnerability of historic masonry buildings in the near-field areas, similar to Banloc region, in a
quick and simplified way.
The first part of the methodology, regarding the fulfillment of the vulnerability form and
determination of the vulnerability index and implicitly the normalized vulnerability index, are
proposed to remain precisely in the original structure. There is recommended to modify just
one parameter from the damage distribution formula (Equation 4), the parameter that influences the slope of the vulnerability curve. The new proposed damage estimation formula is
presented in Equation (5) [13].
μD = 2.5{1 + tanh[(I + 12.5V – 13.1)// ]}

(5),

where I represents the macroseismic intensity, V is the normalized vulnerability index and
represents the parameter of the curve’s slope, equal with 2.3 for residential buildings.
4.2

New vulnerability curves following the proposed damage estimation formula

Following the new proposed damage estimation formula, there were redesigned the vulnerability curves for the six investigated buildings, as illustrated in Figure 20 and Figure 21.

a)

b)

Figure 20: New empirical vulnerability curve for the six investigated buildings after proposed damage estimation
formula considered: a) as isolated structural units; b) in aggregate condition
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Figure 21: New comparison between mean vulnerability curves for both isolated and aggregate situations, following proposed damage estimation formula

5

CONCLUSION

The new results are in accordance with the real damages observed after the Banloc earthquake from 1991 and also with the results of the numerical analysis.
This aspect indicates the fact that the proposed damage estimation formula is appropriate
for assessing the seismic vulnerability for historic masonry buildings located in the near-field
areas similar to Banloc seismic region.
The most probable damage states of D2-D3 indicates a medium vulnerability for the investigated buildings that can be dangerous for the historic areas of Timisoara city. There is a high
possibility of having significant damages to nonstructural elements and moderate damages to
structural ones, but without affecting the bearing capacity of the structures. Because all the
buildings are in protected areas, there is highlighted the possibility of losing irreplaceable cultural, architectural-artistic and urbanistic valuable elements.
The new proposed damage estimation formula could help provide quick and accurate vulnerability curves for historic masonry building with similar characteristics to the ones in
Timisoara city, that are located in seismic regions with the same proprieties with Banloc area.
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Abstract
Masonry vaults are present in a large number of historical structures and often used as flooring and roofing systems in monumental palaces and religious buildings, typically incorporating no backfill. Many of these structures are located in seismic regions and have been shown
to be particularly vulnerable during recent earthquakes, with a need for accurate modelling
to avoid future losses. Masonry vaults are often analysed using limit analysis procedures under the hypotheses of no-tension material and absence of sliding along the masonry joints.
However, this method can be inaccurate for barrel vaults found in buildings, which are typically slender with no backfill. In this case, the masonry tensile strength and the progressive
damage propagation play an important role in the nonlinear behaviour and ultimate strength
of the vault. In this study, a detailed mesoscale finite element mesoscale approach is used to
model slender unreinforced barrel vaults subjected to cyclic quasi-static and dynamic loading. According to this approach, 3D solid elements connected by 2D damage-plasticity interfaces are used to represent the arrangement of bricks and mortar present in the masonry. The
proposed numerical description is first validated against the results from physical tests on a
barrel vault under quasi-static cyclic loading. Subsequently, the shear response of a prototype
vault is analysed by performing nonlinear simulations under prescribed horizontal displacements at the supports, considering also the influence of previous damage induced by earthquakes with different magnitudes.
Keywords: Seismic risk, Historical masonry structures, Cyclic analyses, Nonlinear timehistory analyses, Discrete FEM approach, Mesoscale models.
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1

INTRODUCTION

Several existing buildings worldwide of historical, cultural and architectural significance incorporate vaulted masonry components. A high percentage of these buildings is located in
high-seismic regions, and masonry vaults and domes have been observed to be particularly
vulnerable under lateral loading imposed by earthquakes [1]. Hence, to prevent the potential
loss of cultural heritage assets, there is a need to model both unreinforced masonry vaults and
potential strengthening measures accurately to ensure protection of vaulted structures against
future seismic events.
Masonry vaults are usually analysed using limit analysis procedures [2][3]. However, this approach provides only ultimate load predictions but no description of the behaviour of the
structure up to failure. Furthermore, the assumptions of no-tension material and no-sliding
along the mortar joints [4], often made in these methods, may lead to unrealistic results in the
case of barrel vaults in buildings, which are typically slender, with high span to thickness ratios, and which do not include backfill thus sustaining very low compressive stresses [5].
To achieve accurate response predictions at different loading levels up to collapse, detailed
finite element (FE) models based on mesoscale or macroscale masonry models can be used.
The first strategy allows for the specific masonry bond utilising nonlinear zero-thickness interface elements [6] to predict the development of cracks at the mortar joints within brick
units. This accurate modelling strategy has been previously adopted in [7] to investigate the
cyclic behaviour of masonry structures under cyclic loading. Detailed work using the
mesoscale approach has been carried out on masonry arched structures by Zhang et al. [8] and
on multi-span masonry arch bridges by Tubaldi et al. [9].
The alternative is a macroscale smeared crack approach [10] in which masonry is assumed as
a homogeneous isotropic material, and specific nonlinear material models based on damage
and plasticity frameworks are typically utilised to represent the development and propagation
of damage in the brickwork. An example of the latter is the use of a damage model proposed
in [11], which uses homogenised mechanical parameters. Smeared crack models have also
been used by Stablon et al. [12] and by Gattesco et al. [13, 14] to model masonry vaults also
in presence of strengthening systems.
A modelling approach, alternative to FE analysis, has been proposed in [15] and applied to
simulate unreinforced and reinforced arches and vaults [15, 16]. The model is composed of
shear deformable macro-elements, interacting by means of non-linear zero-thickness interface
elements which simulate the masonry flexural behaviour and potential shear sliding.
This study proposes a detailed FE mesoscale approach to model typical barrel vaults of religious buildings. The model allows for the inhomogeneity of masonry and the damage accumulated in reverse cycles of loading. The numerical results are validated against experimental
results obtained through a new testing layout in which the vault is subjected to horizontal
forces proportional to the structural self-mass [17]. Further numerical simulations have been
conducted to investigate the ability of a representative barrel vault to transfer shear forces acting as a floor diaphragm in a building structure subjected to earthquake loading.
2

THE MESOSCALE MODELING APPROACH

The mesoscale approach used here has been developed at Imperial College [6] and applied to
different extreme loading conditions [7-9]. According to this approach, the masonry is discretised into 3D solid brick elements separated by 2D zero thickness non-linear interface elements representing the mortar joints. As the thickness of the mortar joints is generally much
smaller than the scale of the bricks, the collapsing of the mortar joints into interfaces is a suit-
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able simplification, but still captures the inherently nonlinear character of masonry as a material. This restricts the cracking to the predefined interfaces, which again is realistic in the context of masonry, where the joints act as preferential fracture planes. The interfaces are hence
positioned to coincide with the mortar joints. Additional interfaces are placed in the midplane
of each brick, in line with the head joints of adjacent bricks, to allow the propagation of
cracks through the brick units themselves as observed in real masonry structures. This results
in a regular, structured mesh, where the properties of the interfaces allow a physical representation of the 3D bond arrangement. This is important especially where 3D behaviour is of interest, in which case plane stress or plane strain assumptions can be unrepresentative of the
true structure.
Specifically, for the vaults considered in this study, the bricks are modelled as 20-noded quadratic solid elements which for which the constitutive material response is linear elastic. All the
material nonlinearity is captured by the 16-noded interface elements described by [6], hence
the material model for these becomes of prime importance. Figure 1 shows the placement of
joints to represent bed joints, head joints and brick failure surfaces. This allows the simulation
of hinge formation, shear sliding and ring separation which are typical failure mechanisms for
vaults and arches. A damage-plasticity constitutive law, proposed in [7], is employed for the
interface elements. The plastic yield surface consists of three yield functions: two planar surfaces for mode I (tensile) and mode III (crushing) fracture which cap the ends of a conical
Coulomb surface for mode II (shear) fracture. The level of damage in each mode is a function
of the ratios the plastic work in tension (Wpl,t), shear (Wpl,s) and compression (Wpl,c). Based on
physical observations, the damage in tension is influenced by the plastic work in both tension
and shear, the damage in shear is influenced by plastic work in all three modes, while damage
in compression is only related to the plastic work in compression. Numerical results obtained
by this model were found to be close to those of experimental data, with the main drawback
of the approach being its high computational cost. This was eased by using a partitioning approach which allowed parallel computing to reduce run time [8, 18].

Figure 1: Brick and interface elements used in the mesoscale model [6,7]

3

THE EXPERIMENTAL TESTS

The numerical model applied in this study is validated against experimental results from [17]
which used a novel bench setup to apply cyclic horizontal forces proportional to the mass of
the arch. To elaborate, a quasi-static cyclic load was applied as a prescribed displacement by a
hydraulic actuator and distributed evenly to 8 points either side of the vault by the frame
shown in Figure 2a. The load was increased each cycle up to the failure of the vault.
The abutments were fixed during the test allowing no relative displacement. Two geometric
layouts have been tested (Figure 2b): V75-NR (rise 1540mm, rise/span 0.75) and V50-NR
(rise 1030mm, rise/span 0.5). Both were 120mm thick and 770mm wide, with a common ra-
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dius of 2060mm. The mortar joints were 10mm thick on average. Differing lime mortars were
used for each vault, with Young’s Module tested as 9632 MPa and 11790 MPa for the V75NR and V50-NR tests, respectively. Flexural tests on masonry samples resulted in strengths
of 0.42 MPa (V75-NR) and 0.84 MPa (V50-NR). Solid brick units with self-weight
15.64kN/m3 were used for both vaults. The main results of interest were that collapse occurred via the formation of a hinge mechanism in all cases, with most specimens forming four
hinges at failure [17].

(a)

(b)
Figure 2: Test layout (a) and geometry of vaults (b) used in the experimental study [17].

4

MODEL VALIDATION

The full arrangement of bricks around the circumference is modelled using 20-noded solid
brick elements for each brick, connected by 16-noded interface elements representing the
mortar bed joints, following the modelling approach described in Section 2. As displacement
perpendicular to the span was prevented in the test, the arrangement of head joints through the
width of the arch is not modelled. Instead, a strip model is assumed, comprised of a single solid brick element for the width of strip. The reactions obtained are then scaled up accordingly
by the ratio of the vault width to the strip thickness. The final brick at each skewback is not
explicitly included in the numerical model, rather interface elements are placed at the end of
each vault and fully fixed to represent the mortar joint to this fixed brick.
The experiment employed devices to prevent the inward or outward slip of the vault at the
skewbacks and this is simulated by giving the interfaces at each skewback arbitrarily high
shear strength and stiffness values, preventing shear sliding. In the experiment a device was
used to oppose the uplift at each skewback. It is modelled by a linear spring with normal stiffness of 1.1 N/mm arranged in parallel with the skewback interfaces. This value was obtained
with reference to a subsequent numerical study performed in [17]. The model mesh is shown
in Figure 3, with the zero-thickness interfaces shown as the full thickness of the mortar joints
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for clarity. To simulate the experimental loading arrangement, 3D dynamic analyses are performed employing spreader elements available in ADAPTIC [19] which allow an acceleration
time history to be applied at a ‘master’ node and the resulting forces to be distributed according to predefined ratios at a number of ‘slave’ nodes. In the analyses, according to the experimental findings, the same ratio is applied to all “slave” nodes.

Figure 3: Mesh used for the vault V75-NR
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Figure 4: Displacement (a) and force (b) time-histories of the hydraulic actuator in the test and at the master node
of the model.

Figure 4 shows the displacement history registered by the hydraulic actuator and those considered in the numerical analysis. Each analysis is performed in two separated phases: the
self-weight of the vault is applied first as an initial load, then the lateral loads are applied by
means of a displacement-control procedure. No viscous damping is considered in the analyses
since it is expected negligible when compared to the hysteretic energy dissipation.
For both vaults, the interface tensile strength is calculated from the masonry tensile strength at
the macroscopic scale according to [20]. The Young’s modulus of the bricks is estimated applying a simple homogenization procedure and fixing arbitrary high values for the tangential
and normal stiffness (kt and kn) according to [21]. The resulting Young’s moduli are 4260MPa
and 5280Mpa for the V75-NR and V50-NR specimens, respectively. Finally, Poisson’s ratio
0.2 and specific weight 1664kN/m3 are considered for both the two tests.
The parameters for the Coulomb model are taken from values obtained with reference a numerical study performed on the same experimental results [14], resulting a friction coefficient
of 0.58 for both vaults and cohesion of 0.19MPa and 0.38MPa for vaults V75 and V50, respectively. The fracture energy for modes I and II are assumed in line with values from previous studies [21,22] where it was found that values for mode I (tensile) were typically in the
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range 0.01 to 0.08 N/mm and for mode II (shear) from 0.1 to 0.2 N/mm. The fracture energy
in mode I is assumed at a low value to reflect the brittle response observed experimentally.
The set of parameters adopted for each vault are summarised in Tables 1, where kn and kt are
the normal and tangential elastic stiffness; ft, fc and c are the tensile strength, compression
strength and cohesion; tan(I) and tan(Ig) are the friction and dilatancy coefficients; Gf,t, Gf,s
and Gf,c are the fracture energy in tension, shear and compression, respectively.
Test

kn
Kt
[N/mm3]

V75-NR 1000 1000
V50-NR 1000 1000

ft

0.14
0.28

Fc

Gf,t

c

Gf,s

Gf,c

[MPa]
[N/mm]
5.00 0.19 0.01 0.125 1.0
6.20 0.38 0.05 0.125 1.0

tan(I)

tan(Ig)

P

0.58
0.58

[-]
0.00
0.00

0.1
0.1

Table 1: Mechanical parameters of the mortar joint interfaces.

5

CYCLIC QUASI-STATIC ANALYSIS

All analyses are performed using the general nonlinear Finite Element software ADAPTIC
[19]. The total horizontal force applied (Fh) plotted against the horizontal displacement at the
crown section (Gh) is shown in Figure 5 and compared to the experimental hysteresis loops for
both tests. The experiment on vault V75-NR exhibited an early hinge forming at one haunch
in one loading direction, which is attributed to an imperfection in the mortar bond. This resulted in one skewback not cracking and led to an asymmetric response. To simulate this aspect, one artificially weakened skewback is introduced in the model considering a reduced
tensile strength (ft,skew1=0.01MPa). Moreover, it is noted that for both vaults the experimental
results recorded a very high initial stiffness and very high unloading stiffnesses during cycles.
This was a by-product of the testing rig arrangement and not representative of the physical
behaviour of the vault. The numerical collapse mechanisms are shown in Figure 6, where the
normal stress along the span (sxx MPa) is represented. For the vault V75-NR, the model captured the formation of the 2 hinges at both skewbacks and then the third at the haunch. After
this point, convergence was lost (Figure 6a). For the vault V50-NR, the first hinge occurred at
the right skewback. Subsequently, the second and third hinges formed near simultaneously at
the left skewback and right mid-span, then the 4th hinge opened at the remaining haunch (Figure 6b). After 4 hinges are formed, a rocking motion involving the three uncracked spans sustained a residual load which increased to around 5 kN, at which point additional damage
occurred near the skewbacks and the blocks lost shear strength, with the final sliding failure
occurring at approximately 24 mm. This mechanism was also observed experimentally, confirming the reliability and robustness of the interface model. Table 2 summarises the behaviour of each vault alongside the experimental results.
Test
V75-NR
V50-NR

Fmax [kN]

Fmax,exp [kN]

(Fmax -Fmax,exp)/Fmax,exp [kN]

3.37
12.23

3.76
13.01

-10%
-6%

Table 2: Numerical (Fmax) and experimental (Fmax,exp) horizontal peak loads.
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15

V75-NR numerical
Force, Fh [kN]

Force, Fh [kN]

V50-NR experimental

10

V75-NR experimental
2

0

V50-NR numerical

5
0
-5

-2

-10

-15

-4

-2.0

-1.5

-1.0
-0.5
0.0
0.5
1.0
Displacement at Crown, δh [mm]

1.5

2.0

-1.5

(a)

-1.0

-0.5
0.0
0.5
Displacement at Crown, δh [mm]

1.0

1.5

(b)

Figure 5: Experimental and numerical cyclic responses of vault specimens V75-NR (a) and V50-NR (b).

(a)

(b)

Figure 6: (a) Deformed shape of the V75-NR model at the activation of the 3rd hinge; (b) deformed shape of the
V55-NR model at the formation of the 4th hinge (displacements scale: 100).

6

NUMERICAL SIMULATIONS UNDER EARTHQUAKE LOADING

In this section, the behaviour of the V75-NR prototype, subjected to a time-history acceleration, applied at each skewback, is investigated. The full mortar bond arrangement is modelled
using two different types of interfaces to represent the mortar-brick head joints and the brickbrick joints. The later allowing cracks to form through the centre of each brick. By alternating
the placement of these interfaces in the y direction, the realistic arrangement of bricks and
mortar can be simulated. The brick-brick joint interfaces are calibrated, according to specific
literature referring to similar masonry units [6], as no direct information was available experimentally on the specific brick properties required. These are presented in Table 3.
The earthquake record from Southern Italy Irpina earthquake (1980), Sturno station, is selected from the European Strong-Motion Database (ISESD) [23] with the linear baseline of the
acceleration time history corrected. Two horizontal components (Figure 7) are simultaneously
applied to the vault to observe the full 3D behaviour. The direction with the higher peak
ground acceleration of 0.32g is applied parallel to the span of the vault (x direction), while the
record with PGA 0.22g is applied perpendicular to the span (y direction). The original record
is scaled up and down by 50%. The resulting acceleration time histories scale the original record by factors of 0.5 (EQ0.5), 1.0 (EQ1.0) and 1.5 (EQ1.5), and the peak ground accelerations
for each simulation are shown in the first two rows of Table 4. A further test used the unscaled record with peak ground acceleration 0.32g applied only in the x-direction (EQ1.0x) to
explore the influence of the shaking in the y direction.
The numerical response under EQ1.0, in terms of horizontal displacement at the crown section versus the horizontal base shear, is plotted in Figure 8a, superposed onto the experimental
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results. Collapse is evidenced for cases EQ1.0 and EQ1.5, while the structure remains almost
elastic for case of EQ0.5. These collapses correspond to the activation of four hinges.
kn
Kt
[N/mm3]

ft

Fc

Gf,t

c

[MPa]
1E+5 1E+5 1.67 20.77

Gf,s

Gf,c

[N/mm]
0.05 0.125 1.0

2.8

tan(I)

tan(Ig)

P

1.0

[-]
1.0

0.1

Table 3: Mechanical parameters of the brick-to-brick interfaces

In the three simulations EQ1.0, EQ1.5 and EQ1.0x, a four-hinge mechanism forms in the xdirection, with two hinges at each skewback forming first, followed by hinges at the two
haunches of each vault. In terms of the failure mechanism, the x-direction was dominant, with
cracks forming along the full width of the bed joints. This is partially explained by the peak
acceleration in the x direction being approximately 1.5 times that in the y-direction and considering the limited width of the vault.
Hinge locations are close to those obtained from the cyclic simulations. For the vaults accelerated in both directions, up until the formation of four hinges little deformation in the ydirection is observed, but once forms the vault lost shear stiffness along the cracked bed
joints. Typically, a fifth hinge forms near to the crown, and rotation of the uncracked blocks is
observed, as shown in Figure 8b for simulation EQ1.5.
0.4

0.4

X component

Y component
0.2
Acceleration [g]

Acceleration [g]

0.2

0

-0.2

0

-0.2
Time [sec]

-0.4

0.0

10.0

20.0

Time [sec]

-0.4

30.0

0.0

(a)

10.0

20.0

30.0

(b)

Figure 7: Earthquake signals applied along the longitudinal (a) and transversal (b) directions of the arch.

The study shows damage tending to be uniform along each bed joint, with damage being of a
smaller magnitude along the head joints. Generally, up to the point of collapse, the behaviour
under earthquake acceleration can be observed to be similar to that of cyclic loading, with the
3rd hinge tending to form at a similar load and displacement as that experimentally. As the
fourth hinge begins to form, and collapse begins, the base shear varies sharply and at times is
observed to be larger than at the formation of the hinges. This is in part due to the collapsing
vault imparting large forces on its supports as the mechanism was formed. The main results of
the analyses are summarised in Table 4. Comparing the results from the two simulations
EQ1.0 and EQ1.0x, it can be seen that there is minimal difference in the load capacities obtained, with the vault accelerated in both directions (EQ1.0) actually reaching a slightly higher
load at collapse of 4.32kN compared with 4.23kN for EQ1.0x. This demonstrates that the acceleration in the y-direction does not contribute significantly to the collapse load in x or to the
failure mechanism observed. As discussed above, past the formation of 4 hinges, the rotation
of blocks due to the y acceleration becomes noticeable. This indicates testing in only one directing and using a strip model in the previous section is justified for this type of barrel vault.
The load at the formation of 4 hinges tended to be slightly higher than that obtained experimentally, which could be related to the dynamic effects of base acceleration.
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Parameter
PGA x direction
PGA y direction
Peak base shear x
Peak base shear y
Max displacement x
Max displacement y

EQ0.5
[g]
0.16
[g]
0.11
[kN]
1.78
[kN]
1.15
[mm] 0.28
[mm] 0.10

EQ1.0
0.32
0.22
4.32
2.67
1.96
0.43

EQ1.5
EQ1.0x Experiments
0.48
0.32
0.33
0.00
4.78 (3.89)
4.23
3.76
4.29
0.00
7.29 (2.31)
3.57
0.84
1.26 (0.73)
0.00
-

Table 4: Maximum peak ground accelerations leading to the formation of a four-hinge mechanism in the vault.

(a)

(b)
Figure 8: (a) Total shear-crown horizontal displacement under base acceleration EQ1.0; (b) Failure mechanism
under base acceleration EQ1.5 (displacements scaled by 100).

6.1

The shear stiffness of barrel vaults

Masonry barrel vaults represent the floor diaphragms of numerous historical buildings. Their
shear behaviour influences the local and global response of the structure and its seismic performance. In this section, the performance of a barrel vault specimen under shear loading is
numerically investigated considering the effects of accumulated damage caused by earthquake
motions.
The same geometrical layout of the barrel vault investigated in Section 5 but with a width
equal to the arch span (3980mm) is considered. The nonlinear model is first subjected to the X
and Z component of the Irpinia earthquake. At the end the motion, a quasi-static shear drift is
applied at the base of the two skewbacks. Four amplification factors, 50% and 75%, 85% and
100% are chosen to scale the original signal in order to cause plastic damage but no structural
collapse.
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In Figure 9, the relative displacement between the two skewbacks is plotted for each model
versus the external shear load. In the graph, the curve of the undamaged vault is also plotted
for the comparison. The damaged models show a brittle behaviour with a lower displacement
capacity when compared to the undamaged vault. The ultimate shear displacement of the
vault decreases as the PGA of the seismic input increases.
The failure mechanisms of the undamaged vault and the damaged vault (75% of signal) are
reported in Figure 10a and Figure 10b, respectively. The undamaged model shows a failure
mechanism characterised by the formation of 4 significant cracks along the mortar joints developing from the lateral faces of vaults. The cracks propagate towards the middle of the vault
following a diagonal path (Figure 10a). The damaged vaults show a different failure mechanism, characterised by the sliding at the skewbacks leading to a rigid rotation of the vault
(Figure 10b).
16

Shear Reaction [kN]

12

8
Undamaged Vault
50% XZ Earthquake
75% XZ Earthquake
85% XZ Earthquake
100% XZ Earthquake

4

0
0.0

1.0
2.0
3.0
4.0
5.0
Imposed shear displacement at the base [mm]

6.0

Figure 9: Shear reaction – deformation curves for different earthquake intensities.

(a)

(b)
Figure 10: Shear failure and Von Mises stress (in MPa): (a) undamaged vault, (b) damaged vault.
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7

CONCLUSIONS

This study applies a detailed meso-scale model to simulate unreinforced masonry vaults subjected to earthquake loading. Both quasi-static cyclic loads and base accelerations are considered. The model simulates each brick by means of 20-noded elastic solid brick elements
interacting by means of 16-noded interface elements. The effective mortar bond is modelled
using two different types of interfaces to represent either the mortar bed joints or to simulate
the cracks passing the bricks. The numerical results are compared to experimental findings
obtained by means of a novel test setup to apply cyclic horizontal forces proportional to the
mass of the vault. The meso-scale model is found to be effective in capturing the complex
failure modes and predicting crack locations in unreinforced vaults. In the last part of the paper, the influence of different magnitudes of earthquake, including the resulting damage, on
the shear deformability and shear strength of the investigated vault specimen is evaluated. The
results show that previous damage can reduce significantly the shear displacement capacity of
the vault potentially hindering its ability to act as an effective floor/roof diaphragm.
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Abstract
In recent years the concept of recycling and reuse is a popular issue faced in many fields.
During manufacturing processes a huge amount of materials is recovered to minimize waste.
In particular, this study investigates the possibility of reuse materials recovered during the
production of rubber in standard industrial practice, for the realization of low-cost rubber
compounds for fiber-reinforced elastomeric isolators. To cope with this task, a new composition
is developed basing on the past experience of the research group and in particular with reference to a previous study by A. B. Habieb et al, where a part of virgin rubber was replaced by
regenerated one. Subsequently, a comparison between the two compositions in terms of rheometer curves, uniaxial tensile curves, hardness and compression sets, before and after the process
of aging is provided. It is found that the new composition exhibits attractive performances with
economic advantages and environmental benefits.
Keywords: Rubber compounds, Regenerated rubber, Elastomeric isolator.
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1

INTRODUCTION

The rubber material is widely used either for household or industrial needs. Since the prehistoric era, rubber has been involved in human life by exploiting the latex from specific trees.
The first use of rubber in the industrial sector occurred at the beginning of the 18th century [1].
Nowadays, rubber is commonly used for tires, vibration or seismic isolators, impermeable layers, and sports equipment. It can be in the natural or synthetic form of material. Some popular
synthetic rubber types include Hypalon, Ethylene Propylene Diene Monomer (EPDM), NitrileButadiene Rubber (NBR), Viton, Neoprene, Silicone rubber (SiR), and Styrene-Butadiene Rubber (SBR).
For elastomeric isolators, rubber pads have a main role. Damping performance is a prerequisite for isolation bearing materials. Besides, the materials must have an excellent overall performance, such as high strength to resist damage [2, 3]. Natural Rubber (NR) exhibits desirable
physical and mechanical properties, good processing properties, and excellent flexibility, and
it is an indispensable material for industrial applications. However, NR has a quite poor damping performance, which greatly limits its application in the field of anti-seismic materials [4]
[5]. Artificial rubber seems promising for the fabrication of isolators since NR is vulnerable to
quick aging and its industrial production capability is limited. Less frequently it is EPDM or
an NBR-EPDM blend vulcanized with an increasing amount in weight of carbon black [6].
To be ready for application, rubber should be processed through several stages; mixing or milling, and vulcanization [7, 8]. In the mixing process, some additives are added to obtain the
expected behavior of the rubber compound. In the vulcanization process, the rubber is heated
with sulfur, accelerator, and activator at around 140-160 °C. The process triggers the formation
of cross-links between long rubber molecules, thus improving tensile strength, hardness, and
weather resistance.
Rubber waste recycling is one of the most critical emergencies in terms of sustainability,
considering that massive rubber waste has polluted the environment. According to the literature,
regenerative rubber and powdered rubber are important forms of recycled rubber used to combat the rubber industry's expanding demand for raw material. Studies proposed by A. B. Habieb
et al. [9, 10, 11] validate the possibility of use regenerated EPDM compounds for the production
of unbonded Fiber Reinforced Elastomeric Isolators. The utilization of regenerated EPDM appears very interesting because the EPDM backbone is essentially the same as the starting material.
The present study investigates the possibility of using recovered powder and oils from rubber
manufacturing to fabricate rubber pads for low-cost seismic isolation systems. A new composition is developed basing on the past experience of the re-search group and in particular with
reference to a previous study by A. B. Habieb et al. [12, 13].
In addition to the environmental benefits, the research wants to reveal remarkable ones of
using recycled rubber waste from industries to drop down the cost of the isolation system. Such
a consideration is particularly essential when dealing with seismic protection in developing
countries (Indonesia, The Philippines, Thailand, for instance) where the cost of the commercial
isolation system is considered too expensive for massive applications.
2

REGENERATED EPDM COMPOUND

The reference regenerated EPDM compound is the Batch 4 developed by A. B. Habieb et al.
[14]. Commercial virgin rubber is blended with regenerated EPDM. Final rubber specimens are
composed for 2/3 of regenerated EPDM and 1/3 of virgin rubber. In the following figures and
tables are shown the mechanical properties of the recycled rubber.
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a)

b)
Figure 1: Stretch-stress (a) and relaxation curves (b) of reactivated EPDM [9]

Time test
mm:ss
36:00
24:00
12:00
6:00

T
°C
150
160
170
180

ML
kg-m
0.062
0.057
0.054
0.052

Ts1 Ts2
mm:ss
1:46 2:03
1:16 1:27
1:05 1:13
0:42 0:48

T10

T50

T90

MH
kg-m
2:10 7:37 1:35 0.352
1:32 4:56 15:55 0.342
1:17 2:34 7:25 0.352
0:48 1:52 4:40 0.272

Final
kg-m
0.352
0.342
0.352
0.272

Table 1: Several parameters obtained in the rheometer test on specimens at different temperatures.

Density
g/cm3
1.089

Shore A
Hardness
66

Compression set
%
25

Table 2: Density, Shore A Hardness and Compression Set of reactivated EPDM

3

RUBBER COMPOUND WITH RECOVERED POWDERS AND OILS

Respect the original composition of the rubber compound, carbon black and paraffinic oil
have been totally replaced by recovered powders and oils (Table 3). Both replacements are
obtained by recovering materials during the rubber manufacturing process, in particular, during
the mixing process. In the following figures and tables are shown the mechanical properties of
the new rubber compound.
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Batch 4
Ingredient
Virgin EPDM
Regenerated EPDM
ZnO Zinc Oxide
Stearic acid
Calcium Carbonate
Carbon black N550 FEF II
Paraffinic oil
MBT Premix
Sulfur Premix
TMTD Premix
Total

gr.
100.00
300.00
4.00
1.00
40.00
185.00
95.00
1.50
2.50
2.00
731.00

Recovered
Ingredient
Virgin EPDM
Regenerated EPDM
ZnO Zinc Oxide
Stearic acid
Calcium Carbonate
Recovered powder
Recovered oil
Kezadol GR
MBT Premix
Sulfur Premix
TMTD Premix
Total

gr.
100.00
300.00
4.00
1.00
40.00
208.00
88.00
12.00
1.52
2.52
2.00
759.04

Table 3: Composition for the two rubber compounds analyzed: “Batch 4” and “Recovered”

a)

b)
Figure 3: Stretch-stress (a) and relaxation curves (b) of rubber compound with recovered powder and waste
oil
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Time test
mm:ss
36:00
24:00
12:00
6:00

T
°C
150
160
170
180

ML
kg-m
0.081
0.077
0.074
0.072

Ts1 Ts2
mm:ss
2:50 3:22
1:52 2:09
1:15 1:26
0:53 1:00

T10

T50

T90

MH
kg-m
3:25 6:46 19:47 0.327
2:11 4:16 12:20 0,323
1:26 2:39 6:51 0.311
1:00 1:45 3:52 0.293

Final
kg-m
0.327
0.323
0.311
0.293

Table 4: Several parameters obtained in the rheometer test on specimens at different temperatures.

Density
g/cm3
1.279

Shore A
Hardness
61

Compression set
%
70.74

Table 5: Density, Shore A Hardness and Compression Set of reactivated EPDM

4

COMPARISON BETWEEN THE RUBBER COMPOUNDS

The new rubber compound exhibits similar behavior to the original one. In figure 3 and in
tables 1 and 4, it’s possible to appreciate the same characteristic rheometer curves (Table 1,
Table 4).

a))

b)
Figure 3: Rheometer curves of “Batch 4” (a) and “Recovered” (b) at different temperatures

For the stretch-strain test, the results obtained have shown that the new rubber compound
presents a higher elongation at break and almost the same breaking stress of the original composition (Figure 4a). For the relaxation curves, the original rubber compound reaches a plateau
at a value of normalized stress, of 0.57, while the new one reaches a plateau at a value of 0.79.
Furthermore, a comparison of densities, Shore A Hardnesses and Compression Sets has
been made. As it is possible to see in Table 6, only the compression set exhibits a different
behavior, with a difference percentage of 177.04% lower than the original one.
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a)

b)
Figure 4: Comparison of stretch-stress (a) and relaxation curves (b) of the two rubber compounds

Rubber
compound
Batch 4
Recovered
Δ (%)

Density
g/cm3
1.089
1.279
0.017

Shore A
Hardness
66
58
12.12

Compression set
%
25
70.74
177.04

Table 6: Comparison and percentage difference of densities, Shore A Hardnesses and Compression Sets

5

CONCLUSIONS

This paper has investigated the possibility of reuse materials recovered during the production of rubber in standard industrial practice to realize low-cost rubber compounds for fiberreinforced elastomeric isolators.
Firstly, from a previous study of A.B. Habieb et al., a rubber compound made of reactivated
EPDM has been considered. From the original composition, carbon black and paraffinic oils
have been totally replaced by recovered powder and oils. A comparison between the new rubber
compound and the original one in terms of rheometer curves, uniaxial tensile curves, relaxation
curves, hardness, and compression set has been done. The new rubber compound exhibits a
good overall performance, except for the compression set. In fact, it has shown a percentage
difference of 177.04% lower than the original one.
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So, for the production of rubber compounds for the low-cost elastomeric isolator, the recovered materials can’t be used in total replacement of ingredients. Still, the results of rheometer curves, uniaxial tensile curves, relaxation curves, and hardness seem promising for future
developments of this research where new compositions with partial replacements of recovered
powder and waste oils will be proposed.
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&203'<1
WK(&&20$67KHPDWLF&RQIHUHQFHRQ
&RPSXWDWLRQDO0HWKRGVLQ6WUXFWXUDO'\QDPLFVDQG(DUWKTXDNH(QJLQHHULQJ
03DSDGUDNDNLV0)UDJLDGDNLV HGV 
6WUHDPHGIURP$WKHQV*UHHFH-XQH

>P_AwPLhG 6P_*1 *S*Ahu P6  >1JA@aS>1_A*G .PJ1
*`HQ PHBpB2`B1 - MM *bi2HHMQ2 - Ab#2HH 1HB2 - MiQMBQ 6Q`imMiQ1 - A/ Jb+QHQ1
1 lMBp2`bBiv

Q7 aH2`MQ.2T`iK2Mi Q7 *BpBH 1M;BM22`BM;6Bb+BMQ UaV- AiHv 2@KBH, +QHBpB2`B-X7Q`imMiQ-BXKb+QHQ'!mMBbXBi
2

SQHvi2+?MB+ lMBp2`bBiv Q7 "`B.2T`iK2Mi Q7 *BpBH 1M;BM22`BM; a+B2M+2b M/ `+?Bi2+im`2"`B- AiHv
2@KBH, &MMX+bi2HHMQ- Bb#2HHX2HB'!TQHB#XBi

E2vrQ`/b, JbQM`v- LQ@h2MbBQM Ki2`BHb- J2K#`M2 1[mBHB#`BmK MHvbBb- .QK2b>Q`BxQMiH HQ/b- T`K2i`B+ MHvbBb- +QKT`2bb2/ b?2HHbX
#bi`+iX h?2 bb2bbK2Mi Q7 i?2 mHiBKi2 HQ/ +T+Biv Q7 KbQM`v /QK2b M/ pmHib
Bb  +QKTH2t QT2M Bbbm2 Q7 #Qi? T`Q72bbBQMH M/ `2b2`+? +QM+2`MX j. +m`p2/ ;2QK2i`v
Q7 bm+? bi`m+im`2b 2MiBHb #BtBH bi`2bb bii2b M/ ?B;?Hv MQMHBM2` K2+?MB+H #2?pBQ`b
r?B+? `2[mB`2 /pM+2/ +QKTmiiBQMH bi`i2;B2b iQ #2 `B;Q`QmbHv /2Hi rBi?X
h?Bb bim/v 7Q+mb2b QM i?2 bb2bbK2Mi Q7 i?2 +T+Biv Q7 KbQM`v ?2KBbT?2`B+H /QK2b
bm#D2+i2/ iQ ?Q`BxQMiH 7Q`+2b Ubm+? b i?Qb2 T`Q/m+2/ #v rBM/ M/ 2`i?[mF2VX AM i?2
7`K2rQ`F Q7 GBKBi MHvbBb UGV-  T`K2i`B+ J2K#`M2 1[mBHB#`BmK MHvbBb UJ1V
Bb T`QTQb2/ #b2/ QM LQ@h2MbBQM ULhV Ki2`BH bbmKTiBQMb BM i?2 b2Mb2 Q7 >2vKM, i?2
mMBHi2`H K2K#`M2 Kmbi Hv BMbB/2 i?2 #QmM/`v bm`7+2b Q7 i?2 /QK2 M/ i?2 K2K#`M2
bi`2bb Kmbi ?p2  MQM@TQbBiBp2 +QM+p2 TQi2MiBHX h?2 K2K#`M2 2[mBHB#`BmK T`Q#H2K
7Q` i?2 /QK2 Bb i?2M 7Q`KmHi2/ BM Sm+?2` 7Q`K M/ +QMi`QHH2/ #v  72r T`K2i2`b iQ #2
QTiBKBx2/X hrQ 2H2K2Mi`v 2tKTH2b `2 HbQ T`QpB/2/ iQ BHHmbi`i2 i?2 K2i?Q/X
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h?2 bb2bbK2Mi Q7 i?2 bi`m+im`H +T+Biv mM/2` ?Q`BxQMiH 7Q`+2b U2X;X- rBM/- BM2`iBH
7Q`+2b BM/m+2/ #v 2`i?[mF2 2i+XV Q7 KbQM`v /QK2b Q` pmHib Bb  +?HH2M;BM; Bbbm2 Q7
bi`m+im`H 2M;BM22`BM; Q7 `2H2pMi T`+iB+H BKTQ`iM+2 (R)@(N)X h?Bb Bb  p2`v +QKTHB+i2/
T`Q#H2K- /m2 iQ i?2 BMi2`+iBQM #2ir22M #BtBH bi`2bb QM +m`p2/ ;2QK2i`B2b M/ i?2
?B;?Hv MQM@HBM2` K2+?MB+H #2?pBQ` Q7 KbQM`v Ki2`BHX  MmK#2` Q7 `2b2`+?2`b
Qp2` i?2 v2`b ?p2 i`B2/ iQ /2p2HQT +QKTH2t 6BMBi2 Q` .Bb+`2i2 1H2K2Mi U61J- .1JV
MmK2`B+H bi`i2;B2b- Q7i2M rBi? p2`v bQT?BbiB+i2/ Ki2`BH KQ/2Hb KBKB+FBM; i?2 +imH
T`QT2`iB2b Q7 KbQM`v Ubm+? b MBbQi`QTv- THbiB+Biv- pBb+QbBiv- /K;2 M/ /2;`/iBQM
T`Q+2bb2b- MQM@HBM2` #2?pBQ` 2i+XV BM bQK2 /2iBHX h?2 T`2+BbBQM M/ i?2 ++m`+v Q7
i?2b2 KQ/2Hb /2T2M/ QM i?2 KQmMi M/ [mHBiv Q7 ;2QK2i`B+ M/ K2+?MB+H /i mb2/ 7Q`
i?2 bBKmHiBQMb (Ry)@(Rd)X >Qr2p2`- i?2 MmK#2` Q7 mM+2`iBMiB2b M/ `M/QKM2bb `2Hi2/
iQ i?2 /2}MBiBQM Q7 bm+? ;2QK2i`B+ M/ K2+?MB+H T`K2i2`b KF2 Bi `/mQmb- MQi iQ
bv BKTQbbB#H2- iQ /`r /2}MBi2 M/ +Q``2+i KbQM`v KQ/2HbX h?Bb Q#b2`piBQM QT2M2/
i?2 rv iQ  MmK#2` Q7 2tT2`BK2MiH TT`Q+?2b #b2/- 7Q` 2tKTH2- QM iBHiBM; i2bib QM
b+H2 KQ/2Hb (R3)@(kR)X
JMv TT2`b ?p2 TT2`2/ BM `2+2Mi v2`b b2iiBM;  M2r T`QKBbBM; TT`Q+? BM i?2
7`K2rQ`F Q7 GBKBi MHvbBb- #b2/ QM i?2 TTHB+iBQM Q7 i?2 biiB+ M/ FBM2KiB+ i?2Q@
`2Kb iQ /KBbbB#H2 bi`2bb M/ bi`BM }2H/b (kk)@(jR)X h?2v 2tTHQBi i?2 mMBHi2`H KbQM`v@
HBF2 Ki2`BH KQ/2H- HbQ FMQrM b LQ@h2MbBQM ULhV KQ/2H- /iBM; #+F iQ i?2 TBQMB2`BM;
rQ`Fb Q7 >2vKM (jk) M/ wB2MFB2rB+x (jj)X h?2 F2v /pMi;2 Q7 bm+? TT`Q+? Bb i?i
MQ K2+?MB+H T`QT2`iB2b `2 `2[mB`2/X
AMbTB`2/ #v i?2 TBQM22`BM; rQ`Fb Q7 M;2HBHHQ M/ 6Q`imMiQ M/ M;2HBHHQ 2i HX (j9)@
(je)- i?2 T`2b2Mi TT2` T`QTQb2b M BMMQpiBp2 M/ T`QKBbBM; T`K2i`B+ TT`Q+? #b2/
QM i?2 J2K#`M2 1[mBHB#`BmK MHvbBb UJ1V (jd- 9y)X h?2 F2v B/2 Bb iQ 2ti2M/ i?2
h?`mbi GBM2 MHvbBb UhGV- rB/2Hv mb2/ 7Q` k. 2[mBHB#`BmK T`Q#H2Kb +QM+2`MBM; `+?2biQ j. /QK2 Q` pmHi 2[mBHB#`BmK T`Q#H2KbX 1[mBHB#`BmK bii2b Q7 KbQM`v /QK2b +M #2
i?Qm;?i Q7 b +``B2/ #v M B/2H K2K#`M2 i?i /m2 iQ >2vKMǶb bbmKTiBQMb- Kmbi #2
+QKT`2bb2/ UBX2X i?2 ;2M2`HBx2/ bi`2bb Bb M2;iBp2 b2KB@/2}MBi2V M/ 2MiB`2Hv +QMiBM2/
rBi?BM i?2 /QK2 pQHmK2X h?2 K2K#`M2 2[mBHB#`BmK Bb 7Q`KmHi2/ BM Sm+?2` 7Q`K (9R)
BM i2`Kb Q7 irQ mMFMQrM b+H` 7mM+iBQMb- MK2Hv i?2 bi`2bb TQi2MiBH M/ i?2 2H2piBQM
Q7 i?2 K2K#`M2X h?2M- i?2 2[mBHB#`BmK 2[miBQMb `2 `2/m+2/ iQ i?2 i`Mbp2`b2 2[mBHB#@
`BmK QMHv #v BMi`Q/m+BM; i?2 B`v bi`2bb TQi2MiBH 7mM+iBQMX PM /QTiBM;  7Q`K@}M/BM;
bi`i2;v- i?2 b?T2 QM r?B+? i?2 K2K#`M2 bi`2bb +ib Bb bbmK2/ b mMFMQrM BM i?2
Sm+?2` 2[miBQM M/ imM2/ #v  MmK#2` Q7 ;2QK2i`B+ T`K2i2`b iQ #2 QTiBKBx2/X h?2
+QMbi`BM2/ QTiBKBxiBQM T`Q+2/m`2 +QMbBbib BM KtBKBxBM; i?2 pHm2 Q7 i?2 HQ/ 7+iQ`
mM/2` i?2 mMBHi2`H +QMbi`BMib `2Hi2/ iQ i?2 Lh Ki2`BH bbmKTiBQMX h?2 HBM2b HQM;
r?B+? i?2 K2K#`M2 bm`7+2 TT`Q+?2b Q` +`Qbb2b i?2 HBKBi bm`7+2b Q7 i?2 /QK2 UBX2X
i?2 BMi`/Qt Q` 2ti`/Qb bm`7+2bV T`QpB/2 +M/B/i2 HBM2b Q7 ?BM;BM; i +QHHTb2X am+? 
T`2/B+iBQM +M #2 2bBHv +`Qbb +?2+F2/ rBi? T`2/B+iBQMb Q#iBM2/ rBi? 2tT2`BK2MiH `2bmHibX
h?2 TT2` Bb Q`;MBx2/ b 7QHHQrb, a2+iBQM k T`QpB/2b i?2 Ki?2KiB+H T`2HBKBM`@
B2b QM i?2 K2K#`M2 2[mBHB#`BmK T`Q#H2K M/ Bib 7Q`KmHiBQM BM i2`Kb Q7 Sm+?2` bi`2bba2+iBQM j T`2b2Mib i?2 T`QTQb2/ T`K2i`B+ T`Q+2/m`2 M/ i?2 /QTi2/ 7Q`K@}M/BM; bi`i@
2;v- a2+iBQM 9 ;Bp2b irQ i`BpBH TTHB+iBQM Q7 i?2 T`QTQb2/ K2i?Q/ iQ  ?2KB@bT?2`B+H
/QK2 rBi? i?2 bQH2 BK Q7 BHHmbi`iBM; i?2 K2i?Q/- }MHHv +QM+Hm/BM; `2K`Fb M/ 7mim`2
T`QbT2+ib `2 bmKK`Bx2/ BM a2+iBQM 8X
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kXR

:2QK2i`v, Ǵ H JQM;2Ǵ /2b+`BTiBQM

G2i mb +QMbB/2`  KbQM`v /QK2 bm#D2+i2/ iQ Bib QrM r2B;?i M/ iQ i?2 +iBQM Q7
?Q`BxQMiH #Q/v 7Q`+2b +QMi`QHH2/ #v  HQ/ 7+iQ` λ = (λ1 , λ2 ) U6B;XRVX qBi? `2bT2+i
iQ  `B;?i@?M/ Q`i?Q;QMH +QQ`/BMi2 bvbi2K O(x1 , x2 , x3 )- i?2 ;2QK2i`v Q7 K2K#`M2
bm`7+2b +M #2 +QMp2MB2MiHv `2T`2b2Mi2/ #v  JQM;2 Ti+?,
{x = (x1 , x2 , f (x1 , x2 )), (x1 , x2 ) ∈ Ω}

URV

r?2`2 f (x1 , x2 ) Bb- BM ;2M2`H- M `#Bi``v +QMiBMmQmb 7mM+iBQM Q7 Bib `;mK2Mib (x1 , x2 )
M/ Ω Bb i?2 bQ@+HH2/ THM7Q`K Q7 i?2 K2K#`M2- MK2Hv  +QMM2+i2/ THM2 `2;BQM Q#@
iBM2/ b T`QD2+iBQM Q7 i?2 BMM2` Q` Qmi2` K2K#`M2 bm`7+2b UBX2X Si M/ Se V QM i?2
x1 x2 @i`Mbp2`b2 THM2X
x3
O1p
Se

S
re

Si

ri
x2

x1

6B;m`2 R, a2+iBQM Q7  ivTB+H ?2KBbT?2`B+H /QK2 BM i?2 x1 x3 @+Q`QMH THM2X
h?2 bm`7+2 7Q`+2b T2` mMBi T`QD2+i2/ K2K#`M2 `2- TTHB2/ iQ i?2 /QK2 `2
p = {λ1 p, λ2 p, −p}

UkV

r?2`2 p = btJ ∗ Bb i?2 /QK2 b2H7@HQ/ T2` mMBi T`QD2+i2/ `2c t Bb i?2 /QK2 i?B+FM2bb
M/ J ∗ Bb i?2 `2 `iBQ #2ir22M i?2 HQ/BM; bm`7+2 M/ i?2 THM7Q`KX 6Q` i?2 bF2
Q7 bBKTHB+Biv- r2 bmTTQb2 i?i bm+? 7Q`+2b `2 HmKT2/ iQ  +QMp2MB2MiHv +?Qb2M HQ/BM;
bm`7+2 Sp HH +QMiBM2/ BM i?2 /QK2 i?B+FM2bbX
q?2M i?2 #Q/v 7Q`+2 p Bb ;Bp2M- #v imMBM; i?2 HQ/ 7+iQ` λ r2 b2`+? 7Q`  i?`mbi bm`7+2
S UBX2X  K2K#`M2 bm`7+2V r?B+? +``B2b i?2 TTHB2/ HQ/b M/ Hvb 2MiB`2Hv rBi?BM i?2
HBKBi bm`7+2b Si - Se Q7 i?2 KbQM`v /QK2 M/ +T#H2 Q7 bmbiBMBM; i?2 TTHB2/ HQ/b
i?`Qm;? Tm`2Hv +QKT`2bbBp2 bi`2bb2bX
kXk

1[mBHB#`BmK

h?2 2[mBHB#`BmK T`Q#H2K Q7 i?2 K2K#`M2 S bm#D2+i2/ iQ i?2 bm`7+2 7Q`+2 T2` mMBi
THi7Q`K `2 T +M #2 /2b+`B#2/ i?`Qm;?  .Bz2`2MiBH :2QK2i`v U.:V TT`Q+? (j9)
#b2/ QM i?2 Sm+?2` 7Q`KmHiBQM (9R) b 7QHHQr
⎧
⎪
⎨S11,1 + S12,2 + λ1 p = 0
UjV
S21,1 + S22,2 + λ2 p = 0
⎪
⎩
S11 f,11 + S22 f,22 + 2S12 f,12 − f,1 λ1 p − f,2 λ2 p + p = 0
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r?2`2 Sij Bb i?2 ij Sm+?2` bi`2bb +QKTQM2MiX >2`27i2`- r2 mb2 i?2 bm#b+`BTi MQiiBQM (∗),i
iQ /2b+`B#2 i?2 T`iBH /Bz2`2MiBiBQM Q7 (∗) rBi? `2bT2+i iQ xi - M/ i?2 bm#b+`BTi MQiiBQM
(∗),ij iQ /2b+`B#2 i?2 b2+QM/ /2`BpiBp2 Q7 (∗) rBi? `2bT2+i iQ xi M/ xj (i, j = 1, 2)X
h?2 2[mBHB#`BmK Q7 i?2 Sm+?2` bi`2bb BM i?2 THM7Q`K +M #2 bQHp2/ QM BMi`Q/m+BM; 
bi`2bb TQi2MiBH- BM i?2 7QHHQrBM; rv
⎧
)
⎪
⎨S̃11 = S11 + λ1 pdx1 = F,22
U9V
S̃12 = S21 = −F,12
⎪
)
⎩
S̃22 = S22 + λ2 pdx2 = F,11
r2`2 F (x1 , x2 ) Bb i?2 bQ +HH2/ B`v bi`2bb 7mM+iBQM- r?B+? ?2`2 Bb bbmK2/ iQ #2 QMHv
+QMiBMmQmb UKQ`2 /2iBH2/ BM7Q`KiBQM rBi? `2;`/ iQ i?2 mM/2`HvBM; bbmKTiBQMb
+M #2
)
7QmM/ BM (j9)VX "b2/ QM i?2 B`v bQHmiBQM U9V M/ b2iiBM; hi (λi ) = λi pdxi (i = 1, 2)i?2 2[mBHB#`BmK 2[miBQMb UjV `2/m+2 iQ  bBM;H2 HBM2` 2[miBQM BM i?2 mMFMQrM bi`2bb
TQi2MiBH 7mM+iBQM F (x1 , x2 )
(F,22 − h1 (λ1 ))f,11 + (F,11 − h2 (λ2 ))f,22 − 2F,12 f,12 − f,1 λ1 p − f,2 λ2 p + p = 0

U8V

h?Bb Bb  b2+QM/ Q`/2` S`iBH .Bz2`2MiBH 1[miBQM US.1V BM r?B+? i?2 +QKTQM2Mib Q7
i?2 b2+QM/ 7mM/K2MiH 7Q`K Q7 i?2 bm`7+2 f (x1 , x2 ) `2T`2b2Mi MQM@+QMbiMi +Q2{+B2MibX
.2T2M/BM; QM i?2 /2}MBi2M2bb Q7 i?2 >2bbBM Q7 i?2 b?T2 7mM+iBQM f i?2 2[miBQM U8V +M
#2 2HHBTiB+- ?vT2`#QHB+ Q` T`#QHB+X
kXj

*QMbiBimiBp2 `2bi`B+iBQMb

"v bbmKBM;  LQ`KH _B;B/ LQ@h2MbBQM UL_LhV Ki2`BH- i?2 K2K#`M2 bi`2bb i2MbQ`
S̃ Kmbi #2 M2;iBp2 b2KB@/2}MBi2 US̃ ∈ Sym− V Ub22 (j9)V- MK2Hv- BM 3D 1m+HB/BM bT+2
trS̃ ≤ 0 ∧ detS̃ ≥ 0

UeV

h?2b2 +QM/BiBQMb- BM i2`Kb Q7 i?2 bi`2bb 7mM+iBQM F (x1 , x2 ) `2/
F,11 + F,22 ≤ 0 ∧ F,11 F,22 − F,12 2 ≥ 0

UdV

r?B+? K2Mb i?i i?2 bi`2bb bm`7+2 /2b+`B#2/ #v F (x1 , x2 ) ?b iQ #2 +QM+p2X
j

J1h>P.PGP:u, 6P_J@6AL.AL: S_P"G1J

"v bbmKBM; i?i i?2 b?T2 f (x1 , x2 ) Q7 i?2 K2K#`M2 Bb FMQrM- i?2 "QmM/`v oHm2
S`Q#H2K U"oSV 7Q` i?2 mMBHi2`H K2K#`M2 S +QMbBbib BM }M/BM; M /KBbbB#H2 UBX2X
+QM+p2V bi`2bb 7mM+iBQM F (x1 , x2 ) UBX2X +QKT`2bbBp2 K2K#`M2 bi`2bb2bV biBb7vBM; i?2
2[miBQM U8V M/ 2Bi?2` .B`B+?H2i Q` L2mKMM #QmM/`v +QM/BiBQMb,
.
dF ..
=h
U3V
F |∂Ω = g ∨
dn .∂Ω
r?2`2- ∂Ω Bb i?2 T`QD2+i2/ #QmM/`v- BX2X i?2 +HQb2/ #QmM/`v Q7 i?2 THi7Q`K Ωc g(x1 , x2 )
M/ h(x1 , x2 ) `2 i?2 KQK2Mi M/ i?2 b?2` 7Q`+2b ;2M2`i2/ #v TTHvBM; i?2 T`QD2+i2/
i`+iBQMb QM  1D #2K rBi? i?2 bK2 7Q`K b ∂ΩX AM Qi?2` rQ`/b- bBM+2 i?2 S.1 U8V Bb
 b2+QM/@Q`/2` 2[miBQM U`i?2` i?M  7Qm`i?@Q`/2` 2[miBQM b ?TT2Mb BM THM2 HBM2`
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2HbiB+BivV r2 +M +?QQb2 iQ T`2b+`B#2 i?2 MQ`KH Q` i?2 iM;2MiBH +QKTQM2Mi UBX2X F Q`
dF
V Q7 i?2 bi`2bb Q` 2p2M Mv +QK#BMiBQM Q7 i?2 irQ i i?2 T`QD2+i2/ #QmM/`v- BM  [mBi2
dn
2[mBpH2Mi KMM2`X
i Mv }t2/ pHm2 Q7 i?2 HQ/ 7+iQ` λ- i?2 "oS T`Q#H2K 7Q`KmHi2/ BM i?2b2 i2`Kb
/KBib  mMB[m2 bQHmiBQM r?B+?- ?Qr2p2`- /Bb`2;`/b i?2 +QMbiBimiBp2 `2bi`B+iBQMb UdVX h?2M
i?2 2[mBHB#`BmK T`Q#H2K Q7 i?2 mMBHi2`H K2K#`M2 S ;Qp2`M2/ #v Sm+?2`Ƕb 2[miBQM U8V
+M #2 `2/m+2/ iQ  7Q`K@}M/BM; T`Q#H2KX q2 b2`+? BM M bbB;M2/ M@T`K2i2` 7KBHv
Q7 b?T2 7mM+iBQMb f (x1 , x2 , α1 , α2 , ..., αn )- +QMbi`BM2/ iQ #2 2MiB`2Hv +QMiBM2/ rBi?BM i?2
/QK2 pQHmK2 M/ bm+? i?i i?2 >2bbBM Bb /2}MBi2 UBX2X  +QMp2t TQHvMQKBH 7mM+iBQMVi?2 QMHv QM2 i?i T`QpB/2b  bQHmiBQM Q7 i?2 i`Mbp2`b2 2[mBHB#`BmK 2[miBQM U8V r?B+?
7mH}HHb i?2 "oS b r2HH b i?2 +QM+pBiv +QM/BiBQMb UdVX h?2 T`K2i2`b αi +M `2T`2b2Mi7Q` 2tKTH2- i?2 bBx2- i?2 TQbBiBQM Q` i?2 bvKK2i`v Q7 i?2 bi`2bb K2K#`M2 SX h?2
`2bi`B+iBQM QM i?2 >2bbBM 2Mbm`2b i?i i`Mbp2`b2 2[mBHB#`BmK 2[miBQM U8V Bb 2HHBTiB+ M/
i?2M 2bv iQ bQHp2 #v  61J@HBF2 MmK2`B+H bi`i2;vX h?2M- iQ bb2bb i?2 mHiBKi2 HQ/
+T+Biv Q7 i?2 /QK2- BX2X i?2 HQ/ 7+iQ` λ- r2 +M b2`+? 7Q` i?2 KtBKmK pHm2 Q7 λ
rBi?BM i?2 72bB#H2 `2;BQM bm+? i?i  +QM+p2 bQHmiBQM Q7 i?2 "oS bQ /2}M2/ 2tBbib UBX2X
F ∈ Sym− VX
9

LmK2`B+H TTHB+iBQMb

h?2 ;QH Q7 i?Bb b2+iBQM Bb iQ BHHmbi`i2 ?Qr i?2 K2i?Q/ rQ`Fb i?`Qm;? irQ i`BpBH
2tKTH2bX HH 2tKTH2b +QMbB/2`  ?2KBbT?2`B+H /QK2 rBi? i?B+FM2bbĜ`/Bmb `iBQ Ut/LV
2[mH iQ 0.2X Ai Bb HbQ bbmK2/ i?i- rBi?Qmi HQbb Q7 ;2M2`HBiv- i?2 ?Q`BxQMiH HQ/ p Bb
b2iiH2/ iQ #2 +QMbiMi T2` T`QD2+i2/ `2 M/ 2[mH iQ {λp, 0, −p} /2}MBM; i?2 HQ/BM;
bm`7+2 Sp b
Sp = {(x1 , x2 , fp (x1 , x2 )) , (x1 , x2 ) ∈ Ω} ;
r?2`2 fp (x1 , x2 ) Bb i?2 T`#QHQB/ U6B;X kV


x 1 2 + x2 2
;
fp (x1 , x2 ) = L 1 −
t2

UNV

URyV

L Bb i?2 KB//H2 `/Bmb Q7 i?2 /QK2XLQi2 i?i- 7Q` +QMp2MB2M+2 Tm`TQb2b- HH i?2 ;2QK2i`B+H
/BK2MbBQMb `2 /BK2MbBQMHBx2/ rBi? `2bT2+i iQ i?2 `272`2M+2 H2M;?i LX
6B;m`2 k, GQ/BM; bm`7+2 Sp
h?2 Sm+?2`Ƕb 2[miBQM ;Qp2`MBM; i?2 2[mBHB#`BmK T`Q#H2K U8V Bb T`K2i`B+HHv bQHp2/
7Q` i?2 b?T2 f (x1 , x2 , α1 , α2 , ...) #v mbBM; i?2 S.1b iQQH BKTH2K2Mi2/ BM Ji?2KiB+Ü
Uo2`bBQM 12V (9k) M/ #b2/ QM  i`BM;mH` 6BMBi2 1H2K2Mi /Bb+`2iBxiBQM USH2b2 `272` iQ
(kd) 7Q` KQ`2 /2iBHbVX
9XR

1tKTH2 R

AM i?2 }`bi 2tKTH2 r2 +?QQb2 M BMBiBH K2K#`M2 b?T2 +Q``2bTQM/BM; iQ i?2 T`#QHQB/
URyVX h?Bb b?T2 Bb 7mHHv +QMiBM2/ rBi?BM i?2 /QK2 i?B+FM2bb #mi Bi Bb MQi /2T2M/2Mi QM
i?2 ;2QK2i`B+H T`K2i2`b αi X h?2 KtBKmK pHm2 Q7 λ i r?B+? i?2 bi`2bb +2b2b iQ #2
 M2;iBp2 b2KB@/2}MBi2 +QM+p2 bm`7+2 Bb λ = 0.35X 6B;X j b?Qrb i?2 T`BM+BTH bi`2bb2b
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UV

U#V

6B;m`2 j, h?`mbi bm`7+2 Sp BMbB/2 i?2 /QK2 UV M/ T`BM+BTH bi`2bb2b T`Q}H2 BM i?2 b;BiiH
THM2 7Q` λ = 0.38 U#V
T`Q}H2 BM i?2 x2 x3 @b;BiiH THM2 7Q`  pHm2 Q7 λ = 0.38 i?i H2/b iQ i2MbBH2 bi`2bb2b
mTrBM/ rBi? `2bT2+i iQ i?2 /B`2+iBQM Q7 i?2 ?Q`BxQMiH 7Q`+2X
AM Q`/2` iQ QTiBKBx2 i?2 K2K#`M2 b?T2 f (x1 , x2 ) = Sp - r2 ?p2 //2/ iQ fp  +QMp2@
MB2Mi b?T2 7mM+iBQM Δf (x1 , x2 , α1 , α2 , ..., αn ) - i?i Bb  +m#B+ BMi2`TQHiBM; bTHBM2 7mM+iBQM
rBi? M TT`QT`Bi2 b2i Q7 +QMi`QH TQBMib α1 , α2 , .., αn UBX2X KtBKmK ?2B;?i- KB//H2 `/Bmb
M/ BM~2tBQM TQBMi Q7 K2K#`M2 b?T2VX "v MmK2`B+HHv bQHpBM; i?2 T`K2i`B+ 2[mBHB#@
`BmK 2[miBQM 8 r2 Q#iBM  +Hbb Q7 K2K#`M2 7Q`Kb /2T2M/BM; QM i?2 HQ/ 7+iQ` λX
"v `2;`/BM; i?2 HQ/ 7+iQ` λ b i?2 Q#D2+iBp2 7mM+iBQM- i?2 T`K2i2`b α1 , α2 , ..., αn `2
}MHHv QTiBKBx2/ #v KtBKBxBM; λ(α1 , α2 , ..., αn )X
h?2 bQ QTiBKBx2/ K2K#`M2 b?T2 f (x1 , x2 , α1 , α2 , ..., αn ) 2M#H2b  bB;MB}+Mi BM+`2b2
BM i?2 KtBKmK pHm2 Q7 λ i r?B+? i?2 i?`mbi bm`7+2 Bb +QMiBM2/ 2MiB`2Hv BMbB/2 i?2
/QK2 M/ +QM/BiBQMb UdV ?QH/- MK2Hv λ = 0.42X
6B;X 9 b?Qrb i?2 +Q``2bTQM/BM; T`Q}H2 Q7 i?2 T`BM+BTH bi`2bb2b +Q``2bTQM/BM; iQ i?2
QTiBKBx2/ bQHmiBQM BM i?2 x1 x3 @+Q`QMH M/ BM i?2 x2 x3 @b;BiiH THM2bX h?2 +QMiQm` THQi
Q7 i?2 T`BM+BTH UKBMBKmK M/ KtBKmKV T`QD2+i2/ bi`2bb pHm2b M/ i?2 +Q``2bTQM/BM;
BbQbiiB+ HBM2b `2 HbQ `2TQ`i2/X
9Xk

1tKTH2 k

AM i?Bb 2tKTH2 r2 MHvx2  /QK2 r?B+? /BbTHvb  +2`iBM Tii2`M Q7 +`+F- /m2 iQ
?Q`BxQMiH +iBQMb r?B+? 2t+22/ i?2 HBKBi pHm2X AM bm+?  +b2 i?2 bi`2bb K2K#`M2 Bb
MQi +QMiBM2/ 2MiB`2Hv BM i?2 /QK2 U6B;bX 8VX h?2`27Q`2- r2 HHQr 7Q`  bKHH 2MH`;2K2Mi
Q7 i?2 2ti`/Qb bm`7+2 M/ HQQF 7Q` i?2 BMi2`b2+iBQM Q7 i?2 K2K#`M2 bm`7+2 rBi? i?2
Q`B;BMH 2ti`/Qb bm`7+2 Se X AM i?Bb +b2- i?2 KtBKmK HQ/ 7+iQ` bm+? i?i i?2 bi`2bb
Bb M2;iBp2 b2KB@/2}MBi2 Bb λ = 0.45X h?2 +QMiQm` THQi Q7 i?2 KBMBKmK M/ KtBKmK
T`BM+BTH bi`2bb2b M/ i?2 +Q``2bTQM/BM; BbQbiiB+ HBM2b `2 `2TQ`i2/ BM 6B;bX 8- BM T`iB+mH`
i?2 KtBKmK T`BM+BTH bi`2bb HKQbi pMBb? 7Q` x1 ∈ (−17, −5)- H22r`/ rBi? `2bT2+i iQ
i?2 ?Q`BxQMiH +iBQMX LQiB+2 i?i i?2 BbQbiiB+ HBM2b +Q``2bTQM/BM; iQ x2`Q T`BM+BTH
bi`2bb2b- `2 HKQbi bi`B;?i- K2MBM; i?i i?2 bm`7+2 T`Q}H2 BM bm+? /B`2+iBQMb +QMbBbib
Q7 7mMB+mH` HBM2bX AM 6B;X 8# i?2 T`Q}H2 Q7 i?2 +m`p2 Q7 BMi2`b2+iBQM Q7 i?2 QTiBKBx2/
K2K#`M2 bm`7+2 rBi? i?2 Q`B;BMH 2ti`/Qb bm`7+2 Si Bb b?QrM U#H+F HBM2bVX
8

*PL*Gl.AL: _1J_Ea

h?Bb TT2` T`2b2Mib  M2r T`K2i`B+ TT`Q+?- #b2/ QM i?2 J2K#`M2 1[mBHB#`BmK
MHvbBb- iQ i?2 bb2bbK2Mi Q7 i?2 HQ/ +``vBM; +T+Biv Q7 KbQM`v /QK2b Q` pmHib
mM/2` ?Q`BxQMiH #Q/v 7Q`+2bX "v mbBM; i?2 J1 i?2 HQ/ TTHB2/ iQ  /QK2 +QKTQb2/ Q7
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UV

U#V

U+V

U/V

U2V

U7V

6B;m`2 9, PTiBKBx2/ i?`mbi bm`7+2 S +Q``2bTQM/BM; iQ i?2 QTiBKH pHm2 Q7 λ UVc T`BM@
+BTH HBM2b Q7 +m`pim`2 U#Vc T`BM+BTH bi`2bb T`Q}H2 BM i?2 +Q`QMH THM2 U+Vc T`BM+BTH
bi`2bb T`Q}H2 BM i?2 b;BiiH THM2 U/Vc +QMiQm` THQi Q7 KBMBKmK M/ KtBKmK T`BM+BTH
T`QD2+i2/ bi`2bb pHm2b U2-7V
mMBHi2`H >2vKM Ki2`BH Bb HmKT2/ iQ  HQ/BM; bm`7+2 Sp M/ Bb +``B2/ #v  i?`mbi
bm`7+2 S +QMiBM2/ BMbB/2 i?2 KbQM`vX "v +?M;BM; Bib b?T2 f i?`Qm;? i?2 imMBM; Q7
 }MBi2 MmK#2` Q7 ;2QK2i`B+ T`K2i2`b- i?2 ;2M2`HBx2/ K2K#`M2 bi`2bb #HM+BM; i?2
HQ/b b r2HH b Bib T`QD2+iBQM QM i?2 THM7Q`K +?M;2X h?2 QTiBKH pHm2 Q7 i?2 ;2Q@
K2i`B+ T`K2i2`b- BX2X i?2 QTiBKH b?T2 7mM+iBQM Q7 i?2 bi`2bb K2K#`M2- Bb Q#iBM2/
#v KtBKBxBM; i?2 ?Q`BxQMiH HQ/ KmHiBTHB2` λ- rBi? i?2 +QMbi`BMib i?i i?2 ;2M2`HBx2/
bi`2bb Bb MQM@TQbBiBp2 /2}MBi2- i?2 bm`7+2 S Bb 7mHHv +QMiBM2/ BMbB/2 i?2 /QK2 pQHmK2 M/
i?2 >2bbBM Q7 i?2 b?T2 7mM+iBQM f Bb TQbBiBp2 /2}MBi2 UBX2X f #2HQM;b iQ  M@T`K2i2`
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UV

U#V

U+V

U/V

U2V

U7V

6B;m`2 8, PTiBKBx2/ i?`mbi bm`7+2 S UVc i?`mbi bm`7+2 S T`iBHHv BMbB/2 i?2 /QK2 U#Vc
+QMiQm` THQib KBMBKmK M/ KtBKmK T`BM+BTH T`QD2+i2/ bi`2bb pHm2b +QMiQm` THQi U+-/Vc
T`BM+BTH bi`2bb T`Q}H2 BM i?2 b;BiiH THM2 U2Vc BbQbiiB+ HBM2b +Q``2bTQM/BM; iQ T`QD2+i2/
T`BM+BTH bi`2bb pHm2b U7VX
7mM+iBQM 7KBHv Q7 +QMp2t TQHBMQKBVX h?2 Hii2` +QM/BiBQM ;m`Mi22b i?i i?2 Sm+?2`Ƕb
2[mBHB#`BmK 2[miBQM Bb 2HHBTiB+ M/ i?2M 2bv iQ bQHp2 i?Qm;?  61J@HBF2 MmK2`B+H bi`i@
2;vX h?2 T`QTQb2/ TT`Q+? +M #2 TTHB2/ iQ 2Bi?2` /2bB;M Q` bb2bbK2Mi Q7 mHiBKi2
HQ/ +T+Biv M/ +M #2 2bBHv 2ti2M/2/ iQ KQ`2 +QKTH2t ;2QK2i`B2b UBX2X i?BM@i?B+F~ii2/ Q` TQBMi2/ /QK2b M/ b2KB@+B`+mH`- +`Qbb- _B# Q` 6M pmHibV 2p2M i?Qm;? Bi M22/b
 bm#biMiBH 2zQ`i BM i2`Kb Q7 BKTH2K2MiiBQMX
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6lL.AL:
h?Bb rQ`F rb bmTTQ`i2/ #v i?2 AiHBM JBMBbi`v Q7 1/m+iBQM- lMBp2`bBiv M/ _2b2`+?
UJAl_V mM/2` i?2 Ǵ.2T`iK2Mib Q7 1t+2HH2M+2Ǵ ;`Mi GX232/2016X
_161_1L*1a
(R) PǶ.rv2`- .XqX 6mMB+mH` MHvbBb Q7 KbQM`v pmHibX *QKTmi2`b M/ ai`m+im`2bdjUR@8V- R3dĜRNd- RNNNX
(k) "HQ+F SX- *B#H+ hX- P+?b2M/Q`7 CX- _2H@iBK2 HBKBi MHvbBb Q7 pmHi2/ KbQM`v
#mBH/BM;bX *QKTmi2`b M/ ai`m+im`2b- 39UkNV- R39RĜR38k- kyyeX
(j) .2 GQ`2MxBb- GX- .2CQM;- JXCX M/ P+?b2M/Q`7- CX 6BHm`2 Q7 KbQM`v `+?2b mM@
/2` BKTmHb2 #b2 KQiBQMX 1`i?[mF2 1M;BM22`BM; M/ ai`m+im`H .vMKB+b- jeUR9VkRRNĜkRje- kyydX
(9) JHH`/Q- oX- JHp2xxB- _X- JBHMB- 1X- M/ JBHMB- :X a2BbKB+ pmHM2`#BHBiv Q7 ?BbiQ`@
B+H KbQM`v #mBH/BM;b,  +b2 bim/v BM 62```X 1M;BM22`BM; ai`m+im`2b- jy- kkkjĜ
kk9R- kyy3X
(8) .2CQM;- JXCX a2BbKB+ bb2bbK2Mi ai`i2;B2b 7Q` JbQM`v ai`m+im`2b- S?. /Bbb2`i@
iBQM "mBH/BM; h2+?MQHQ;v i i?2 Jbb+?mb2iib BMbiBimi2 Q7 i2+?MQHQ;v- kyyNX
(e) 6Q`#Qb+?B- SX _2bBbiBM; bvbi2K M/ 7BHm`2 KQ/2b Q7 KbQM`v /QK2bX 1M;BM22`BM;
6BHm`2 MHvbBb- 99- jR8Ĝjjd- kyR9X .PA, RyXRyRefDX2M;7BHMHXkyR9Xy8Xyy8
(d) E?M JXX- SmH .XEX a2BbKB+ S2`7Q`KM+2 Q7 JbQM`v `+?2b M/ omHibX AM, _Q@
/`B;m2b >X- 1HMb?B X- *HpB :X U2/bV 6+BM; i?2 *?HH2M;2b BM ai`m+im`H 1M;BM22`@
BM;X :2QJ1bi kyRdX ambiBM#H2 *BpBH AM7`bi`m+im`2b- aT`BM;2`- *?K- kyR3X .PA,
RyXRyydfNd3@j@jRN@eRNR9@Nnj
(3) AMMmxxQ- X- PHBpB2`B- *X- M/ 6Q`imMiQ- X .BbTH+2K2Mi +T+Biv Q7 KbQM`v
bi`m+im`2b mM/2` ?Q`BxQMiH +iBQMb pB T`/ K2i?Q/X CQm`MH Q7 J2+?MB+b Q7 Ji2`BHb
M/ ai`m+im`2b- R9U8V- dyjĜdR3- kyRNX .PA,RyXkR9yfDQKKbXkyRNXR9Xdyj
(N) Jb+QHQ- AX- 6mH;BQM2- JX- Sb[mBMQ JX Gi2`H iQ`bBQMH #m+FHBM; Q7 +QKT`2bb2/
QT2M i?BM rHH2/ #2Kb, 2tT2`BK2MiH +QM}`KiBQMbX AMiX CX JbQM`v _2b2`+? M/
AMMQpiBQM- 9URfkV- R8yĜR83- kyRNX .PA, RyXR8y9fACJ_AXkyRNXyNe3kN
(Ry) *?2iQmM2- "X- .m#QBb- 6X- oBM+?2b JX M/ "Q?iB2`- *X La*. /Bb+`2i2 2H2K2Mi
K2i?Q/ 7Q` KQ/2HBM; KbQM`v bi`m+im`2bX AMi2`MiBQMH CQm`MH 7Q` LmK2`B+H J2i?@
Q/b BM 1M;BM22`BM;- e9- e8ĜN9- kyy8X
(RR) G2KQb- CXoX LmK2`B+H Bbbm2b BM i?2 `2T`2b2MiiBQM Q7 KbQM`v bi`m+im`H /vMK@
B+b rBi? /Bb+`2i2 2H2K2MibX AM JX ST/`FFBb- .X*X *?`KTBb- LX.X G;`Qb- uX
hbQKTMFBb U1/bXV- 1**PJa h?2KiB+ *QM72`2M+2 QM *QKTmiiBQMH J2i?Q/b
BM ai`m+im`H .vMKB+b M/ 1`i?[mF2 1M;BM22`BM;X *`2i2- :`22+2- kyydX
(Rk) JH2M- JX M/ *b+B`Q- _X 6BMBi2 2H2K2Mi b?F2/QrM MHvbBb Q7 `2BM7Q`+2/ +QM+`2i2
j. 7`K2bX *QKTmi2`b M/ ai`m+im`2b- 3e- RRdeĜRR33- kyy3X
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(Rj) Gm++?2bB- JX- S/QpMB- *X- Sb[mBM2HHB- :X M/ wMB- LX JbQM`v +QMbi`m+iBQMb,
K2+?MB+H KQ/2Hb M/ MmK2`B+H TTHB+iBQMbX G2+im`2 LQi2b BM TTHB2/ M/ *QK@
TmiiBQMH J2+?MB+b- jN- aT`BM;2`- "2`HBM- kyy3X
(R9) /2 62HB+2- :X- KQ`QbB- X M/ JH2M JX 1HbiQ@THbiB+ MHvbBb Q7 #HQ+F bi`m+im`2b
i?`Qm;?  ?QKQ;2MBxiBQM K2i?Q/X CX LmK2`X MHX J2i?X :2QK2+?X- j9- kkRĜk9dkyRyX
(R8) /2 62HB+2- :X- M/ JH2M JX 6BHm`2 Tii2`M T`2/B+iBQM BM KbQM`vX CX J2+?X Ji2`X
ai`m+iX- R9- eejĜe3k- kyRNX
(Re) :Q##BM- 6X- /2 62HB+2 :X M/ G1KQb- CXoX  /Bb+`2i2 2H2K2Mi KQ/2H 7Q` KbQM`v
pmHib bi`2M;i?2M2/ rBi? 2ti2`MHHv #QM/2/ `2BM7Q`+2K2MiX AMiX CX `+?BiX >2`BiX- RĜ
R9- kykyX .PA, RyXRy3yfR883jy83XkykyXRd9jdNk
(Rd) S`Bb- oX- SBxxB;QMB- X M/ /`B2Mbb2Mb- aX aiiB+b Q7 b2H7@#HM+BM; KbQM`v /QK2b
+QMbi`m+i2/ rBi?  +`Qbb@?2``BM;#QM2 bTB`HBM; Tii2`MX 1M;BM22`BM; ai`m+im`2b- kR8RRy99y- kykyX .PA, RyXRyRefDX2M;bi`m+iXkykyXRRy99y
(R3) _QbbB- JX- *H/2`BMB- *X- G;QK`bBMQ- aX M/ JBHMB- :X a2BbKB+ `2bTQMb2 Q7 K@
bQM`v pmHi2/ bi`m+im`2b, 2tT2`BK2MiH M/ MmK2`B+H KQ/2HHBM;X BM GQm`2MÏQ- SX "X>b2HiBM2- "X X- M/ ob+QM+2HQb- :X U2/bV Ni? AMi2`MiBQMH JbQM`v *QM72`2M+2X
:mBK`½2b, lMBp2`bB//2 /Q JBM?Q- kyR9X
(RN) _QbbB- JX- *H/2`BMB- *X M/ G;QK`bBMQ- aX 1tT2`BK2MiH i2biBM; Q7 i?2 b2BbKB+
BM@THM2 /BbTH+2K2Mi +T+Biv Q7 KbQM`v +`Qbb pmHib i?`Qm;?  b+H2 KQ/2HX 1M;B@
M22`BM; ai`m+im`2b- Rkj- jyyĜjRk- kyReX
(ky) JBHMB- :X- _QbbB- JX- *H/2`BMB- *X M/ G;QK`bBMQ- aX hBHiBM; THM2 i2bib QM 
bKHH@b+H2 KbQM`v +`Qbb pmHi, 1tT2`BK2MiH `2bmHib M/ MmK2`B+H bBKmHiBQMb
i?`Qm;?  ?2i2`Q;2M2Qmb TT`Q+?X "mHH2iBM Q7 1`i?[mF2 1M;BM22`BM;- R9URV- keRĜ
k3R- kyReX .PA, RyXRyydfbRy8R3@yR8@N3R8@R
(kR) "`bQiiB- _X- "2MMiB- aX- P+?b2M/Q`7- CXX M/ hB`#bbQ *X a+H2 KQ/2Hb 7Q` i?2
2tT2`BK2MiH MHvbBb Q7 i?2 +QHHTb2 K2+?MBbKb Q7 KbQM`v #v rBM/Qrb mM/2` ?Q`@
BxQMiH +iBQMbX BM *PJS.uL kyRdX S`Q+22/BM;b Q7 i?2 ei? 1**PJa h?2KiB+
*QM72`2M+2 QM *QKTmiiBQMH J2i?Q/b BM ai`m+im`H .vMKB+b M/ 1`i?[mF2 1M@
;BM22`BM;- R8 CmM2 kyRd i?`Qm;? Rd CmM2 kyRd- _?Q/2b AbHM/- :`22+2- kyRdX
(kk) >m2`i- aX `+Qb #Ʀp2/b v +ȹTmHbX :2QK2i`ő v 2[mBHB#`BQ 2M 2H +H+mHQ i`/B+BQMH
/2 2bi`m+im`b /2 7#`B+X J/`B/ , AMbiBimiQ CmM /2 >2``2`Q- kyReX
(kj) M;2HBHHQ- JX S`+iB+H TTHB+iBQMb Q7 mMBHi2`H KQ/2Hb Q7 KbQM`v 2[mBHB#`BmKX BM
M;2HBHHQ JX U2/XV J2+?MB+b Q7 KbQM`v bi`m+im`2b- aT`BM;2`- oB2MM- RyNĜkRy- kyR9X
(k9) .2 *?B` 1X- *2MMKQ *X- :2bmH/Q X- JQMiMBMQ X- PHBpB2`B *X- 6Q`imMiQ X
miQKiB+ ;2M2`iBQM Q7 biiB+HHv /KBbbB#H2 bi`2bb }2H/b BM KbQM`v pmHibX CQm`MH
Q7 J2+?MB+b Q7 Ji2`BHb M/ ai`m+im`2b- R9U8V- dRNĜdjd- kyRNX
(k8) 6`//QbBQ X- G2TQ`2 LX- SB++BQMB JX.X GQr2` "QmM/ GBKBi MHvbBb Q7 JbQM`v
omHib lM/2` :2M2`H GQ/ *QM/BiBQMbX _AG1J "QQFb2`B2b- kyRNX .PA,RyXRyydfNd3@
j@jRN@NN99R@jnRR3X
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(ke) :2bmH/Q X- "`M/QMBbBQ :X- .2 Gm+ X- AMMmxxQ X- JQMiMBMQ X M/ PHBpB2`B
*X GBKBi MHvbBb Q7 +HQBbi2` pmHib, i?2 +b2 bim/v Q7 SHxxQ *`++BQHQ /B p2HHBMQX
CQm`MH Q7 J2+?MB+b Q7 Ji2`BHb M/ ai`m+im`2b- R9U8V- djNĜd8y- kyRNX
(kd) PHBpB2`B *X- M;2HBHHQ JX- :2bmH/Q X- AMMmxxQ X M/ 6Q`imMiQ X S`K2i`B+
/2bB;M Q7 Tm`2Hv +QKT`2bb2/ b?2HHb- J2+?MB+b Q7 Ji2`BHb- R88- Ryjd3k- kyky .PA,
RyXRyRefDXK2+?KiXkykRXRyjd3k
(k3) PHBpB2`B *X- 6Q`imMiQ X- .2CQM; JX  M2r 2[mBHB#`BmK bQHmiBQM 7Q` KbQM`v `BHrv
#`B/;2b, i?2 +b2 bim/v Q7 J`b? GM2 "`B/;2X AMiX CX Q7 JbQM`v _2b2`+? M/
AMMQpiBQM- kykRX UAM T`2bbV .PA, RyXR8y9fACJ_AXkykRXRyyjd88d
(kN) Jb+QHQ AX- :2bmH/Q- X- PHBpB2`B *X- 6Q`imMiQ X PM `B;B/ #HQ+Fb /2i2+iBQM BM
mMBHi2`H KbQM`v@HBF2 bi`m+im`2b,  +QMiBMmQmb /BbTH+2K2Mi }2H/b TT`Q+?X AMiX CX
Q7 JbQM`v _2b2`+? M/ AMMQpiBQM- kykRX UAM S`BMiV
(jy) JH2M JX- M;2HBHHQ JX- 6Q`imMiQ X- /2 62HB+2 :X- Jb+QHQ AX- `+? #`B/;2b bm#D2+i
iQ TB2` b2iiH2K2Mib, +QMiBMmQmb pbX TB2+2rBb2 `B;B/ /BbTH+2K2Mib K2i?Q/bX J2++MB+kykRX UlM/2` _2pB2rV
(jR) 6Q`imMiQ- X- :2bmH/Q- X- Jb+QHQ AX M/ JQM+Q- JX S@"ûxB2` 2M2`;v QTiBKBx@
iBQM 7Q` 2HbiB+ bQHmiBQMb Q7 KbQM`v@HBF2 TM2HbX AMiX CX Q7 JbQM`v _2b2`+? M/
AMMQpiBQM- kykRX UAM S`2bbV .PA, RyXR8y9fACJ_AXkykRXRyyjd8y3
(jk) >2vKM- CX h?2 biQM2 bF2H2iQMX *K#`B/;2 lMBp2`bBiv S`2bbX
(jj) wB2MFB2rB+- PX*X- oHHBTTM aX- EBM; AXSX- ai`2bb MHvbBb Q7 `Q+F b  ǶLQ h2MbBQMǶ
Ki2`BHX :ûQi2+?MB[m2- R3URV- 8eĜee- RNe3X
(j9) M;2HBHHQ JX- 6Q`imMiQ X 1[mBHB#`BmK Q7 KbQM`v pmHibX BM G2+im`2 MQi2b BM TTHB2/
M/ +QKTmiiBQMH K2+?MB+b- MQp2H TT`Q+?2b BM +BpBH 2M;BM22`BM;- "2`HBM, aT`BM;2`R9- U6`2KQM/ J- J+2`B 6 1/bV- kyy9X
(j8) M;2HBHHQ- JX- "#BHBQ- 1X- M/ 6Q`imMiQ- X aBM;mH` bi`2bb }2H/b 7Q` KbQM`v@HBF2
pmHibX *QMiBMmmK J2+?MB+b M/ h?2`KQ/vMKB+b- k8- 9kjĜ99R- kyRjX
(je) M;2HBHHQ- JX- "#BHBQ- 1X- 6Q`imMiQ- X- GBTTB2HHQ- JX- JQMiMBMQ- X MHviB+
bQHmiBQMb 7Q` i?2 bi`2bb }2H/ BM biiB+ bM/TBH2bX J2+?MB+b Q7 Ji2`BHb- N8- RNkĜkyjkyRe
(jd) "HQ+F SX- P+?b2M/Q`7 CX h?`mbi M2irQ`F MHvbBb,  M2r K2i?Q/QHQ;v 7Q` i?`22@
/BK2MbBQMH 2[mBHB#`BmKX a?2HHX aTiX ai`m+iX- 93UR88V- RedĜRdj- kyyd
(j3) "`B++QH .X- "`m;;B JX- MHvbBb Q7 j. HBM22HbiB+ KbQM`v@HBF2 bi`m+im`2b i?`Qm;?
i?2 SA Q7  }MBi2 2H2K2Mi bQ7ir`2X /pX 1M;X aQ7irX- Rjj- eyĜd8- kyRN
(jN) GB2r X- p2HBMQ _X - JQQbpB oX- oM J2H2 hX- "HQ+F SX- PTiBKBbBM; i?2 HQ/
Ti? Q7 +QKT`2bbBQM@QMHv i?`mbi M2irQ`Fb i?`Qm;? BM/2T2M/2Mi b2ibX ai`m+im`H M/
JmHiB/Bb+BTHBM`v PTiBKBxiBQM- ey- kjRĜ99- kyRN
(9y) "`m;;B JX-  +QMbi`BM2/ 7Q`+2 /2MbBiv K2i?Q/ 7Q` i?2 7mMB+QH` MHvbBb M/ /2bB;M
Q7 `+?2b- /QK2b M/ pmHibX AMiX CX aQHB/b ai`m+iX- RNj@RN9- k8RĜeN- kyky
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(9R) Sm+?2`- X l#2` /2` bTMMmM;xmbiM/ BM ;2F`mKKi2M ~+?2MX "2iQM m 1Bb2M- jjkN3Ĝjy9- RNj9X
(9k) qQH7`K aX h?2 Ji?2KiB+ "QQF- 8i? 2/X- qQH7`K J2/B- kyyjX
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&203'<1
WK(&&20$67KHPDWLF&RQIHUHQFHRQ
&RPSXWDWLRQDO0HWKRGVLQ6WUXFWXUDO'\QDPLFVDQG(DUWKTXDNH(QJLQHHULQJ
03DSDGUDNDNLV0)UDJLDGDNLV HGV 
6WUHDPHGIURP$WKHQV*UHHFH-XQH

a1AaJA* _1h_P6AhhAL: h1*>LAZl1a 6P_ 1sAahAL: JaPL_u
"lAG.AL:a
A/ Jb+QHQ1 - MiQMBQ 6Q`imMiQ1 - *`HQ PHBpB2`B1 M/ MiQMBQ :2bmH/Q2
1

lMBp2`bBiv Q7 aH2`MQ
.2T`iK2Mi Q7 *BpBH 1M;BM22`BM;
oB :BQpMMB SQHQ AA- Rjk @ 39y39 6Bb+BMQ UaV
2@KBH, &BKb+QHQ- +QHBpB2`B- X7Q`imMiQ'!mMBbXBi
2

lMBp2`bBiv Q7 LTH2b ǳ62/2`B+Q AAǴ
.2T`iK2Mi Q7 ai`m+im`H 1M;BM22`BM;
LTH2b 3yRk8- AiHv
2@KBH, MiQMBQX;2bmH/Q!mMBMXBi

E2vrQ`/b, JbQM`v- ?QKQ;2MBxiBQM- b2BbKB+ #2?pBQm`- `2i`Q}iiBM; i2+?MB[m2bX
#bi`+iX AM KMv b2BbKB+HHv +iBp2 `2;BQMb Q7 i?2 rQ`H/ i?2`2 `2 H`;2 MmK#2`b Q7
KbQM`v #mBH/BM;bX JQbi Q7 i?2b2 #mBH/BM;b ?p2 MQi #22M /2bB;M2/ 7Q` b2BbKB+ HQ/bX
_2+2Mi 2`i?[mF2b ?p2 b?QrM i?i KMv Q7 i?2b2 #mBH/BM;b `2 b2BbKB+HHv pmHM2`@
#H2 M/ b?QmH/ #2 +QMbB/2`2/ 7Q` `2i`Q}iiBM;X .Bz2`2Mi +QMp2MiBQMH M/ mM+QMp2MiBQMH
`2i`Q}iiBM; i2+?MB[m2b `2 pBH#H2 iQ BM+`2b2 i?2 bi`2M;i? M/fQ` /m+iBHBiv Q7 mM`2BM@
7Q`+2/ KbQM`v Ul_JV rHHbX h?Bb TT2` `2pB2rb M/ /Bb+mbb2b b2BbKB+ `2i`Q}iiBM; Q7
KbQM`v rHHb rBi? 2KT?bBb QM i?2 +QMp2MiBQMH i2+?MB[m2bX _2i`Q}iiBM; T`Q+2/m`2b `2
/Bb+mbb2/ rBi? `2;`/ iQ  +b2 bim/v,  biQM2 KbQM`v #mBH/BM; BM A`TBMB `2;BQM- /K@
;2/ #v i?2 1980 2`i?[mF2X h?2 BMi2`p2MiBQMb `2 2pHmi2/ #v K2Mb Q7 }MBi2 2H2K2Mib
rBi?  K+`Q2H2K2Mi Q#iBM2/ rBi? M ?QKQ;2MBxiBQM i2+?MB[m2X GBM2` M/ MQMHBM2`
T`Q+2/m`2b `2 +QKT`2/- M/ T2+mHB`BiB2b Q7 2+? T`Q+2/m`2 `2 b?QrMX

626

AX Jb+QHQ- X 6Q`imMiQ- *X PHBpB2`B M/ X :2bmH/Q

R

ALh_P.l*hAPL

JbQM`v bi`m+im`2b `2 T`QM2 iQ 2ti2MbBp2 /K;2 7QHHQr2/ #v 7BHm`2 M/ +QHHTb2
r?2M bm#D2+i2/ iQ HQ/b `2bmHiBM; 7`QK rBM/- 2`i?[mF2 M/ Qi?2` Mim`H Q` KM@K/2
2p2MibX _2+2Mi 2`i?[mF2b M/ i2``Q`Bbi +ib ?p2 +H2`Hv /2KQMbi`i2/ i?i i?2 /2p2HQT@
K2Mi Q7 2z2+iBp2 M/ zQ`/#H2 bi`i2;B2b 7Q` i?2 MHvbBb M/ bi`2M;i?2MBM; Q7 KbQM`v
Bb m`;2MiHv M22/2/X JMv QH/2` KbQM`v bi`m+im`2b +m``2MiHv BM mb2 r2`2 BM 7+i /2bB;M2/
M/ +QMbi`m+i2/ rBi? HBiiH2 Q` MQ +QMbB/2`iBQM Q7 i?2b2 ;;`2bbBp2 7+iQ`bX AM //BiBQM`2+2Mi +?M;2b BM b2BbKB+ `2[mB`2K2Mib ?p2 H27i KMv l_J #mBH/BM;b BM M22/ Q7 bi`2M;i?@
2MBM;X AM KMv +b2b- i?2b2 Mim`H 2z2+ib r2`2 MQi +QMbB/2`2/ BM M+B2Mi iBK2 (R)X o2`v
72r KbQM`v #mBH/BM;b ?p2 #22M #mBHi BM KQ/2`M iBK2b- M/ FMQrH2/;2 Q7 i?2 `2Hi2/
/2bB;M K2i?Q/b Bb MQ HQM;2` T`i Q7  +BpBH 2M;BM22`Ƕb i`BMBM; (k)X .2bTBi2  ;`QrBM;
M22/ 7Q` `2?#BHBiiBQM M/ +QMb2`piBQM Q7 i?2b2 bi`m+im`2b- mM/2`biM/BM; Q7 i?2B` #2@
?pBQ` ?b #22M /2+HBMBM; BM i?2 }`bi /2+/2b Q7 Hbi +2Mim`v- M/ i?2 pBH#H2 K2i?Q/b
7Q` bb2bbBM; i?2K `2 Q7 [m2biBQM#H2 `2HB#BHBivX AM `2+2Mi iBK2b i?2 bi`QM; M22/ Q7 `2@
?#BHBiiBQM- iQ;2i?2` rBi? i?2 /2p2HQTK2Mi Q7 MmK2`B+H iQQHb- ?b BKT`Qp2/ FMQrH2/;2
#Qmi bb2bbK2Mi K2i?Q/b 7Q` KbQM`v #mBH/BM;b (j)@(Rk)X b  `2bTQMb2 iQ i?2 +?HH2M;2b
Qz2`2/ #v i?2 bb2bbK2Mi Q7 l_J- b2p2`H BMi2`p2MiBQM K2i?Q/b ?p2 #22M T`QTQb2/ (Rj)X
L2p2`i?2H2bb i?2 }`bi bi2T iQr`/  +QKTH2i2 bb2bbK2Mi Q7 M BMi2`p2MiBQM K2i?Q/ Bb i?2
mM/2`biM/BM; Q7 +QMbiBimiBp2 #2?pBQm` Q7 #Qi? l_J M/ `2BM7Q`+2K2Mi (R8)@(ke)X
PM2 Q7 i?2 `2HB#H2 iQQHb /2p2HQT2/ BM i?2 Hbi v2`b `2 i?2 ?QKQ;2MBxiBQM i2+?MB[m2bX
h?2 /2p2HQTK2Mi Q7 i?2b2 i2+?MB[m2b BM i?2 }2H/ Q7 +QKTQbBi2 Ki2`BHb ?b BM/m+2/ 
bBKBH` TT`Q+? BM i?2 }2H/ Q7 KbQM`v bi`m+im`2b- BM r?B+? i?2 KbQM`v Ki2`BH Bb i?2
`2bmHi Q7 irQ /Bz2`2Mi 2H2K2Mib- bT+2Hv ``M;2/ BM /Bz2`2Mi ;2QK2i`B2b (kd)X aBM+2 Bi
Bb  F2v TQBMi BM i?2 #mHF #2?pBQm` Q7 KbQM`v- +`27mH ii2MiBQM Kmbi #2 TQb2/ QM i?2
#2?pBQm` Q7 #HQ+F@KbQM`v BMi2`7+2 (k3- kN) M/ BM i?2 bTiBH ``M;2K2Mi Q7 i?2 #HQ+FbX
.Bz2`2MiHv 7`QK }#2` `2BM7Q`+2/ Ki2`BHb- BM r?B+?  T2`BQ/B+ bi`m+im`2 +M #2 Q7i2M
`2+Q;MBx2/- ?QKQ;2MBxiBQM Q7 MQM@T2`BQ/B+ bi`m+im`2b Bb  +QKTH2t T`Q+2bb (jy)X "b2/
QM +HbbB+H ?QKQ;2MBxiBQM K2i?Q/b (jR- jk)- i?Bb TT2` T`2b2Mib M MHvbBb Q7  biQM2
KbQM`v #mBH/BM; T2`7Q`K2/ #27Q`2 M/ 7i2` i?2 `2BM7Q`+2K2Mi rBi? ;`Qmi BMD2+iBQMbX
h?2 #bB+ +2HH Q7 i?2 QKQ;2MBx2/ K2/BmK Bb  MQM@biM/`/ QM2- rBi? biQM2 2H2K2Mib
B``2;mH`Hv ``M;2/ BM i?2 `2T`2b2MiiBp2 oQHmK2 1H2K2Mi U_o1VX 1H2K2Mi`v HQ/ +b2b
r2`2 /2p2HQT2/ BM Q`/2` iQ Q#iBM i?2 +QMiBimiBp2 #mHF T`K2i2`b Q7 i?2 ?QKQ;2MBx2/
K2/BmK (jj- j9)X ++Q`/BM; iQ i?2 #Qp2 +QMbB/2`iBQMb- i?2 KQ/2H ?b #22M /2p2HQT2/
#v K2Mb Q7 }MBi2 2H2K2Mi MHvbBb- bBM+2  +HQb2/ 7Q`K 7Q` i?2 ?QKQ;2MBxiBQM T`Q#H2K
BM i?Bb +b2 Bb MQi pBH#H2X  MmK2`B+H }MBi2 2H2K2Mi MHvbBb rb T2`7Q`K2/ QM i?Bb
2tBbiBM; #mBH/BM; iFBM; BMiQ ++QmMi i?2 #mHF T`K2i2`b /2`Bp2/ BM i?2 ?QKQ;2MBxiBQM
T`Q+2/m`2X h?2 +b2 bim/v Bb  biQM2 KbQM`v #mBH/BM; rBi? bBKTH2 M/ B``2;mH` b?T2
BM A`TBMB U b2BbKB+ `2;BQM Q7 aQmi?2`M AiHvV- b2p2`2Hv /K;2/ #v i?2 1980 2`i?[mF2X
k
kXR

h>1 ah_l*hl_G JP.1G
>QKQ;2MBxiBQM

Ai Bb r2HH FMQrM i?i i?2 K2+?MB+H +?`+i2`BbiB+b Q7 KbQM`v b?QmH/ #2 /2i2+i2/ BM
Q`/2` iQ /2}M2 i?2 +QMbiBimiBp2 Hrb Q7 i?2 Ki2`BH 7Q` i?2 Ki?2KiB+H KQ/2H bbmKT@
iBQMbX L2p2`i?2H2bb HH i?2 T`K2i2`b /2}MBM; i?2b2 +?`+i2`BbiB+b +MMQi #2 K2bm`2/
QM bBi2X h?2 QMHv T`K2i2`b i?i +M #2 K2bm`2/ i i?2 KQK2Mi QM bBi2 `2 i?2 KQ/m@
Hmb Q7 2HbiB+Biv- i?2 SQBbbQM `iBQ BM i?2 /B`2+iBQM T`HH2H iQ i?2 #2/ DQBMib- i?2 pHm2 Q7
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i?2 bi`2bb i QMb2i Q7 +`+FBM; QM i?2 2ti2`MH 7+2 Q7  rHHX  KbQM`v rHH ?b BM 7+i
/Bz2`2Mi T`QT2`iB2b HQM; /Bz2`2Mi t2b ++Q`/BM; iQ i?2 mMBib i2tim`2 M/ i?2 /B`2+iBQMb
M/ ;2QK2i`v Q7 i?2 KQ`i` DQBMibX hQ 2pHmi2 i?2 /Bz2`2Mi T`QT2`iB2b ++Q`/BM; i?2
/B`2+iBQMb- M ?QKQ;2MBxiBQM T`Q+2/m`2 ?b #22M T2`7Q`K2/ iQ /2b+`B#2 KbQM`v b 
+QKTQbBi2 K2/BmK BM i2`Kb Q7 K+`Q Q` p2`;2 T`QT2`iB2b bQ i?i Bi +M #2 bbmK2/ iQ
#2 M ?QKQ;2M2Qmb Ki2`BHX h?2 }`bi T`Q#H2K iQ bQHp2 rb i?2 +?QB+2 Q7 _o1- BX2X i?2
KBMBKmK Ki2`BH iQ 2pHmi2 i?2 K+`Q@T`K2i2`b Q7 KbQM`vX AM i?2 +b2 Q7 T2`BQ/B+
bi`m+im`2 Q7 KbQM`v Bi Bb BM ;2M2`H  bBKTH2 T`Q#H2K iQ +QMbB/2` i?2 #bB+ +2HH b _o1X
AM aQmi?2`M AiHv B``2;mH` biQM2 KbQM`v Bb rB/2Hv /Bzmb2/- bQ i?i #bB+ +2HHb `2 MQi
bBKTH2 iQ `2+Q;MBx2X AM i?Bb TT2` M Bi2`iBp2 K2i?Q/- #b2/ QM i2bi rBM/Qrb- rb iF2M
BMiQ ++QmMi (j8- je) +QMbB/2`BM;  HBM2` 2HbiB+ #2?pBQm` 7Q` #Qi? KQ`i` M/ biQM2
mMBibX  j. KQ/2H rb #mBHi 7Q` i?2 _o1 U6B;m`2 RV- T2`7Q`KB; HBM2` M/ MQM HBM2`
MHvb2b M/ +QMbB/2`BM; irQ /Bz2`2Mi ivT2b Q7 #QM/BM; #2ir22M i?2 KQ`i` M/ i?2 biQM2
mMBi,
RX T2`72+i #QM/BM;, BM i?Bb +b2  #mHF HBM2` 2HbiB+ #2?pBQm` 7Q` KbQM`v rb Q#@
iBM2/ b  `2bmHic
kX mMT2`72+i #QM/BM;, BM i?Bb +b2 M mMBHi2`H 7`B+iBQMH +QMi+i rBi? JQ?`@*QmHQK#
+QMbiBimiBp2 Hr 7Q` i?2 BMi2`7+2 KQ`i`@biQM2 mMBi rb iF2M BMiQ ++QmMiX 
MQMHBM2` 2HbiB+ #mHF #2?pBQm` rb Q#iBM2/ 7Q` KbQM`vX

UV

U#V

U+V

6B;m`2 R, _2T`2b2MiiBp2 pQHmK2 2H2K2Mi UV- /Bb+`2iBx2/ biQM2 mMBib U#V M/ KQ`i`
Ki`Bt U+VX
AM 6B;m`2b R i?2 /Bb+`2iBx2/ KQ/2H Q7 i?2 #bB+ +2HH Bb b?QrM, Bi Bb  110×150×60 +K
#HQ+F BM r?B+? 20 B``2;mH` biQM2 mMBib `2 2K#2//2/ BM  KQ`i` Ki`BtX h?2 bTiBH
/Bbi`B#miBQM Q7 i?2 biQM2b Bb B``2;mH` iQQX  }MBi2 2H2K2Mi MHvbBb rb T2`7Q`K2/ QM
i?2 #HQ+F- BM Q`/2` iQ 2pHmi2 i?2 K2+?MB+H #mHF T`QT2`iB2b iQ #2 2KTHQv2/ BM i?2
MmK2`B+H MHvbBb Q7 i?2 2MiB`2 #mBH/BM;X "Qi? i?2 +QMbiBim2Mib r2`2 +QMbB/2`2/ BbQi`QTB+
2HbiB+ (jd)X h?2B` K2+?MB+H T`QT2`iB2b `2 `2TQ`i2/ BM h#H2 RX
 TB+im`2 Q7 i?2 /Bb+`2iBx2/ #bB+ +2HH Bb `2T`2b2Mi2/ BM 6B;m`2 kX LmK2`B+H MHvb2b
?p2 b?QrM i?i M2;HB;B#H2 +?M;2b BM i?2 K2+?MB+H ?QKQ;2MBx2/ T`K2i2`b r2`2 Q#@
b2`p2/ BM KbQ`v TM2Hb rBi? H`;2` /BK2MbBQMb rBi? `2bT2+i iQ i?2 +?Qb2M QM2- bQ i?i
i?2 #Qp2 #HQ+F +M #2 +QMbB/2`2/ b  `2T`2b2MiiBp2 pQHmK2 2H2K2MiX
a2p2`H b2MbBiBp2 MHvb2b r2`2 +``B2/ Qmi QM /Bz2`2Mi- KQ`2 +?QiB+ bTiBH /Bbi`B#m@
iBQMb Q7 biQM2b BM  KbQM`v TM2H ?pBM; i?2 bK2 #mHF /BK2MbBQMb- b i?i `2TQ`i2/ BM
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Ji2`BH
aiQM2
JQ`i`

1HbiB+Biv JQ/mHmb
6000 JS
2500 JS

SQBbbQM +Q2{+B2Mi 6`B+iBQM +Q2{+B2Mi
yXkj
yXey
yXky

h#H2 R, oHm2b Q7 K2+?MB+H T`K2i2`bX

UV

U#V

6B;m`2 k, .Bb+`2iBx2/ KbQM`v #HQ+F, #bB+ +2HH UV M/ i2MiiBp2 /Bb+`2iBx2/ +2HHb U#VX
6B;m`2 k#X h?2 MHvb2b ?p2 b?QrM i?i  i`Mbp2`bH BbQi`QTB+ #2?pBQm` +M #2 `2+Q;@
MBx2/ BM i?2b2 Hbi +b2bX h?2 bvKK2i`v tBb Bb i?i QM2 Q`i?Q;QMH iQ i?2 K2/BmK THM2
Q7 i?2 KbQM`v TM2HX h?2 MBbQi`QTB+ +b2 ?b #22M +?Qb2M 7Q` i?2 +b2 bim/v- #Qi? 7Q`
i?2 bBKBH`Biv Q7 i?2 biQM2 ``M;2K2Mi rBi? i?2 `2H +b2 M/ 7Q` i?2 ;2M2`HBiv Q7 i?2
+QMbiBimiBp2 #2?pBQm`X
kXk

LmK2`B+H MHvbBb

h?2 `2bmHib Q7 i?2 MHvbBb T2`7Q`K2/ #v K2Mb Q7 i?2 Laua T`Q;`K (j3) QM i?2
KbQM`v #HQ+F `2 b?QrM BM i?2 7QHHQrBM;X aiM/`/ *PLhRdj M/ h_:1Rdy r2`2
mb2/ iQ KQ/2H i?2 mMT2`72+i #QM/BM;- r?BH2 2H2K2Mib aPGA.98 r2`2 mb2/ iQ /Bb+`2iBx2
#Qi? KQ`i` M/ biQM2 mMBibX
.Bz2`2Mi HQ/ +QM/BiBQMb r2`2 MHvx2/ BM Q`/2` iQ Q#iBM i?2 +QKTHBM+2 i2MbQ` 7Q`
i?2 ?QKQ;2MBx2/ K2/BmKX h?2 biBzM2bb i2MbQ` rb Q#iBM2/ b i?2 BMp2`b2 Ki`Bt Q7
i?2 +QKTHBM+2 QM2X b  bvMi2bBb Q7 i?2 `2bmHib- i?2 biBzM2bb i2MbQ` 7Q` i?2 ?QKQ;2MBx2/
K2/BmK Bb ;Bp2M BM i?2 irQ MHvx2/ +b2b- rBi? Q` rBi?Qmi 7`B+iBQMH +QMi+iX h?2 biBzM2bb
i2MbQ` BM i?2 2HbiB+ +b2 rBi?Qmi 7`B+iBQMH +QMi+i Bb `2TQ`i2/ BM h#H2b kX b Bi +M #2
b22M- i?2 biBzM2bb Ki`Bt Q7 i?2 Ki2`BH KQ/2HH2/ rBi?Qmi 7`B+iBQMH +QMi+i +Q``2bTQM/bb 2tT2+i2/- iQ i?i Q7 M Q`i?Qi`QTB+ Ki2`BH- bQ i?i i?2 bvKK2i`v Q7 i?2 Ki`Bt Bb
T`2b2`p2/X
LQ BMi2`p2MiBQMb UJSV
10928
1826
1790
0
0
0

1826
6812
1321
0
0
0

1790
1321
5492
0
0
0

0
0
0
2045
0
0

0
0
0
0
1938
0

:`Qmi BMD2+iBQMb UJSV
0
0
0
0
0
1488

18043
2256
2213
0
0
0

UV

2256
10584
1514
0
0
0

2213
1514
8875
0
0
0

0
0
0
3802
0
0

U#V

h#H2 k, aiBzM2bb 2HbiB+ i2MbQ` UMQ 7`B+iBQMH +QMi+iVX
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0
0
0
0
2780
0

0
0
0
0
0
2570

AX Jb+QHQ- X 6Q`imMiQ- *X PHBpB2`B M/ X :2bmH/Q

AM i?Bb +b2- BM 7+i- i?2 2tBbi2M+2 Q7 M 2HbiB+ TQi2MiBH +M #2 /2KQMbi`i2/X h#H2 k
`272`b iQ i?2 +QMbiBimiBp2 KQ/2H Q7 i?2 #HQ+F rBi?Qmi BMi2`p2MiBQMb- r?BH2 h#H2 k# `2TQ`ib
i?2 bK2 /i BM +b2 Q7 ;`Qmi BMi2`p2MiBQMbX
h?2 +b2 BM r?B+? 7`B+iBQMH +QMi+i Bb iF2M BMiQ ++QmMi Bb /Bz2`2Mi, M mMbvKK2i`B+
+QMbiBimiBp2 Ki`Bt Bb i?2 `2bmHi Q7 i?2 /BbbBTiBp2 #2?pBQm` /m2 iQ i?2 mMBHi2`H 7`B+@
iBQMH +QMi+iX AM i?Bb +b2- BM 7+i- i?2 /BbbBTiBQM +MMQi bbm`2 i?2 2tBbi2M+2 Q7 M
2HbiB+ TQi2MiBH 7mM+iBQM 7Q` i?2 Ki2`BH #2?pBQm`- r?B+? +Q``2bTQM/b iQ  bvKK2i`B+
+QMbiBimiBp2 Ki`BtX
h?2 #Qp2 bvKK2i`v +MMQi #2 Q#b2`p2/ BM 7+i BM i?2 +b2 Q7 7`B+iBQMH +QMi+i- b?QrM
BM h#H2b jX AM i?Bb +b2 iQQ h#H2 j `272`b iQ i?2 +QMbiBimiBp2 KQ/2H Q7 i?2 #HQ+F rBi?Qmi
BMi2`p2MiBQMb- r?BH2 h#H2 j# `2TQ`ib i?2 bK2 /i BM +b2 Q7 ;`Qmi BMi2`p2MiBQMbX
b Bi +M #2 b22M- i?2 ?QKQ;2MBx2/ Ki2`BH b?Qrb KQ`2 /27Q`K#BHBiv BM i?2 +b2 Q7
7`B+iBQMH +QMi+i rBi? `2bT2+i iQ i?2 T2`72+i #QM/BM;X
LQ BMi2`p2MiBQMb UJSV
7672
5878
2478
−128
53
−11

17146
5702
5783
−208
73
2

9367
6188
3875
−146
50
−12

2525
2216
3464
−1091
617
58

8983
4771
3464
−1091
617
58

−4854
−4891
−181
181
−53
711

:`Qmi BMD2+iBQMb UJSV
14142
5787
4415
−109
35
−4

8850
8842
4274
−101
52
10

8506
5505
6642
−207
37
−1

UV

4406
2761
1632
566
21
12

1390
2247
1052
−5
653
47

−9051
−4273
−4991
1806
−105
6908

U#V

h#H2 j, aiBzM2bb 2HbiB+ i2MbQ` U7`B+iBQMH +QMi+iVX
h?Bb +M #2 2tTHBM2/ rBi? i?2 TQbbB#BHBiv Q7 `2HiBp2 /BbTH+2K2Mi #2ir22M KQ`i` M/
biQM2b- /m2 iQ +?Qb2M KQ/2H Q7 7`B+iBQM- r?B+? BMpQHp2b mMBHi2`H +QMi+iX hQ +QKTH2i2 i?2
b2i Q7 /i Q#iBM2/ #v i?2 ?QKQ;2MBx2/ T`Q+2/m`2 T2`7Q`K2/- i?2 2HbiB+ #mHF T`K2i2`b
BM i?2 irQ +b2b MHvx2/ `2 `2TQ`i2/ BM i?2 7QHHQrBM; h#H2b 9 M/ 9#X
Ex (JS)
Ey (JS)
Ez (JS)
νyx
νxy
νzx
νxz
νzy
νyz
Gxy (JS)
Gyz (JS)
Gzx (JS)

LQ BMi2`p2MiBQMb
10 928.07
6812.06
5492.05
0.21
0.13
0.27
0.14
0.19
0.16
2045.57
138.68
1488.61

:`Qmi BMD2+iBQMb
18 043.00
10 584.03
8875.00
0.18
0.11
0.22
0.11
0.14
0.12
3802.74
2782.28
2574.19

Ex (JS)
Ey (JS)
Ez (JS)
νyx
νxy
νzx
νxz
νzy
νyz
Gxy (JS)
Gyz (JS)
Gzx (JS)

UV LQ 7`B+iBQMH +QMi+i

LQ BMi2`p2MiBQMb
7453.99
5091.56
3629.77
0.41
0.47
0.41
0.46
0.42
0.44
800.19
661.33
697.49

:`Qmi BMD2+iBQMb
14 067.99
8753.76
6695.40
0.39
0.43
0.39
0.43
0.38
0.40
1204.02
1277.46
1387.34

U#V 6`B+iBQMH +QMi+i

h#H2 9, J2+?MB+H T`K2i2`bX
AM i?2 irQ +b2b 2tKBM2/ i?2 2HbiB+ KQ/mHmb BM+`2b2 Bb bB;MB}+Mi- r?BH2  H2bb
bB;MB}+Mi /2+`2b2 +M #2 Q#b2`p2/ BM i?2 SQBbbQM +Q2{+B2MibX h?2 2tT2+i2/ Qp2`HH
BM+`2b2 Q7 biBzM2bb BM i?2 BMD2+i2/ ?QKQ;2MBx2/ K2/BmK rBi? `2bT2+i iQ i?i rBi?Qmi
BMi2`p2MiBQMb Bb +QM}`K2/X
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kXj

ai`m+im`H MHvbBb

 biQM2 KbQM`v #mBH/BM; BM A`TBMB rb +?Qb2M b  +b2 bim/vX Ai rb #mBHi BM 1930rBi?  THM` L b?T2- M/ bQ`i Q7 `2;mH`Biv BM i?2 x@/B`2+iBQM- #2BM; t M/ v i?2 /B`2+iBQMb
Q7 i?2 irQ 2ti2`MH rHHb Q7 i?2 #mBH/BM; U6B;m`2 jV M/ x i?2 p2`iB+H QM2X

z
x
y

UV

y

x

U#V

U+V

6B;m`2 j, SB+im`2b Q7 i?2 #mBH/BM; rBi? `272`2M+2 t2b UV@U#VX .Bb+`2iBx2/ KQ/2H Q7 i?2
#mBH/BM; U+VX
h?2 biBzM2bb BM i?2 v@/B`2+iBQM Bb ?B;?2` iQ i?i BM i?2 t@/B`2+iBQM b Bi +M #2 b22M BM
6B;m`2 j#X h?2 KbQM`v rHHb r2`2 KQ/2HH2/ rBi? i?2 #mHF T`QT2`iB2b 2tKBM2/ #Qp2r?BH2 ~QQ`b M/ `QQ7b r2`2 +QMbB/2`2/ b THi2 2H2K2Mib rBi? ?B;? BM@THM2 biBzM2bb U6B;@
m`2 j+VX h?2 ?QKQ;2MBx2/ T`QT2`iB2b 2pHmi2/ BM i?2 T`2pBQmb b2+iBQMb ?p2 #22M +QM@
bB/2`2/ b i?2 T`QT2`iB2b Q7 i?2 #mBH/BM; KbQM`v rHHbX h?2 MmK2`B+H MHvbBb rb T2`@
7Q`K2/ #v K2Mb Q7 i?2 MmK2`B+H +Q/2 Laua- rBi? i2i?`2/`H 7Qm`@MQ/2 bQHB/ 2H2K2Mib
aPGA.98X
AM i?2 7QHHQrBM;  /Bb+mbbBQM #Qmi i?2 /BbTH+2K2Mib `2bmHib Bb T`QpB/2/- BM Q`/2`
iQ bb2bb i?2 `2HB#BHBiv Q7 i?2 K2i?Q/ T`QTQb2/X 6B;m`2 9 T`2b2Mib i?2 /Bbi`B#miBQM
Q7 /BbTH+2K2Mib 7Q` M 2`i?[mF2 HQ/BM; HQM; t@/B`2+iBQM BM i?2 +b2 Q7 Q`i?Qi`QTB+
#2?pBQm`X h?2 +QMbiBimiBp2 KQ/2H rBi?Qmi 7`B+iBQMH +QMi+i rb iF2M BMiQ ++QmMiX b
Bi +M #2 b22M- i?2 /BbTH+2K2Mi 2pHmi2/ i i?2 iQT Q7 i?2 #mBH/BM; Bb #Qmi 0.4 +K#2ii2` `2T`2b2Mi2/ BM 6B;m`2 9#X A7 i?2 b2BbKB+ HQ/BM; Bb /B`2+i2/ HQM; i?2 v@/B`2+iBQMi?2 KtBKmK /BbTH+2K2Mi i i?2 iQT Q7 i?2 #mBH/BM; Bb #Qmi 0W Q7 i?2 T`2pBQmb- b
2tT2+i2/ ++Q`/BM; iQ i?2 #mBH/BM; ;2QK2i`v U6B;m`2 9+VX
h?2 `2/m+iBQM Q7 i?2 /BbTH+2K2Mi KQmMi /m2 iQ i?2 +QMi`B#mi2 Q7 ;`Qmi BMD2+iBQMb BM
i?2 +b2 Q7 Q`i?Qi`QTB+ #2?pBQm` Bb `2T`2b2Mi2/ BM 6B;m`2 9/ M/ 92X b Bi +M #2 b22Mi?2`2 Bb  bBKBH`Biv Q7 Qp2`HH #2?pBQm` Q7 i?2 bi`m+im`2- rBi? BM+`2b2/ biBzM2bb /m2 iQ
i?2 BMD2+iBQMbX h?2 MHvbBb T2`7Q`K2/ M/ b?QrM #Qp2 BMpQHp2b Q`i?Qi`QTB+ #2?pBQm`
rBi?  biBzM2bb Ki`Bt BM r?B+? i?2 MQM@x2`Q i2`Kb `2 /2`Bp2/ 7`QK i?2 biBzM2bb Ki`Bt
/2p2HQT2/ BM i?2 +b2 Q7 7`B+iBQMH +QMi+iX h?2 BbQi`QTB+ KQ/2H +QmH/ MQi `2T`2b2Mi i?2
#2?pBQm` Q7 i?2 `2H +b2 bim/v- b Bi +M #2 b22M BM i?2 7QHHQrBM; i#H2- BM r?B+? i?2
`2bmHib Q7  }MBi2 2H2K2Mi MHvbBb- BMpQHpBM; #Qi? BbQi`QTB+ M/ Q`i?Qi`QTB+ #2?pBQm`?b #22M `2TQ`i2/X
h#H2b 8 M/ e b?Qr i?i M 2H2pi2 biBzM2bb +M #2 `2+Q;MBx2/ BM i?2 BbQi`QTB+ +b2bQ i?i i?2 KtBKmK /BbTH+2K2Mib BM i?2 7Qm` HQ/ +b2b 2tKBM2/ 7Q` i?2 BbQi`QTB+
#2?pBQm` `2 #Qmi 15W Q7 i?2 /BbTH+2K2Mib Q#iBM2/ BM i?2 +Q``2bTQM/BM; Q`i?Qi`QTB+
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UV hQiH /BbTH+2K2Mib 7Q` 2`i?[mF2
t@HQ/BM; UMQ BMi2`p2MiBQMb- Q`i?Qi`QTB+
#2?pBQm`V

U#V .BbTH+2K2Mi t@/B`2+iBQM 7Q` 2`i?@
[mF2 t@HQ/BM; UMQ BMi2`p2MiBQMb- Q`@
i?Qi`QTB+ #2?pBQm`V

U+V .BbTH+2K2Mi v@/B`2+iBQM 7Q` 2`i?@
[mF2 v@HQ/BM; UMQ BMi2`p2MiBQMb- Q`@
i?Qi`QTB+ #2?pBQm`V

U/V .BbTH+2K2Mib t@/B`2+iBQM 7Q` 2`i?@
[mF2 t@HQ/BM; UrBi? ;`Qmi BMD2+iBQMbQ`i?Qi`QTB+ #2?pBQm`V

U2V .BbTH+2K2Mib v@/B`2+iBQM 7Q` 2`i?@
[mF2 v@HQ/BM; UrBi? ;`Qmi BMD2+iBQMbQ`i?Qi`QTB+ #2?pBQm`V

6B;m`2 9, _2bmHibX
QM2bX lbmHHv i?2 BbQi`QTB+ KQ/2Hb `2T`2b2Mi i?2 /Bz2`2Mi #2?pBQm` ++Q`/BM; i?2 HQ/
/B`2+iBQMb QMHv rBi? `272`2M+2 iQ bi`m+im`H ;2QK2i`v- rBi?Qmi +QMbB/2`BM; i?2 BM~m2M+2
Q7 i?2 Ki2`BH ;2QK2i`vX
 bBKBH` }MBi2 2H2K2Mi MHvbBb ?b #22M T2`7Q`K2/ M/ i?2 /BbTH+2K2Mib BM i?2 bK2
7Qm` HQ/ +b2b 7Q` i?2 Q`i?Qi`QTB+ #2?pBQm` ?p2 #22M +QKT`2/ BM i?`22 /Bz2`2Mi +b2b,
MQ BMi2`p2MiBQMb- ;`Qmi BMD2+iBQMb M/ +QMM2+iBQMb #2ir22M i?2 irQ rvi?2bX h?Bb Hbi +b2
?b #22M +QMbB/2`2/ iQ 2pHmi2 i?2 BM~m2M+2 Q7 i`Mbp2`bH +QMM2+iBQMb BM KbQM`vX AM
;2M2`H-  ;QQ/ [mHBiv KbQM`v T`2b2Mib /Bz2`2Mi H2p2b rBi? i`Mbp2`bH +QMM2+iBQMbK/2 BM ;2M2`H #v Qp2`HTT2/ biQM2b Q` HQM; `2;mH` biQM2b i`Mbp2`bHHv TH+2/X AM i?2
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t@/B`2+iBQM@t@HQ/BM;
v@/B`2+iBQM@v@HQ/BM;
#bQHmi2 t@HQ/BM;
#bQHmi2 v@HQ/BM;

AbQi`QTB+ +b2
0.057
0.035
0.058
0.037

P`i?Qi`QTB+ +b2
0.390
0.201
0.396
0.216

h#H2 8, JtBKmK /BbTH+2K2Mib BM i?2 2HbiB+ +b2b- MQ BMi2`p2MiBQMb U+KVX

t@/B`2+iBQM@t@HQ/BM;
v@/B`2+iBQM@v@HQ/BM;
#bQHmi2 t@HQ/BM;
#bQHmi2 v@HQ/BM;

LQ BMi2`p2MiBQMb :`Qmi BMD2+iBQMb
0.390
0.267
0.201
0.146
0.396
0.271
0.216
0.156

ai22H +QMM2+iBQMb
0.280
0.147
0.284
0.157

h#H2 e, JtBKmK /BbTH+2K2Mib BM i?2 BMi2`p2MiBQM +b2b- Q`i?Qi`QTB+ #2?pBQm` U+KVX
+b2b BM r?B+? i?2 H27b i?i +QMbiBimi2 i?2 rHH `2 MQi +QMM2+i2/-  `2i`Q}iiBM; +QMM2+iBQM
Bb M22/2/X h`/BiBQMH BMi2`p2MiBQMb BMpQHp2 i?2 TH+2K2Mi Q7 i`Mbp2`bH biQM2bX _2+2MiHv
HQ+H BMi2`p2MiBQMb #v K2Mb Q7 bi22H #`b ?p2 #22M +QMbB/2`2/X .m2 #Qi? iQ i?2 +Qbi M/
iQ i?2 /B{+mHiB2b +QMM2+i2/ rBi? i?2 BMb2`iBQM Q7 i?2 #`b- mbmHHv i?2b2 Hbi BMi2`p2MiBQMb
`2 iF2M BMiQ ++QmMi B7 i?2 TQ`iBQM Q7 i?2 KbQM`v rHH `2[mB`BM;  `2i`Q}i BMi2`p2MiBQM Bb
HBKBi2/X h?2 MHvb2b b?Qr i?i i?2 T2`7Q`KM+2 Q7 i?2 #mBH/BM; bm#D2+i2/ iQ  `2i`Q}iiBM;
BMi2`p2MiBQM K/2 rBi? ;`Qmi BMD2+iBQMb Bb +QKT`#H2 rBi? i?i Q7  ;QQ/ [mHBiv KbQM`v
#mBH/BM;X
j

*PL*GlaAPLa

h?2 ;2QK2i`B+ M/ T?vbB+H@K2+?MB+H +?`+i2`BxiBQM Q7 i?2 KbQM`v i2tim`2 Bb 
F2v TQBMi BM i?2 ?QKQ;2MBxiBQM Q7 ?BbiQ`B+H #mBH/BM;bX h?2 MmK2`B+H ?QKQ;2MBxiBQM
MHvbBb +M #2 7Q+mb2/ b  biM/`/ T`Q+2/m`2 iQ B/2MiB7v i?2 7mM/K2MiH T`K2i2`
iQ +Q``2+iHv KQ/2H  KbQM`v bi`m+im`2X h?2 Qmi+QK2b Q7 i?2 T`QTQb2/ TT`Q+? TQBMi
Qmi i?i i?2 MBbQi`QTB+ MHvbBb Bb ++m`i2Hv 7Q`KmHi2/ M/ `2 bi`QM;Hv BM~m2M+2/ #v
i?2 KQ/2HBM; T`K2i2`bX Ai ?b HbQ #22M b?QrM i?i BbQi`QTB+ MHvbBb T`QpB/2b /Bz2`2Mi
`2bmHib 7`QK i?2 MBbQi`QTB+ QM2X
_161_1L*1a
(R) LX .QKĕ/2- :X SQMb- X a2HHB2`- uX 6`BiB?X J2+?MB+H #2?pBQm` Q7 M+B2Mi KbQM`vX
Ji2`BHb M/ ai`m+im`2b- 9k- kyy3X
(k) .X*X _BX  ;2M2`HBx2/ K2i?Q/ 7Q` b2BbKB+ 2pHmiBQM Q7 2tBbiBM; #mBH/BM;bX *m``2Mi
a+B2M+2- N9UjV- kyy3X
(j) .X1X HH2M- CX>X _BM2`X :mB/2HBM2b 7Q` i?2 b2BbKB+ 2pHmiBQM Q7 2tBbiBM; #mBH/BM;bX
AMi2`MiBQMH CQm`MH Q7 _Q+F J2+?MB+b M/ JBMBM; a+B2M+2b M/ :2QK2+?MB+b
#bi`+ib- jjUkV,NR@NR@URV- RNNeX
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(9) X AMMmxxQ- *X PHBpB2`B- X 6Q`imMiQX .BbTH+2K2Mi +T+Biv Q7 KbQM`v bi`m+im`2b
mM/2` ?Q`BxQMiH +iBQMb pB T`/ K2i?Q/X CQm`MH Q7 J2+?MB+b Q7 Ji2`BHb M/
ai`m+im`2b- R9U8V- dyj@dR3- kyRNX
(8) *X PHBpB2`B- JX M;2HBHHQ- X :2bmH/Q- X AMMmxxQ- X 6Q`imMiQX S`K2i`B+ /2bB;M
Q7 Tm`2Hv +QKT`2bb2/ b?2HHbX J2+?MB+b Q7 Ji2`BHb- R88- Ryjd3k- kykyX
(e) JX M;2HBHHQ- *X PHBpB2`B- JXCX .2CQM;X  M2r 2[mBHB#`BmK bQHmiBQM 7Q`
KbQM`v bTB`H biB`bX 1M;BM22`BM; ai`m+im`2b- kj3- RRkRde- kykRX .PA,
RyXRyRefDX2M;bi`m+iXkykRXRRkRde
(d) .X"X >QK- CX>X _BM2`X a2BbKB+ 2pHmiBQM Q7 2tBbiBM; #mBH/BM;bX a*1-K2`B+M
aQ+B2iv Q7 *BpBH 1M;BM22`b- la- jRUjV- kyyjX
(3) X :2bmH/Q- JX JQM+QX a2BbKB+ `2i`Q}iiBM; i2+?MB[m2b 7Q` 2tBbiBM; KbQM`v #mBH/@
BM;bX CQm`MH Q7 *BpBH 1M;BM22`BM; M/ `+?Bi2+im`2- 8URRV- RyRRĜRyR3- kyRRX
(N) JX JQM+Q- AX "2`;Kb+Q- JX "2iiBX  MQ@i2MbBQM MHvbBb 7Q`  #`B+F KbQM`v pmHi
rBi? HmM2ii2X CQm`MH Q7 J2+?MB+b Q7 Ji2`BHb M/ ai`m+im`2b- RjU8V- dyjĜdR9- kyR3X
(Ry) X :2bmH/Q- "X *H/2`QMB- X aM/QHB- JX JQM+QX JBMBKmK 2M2`;v TT`Q+? 7Q`
i?2 BM@THM2 b?2` `2bBbiM+2 Q7 KbQM`v TM2HbX AM;2;M2`B aBbKB+- jeURV- 9kĜ8jkyRNX
(RR) X :2bmH/Q- "X *H/2`QMB- X AMMmxxQ- X 6Q`imMiQ- JX JQM+QX JBMBKmK 2M2`;v
bi`i2;B2b 7Q` i?2 BM@THM2 #2?pBQm` Q7 KbQM`vX 6`iim` 2/ AMi2;`Bi¨ ai`miim`H2R9U8RV- jdeĜj38- kykyX
(Rk) X AMMmxxQ- X .2 Gm+- X 6Q`imMiQ- X :2bmH/Q- JX M;2HBHHQX 6`+im`2b /2i2+@
iBQM BM KbQM`v +QMbi`m+iBQMb mM/2` ?Q`BxQMiH b2BbKB+ 7Q`+2bX AM;2;M2`B aBbKB+j8UjV- 3dĜRyj- kyR3X
(Rj) XaX `vX :mB/2HBM2b 7Q` `2TB`- `2biQ`iBQM- +QM/BiBQM bb2bbK2MiM/ b2BbKB+
bi`2M;i?2MBM; Q7 KbQM`v #mBH/BM;bX Rji? AMi2`MiBQMH "`B+F M/ "HQ+F JbQM`v
*QM72`2M+2- Kbi2`/K- kyyeX
(R9) JX 6`H/B- X :2bmH/Q- 6X :m``+BMQX AM~m2M+2 Q7 +imH THbiB+ ?BM;2 TH+2K2Mi QM
i?2 #2?pBQ` Q7 /m+iBH2 7`K2bX CQm`MH Q7 w?2DBM; lMBp2`bBiv@a*A1L*1 - R8UdV93kĜ9N8- kyR9X
(R8) AX Jb+QHQ- JX 6mH;BQM2- JX Sb[mBMQX Gi2`H iQ`bBQMH #m+FHBM; Q7 +QKT`2bb2/ QT2M
i?BM rHH2/ #2Kb, 2tT2`BK2MiH +QM}`KiBQMbX AMiX CX JbQM`v _2b2`+? M/ AMMQ@
piBQM- 9URfkV- R8yĜR83- kyRNX .PA, RyXR8y9fACJ_AXkyRNXyNe3kN
(Re) JX JQM+Q- JX m`BHBQ- X h7m`Q- JX :m/;MmQHQX ambiBM#H2 JQ`i`b 7Q` TTHB@
+iBQM BM i?2 *mHim`H >2`Bi;2 6B2H/X Ji2`BHb- R9UjV- 8N3- kykRX
(Rd) JX JQM+Q- :X 62HH- JX :m/;MmQHQX MHvbBb Q7 TQxxQHMB+ KQ`i`b 7Q` `2biQ`@
iBQMX AMi2`MiBQMH CQm`MH Q7 *QMb2`piBQM a+B2M+2- RkURV- 9RĜ8y- kykRX
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(R3) :X "mQMQ+Q`2- X :2bmH/Q- JX JQM+Q- JXhX apBMQX AKT`Qp2K2Mi Q7 a2BbKB+ S2`@
7Q`KM+2 Q7 lM`2BM7Q`+2/ JbQM`v "mBH/BM;b mbBM; ai22H 6`K2bX BM, *BpBH@*QKT
S`Q+22/BM;b, Rye- "X>XoX hQTTBM; M/ SX ApMvB 2/bX- *BpBH *QKT S`2bb- EBTT2MaiB`HBM;b?B`2- lXEX- kyR9X Aa"L Nd3@R@Ny8y33@eR@9
(RN) X :2bmH/Q- JX JQM+QX a2BbKB+ pmHM2`#BHBiv `2/m+iBQM Q7 2tBbiBM; KbQM`v #mBH/@
BM;bX JQ/2HHBM; Q7 `2i`Q}iiBM; i2+?MB[m2bX l`#M >#Bii *QMbi`m+iBQM lM/2` *ib@
i`QT?B+ 1p2MibX oQHX R- 38jĜ383- GQM/QM- L2r uQ`F, *_* S`2bb- hvHQ`  6`M+Bb
:`QmT- kyRyX Aa"L, Nd3y9R8eye38R
(ky) X 6Q`imMiQ M/ X :2bmH/Q M/ AX Jb+QHQ M/ JX JQM+QX S@"ûxB2` 2M2`;v
QTiBKBxiBQM 7Q` 2HbiB+ bQHmiBQMb Q7 KbQM`v@HBF2 TM2HbX AMiX CX Q7 JbQM`v _2b2`+?
M/ AMMQpiBQM- kykRX UAM S`2bbV .PA, RyXR8y9fACJ_AXkykRXRyyjd8y3
(kR) JX JH2M- JX M;2HBHHQ- X 6Q`imMiQ- :X /2 62HB+2- AX Jb+QHQX `+? #`B/;2b bm#D2+i
iQ TB2` b2iiH2K2Mib, +QMiBMmQmb pbX TB2+2rBb2 `B;B/ /BbTH+2K2Mib K2i?Q/b J2++MB+kykRX UlM/2` _2pB2rV
(kk) AX Jb+QHQ- X :2bmH/Q- *X PHBpB2`B- X 6Q`imMiQX PM `B;B/ #HQ+Fb /2i2+iBQM BM
mMBHi2`H KbQM`v@HBF2 bi`m+im`2bX AMiX CX Q7 JbQM`v _2b2`+? M/ AMMQpiBQM- kykRX
UAM S`BMiV
(kj) JX 1H:r/v- SX G2bimxxB- JX "/QmtX  `2pB2r Q7 +QMp2MiBQMH b2BbKB+ `2i`Q}iiBM;
i2+?MB[m2b 7Q` l_JX .`7i a2+QM/ _2pBbBQM Q7 Aa RjNj8- kyy9X
(k9) CX J+#m;X .Bbb2KBMiBQM Q7 b2BbKB+ `2i`Q}iiBM; i2+?MB[m2b iQ `m`H +QKKmMB@
iB2bX 1q"@lE LiBQMH _2b2`+? *QM72`2M+2 kyRy ǵ6`QK aKHH ai2Tb iQ :BMi
G2TbXXXTmiiBM; `2b2`+? BMiQ T`+iB+2Ƕ _QvH +/2Kv Q7 1M;BM22`BM;- RNi? 62#`m`v
kyRy- kyRyX
(k8) X aKBi?- hX _2/KMX  *`BiB+H _2pB2r Q7 _2i`Q}iiBM; J2i?Q/b 7Q` lM`2BM7Q`+2/
JbQM`v ai`m+im`2bX 1q"@lE _2b2`+? *QM72`2M+2 kyyN >Qbi2/ #v h?2 _QvH
+/2Kv Q7 1M;BM22`BM;- lMBp2`bBiv Q7 "`BbiQH- kyyNX
(ke) JX_X oHHmxxB- JX JmM`B- *X JQ/2M- GX "BM/- :X *`/MB- X aBbBX JmHiBH2p2H
TT`Q+? iQ i?2 pmHM2`#BHBiv MHvbBb Q7 ?BbiQ`B+ #mBH/BM;b BM b2BbKB+ `2b- S`i kX
_2biQ`iBQM Q7 "mBH/BM;b M/ JQMmK2Mib- RjUeV- kyyNX
(kd) X wm++?BMB- SX"X GQm`2M+QX J KB+`Q@K2+?MB+H KQ/2H 7Q` i?2 ?QKQ;2MBxiBQM Q7
KbQM`vX AMi2`MiBQMH CQm`MH Q7 aQHB/b M/ ai`m+im`2b- jN- kyykX
(k3) "X Gm++BQMB- oX*X _Qm;B2`X a?2` #2?pBQm` Q7 #`B+FĜKQ`i` BMi2`7+2 BM *6_S
`2i`Q}ii2/ Q` `2TB`2/ KbQM`vX AMi2`MiBQMH CQm`MH Q7 J2+?MB+H a+B2M+2b- 8kU9VkyRyX
(kN) SX q`B;;2`bX *QKTmiiBQMH +QMi+i K2+?MB+bX aT`BM;2`- "2`HBM- >2B/2H#2`;- L2r
uQ`FX- kyyeX
(jy) 6X *HmMB- oX :mb2HHX >QKQ;2MBxiBQM Q7 MQM@T2`BQ/B+ KbQM`v bi`m+im`2bX AMi2`M@
iBQMH CQm`MH Q7 aQHB/b M/ ai`m+im`2b- 9R- kyy9X
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(jR) aX:X G2F?MBibFBBX h?2Q`v Q7 2HbiB+Biv Q7 M MBbQi`QTB+ 2HbiB+ #Q/v- CXCX "`M/biii2`aM 6`M+Bb+Q- RNejX
(jk) aX L2Ki@Lbb2`X JB+`QK2+?MB+b, Qp2`HH T`QT2`iB2b Q7 ?2i2`Q;2M2Qmb Ki2`BHbLQ`i?@>QHHM/- RNNjX
(jj) aX SB2i`mbx+xF- wX J`QxX 6Q`KmHiBQM Q7 MBbQi`QTB+ 7BHm`2 +`Bi2`B BM+Q`TQ`iBM; 
KB+`Qbi`m+im`2 i2MbQ`X *QKTmi2`b  :2Qi2+?MB+b- ke- kyyyX
(j9) aX SB2i`mbx+xF- _X lb?Fb`2BX .2b+`BTiBQM Q7 BM2HbiB+ #2?pBQm` Q7 bi`m+im`H K@
bQM`vX AMi2`MiBQMH CQm`MH Q7 aQHB/b M/ ai`m+im`2b- 9y- kyyjX
(j8) X :2bmH/Q- GX LmMxBMi2X PKQ;2M2BxxxBQM2 /B Km`im`2 biQ`B+?2 UAM AiHBMVX S`Q@
+22/BM;b soAA LiBQMH *QM;`2bb AJ1h- 6HQ`2M+2- Aa"L, 33@398j@jRj@N- kyy8X
(je) JX JQ/MQ- 6X 6##`Q+BMQ- X :2bmH/Q- :X Ji`QM2- AX 6`BM- 6X 6`i2`MHBX PM i?2
7Q`+2/ pB#`iBQM i2bi #v pB#`Q/vM2X AM, *PJS.uL kyR8- 8i? 1**PJa h?2KiB+
*QM72`2M+2 QM *QKTmiiBQMH J2i?Q/b BM ai`m+im`H .vMKB+b M/ 1`i?[mF2 1M@
;BM22`BM; *`2i2 AbHM/- :`22+2- k8Ĝkd Jv kyR8 *`2i2 AbHM/- kyN@kC- kyR8X
(jd) aX*X *QrBMX h?2 `2HiBQMb?BT #2ir22M i?2 2HbiB+Biv i2MbQ` M/ i?2 7#`B+ i2MbQ`X
J2+?MB+b Q7 Ji2`BHb- 9- RN38X
(j3) LauaX lb2`Ƕb JMmH- o2`bBQM 3Xy- arMbQM MHvbBb avbi2Kb AM+X UaaAV- >Qmb@
iQM- S- kyy9X
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PRELIMINARY DESIGN METHOD FOR ROCKING AND NEGATIVE
STIFFNESS SYSTEMS
Natalia Reggiani Manzo, and Michalis F. Vassiliou
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Abstract
This paper proposes a simple analytical system that can be used to describe the dynamics of
Negative Stiffness Bilinear Elastic (NSBE) systems, and consequently design them in a simpler manner. The NSBE oscillator is a mathematical idealization, which can be used to describe rocking structures with or without flexible restraining systems or curved extension at
their bases. The paper defines the characteristic quantities to make the bilinear system and
actual rocking structures equivalent.
A simpler “equivalent” system to describe the behavior of NSBE systems is proposed: The
equivalent system is the Zero Stiffness Bilinear Elastic (ZSBE) system, which is a bilinear system with zero stiffness in the second branch. The ZSBE system is useful and simpler because it
needs one parameter less than the NSBE to be defined. The paper proceeds by defining the
“Equal Displacement” and “Equal Energy” rules that provide estimates of the maximum displacement of the NSBE based on the response of the ZSBE. Using a simpler system to predict
the response of a PRUHFRPSOLFDWHGRQHLVDFRQFHSWVLPLODUWRWKH5ȝ7UHODWLRQV that provide
estimates of the response of bilinear yielding systems based on the response of an equivalent
linear elastic system. However, the method should not be confused with the approach of
FEMA 356: it does not resort to a linear elastic system but to the ZSBE.
Finally, the preliminary design of a real rocking structure is presented, as a case of study.
The paper compares the response predicted by the proposed methodology to the one predicted by a more accurate numerical analysis.
Keywords:QHJDWLYHVWLIIQHVVV\VWHPVGLPHQVLRQDODQDO\VLVQRQOLQHDUG\QDPLFVELOLQHDU
V\VWHPV
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1

INTRODUCTION

5RFNLQJ KDV EHHQ SURSRVHG DV D VHLVPLF LVRODWLRQ PHWKRG IRU ERWK EULGJHV >@ DQG
EXLOGLQJV>±@EHFDXVHXSOLIWZRUNVDVDPHFKDQLFDOIXVHDQGOLPLWVWKHGHVLJQIRUFHVRI
ERWKWKHVXSHUVWUXFWXUHDQGWKHIRXQGDWLRQ8QOLNHVWUXFWXUHVGHVLJQHGWR\LHOGWKHIUHHURFN
LQJULJLGEORFNH[KLELWVQHJDWLYHSRVWXSOLIWVWLIIQHVV>@,QSDUWLFXODUWKLVSDSHUIRFXVHVRQ
QHJDWLYH VWLIIQHVV V\VWHPV WKDW DUH GHVLJQHG WR VXVWDLQ URFNLQJ PRWLRQ ZLWKRXW VOLGLQJ >±
@ DQG GR QRW H[KLELW K\VWHUHWLF GDPSLQJ 7KXV LW ORDGV DQG XQORDGV RQ WKH VDPH EUDQFK
7KHVH V\VWHPV GR QRW DFFXPXODWH GLVSODFHPHQWV DV QHJDWLYH VWLIIQHVV K\VWHUHWLF V\VWHPV
ZRXOG7RDYRLG FRQIXVLRQ QRWH WKDW WKLV SDSHUXVHV WKHWHUP ³HODVWLF´WR GHVFULEHQRW RQO\
OLQHDU HODVWLF V\VWHPV EXW DOO V\VWHPV WKDW XQORDG RQ WKH VDPH EUDQFK OLQHDU RU QRQOLQHDU
7KHUHIRUHDQXQUHVWUDLQHGURFNLQJV\VWHPLVDQHJDWLYHVWLIIQHVVHODVWLFV\VWHP
 3ODVWLFGHVLJQKDVIRXQGLWVZD\WRSUDFWLFHSDUWLDOO\EHFDXVHDVLPSOLILHGGHVLJQPHWK
RGRORJ\ WKDW LV EDVHG RQ WKHOLQHDUHODVWLF UHVSRQVH VSHFWUXP KDV EHHQ GHYHORSHG)RU PRVW
VWUXFWXUHVGHVLJQHGWR\LHOGDWLPHKLVWRU\DQDO\VLVLVQRWUHTXLUHGDQGDQDSSURDFKEDVHGRQ
OLQHDU HODVWLF VSHFWUD LV DOORZHG 7KLV FRQYHQLHQW GHVLJQ DSSURDFK ZDV RULJLQDOO\ GHYHORSHG
IRUHODVWRSODVWLFV\VWHPVLQFOXGLQJWKHRQHVH[KLELWLQJSRVW\LHOGKDUGHQLQJ,WKDVEHHQH[
WHQGHG WR LQFOXGH UHFHQWHULQJ URFNLQJ  V\VWHPV H[KLELWLQJ SRVLWLYH SRVWXSOLIW VWLIIQHVV >
@+RZHYHU LW LV QRWDSSOLFDEOHWR QHJDWLYH VWLIIQHVV URFNLQJ V\VWHPV EHFDXVHWKHUH LVQR
³HTXLYDOHQW OLQHDU HODVWLF V\VWHP´ IRU WKHP >@ 7KHUHIRUH WLPHFRQVXPLQJ WLPH KLVWRU\
DQDO\VLVLVUHTXLUHGDQGWKHOLQHDUHODVWLFUHVSRQVHVSHFWUDWKDWDUHGHILQHGE\FRGHVEHFRPH
XVHOHVVIRUVXFKVWUXFWXUHV
 7KLVSDSHUVXJJHVWVWKDWWKHUHFDQEHDVLPSOLILHGGHVLJQPHWKRGIRU1HJDWLYH6WLIIQHVV
%LOLQHDU (ODVWLF 16%(  V\VWHPV )LJD  EDVHG QRW RQ DQ HTXLYDOHQW OLQHDU HODVWLF V\VWHP
EXWRQDQHTXLYDOHQW ELOLQHDU HODVWLF V\VWHP RI FRQVWDQW UHVWRULQJ IRUFH LH ]HUR SRVWXSOLIW
VWLIIQHVV ²D=HUR6WLIIQHVV%LOLQHDU(ODVWLF =6%( V\VWHP )LJE (YHQWKRXJKWKHHTXLYD
OHQW=6%(V\VWHPGRHV QRWSUHVHQWWKHFRQYHQLHQFHRIDOLQHDUHODVWLFV\VWHPZKHUHWKHUH
VSRQVH VFDOHV SURSRUWLRQDOO\ WR WKH H[FLWDWLRQ LW LV XVHIXO EHFDXVH LW UHGXFHV WKH
GLPHQVLRQDOLW\ RI WKH SUREOHP DQG LW DOORZV WKH GHYHORSPHQW RI GHVLJQ VSHFWUD QRW OLQHDU
HODVWLF IRUQHJDWLYHVWLIIQHVVV\VWHPV

)LJXUHD &KDUDFWHULVWLFSXVKRYHUFXUYHRIWKH1HJDWLYH6WLIIQHVV%LOLQHDU(ODVWLF 16%( V\VWHPE 3URSRVHG
ELOLQHDUHODVWLFV\VWHPRIFRQVWDQWUHVWRULQJIRUFH =HUR6WLIIQHVV%LOLQHDU(ODVWLF>=6%(@ V\VWHP


,W VKRXOG EH QRWHG WKDW WKH UHVXOWV RI WKLV VWXG\ DUH QRW GLUHFWO\ DSSOLFDEOH WR GHVLJQ
SURFHGXUHV+RZHYHUWKH\VXJJHVWDSSURDFKHVWKDWPLJKWEHXVHGWRGHYHORSDUDWLRQDOGHVLJQ
SURFHGXUHIRUHDUWKTXDNHUHVLVWDQFHRIURFNLQJVWUXFWXUHV
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2

EQUIVALENT
SYSTEMS

DESCRIPTION

OF

ROCKING

SYSTEMS

WITH

NSBE

2QHRIWKHFKDOOHQJHVLQGHVLJQLQJDURFNLQJVWUXFWXUHLVWKDWIRUDJLYHQKHLJKWRIDIODW
EDVHGXQUHVWUDLQHGURFNLQJVWUXFWXUHXVXDOO\GHILQHGE\DUFKLWHFWXUDOFRQVLGHUDWLRQVLWVGLV
SODFHPHQWFDSDFLW\ LHWKHGLVSODFHPHQWWKDWZRXOGFDXVHRYHUWXUQ LVFRXSOHGWRLWVXSOLIW
LQJIRUFHEHFDXVHWKH\ERWKGHSHQGRQLWVVOHQGHUQHVVĮ RUHTXLYDOHQWO\RQLWVEDVHZLGWK
2b 7KHUHIRUHH[WHQGLQJWKHEDVHWRLQFUHDVHWKHGLVSODFHPHQWFDSDFLW\RIWKHVWUXFWXUHFDXV
HVDQLQFUHDVHLQWKHGHVLJQIRUFHVRIERWKWKHVXSHUVWUXFWXUHDQGWKHIRXQGDWLRQ
 ,QDQHIIRUWWRLVRODWHEXLOGLQJVYLDDURFNLQJVWRU\6RYLHWHQJLQHHUV>@ZHUHWKHILUVW
WRVXJJHVWDZD\WRGHFRXSOHWKHGLVSODFHPHQWFDSDFLW\IURPWKHXSOLIWDFFHOHUDWLRQ7KH\H[
WHQGHGWKHEDVHRIWKHEORFNE\DFXUYHGSDUW7KLVLQFUHDVHVWKHGLVSODFHPHQWFDSDFLW\ZKLOH
NHHSLQJ WKH XSOLIWLQJ DFFHOHUDWLRQ FRQVWDQW >@ 7KH SRVWXSOLIW VWLIIQHVV FDQ EH SRVLWLYH RU
QHJDWLYHGHSHQGLQJRQWKHFXUYDWXUHRIWKHH[WHQVLRQ$VLPLODUEHKDYLRUFDQEHREWDLQHGE\
XVLQJDIOH[LEOHUHVWUDLQLQJV\VWHP>@
7KHLGHDOL]HGV\VWHPVSUHVHQWHGDERYHDVVXPHWKDWWKHVWUXFWXUHLVULJLG±DTXHVWLRQDEOH
DVVXPSWLRQDVWKHVL]HRIWKHEORFNVLQFUHDVH)LJDVKRZVWKHIRUFHGHIRUPDWLRQFXUYHRID
URFNLQJ VWUXFWXUH ZKHQ LWV GHIRUPDELOLW\ LV FRQVLGHUHG >±@ ,Q WKLV FDVH WKH SUHXSOLIW
GLVSODFHPHQWLVQRW]HUREXWWDNHVDILQLWHYDOXHuup7KHUHIRUHDOOV\VWHPVFLWHGDERYHFDQEH
GHVFULEHGE\DQHODVWLFELOLQHDUV\VWHPXSWRDOLQHDUDSSUR[LPDWLRQ
7KH6'2)16%(VWXGLHGKHUHLVVKRZQLQ)LJD,WKDVDPDVVmDQGDUHVWRULQJIRUFHGH
VFULEHGE\)LJD7KHLQLWLDOSRVLWLYHVWLIIQHVV kpos EUDQFKUHSUHVHQWVDQ\SUHXSOLIWGHIRUP
DELOLW\7KHVHFRQGEUDQFKKDVQHJDWLYHVWLIIQHVV kneg DQGLWVWDUWVDWWKHXSOLIWGLVSODFHPHQW
uup  7KH V\VWHP GLVSODFHPHQW FDSDFLW\ ucap  LV GHILQHG DV WKH GLVSODFHPHQW WKDW UHVXOWV WR
]HURUHVWRULQJIRUFHHYHQWKRXJKWKHUHDUHUDUHFDVHVZKHUHDV\VWHPFDQG\QDPLFDOO\H[FHHG
WKLVGLVSODFHPHQWZLWKRXWFROODSVLQJ
%DVHGRQLWVFKDUDFWHULVWLFSXVKRYHUFXUYHWKHRVFLOODWRU¶VHTXDWLRQRIPRWLRQLV
m  u t  fup 

ut
uup

§ ucap  u t
m  u t  f up  ¨
¨ u u
up
© cap

m  ug t   u t d uup



·
¸¸  m  ug t   u t ! uup
¹



7KHXSSHUVLJQLQ(TFRUUHVSRQGVWRDSRVLWLYHGLVSODFHPHQWDQGWKHORZHUWRDQHJDWLYH
GLVSODFHPHQW
7KHPDLQVRXUFHRIHQHUJ\GLVVLSDWLRQLQURFNLQJVWUXFWXUHVZLWKSURWHFWHGHQGVLVLPSDFW
GDPSLQJ²XQOHVVH[WUDGDPSLQJLVSURYLGHG)RUWKLVUHDVRQWKLVSDSHUDVVXPHVWKDWWKHSUR
SRVHG16%(PRGHOGLVVLSDWHVHQHUJ\LQVWDQWDQHRXVO\:KHQWKHGLVSODFHPHQWLVHTXDOWRWKH
XSOLIWGLVSODFHPHQW LHZKHQWKHUHLVLPSDFWLQWKHFDVHRIURFNLQJVWUXFWXUHV WKHLQWHJUD
WLRQLVKDOWHGDQGWKHSRVWLPSDFWYHORFLW\LVFRPSXWHGE\DFRHIILFLHQWRIUHVWLWXWLRQ
rc

u postimpact
u preimpact



+HUHLQWKHUDWLRRIWKHSUHLPSDFWWRSRVWLPSDFWYHORFLWLHVZLOOEHDVVXPHGHTXDOWR
1RWDEO\WKHV\VWHPXQORDGVRQWKHVDPHEUDQFKDQGGRHVQRWGLVVLSDWHHQHUJ\ZKLOHXQORDG
LQJ DSDUWIURPWKHLQVWDQWDQHRXVHQHUJ\ORVVZKHQLWUHDFKHVWKH\LHOGLQJGLVSODFHPHQW 
)RUWKHFDVHRIULJLGV\VWHPVWKHSDUDPHWHUVRIWKHV\VWHPRI)LJDWKDWPDNHLWPDWKH
  f up 
PDWLFDOO\HTXLYDOHQWWRDYDULHW\RIURFNLQJV\VWHPVDUHJLYHQLQ7DEOHDQGQDPHG m
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DQG ucap 1RWHWKDWLQRUGHUIRUWKHV\VWHPRI)LJDWREHHTXLYDOHQWWRWKHVHURFNLQJV\VWHPV
WKHH[FLWDWLRQXVHGIRUWKHHTXLYDOHQWELOLQHDUV\VWHPQHHGVWREHPXOWLSOLHGE\DIDFWRUīDOVR
JLYHQLQ7DEOH7KHQWKHHTXDWLRQIRUWKHHTXLYDOHQWELOLQHDUV\VWHPEHFRPHV

§ ut
  u t  fup  ¨ 
m
¨ u
cap
©

·
¸¸
¹

  ug t 
*m



#

m


f up
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7DEOH3DUDPHWHUVRIWKHELOLQHDUHODVWLFV\VWHPIRUGLIIHUHQWURFNLQJV\VWHPV
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3

EQUAL DISPLACEMENT AND EQUAL ENERGY RULE

8VLQJWKHHODVWLFVSHFWUXPIRUWKHDQDO\VLVRIQHJDWLYHVWLIIQHVVVWUXFWXUHVZRXOGKDYHEHHQ
YHU\FRQYHQLHQWDVHQJLQHHUVDUHXVHGWRLWDQGDVHODVWLFVSHFWUDIRUGHVLJQDOUHDG\H[LVWDQG
DUHLQFOXGHGLQFRGHV+RZHYHUWKLVLVQRWIHDVLEOHIRU16%(V\VWHPVEHFDXVHWKHLUUHVSRQVH
KDVEHHQSURYHQWREHXQFRUUHODWHGWRDQ\³HTXLYDOHQW´HODVWLFV\VWHP>@
7KHUHIRUHWKLVVHFWLRQGHILQHV(TXDO'LVSODFHPHQWDQG(TXDO(QHUJ\UXOHVWKDWDUHDSSOLHG
QRWRQDQHTXLYDOHQWHODVWLFV\VWHPEXWRQDQHTXLYDOHQW=6%(V\VWHP )LJE :HUHIHUWRLW
DV³HTXLYDOHQW´EXWWKLVGRHVQRWLPSO\WKDWLWLVlinearHODVWLF,WLVDbilinearHODVWLFV\VWHP
ZLWKILQLWHSUHXSOLIWGLVSODFHPHQWDQG]HURSRVWXSOLIWVWLIIQHVVV\VWHP
7RFRUUHODWHWKHUHVSRQVHVRIWKH16%(DQGRIWKH=6%(WKHTXDQWLW\RILQWHUHVWLVWKHUD
WLR

J

udem  NS



udem  ZS

ZKHUH udem  NS DQG udem  ZS DUHWKHPD[LPXPGLVSODFHPHQWVRIWKH16%(DQG=6%(V\VWHPVUH
VSHFWLYHO\
7KH(TXDO'LVSODFHPHQWUXOHDVVXPHVWKDWWKH16%(DQGWKHHTXLYDOHQW=6%(V\VWHPZLOO
H[SHULHQFHWKHVDPHPD[LPXPGLVSODFHPHQW )LJD 

udem NS

udem ZS o J ED





7KH (TXDO (QHUJ\ UXOH DVVXPHV WKDW WKH PRQRWRQLF ORDGLQJ FXUYHV RI WKH 16%( DQG WKH
=6%(V\VWHPZLOOSURGXFHWKHVDPHZRUNWKDWLVWKHWZRVKDGHGDUHDVLQ)LJEDUHHTXDO
%DVHGRQ)LJERQHFDQFRPSXWHWKDWWKH(TXDO(QHUJ\UXOHJLYHV

J EE

udem  NS

ucap

udem ZS

udem ZS



ucap  uup
udem  ZS



ucap    udem  ZS  uup
udem  ZS



)LJXUHD (TXDO'LVSODFHPHQWDQGE (TXDO(QHUJ\UXOHVIRU16%(V\VWHPV

4

RESPONSE OF RIGID-NEGATIVE STIFNNES SYSTEMS TO RECORDED
GROUND MOTIONS

7KLVVHFWLRQH[SORUHVWKHDFFXUDF\RIWKHUXOHVGHILQHGLQWKHVHFWLRQDERYHZKHQDSSOLHG
WR16%(V\VWHPVWKDWSUHVHQWPLQLPDOSUHXSOLIWGLVSODFHPHQWLHV\VWHPVZLWKVPDOOuup
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4.1

FEMA P695 Ground Motions

7KHUH LV QR FRQVHQVXV LQ WKH HQJLQHHULQJ FRPPXQLW\ RQ ZKDW JURXQG PRWLRQV VKRXOG EH
XVHGLQWLPHKLVWRU\DQDO\VLV7KLVSDSHUIRFXVHVRQWKHIDUILHOGVHWRIJURXQGPRWLRQVSUR
SRVHGE\)(0$3>@
4.2

Median displacement spectra

6HLVPLFGHVLJQGRHVQRWLQYROYHDVLQJOHH[FLWDWLRQEXWDVHWRIH[FLWDWLRQVWKDWFKDUDFWHU
L]H WKH VHLVPLF KD]DUG DW D JLYHQ VLWH 7KXV WKLV SDSHU FRPSDUHV 16%( DQG =6%( QRW E\
FRPSDULQJWKHLUUHVSRQVHVWRLQGLYLGXDOJURXQGPRWLRQVEXWE\FRPSDULQJWKHVWDWLVWLFVRIWKH
UHVSRQVHVWRHQVHPEOHVRIJURXQGPRWLRQV>@7KH(TXDO'LVSODFHPHQWDQG(TXDO(QHUJ\
UXOHVDUHDVVHVVHGE\IRFXVLQJRQWKHPHGLDQGLVSODFHPHQWVSHFWUDIRUWKUHHYDULDWLRQVRIWKH
VHWVFDOHGVRWKDWWKHLU3*9LVHTXDOWR 3*9 RU 3*9 RU 3*9  3*9 LVGHILQHGDV
3*9

3*9ix  3*9iy

PHGLDQ
i !N



ZKHUHNLVWKHQXPEHURIJURXQGPRWLRQVDQGxDQGyDUHWKHLUWZRFRPSRQHQWV
4.3

Equal Displacement Rule for NSBE systems

)LJDSORWVWKHPHGLDQRIWKHPD[LPXPGLVSODFHPHQWRIWKH16%(VWLIIQHVVV\VWHPDVD
IXQFWLRQRILWVVWUHQJWKQRUPDOL]HGE\WKHV\VWHP¶VVHOIZHLJKW fup /mJ IRUVHYHUDOYDOXHVRI
WKHGLVSODFHPHQWFDSDFLW\7KHXSOLIWGLVSODFHPHQWLVVHWWRuup îPWRVWXG\TXDVLULJLG
V\VWHPV )RU UHDVRQV RI SORW FODULW\ HDFK OLQH LV SORWWHG RQO\ IRU fup/mg ! (fup/mg)crit ZKHUH
(fup/mg)critLVWKHPD[LPXPXSOLIWVWUHQJWKIRUZKLFKWKHUHLVIDLOXUH7KHILJXUHVKRZVWKDW
D $VORQJDVWKHV\VWHPLVQRWFORVHWRIDLOXUHWKHGLVSODFHPHQWRQO\ORRVHO\GHSHQGVRQ
WKHGLVSODFHPHQWFDSDFLW\6RZKHQWKHV\VWHPLVQRWFORVHWRIDLOXUHLQVWHDGRIFRP
SXWLQJDGLIIHUHQWVSHFWUXPIRUHDFKGLVSODFHPHQWFDSDFLW\RQHFDQFRPSXWHWKHVSHF
WUXPIRUWKH=6%(V\VWHP LHIRUDQ16%(ZLWK ucap o f DQGXVHLWWRFDOFXODWHWKH
GLVSODFHPHQWGHPDQGRQDQ\16%(RIWKHVDPHVWUHQJWK
E $VWKH V\VWHP JHWV FORVHU WR FROODSVH WKH ³(TXDO 'LVSODFHPHQWUXOH´ GRHVQRWDSSO\
DQGLVXQFRQVHUYDWLYH6\VWHPVZLWKVPDOOHUGLVSODFHPHQWFDSDFLW\H[KLELWODUJHUGLV
SODFHPHQWVWKDQWKHRQHVZLWKODUJHUGLVSODFHPHQWFDSDFLW\0RUHRYHUFORVHWRIDLOXUH
WKH VORSH RI WKH VSHFWUXP LQFUHDVHV GUDPDWLFDOO\ LH D VPDOO GHFUHDVH RI WKH V\VWHP
VWUHQJWKZRXOGOHDGWRDWUHPHQGRXVLQFUHDVHRIWKH PD[LPXPGLVSODFHPHQW7KLVLV
QRWLQDJUHHPHQWZLWKDUDWLRQDOGHVLJQLQZKLFKLWZRXOGEHUHTXLUHGWKDWWKLVVWHHS
SDUWLVDYRLGHG
4.4

Equal Energy rule for NSBE systems

)LJDVKRZWKDWWKH(TXDO'LVSODFHPHQWUXOHLVRQWKHXQFRQVHUYDWLYHVLGHHVSHFLDOO\DV
WKHGLVSODFHPHQWGHPDQGDSSURDFKHVWKHFDSDFLW\7RH[DPLQHWKHSHUIRUPDQFHRIWKH(TXDO
(QHUJ\ UXOH )LJE SUHVHQWV WKH PHGLDQ RI WKH PD[LPXP GLVSODFHPHQW umax GLYLGHG E\ WKH
IDFWRU ȖEE (T  DV D IXQFWLRQ RI WKH V\VWHP QRUPDOL]HG VWUHQJWK fup/mg 7KH SORWV DUH
FRQVWUXFWHG IRU VHYHUDO YDOXHV RI GLVSODFHPHQW FDSDFLW\ ucap DQG IRU XSOLIW GLVSODFHPHQW
uup îP
7KH FXUYHV DOPRVW FROODSVH WR D XQLTXH FXUYH WKH RQH WKDW UHSUHVHQWV WKH =6%( V\VWHP
1RWDEO\ WKLV KDSSHQV IRU DOO  GLIIHUHQW VFDOLQJV RI WKH JURXQG PRWLRQV +HQFH WKH (TXDO
(QHUJ\ UXOH JLYHV D JRRG HVWLPDWH RI WKH PD[LPXP GLVSODFHPHQW RI 16%( V\VWHPV ZLWK D
ILQLWHGLVSODFHPHQWFDSDFLW\&RPSDULQJWKH(TXDO'LVSODFHPHQWWRWKH(TXDO(QHUJ\UXOHWKH
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IRUPHU LV VLPSOHU EXW WKH ODWWHU LV RYHUDOO PRUH FRQVHUYDWLYH HVSHFLDOO\ IRU ODUJHU
GLVSODFHPHQWV7KHUHIRUHXQOHVVWKHUHLVDUHDVRQWRRSWIRUVLPSOLFLW\WKHXVHRIWKH(TXDO
(QHUJ\UXOHLVSURSRVHG

)LJXUHD 0HGLDQGLVSODFHPHQWVSHFWUDE 0HGLDQGLVSODFHPHQWVSHFWUDQRUPDOL]HGE\ȖEE

7KHDERYHFRQFOXVLRQVDOVRKROGIRUWKHQHDUILHOGSXOVHOLNHDQGQHDUILHOGQRSXOVHOLNH
)(0$JURXQGPRWLRQVHWV>@
4.5

Design Example

1H[WDFDVHVWXG\LVXVHGWRLOOXVWUDWHDGHVLJQPHWKRGEDVHGRQWKH(TXDO'LVSODFHPHQW
DQG(TXDO(QHUJ\ UXOHV 7KH PHWKRG LVDSSOLHG IRU WKH GHVLJQ RI D URFNLQJ EULGJH HTXLSSHG
ZLWK D UHVWUDLQLQJ V\VWHP WKDW LQFUHDVHV WKH GLVSODFHPHQW FDSDFLW\ ZKLOH NHHSLQJ WKH SRVW
XSOLIWVWLIIQHVVQHJDWLYH
7KHJHRPHWU\RIWKHEULGJHLVW\SLFDORIRYHUSDVVEULGJHV7KHFROXPQVKDYHDKHLJKWRI
PDQGDGLDPHWHURIPZKHUHDVWKHGHFNLVPXFKKHDYLHUWKDQWKHFROXPQV J m o f 
3ODQDU URFNLQJ LH RQH GLUHFWLRQDO H[FLWDWLRQ  LV DVVXPHG DV D ILUVW DSSUR[LPDWLRQ HYHQ
WKRXJKWKLVKDVEHHQSURYHQXQFRQVHUYDWLYH>@ 7KHQWKHSURSRVHGGHVLJQVWHSVDUH
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 &DOFXODWH WKH QRUPDOL]HG \LHOGLQJ VWUHQJWK RI WKH V\VWHP fup/(mg)  ,I WKH UHVWUDLQLQJ
WHQGRQLVQRWSUHVWUHVVHGWKLVGHSHQGVVROHO\RQWKHFROXPQJHRPHWU\DQGLVHTXDOWRĮ
 2EWDLQWKHGLVSODFHPHQWGHPDQGIRUWKHLQILQLWHFDSDFLW\FXUYH udem,ZS XVLQJWKH=6%(
FXUYHV 7KH =6%( FXUYHV DUH WKH PHGLDQ UHVSRQVH RI WKH V\VWHP VXEMHFWHG WR HQVHPEOHV RI
JURXQGPRWLRQV
 &DOFXODWHWKHGHVLJQGLVSODFHPHQWFDSDFLW\RIWKHV\VWHPDV

ucap

FS  udem  NS

FS  J  udem  ZS



LQZKLFK)6LVDVDIHW\IDFWRUDQGȖLVGHILQHGE\(T7ZRDOWHUQDWLYHDSSURDFKHVZHUH
HYDOXDWHG2QHEDVHGRQWKH(TXDO'LVSODFHPHQW Ȗ  DQGRQHRQWKH(TXDO(QHUJ\ Ȗ 
ȖEE(T UXOH
7DEOHSUHVHQWVWKHGHVLJQYDOXHVZKHQWKHWZRUXOHVDUHDSSOLHGRQWKHVHWRIJURXQGPR
WLRQVXQGHUWKHWKUHHGLIIHUHQWVFDOLQJVucapLVWKHFDSDFLW\UHTXLUHGIRUDFS  (T )RUD
V\VWHPZLWKDGLVSODFHPHQWFDSDFLW\ucapudem,THLVWKHPHGLDQGLVSODFHPHQWGHPDQGRIHDFK
VHW FRPSXWHG ZLWK WLPH KLVWRU\ DQDO\VLV udem,ED DQG udem,EE DUH HTXDO WR ȖED·udem,ZS DQG
ȖEE·udem,ZSUHVSHFWLYHO\udem,ZSLVWKHPHGLDQUHVSRQVHRIWKH=6%(V\VWHP7KHHUURULVGH
ILQHGDVHUURU  Xdem,ED/EE í udem,TH)/udem,TH

ucap (m)
udem,TH (m)
udem,ED (m)
Error (%)

Equal Displacement
05 PGV
10 PGV
20 PGV













05 PGV





Equal Energy
10 PGV
20 PGV









7DEOH'HVLJQ9DOXHVIRUWKH(TXDO'LVSODFHPHQW Ȗ  DQG(TXDO(QHUJ\UXOH Ȗ ȖEE 

7KH(TXDO'LVSODFHPHQWUXOHLQJHQHUDOXQGHUSUHGLFWVWKHUHVXOWZLWKDPD[LPXPXQGHU
SUHGLFWLRQHUURURI7KH(TXDO(QHUJ\UXOHLVFRQVHUYDWLYHLQRXWRIFDVHV1RQHRI
WKHUXOHVOHGWRFROODSVHEHFDXVHRIWKHVDIHW\IDFWRU)6 
5

CONCLUSIONS

5RFNLQJ V\VWHPV IUHH UHVWUDLQHG RU ZLWK FXUYHG H[WHQVLRQV  WKDW H[KLELW QHJDWLYH SRVW
XSOLIWVWLIIQHVVFDQEHGHVFULEHGDVHODVWLFELOLQHDURVFLOODWRUVZLWKDQHJDWLYHVWLIIQHVVVHFRQG
EUDQFKKHUHLQGHQRWHGDV16%(7KLVGHVFULSWLRQFDQDOVRWDNHLQWRDFFRXQWWKHLUSUHXSOLIW
GHIRUPDELOLW\
 ,QWKLVSDSHULWZDVSURSRVHGWKDWWKHVHV\VWHPVFDQEHGHVFULEHGE\DQHTXLYDOHQWEL
OLQHDUHODVWLFV\VWHPWKDWKDVWKHVDPHVWUHQJWK]HURSRVWXSOLIWVWLIIQHVVDQG]HURXSOLIWGLV
SODFHPHQWLHDRQHSDUDPHWHUV\VWHPD=6%(V\VWHPZLWK]HURXSOLIWGLVSODFHPHQW%DVHG
RQWKLVHTXLYDOHQWV\VWHPWKHUHVSRQVHRIWKHRULJLQDOQHJDWLYHVWLIIQHVVRVFLOODWRUFDQEHRE
WDLQHG E\ HLWKHU DQ ³(TXDO 'LVSODFHPHQW UXOH´ RU DQ ³(TXDO (QHUJ\ UXOH´ WKH IRUPHU EHLQJ
VLPSOHUWKHODWWHUEHLQJPRUHDFFXUDWH7KHDERYHPHWKRGRORJ\LVVLPLODUWRWKH³5ȝ7´FRQ
FHSWIRUHODVWRSODVWLFVWUXFWXUHVZLWKRQHIXQGDPHQWDOGLIIHUHQFH7KHHTXLYDOHQWV\VWHPLVQRW
OLQHDUHODVWLFEXWDELOLQHDUHODVWLFV\VWHPZLWK]HURVWLIIQHVVRIWKHVHFRQGEUDQFK =6%( 
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 7KLVHTXLYDOHQFHVXJJHVWVWKDWWKH=6%(RVFLOODWRUVKRXOGEHH[WHQVLYHO\VWXGLHGXQGHU
D ODUJHU GDWDEDVH RI UHFRUGHG JURXQG PRWLRQV WR GHULYH QRQOLQHDU VSHFWUD GHVFULELQJ LWV EH
KDYLRU7KLVZLOOSURYLGHWKHHQJLQHHULQJFRPPXQLW\ZLWKDWRROWRHDVLO\GHVLJQURFNLQJ RU
DQ\RWKHUQHJDWLYHVWLIIQHVVELOLQHDUHODVWLF VWUXFWXUHVZLWKRXWKDYLQJWRSHUIRUP WLPHFRQ
VXPLQJWLPHKLVWRU\DQDO\VLV
6

ACKNOWLEDGEMENT
7KLVZRUNZDVVXSSRUWHGE\WKH(7+=XULFKXQGHUJUDQW(7+

REFERENCES
>@ 10DNULV0)9DVVLOLRX3ODQDUURFNLQJUHVSRQVHDQGVWDELOLW\DQDO\VLVRIDQDUUD\
RIIUHHVWDQGLQJFROXPQVFDSSHGZLWKDIUHHO\VXSSRUWHGULJLGEHDPEarthq. Eng.
Struct. Dyn.42±
>@ 36LGHULV$-$UHIDQG$)LOLDWUDXOW4XDVL6WDWLF&\FOLF7HVWLQJRID/DUJH6FDOH
+\EULG6OLGLQJ5RFNLQJ6HJPHQWDO&ROXPQZLWK6OLS'RPLQDQW-RLQWVJ. Bridg. Eng.
19  
>@ 0)9DVVLOLRX6HLVPLFUHVSRQVHRIDZREEOLQJ'IUDPHEarthq. Eng. Struct. Dyn.
47  ±
>@ -$%DFKPDQQ06WUDQG0)9DVVLOLRX0%URFFDUGRDQG%6WRMDGLQRYLü,V
URFNLQJPRWLRQSUHGLFWDEOH"Earthq. Eng. Struct. Dyn.47  ±
>@ $'DU'.RQVWDQWLQLGLVDQG:(O'DNKDNKQL6HLVPLFUHVSRQVHRIURFNLQJIUDPHV
ZLWKWRSVXSSRUWHFFHQWULFLW\Earthq. Eng. Struct. Dyn.47  ±
>@ 00.DVKDQL$*RQ]DOH]%XHOJD537KD\DODQ$57KRPDVDQG1$
$OH[DQGHU([SHULPHQWDOLQYHVWLJDWLRQRIDQRYHOFODVVRIVHOIFHQWULQJVSLQDOURFNLQJ
FROXPQJ. Sound Vib.437±
>@ <;LH-=KDQJ5'HV5RFKHVDQG-(3DGJHWW6HLVPLFIUDJLOLWLHVRIVLQJOHFROXPQ
KLJKZD\EULGJHVZLWKURFNLQJFROXPQIRRWLQJEarthq. Eng. Struct. Dyn.48  ±

>@ -$%DFKPDQQ0)9DVVLOLRXDQG%6WRMDGLQRYLF5ROOLQJDQGURFNLQJRIULJLG
XSOLIWLQJVWUXFWXUHVEarthq. Eng. Struct. Dyn.48  ±
>@ 57KLHUV0RJJLDDQG&0iODJD&KXTXLWD\SH6HLVPLFSURWHFWLRQRIURFNLQJ
VWUXFWXUHVZLWKLQHUWHUVEarthq. Eng. Struct. Dyn.48  ±
>@ $,*LRXYDQLGLVDQG<'RQJ6HLVPLFORVVDQGUHVLOLHQFHDVVHVVPHQWRIVLQJOH
FROXPQURFNLQJEULGJHVBull. Earthq. Eng.18  
>@ 06LHEHU6.ODU0)9DVVLOLRXDQG,$QDVWDVRSRXORV5REXVWQHVVRIVLPSOLILHG
DQDO\VLVPHWKRGVIRUURFNLQJVWUXFWXUHVRQFRPSOLDQWVRLOEarthq. Eng. Struct. Dyn.49
 ±
>@ ,07KRPDLGLV$-.DSSRVDQG$&DPDUD'\QDPLFVDQGVHLVPLFSHUIRUPDQFHRI
URFNLQJEULGJHVDFFRXQWLQJIRUWKHDEXWPHQWEDFNILOOFRQWULEXWLRQEarthq. Eng. Struct.
Dyn.49  ±
>@ 10DNULVDQG0)9DVVLOLRX$UH6RPH7RS+HDY\6WUXFWXUHV0RUH6WDEOH"J.
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Struct. Eng.140  
>@ 10DNULVDQG0)9DVVLOLRX'\QDPLFVRIWKH5RFNLQJ)UDPHZLWK9HUWLFDO
5HVWUDLQHUVJ. Struct. Eng.141  
>@ (*'LPLWUDNRSRXORVDQG$,*LRXYDQLGLV6HLVPLF5HVSRQVH$QDO\VLVRIWKH3ODQDU
5RFNLQJ)UDPHJ. Eng. Mech.141  
>@ 0)9DVVLOLRXDQG10DNULV'\QDPLFVRIWKH9HUWLFDOO\5HVWUDLQHG5RFNLQJ
&ROXPQJ. Eng. Mech.141  
>@ $$JDOLDQRV$3V\FKDUL0)9DVVLOLRX%6WRMDGLQRYLFDQG,$QDVWDVRSRXORV
&RPSDUDWLYHDVVHVVPHQWRIWZRURFNLQJLVRODWLRQWHFKQLTXHVIRUDPRWRUZD\RYHUSDVV
EULGJHFront. Built Environ.3±
>@ $,*LRXYDQLGLVDQG(*'LPLWUDNRSRXORV6HLVPLF3HUIRUPDQFHRI5RFNLQJ)UDPHV
ZLWK)ODJ6KDSHG+\VWHUHWLF%HKDYLRUJ. Eng. Mech.143  
>@ 0)9DVVLOLRX.50DFNLHDQG%6WRMDGLQRYLF$ILQLWHHOHPHQWPRGHOIRUVHLVPLF
UHVSRQVHDQDO\VLVRIGHIRUPDEOHURFNLQJIUDPHVEarthq. Eng. Struct. Dyn.46  
±
>@ 0)9DVVLOLRX6%XUJHU0(JJHU-$%DFKPDQQ0%URFFDUGRDQG%
6WRMDGLQRYLF7KHWKUHHGLPHQVLRQDOEHKDYLRURILQYHUWHGSHQGXOXPF\OLQGULFDO
VWUXFWXUHVGXULQJHDUWKTXDNHVEarthq. Eng. Struct. Dyn.46  ±
>@ -$%DFKPDQQ0)9DVVLOLRXDQG%6WRMDGLQRYLF'\QDPLFVRIURFNLQJSRGLXP
VWUXFWXUHVEarthq. Eng. Struct. Dyn.46  ±
>@ 0$JKDJKROL]DGHKDQG10DNULV(DUWKTXDNHUHVSRQVHDQDO\VLVRI\LHOGLQJVWUXFWXUHV
FRXSOHGZLWKYHUWLFDOO\UHVWUDLQHGURFNLQJZDOOVEarthq. Eng. Struct. Dyn.47  
±
>@ *5tRV*DUFtDDQG$%HQDYHQW&OLPHQW1HZURFNLQJFROXPQZLWKFRQWURORI
QHJDWLYHVWLIIQHVVGLVSODFHPHQWUDQJHDQGLWVDSSOLFDWLRQWR5&IUDPHVEng. Struct.
206
>@*:+RXVQHU7KHEHKDYLRURILQYHUWHGSHQGXOXPVWUXFWXUHVGXULQJHDUWKTXDNHVBull.
Seismol. Soc. Am.53  ±
>@ $'DU'.RQVWDQWLQLGLVDQG::(O'DNKDNKQL(YDOXDWLRQRI$6&(
6HLVPLF'HVLJQ&ULWHULDIRU5RFNLQJ2EMHFWVLQ1XFOHDU)DFLOLWLHVJ. Struct. Eng. 142
 
>@ '.DOOLRQW]LV66ULWKDUDQDQG$6FKXOW],PSURYHG&RHIILFLHQWRI5HVWLWXWLRQ
(VWLPDWLRQIRU)UHH5RFNLQJ0HPEHUVJ. Struct. Eng.142  
>@ 01&KDW]LV0*(VSLQRVDDQG$:6P\WK([DPLQLQJWKH(QHUJ\/RVVLQWKH
,QYHUWHG3HQGXOXP0RGHOIRU5RFNLQJ%RGLHVJ. Eng. Mech.143  
>@ $*6H[WRV*'0DQROLV1,RDQQLGLVDQG$$WKDQDVLRX6HLVPLFDOO\LQGXFHG
XSOLIWHIIHFWVRQQXFOHDUSRZHUSODQWV3DUW'HPDQGRQLQWHUQDOHTXLSPHQWNucl.
Eng. Des.318±
>@ $,*LRXYDQLGLVDQG(*'LPLWUDNRSRXORV1RQVPRRWKG\QDPLFDQDO\VLVRIVWLFNLQJ
LPSDFWVLQURFNLQJVWUXFWXUHVBull. Earthq. Eng.15  
>@ (9R\DJDNL3.ORXNLQDV0'LHW]/'LKRUX7+RUVHPDQ22GGEMRUQVVRQ$-
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&UHZH&$7D\ORU$6WHHU(DUWKTXDNHUHVSRQVHRIDPXOWLEORFNQXFOHDUUHDFWRU
JUDSKLWHFRUH([SHULPHQWDOPRGHOYVVLPXODWLRQVEarthq. Eng. Struct. Dyn.47  
±
>@ /'L6DUQR*0DJOLXOR''¶$QJHODDQG(&RVHQ]D([SHULPHQWDODVVHVVPHQWRI
WKHVHLVPLFSHUIRUPDQFHRIKRVSLWDOFDELQHWVXVLQJVKDNHWDEOHWHVWLQJEarthq. Eng.
Struct. Dyn.48  ±
>@ <%DRDQG'.RQVWDQWLQLGLV'\QDPLFVRIDVOLGLQJURFNLQJEORFNFRQVLGHULQJLPSDFW
ZLWKDQDGMDFHQWZDOOEarthq. Eng. Struct. Dyn.49  ±
>@ &&KULVWRSRXORV$)LOLDWUDXOWDQG%)RO]6HLVPLFUHVSRQVHRIVHOIFHQWULQJ
K\VWHUHWLF6'2)V\VWHPVEarthq. Eng. Struct. Dyn.31  ±
>@ $3DOHUPR63DPSDQLQDQG*0&DOYL&RQFHSWDQGGHYHORSPHQWRIK\EULG
VROXWLRQVIRUVHLVPLFUHVLVWDQWEULGJHV\VWHPVJ. Earthq. Eng.9  ±
>@ 10DNULVDQG'.RQVWDQWLQLGLV7KHURFNLQJVSHFWUXPDQGWKHOLPLWDWLRQVRISUDFWLFDO
GHVLJQPHWKRGRORJLHVEarthq. Eng. Struct. Dyn.32  ±
>@ 63RO\DNRYDesign of Earthquake Resistant Structures0LU3XEOLVKHUV
>@ $.&KRSUDDQG6&ဨ6<LP6LPSOLILHG(DUWKTXDNH$QDO\VLVRI6WUXFWXUHVZLWK
)RXQGDWLRQ8SOLIWJ. Struct. Eng.111  ±
>@,13V\FKDULV(IIHFWRIEDVHXSOLIWRQG\QDPLFUHVSRQVHRI6'2)VWUXFWXUHVJ. Struct.
Eng.117  ±
>@ ,$QDVWDVRSRXORV5.RXUNRXOLV)*HODJRWLDQG(3DSDGRSRXORV5RFNLQJUHVSRQVH
RI6'2)V\VWHPVRQVKDOORZLPSURYHGVDQG$QH[SHULPHQWDOVWXG\Soil Dyn. Earthq.
Eng.40±
>@ 6$FLNJR]DQG0-'H-RQJ7KHLQWHUDFWLRQRIHODVWLFLW\DQGURFNLQJLQIOH[LEOH
VWUXFWXUHVDOORZHGWRXSOLIWEarthq. Eng. Struct. Dyn.41  ±
>@ 0)9DVVLOLRX.50DFNLHDQG%6WRMDGLQRYLF'\QDPLFUHVSRQVHDQDO\VLVRI
VROLWDU\IOH[LEOHURFNLQJERGLHVPRGHOLQJDQGEHKDYLRUXQGHUSXOVHဨOLNHJURXQG
H[FLWDWLRQEarthq. Eng. Struct. Dyn.43  ±
>@ 0)9DVVLOLRX57UXQLJHUDQG%6WRMDGLQRYLF$QDQDO\WLFDOPRGHORIDGHIRUPDEOH
FDQWLOHYHUVWUXFWXUHURFNLQJRQDULJLGVXUIDFHGHYHORSPHQWDQGYHULILFDWLRQEarthq.
Eng. Struct. Dyn.44  ±
>@ 57UXQLJHU0)9DVVLOLRXDQG%6WRMDGLQRYLF$QDQDO\WLFDOPRGHORIDGHIRUPDEOH
FDQWLOHYHUVWUXFWXUHURFNLQJRQDULJLGVXUIDFHH[SHULPHQWDOYDOLGDWLRQEarthq. Eng.
Struct. Dyn.44  ±
>@ ($YJHQDNLVDQG,13V\FKDULV0RGHOLQJRI,QHODVWLF5RFNLQJ%RGLHVXQGHU&\FOLF
/RDGLQJJ. Eng. Mech.146  
>@ )(0$34XDQWLILFDWLRQRI%XLOGLQJ6HLVPLF3HUIRUPDQFH)DFWRUV)HGHUDO
(PHUJHQF\0DQDQJHPHQW$JHQF\Rep. FEMA P695:DVKLQJWRQ'&
>@ 0)9DVVLOLRX0%URFFDUGR&&HQJL]0'LHW]/'LKRUX6*XQD\.0
0RVDODP*0\ORQDNLV$6H[WRV%6WRMDGLQRYLF6KDNHWDEOHWHVWLQJRIDURFNLQJ
SRGLXP5HVXOWVRIDEOLQGSUHGLFWLRQFRQWHVWEarthq. Eng. Struct. Dyn.50  ±

>@ 15HJJLDQL0DQ]RDQG0)9DVVLOLRX6LPSOLILHGDQDO\VLVRIELOLQHDUHODVWLFV\VWHPV
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H[KLELWLQJQHJDWLYHVWLIIQHVVEHKDYLRUEarthq. Eng. Struct. Dyn.  ±
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&RUUHVSRQGLQJDXWKRU

Abstract
3UHIDEULFDWHG5HLQIRUFHG&RQFUHWH 5& FODGGLQJSDQHOVDUHRIWHQDGRSWHGLQLQGXVWULDOIDFLOLWLHV:KLOH
WKH\DUHXVXDOO\FKDUDFWHUL]HGE\KLJKVWUHQJWKDQGHDVLQHVVRIFRQVWUXFWLRQWKHLUVXSSRUWVFDQUHSUHVHQW
DZHDNSRLQW,QGHHGWKHFRQQHFWLRQVEHWZHHQWKHSDQHODQGWKHVWUXFWXUHSOD\DNH\UROHIRUWKHFODGGLQJ
VDIHW\ :LWKRXW DQ DSSURSULDWH GHVLJQ WKH FRQQHFWLRQ FDQ SUHVHQWV D EULWWOH EHKDYLRXU +LJK VWUHVV
FRQFHQWUDWLRQ DJLQJ DQG H[SRVXUH WR DJJUHVVLYH HQYLURQPHQWDO FRQGLWLRQV WKDW FDQ DFFHOHUDWH WKH
PDWHULDOVGHJUDGDWLRQUHSUHVHQWVRPHRIWKHFULWLFDODVSHFWVLQWKHFRQQHFWLRQGHVLJQ7KLVZRUNVWDUWLQJ
IURPDUHDOFDVHVWXG\GHVFULELQJWKHFROODSVHRID5&FODGGLQJSDQHORIDFRROLQJWRZHUSUHVHQWVQHZ
VLPSOHGHVLJQDSSURDFKHVIRUWKHVXSSRUWV$QDFFXUDWHQXPHULFDODQDO\VLVRIWKHPHFKDQLFDOEHKDYLRXU
LVDOVRSHUIRUPHGZLWKDQRQOLQHDU)LQLWH(OHPHQWPRGHOGHYHORSHGLQ$16<6HQYLURQPHQW

Keywords:UHLQIRUFHGFRQFUHWHVXSSRUWVGXUDELOLW\FRQQHFWLRQVIUDJLOLW\
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1

INTRODUCTION

3UHIDEULFDWHG5HLQIRUFHG&RQFUHWH 35& HOHPHQWVH[KLELW LQVRPHFDVHVDEULWWOHIDLOXUH
7KHWHFKQRORJ\RISUHFDVWFRQFUHWHHOHPHQWVKDVEHFRPHZLGHVSUHDGSDUWLFXODUIURPWKHV
,WV PDLQ DGYDQWDJHV DUH WKH UHGXFHG FRVWV WKH KLJK TXDOLW\ RI FRQVWUXFWLRQ SURGXFWV DQG WKH
VSHHG RI WKH HQWLUH FRQVWUXFWLRQ SURFHVV 3UHIDEULFDWHG EXLOGLQJV KDYH EHHQ ZLGHO\ XVHG LQ
LQGXVWULDOSURGXFWLRQ SODQWV 7KHLU PRGXODU VROXWLRQV ZLWK VKRUWHU H[HFXWLRQ WLPHV DQG WKH
SRVVLELOLW\ WRXVHDUHGXFHGQXPEHURIFRPSRQHQWV KDYHEHHQDGRSWHGLQVHYHUDO FDVHV7KH
WHFKQRORJ\RI H[WUXVLRQFRQVHQWWRIXUQLVKORZFRVWSDQHOVZLWK WKHVDPHFURVVVHFWLRQVDQG
GLIIHUHQW OHQJWK 7KH GHVLJQHU RI 35& HOHPHQWV SUHIHUUHG LQ WLPH WKH DSSOLFDWLRQ RI TXDVL
LVRVWDWLFVWUXFWXUHZLWKSXQFWXDO FRQQHFWLRQ 7KHUHDVRQVPXVWEHIRXQGLQWKHSRVVLELOLW\WR
DEVRUE WKH YLVFRXV GHIRUPDWLRQ 6R WKH MRLQWV EHWZHHQ WKH YDULRXV FRPSRQHQWV DUH RIWHQ
UHSUHVHQWHGE\SXQFWXDOHOHPHQWV EDUVSOXJVHWF DQGVRWKHVXSSRUWDUHDVDUHUHGXFHGWRWKH
SRVVLEOHPLQLPXPYDOXHWREHWWHUH[SORLW WKHPDWHULDOVDQGWRUHGXFHWKHRYHUDOOGLPHQVLRQV
DQGFRVWVRIWKHFRQQHFWLRQVDQGRIWKHVWUXFWXUH
5HFHQW HDUWKTXDNHV DQG LQ SDUWLFXODU WKRVH WKDW UHFHQWO\ KLW ,WDO\ $EUX]]R LQ  DQG
(PLOLD  >±@  KDYH KLJKOLJKWHG WKH KLJK YXOQHUDELOLW\ RI WKH FRQQHFWLRQV QXPHURXV
FROODSVHV RU GLVDVWHUV RFFXUUHG EHFDXVH RI WKHLU IUDJLOLW\ DQG LQDGHTXDWH  FDSDFLW\ 7KH
FRQVHTXHQFH LQ,WDO\ZDVWKHGHYHORSPHQWRIVSHFLILFJXLGHOLQHVDQGUHVHDUFKDFWLYLWLHVIRU
VWUXFWXUDO UHWURILWWLQJ RI WKH MRLQWV >±@ $QRWKHU UHOHYDQW SRLQW DUH WKH RQJRLQJ FKDQJHV LQ
FOLPDWHWKDWSURGXFHVVLJQLILFDQWHIIHFWVVRPHWLPHVXQH[SHFWHGRQHQYLURQPHQWDODFWLRQV>±
@
+RZHYHU WKH VHLVPLF HYHQW LV QRW WKH RQO\ WULJJHU IRU FROODSVHV RU LQVWDELOLW\ LQ VXFK
VWUXFWXUHV LQ PDQ\ FDVHV WKH GHJUDGDWLRQ RI WKH PDWHULDO DFFRPSDQLHG E\ D UHGXFHG
PDLQWHQDQFH DFWLYLW\ QRQ H[KDXVWLYH FRGH LQGLFDWLRQ DQG LPSURSHU VWUXFWXUDO GHVLJQ KDV
SURGXFHGVLWXDWLRQVRILQVWDELOLW\HYHQLQWKHSUHVHQFHRIVHUYLFHORDGVRQO\>@7KLVLVGXHWR
WKH UHGXFHG UHGXQGDQF\ ZLWK ZKLFK WKH VXSSRUW ZDV FRQFHLYHG 7KLV HOHPHQWV MRLQHG WR
GHJUDGDWLRQGXHWRDJLQJ>±@XQFHUWDLQPHFKDQLFDOSURSHUW\RIPDWHULDOV>@DQGSRRU
FXUHRIVWUXFWXUDOGHWDLOV>@SURGXFHGDQJHURXVVWDWLFDQGVHLVPLFYXOQHUDELOLW\,QGHHG
ZLWKRXWDFRQVHUYDWLYHDSSURDFKWKHUHLVDQKLJKVHQVLWLYHWRFRQVWUXFWLRQPDWHULDOLQVWDOODWLRQ
RUPDLQWHQDQFHLPSHUIHFWLRQVWKDWFDQOHDGWRIDLOXUH>±@)URPWKLVWKHVWUDWHJLFUHOHYDQFH
RIVSHFLILFVXUYH\DQGRQVLWHLQYHVWLJDWLRQWRGHWHFWVLJQDOV>@
7KLVZRUNUHSRUWVRQIDOORI5&FODGGLQJRIDFRROLQJWRZHUORFDWHGLQDQ,WDOLDQLQGXVWULDO
SODQWEXLOWLQWKHHDUO\V7KLVFDVHLVUHSUHVHQWDWLYHRIWKHEULWWOHEHKDYLRUZRUVHQE\PLFUR
FOLPDWH FRQGLWLRQV PDULQH VDOW YDSRUV  UHGXFLQJ WKH GXUDELOLW\ RI WKH HOHPHQWV GXH WR
LQDGHTXDWHVWUXFWXUDOGHVLJQ,QGHHGLQWKHRULJLQDOGHVLJQWKHSRVVLELOLW\RILPSHUIHFWLRQVLQ
WKHVXSSRUWVKDVQRWEHHQFRQVLGHUHGQRUDQ\VWUHQJWKRUUHVLGXDOEHDULQJFDSDFLW\KDYHEHHQ
DWWULEXWHGWRWKHFRQQHFWLRQ>@
7KHH[DPLQHGFROODSVHKDSSHQHGRQWKHQRUWKZHVWHUQ,WDOLDQFRDVWZKLFKIRUUHDVRQVRI
SULYDF\DUHQRWH[SODLQHGKHUH7KHH[DPLQDWLRQRIWKHGHILFLWFRQGLWLRQVSXWLQOLJKWVVRPH
HOHPHQWV RI ZHDNHQV LQ WKH FRQFHSWLRQ RI WKH VWUXFWXUH ZKLFK LV WKH UHVXOW RI WKH FXOWXUH RI
³DOORZDEOHVWUHVV´WKHSUHFHGHQWGHVLJQFULWHULDWKDWSURYLGHDOLPLWDWLRQLQWKHVWUHVV,QGHHG
WKLVDSSURDFKGRQRWSD\LQJDWWHQWLRQWRDVSHFWVRIUHGXQGDQF\DQGVHQVLWLYLW\WRLPSHUIHFWLRQ
&RQVROLGDWLRQVWUDWHJLHVDUHSUHVHQWHGWRJHWKHUZLWKDSURSRVDORIDVLPSOHGHVLJQFULWHULD
,QDGGLWLRQDQXPHULFDOPRGHOLQYLHZWRH[WHQGWKHUHVXOWVRIWKHH[DPSOHLQRWKHUVLPLODU
VLWXDWLRQVLVGHYHORSHGZLWK$QV\VUHO
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2

COOLING TOWER CLADDING PANEL COLLAPSE

$FROODSVHRIVRPHFODGGLQJSDQHOV )LJXUH LVKDSSHQHGLQDFRROLQJWRZHURIDQHQHUJ\
SURGXFWLRQIDFLOLW\ [PSODQWGLPHQVLRQVDQGPKHLJKW EXLOWLQWKHHDUO\V
7KLVHYHQWZDVWULJJHUHGE\WKHIDLOXUHRIWKHHGJHRIRQHRIWKHVXSSRUWFDQWLOHYHUVRIWKHSDQHOV
RQ WKH VRXWKZHVW FRUQHU RI WKH EXLOGLQJ 7KH GDPDJHG FRQGLWLRQ RI WKH FRUQHU DSSHDUV LQ D
YLVLEOHGHIHFWLQWKHSDQHOVVXSSRUW )LJXUH 7KHVPDOOGLPHQVLRQRIFROODSVHGVXSSRUWLVWKH
PDLQ FDXVH RI WKH FROODSVH 7KH PLFURFOLPDWLF FRQGLWLRQ RI QHEXOL]HG VHD ZDWHU SHUFRODWLQJ
LQWRWKHFRROLQJWRZHUKDGDQRWQHJOLJLEOHLQIOXHQFH7KLVVHDZDWHULQVLQXDWHGLQWKHSRURVLWLHV
RIWKHFRQFUHWHKDVDFFHOHUDWHGWKHVWUXFWXUDOGHJUDGDWLRQLQDGHWDLOLQZKLFKWKHVHQVLWLYLW\WR
LPSHUIHFWLRQSOD\VDVLJQLILFDQWUROH
$VXUYH\ZDVFDUULHGWRREWDLQSURSHULQIRUPDWLRQDERXWWKH
PHFKDQLFDOFKDUDFWHUL]DWLRQRIWKHFRQFUHWHRIWKHYDULRXVFRPSRQHQWV SDQHOVFROXPQV
VXSSRUW 
UHLQIRUFHPHQWVHPHUJLQJIURPWKHFROODSVHGSDQHOVDQGFDQWLOHYHU
FUDFNVRQWKHORZHUHGJHSDQHOVVWLOOLQSRVLWLRQ

)LJXUH&RROLQJWRZHUYLHZZLWKFROODSVHGSDQHOV WRS GUDZLQJZLWKKLJKOLJKWHGFROODSVHGSDQHOV ERWWRP 
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7KHFRQFUHWHRISDQHOVFDQWLOHYHUDQGFROXPQVLVFKDUDFWHUL]HGE\FXELFFRPSUHVVLYHVWUHQJWK
HTXDOWR03D7KLVKDVEHHQDVVHVVHGXVLQJUHERXQGKDPPHUSXOORXWWHVWVDQGGHVWUXFWLYH
FRPSUHVVLYH VWUHQJWK WHVWV RQ FRUHV 7KH DQDO\VLV RI WKH UHLQIRUFHPHQWV HPHUJLQJ IURP WKH
FRQFUHWHFDQWLOHYHUFRQILUPVWKDWWKHFROODSVHZDVWULJJHUHGE\WKHIDLOXUHRIFRQFUHWHFRYHUDQG
RIDPPGLDPHWHUVWHHO WKUHDGHGEDUGHVLJQHGMXVWWR HQDEOHDQDFFXUDWHDVVHPEO\RI WKH
SDQHOVEXWZLWKRXWVWUXFWXUDOUROH7KHDQDO\VLVRIWKHFUDFNVRQWKHRWKHUFRUQHUSDQHOV )LJXUH
 VKRZHGKRZDOOWKHFRUQHUVQRW\HWDIIHFWHGE\FROODSVHVSUHVHQWYLVLEOHFUDFNV XSWRDOPRVW
PPZLGH 7KLVKLJKOLJKWVWKDWWKHFRQGLWLRQVRIWKHRWKHUSDQHOVVXSSRUWDUHQRWVDIH,Q
DGGLWLRQWKHVXSSRUW]RQHRIDOOWKHSDQHOVLVYHU\VPDOO
$VLPSOHH[SODQDWLRQRIWKHFROODSVHFDQEHREWDLQHGZLWKHOHPHQWDU\HTXLOLEULXPHYDOXDWLRQ
2QWKHFRQFUHWHFRYHURIWKH5&FDQWLOHYHUWKHUHLVDSHUPDQHQWORDGRIDERXWP N1
,QGHHGWKHGHQVLW\RIFRQFUHWHLVN1PZKLOHWKHYROXPHRIWKHFROODSVHGSDQHOLVP
7KHUHLQIRUFHPHQWVRIWKHFDQWLOHYHUFRXOGQRWRIIHUDQ\UHVLVWDQFHWRVKHDU,QGHHG)LJXUH
VKRZ WKDW WKH FROODSVH FUDFN GHYHORSHG TXLWH IDU IURP WKH UHLQIRUFHPHQW 7KXV WKH  PP
GLDPHWHU WKUHDGHG EDU GHVLJQHG MXVW WR SODFH WKH FODGGLQJ SDQHO ZDV KXJHO\ GHIRUPHG DQG
FDQQRWEHDUWKHSDQHOORDG,QGHHGLWVFURVVVHFWLRQܣ௦ LVWRRVPDOOWREHDUWKHORDG7KHIRUFH
PUHSUHVHQWLQJWKHSDQHOORDGLQGXFHVDQDYHUDJHVKHDUVWUHVVɒHTXDOWR
ɒ ܲȀܣ௦ ൌ 03D

 

7KLV VWUHVV LV EH\RQG WKH PDWHULDO OLPLW  03D  HYHQ ZLWKRXW FRQVLGHULQJ DQ\ DGGLWLRQDO
EHQGLQJ7RIXUWKHUDGMXVWDQGPDNHPRUHXQLIRUPWKHVWUHVVEHWZHHQSDQHODQGFDQWLOHYHUD
SRO\PHULF IRDP EDVHG RQ SRO\XUHWKDQH ZDV DSSOLHG +RZHYHU WKLV SURGXFHG DQ LPSHUIHFW
FRQWDFWEHWZHHQWKHSDQHODQGWKHFDQWLOHYHU

)LJXUH6RXWK:HVWFRUQHUEHIRUH OHIW DQGDIWHU ULJKW WKHFROODSVH
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)LJXUH&UDFNVRQWKHUHPDLQLQJSDQHOV

2.1 Retrofitting
7RLPSURYHWKHVDIHW\RIWKHRWKHU5&SDQHOVVHYHUDODGGLWLRQDOFRQQHFWRUVUHDOL]HGZLWK$,6,
 / VWHHO ࢥPP / PP  ZKHUH DSSOLHG WKURXJKRXW DQ LQMHFWLRQ ZLWK HSR[\ UHVLQV
7KHVHHOHPHQWVFDQJXDUDQWHHVWUXFWXUDOLQWHJULW\RYHUWLPHHYHQLQDJJUHVVLYHPLFURFOLPDWLF
FRQGLWLRQV )LJXUH   7KHLU H[WHUQDO SRVLWLRQ )LJXUH   DOORZV WR FDUU\ RXW SHULRGLF
PDLQWHQDQFHLQVSHFWLRQVDQGWRNHHSWKHVXSSRUWFRQGLWLRQXQGHUFRQWURO7KHSKLORVRSK\RI
LQWHUYHQWLRQLVWRLQWURGXFHUHGXQGDQFHLQWKHV\VWHP,QVWHDGWKHRULJLQDOGHWDLOGLGQRWKDYH
VWUXFWXUDOUREXVWQHVVDQGLQFDVHRIPDWHULDOGHJUDGDWLRQWKHIDLOXUHLVLQFLSLHQW

)LJXUH'HWDLOVRIDGGLWLRQDOVWHHOFRQQHFWRUV
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)LJXUH'HWDLOVRIRQVLWHLQVWDOODWLRQRIWKHFRQQHFWRUV

3

DESIGN CRITERIA PROPOSAL

7RUHGXFHWKLVNLQGRIIUDJLOHFROODSVHQHZGHVLJQDSSURDFKVKRXOGEHLQWURGXFHGLQDVWRFKDVWLF
IUDPHZRUN>@,QWKHIROORZLQJWZRRIWKHPDUHGHVFULEHG
3.1 Effective trace
7KHHIIHFWLYHWUDFHRIWKHVXSSRUWVXUIDFHܽ VKRXOGEHHYDOXDWHGDV
 

ܽ ܽ െ ሺ ݏ σ ݀ ሻ

:KHUHݏLV WKH KRUL]RQWDO JDS EHWZHHQ WKH SDQHO DQG WKH FROXPQ ZKLOH݀ DUH WKH GLVWDQFHV
SUHVHQWHGLQ)LJXUH

)LJXUH'HWDLOVRIHIIHFWLYHWUDFHDSSURDFK

&RQVLGHULQJWKDWܽFDQEHPHDVXUHGLQDGHWHUPLQLVWLFZD\WKHXQFHUWDLQWLHVDUHLQሺ ݏ σ ݀ ሻ
7KH ODWWHU H[SUHVVLRQ FDQ EH GHVFULEHG ZLWK D VWRFKDVWLF DSSURDFK ,QGHHG LW LV SRVVLEOH WR
DVVXPH WKDW WKLV WHUP LW LV GHILQHG E\ D ORJQRUPDO SUREDELOLW\ GLVWULEXWLRQ )RU H[DPSOH
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FRQVLGHULQJ WKH FDVH GHVFULEHG LQ 6HFWLRQ   ݏ ൌ ͳǤ͵ FP ݀ǡ ൌ ͳǤ͵ FP WKH IROORZLQJ
FKDUDFWHULVWLFYDOXHRIWKHHIIHFWLYHWUDFHLVREWDLQHG


ܽǡ ܽ െ ͳǤ͵ሺ ݏ σ ݀ ሻ

1RZ LW LV LQWHUHVWLQJ WR SRLQW RXW WKDW IRU WKH SUHYLRXV FDVHܽ  FP ZKLOHܽ ൌ FP DQG
ܽǡ 
(TXDWLRQ  DOORZVWRGHYHORSDSUREDELOLVWLFUHOLDELOLW\DQDO\VLVRIWKLVVWUXFWXUDOGHWDLO
3.2 Sliding surface
&RQVLGHULQJWKHFRPPRQ³VOLGLQJVXUIDFH´DSSURDFKDVLPSOHJHRPHWULFVDIHW\FULWHULRQ7KH
IUDFWXUHOLQHLVKHUHFKDUDFWHUL]HGE\DQLQFOLQDWLRQRIZLWKUHVSHFWWRWKHKRUL]RQWDOSODQH
7KHQLWLVRYHUODSSHGRQWKHUHLQIRUFHPHQWGHWDLOVRIWKHVXSSRUWFDQWLOHYHU,IWKLVOLQHFURVVHV
WKHKRUL]RQWDOGLVWDQFHEHWZHHQ WKHUHLQIRUFHPHQW )LJXUH LWLVSRVVLEOHVXVWDLQWKH ORDG
9LFHYHUVDLILWFDQQRWFURVVWKLVKRUL]RQWDOOLQHWKHFROODSVHLVH[SHFWHG
&OHDUO\ WKLV JUDSKLFDO FULWHULRQ FDQ EH H[SUHVVHG WKURXJK D PDWKHPDWLFDO IRUPXODWLRQ VHH
HTXDWLRQ  DQG)LJXUHIRUWKHV\PEROVPHDQLQJ

W

D

)LJXUH'HWDLOVRIVOLGLQJVXUIDFHDSSURDFK



ܽ!W σ ݀ 

&RQVLGHULQJDORJQRUPDOSUREDELOLW\GLVWULEXWLRQLVDVVXPHGIRUHDFKJHRPHWULFDOYDULDEOHLWLVSRVVLEOH
WRREWDLQDOVRLQWKLVFDVHDVWRFKDVWLFYDOXHRIWKHVDIHW\FRHIILFLHQW

4

NUMERICAL MODEL

$IHPPRGHORIWKHVWUXFWXUDOGHWDLOLVFDUULHGRXWZLWK$QV\V UHO 7KUHHGLIIHUHQWFRQGLWLRQVZLWK
GLIIHUHQWYDOXHVRIWKHKRUL]RQWDOGLVWDQFHEHWZHHQWKHEDULQWKHFDQWLOHYHUDQGWKHEDULQWKHSDQHO ܽ
VHHHTXDWLRQ  KDYHEHHQDQDO\]HG7KHJHRPHWULFDOGHVFULSWLRQZLWKORDGVDQGERXQGDU\FRQGLWLRQV
LVUHSRUWHGLQ)LJXUH7KHFDQWLOHYHULVIL[HGLQWKHEDFNDQGLQWKHERWWRPVXUIDFHZKLOHWKHORDGLV
DSSOLHGRQWKHWRSRIDSDQHOVHFWLRQ7KHZKROHPRGHOLVFRQVWUDLQHGLQWKH]GLUHFWLRQ WUDQVYHUVDOWR
WKH FDQWLOHYHU SODQH  WR FRQVLGHU D SODLQ SUREOHP ,Q DQ\ FDVH D ' PRGHOOLQJ VWUDWHJ\ KDV EHHQ
GHYHORSHGWRPRGHOWKHWUDQVYHUVDOUHEDUVLQVLGHWKHFRQFUHWHPHVK
7KHQXPHULFDOPRGHOKDVEHHQGHYHORSHGLQ$16<6HQYLURQPHQWXVLQJ62/,'HOHPHQWVIRUFRQFUHWH
DQG/,1.IRUUHEDUV&RQFUHWHFODVVLV&ZKLOHVWHHOIRUUHEDUVLV%&VHH17&>@7KH
QRQOLQHDUEHKDYLRXURIFRQFUHWHDQGLWVSURJUHVVLYHIDLOXUHKDVEHHQPRGHOOHGZLWKWKH:LOODPH:DUQNH
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FULWHULRQ>@ZKLOHWKHVWHHOUHEDUVEHKDYLRULVDOZD\VOLQHDUHODVWLF7ZRWUDQVYHUVDOUHEDUV ߶PP 
KDYHEHHQPRGHOOHGIROORZLQJWKHVFKHPHSUHVHQWHGLQ)LJXUHRQHLQWKHERWWRPULJKWFRUQHURIWKH
SDQHODQGRQHLQWKHWRSOHIWFRUQHURIWKHFDQWLOHYHU
$ QRQOLQHDU TXDVLVWDWLF DQDO\VLV KDV EHHQ SHUIRUPHG ZLWK D SURJUHVVLYH ORDG DSSOLHG DV D XQLIRUP
SUHVVXUHRQWKHSDQHOWRSVXUIDFH7KLVORDGKDVEHHQYDULHGWRWHVWZKDWLVWKHXOWLPDWHFDSDFLW\IRUWKH
WKUHHGLIIHUHQWJHRPHWULFDOFRQILJXUDWLRQV GHQRWHG/HIW&HQWUDODQG5LJKW FKDUDFWHUL]HGE\GLIIHUHQW
aefSDUDPHWHUYDOXHVVHH)LJXUHDQG7DEOH

3

FP

FP
FP
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&DQWLOHYHU
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)LJXUH0RGHOPHVKORDGLQJDQGERXQGDU\FRQGLWLRQV
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)LJXUH'LVSODFHPHQW&RQWRXUYHUWLFDOGLUHFWLRQPHDVXUHVDUHLQP

)LJXUH'LVSODFHPHQW&RQWRXUKRUL]RQWDOGLUHFWLRQPHDVXUHVDUHLQP

%RWK GLVSODFHPHQW DQG FRQYHUJHQFH FULWHULD KDV EHHQ HQIRUFHG ZLWK D 1HZWRQ5DSKVRQ
DSSURDFK WR VROYH WKH QRQOLQHDU SUREOHP :KHQ LV QRW SRVVLEOH WR ILQG DQ HTXLOLEULXP
FRQILJXUDWLRQ WKH VLPXODWLRQ LV VWRSSHG DQG WKH PD[LPXP ORDG LV PHDVXUHG 3 X ,WV UHODWLYH
YDOXHVDUHUHSRUWHGLQ7DEOH$VH[SHFWHGWKHFRQILJXUDWLRQZLWKWKHPD[LPXPD HI GHQRWHG
DV5LJKW SUHVHQWVWKHPD[LPXPORDG30$;WKHOHIWDQGFHQWUDOFRQILJXUDWLRQLQVWHDGSURGXFHG
DUHGXFHGXOWLPDWHORDGUHVSHFWLYHO\HTXDOWRWKHDQGRIWKH30$;

657

)6WRFKLQR)0LVWUHWWD0/3XSSLRDQG06DVVX

)LJXUHQGSULQFLSDOVWUHVVFRQWRXU
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7KH YHUWLFDO DQG KRUL]RQWDO GLVSODFHPHQW FRQWRXUV LQ WKH XOWLPDWH ORDG VWHS DUH UHSRUWHG LQ
)LJXUHDQGIRUWKHWKUHHFRQILJXUDWLRQV,WLVFOHDUWKDWWKHOHIWFRQILJXUDWLRQ DHI FP DUULYH
DWFROODSVHZLWKPRVWRIWKHGHIRUPDWLRQFRQFHQWUDWHGLQWKHSDQHOZKLOHWKHFDQWLOHYHULVVWLOO
DOPRVWXQGHIRUPHG,QVWHDGWKHULJKWFRQILJXUDWLRQ DHI FP UHTXLUHVWKDWDOVRWKHFDQWLOHYHU
LVGHIRUPHGWRUHDFKWKHFROODSVHFRQGLWLRQ
)LJXUHVDQGSUHVHQWVWKHFRQWRXUVRIQGDQGUGSULQFLSDOVWUHVVKLJKOLJKWLQJWKDWWKH
HGJHRIWKHFRQWDFWVXUIDFHVEHWZHHQWKHSDQHODQGWKHFDQWLOHYHUDUHWKHPRVWVWUHVVHGSDUWRI
WKH HOHPHQW 0D[LPXP FRPSUHVVLRQ LV JHQHUDOO\ UHDFKHG RQ WKH OHIW SDUW ZKLOH PD[LPXP
WHQVLRQFDQEHIRXQGRQWKHULJKWSDUW
7KHIDLOXUHPHFKDQLVPLVDOPRVWWKHVDPHIRUWKHWKUHHFDVHVWKHWHQVLOHFUDFNDSSHDUVLQ
WKHWRSSDUWRIWKHFDQWLOHYHURQWKHULJKWVLGHRIWKHFRQWDFWHGJHEHWZHHQSDQHODQGFDQWLOHYHU
$UHSUHVHQWDWLYHSLFWXUHRIWKHFUDFNSURSDJDWLRQFDQEHIRXQGLQ)LJXUHWKDWSRLQWVZLWKUHG
PDUNVWKHWHQVLOHFUDFNV&OHDUO\WKHFUDFNSDWWHUQVWDUWVRQWKHULJKWDQGLWGHYHORSVWRZDUGOHIW
WLOOWKHVWUXFWXUHLVQRWFDSDEOHRIILQGLQJDQHTXLOLEULXPFRQGLWLRQ

)LJXUH7\SLFDO&UDFNSDWWHUQ

5

CONCLUSIONS

7KLVSDSHUUHSRUWVRQUHFXUUHQWVLWXDWLRQVW\SLFDORIDSRRUFRQFHSWRIWKHSUHIDEULFDWHGHOHPHQWV
VXSSRUWV,QWKHPRGHUQSHUIRUPDQFHEDVHGGHVLJQGXFWLOLW\UREXVWQHVVKLHUDUFK\RIVWUXFWXUDO
HOHPHQW LPSRUWDQFH DUH NH\ DVSHFWV 7KH SRVVLELOLW\ WKDW D ORFDO FROODSVH FDQ WULJJHU
PDFURVFRSLFFROODSVHVPXVWEHFRQVLGHUHGLQH[LVWLQJ35&6WULFWXUH$VWUXFWXUDOUHWURILWWLQJDV
ZHOODVSURSHUVHDOLQJVWUDWHJ\RIWKHH[LVWLQJMRLQWVPXVWEHWDNHQLQWRDFFRXQW>@
7KHQXPHULFDOPRGHOVKRZHGKRZDELJJHUFRQWDFWVXUIDFHDQGDELJJHUGLVWDQFHEHWZHHQWKH
WUDQVYHUVDOUHEDUVaef\LHOGWRKLJKORDGFDSDFLW\,QDGGLWLRQWKHIDLOXUHPHFKDQLVPKLJKOLJKWV
KRZ LW LV FULWLFDO WKH OHIW HQG RI WKH FRQWDFW EHWZHHQ WKH SDQHO DQG WKH FDQWLOHYHU VXJJHVWLQJ
LPSURYLQJWKHUHVLVWDQFHRIWKLVPHFKDQLVPXVLQJDSSURSULDWHUHLQIRUFHPHQWV
$PRGHUQWUHQGLVQRZDGD\VWRHYDOXDWHDOVRPLQRUGHWDLOVLQDUHVLOLHQFHSHUVSHFWLYH7KXV
DOVRWKHGHVLJQRIFRQVWUXFWLYHGHWDLOV>@VKRXOGWDNHLQWRDFFRXQWWKHQHHGVRILQVSHFWLRQWKH
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SRVVLEOHIDXOWVRUPDOIXQFWLRQVZDUQLQJVLJQVDQGVKRXOGDYRLGWKDWDQ\ ORFDO FROODSVHGRHV
VSUHDGLQDQXQFRQWUROOHGJOREDOFROODSVH
)XUWKHUGHYHORSPHQWVRIWKLVUHVHDUFKDUHH[SHFWHGIRUDVWRFKDVWLFHYROXWLRQRIWKHSURSRVHG
GHVLJQFULWHULDRUFRQVLGHULQJWKHHIIHFWRIPDWHULDOLUUHJXODULWLHV
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Abstract
Rocking analysis is a powerful tool to assess the seismic vulnerability assessment of masonry
walls subjected to out-of-plane modes, especially when in view of checking the efficiency of
traditional retrofitting solutions, such as steel tie-rods restraining rocking blocks. The study
focuses on a probabilistic approach for the seismic assessment of the out-of-plane behavior of
masonry walls, mainly aiming to reliably predict fragility and seismic demand hazard curves in
case steel tie rods are used as anti-seismic device. To identify the most appropriate steel tie-rod
device, more than thousand multistripe analyses have been performed considering the Italian
site with highest seismic hazard (Carlentini, Sicily), duly modifying ductility and strength of
the tie rods themselves. The resulting fragility curves and seismic demand hazard curves are
critically discussed, so allowing the definition of the most efficient and proficient intensity
measures referring to five relevant limit states. As expected, remarkable changes in the response
are recorded by passing from a brittle to a ductile tie-rod, but when the ultimate strain is bigger
than 2%, an increased tie-rod ductility does not sensitively improve the response even for highintensity earthquakes. The probabilistic approaches show that even low-ductility tie-rods can
sensibly reduce the probability of exceedance of limited and moderate rocking limit states, up
to an order of magnitude. As for the influence of the tie-rod strength, even low-medium values
produce a remarkable reduction of annual exceedance rate. For instance, a severe rocking limit
state occurs for the unrestrained monumental wall every 450 years and every 2000 years for the
wall restrained by a tie rod of strength just fitting the minimum required design value.
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1

INTRODUCTION

Masonry structures can be seen as an assembly of macro-elements. Independently on the
masonry type [1] and mechanical properties [2], these macro-elements that can be considered
as a rigid system, provided that the masonry is monolithic. The rocking analysis of rigid blocks
is a non-linear dynamic analysis capable of simulating the behavior of masonry walls rocking
out-of-plane. The out-of-plane behavior is undesired for masonry buildings but unfortunately
very common for the lack of proper connections between walls and between walls and horizontal diaphragms. Owing the fact that many types of such connections were developed over the
centuries, ad hoc detailed studies are necessary to understand their effectiveness [3].
Nowadays, a wide literature is available on rocking analyses of free-standing walls as well
as vertically/horizontally restrained walls, including analytical formulations [4]–[9], experimental outcomes [10]–[13] and numerical approaches [5], [14]–[18]. All these contributions
are aimed at reliably representing the dynamic behavior of a masonry wall rocking out-of-plane
during an earthquake.
Horizontal restraints are often provided by steel tie-rods, traditionally used in historic masonry buildings [19]–[21]. The response of free-standing blocks is strongly influenced by the
size and slenderness ratio of the wall, besides the frequency content and numerous intensity
measures associated to the seismic input. In addition to these parameters, the dynamic response
of blocks restrained by horizontal tie-rods depends on the position and on the mechanical properties of the tie-rods themselves, as discussed in [22]. In [22] it was demonstrated on one hand
that, as expected, tie-rods reduce the maxima amplitude rotations, but on the other hand that
tied walls behavior is not significantly dependent on the aspect ratio of two walls of comparable
size. The latter remark is still valid for walls restrained by tie-rods at different heights; more
generally, it can be observed that the influence of tie-rod length as well as of normalized prestress is very limited. As for the influence of the mechanical properties, the role of the axial
stiffness appears to be negligible. The yield strength was the most relevant parameter that influences the response, besides the brittle or ductile behavior of the tie-rod.
This contribution takes inspiration from the cited work but it considers different geometries
and assumptions for the tie-rods. Moreover, this paper adopts a full stochastic approach for the
seismic vulnerability assessment [23]–[26], whereas in [22] a semi-probabilistic approach is
considered. After the presentation of the analytical formulation (Section 2) and the assumptions
(Section 3) taken into account in the analysis, the work discusses the results in terms of fragility
curves (Section 4) and seismic hazard curves (Section 5), which is a new frontier in the probabilistic assessment of seismic vulnerability [27].
2

ANALYTICAL FORMULATION
2.1 Mechanical model and equation of motion

The out-of-plane behavior of existing masonry structures can be investigated through nonlinear dynamic analyses also called rocking analyses. This section describes the model considered for analyzing the one-sided motion of masonry walls restrained by steel tie-rods, displayed
in Figure 1. In it, the wall is assumed as single degree of freedom rigid block of mass ݉ and of

perpendicular shape. Its size and slenderness are respectively given by ܴ and ߙ ൌ   ቀቁ.
The equation of motion, found in previous works of the Authors [14], [15], [17], is the following:
ܫ ߴሷ  ݊݃ݏሺߴሻܴ݉݃  ܣణ  ܶ௧  ܶ  ൌ ݉ݑሷ  ܴ ܿܣ ݏణ
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The right hand side contains the seismic input term as acceleration time history ݑሷ  ሺݐሻ of the
earthquake. The terms on the left hand side are related to the inertia forces, the self-weight
stabilizing the response up to a rotation threshold equal to ߙ, the tie-rod of stiffness ܶ( ܭ௧ ) and
the transverse walls simulated by a spring bed of unitary stiffness ܭᇱ (ܶ ). As for the symbols,
ସ
ܫ is the polar inertia moment with respect to the pivot point O or O’ equal to ܴ݉ ଶ , whereas
ଷ
ܣణ ൌ ߙ െ ݊݃ݏሺߴሻߴ.

Figure 1: schematics of the model considered in the rocking analyses.

The term ܶ௧ assumes the form:
ܶ௧ ൌ ݃݊ሺߴሻ ߚܭଶ ܴଶ  ܣǡణ ሾߙ݊݅ݏ െ  ܣǡణ ሿ

(2)

in which ܣǡణ ൌ ߙ െ ݊݃ݏሺߴሻߴ where ߙ is a position angle dependent on the position coefficient ߚ ൌ ܴ Ȁܴ (Figure 1). The tie-rod can behave either as elastic or as plasticized. If the
tie-rod is in the elastic field, the corresponding term can be simply calculated from the external
work made by it, obtaining:
ܶ௧ǡ ൌ ൣ݃݊ሺߴሻܴܭ ሺߙ  െ  ܣǡణ ሻ  ܨ ൧ ܴ   ܣǡణ

(3)

ܶ௧ǡ is considered in the equation of motion if the tie-rod displacement ݀௧ is in the range of
Ͳ  ݀௧  ݀௬ (the sub-index  ݕstands for yielding) or ݀  ݀௧  ݀௫ (the sub-index ݉ܽݔ
stands for ultimate displacement). The tie-rod can be subjected to a prestress ܨ . Once yielding
is attained, ݀௧  ݀௫ or equivalently ݀௧  ݀௫ , the spring exerts the constant yielding force
ܨ௬ . The term related to the plastic tie-rod contribution is then:
ܶ௧ǡ ൌ ݃݊ሺߴሻܨ௬ ܴ   ܣǡణ

(4)

As usual, a compressed tie-rod is considered inactive. In case of unloading, the constitutive
law follows the elastic branch. Anyway, the constitutive model is fully described in [28]. The
tie-rod influence can be controlled through the following parameters: stiffness, yielding, ductility and strength associated to it.
ܶ is different from zero only for counterclockwise rotations (spring bed in compression,
Figure 1). In that case it is expressed by[29]:
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ܶ ൌ ݃݊ሺߴሻܭᇱ ݄Ԣ ൬ ܣ

 ᇲ
ଶ



 ᇲ
ଷ

మ

൰,

(5)

where:
 ܣൌ ݊݃ݏሺߴሻͶܾ ଶ  ߴ   ߴ ሺͳ െ  ߴሻ;

(6)

 ܤൌ ʹܾሺଶ ߴ   ߴ െ  ଷ ߴ   ଶ ߴሻ;
 ܥൌ ݊݃ݏሺߴሻ  ߴ   ଶ ߴ.
݄Ԣ is the extension of the spring bed,ʹܾ t is the wall thickness andܭᇱ is the stiffness of the

spring bed. ܭᇱ can be calculated as function of the horizontal elastic modulus of masonry ܧ௫ ,
actual transverse wall length ܮǡ and transverse wall thickness ݐ௧ according to the multistruts model presented in [29].

The solution of the equation of motion (Eq. (1)) gives the rotation time history ߴሺݐሻ of the
block and all the other parameters (acceleration, velocity, displacement) related to the center of
mass and to the other significant points of the wall. The solution of the differential equation is
performed by means of the ODE45 solver available in MATLAB [30], which uses a 4th-5th
order Runge-Kutta integration technique.
2.2 Probabilistic model for the determination of fragility curves and seismic hazard
curves
The probabilistic model employed for calculating the fragility curves is extensively described in [31] and that for obtaining the seismic hazard curves is illustrated in [23]. To be
concise, only a general description of them is given in the following. The fragility curves are
plotted by calculating the conditional probability of exceedance of specific limit states defined
by the engineering demand parameter EDP ߴȀߙ. The EDPs, taken as maximum normalized
rotation of each response time-history, clearly depend on the seismic input, in turn defined by
specific intensity measures IMs. The conditional probability ܲሺ ܲܦܧ ܥȁܯܫሻ that the EDP
overcomes a capacity threshold  ܥconditioned to an IM is expressed by:
୪୬ ି୪୬ 

ܲ௫ ሺ ܲܦܧ ܥȁܯܫሻ ൌ ߔ ൬

ఉವȁಾ

൰.

(7)

The capacity thresholds  ܥconsidered for the corresponding limit states are:
1. LS0, rocking initiation,  ܲܦܧ ͲǤͲ;
2. LS1, limited rocking,  ܲܦܧൌ ͲǤͳ;
3. LS2, moderate rocking,  ܲܦܧൌ ͲǤͶ;
4. LS3, severe rocking,  ܲܦܧൌ ͳǤͲ.
5. LS4, near-collapse rocking,  ܲܦܧൌ ͳǤͷ.
ߔ is the standard cumulative distribution function ߔ,ߚȁூெ is the logarithmic standard deviation, or dispersion, of the demand conditioned on the  ܯܫlevel.  ܦis the median structural demand which for univariate fragility curves is equal to:
 ܦൌ ܽܯܫ .
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 ܦcoincides with the EDP coming from the rocking analyses, while ܽ and ܾ are the two correlation coefficients which derive from the post-processing of the results expressing  ܦin logarithmic terms.
Preliminarily, the results of a set of rocking analyses with variable seismic inputs should be
obtained. Each output of the rocking analysis, for a fixed geometry and fixed boundary conditions (mechanical properties of the tie-rods) is a single realization. These realizations are then
elaborated to obtain the correlation coefficients. The larger is the correlation coefficient ܾ, the
more practical is the correlation with the intensity measure. The lower the dispersion coefficient
ߚȁூெ , the more efficient is the correlation. A third correlation coefficient is ߞ ൌ ߚȁூெ Ȁܾ to
assess proficiency. The realizations are then used for calculating the fragility as conditional
probability of failure [32], where the demand  ܦis represented by the EDPs calculated from the
rocking analyses and the capacity  ܥis defined by the five limit states also expressed in [31],
[33]. Different fragility curves can be plotted, depending on the fact that the case is categorical
(rocking-non rocking) or a specific limit state is exceeded. In this paper the so-called “final
probability” ܲ is plotted combining the probability of exceedance ܲ௫ to the probability of
overturning ܲோை . The complete procedure is described in [34].
3

ASSUMPTIONS OF THE ANALYSIS

This section illustrates the assumptions of the analysis in terms of choice of geometries,
seismic inputs and mechanical properties of tie-rods. Indeed, all these parameters have an impact on the dynamic response.
3.1 Wall geometries
Two wall geometries are selected to give a first glimpse of their influence on the response.
A medium-high slenderness ratio of ߙ ൌ ͲǤͳ is chosen, corresponding to a ratio of wall
height/thickness (conventional slenderness) equal to 10. Upper limit values of conventional
slenderness are fixed to 12 for unreinforced brick masonry (10 for stone masonry). These limit
values are valid for earthquake resistant walls [35]. For what concerns the wall size, two thickness values are considered: 30 cm and 60 cm. Consequently, being ߙ ൌ ͲǤͳ, the two respective
heights are 300 cm and 600 cm. The walls have unit width and specific weight of 19 kN/m3.
For the sake of clarity, one can define the first wall as ordinary wall, and the second one as
monumental wall, since its greater size is similar to that of the main façades of historic or monumental buildings.
3.2 Mechanical properties of the tie-rods and transverse walls
This paper is mainly aimed at assessing the influence of the tie-rods in the dynamic response.
The variability of mechanical properties is taken into account in terms of:
-

Yield stress ݂௬ (which assumes the values 142-235-294 MPa);

-

Area ( ܣcalculated according to the procedures of kinematic linear analyses [35] assuming PGA=0.278g);

-

Yielding force ܨ௬ ൌ ݂௬ ή ;ܣ

-

Ultimate strain ߝ௨ (which assumes the values 0-2-10%).

The yielding strength is that typical of existing tie-rods in unreinforced masonry structures,
also historical [36]. The last parameter is related to the ductility of the tie-rod. This investigation
has the purpose of analyzing its effect on the response depending on the level of ductility of the

669

Fabio Solarino, Linda Giresini, and Pietro Croce

tie-rod material. It is physically expectable that a brittle tie-rod behaves differently from a ductile tie-rod, but the quantitative difference can be assessed only through a comparison of nonlinear dynamic analyses. Moreover, deterministic analyses are not fully reliable due to the fact
that the response is input-dependent.
The response is reported in terms of a dimensionless parameter called restraining efficiency
coefficient ߩெǡ . This parameter reads as ratio of a resisting moment ܯ to a seismic demand
moment ܯௗ . In particular, the resisting moment can be expressed as:
(9)

ܯ ൌ ܨ௬ ή ݄

where ݄ is the lever arm of the tie-rod, that is the distance of the tie-rod from the rocking hinge
on the wall foundation. The seismic demand moment is calculated assuming an acceleration
variable with the block height based on its first modal shape, whose maximum acceleration
ܽௗ is assumed to be equal to the gravity acceleration:
݃
(10)
ܽௗ ൌ ߠሷሺ ݖൌ ʹ݄ሻ ή  ݖൌ
ݖ
ʹ݄
Considering the distance  ݖof the mass per unit of length ߤ from the rocking base hinge, the
corresponding force is:
(11)

݀ܨௗ ൌ ߤ ή ܽௗ ݀ݖ
The seismic demand moment reads, considering Eq. (11) and Eq. (12):
ଶ

ଶ

(12)



ܯௗ ൌ  ݀ܨௗ ή  ݖൌ  ߤ ଶ ή  ݖଶ ݀ݖ.
In the present case, being ߤ constant, it results:

Ͷ
(13)
ܹ݄
͵
where ܹis the wall weight. Finally, when the tie is installed at the top of the wall, namely ݄ ൌ
ʹ݄, the restraining efficiency coefficient ߩெǡ assumes the following expression:
ܯௗ ൌ

ߩெǡ ൌ

(14)

ܯ ͵ ܨ௬
ൌ
ܯௗ ʹ ܹ

In the present case, since the diameter of the tie-rod is calculated from the design criterion
of the kinematic linear analysis [35], ߩெǡ is constant for both cases (Table 1). By contrast, the
consequent tie-rod diameter ߮ varies as reported in Table 2, because the yielding strength
changes.
ordinary wall
monumental wall

ߩெǡ [-]
ܹ [kN] ܨ௬ [kN]
17.1
5.7
0.5
68.4
22.9
0.5

Table 1: Weight of the analyzed walls, yielding force and restraining efficiency coefficient of the tied configuration.

ࢌ࢟ [MPa]
ordinary wall
monumental wall

142
7.2
14

235
5.6
11

294
5
10

Table 2: Variation of tie-rod diameter (in mm) with the yielding strength.
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As for the transverse walls, the following parameters are considered: extension of the spring
bed ݄ᇱ ൌ ʹ݄ ,horizontal elastic modulus of masonry ܧ௫ ൌ ͻͲܽܲܯ, actual transverse wall
length ܮǡ ൌ ͳǤʹ݉ and transverse wall thickness ݐ௧ ൌ ʹܾ. By substituting the values for the
two wall cases, one has ܭᇱ ൌ ͳʹǤͷ MN/m2 and ܭᇱ ൌ ͵ͶͷǤͲ MN/m2 respectively for the ordinary wall and for the monumental wall.
3.3 Seismic inputs
A number of 48+48 seismic records, taken from the ESM database [37], has been considered
for the stochastic analyses. The number is doubled because each of the 48 seismic records has
been also changed in sign and used as second set of inputs. Among the 48 accelerograms, 24
were registered in Central Italy, whereas 24 were taken from [31]. Several significant intensity
measures (IMs) can be associated to each accelerogram. It is important to point out that numerous IMs - acceleration, velocity and energy based - can be calculated for each of them. Nevertheless, in this contribution the focus is on peak ground acceleration (PGA), on Arias intensity
(Ia) and on peak ground velocity (PGV), the most common IMs referred to in seismic vulnerability analysis. PGV is in particular an IM very significant for rocking blocks. The seismic
inputs considered in the analysis are listed in Table 3.

Table 3: Seismic inputs used in the analysis.
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3.4 Single realizations of the non-linear dynamic analyses and correlation coefficients
The single realizations coming from the rocking analyses are performed for both geometries
and for the ten cases (free-standing and nine types of tie-rods as described in 3.2). A multistripe
analysis [23] is carried out considering six values of PGA (hazard site: Carlentini, Italy [38],
[39]). For each PGA value 1920 analyses have been performed, so that 11520 runs resulted in
total. An extract of the graphs for the free-standing and tied case of the monumental façade (݂௬ =
235, ߮ ൌ ͳͳ mm, ߝ௨ =10%) is reported in Figure 2. In the vertical axis of the graphs the maximum engineering demand parameter is reported for each rocking analysis with fixed seismic
input. Each circle represents the maximum response of single realization obtained from each
seismic input. Each accelerogram has a corresponding pair of PGA and PGV displayed in the
abscissa axes; each one is scaled for six values of PGA corresponding to specific return periods
of the selected construction site. It is evident that when the wall is not restrained by any tie-rod
the normalized rotation is greater, and overturning frequently attained (Figure 2a). In case the
wall is horizontally restrained by a ductile tie-rod of medium strength (ߝ௨ =10%, ݂௬ = 235 MPa,
߮ ൌ ͳͳ mm), the non-rocking cases are more numerous and the number of overturning cases
is only three. Analyzing the results, the correlations coefficients can be easily calculated.
The best correlation is always obtained considering the PGA, with the exception of the monumental unrestrained wall, for which the best IM is the Arias Intensity Ia.
For the same cases displayed in Figure 2, Figure 3 reports the estimated curve with the correlation coefficients:
-

ܾ-coefficient (Eq. (8)), for the practicality;

-

dispersion coefficient ߚȁூெ , for the efficiency;

-

ߞ ൌ ߚȁூெ Ȁܾ, for the proficiency;

-

Coefficient of determination ܴ ଶ , defined as ͳ െ

σሺ୪୬ ୈԛିԛ ୪୬ ୗీ ሻమ
σ൫୪୬ ୈԛିԛ୫ୣୟ୬ሺ୪୬ ୈሻ൯

మ

;

The correlation is made only for the cases of safe rocking, namely for 1e-4 < ߴȀߙ < 1.5. That
is the reason why Figure 3b shows only two values of PGA for multistripe analysis (see also
for comparison the blue circles in Figure 2b). Therefore, the probability of exceedance of a
specific limit state is calculated only for the safe-rocking cases.

(a)

(b)

Figure 2: Realizations of the rocking analysis for specific values of PGA and PGV for unrestrained (a) and
tied (b) monumental wall.
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Looking at the results, it is possible to observe that, when the correlation is made towards
the PGA (Figure 3a, b), the unrestrained case is worse correlated than the tied case in terms of
efficiency and proficiency. As for practicality, the unrestrained case is better correlated. The
results in terms of Arias Intensity, for which the correlation is the most efficient for the unrestrained case, are scattered because this intensity measure is calculated after that the PGA of
each accelerogram is scaled according to the formula given in [31]. the unrestrained case is
worse correlated than the tied case in terms of efficiency and proficiency (Figure 3c, d). Concerning practicality – and also proficiency – the unrestrained case is again better correlated than
the restrained case. Since the dispersion coefficient for the unrestrained case is slightly greater
than that for the tied case, the correlation of the first one is more efficient. The maximum coefficient of determination is observed for the correlation of PGA (restrained case) and of Ia (unrestrained case) and is equal to 0.57 for both scenarios (Figure 3b, c).

(a)

(b)

(c)

(d)

Figure 3: Structural demand and correlation coefficients for unrestrained (a, c) and tied (b,d) monumental
wall.

4

FRAGILITY CURVES

This section discusses the fragility curves obtained for all the cases with the calculation process described in section 2.2. A first comparison can be made between the ordinary and the
monumental wall. Their slenderness value is the same (height to thickness = 10) but the size of
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the ordinary wall is half of that monumental. The fragility curves representing the conditional
probability of the EDP conditioned to PGA are reported in Figure 4 for all the five limit states.
The probability of occurrence of the rocking initiation state is much less for the ordinary wall
rather than that of the monumental wall. For the ordinary wall, of small size, there is a narrower
difference between probability of occurrence of the limit states, from the rocking initiation to
the near-collapse. The ordinary wall appears more stable than the monumental wall, although
the slenderness values are the same. In this case, therefore, the common scale effect usually
exhibited by free rocking blocks is not observed.

(a)

(b)

Figure 4: Fragility curves for the unrestrained monumental (a) and ordinary (b) wall.

Considering the monumental wall, the fragility curves considering again the five limit states
but with different values of ductility capacity of the tie-rod are displayed in Figure 5. The subfigures respectively indicate the response for the unrestrained wall (a), the wall restrained by a
brittle tie-rod with ߝ௨ =0% (b), by a low ductility tie-rod with ߝ௨ =2% (c), by a high ductility tierod with ߝ௨ =10% (d). It is evident that a more ductile tie-rod reduces the probability of overcoming the attainment of an EDP threshold. The case with the most ductile tie-rod results in
flatter fragility curves which lose their typical s-shape, which indicate greater uncertainty.
For the medium steel axial strength (235 MPa, , ߮ ൌ ͳͳ mm), the probability of exceedance
for the limited rocking state (LS1) is reported in Figure 6a: the most dangerous case is the brittle
tie-rod, as expected. The probability of exceedance of the limited rocking state is respectively
by 85%, 30%, 8% and 3% for unrestrained wall, wall restrained by brittle, ductile and lowductile tie rod for PGA=0.8 g. PGA values lower than it, no remarkable difference is observed
in terms of probability of exceedance, since the tie-rod impedes a considerable wall rocking.
The trend of reduction of probability of exceedance above mentioned, not fully expected for
ductile and low-ductile tie-rod, depends on the higher uncertainty that affects the probability of
exceedance of a ductile tie-rod. So, even though the curve related to the ductile tie-rod is not
considered, the reduction of probability of exceedance is sensitively strong being an order of
magnitude lower for the low-ductile tie-rod (Figure 6a). Therefore, it is extremely beneficial to
restrain the wall even with a low-ductile (but also a brittle) tie-rod. The choice will depend on
the assumed probability of exceedance depending on the return periods established by the standards.

674

Fabio Solarino, Linda Giresini, and Pietro Croce

(a)

(b)

(c)

(d)

Figure 5: Fragility curves for the monumental wall: unrestrained (a); brittle (b); low ductility (c) and ductile
(d) tie-rod.

(a)

(b)

Figure 6: Fragility curves for monumental wall: parametric analyses in terms of (a) steel ductility and (b) axial strength for the limited rocking state (LS1).
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As for the variation of steel strength, keeping constant the tie-rod ultimate strain to 10%, the
weaker material has an increased probability of exceedance that anyway remains low (about
10% for PGA=0.6 g) even for medium-high intensity earthquakes. As a consequence, in many
cases even a weak tie steel can be really beneficial for the reduction of the probability of exceedance of the limited rocking state. The cases of medium-high strength ties (235 MPa, ߮ ൌ
ͳͳ mm and 294 MPa, ߮ ൌ ͳͲ mm) give coincident fragility curves since the stress of 235 MPa
is never overcome.
5

SEISMIC DEMAND HAZARD CURVES

The seismic demand hazard curves are obtained by following the procedure described in
[23]. The output is readable as annual exceedance rate ߣா ሺ݁݀ሻ for the five limit states indicated in the abscissa axis (ߴȀߙ =1E-4, 0.1, 0.4, 1.0, 1.5). This information is more complete
than the mere fragility curves, as the demand hazard is considered in the probabilistic assessment. The seismic demand hazard curve is much more conservative in case of restrained condition than for the unrestrained monumental wall (Figure 7a). Considering the same steel
strength (235 MPa, , ߮ ൌ ͳͳ mm) and varying the ultimate strain of the tie-rod (Figure 7b), it
is clear that the annual exceedance rate is the lowest in case of low ductile tie-rod behavior than
in case of brittle behavior. Moreover, a brittle behavior of the tie-rod could lead to unexpected
performance of the tie-rod especially in case of historical ties, where localized failures can occur
[36]. Thus, it is recommended to prefer even a low-ductile behavior that strongly reduces the
seismic demand hazard curves. Indeed, for instance considering the moderate rocking limit state
(ߴȀߙ = 0.4), the annual exceedance rate decreases by over 60% passing from a brittle to a lowductile tie rod. Again the red curve, related to a highly ductile tie-rod, for same ranges of EDP
exhibits unexpected performance. In any case, such a behavior can be neglected being the corresponding fragility curves characterized by greater uncertainties.

(a)

(b)

Figure 7: Seismic hazard curves for the monumental wall: parametric analyses in terms of steel ductility (a)
with a detail for the restrained case (b).

Discussing how the tie-rod strength influences the seismic risk, it is evident that, as observed
for the fragility curves, there is not a sensitive change in the annual rate of exceedance whether
a high-strength tie-rod is assumed or a medium strength is considered (Figure 8).
Referring to the moderate rocking limit state (ߴȀߙ = 0.4), the annual exceedance rates are:
-

1.8e-5 for the strength values of 294 MPa, ߮ ൌ ͳͲ mm;
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-

7.7 e-5 for 235 MPa;

-

2.7e-4 for 142 MPa;

-

2.9e-3 for the unrestrained case.

They respectively correspond to the fact that this limit state is exceeded once every 56000
years (high tie-rod strength) 13000 (medium), 3700 (low) and 345 years. Therefore, even with
a low-strength tie-rod, the rate of occurrence is reduced.

(a)

(b)

Figure 8: Seismic hazard curves for the monumental wall: parametric analyses in terms of steel strength (a)
with a detail for the restrained case (b).

Taking into account the severe rocking (ߴȀߙ = 1.0), the annual exceedance rates are:
-

8e-6 for the strength value of 294 MPa, ߮ ൌ ͳͲ mm (one occurrence every 125000
years);

-

4.5e-5 for 235 MPa (22000 years);

-

1.5e-4 for 142 MPa (2000 years);

-

2.2e-3 for the unrestrained case (450 years).

Obviously, the two latter cases are over-conservative considering the life cycle of a masonry
building, therefore even small strength values are sufficient to guarantee a remarkable increase
of safety. For the severe rocking limit state, the reduction of annual exceedance rate is less
evident than that for the moderate rocking limit state.
6

CONCLUSIONS

This paper discussed the role of tie-rods in the dynamic response of restrained masonry walls
subjected to earthquakes. The analysis was performed by following a fully probabilistic approach with a multi-stripe analysis obtaining seismic fragility and hazard curves. Two typical
masonry wall, one ordinary and the other of monumental type, were taken into account as unrestrained and restrained by tie-rods of different mechanical properties. Considering the results
of over 11500 analyses, the best correlated intensity measures were observed to be peak ground
acceleration and Arias Intensity.
Observing the fragility curves, the most dangerous case is the brittle tie-rod, as expected.
The probability of exceedance of the limited rocking state is respectively by 85%, 30%, 8% and
3% for unrestrained wall, wall restrained by brittle, ductile and low-ductile tie rod for PGA=0.8
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g. The reduction of probability of exceedance is significant being an order of magnitude lower
for the case of low-ductile tie-rod with respect to the case of brittle tie-rod. Therefore, it is
extremely beneficial to restrain the wall even with a low-ductile (but also a brittle, in comparison with an unrestrained wall) tie-rod. The choice of a specific tie-rod will depend on the admissible probability of exceedance depending on the return periods established by the standards.
As for the variation of steel strength, keeping constant the tie rod ultimate strain to 10%, the
weaker material has an increased probability of exceedance that anyway keeps low (about 10%
for PGA=0.6 g) even for medium-high intensity earthquakes. As a consequence, in many cases
even a weak steel can be really beneficial for the reduction of the probability of exceedance of
the limited rocking state.
For what concerns the seismic hazard demand curves, it is preferable for the tie-rod a lowductile rather than a brittle behavior that strongly reduces the seismic demand hazard curves. A
highly ductile performance could cause more uncertainties in the results. Considering the moderate rocking limit state, the annual exceedance rate decreases by over 60% passing from a
brittle to a low-ductile tie rod. As for the influence of the tie-rod strength, even a low-medium
values produce a remarkable reduction of annual exceedance rate. For instance, a sever rocking
limit state occurs for the unrestrained monumental wall every 450 years and every 2000 years
for the wall restrained by a tie rod of strength 142 MPa and a diameter of 14 mm. The return
period of the same event increases to 22000 years for a strength of 235 MPa (and diameter 11
mm) and to 125000 years for 292 MPa (diameter 10 mm). Obviously, the two latter cases are
over-conservative considering the life cycle of a masonry building, therefore even small
strength values are sufficient to guarantee a remarkable increase of safety.
Finally, the probabilistic approach described here for the seismic assessment of the out-ofplane of masonry walls is able to reliably predict the seismic demand hazard curves to define
the most appropriate type of steel tie rod to use as anti-seismic device.
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Abstract
This paper presents the results of static and seismic vulnerability analyses performed on a
single-span masonry bridge located in Northern Italy. The structure, dated back to the 17th
century, is a bridge with single-span of about 16 meters and height of 8 meters, built with
rubble and irregular masonry. A preliminary static analysis was performed on the bridge
through traditional graphic approaches such as the Méry’s rule and the Durand-Claye’s
method. Afterwards, a kinematic non-linear analysis was executed once the collapse mechanism under horizontal earthquake-type actions was identified. Finally, a static finite element
analysis with brick elements was performed to state the seismic vulnerability of the bridge, by
changing its mechanical properties to evaluate their influence on the structural response.
Collapse load factors have been also computed considering non-uniform gravitational loads
and horizontal settlements at the bridge foundations.
Keywords:PDVRQU\EULGJHJUDSKLFDOPHWKRGVSODVWLFKLQJHDUFKEULGJHVHLVPLFYXOQHUDELO
LW\SXVKRYHUDQDO\VLV
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1

INTRODUCTION

0DVRQU\$UFK%ULGJHV 0$% UHSUHVHQWDFRQVLGHUDEOHSRUWLRQRIWKHDQFLHQWURDGLQIUD
VWUXFWXUHV 7KH PDLQ FKDUDFWHULVWLFV RI WKLV DUWZRUN LV D PDVVLYH VWUXFWXUH ZLWK VLJQLILFDQW
VWLIIQHVVDQGUHVLVWDQFH7KLVDVSHFWDOORZVWKHVHLQIUDVWUXFWXUHVEHLQJOHVVSURQHWRYLEUDWLRQ
DQGGHIRUPDWLRQZLWKUHVSHFWWRWKHPRGHUQVWUXFWXUHV)XUWKHUPRUHPDVRQU\EULGJHVDVRWK
HUKLVWRULFDOVWUXFWXUHVDUHFKDUDFWHUL]HGE\DVLJQLILFDQWGXUDELOLW\WKDWSHUPLWVWKHLUVXUYLYDO
RYHUWKHFHQWXULHV
0$%KDYHDQDQFLHQWRULJLQ7KHILUVWDSSOLFDWLRQRIPDVRQU\LQULYHURYHUSDVVHVDUHSURE
DEO\ DEXWPHQWV DQG DUFKLWUDYHV RI HOHPHQWDU\ EULGJHV PDGH E\ VLPSO\ VXSSRUWHG ZRRGHQ
GHFNV 7KH GLIIXVLRQ RI DUFKHV LQ 0HVRSRWDPLD DQG LQ (J\SW JDYH D VLJQLILFDQW LPSXOVH WR
WKHLUXVH7KHILUVWVWRQHDUFKFDQEHGDWHGEDFNWRWKHWKPLOOHQQLXP%&+HUHWKHVXEVWLWX
WLRQRIDSUHYLRXVVODEPDGHRILQWHUWZLQHGUHHGVZLWKGU\VWRQHVDQGVXQGULHGEULFNVFUHDWHG
WKHILUVWGRFXPHQWHGDUFKRIWKHKLVWRU\
7KHILUVW0$%ZDVSUREDEO\EXLOWLQ&KLQDLQWKHUGPLOOHQQLXP%&/DWHUWKH5RPDQV
IDPRXV URDG EXLOGHUV PDVVLYHO\ XVHG DUFKHV IRU WKH FRQVWUXFWLRQ RI EULGJHV DQG DTXHGXFWV
VRPHRIZKLFKVWLOOVXUYLYHQRZDGD\V>@
)RU ZKDW FRQFHUQV WKH FRPSXWDWLRQDO PRGHOOLQJ RI 0$% IURP VLPSOLILHG PHWKRGV WR
FRPSOH[QRQOLQHDUILQLWHHOHPHQWRUGLVFUHWHHOHPHQWVLQWHUHVWLQJFRQWULEXWLRQVFDQEHIRXQG
LQ >±@ )RU D SURSHU FRPSXWDWLRQDO PRGHOOLQJ WKH GHILQLWLRQ RI JHRPHWU\ DQG PHFKDQLFDO
SURSHUWLHVRI0$%LVHVVHQWLDO,Q>@WKHVLJQLILFDQWUROHRIJHRPHWULFDODQGPHFKDQLFDOSD
UDPHWHUVOLNHDUFKWKLFNQHVVDQGILOOLQJLVKLJKOLJKWHG,QWKHVDPHSDSHUDJHRPHWULFDOVXUYH\
RIVHJPHQWDO0$%VORFDWHGLQ3RUWXJDODQG6SDLQLVUHSRUWHG7KXVDQDFFXUDWHJHRPHW
ULFDODQGPHFKDQLFDOVXUYH\LVFUXFLDOLQWKHVDIHW\HYDOXDWLRQPRGHUQWHFKQLTXHVFDQEHYHU\
SUHFLRXV LQ WKLVVHQVH >@HVSHFLDOO\ ZKHQWKHLQWHUQDO FRUHLV QRW DFFHVVLEOH6SHFLILFWHFK
QLTXHV FDQ EH DSSOLHG WR OLPLW WKH XQFHUWDLQWLHV LQ WKH FRPSRVLWLRQ RI LQWHUQDO FRUHV > @
:KHQ SHUIRUPLQJ D VWUXFWXUDO DVVHVVPHQW LW LV LPSRUWDQW WR YDU\ WKH PDVRQU\ DQG VRLO PH
FKDQLFDOSURSHUWLHVLQFDVHRIXQFHUWDLQWLHVLQWKHLUGHILQLWLRQ>@6HQVLWLYLW\DQDO\VHVDUHWKHQ
RIWHQSURSRVHGWRLQYHVWLJDWHWKHLPSDFWRIWKHPRVWLPSRUWDQWSDUDPHWHUVVXFKDVWKHWHQVLOH
VWUHQJWKRIPDVRQU\>±@0RUHRYHUZKHQGHDOLQJZLWKXQFHUWDLQWLHVLWFRXOGEHUHOHYDQW
WRSHUIRUPSUREDELOLVWLFDQDO\VLV)RUH[DPSOH&DVDV>@SURSRVHVDSUREDELOLVWLFDVVHVVPHQW
RI0$%DWWKH6HUYLFHDELOLW\DQG8OWLPDWH/LPLW6WDWHV7KLVZRUNDOVRLOOXVWUDWHVUHFXUULQJ
IDLOXUH PRGHV IRXUKLQJH PHFKDQLVP WKH ULQJ VHSDUDWLRQ LQ PXOWLULQJ DUFKHV DQG WKH VOLS
SDJHDWWKHIRXQGDWLRQV,Q>@DVLPSOLILHGDSSURDFKLVSURSRVHGIRUWKHHYDOXDWLRQRIIUDJLOL
W\FXUYHVRI0$%LQFDVHRIVHLVPLFDFWLRQ7KHVWXG\LVFDUULHGRXWRQQXPHURXVVWUXFWXUHV
DQGEURDGHQHGWRDVWRFNRIURDGZD\DQGUDLOZD\EULGJHQHWZRUNVLQGDQJHURXVFRQGLWLRQWR
SURYLGHVWDNHKROGHUVDPDQDJHPHQWWRRO
7KHUH DUH GLYHUVH PHWKRGRORJLHV WR VWXG\ WKH VWDWLF DQG WKH G\QDPLF EHKDYLRU RI 0$%
9HU\LQWHUHVWLQJJUDSKLFDODQGQXPHULFDOPHWKRGVZHUHGHYHORSHGLQWKHSDVW IURPWKHWK
FHQWXU\ WRVWXG\WKHVWDWLFEHKDYLRURIDUFKLQSDUWLFXODUIURPWKH)UHQFK(QJLQHHULQJ*UDQG
eFROHV7KLVSDSHUKDVWKHDLPRISHUIRUPLQJ DOOWKHSRVVLEOHDQDO\VLV PHWKRGV XVXDOO\SHU
IRUPHGIRU0$%DQGRISURSRVLQJTXDOLWDWLYHFRPSDULVRQV
,Q 6HFWLRQDUHYLHZRIWUDGLWLRQDODQGPRGHUQ WHFKQLTXHVLV SUHVHQWHG DQGDSSOLHGWR D
UHSUHVHQWDWLYHFDVHRIVWXG\7KH0$%VHOHFWHGIRUWKHLQYHVWLJDWLRQUHSRUWHGLQ6HFWLRQLV
WKH Premilcuore bridge ORFDWHG LQ WKH 'LVWULFW RI )RUOu&HVHQD &HQWUDO ,WDO\ 7KH JUDSKLFDO
PHWKRGVDQGWKHQXPHULFDODQDO\VHVDUHLOOXVWUDWHGLQ6HFWLRQ
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2
2.1

BACKGROUND
Traditional graphical methods

,QRUGHUWRFDUU\RXWDILUVWVLPSOLILHGVWXG\RIWKHVWDELOLW\RIWKHYDXOWWZRGLIIHUHQWWUDGL
WLRQDOPHWKRGVKDYHEHHQHPSOR\HGWKHVRFDOOHG0qU\¶V5XOHDQG'XUDQG&OD\H¶V0HWKRG
0qU\¶V5XOHWRZKLFKWKHFUHGLWIRUIRUPDOLVLQJWKHFRQFHSWRIWKUXVWOLQHLVDWWULEXWHGKDV
ULVHQWRIDPHLQWKHWHFKQLFDOILHOGSDUWLFXODUO\WKDQNVWRLWVHDVHRIDSSOLFDWLRQ,QGHHGLWLV
LQWHUHVWLQJWRREVHUYHKRZLWLVWKHRQO\PHWKRGVWLOOTXRWHGLQWRGD\¶VWH[WERRNV(YHQWKRXJK
LWZDVEDVHGRQDUELWUDU\DVVXPSWLRQV>@WKLVPHWKRGZDVDSSOLHGIRURYHUDFHQWXU\IRUWKH
GHVLJQRIDUFKHVDQGYDXOWV7KHIRXQGDWLRQRIWKLVSURFHGXUHLVWKHSHUVRQDOFULWHULXPDFFRUG
LQJWRZKLFKWKHLGHDOFRQGLWLRQIRUWKHDUFKFDQEHLGHQWLILHGE\DWKUXVWOLQHWKDWLVHQWLUHO\
FRQWDLQHGLQWKHDUHDGHILQHGE\WKHPLGGOHWKLUGRIWKHVHFWLRQVLQWHQGLQJWRJXDUDQWHHWKDW
WKHODWWHUDUHFRPSOHWHO\UHDFWLYHDQGWKHDUFKLVQRWVXEMHFWHGWRIDLOXUH
,QDFFRUGDQFHZLWK0pU\¶VVWXGLHVDPRQJWKHLQILQLWHFXUYHVRIWKLVW\SHZKLFKDUHDEOHWR
HQVXUHWKHDUFKHTXLOLEULXPWKHGHILQLWLRQRIWKHGHVLJQOLQHUHOLHVRQWKHK\SRWKHVLVWKDWWKLV
WKUXVWOLQHSDVVHVWKURXJKWKUHHSUHGHILQHGSRLQWVWKHORZHUPLGGOHWKLUGRIWKHWZRVHFWLRQV
LQFORVHSUR[LPLW\WRWKHVSULQJHUVDQGWKHXSSHUPLGGOHWKLUGLQWKHNH\VWRQHZKHUHWKHGL
UHFWLRQ RI QRUPDO IRUFH LV KRUL]RQWDO DFFRUGLQJ WR WKH SUHPLVH RI V\PPHWU\ RI WKH DSSOLHG
ORDG
7KHVHFRQGPHWKRGZKLFKLVDPRUHUHILQHGIRUPWKHWKHRUHWLFDOSRLQWRIYLHZLVWKHRQH
VWXGLHGE\'XUDQG&OD\H,WZDVFRQFHLYHGDVDPHWKRGWRDVVHVVWKHVWDELOLW\RIDV\PPHW
ULFDO DUFK V\PPHWULFDOO\ ORDGHG E\ YHUWLFDO IRUFHV XQGHU WKH FRQGLWLRQ WKDW WKH PDWHULDO KDV
ILQLWHYDOXHRIWKHFRPSUHVVLYHVWUHQJWKDQGWKDWLWKDVDQHJOLJLEOHWHQVLOHUHVLVWDQFH
7KLVPHWKRGHVVHQWLDOO\FRQVLVWVLQGHILQLQJWKHVHWRIDOOWKHSRVVLEOHYDOXHVRIWKHLQWHUQDO
IRUFHVLQWKHNH\VWRQHWKHQRUPDOIRUFH1DQGWKHEHQGLQJPRPHQW0RUDOWHUQDWLYHO\WKH
QRUPDOIRUFHDQGLWVHFFHQWULFLW\LQUHODWLRQWRWKHD[LVFXUYHZKLFKHQVXUHHTXLOLEULXPDQG
DUHFRPSDWLEOHZLWKWKHPDWHULDOVWUHQJWK$FFRUGLQJWRWKHDVVXPSWLRQVWKURXJKHDFKFURVV
VHFWLRQSRVVLEO\SDUWLDOL]HGWKHFRPSUHVVLYHVWUHVVHVYDU\ZLWKDOLQHDUODZ7KHUHVXOWRIWKLV
SURFHGXUHJLYHVWKHJUDSKLFDOUHSUHVHQWDWLRQRIWKHHQYHORSHRIWKHDIRUHPHQWLRQHGIRUFHV
7KLVPHWKRGXQOLNHWKHSUHYLRXVRQHDOORZVWRLGHQWLI\DOOWKHSRVVLEOHWKUXVWOLQHVFDSDEOH
RIHQVXULQJWKHEDODQFHLQFRPSOLDQFHZLWKWKHOLPLWVRIWKHPDWHULDOVWUHQJWK,WVYDOXHUHVLGHV
LQFKHFNLQJWKHH[LVWHQFHRIDGPLVVLEOHVROXWLRQVZLWKRXWUHTXLULQJWRILQGWKHWUXHRQHZKLFK
FRXOGEHUHDFKHGRQO\E\EULQJLQJLQWRSOD\WKHHODVWLFSURSHUWLHVRIWKHPDWHULDODQGWKHFRP
SDWLELOLW\ FRQGLWLRQV $VVXPLQJ WKDW WKH WUXH VROXWLRQ H[LVWV LW LV GHILQLWHO\ LQFOXGHG DPRQJ
WKHVHRQHV
7KH'XUDQG&OD\H¶VPHWKRGGRHVQRWUHTXLUHHLWKHUVSHFLDOK\SRWKHVHVUHJDUGLQJWKHVKDSH
RIWKHWKUXVWOLQHRUUHJDUGLQJDSUHGHILQHGSRVLWLRQRIUXSWXUHMRLQWVDOORZLQJWRREWDLQVHYHU
DODGYDQWDJHV,QSDUWLFXODULWDOORZVWRHYDOXDWHWKHGHJUHHRIVDIHW\RIWKHDUFKWKHSRVVLEOH
WUHQG RI WKH WKUXVW OLQH DQG WKH LGHQWLILFDWLRQ RI WKH PRVW VWUHVVHG VHFWLRQV RI WKH VWUXFWXUH
7KLVPHWKRGLVZHOOVXLWHGWRYDULRXVW\SHVRIDUFKHVKDYLQJGLIIHUHQWJHRPHWULHVDQGPDGH
ZLWKGLIIHUHQWPDWHULDOV
2.2

Rigid block and arch models for kinematic analyses

$ PRUH PRGHUQ DSSURDFK WR LQYHVWLJDWH WKH VWUXFWXUDO EHKDYLRU RI PDVRQU\ EXLOGLQJV DQG
EULGJHVUHIHUVWROLPLWDQDO\VLVDQGQRQOLQHDUG\QDPLFDQDO\VLVRIULJLGEORFNPRGHOV2IWHQ
PDVRQU\VWUXFWXUHVDQGHVSHFLDOO\KLVWRULFFRQVWUXFWLRQVFDQEHUHJDUGHGDVFRPSRVHGE\
VWUXFWXUDOO\LQGHSHQGHQWSDUWVRUULJLGEORFNVFRQQHFWHGE\LGHDOKLQJHV7KLVRFFXUVSDUWLFX
ODUO\ ZKHQ WKH FRQQHFWLRQV EHWZHHQ YHUWLFDO PHPEHUV DQG EHWZHHQ KRUL]RQWDO GLD
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SKUDJPVURRIDQGZDOOVDUHQRWHIIHFWLYH>@,QRUGHUWRDYRLGVXFKDQXQGHVLUDEOHEHKDYLRU
WLHURGV > @ ILEHU FRPSRVLWH VWULSHV > @ DQG VWUHQJWK DQFKRUV > @ RI VXLWDEOH
FKDUDFWHULVWLFV FDQ EH XVHG $Q H[WHQVLYH UHYLHZ RQ NLQHPDWLF DQG URFNLQJ DSSURDFKHV IRU
PRQROLWKLFPDVRQU\ZDOOVVSHFLILFDOO\UHJDUGHGDVULJLGEORFNVRQULJLGIRXQGDWLRQVLVUHSRUW
HG LQ >@ $PRQJ WKH PHWKRGRORJLHV EDVHG RQ OLPLW DQDO\VLV UHFHQWO\ PDQ\ FRQWULEXWLRQV
ZHUHSURSRVHGFRQVLGHULQJWKHIULFWLRQDOIRUFHV >±@ SOD\LQJDFUXFLDO UROHLQ WKHDVVHVV
PHQW RI WKH PHFKDQLVP HYROXWLRQ (YLGHQWO\ WKHVH IULFWLRQDO IRUFHV VKRXOG EH GHWHUPLQHG
WKURXJKSURSHUH[SHULPHQWDOWHVWLQJ >@ $PRQJWKHPHWKRGV EDVHGRQQRQOLQHDUG\QDPLF
0$% URFNLQJ DQDO\VLVWKHUHH[LVWPRGHOVRIZDOOVFRQQHFWHGZLWKGLIIHUHQWW\SHVRIKRUL
]RQWDOGLDSKUDJPV>@EXWDOVRRIWKHFRUQHUPHFKDQLVPDVW\SLFDORXWRISODQHPRGHRIPD
VRQU\ EXLOGLQJV >@ $ FRPSDUDWLYH VWXG\ EHWZHHQ WKH NLQHPDWLF DQG QRQOLQHDU G\QDPLF
PHWKRGV LQYHVWLJDWLQJ WKH ' FRUQHU IDLOXUH PHFKDQLVP DOVR FRQVLGHULQJ WKH WKUXVWLQJ URRI
DQG WKH VWDELOL]LQJ FRQWULEXWLRQ RI IULFWLRQDO UHVLVWDQFHV H[HUWHG ZLWKLQ LQWHUORFNHG ZDOOV LV
UHSRUWHGLQ>@2QHRIWKHPDLQLVVXHVDULVHQLQWKHVHDQDO\VHVLVWKHRXWSXWYDULDELOLW\RE
VHUYHGZKHQLQSXWDQGERXQGDU\FRQGLWLRQVFKDQJH7KXVSUREDELOLVWLFDSSURDFKHVVXLWDEOHWR
GHVFULEHWKHEHKDYLRURIURFNLQJVWUXFWXUHVKDYHEHHQGHILQHG>@0RUHRYHUURFNLQJFDQ
EH DOVR VHHQ DV VHLVPLF GLVVLSDWLRQ WHFKQLTXH IRU VOHQGHU VWUXFWXUHV >@ DQG PDVRQU\ ZDOOV
>@5HIHUULQJWRDUFKW\SHVWUXFWXUHVWKHURFNLQJDUFKPRGHODVVXPHVULJLGEORFNVDQGULJLG
VXSSRUWV DQG LV WKHUHIRUH RQO\ GHSHQGHQW RQ JHRPHWULF SURSHUWLHV VLPLODUO\ WR WKH URFNLQJ
EORFNPRGHO7KHVXVFHSWLELOLW\RIPDVRQU\DUFKHV WR HDUWKTXDNHORDGLQJLV DQDO\WLFDOO\DQG
H[SHULPHQWDOO\HYDOXDWHGLQ>@ZKHUHWKHURFNLQJDUFKPRGHOLVDIRXUKLQJHPHFKDQLVP
+RZHYHUWKHDSSURDFKFXUUHQWO\PRVWXVHGLQWKHSURIHVVLRQDOSUDFWLFHIRUULJLGEORFNPRGHOV
LVWKHNLQHPDWLFDQDO\VLVEDVHGRQWKHGLVSODFHPHQWEDVHGPHWKRG,QLWWKHFDSDFLW\LQWHUPV
RIERWKIRUFHVDQGGLVSODFHPHQWVLVFRPSDUHGZLWKWKHVHLVPLFGHPDQGWKURXJKWKHFRQVWUXF
WLRQ RI DFFHOHUDWLRQGLVSODFHPHQW UHVSRQVH VSHFWUD 7KH VWDQGDUGV IURP GLIIHUHQW FRXQWULHV
HJ1HZ=HDODQG>@DQG,WDO\>@ JLYHVSHFLILFLQGLFDWLRQVDERXWWKHZD\RIFDOFXODWLQJ
WKH FROODSVH PXOWLSOLHUVIRU HDFK FROODSVH PHFKDQLVP DQG WKH PHWKRGV WR DVVHVV WKH VHLVPLF
YXOQHUDELOLW\ WKURXJK WKH DFFHOHUDWLRQGLVSODFHPHQW FXUYHV 7KH Premilcuore EULGJH LV KHUH
DQDO\]HGFRQVLGHULQJGLIIHUHQWVLQJOHGHJUHHRIIUHHGRPIRXUKLQJHPHFKDQLVPVRULJLQDWHGE\
GLIIHUHQWSRVLWLRQVRIWKHLGHDOKLQJHVDORQJWKHDUFK7KHILUVWDLPRIWKHNLQHPDWLFDQDO\VLVLV
WRLGHQWLI\WKHPRVWSUREDEOHFROODSVHPHFKDQLVPZKLFKFRUUHVSRQGVWRWKHORZHVWFROODSVH
PXOWLSOLHUDFFRUGLQJWRWKHNLQHPDWLFWKHRUHPRIWKHOLPLWDQDO\VLV$IWHUZDUGVWKHFDSDFLW\
FXUYHLVFRPSXWHGE\IROORZLQJWKH,WDOLDQVWDQGDUGV>@DQGWKHVDIHW\YHULILFDWLRQLVPDGH
WKURXJKDNLQHPDWLFQRQOLQHDUDQDO\VLVQDPHO\E\FRPSDULQJWKHGLVSODFHPHQWGHPDQGZLWK
WKHGLVSODFHPHQWFDSDFLW\
2.3

Finite element and discrete element models

0RUH UHILQHG DSSURDFKHV PRGHO PDVRQU\ VWUXFWXUHV XVLQJ PLFUR DQG PDFURPRGHOOLQJ WHFK
QLTXHV7KHIRUPHUVVHSDUDWHO\FRQVLGHUWKHPHFKDQLFDOSURSHUWLHVRIWKHVLQJOHFRPSRQHQWV
EULFNVEORFNVDQGPRUWDUMRLQWV WKHODWWHUXVHVLPSOLILHGHOHPHQWVZLWKKRPRJHQL]HGSURSHU
WLHV$FRQVROLGDWHGPRGHOLVUHSUHVHQWHGE\GLVFUHWHPDFURHOHPHQWVDEOHWRUHSURGXFHW\SL
FDO IDLOXUHV RI PDVRQU\ ZDOOV > @ $ FRPSDULVRQ EHWZHHQ GLVFUHWH PDFURHOHPHQW DQG
ULJLGEORFNPRGHOVXVHGWRDVVHVVWKHVHLVPLFYXOQHUDELOLW\RIDFKXUFKIDoDGHLVSUHVHQWHGLQ
>@$QDOWHUQDWLYHPHWKRGWRGLVFUHWHPDFURHOHPHQWPRGHOVUHJDUGVWKHZHOONQRZQILQLWH
HOHPHQW PRGHOV ZKHUH PDVRQU\ LV PRGHOOHG E\ PHDQV RI SODQDU VKHOOSODWH W\SH  RU WULGL
PHQVLRQDO EULFN HOHPHQWVZLWKKRPRJHQL]HGPHFKDQLFDOSURSHUWLHV$FUXFLDOLVVXHRIWKLV
PRGHOOLQJVWUDWHJ\FRQVLVWVLQWKHFRUUHFWVHOHFWLRQRIWKHPDVRQU\QRQOLQHDUFRQVWLWXWLYHODZ
DQGRIWKHGRPDLQIDLOXUH7KHVHPRGHOVRIIHUDZLGHUDQJHRIRXWSXWLQWHUPVRIVWUHVVVWUDLQ
GLVSODFHPHQWIRUFHVDQGHQHUJ\>@ZKLFKKDYHWREHSURSHUO\WUHDWHG5HFHQWO\VRPHDX
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WKRUVGHYHORSHGGLVFUHWHHOHPHQWPRGHOVIRUWKHVWUXFWXUDODQDO\VLVRIEULGJHV>@ZKHUH
DV UHILQHG ILQLWH HOHPHQW PRGHOV RI PXOWLVSDQ PDVRQU\ EULGJHV ZHUH SURSRVHG LQ >@ SHU
IRUPLQJ QRQOLQHDU VWDWLF QRQOLQHDU G\QDPLF DQG LQFUHPHQWDO G\QDPLF DQDO\VHV XQGHU 
HDUWKTXDNH UHFRUGV 7KLV SDSHU SURSRVHV WKH PRGHOLQJ RI WKH Premilcuore EULGJH WKURXJK D
ILQLWH HOHPHQW PRGHO PDGH RI EULFN HOHPHQWV ZKRVH IHDWXUHV DUH LOOXVWUDWHG LQ 6HFWLRQ 
7KH GLIIHUHQW PRGHOOLQJ DQG DQDO\VLV SURFHGXUHV LQFOXGLQJ WKH JUDSKLFDO PHWKRGV DQG WKH
NLQHPDWLFDQDO\VHVDUHWKHQGLVFXVVHGDQDORJRXVO\WRZKDWLVGRQHLQ>@LQ6HFWLRQ
3
3.1

CASE OF STUDY
Geometry and masonry type

7KHPonte Nuovo(New Bridge)RIPremilcuoreLVQDPHGIURPWKHUHEXLOGLQJ LQ 
RIDSUHYLRXVURPDQEULGJHSUREDEO\GDWHGWRWKHQGFHQWXU\$'>@7KHUHFRQVWUXFWLRQRI
WKH1HZ%ULGJH )LJXUH ZDVPDGHDIWHUWKHFROODSVHRIWKHSUHYLRXVRQHZKRVHULJKWDEXW
PHQWZDVNHSW )LJXUHD 7KHLQIUDVWUXFWXUHLVSODFHGDORQJWKHKLVWRULFDO)ORUHQWLQHURDGV
ZKLFK FRQQHFWHG WKH WZR ,WDOLDQ UHJLRQV 7XVFDQ\ DQG (PLOLD 5RPDJQD DFURVV WKH Rabbi
VWUHDP

)LJXUH$HULDOYLHZRIWKHEULGJH

7KHVWUXFWXUHLVFKDUDFWHUL]HGE\DVHJPHQWDODUFKZLWKDOHQJWKRIPDQGDPD[LPXP
ULVHRIP7KHGHFNLVEXLOWZLWKD³GRQNH\EDFN´VKDSHZLWKDVORSHRIWKHUDPSRIDERXW
GHJUHHVDFFRUGLQJWRWKHFDQRQVRIWKHPHGLHYDOSHULRG
7KH PDVRQU\ RI WKH DEXWPHQWV RI WKH ZLQJ ZDOOV DQG RI WKH SDUDSHWV LV PDGH RI LUUHJXODU
VWRQHVH[FHSWIRUWKHULQJVWRQHDQGWKHORZHUSDUWRIWKHDEXWPHQWZKLFKLVEXLOWZLWKUHJXODU
VWRQH7KHULYHUEHGDSSHDUVLUUHJXODUDQGWKHOLWKRW\SHRIWKHIRXQGDWLRQKDVDSUHGRPLQDQW
URFNFRPSRQHQW$ODUJHFUDFNLQJXQGHUWKHEULGJHKLJKOLJKWVDK\SRJHDFDYLW\WKDWFROOHFWV
WKHUXQRIIZDWHU
7KHWKUHHPHWDOOLFWLHVWKDWDSSHDUXQGHUWKHDUFK )LJXUHE DUHLQVWDOOHGLQWKH¶VDIWHU
VRPHVHLVPLFHYHQWVWKDWDIIHFWHGWKHDUHDSURGXFLQJGDPDJHVLQWKHDGMDFHQWEXLOGLQJ 
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D
E
)LJXUH'HWDLOVRIWKHEULGJHZLQJZDOO D DQGLQWUDGRV E 

3.2

Assumptions of the analysis

$GHWDLOHGVXUYH\RIWKHJHRPHWU\LVFDUULHGRXWDFFRUGLQJWR>@$OLWHUDU\UHYLHZDOORZHG
WRGHILQHDSDUWRIWKHJHRPHWU\WKDWZDVQRWGLUHFWO\PHDVXUHGRQVLWHE\PHDQVRIWKHGHVLJQ
FULWHULDXVHGZKHQWKHUHFRQVWUXFWLRQWRRNSODFH>@7KHH[WHQVLRQRIWKHDEXWPHQW
DQGWKHWKLFNQHVVRIWKHDUFKDUHLQOLQHZLWKWKHWKFHQWXU\GHVLJQUXOHV
$WWKHWLPHRIWKHFRQVWUXFWLRQRIPremilcuore bridgeWKHUHZDVQRWHFKQLFDOGLVWLQFWLRQEH
WZHHQWKHSDUWRIWKHEDFNILOOWKDWKDGRUQRWDVWDWLFUXOHLQWKHEULGJHFRQFHSWLRQVRDOOWKH
ILOOLQJSODFHGRYHUWKHPDVRQU\YDXOWLVFRQVLGHUHGDVQRQVWUXFWXUDO>@
$Q LGHQWLILFDWLRQ RI WKH PHFKDQLFDO SURSHUWLHV RI WKH EULGJH LV FDUULHG RXW DFFRUGLQJ WR >
@7KHPDWHULDOYDULDELOLW\LQH[LVWLQJEXLOGLQJVLVFRQVLGHUHGWREHRQHRIWKHPRVWVLJQLIL
FDQWFDXVHVRIXQFHUWDLQWLHVSDUWLFXODUO\DIIHFWLQJWKHVWUXFWXUDOUHVSRQVH>±@7RFRQVLGHU
WKHXQFHUWDLQWLHVLQPDVRQU\SURSHUWLHVDVHQVLWLYLW\DQDO\VLVLVFDUULHGRXWFRQVLGHULQJDYDULD
WLRQRIWKHPHFKDQLFDO SURSHUWLHVLQ WKHUDQJH  ZLWK UHVSHFW WR WKH DYHUDJHYDOXHV UH
SRUWHGLQ7DEOH7KHWHQVLOHVWUHQJWKLVDVVXPHGWREHRIWKHFRPSUHVVLYHVWUHQJWK
7KH 0D[ 6WUHVV FULWHULRQ DOVR NQRZQ DV Galileo-Rankine’s criterion ZDV DVVXPHG LQ WKH
DQDO\VLV
0DWHULDO

(OHPHQWV



9DXOWVVSDQGUHO
ZDOOV
$UFKULQJ
DEXWPHQW
%DFNILOO




F
>03D@

ĳ
>'HJ@

(
>03D@



















7DEOH0HFKDQLFDOSURSHUWLHVRIWKHEULGJHFRPSRQHQWV

)RUDOOWKHHOHPHQWVDXQLIRUPVSHFLILFZHLJKWRIN1PLVDVVXPHG7KHOLYHORDGDVVXPHG
LVDGLVWULEXWHGORDGRIN1PWKLVYDOXHLVLQGLFDWHGLQ>@DQGLQ&15*XLGHOLQHV>@IRU
WKHPDVRQU\FDUWHUEULGJHVRIWKHWKDQGWKFHQWXU\DQGUHSUHVHQWVWKHVDPHYDOXHWKDWLV
FXUUHQWO\XVHGIRUWKHGHVLJQRIDSHGHVWULDQIRRWEULGJH
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3.3

Finite element model

$WULGLPHQVLRQDOPRGHORIWKHFHQWUDOVHJPHQWRIWKHEULGJHVLVLPSOHPHQWHGLQWKHVRIWZDUH
6WUDXV U 7KHPRGHOLVFRPSRVHGE\QRGHVEULFNDQGEHDPHOHPHQWV
)LJXUH 7KHEHDPSURSHUWLHVDUHcut-off barsZLWKQRWHQVLOHVWUHQJWKWRPRGHOWKHLQWHUIDFH
ZLWKWKHVRLOIRXQGDWLRQ7KHSDUDSHWVDUHPRGHOOHGDVnon-structural masses
7KHPDWHULDOSURSHUWLHVRI7DEOHDUHDVVLJQHGWRWKHGLIIHUHQWSDUWVRIWKHEULGJH,Q0DJHQWD
WKHPDWHULDOLQ<HOORZWKHPDWHULDODQGLQ&\DQWKHPDWHULDO )LJXUH 
7KHODWHUDOSRUWLRQVRIWKHDEXWPHQWVDGMDFHQWWRWKHVRLORIWKHDFFHVVUDPS SDUDOOHOWRSODQH
\] DUHUHVWUDLQHGRQO\LQ[GLUHFWLRQ7KHQRGHVXQGHUWKHIRXQGDWLRQV SDUDOOHOWRSODQH[\ 
DUHFRPSOHWHO\IL[HG

E

D

)LJXUH7KUHHGLPPRGHOIRU6WDWLF D DQG6HLVPLF E DQDO\VLV

4
4.1

ANALYSIS OF THE PREMILCUORE BRIDGE
Traditional / Graphical methods

,QRUGHUWRDVVHVVWKHVWDELOLW\RIWKHDUFKWKH0HU\¶V5XOHKDVEHHQILUVWO\DSSOLHG3UHOLPL
QDULO\ WKH DUFK EHWZHHQ WKH VSULQJHU DQG WKH NH\VWRQH KDV EHHQ GLYLGHG LQWR WHQ YRXVVRLUV
ZLWKWKHVDPHOHQJWKǻV7KHQWKHVWXG\KDVEHHQIRFXVHGRQWKHVHFWLRQRIWKHDUFKEHWZHHQ
WKHLQWHUPHGLDWHUXSWXUHMRLQWDQGWKHNH\VWRQH,QDFFRUGDQFHZLWKZHOOHVWDEOLVKHGDVVXPS
WLRQV>@WKHORZHUVHFWLRQFDQEHORFDWHGKDOIZD\LQWHUPVRIKHLJKWEHWZHHQWKHVSULQJLQJ
OLQHDQGWKHKLJKHVWSRLQWRIWKHLQWUDGRVPHDQLQJEHWZHHQWKHYRXVVRLUVDQG
6HOIZHLJKWDQGWUDIILFORDGVKDYHEHHQFRQVLGHUHGDQGWKHODWWHUKDVEHHQVFKHPDWL]HGDVD
XQLIRUP ORDG DFWLQJ ORQJLWXGLQDOO\ DORQJ WKH HQWLUH EULGJH ,WV LQWHQVLW\ ZDV VHW HTXDO WR 
N1P7KHGLIIHUHQWORDGVDFWLQJRQHDFKHOHPHQWRIWKHVWUXFWXUHDUHVKRZQLQ7DEOH
(TXLYDOHQW7UDIILF
/RDG
TN N1P

6SHFLILFZHLJKW
Ȗ N1P
9RXVVRLUV
6HOI
9RXVVRLUV
:HLJKW
/RDG
>N1@



3DUDSHWRI
/HQJWKRI
)LOOLQJ
5HVXOWDQW
WKHEULGJH
WKHYRXV
/RDG
/RDG
/RDG
VRLUV
>N1@


>N1@


>N1@
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>N1@


5HVXOWDQW
)RUFH

7UDIILF
ORDG

5

>N1@


>N1@
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7RWDO












7DEOH±'LVFUHWL]DWLRQRIWKH$UFK

$SSO\LQJWKHORDGVRQHDFKVHJPHQWWKHIXQLFXODUSRO\JRQSDVVLQJWKURXJKWKHXSSHUPLGGOH
WKLUGRIWKHNH\VWRQHDQGWKHORZHUPLGGOHWKLUGRIWKHSUHYLRXVO\PHQWLRQHGVHFWLRQKDVEHHQ
GUDZQ7KXVWKHWKUXVWOLQHRIWKHDUFKKDVEHHQJUDSKLFDOO\REWDLQHGWRJHWKHUZLWKWKHPDJ
QLWXGHRIWKHIRUFHVDWWKHH[WUHPLWLHV+DQG6 )LJXUH 


)LJXUH7KUXVWOLQHDFFRUGLQJWR0HU\¶V5XOH


6XEVHTXHQWO\ ZLWK WKH SXUSRVH RI DVVHVVLQJ LQ D GLIIHUHQW ZD\ WKH VWDELOLW\ SURSHUW\ RI WKH
YDXOW WKH 'XUDQG&OD\H¶V PHWKRG KDV EHHQ DSSOLHG 7KH DUFK KDV EHHQ VFKHPDWL]HG LQ WKH
VDPHZD\ZLWKWHQYRXVVRLUVEHWZHHQWKHVSULQJHUVHFWLRQDQGWKHNH\VWRQH7KHVDPHORDGV
KDYHDOVREHHQFRQVLGHUHG )LJXUH 



)LJXUH0HFKDQLFDOPRGHOIRUWKHDUFK±'XUDQG&OD\H¶VPHWKRG
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7KHUHFWDQJXODUFURVVVHFWLRQKDVDZLGWKRIPDQGDKHLJKWRIP7KHUHVLVWDQFHRI
WKHPDWHULDOZDVHYDOXDWHGFRQVLGHULQJWKHDYHUDJHYDOXHUHIHUUHGWRWKHYDULRXVSDUWVRIWKH
VWUXFWXUHLWKDVEHHQDVVXPHGHTXDOWRIF 03D
%\DSSO\LQJWKH'XUDQG&OD\H¶VPHWKRGIRUWKUHHGLIIHUHQWFRQWUROVHFWLRQVWKHVDPHQXPEHU
RIDUHDVRIVWDELOLW\DWWKHNH\VWRQHKDYHEHHQLGHQWLILHG )LJXUH KHQFHWKHLULQWHUVHFWLRQ
KDVEHHQIRXQG )LJXUH 

)LJXUH'XUDQG&OD\H¶VVWDELOLW\DUHDV

)LJXUH,QWHUVHFWLRQDPRQJWKHVWDELOLW\DUHDV

7KHWKUXVWOLQHVFRUUHVSRQGLQJWRWKHIRXUYHUWLFHVRIWKHVWDELOLW\FXUYHLGHQWLI\WKHDUHDZLWK
LQZKLFKWKHDFWXDOSUHVVXUHWKUXVWZLOOEHLQFOXGHG7KHODWWHUVDWLVILHVWKHFRQGLWLRQVRIEDO
DQFH DQG VWUHQJWK RI WKH PDWHULDO (DFK OLQH FDQ EH DVVRFLDWHG ZLWK WKH YDOXH RI WKH IRUFH
DFWLQJRQWKHDUFK )LJXUH 7KHDUFKLVPRUHYXOQHUDEOHZKHUHWKHDUHDFRQWDLQLQJWKHSUHV
VXUHFXUYHLVRXWVLGHWKHPLGGOHWKLUGRIWKHVHFWLRQ
+DYLQJ LGHQWLILHG WKH VROXWLRQV UHODWHG WR WKH WZR VLPSOLILHG PHWKRGV 0HU\ DQG 'XUDQG
&OD\HWKHLUFRPSDULVRQVKRZVWKDWWKHYDOXHVREWDLQHGXVLQJWKH0qU\¶VUXOHIDOOZLWKLQWKH
UDQJHLGHQWLILHGZLWKWKH'XUDQG&OD\H¶VPHWKRGDVH[SHFWHG )LJXUH 
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)LJXUH7KUXVWOLQHDFFRUGLQJWR'XUDQG&OD\H¶V0HWKRG



)LJXUH&RPSDULVRQEHWZHHQ0pU\¶VDQG'XUDQG&OD\H¶VJUDSKLFDOVROXWLRQ

4.2

Identification of the collapse mechanism and non-linear kinematic analysis

/HWXVDVVXPHWKDWWKHVLQJOHVSDQEULGJHLVPDGHRIULJLGEORFNVZKRVHFRQWDFWVXUIDFHVKDYH
QXOO WHQVLOH VWUHQJWK LQILQLWH FRPSUHVVLYH VWUHQJWK DQG VOLGLQJ LPSHGHG 7KHVH WKUHH FRQGL
WLRQVDUHWKHZHOONQRZQ+H\PDQ¶VK\SRWKHVHV>@)URPDVWDWLFSRLQWRIYLHZWKHEULGJHLV
VXEMHFWHGWRLWVVHOIZHLJKWDQGWRWKHSHUPDQHQWORDGVRIEDFNILOODQGEULGJHGHFNZLWKSDUD
SHWV$FFRUGLQJWRWKH+H\PDQ¶VVDIHWKHRUHP³LIDOLQHRIWKUXVW FDQEHIRXQGZKLFKLVLQ
HTXLOLEULXPZLWKWKHH[WHUQDOORDGVDQGZKLFKOLHVZKROO\ZLWKLQWKHPDVRQU\WKHQWKHVWUXF
WXUH LV VDIH´ 7KH ULJLG EORFN DQDO\VLV LV DLPHG DW DVVHVVLQJ WKH VHLVPLF YXOQHUDELOLW\ RI WKH
EULGJHDUFKDQGFRQVLVWVLQWZRVWHSV
 LGHQWLILFDWLRQRIWKHPRUHOLNHO\IDLOXUH IRXUKLQJH PHFKDQLVP
 QRQOLQHDUNLQHPDWLFDQDO\VLVLQZKLFKWKHGLVSODFHPHQWFDSDFLW\LVFRPSDUHGWRWKH
GLVSODFHPHQWGHPDQG
:KHQWKHVHLVPLFDFWLRQLVFRQVLGHUHGWKHDUFKLVVXEMHFWHGWRLQHUWLDOIRUFHVZKLFKPRGLI\
WKHOLQHRIWKUXVW7KHGLVWULEXWLRQRILQHUWLDOIRUFHV LVQRWXQLTXHDVWKHLQWHUDFWLRQEHWZHHQ
DUFKDQGEDFNILOOLVFRPSOH[)RXUSRVVLEOHPRGHOVVFKHPDWLFDOO\GLVSOD\HGLQ)LJXUHFRQ
VLGHULQJDKRUL]RQWDOJURXQGDFFHOHUDWLRQIURPULJKWWROHIWDUHFRQVLGHUHG>@
 0 RQO\ WKHVXEEORFNVRIWKHOHIW VHPLDUFK DUHVXEMHFWHGWR WKHLQHUWLDO IRUFH 
HTXDOWRWKHKRUL]RQWDODFFHOHUDWLRQPXOWLSOLHGE\WKHPDVVRIWKHEORFNLWVHOIDQGWKDW

691

/LQGD*LUHVLQL'DQLHOD'H3DROD0DULR/XFLR3XSSLR*LRYDQQL%XUDWWL

RIWKHWULEXWDU\LQGLYLGXDOKRUL]RQWDOVWULSRIWKHEDFNILOOLQFOXGHGEHWZHHQWKHH[WUD
GRVDQGWKHYHUWLFDOOLQHSDVVLQJIURPWKHFRUUHVSRQGLQJDUFKVSULQJHU7KHVHPLDUFK
RQWKHULJKWLVQRWLQWHUHVWHGE\LQHUWLDOIRUFHVDVKHUHWKHEDFNILOOLVVXSSRVHGWREHGH
WDFKHGIURPWKHH[WUDGRV
 0 DQDORJRXVWR 0 EXW ZLWK WKHVXEEORFNVRIWKHVHPLDUFKRQWKHULJKW VXE
MHFWHGWRWKHLQHUWLDOIRUFH 
 0 HDFKVXEEORFNLVVXEMHFWHGWRDKRUL]RQWDOIRUFHHTXDOWRWKHJUDYLWDWLRQDOORDG
WKDWLWLVEHDULQJ
 0 WKHLQHUWLDOIRUFHVDSSOLHGDVXQLIRUPKRUL]RQWDOORDGRQO\DFWRQWKHVHPLDUFK
RQ WKH ULJKW 7KH UHVXOWLQJ IRUFH RI LV HTXDO WR WKH WRWDO YHUWLFDO ORDG VHOIZHLJKW
DQGEDFNILOOZHLJKW 
&RQVLGHULQJ DOO IRXU PRGHOV WKH SURFHVV WR LGHQWLI\ WKH IRXUKLQJH PHFKDQLVP LV LWHUDWLYH
)LUVWO\DQDWWHPSWSRVLWLRQRIWKHIRXUKLQJHLVDVVXPHGFRQVLGHULQJRQO\WKHDUFKVLQFHWKH
EULGJHSLOHVDUHVWRFN\ )LJXUH 7KHSULQFLSOHRIYLUWXDOZRUNDOORZVFDOFXODWLQJWKHFRO
J
ODSVHPXOWLSOLHU E\GLYLGLQJWKHH[WHUQDOZRUNPDGHE\WKHYHUWLFDOIRUFHVZLWKWKDWPDGHE\
WKHKRUL]RQWDOIRUFHV2QFH LVFDOFXODWHGWKHUHDFWLRQDQGLQWHUQDOIRUFHVEHWZHHQHDFKVXE
EORFNDUHFRPSXWHGDQGWKHOLQHRIWKUXVWSDVVLQJWKURXJKWKHDVVXPHGKLQJHVFDQEHGUDZQ
,IWKLVOLQHRIWKUXVWOLHVZKROO\ZLWKLQWKHPDVRQU\ LVDOVRDVWDWLFDOO\DGPLVVLEOHPXOWLSOLHU
DFFRUGLQJWRWKHOLPLWDQDO\VLVWKHRUHPDQGWKHUHIRUHWKHDFWXDOFROODSVHPXOWLSOLHU2WKHUZLVH
WKHSURFHGXUHVKRXOGEHUHSHDWHGE\PRYLQJWKHKLQJHVZKHUHWKHHFFHQWULFLW\ JLYHQE\WKH
UDWLRRIEHQGLQJPRPHQWWRQRUPDOIRUFHRQHDFKEORFN LVPD[LPXPXSWRWKHFRQGLWLRQIRU
ZKLFKWKHOLQHRIWKUXVWOLHVZKROO\ZLWKLQWKHPDVRQU\0PPP
&RPSDULQJWKHUHVXOWVREWDLQHGE\DSSO\LQJWKLVSURFHGXUH 0 DQG 0 SURYLGHWKHKLJK
HVWDQGORZHVW HVWLPDWLRQRIWKHFROODSVHPXOWLSOLHUUHVSHFWLYHO\ 0 FRUUHVSRQGVWRDFRO
ODSVH PXOWLSOLHU EHWZHHQ WKDW RI 0  DQG 0  7KH PRVW FRQVHUYDWLYH PRGHO LV WKHUHIRUH
0 EXWWKHDVVXPSWLRQRIDFRQVWDQWKRUL]RQWDOORDG )LJXUH LVQRWIXOO\UHDOLVWLF2QWKH
FRQWUDU\ 0 LVWKHVLPSOHVWPRGHODQGDVDOUHDG\LOOXVWUDWHGLQ>@FDQEHDFFHSWHGIRUD
UHOLDEOHHVWLPDWLRQRIWKHFROODSVHPXOWLSOLHU

)LJXUH0RGHOVZLWKGLIIHUHQWGLVWULEXWLRQRILQHUWLDOIRUFHV IURP>@ 

,WV FROODSVHPXOWLSOLHULV FORVHWR WKDWRI0DQGWKHUHIRUHVXFKDGLIIHUHQW DVVXPSWLRQGRHV
QRWPDUNHGO\FKDQJHWKHILQDOUHVXOW)RUWKHVHUHDVRQVPRGHO 0 LVFRQVLGHUHGLQWKHIRO
ORZLQJ FDOFXODWLRQV %\ SHUIRUPLQJ WKH GHVFULEHG LWHUDWLYH SURFHGXUH WKH HFFHQWULFLW\ WUHQG
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VKRZQLQ)LJXUHDLVREWDLQHGDWWKHWKLUGDWWHPSWDQGWKHFRUUHVSRQGLQJGHIRUPHGVKDSHLV
GLVSOD\HGLQ)LJXUHE

D

E
)LJXUH(FFHQWULFLW\RIWKHOLQHRIWKUXVWREWDLQHGZLWKWKHWKLUGDWWHPSWRIKLQJHSRVLWLRQFKDQJH D HYROX
WLRQRIGHIRUPHGVKDSHLQWKHFRQVWUXFWLRQRIWKHDFFHOHUDWLRQGLVSODFHPHQWFXUYH E 

)RUWKLVFROODSVHPHFKDQLVPWKHFDSDFLW\FXUYHLVILUVWO\GUDZQE\PRQRWRQLFDOO\LQFUHDVLQJ
WKH URWDWLRQDO DQJOHV EHWZHHQ WKH ULJLG EORFNV FRQVWLWXWLQJ WKH DUFK 7KH GLVSODFHPHQWV LQ [
DQG \ GLUHFWLRQV FDQ EH FDOFXODWHG WKURXJK WULYLDO JHRPHWULF FRQVLGHUDWLRQV IURP WKHVH URWD
WLRQDO DQJOHV 7KLV UHVXOWV LQ D SURJUHVVLYH FKDQJH RI WKH GHIRUPHG VKDSH YLVLEOH LQ )LJXUH
E7KHFDSDFLW\FXUYHLVREWDLQHGE\FDOFXODWLQJWKURXJKWKHSULQFLSOHRIYLUWXDOZRUNWKH
DFFHOHUDWLRQFRUUHVSRQGLQJWRHDFKLPSRVHGGLVSODFHPHQW EODFNFXUYHRI)LJXUH 
7KHFRQWUROSRLQWLVVHOHFWHGDVWKHFHQWHURIPDVVRIWKHNH\VWRQHDQGWKHFRQILGHQFHIDFWRU
>@ 7KH XOWLPDWH GLVSODFHPHQW FRUUH
UHTXLUHG WR FRPSXWH WKH DFFHOHUDWLRQ LV
S \
J
VSRQGLQJWRWKH]HURDFFHOHUDWLRQFDSDFLW\LV
)LJXUH


$QGWKHFRUUHVSRQGLQJGLVSODFHPHQWFDSDFLW\
S \
LVIRUWKHXOWLPDWHOLPLWVWDWH8/6>@

7KHGLVSODFHPHQWGHPDQGKDVWREHFRPSXWHGE\FRQVLGHULQJWKHVHFDQWSHULRG
FRUUH
VSRQGLQJWRWKHXOWLPDWHOLPLWVWDWHIURPWKHH[SUHVVLRQIRXQGLQWKH,WDOLDQVWDQGDUGV>@
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7KHLQWHUVHFWLRQEHWZHHQWKHGRWWHGOLQHRI)LJXUHLGHQWLILHGE\ DQGWKHHODVWLFDFFHOHUD
WLRQGHPDQGUHVSRQVHVSHFWUXP $'56 JLYHVWKHGLVSODFHPHQWGHPDQG

WR FRPSDUH ZLWK WKH GLVSODFHPHQW FDSDFLW\ 7KH YHULILFDWLRQ LV VDWLVILHG EHLQJ WKH FDSDFLW\
KLJKHUWKDQWKHGHPDQG

5HVXOWLQJLQDVDIHW\IDFWRU RI

7KHEULGJHWKHUHIRUHUHVXOWVLQDVDIHFRQGLWLRQZKLFKUHVXOWVHYHQVDIHUE\FRQVLGHULQJDGH
VLJQ$'56ZLWKDEHKDYLRUIDFWRU >@7KLVDVSHFWFRQILUPVWKDWWKHVHDUFKHVDUHUDUHO\
YXOQHUDEOHWRVXFKPHFKDQLVPDVDOUHDG\GLVFXVVHGLQ>@

)LJXUH6HLVPLFYXOQHUDELOLW\DVVHVVPHQWWKURXJKQRQOLQHDUNLQHPDWLFDQDO\VLV

4.3

FEM analysis
4.3.1. Nonlinear static analysis (gravitational loads)

1RQOLQHDUVWDWLFDQDO\VLVLVFDUULHGRXWFRQVLGHULQJERWKV\PPHWULFDQGDV\PPHWULFLQFUHPHQ
WDOOLYHORDGV7KHJUDYLWDWLRQDOORDGLVDSSOLHGLQWRWKHWZRILUVWVWHSV$IWHUWKDWDQLQFUHDV
LQJ OLYH ORDG LV DSSOLHG WR LGHQWLI\ WKH FROODSVH PXOWLSOLHU λ  ZLWK UHVSHFW WR  N1P 7KH
FROODSVHLVLGHQWLILHGFRQVLGHULQJWKHQXPHULFDOGLYHUJHQFLHVRIWKHPRGHO,Q)LJXUHDQGLQ
)LJXUHWKHPD[LPXPSULQFLSDOVWUHVVHVDUHGLVSOD\HG7KHFROODSVHPXOWLSOLHUVλDUHLOOXV
WUDWHGLQ7DEOH7KHEULGJHLVVDIHZLWKUHVSHFWWRWKHVWDWLFOLYHORDGDOVRFRQVLGHULQJDQRQ
XQLIRUPGLVWULEXWLRQDQGWKHZRUVHUHVLVWDQFHIRUPDVRQU\
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Material
$YHUDJH±
$YHUDJH
$YHUDJH

λuniform




λnon-uniform




7DEOH&ROODSVHPXOWLSOLHUIRUVWDWLFDQDO\VLV


4.3.1. Nonlinear static analysis (seismic actions)
$VHLVPLFSXVKRYHUDQDO\VLVLVSHUIRUPHGRQWKHPRGHORI)LJXUH E 7KHDQDO\VLVLVVHW
DSSO\LQJILUVWWKHJUDYLWDWLRQDOORDGDQGDIWHULQWURGXFLQJWKHVHLVPLFDFWLRQLQWUDQVYHUVHGL
UHFWLRQ <GLUHFWLRQLQ)LJXUH 7KHWUDQVYHUVHGLUHFWLRQLVFKRVHQVLQFHNLQHPDWLFDQDO\VHV
DUHSHUIRUPHGLQWKHORQJLWXGLQDOVHFWLRQRIWKHDUFK7KHHIIHFWRIWUDQVYHUVHWLHVLVQHJOHFWHG
IRUWKHVDNHRIVDIHW\
7KHSXVKRYHUFXUYHVDUHVKRZQLQ)LJXUHFRQVLGHULQJWKHFRQWUROGLVSODFHPHQWRIDQRGH
LQWKHPLGGOHRIWKHDUFK QRGH ,QWKHVH FXUYHVWKHXOWLPDWHGLVSODFHPHQWGHSHQGVRQ
WKHPDWHULDOTXDOLW\,WLVLQWHUHVWLQJWRKLJKOLJKWWKDWDOOWKHFXUYHVHQGXSDWVb N1WKDW
FRUUHVSRQGVWRDVKHDUYDOXHRIDERXWWKHRIWKHGHVLJQVHLVPLFDFWLRQ7KHRYHUWXUQLQJ
MRLQHGWRDFUXVKLQJRIPDVRQU\DWWKHIRXQGDWLRQ LVWKHFDXVHRIWKLVEHKDYLRU7KHK\SRWKH
VLVRIVPRRWKFRQVWUDLQWV ZLWKRXWIULFWLRQ RQWKHODWHUDOIDFHRIWKHEULGJHFRQVHQWVWKHJOREDO
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RYHUWXUQLQJ7KHDQDO\VLVPDGHWKLVSUXGHQWLDODVVXPSWLRQVKRZVDJRRGSHUIRUPDQFHRIWKH
VWUXFWXUH ZLWK UHVSHFW WR WUDQVYHUVH DFWLRQ 7KLV UHVXOW LV LQ OLQH ZLWK WKH PDLQ LQGLFDWLRQ LQ
OLWHUDWXUHZKLFKFRQVLGHUVWKHNLQHPDWLFDSSURDFKDVWKHPRVWLQWHUHVWLQJIRU0$%

)LJXUH±&DSDFLW\FXUYHV

5

CONCLUSIONS

7KHSUHVHQFHZRUNGHDOWZLWKWKHVWDWLFDQGVHLVPLFDQDO\VHVRIDQKLVWRULFDOPDVRQU\EULGJH
SODFHGLQPremilcuoreDVPDOOYLOODJH LQ&HQWUDO,WDO\7KHYXOQHUDELOLW\DQDO\VLVZDVWDFNOHG
ZLWKVHYHUDOPHWKRGVFRQVLGHULQJERWKWKHWUDGLWLRQDOVWDWLFDSSURDFKHVDQGWKHPRGHUQW\SHV
RIVHLVPLFDQDO\VLV
&RQVLGHULQJWKHK\SRWKHVHVZKLFKDUHEDVHGRQGLIIHUHQWVWUXFWXUDODVSHFWVLWLVYHU\GLIILFXOW
WRFDUU\RXWDUDWLRQDOFRPSDULVRQRIWKHQXPHULFDOUHVXOWV7KHGLIIHUHQWDSSURDFKPRUHRYHU
SURGXFHGGLIIHUHQWUHVXOWVWKDWLVKDUGWRPHUJHWRDFRPPRQIDFWRU
+RZHYHUWKHIROORZLQJFRQFOXVLRQVFDQEHGUDZQ$VIRUWKHJUDSKLFDOPHWKRGVWKHLUJUDSK
LFDO FRPSDULVRQ VKRZV WKDW WKH YDOXHV REWDLQHG XVLQJ WKH 0qU\¶V UXOH IDOO ZLWKLQ WKH UDQJH
LGHQWLILHGZLWKWKH'XUDQG&OD\H¶VPHWKRG
7KHVHPHWKRGVVKRZKRZWKHVKDSHRIWKHDUFKDQGWKHPHFKDQLFDOSURSHUWLHVRIWKHPDWHULDO
DUHDEOHWRHQVXUHWKHVWDELOLW\RIWKHVWUXFWXUHIRUWKHYHUWLFDOORDGVFRQVLGHUHGDERYH,QWKH
DQDO\VLV WKH VKHDU DFWLRQV KDYH EHHQ QHJOHFWHG 7KHUHIRUH WKH VWUXFWXUH UHVXOWHG WR EH VDIH
XQGHUYHUWLFDOJUDYLWDWLRQDOORDGV
:LWK WKH SXUSRVH RI DQDO\VLQJ WKH EULGJH WKURXJK RWKHU QXPHULFDO PHWKRGV WKH QRQOLQHDU
NLQHPDWLFDQDO\VLVEDVHGRQULJLGEORFNPRGHODQGOLPLWDQDO\VLVWKHHVWLPDWLRQRIWKHFRO
ODSVHPXOWLSOLHURIWKHDUFKFRQVLGHUHGDVVHWRIULJLGEORFNV ZDVPDGH7KHDQDO\VLVVKRZV
WKDWWKHEULGJHDUFKDVVXPHGVXEMHFWHGWRLQHUWLDOIRUFHVFRPSXWHGE\WKHJUDYLWDWLRQDOORDGV
LVVDIHHYHQZLWKDQHODVWLFDFFHOHUDWLRQGHPDQGUHVSRQVHVSHFWUXP7KLVDVSHFWFRQILUPVWKH
ORZYXOQHUDELOLW\RIWKHVHW\SHVRIDUFKPHFKDQLVPVWRKRUL]RQWDOVHLVPLFDFWLRQVFRQILUPLQJ
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OLWHUDWXUHUHVXOWV)LQDOO\WKHPremilcuore bridgeZDVVXEMHFWHGWRD)(0VHQVLWLYLW\DQDO\VLV
FRQVLGHULQJWKUHHPDWHULDOVDQGWZRGLIIHUHQWPRGHOVIRUVWDWLFDQGVHLVPLFDFWLRQV
7KH VWDWLF DQDO\VLV ZLWK DQ LQFUHPHQWDO OLYH ORDG DOORZHG WR HYDOXDWH WKH FROODSVH IDFWRUV
%RWKWKHORDGVFHQDULRVLQYHVWLJDWHGDUHVDIHDOVRFRQVLGHULQJSUHFDXWLRQDU\K\SRWKHVHVRQWKH
EULGJHPDWHULDO
7KHVHLVPLFDQDO\VLVLGHQWLILHGWKHFROODSVHORDGVDQGWKHPRVWOLNHO\IDLOXUHPRGHVLQSUHV
HQFHRIWUDQVYHUVHVHLVPLFDFWLRQV7KHWUDQVYHUVHGLUHFWLRQLVFKRVHQKHUHDVFRPSOHPHQWDU\
RI WKH QDWXUDO GLUHFWLRQ RI NLQHPDWLF DQDO\VLV RI WKH DUFK LQ WKH WUDQVYHUVH GLUHFWLRQ RI WKH
EULGJH7KHPRUHVHYHUHVFHQDULRVDSSUR[LPDWHO\REWDLQHGLQFRUUHVSRQGHQFHRIWKH
RI WKH GHVLJQ VHLVPLF DFWLRQV KLJKOLJKWV D IDLOXUH PRGH ZLWK D FUXVKLQJ RQ WKH IRRW RI WKH
IRXQGDWLRQZLWKDPHFKDQLVPWKDWUHFDOOVWRDQLQFLSLHQWRYHUWXUQLQJRIWKHEULGJH
6XPPDUL]LQJDFRPSDULVRQRIWKHGLIIHUHQWPHWKRGVKLJKOLJKWVWKDWWKHEULGJHLVVWUXFWXUDOO\
VDIHIURPDVWDWLFSRLQWRIYLHZDVFRQILUPHGE\)(DQDO\VLVDQGJUDSKLFDOPHWKRGVZKHUHDV
LWSUHVHQWVVRPHFULWLFDOYXOQHUDELOLWLHVLQFDVHRIVHLVPLFDFWLRQVDFWLQJDORQJWKHULYHUGLUHF
WLRQZKHQ)(PRGHOVDUHDGRSWHG
6
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Abstract
The out-of-plane dynamics of masonry walls is strongly influenced by seismic input, mass,
wall geometry and boundary conditions. Nevertheless, the parameter that mostly affects the
dynamic response of a rocking wall is the coefficient of restitution, defined by Housner as ratio
of angular velocity after and before an impact on the ground. Such a parameter defines the
amount of energy dissipated over motion and is of paramount importance in assessing the seismic vulnerability of a rocking wall, due to the sensitivity of the dynamic response to small
changes of it. This paper critically illustrates the preliminary results of an experimental campaign performed on a masonry wall subjected to one-sided rocking. These results are presented
in terms of experimental ratios of coefficients of restitution. Two methods for calculating the
experimental ratios of coefficients of restitution are described according to whether rocking is
one-sided or two-sided. In addition, the paper compares these ratios with those of other experimental tests on two sided rocking and horizontally restrained masonry walls available in the
literature. A numerical example is provided by showing that the assumption of a correct coefficient of restitution is crucial for a realistic and correct seismic vulnerability assessment.
Keywords: rocking, one-sided, two-sided, coefficient of restitution, masonry, out-of-plane.
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1

INTRODUCTION

The appropriate types of analysis that can be carried out on masonry buildings under earthquakes depend on the degree of connection between walls and between walls and horizontal
diaphragms, including arches, vaults and roofs [1]–[3]. Seismic retrofitting interventions are
generally needed to ensure the box-type behavior; nowadays, seismic consolidation techniques
are coupled with low-impact solutions also from an environmental point of view [4], [5]. Nevertheless, when the connection is poor, only local analyses are meaningful for a proper seismic
vulnerability assessment. In that case, the most common approach consists in computing collapse loads of local rigid block mechanisms [6]–[10], properly considering floor spectra [11].
An alternative approach, which can be seen as complementary to the mentioned kinematic nonlinear analysis, is the non-linear dynamic analysis or rocking analysis. This investigates the
dynamic behavior of the rigid block according to the Housner’s equation [12], duly considering
the energy dissipated over motion. A synthetic parameter describing this energy dissipation is
the coefficient of restitution [13], [14]. The coefficient of restitution can be defined in several
ways [8], but they are equivalent only in case of frictionless impact [9].
The coefficient of restitution has a relevant influence on the free damped vibration of a rigid
block [15] as well as on its resonance conditions [16], [17]. In the present paper, the coefficient
of restitution proposed by Housner is considered, which is defined as ratio of the square root of
kinetic energies after and before each impact [12]. Yet, the values of the coefficient of restitution analytically found by Housner [12] as a function of the block slenderness generally overestimate experimental values.
Actually, tests executed on blocks of different materials (e.g. stone, masonry, concrete, etc.)
showed scattered values of the coefficient of restitution. For example, tests on rectangular concrete blocks with aluminum base reported [18] were in satisfactory agreement with the Housner
predictions ratio: in fact, ratio between experimental and analytical value of coefficient of restitution ݁ா௫ Ȁ݁ு was respectively 101% and 98%. But similar tests performed on non-rectangular
blocks [19] and prismatic steel blocks [20] exhibited not recognizable trends. By contrast, at
least a qualitative trend of coefficient of restitution with respect to the analytical one can be
appreciated when dealing with masonry blocks. Indeed, in general rocking masonry/stone elements dissipate more energy than that is predicted by the Housner’s formulation. Literature
values refer to ratios of experimental to analytical coefficient of restitution percentage of
ͺͷΨ െ ͻͷΨ for free walls [21], [22] and of about 80% for horizontally restrained walls [22].
This paper analyzes the preliminary experimental results of free-vibration tests executed on
an unrestrained masonry wall made of clay brick and cementitious mortar. The dynamics of
one sided rocking can be analytically and numerically studied through a modified equation of
motion (Section 2). Section 3 illustrates the general features of the experimental campaign and
the results in terms of coefficients of restitution, whilst Section 4 compares the so-obtained
results with literature values valid for walls of the same typology in two-sided rocking.
2

ANALYTICAL FORMULATION

The mechanical model considered for a classical non-linear dynamic analysis is displayed
in Figure 1. The wall is assimilated to a perpendicular rigid block of mass ݉, size ܴ, polar
inertia moment ܫ rocking around its base. The rigid block is subjected to an acceleration time
history ݑሷ  ሺݐሻ which can be registered or artificial (spectrum compatible). The rocking wall
might be connected to transverse walls of unitary stiffness ܭᇱ (acting only in compression for
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the sake of simplicity) and to horizontal tie-rods of stiffness ܭ. Using the Euler-Lagrange formulation, it is simple to obtain the corresponding terms of the equation of motion (ܶ and ܶ௧
respectively) as described in detail in [23].
The equation of motion reads:
ܫ ߴሷ  ݊݃ݏሺߴሻܴ݉݃  ܣణ  ܶ௧  ܶ  ൌ ݉ݑሷ  ܴ ܿܣ ݏణ

(1)

ܣణ ൌ ߙ െ ݊݃ݏሺߴሻߴ

Figure 1: Mechanical model assumed for a rigid block masonry wall.

The energy dissipation is not directly visible in Eq. (1) since it is introduced during the resolution of the equation of motion as change of boundary condition when the block rotation
passes from zero to a negative/positive value. Generally, in the dynamics of slender and rectangular rigid blocks the coefficient of restitution as defined by Housner [12] is considered:
͵
݁ு ൌ ͳ െ ଶ Ƚ
ʹ

(2)



Where ߙ ൌ  ቀ ቁ (Figure 1). This expression is obtained by equating the moment of mo
mentum about O’ immediately before impact to that immediately after impact on the ground.
The coefficient of restitution is expressed as ratio of the square root of the two kinetic energies
after and before each impact. As it will be illustrated in Section 3.2, there are different manners
to express the coefficient of restitution, depending on whether the rocking is symmetric or not.
3

EXPERIMENTAL CAMPAIGN ON A MASONRY WALL IN ONE-SIDED
ROCKING
3.1 Features of the rocking wall and testing set-up

This section illustrates the tests executed on a clay brick and cementitious mortar wall. The
wall, tested in free-vibration, has the following dimensions: height 2.70 m, thickness 0.36 m
and width 1.68 m. Its weight is 29.4 kN and its slenderness ratio, given by the arctangent of
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thickness to height, is 0.133. The wall is pulled out-of-plane through a tie-rod up to attain a
specific displacement (50 mm, 100 mm and 150 mm) of the wall at 2.56 m from the base. A
detailed description of the experimental tests and of the mechanical features of the wall can be
found in [24], [25]. The only difference with the tests already performed is that the hinge is in
this case formed at 0.23 m above the wall base, and not at the wall foundation. This makes the
wall stockier as its height diminishes.
Once the wall attains the specified displacement, a quick release system frees it making it
rocking. The motion is one-sided, namely the wall impacts against two transverse walls (Figure
2) of length 1.50 m and thickness 0.12 m each. The transverse walls have the same mechanical
properties as the rocking wall. The displacement and acceleration time-histories are recorded
by potentiometric displacement transducers and accelerometers respectively, positioned on the
tested wall as shown in [25]. An example of the experimental outputs is reported in Figure 3,
where also the velocity time histories, obtained by derivation of the displacement time-histories,
are plotted.

(a)

(b)
Figure 2: Masonry wall tested in one-sided rocking.

(a)

(b)

Figure 3: Selection of experimental results: displacement and velocity time-histories of a point located at 2.56
m from the wall base: imposed displacement of 50 mm (a) and of 150 mm (b).
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3.2 Computation of coefficient of restitution from experimental results
These outputs are furtherly elaborated to obtain the experimental coefficients of restitution
by two alternative approaches:
1. The traditional one, which computes the experimental coefficient of restitution considering consecutive peaks of velocity. Referring to Figure 4, the coefficient of restitution
is calculated as mere ratio of velocity at peak (i+1)-th to velocity at peak i-th:
݁௫ ൌ ቤ

ݒାଵ
ݒ

(3)

ቤ൏ͳ

regardless of the rotation sign.
2. A more refined one, where two coefficients of restitution are calculated, considering the
asymmetric behavior due to the one-sided rocking caused by the impact on transverse
walls:
ା
݁௫
ൌ

ା
ݒାଷ
ඨ ା Ǣ
ݒାଵ

ି
ݒାଶ
݁௫   ൌ ඨ ି
ݒ

(4)

ି

The need of shifting from Eqn. (3) to Eqn. (4) is due to the fact that, for one-sided rocking,
the consecutive negative and positive peaks of velocity are strongly different and the behavior
depends on the rotation. Therefore, the calculation of the coefficient of restitution, function of
the velocity peaks, should consider such a relevant aspect. This issue was already highlighted
for diverse properties of horizontal restraints in [25] and for non-homogeneous walls in [22].
We call “experimental ratio of coefficient of restitution” the term:
ݎൌ

݁௫

݁ு

(5)

in which ݁௫ is the experimental value of the coefficient of restitution and ݁ு the analytical
value as defined by Housner [12] and recalled in Eq. (2). Three ratios can be therefore defined
to calculate the coefficient of restitution:
ݎൌ

ೣ
ಹ

ሺͳሻǢ ݎା ൌ

శ
ೣ

ಹ

and ି ݎൌ

ష
ೣ

ಹ

ሺʹሻ

(6)

The wall under examination has a slenderness ratio ߙ ൌ ͲǤͳ͵͵, therefore according to Eq. (2)
the analytical Housner’s coefficient of restitution is ݁ு ൌ ͲǤͻͶǤ
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Figure 4: Labels of velocity peaks.

3.3 Experimental values of coefficients of restitution
The results in terms of ratios of coefficient of restitution (Eqns. (5)-(6)) are reported in Table
1. Each value is labelled with the imposed displacement and the progressive number of the test.
So, for example, test # 150_2 indicates the second consecutive test where an initial imposed
displacement of 150 mm at the top of the wall has been released. These values are calculated
as mean considering the first six impacts, since after them the motion amplitude is negligible.
Thus, the two ratios  ݎା and  ି ݎare computed as average of two values, whereas  ݎis computed
by considering five values. It is worthy to observe that the average values of  ݎdo not sensitively
differ from  ݎା or  ି ݎonly because the differences between experimental coefficients of restitution are smoothed when the overall average is considered. This aspect is shown in Figure 5: this
diagram evidently shows that the average for test #50_1 is very close to  ݎା ൌ ʹΨ or  ି ݎൌ
ͷͻΨ (Table 1), although each individual coefficient of restitution markedly change (from 35%
to 88%) considering the actual ratios. The difference between  ݎା and  ି ݎis by about 10%. This
means that, when the wall impacts against the transverse walls (inward rotation), there is a
dissipation of energy by 10% greater than what occurs in the condition of out-of-plane rocking
(outward rotation).
It should be noticed that is not a huge difference, because the length of the transverse walls
(2.0 m) is not enough to produce a rebound effect. Indeed, the oscillations are bilateral as visible
in Figure 3 and not unilateral as it should be in actual rocking walls, where the transverse walls
are much longer and therefore more rigid. On the contrary, the difference between  ݎା and ି ݎ
is only by 3% for the test #50_1, owing the fact that the initial displacement amplitude is only
50 mm and therefore the condition of bilateral oscillations is more pronounced. This difference
is then not considered as representative, due to the small initial displacement. Consequently,
excluding test #50_1, from Table 1 an average value of 59% can be estimated for ݎଵି , which is
a reduction by about 40% with respect to  ݎൌ ͻͷΨ, evaluated for one-sided rocking walls.
test#
150_1
150_2
150_3
100_1
50_1

ݎା

ିݎ

ݎ

67%
65%
71%
68%
62%

59%
57%
61%
58%
59%

57%
59%
66%
63%
59%
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Table 1: Mean experimental ratios of coefficients of restitution for the unrestrained wall in one-sided rocking
( ݎା ൌ outward rotation,  ି ݎൌ inward rotation).

Figure 5: Local values of experimental ratios and average (blue line) for test #50_1.

4

COMPARISON BETWEEN ONE-SIDED AND TWO-SIDED ROCKING WALLS

This section illustrates a comparison in terms of experimental ratios of coefficient of restitution
found for:
(i) unrestrained walls, in bilateral (two-sided) rocking;
(ii) unrestrained walls, in unilateral (one-sided) rocking;
(iii) walls restrained by dissipative and non-dissipative horizontal restraints.
The first and third condition refer to the experimental tests described in [22], [25], whereas
the second condition regards the experimental tests illustrated here.
4.1 Unrestrained walls in one- and two-sided rocking
As for the unrestrained walls in two-sided rocking, the mean coefficients of restitution do
not vary considering either consecutive peaks or consecutive peaks of the same sign (second
and third column of Table 2. In the first test (A_T0_1), there is a greater dissipation of energy,
probably because the first impacts, breaking small parts of the mortar joints on the wall base,
“smoothen” the rocking surface. For the tested wall, the values of coefficient of restitution range
from 88% to 98%. In [25] the tests were executed also for a slenderer wall of equal characteristics: for it, the results were less scattered, being the minimum  ݎ95% and the maximum  ݎ96%.
A reference value of 95% can be then assumed for the unrestrained walls in two-sided rocking.
This ratio is different to that found for in-situ tests performed on historic rubble masonry [22].
This aspect can be explained considering that the in-situ conditions, such as imperfect foundation surface and interference of the rocking wall with the adjacent walls, undoubtedly imply an
increase of energy dissipation. The results found in [25] are instead in agreement with the literature results of solid clay brick walls tested in two sided rocking [21], for which an average
ratio of 95% was found.
test#

ݎା

ିݎ

A_T0_1
A_T0_2
A_T0_3

93%
97%
97%

93%
97%
97%
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( ݎ2 impacts)

92%
94%
94%

97%
94%
99%
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A_T0_4
A_T0_5

97%
91%

98%
92%

95%
90%

99%
88%

Table 2: Mean experimental ratios of coefficients of restitution obtained from experimental tests on the unrestrained wall in two-sided rocking illustrated in [25].

Comparing the results reported in Table 2 and in Table 1, it is clear that the one-sided motion
presents much more scattered value of the experimental coefficients of restitution, while their
difference increases by 10% passing from outward rotation to inward rotation (section 3.3).
Obviously, in the two-sided rocking the coefficient of restitution does not change significantly
when the rotation sign changes.
As described in section 3.3, the average value of ݎଵି is 59%, corresponding to a reduction by
about 40% from the value,  ݎൌ ͻͷΨ, calculated for two-sided rocking walls. It is therefore of
interest to distinguish the amount of energy dissipated by the impact at the ground from that
originated by the impact on transverse walls.
Moreover, the presence of transverse walls introduces a non-linearity in the coefficient of
restitution as it immediately influences the value of the coefficient of restitution itself. This
aspect can be observed by considering the ratios pertaining the first impact only (ݎଵ), or the first
െ
two impacts (ݎ
ͳ and ) ͳݎ. Indeed, the so calculated coefficients of restitution in the inward rotation (ݎെ
ͳ in Table 3) are about 55%, that is almost 50% of the corresponding coefficients of
restitution for the two-sided rocking wall (Table 2).
test#
150_1
150_2
150_3
100_1
50_1

ݎଵା

ݎଵି

ݎଵ

65%
66%
69%
60%
64%

52%
53%
59%
52%
56%

32%
34%
37%
34%
35%

Table 3: Experimental ratios of coefficients of restitution for the first impact of the unrestrained wall in onesided rocking (ݎଵା ൌ outward rotation, ݎଵି ൌ inward rotation).

4.2 Restrained walls in one-sided and two-sided rocking
For what concerns the same wall restrained by a damped and stiff horizontal device, a reduction by 5% of the coefficient of restitution in unrestrained rocking was found in [25]. Therefore, the coefficient of restitution to assume for rocking analysis should be equal (on average)
to 90%. The same reduction by 5% was computed in [22] passing from an unrestrained rubble
masonry wall to the same wall restrained by an undamped elastic element. It must be stressed
that such a reduction mainly depends on the horizontal restraint type and position, while the
influence of masonry texture, material or age, seems negligible.
5

CASE STUDY: FAÇADE OF A THREE-NAVE CHURCH

Numerical analyses are performed in this Section to investigate the relevance of the coefficient of restitution in one-sided rocking motion. The selected case study is the façade of the San
Filippo church (Figure 6a) located in Central Italy and struck by the 2016-2017 Central Italy
earthquake. During the seismic swarm, a horizontal hinge formed at about 14 meters from the
ground, causing the façade to rock and, finally, to overturn and collapse (Figure 6b).
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5.1 Geometric and mechanical properties
The façade is made of clay brick and cementitious mortar masonry, having a specific weight
around 18 kN/m3. The façade is assimilated to a rocking rectangular block of equivalent height
7.64 m (obtained considering the equivalence with center of mass and inertia moment of the
original geometry), thickness 0.80 m and width 12.00 m (Table 4).
The parameters necessary to perform the rocking analysis are the radius vector ܴ, the slenderness ratio ߙ, the inertia moment ܫ and the compression spring bed stiffness ܭᇱ reported in
Table 4.

(a)

(b)

Figure 6: Case of study: San Filippo Neri’s church in Camerino (Macerata): main façade before (a) and after
(b) collapse.

Figure 7: Geometrical dimensions of the case of study (from [26]).
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I0
[m4]

ܭᇱ [MN/m2]

2.36106

750

Equivalent height [m] Thickness [m] Width [m] R [m] ܽ [rad]
7.64

0.80

12.00

3.84

0.10

Table 4: Geometric characteristics of the rocking façade.

5.2 Analysis method
As already said, the main façade of the church is assumed as rigid block with a compression
spring bed simulating the transverse walls. The 40 seismic excitations considered in the study
were selected among the most intense ground motions of the 2016-2017 Central Italy earthquake: these earthquakes, belonging to the entire seismic swarm, occurred between August
2016 and January 2017 [26]. Among them, the four that caused the highest rotation amplitudes
of the masonry façade – and also its overturning – are here considered.
Their features in terms of Peak Ground Acceleration (PGA) and Peak Ground Velocity
(PGV), obtained from the Engineering Strong Motion Database [27], are sumamirzed in Table
5.
Seismic record
(date and station)
20160824_AMT
20160824_NRC
20161030_CLO
20161030_NRC

PGA
(g)
1.10
0.46
0.54
0.62

PGV
(cm/s)
55.31
37.79
66.33
61.33

Table 5: Peak Ground Acceleration and Peak Ground Velocity of the considered seismic records [27].

The equation of motion (Eqn. (1)), described in detail in [23], is solved with a MATLAB
code to analyze the dynamic behavior of the façade. Since the rocking hinge is not formed at
the wall base, the seismic records should be applied after a ﬁltering process, duly taking into
account the vibration eﬀects of the substructure. Here, considering the wall geometry, a magnification factor of 1.27 is adopted, as explained in [26], [28].
Two values of coefficients of restitution are considered in the analyses:
1) The Housner’s analytical value, labelled with ݁ு ൌ ͲǤͻͺͲ and calculated with Eq. (2).
2) The experimental value of coefficient of restitution, evaluated, as said before, considering the average of the values reported in Table 1, and excluding the test #50_1. This
process results in considering, for the inward rotation, an average coefficient of restitution ݁ ൌ ͲǤͷͻ, whereas for the outward rotation the coefficient of restitution is ݁ ൌ
ͲǤͺ.
5.3 Discussion of results
Firstly, the strongest records in terms of normalized rotation (ߠΤߙ ሻ amplitude are considered.
They occurred in 2016, October 30th and, as visible in Table 5, are associated to the highest
PGV values. This aspect confirms the seismic vulnerability of rocking walls to high PGVs [29].
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Figure 8 displays the time-histories of the normalized rotational response together with the
ground acceleration (scaled by the magnification factor of 1.27). At first sight, the adoption of
the experimental values of the coefficients of restitution instead of the analytical ones suggested
by Housner, leads to generally unsafe-sided results. But it is should be considered that an additional dissipation of energy takes undoubtedly place when transverse walls are present and that
disregarding it would lead to over conservative results. Seismic vulnerability assessment executed by neglecting the transverse walls could suggest retrofitting interventions that are actually
not needed. This aspect is particularly relevant in case of historic buildings, where it is recommended to avoid unnecessary interventions for the preservation of the cultural heritage. In any
case, under the 20161030_NRC, which is not characterized by the highest PGA and PGV, in
both cases the overturning is delayed, but not prevented if the reduced experimental value of
the coefficient of restitution (݁ ) is considered. By contrast, under the 20161030_CLO, adopting ݁ the façade survives, although its normalized rotation is quite high (ߠΤߙ  ͲǤͷ).

(a)

(b)

Figure 8: Rocking response to 20161030_NRC (a) and to 20161030_CLO (b).

Considering the less intense earthquake occurred in 2016, August 24th, the passage from the
analytical to the experimental value of coefficient of restitution implies a reduction of the amplitude peaks, as evident from Figure 9. In particular, under the earthquake with highest PGA
and PGV, the rocking wall experiences a maximum normalized rotation about 60% that of the
maximum rotation computed with the analytical coefficient of restitution.
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(a)

(b)

Figure 9: Rocking response to 20160824_NRC (a) and to 20160824_AMT (b).

Moreover, the maximum response is strongly reduced when the experimental coefficient of
restitution is used, indeed it is about 25% of the maximum rotation computed with its analytical
expression. In both cases, the peaks do not occur at the same time, but with the analytical
coefficient of restitution the peak is delayed.
6

CONCLUSIONS

This paper discussed the experimental results of a set of rocking tests performed on a clay
brick and cementitious mortar masonry wall tested in free vibration. The ratios of experimental
to analytical coefficients of restitution were computed by the peaks of velocity time histories.
Afterwards, their average values were used to perform numerical analyses on a church façade
struck by the 2016-2017 Central Italy earthquake. The experimental results of the one-sided
rocking wall were compared with those obtained on similar unrestrained and restrained walls
in the two-sided rocking condition. The comparison shows that relevant parameters are more
scattered in the one-sided rocking condition. Regarding the coefficient of restitution, it can be
remarked that it is nearly independent on the rotation sign in the two-sided rocking condition;
on the contrary, in the one-sided rocking condition it decreases by about 15% passing from the
outward rotation to the inward rotation.
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The outcomes of the numerical analyses demonstrate that, since the actual experimental values of the coefficient of restitution are generally sensibly lower than the ones estimated according to Housner expression, indirectly considering the influence of transverse walls, their
adoption leads to less demanding responses, Consequently, assumption of the Housner coefficients can result too much safe-sided, so implying needs of interventions not always justified.
Moreover, the substitution of the Housner coefficients of restitution with more realistic ones,
on the one hand, delays but not prevents overturning under the stronger earthquakes, on the
other hand maximizes the differences between the stable responses under earthquakes characterized by lower PGAs and PGVs.
In conclusion, since a realistic and critical evaluation of the coefficient of restitution is a key
topic in order to avoid unnecessary and expensive retrofitting interventions especially regarding
heritage structures, further studies are ongoing.
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Abstract
Masonry structures have been observed to display a high vulnerability to failure under seismic action. This stems from the fact that their structural configurations usually lack adequate
connections among the distinct elements, resulting in the formation of local mechanisms experiencing Out-Of-Plane (OOP) collapse. In this context, rocking dynamics has proven to be
a valuable methodology for the analysis of masonry walls. Classical rocking theory can provide a fast solution to the dynamic phenomena taking place if simple configurations are examined. Nevertheless, as the degrees of freedom and the boundary conditions increase, the
complexity increases, and thus the classical rocking theory becomes impractical. In the meantime, recent developments in computational modelling of masonry structures are gaining significant attraction. This includes block-based models which inherently consider the
complexity of the problem and enable the solution to be obtained easily in the discretised spatial and time domains. However, despite their widespread use, applications of such models
usually lack a reliable treatment of damping.
The present work attempts to bridge the gap between the well-established energy loss of the
classical rocking theory and the treatment of damping of block-based computational models.
To do so, the dynamics of the problem are reviewed and an equivalent viscous damping model
is proposed. A unilateral dashpot formulation allows the replication of the impulsive nature of
the energy loss at impact. Afterwards, a calibration methodology is adopted for the practical
range of the problem’s parameters and a ready-to-use equation is provided, which respects
energy equivalence. The performance of the proposed damping model is also evaluated
through comparisons with experimental results.
Keywords: rocking, coefficient of restitution, viscous damping, numerical modelling, out-ofplane.
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1

INTRODUCTION

Masonry structures constitute a significant part of our built heritage, with earthquakes representing a severe threat to their integrity [1]. During seismic events, such structures tend to
fail via specific collapse mechanisms, with out-of-plane (OOP) collapse recognised to be the
most frequent and destructive – especially in the case of façade walls inadequately connected
with the rest of the structural elements [2]. Static approaches have been widely used to assess
the collapse of the OOP mechanisms, resorting either to limit analysis methods [3], or to advanced numerical techniques [4]. However, static approaches display inherent limitations,
since the inertial effects are neglected and the dynamic reserve of stability is disregarded.
Therefore, over-conservatism characterises the static approaches [5], while dynamic techniques suggest a more reliable modelling solution [6].
In this context, rocking dynamics has been proposed to simulate the response of OOP
mechanisms [7]. In the classical work of Housner [8], the equations of motion of a rigid body
rocking over its base have been developed. Since then, extensive research has evaluated the
influence on the rocking response of both seismological characteristics [9], and structural features, such as the presence of transverse walls [10, 11], horizontal elements [12–14] and restraints [13, 15–17]. Rocking dynamics assumes that energy is lost at every impact, and is
captured by the Coefficient of Restitution (CoR) which correlates the angular velocity of the
structure before and after impact. The CoR may be computed analytically by assuming conservation of angular momentum [8]. Despite small discrepancies, experimental campaigns
have confirmed the validity of the analytical approach [18–20], particularly from a statistical
perspective [21]. Nevertheless, as the Degrees-Of-Freedom (DOFs) and the BoundaryConditions (BCs) of the problem increase, the complexity introduced transforms the method
to one of impractical interest [22, 23].
In the meanwhile, recent developments in numerical simulation methods with block-based
models are gaining momentum, especially due to the ease in representing complex masonry
textures, BCs, interactions between the contacting bodies, and material nonlinearities. Among
them, the most commonly used are the Finite Element Method (FEM) [24], the Discrete Element Method (DEM) [25], and the multi-body dynamics [26, 27]. However, despite their
widespread use, block-based numerical modelling techniques lack a reliable method of replicating energy loss at impact [28, 29]. Usually, viscous damping models are employed [30–32],
yet, without confidence about their equivalence with the overall more consistent rocking theory.
The present work aims to bridge the gap between the treatment of energy loss of the statistically-accurate classical rocking theory and the widely used numerical block-based modelling.
This is achieved by “tuning” a viscous damping model to replicate both the manner and extent
of energy loss indicated by the rocking theory based on the CoR. To this end, the main dynamic and modelling characteristics of both the theoretical and numerical modelling techniques are described in Section 2. Subsequently, Section 3 presents the calibration
methodology, resulting in the proposal of a pertinent ready-to-use equation which respects
energy loss equivalence between the examined methods. Finally, the performance of the numerical viscous damping model is assessed in Section 4, where an experimental campaign
from the literature is employed as a reference.
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2
2.1

STRATEGIES FOR MODELLING ROCKING STRUCTURES
Analytical modelling

Consider a rigid block exhibiting planar rocking motion over its rigid base, as shown in
Figure 1 (a). In this case, the equation of motion can be written as [8]:

T

u
ª
º
 p 2 «sin(rD  T )  g cos rD  T »
g
¬
¼

(1)

where D is the slenderness of the block, T describes the rocking response and u g denotes
the seismic ground acceleration. The positive and negative signs in Eq. (1) depend on the sign
mgR / I 0 , with m referring to the mass of the block, and I 0
of T , while p is defined as p
the rotational moment of inertia with respect to the pivot points. The moment-rotation diagram of the rigid system is indicated by the solid line in Figure 1 (c).
The equation of motion (Eq. (1)) describes the smooth part of the rocking motion, i.e.
when pivoting, while nonsmooth impacts interrupt the response. Impacts are treated as instantaneous events that lead to energy loss in the form of radiation damping. Assuming no bouncing or sliding, the CoR e sufficiently describes the contact event, by connecting the preimpact and post-impact angular velocities. Then, conservation of angular momentum yields
[8]:

3
e 1  sin 2 D
2

(2)

Clearly, the energy loss, in this case, relies solely upon the slenderness of the block and not
its material characteristics.
The solution of the analytical problem herein is obtained by solving the differential Eq. (1)
interrupted by event-based impacts, using mathematical programming in MATLAB.
2.2

Numerical modelling

Numerical block-based models introduce an interface stiffness to describe the interaction
of the contact bodies (in this case, the block and the base, see Figure 1 (b)), working on the
normal ( k n ) and tangential ( k s ) directions of contact. Importantly, the interface stiffness
might be used to replicate actual stiffness properties of contacting bodies [33], simulate macro
characteristics such as mortar flexibility [19] and degradation [34], or foundation flexibility

Figure 1: (a) Scheme of the classical rocking rigid block; (b) Numerical modelling of the rocking block with
finite stiffness; and (c) Moment-rotation diagram of rigid and finite stiffness modelling techniques.
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[35]. Consequently, the finite stiffness of the system ( krot .contact , the moment-rotation curve for
which is also shown also in Figure 1 (c)), results in impacts that occur over finite displacement and time, in contrast with the instantaneous behaviour of the analytical model.
Concerning energy loss, numerical block-based models commonly adopt viscous damping
formulations, which are mathematical “artifices” used to simulate dissipative phenomena not
considered explicitly [36]. Note that viscous damping models have a continuous nature, seemingly in contrast with the event-based CoR theory. A variety of viscous damping formulations
are available depending on: i) the degrees of freedom used, ii) the response of the model during the time-history, and iii) the methods used to calibrate them [37]. Among them, a stiffness-proportional dashpot definition acting at the contact interfaces seems the most
appropriate for simulation of the instantaneous features of the rocking impacts [38].
In the present work, the finite element environment of ABAQUS CAE [39] is used, where
the solution is obtained using an explicit time-stepping integration. The rocking block is set to
interact with its base through the normal k n and tangential k s interface stiffnesses. Moreover,
a unilateral dashpot viscous damping model governs the interacting bodies, with a damping
ratio [ . It is worth noting that the validity of the adopted modelling technique has been confirmed also in other block-based simulation software [38], including implicit FEM and explicit DEM methods. This indicates universal applicability of the proposed numerical viscous
damping model.
3
3.1

A VISCOUS DAMPING MODEL PROPOSAL
Calibration methodology

Since all viscous damping models need to be “tuned” to reproduce the desired energy dissipation, a phenomenological calibration methodology is adopted. More specifically, the energy loss of the classic rocking dynamics is considered as a reference, and the numerical
viscous damping model is adjusted to mimic the former. In essence, the objective is to find a
correlation among the CoR e and the damping ratio [ . Evidently, the free-rocking problem is
examined, where dissipation phenomena have a major impact on the response.
To this end, both modelling techniques are used to solve the rocking problem and pairs of
[  e are generated based on which response-histories match the best. This is done after comparing the rocking response of the two modelling techniques and minimising their root mean
square difference. During the calibration process, all parameters possibly affecting the response are examined, i.e. i) the scale R , ii) the slenderness H B , iii) the rocking amplitude
T 0 D , and iv) the normal interface stiffness k n . In addition, the influence of the CoR e is also varied, independently of the slenderness of the block, i.e. Eq. (2) is disregarded. This
choice allows the viscous damping proposal to be adaptable to any CoR correction suggestions, based either on experimental [10, 19], or theoretical basis [40, 41]. The ranges of the
independent parameters that are varied during the calibration process are shown in Table 1.
Among them, the scale has been found not to affect the viscous damping model, while nonsignificant influence is caused by the variations of the rocking amplitude (for more details, see
[38]). Therefore, only the slenderness and the normal interface stiffness are essential to be included in the viscous damping model proposal.
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Parameter
Scale: R [m]
Slenderness: h b [-]
Amplitude: T0 D [-]

Range
1.4 – 2.8
4.0 – 15.0
0.3 – 0.8

Reference value
2.1
7.0
0.5

Normal interface stiffness: kn [ N m3 ]

0.5 108  30 108

5 108

Table 1: Independent parameters considered for calibration.

3.2

Proposed viscous damping model

The generated [  e pairs of all the previously mentioned variations, 245 in total, are fitted
through a multivariable nonlinear regression analysis. As a result, the following predictive
equation is proposed which correlates the CoR e with the damping ratio of the viscous model
[:

[b

§H·
0.000292  ¨ ¸
©B¹

0.935

 kn 0.343  ln e

(3)

Note that Eq. (3) is characterised by a coefficient of determination of R2 0.978 over the
245 data [  e pairs, showing a noteworthy estimation capability.
To illustrate the phenomenological calibration, one exemplary case of the predictive performance of Eq. (3) is shown in Figure 2. The comparison examines a rocking block with dimensions 2h 4.2 m and 2b 0.6 m , CoR e 0.97 , normal interface stiffness
kn 5 108 [N/m 3 ] and damping ratio [ 5.9 % according to Eq. (3). More specifically, Figure 2 (a) shows the rocking response of both the numerical viscous model and the analytical
CoR based model, while Figure 2 (b) illustrates the corresponding energy content of both
models. Clearly, a very good agreement is observed between the two methods. Importantly,
the numerical viscous model presents a step-like response similar to that of the analytical
CoR-based model: significant energy is lost only at impacts, gradually dissipating the freerocking response. A small divergence is noticed only at smaller rocking amplitudes, i.e.
T0 D d 0.1 , which, however, are not expected to be decisive for the rocking stability of the
structure, and thus assumed acceptable. Overall, the numerical viscous damping model shows
a similar dissipative nature with that of the analytical CoR-based model, and the fitted relationship Eq. (3) a good predictive capability.

Figure 2: Behaviour of the viscous damping model. Comparison with the analytical model, in terms of variation
of the (a) rocking angle and (b) total energy content over time. Details of the examined structure: 2h 4.2 [m] ,

2b

0.6 m , e

0.97 , k n

5  10 [N/m ] and [
8
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4

EVALUATION OF THE PROPOSED VISCOUS MODEL

Finally, the performance of the proposed numerical viscous damping model is assessed.
While its calibration has been based on the analytical rocking model, its robustness is tested
using actual experimental results. To this end, the experimental campaign reported by Peña
[42] is used, where granite rocking blocks were tested under free- and forced-rocking vibrations. Details regarding the specimens’ and excitation characteristics can be found in Table 2
and [42]. Given the fact that the proposed model has been calibrated independently of Eq. (2),
the experimentally measured CoRs can be inserted in Eq. (3) to get the damping ratio [ of the
viscous damping model.
Specimen 2h [m] 2b [m]

eexp [-]

1

1.0

0.25

0.936

2

1.0

0.17

0.973

3

1.0

0.12

0.978

Tests examined
i) Free rocking, ii) Hanning sine with
f 3.3 Hz and a p 7 mm
i) Free rocking
i) Synthetic ground excitation record
18, load factor 0.5, [42] for details

Table 2: Details of the specimens and examined tests [42].

4.1

Free rocking

Figure 3 (a) compares the free-rocking response of Specimen 1, while Figure 3 (b) the freerocking response of Specimen 2, respectively. The results of the numerical simulations show
a very good match with the experimental response both in terms of rocking phase and amplitude. Slight differences appear after several cycles, yet, given the experimental uncertainties
and the simplicity of the problem, the overall dissipative phenomena are very well captured.
4.2

Forced rocking

To further evaluate the numerical viscous damping model, results of forced-rocking tests
are compared in Figure 4. More specifically, Figure 4 (a) shows Specimen 1 under a hanningsine excitation, while Figure 4 (b) illustrates Specimen 3 under a synthetic ground motion excitation [42]. For both cases, the numerical viscous damping model presents a rather good estimation of the experimental response. Slight differences are also observed, most notably the
earlier collapse of the numerical model of Specimen 3. Nevertheless, considering the nondeterministic and bifurcating behaviour of the rocking problem, the performance of the nu-

Figure 3: Free-rocking response of the proposed numerical viscous damping model compared to the experimental response reported in [42] of (a) Specimen 1 and (b) Specimen 2.
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Figure 4: Forced-rocking response of the proposed numerical viscous damping model compared to the experimental response reported in [42] of (a) Specimen 1 under hanning-sine excitation and (b) Specimen 3 under synthetic ground excitation (Table 2).

merical viscous damping model is regarded as satisfactory.
5

CONCLUSIONS

This work proposes a numerical viscous damping model, aimed at simulation of the energy
losses of the rocking problem using numerical block-based modelling techniques. This is
achieved by following a phenomenological calibration methodology, where the analytical
CoR-based rocking model is assumed as a reference and the viscous damping model is tuned
accordingly. It is noteworthy that the suggestion of using a stiffness-proportional unilateral
dashpot model results in impulsive energy losses, similarly to that of the CoR method. The
performance of the proposed viscous damping model has been evaluated against experimental
results from the literature, both under free- and forced-rocking vibrations, where its adequacy
is highlighted.
In conclusion, the present paper suggests a reliable and consistent way to model energy
losses when using numerical block-based models. This offers the possibility of modelling the
rocking phenomena of more complex structures, with many DOFs or varying BCs, while additional material nonlinearities can be also easily included. Moreover, the proposed viscous
damping model is universal and adaptable, as it can be used with any block-based numerical
method and with any experimental or theoretical corrections on the used CoR.
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Abstract
The seismic performance of masonry churches is mainly governed by the out-of-plane mechanisms. Among them, the greater seismic vulnerability can be associated to the out-of-plane
mechanism of the façade. If the masonry quality ensures a monolithic out-of-plane behaviour,
the dynamic analysis of a rigid rocking block allows a reliable estimation of the seismic capacity of the façade, provided that the element boundary conditions are well assessed. In the present paper, the literature rocking models are adopted for a vulnerability assessment of
churches’ masonry façades characterized by different geometries. At this aim, fragility curves
are defined by means of the Cloud Analysis approach considering earthquakes recorded in the
Central Italy area to account for the record-to-record variability.
Keywords:5RFNLQJPDVRQU\IDoDGHVFORXGDQDO\VLVIUDJLOLW\FXUYHV

1

INTRODUCTION

7KHVHLVPLFSHUIRUPDQFHRIKLVWRULFPDVRQU\FKXUFKHVLVJRYHUQHGE\WKHORFDORXWRISODQH
UHVSRQVHRIWKHVLQJOHVWUXFWXUDOFRPSRQHQWV LHIDoDGHVWUDQVYHUVHZDOOVHWF $PRQJDOO
WKHPDFURHOHPHQWVWKHSRVWHDUWKTXDNHVXUYH\VKLJKOLJKWWKHJUHDWHVWYXOQHUDELOLW\RIWKHID
oDGH>@>@ZKLFKG\QDPLFSHUIRUPDQFHLVW\SLFDOO\FKDUDFWHUL]HGE\DULJLGERG\EHKDYLRXU
$FRPPRQPHWKRGRORJ\IRUWKHG\QDPLFVLPXODWLRQRIVLPSOHRYHUWXUQLQJPHFKDQLVPVLV
EDVHGRQURFNLQJPRWLRQPRGHOVZKHUHWKHLPSDFWVRFFXUULQJDWWKHEDVHRIWKHEORFNRUDJDLQVW
HOHPHQWV SUHYHQWLQJ LQZDUG URWDWLRQ LH WUDQVYHUVH ZDOOV RU URRILQJV  DUH DFFRXQWHG IRU E\
PHDQVRIDNLQHWLFHQHUJ\GDPSHQLQJ7KHG\QDPLFDQDO\VLVRIWKH³two-sided rocking´íRF
FXUULQJLQWKHFDVHRILVRODWHGHOHPHQWVíZDVILUVWO\VWXGLHGE\+RXVQHU>@6XEVHTXHQWO\<LP
HWDO>@REVHUYHGDJUHDWVHQVLWLYLW\E\WKHGLPHQVLRQDOFKDUDFWHULVWLFVRIWKHEORFNRUE\WKH
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JURXQGPRWLRQVKDSHVZKLOVW0DNULV 5RXVVRV>@IRXQGDGHSHQGHQFHRIWKHEORFNRYHUWXUQ
LQJRQERWKWKHHDUWKTXDNHLQWHQVLW\DQGWKHSXOVHOHQJWK7KHILUVWVWXGLHVRQWKH³one-sided
rocking´íGHYHORSLQJLIWKHLQZDUGURWDWLRQVDUHSUHYHQWHGíZHUHSHUIRUPHGE\+RJDQ>@
ODWHO\WKHLVVXHZDVPRUHH[WHQVLYHO\DGGUHVVHGWKHHQHUJ\GLVVLSDWLRQSKHQRPHQDZHUHH[SHU
LPHQWDOO\ DQG WKHRUHWLFDOO\ LQYHVWLJDWHG E\ 6RUUHQWLQR HW DO >@>@ ZKLOH D GLIIHUHQW PH
FKDQLFDOPRGHOWRVWXG\WKHXQLODWHUDOURFNLQJPRWLRQZDVSURSRVHGE\*LUHVLQLHWDO>@>@
$OOWKHWKHRUHWLFDOPRGHOVSURSRVHGLQWKHVFLHQWLILFOLWHUDWXUHZHUHDSSOLHGWRLQYHVWLJDWHWKH
YXOQHUDELOLW\RIGLIIHUHQWPDVRQU\PDFURHOHPHQWVDPRQJZKLFKWKHFKXUFKIDoDGHV>@>@
,Q WKLV SDSHU WKH FODVVLF URFNLQJ PRGHOV DUH HPSOR\HG WR GHILQH IUDJLOLW\ FXUYHV IRU ILYH
JHRPHWULHVRIPDVRQU\FKXUFKIDoDGHVVXEMHFWHGWRXQVFDOHGJURXQGPRWLRQVUHFRUGHGLQWKH
&HQWUDO,WDO\DUHD$LPRIWKHZRUNLVWKHDSSOLFDWLRQRIDQRQOLQHDUG\QDPLFSURFHGXUHNQRZQ
DV&ORXG$QDO\VLV>@LQZKLFKDVWUXFWXUDOUHVSRQVHSDUDPHWHU LHWKHPD[LPXPURWDWLRQRI
WKHURFNLQJEORFN DQGWKHLQWHQVLW\PHDVXUHVRIDQDVUHFRUGHGJURXQGPRWLRQDUHILWWHGLQWKH
ORJDULWKPLFVFDOHWRREWDLQDOLQHDUUHJUHVVLRQPRGHO7KHDSSURDFKZDVHPSOR\HGIRULWVVLP
SOLFLW\DQGWKHOLPLWHGQXPEHURIUHTXLUHGDQDO\VHV,QWKHSDSHUERWKWKHWZRVLGHGDQGWKH
RQHVLGHGURFNLQJPRWLRQDUHFRQVLGHUHG7KHREWDLQHGIUDJLOLW\FXUYHVDUHILQDOO\FRPSDUHGWR
HYDOXDWHWKHLQIOXHQFHRIWKHJHRPHWULFDOIHDWXUHVRIWKHEORFNVDQGRIWKHNLQHPDWLFPHFKDQLVP
RQHVLGHGRUWZRVLGHG RQWKHVHLVPLFYXOQHUDELOLW\RIPDVRQU\FKXUFKHV¶IDoDGHV
2

MODEL FOR THE ROCKING MOTION OF A MASONRY FAÇADE

,IWKHPDVRQU\FDQEHUHJDUGHGDVDQRWHQVLRQPRQROLWKLFPDWHULDOFKDUDFWHUL]HGE\DQLQIL
QLWHFRPSUHVVLYHVWUHQJWKDPDVRQU\FKXUFKIDoDGHFDQEHVWXGLHGDVDULJLGEORFNLQYROYHG
LQWRDURFNLQJPRWLRQDVDFRQVHTXHQFHRIDQHDUWKTXDNHRYHUDFHUWDLQPDJQLWXGH
7KH DQDO\WLFDO PRGHO RI WKH URFNLQJ PHFKDQLVP VWDUWV IURP WKH /DJUDQJH HTXDWLRQ DQG
UHDFKHVWKHIRUPXODWLRQSURSRVHGE\+RXVQHULQ>@LIWKHERG\GHIRUPDELOLW\LVQHJOHFWHG
DQGWKHRFFXUUHQFHRIURWDWLRQVZLWKRXWVOLGLQJLVDVVXPHG
ߠሷ ൌ െଶ  ڄൣ݊݅ݏ ڄ ߠ݊݃ݏሺߙ െ ȁߠȁሻ  ܽ ሺݐሻ ݏܿ ڄሺߙ െ ȁߠȁሻ൧



ZKHUH ș LV WKH URWDWLRQ RI WKH EORFN p m·g·R I LV WKH G\QDPLF FRHIILFLHQW RI WKH EORFN
I I*mÂRLVWKHPRPHQWRILQHUWLDDERXWWKHWZRFHQWUHVRIURWDWLRQ SRLQWV2DQG2¶LQ)LJ
 I*LVWKHPRPHQWRILQHUWLDDERXWWKHFHQWUHRIJUDYLW\mDQGRDUHWKHPDVVDQGWKHKDOI
GLDJRQDO RI WKH EORFN UHVSHFWLYHO\ Į LV WKH LQYHUVH RI WKH EORFN VOHQGHUQHVV DQG ag W  LV WKH
JURXQGPRWLRQDFFHOHUDWLRQ
7KHURFNLQJPRWLRQVWDUWVLIWKHVHLVPLFDFFHOHUDWLRQH[FHHGVWKHNLQHPDWLFDFFHOHUDWLRQaRM
ܽோெ ൌ ݃ ߙ ݊ܽݐ



DQGWKHRYHUWXUQLQJFRQGLWLRQGHILQHVWKHIDLOXUHZKHQDURWDWLRQRIWKHEORFNXQGHUWKHVHLVPLF
PRWLRQKLJKHUWKDQWKHDQJOHĮLVDWWDLQHG7KLVVWDWHPHQWPD\EHRYHUFRPHLQWKHFDVHRIIRUFHG
RVFLOODWRU\PRWLRQFRQVHFXWLYHFRQWUDU\SXOVHVFDQLQIDFWEULQJWKHV\VWHPDJDLQLQDQHTXL
OLEULXPFRQGLWLRQHYHQLIWKHURWDWLRQRIWKHEORFNH[FHHGVWKHDQJOHĮ
(T   FDQ EH HPSOR\HG IRU DQ\ VLPSOH RXWRISODQH PHFKDQLVP RQ WKH FRQGLWLRQ WR
SURSHUO\DFFRXQWIRUWKHGLVVLSDWLYHSKHQRPHQDWDNLQJSODFHDWHDFKLPSDFW7KHUHIRUHDWWKH
WKHRUHWLFDOOHYHOWKHGLIIHUHQFHEHWZHHQWKHRQHVLGHGDQGWZRVLGHGURFNLQJEHKDYLRXULVUH
ODWHGRQO\WRWKHNLQHWLFHQHUJ\GDPSHGGXHWRWKHGLIIHUHQWERXQGDU\FRQGLWLRQV7KHLVVXHFDQ
EHDVVHVVHGFRQVLGHULQJWKHYHORFLW\UHGXFWLRQH[SHULHQFHGE\WKHHOHPHQWDIWHUHDFKLPSDFW
GXULQJWKHWZRVLGHGRUWKHRQHVLGHGURFNLQJPRWLRQ
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D

E

F

FIGURE 1.0RGHOVRIWKHURFNLQJEORFN WKHJHRPHWULFDOIHDWXUHVDUHH[SUHVVHGE\WKHEDVH%WKHKHLJKW+WKH
UDGLXVYHFWRU5WKHDQJOHĮWKHFHQWHURIJUDYLW\* D LQLWLDOSRVLWLRQE WZRVLGHGPRGHOF RQHVLGHGPRGHO

,QWKHFDVHRIWZRVLGHGPRWLRQ )LJ WKHEHKDYLRXULVJRYHUQHGE\WKHURWDWLRQșDURXQG
WKHWZRFRUQHUV2DQG2¶WKRVHDOWHUQDWLYHO\EHFRPHWKHFHQWHUVRIEORFNURWDWLRQ$IWHUHDFK
RVFLOODWLRQWKHHOHPHQWFRPHVEDFNLQWRWKHYHUWLFDOSRVLWLRQDQGDQLPSDFWRQWKHEDVHRFFXUV
6XFKUHERXQGHIIHFWLPSOLHVDUHGXFWLRQRIWKHNLQHWLFHQHUJ\DIWHUWKHLPSDFWZLWKDFRQVHTXHQW
HQHUJ\GDPSLQJ$FFRUGLQJWRWKHPRGHOSURSRVHGE\+RXVQHULQ>@WKHUHGXFWLRQLQ
DQJXODUYHORFLW\GXHWRDQLPSDFWRILQILQLWHVLPDOGXUDWLRQFDQEHHYDOXDWHGE\PHDQVRIWKH
YHORFLW\ UHGXFWLRQ IDFWRU ean,2s JLYHQ E\ WKH UDWLR EHWZHHQ WKH YHORFLWLHV H[SHULHQFHG E\ WKH
EORFNDIWHUDQGEHIRUHWKHLPSDFW%\LPSRVLQJWKHFRQVHUYDWLRQRIWKHDQJXODUPRPHQWDERXW
WKHFHQWHURIURWDWLRQEHIRUHDQGDIWHUWKHLPSDFWWKHYHORFLW\UHGXFWLRQIDFWRUFDQEHHYDOXDWHG
IRUDUHFWDQJXODUEORFNDV
͵
݁ǡଶ௦ ൌ ͳ െ ݊݅ݏଶ ߙ
ʹ



:LWK(T  WKHLQLWLDOFRQGLWLRQVDIWHUHDFKLPSDFWFDQEHHYDOXDWHGDQGWKHDPSOLWXGHRI
WKHRVFLOODWLRQGXULQJWKHURFNLQJPRWLRQFDQEHVWLOOHVWLPDWHGE\XVLQJ(T  7KHKLJKHUWKH
YHORFLW\ UHGXFWLRQ IDFWRU WKH VPDOOHU LV WKH HQHUJ\ ORVV GXH WR LPSDFW DQG FRQVHTXHQWO\ WKH
GDPSLQJRIWKHURFNLQJPRWLRQRIWKHHOHPHQW
:KHQWKHURFNLQJPRWLRQLVDGPLWWHGRQO\LQRQHGLUHFWLRQDVVKRZQLQWKH)LJXUHWKH
EORFNZLOORVFLOODWHDURXQGWKHFRUQHU2DQGDIWHUUHDFKLQJWKHPD[LPXPURWDWLRQLWFRPHVEDFN
DJDLQWRLWVLQLWLDOSRVLWLRQDQGZLOOLPSDFWWRWKHUHVWUDLQWZKLFKSUHYHQWVWKHURWDWLRQDURXQG
WKHRSSRVLWHFRUQHU,QWKLVFDVHWKHPRWLRQLVGHILQHGone-sided rocking7KHLQIOXHQFHRIWKH
VLGHZDOOVRQWKHURFNLQJPRWLRQFDQEHVWXGLHGDFFRUGLQJWR6RUUHQWLQRHWDO>@,QWKLV
PRGHOWKHWUDQVYHUVHZDOOLVPRGHOOHGDVDIL[HGUHVWUDLQ$GPLWWLQJWKDWWKHUHLVDOLWWOHJDS
EHWZHHQIDoDGHDQGWUDQVYHUVHZDOOVDIWHUWKHILUVWLPSDFWDJDLQVWWKHEDVHWKHEORFNH[SHUL
HQFHVDQLQILQLWHVLPDOFRXQWHUFORFNZLVHURWDWLRQDQGDVXEVHTXHQWLPSDFWDJDLQVWWKHXSSHU
FRUQHU7KHODWWHUFRQGLWLRQLQYROYHVDQLQLWLDOFKDQJHLQWKHURFNLQJKLQJHDQGDURWDWLRQUHYHU
VDORIWKHHOHPHQWWKHFORFNZLVHURWDWLRQDURXQG2ZLOOFDXVHDWKLUGLPSDFWDJDLQVWWKHEDVH
DIWHUZKLFKWKHEORFN KDVUHWXUQHGWRYHUWLFDOSRVLWLRQ $FFRUGLQJWRWKLVDSSURDFK>@WKH
DQDO\WLFWUDQVYHUVDOYHORFLW\UHGXFWLRQIDFWRUIRUWKHRQHVLGHGURFNLQJPRWLRQean,1sLV
݁ǡଵ௦

ଶ
͵
͵
ଶ
ൌ ൬ͳ െ ߙ ݊݅ݏ൰ ൬ͳ െ ܿ ݏଶ ߙ൰
ʹ
ʹ
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2IFRXUVHLQWKHFDVHRIRQHVLGHGURFNLQJWKHYHORFLW\UHGXFWLRQIDFWRULVVPDOOHUWKDQWKH
WZRVLGHGRQHVGXHWRWKHKLJKHUGLVVLSDWLRQRFFXUULQJDWHDFKLPSDFW
3

DYNAMIC ANALYSES

7KHVHLVPLFSHUIRUPDQFHRIW\SLFDO,WDOLDQPDVRQU\FKXUFKHV¶IDoDGHVRUSRUWLRQRIWKHP
KDYHEHHQLQYHVWLJDWHGE\PHDQVRIURFNLQJG\QDPLFDQDO\VLV7KHRYHUWXUQLQJFRQGLWLRQVRI
PDVRQU\FKXUFKHV¶IDoDGHVLQYROYHGLQHDUWKTXDNHHYHQWVLVKHUHHYDOXDWHGZLWKUHIHUHQFHWR
ILYH ULJLG EORFNV ,Q WDEOH  DUH UHSRUWHG WKH SULQFLSDO IHDWXUHV RI WKH LQYHVWLJDWHG HOHPHQWV
W\SRORJ\ KHLJKW H  EDVH B  VOHQGHUQHVV λ = H/B, NLQHPDWLF DFFHOHUDWLRQV arm PLQLPXP
DFFHOHUDWLRQWKDWFDXVHVURFNLQJ :LWKWKHILUVWVHWRIJHRPHWULHV DQG WKHLQFLGHQFHRI
WKHYDULDWLRQLQVOHQGHUQHVVLVLQYHVWLJDWHG)RUWKHVHFRQGVHW DQG LWLVDQDO\]HGWKH
LQIOXHQFHRIWKHEDVHGLPHQVLRQIL[HGWKHVOHQGHUQHVV7KHVHOHFWHGJHRPHWULHVDUHVXEMHFWHGWR
WKHXQVFDOHGQDWXUDOJURXQGPRWLRQVGHVFULEHGLQWKHIROORZLQJ
Geometry

Typology

Height

Base

λ

arm

>@

>@

>P@

>P@
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>PV@
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TABLE 1. 3ULQFLSDOIHDWXUHVRIWKHZDOOVW\SRORJ\KHLJKWEDVHVOHQGHUQHVVDQGNLQHPDWLFDFFHOHUDWLRQ

:LWKWKHDLPWRVLPXODWHWKHSHUIRUPDQFHRIWKH$SHQQLQH&KXUFKHVVWULFNHQE\WKH&HQWUDO
,WDO\VHLVPLFVHTXHQFHQDWXUDODFFHOHURJUDPVUHFRUGHGGXULQJWKHODVWWZHQW\\HDUVLQWKH
&HQWUDO,WDO\DUHDDUHFRQVLGHUHGWRDFFRXQWIRUWKHUHFRUGWRUHFRUGYDULDELOLW\
WLPHKLVWRULHVFKDUDFWHUL]HGE\PDJQLWXGHEHWZHHQDQGKDVEHHQFROOHFWHGLQWRD
GDWDEDVHDFFRUGLQJWR>@PRPHQWPDJQLWXGH0/ORZHUWKDQDUHH[FOXGHG7KHDGRSWHG
GDWDEDVHFRYHUVLQWHUYDOVRISHDNJURXQGDFFHOHUDWLRQ 3*$ XSWRJSHDNJURXQGYHORFLW\
3*9 XSWRPV+RXVQHU,QWHQVLW\ +, XSWRFPDQG$ULDV,QWHQVLW\ ,$ XSWRPV
,'

6WDWLRQ

0=
7

$PDWULFH
'RPR

'DWH

7LPH

(SLFHQWUDO'LVWDQFH

 
 

3*$ 3*9

,$

+,

>NP@

>J@ >PV@ >PV@ >FP@




  
  




Table 2.6HLVPLF&KDUDFWHULVWLFVRIWKH6HOHFWHG1DWXUDO*URXQG0RWLRQ

,QRUGHUWRDQDO\]HWKHVHQVLWLYLW\RIWKHVHOHFWHGPDVRQU\FKXUFKHV¶IDoDGHVRQWKHVKDSHRI
WKHQDWXUDOJURXQGPRWLRQWZRUHFRUGVZLWKWKHVDPHSHDNJURXQGDFFHOHUDWLRQZHUHVHOHFWHG
&RQVHTXHQWO\WKHRWKHUVHLVPLFLQWHQVLW\PHDVXUHV 3HDN*URXQG9HORFLW\3*9$ULDV,QWHQ
VLW\,$+RXVQHU,QWHQVLW\+, GLIIHUDVUHSRUWHGLQ7DEOH,Q)LJXUHWKHWLPHKLVWRULHVRI
WKHVHOHFWHGJURXQGPRWLRQVDUHVKRZQ
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FIGURE 26HOHFWHGJURXQGPRWLRQV WKHVHFRQGRQHLVVKLIWHGE\VHFRQGV 

D

E

F
G
FIGURE 36HLVPLFUHVSRQVHRIIDoDGHV*(2LQYROYHGLQWKHWZRVLGHGURFNLQJPRWLRQD 0=HDUWKTXDNH
URFNLQJLQGXFLQJE 7HDUWKTXDNHRYHUWXUQLQJLQGXFLQJF 0=HDUWKTXDNHURFNLQJLQGXFLQJG 
7HDUWKTXDNHRYHUWXUQLQJLQGXFLQJ

731

$UPDQGR%HQHQDWR6WHIDQLD,PSHUDWRUH*LDQ3LHUR/LJQROD%DUEDUD)HUUDFXWL

7KHVHLVPLFUHVSRQVHRIWKHIDoDGHVLQWZRVLGHGURFNLQJPRWLRQFKDUDFWHUL]HGE\VOHQGHU
QHVVȜ  ) VXEMHFWHGWRWKH0= )LJD RUWRWKH7 )LJE HDUWKTXDNHVLVILUVWO\
LQYHVWLJDWHG,WLVLPSRUWDQWWRREVHUYHWKHGLIIHUHQWUHVSRQVHRIWKHIDoDGHVWRWKHHDUWKTXDNHV
WKH0=WLPHKLVWRU\LQGXFHVWKHURFNLQJPRWLRQZKLOHWKH7JURXQGPRWLRQ±FKDUDF
WHUL]HGE\KLJKHU3*9$ULDV,QWHQVLW\DQG+RXVQHULQWHQVLW\±FDXVHVWKHIDLOXUHRIWKHHOHPHQW
LHWKHEORFNRYHUWXUQLQJ6LPLODUO\WKHRQHVLGHGVHLVPLFUHVSRQVHRIWKHIDoDGHVZLWKȜ 
*(2 WRWKH0= )LJF RUWRWKH7 )LJG JURXQGPRWLRQVVKRZVWKHGHSHQGHQFH
RIWKHIDoDGHSHUIRUPDQFHE\WKHHDUWKTXDNH¶VVKDSH

D

E

F
G
FIGURE 4: 7ZRVLGHGVHLVPLFUHVSRQVHRIDOOIDoDGHVVXEMHFWHGWR0=D LQIOXHQFHRIWKHVOHQGHUQHVV OIRU
b E LQIOXHQFHRIWKHEDVHb IRUO DQGVXEMHFWHGWR7F LQIOXHQFHRIWKHVOHQGHUQHVVOG LQIOX
HQFHRIWKHEDVHb

)LQDOO\WKHUHVXOWVREWDLQHGE\WKHSDUDPHWULFDQDO\VLVDUHUHSUHVHQWHG,Q)LJXUHWKHLQ
IOXHQFH RI ERWK WKH IDoDGH VOHQGHUQHVV DQG WKLFNQHVV RQ WKH G\QDPLF UHVSRQVH LQ WZRVLGHG
PRWLRQLVUHSUHVHQWHG,WFDQEHQRWHGWKDWLQFUHDVLQJWKHVOHQGHUQHVV )LJDDQG)LJF WKH
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URFNLQJPRWLRQLVGHOD\HGGXHWRWKHGLIIHUHQWYDOXHRIWKHNLQHPDWLFDFFHOHUDWLRQaRM$GGL
WLRQDOO\RQFHWKHURFNLQJPRWLRQEHJLQVVWRFNLHUEORFNVZLWKVLPLODUVOHQGHUQHVV )DQG) 
DUH FKDUDFWHUL]HG E\ VLPLODU UHVSRQVHV ZKLOH WKH VOHQGHU EORFN FROODSVHV XQGHU WKH KHDYLHU
HDUWKTXDNH 7 :LWKHTXDOVOHQGHUQHVV )LJEDQG)LJG WKHVWDELOL]LQJHIIHFWGXHWR
WKHEDVHGLPHQVLRQLVFOHDUVPDOOHUWKHEDVHKLJKHULVWKHEORFNURWDWLRQV7KHUHIRUHWKHEORFN
ZLWKWKHVPDOOHUEDVH ) FDQFROODSVHDOVRXQGHUWKHOLJKWHUHDUWKTXDNH 0= 

D

E

F
G
FIGURE 52QHVLGHGVHLVPLFUHVSRQVHRIDOOIDoDGHVVXEMHFWHGWR0=D LQIOXHQFHRIWKHVOHQGHUQHVVO IRU
b E LQIOXHQFHRIWKHEDVHbIRUO DQGVXEMHFWHGWR7F LQIOXHQFHRIWKHVOHQGHUQHVVG LQIOXHQFH
RIWKHEDVH 

&RQFHUQLQJWKHRQHVLGHGURFNLQJUHVSRQVHDVLPLODUWUHQGFDQEHREVHUYHG )LJ 1HYHU
WKHOHVVWKHG\QDPLFUHVSRQVHLQWKHRQHVLGHGFDQEHPRUHGDPSHQHGWKDQWKHWZRVLGHGURFN
LQJGHSHQGLQJRQWKHJURXQGPRWLRQVKDSHDVZHOODVIRUWKHGLVVLSDWLYHHIIHFWRIWKHLPSDFWV
DJDLQVWWKHVLGHZDOOV,QGHWDLOWKHURFNLQJPRWLRQLVGHOD\HGLQFUHDVLQJWKHVOHQGHUQHVV )LJD
DQG)LJF DQGWKHVOHQGHUEORFNFROODSVHVXQGHUWKHKHDYLHUHDUWKTXDNH 7 RQFHWKH
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URFNLQJPRWLRQEHJLQV0RUHRYHUZLWKHTXDOVOHQGHUQHVV )LJEDQG)LJG WKHGLPHQVLRQRI
WKHEDVHKDVDVWDELOL]LQJHIIHFWRQWKHG\QDPLFUHVSRQVHVPDOOHUWKHEDVHKLJKHUWKHURWDWLRQV
4

PROBABILISTIC SEISMIC ANALYSIS

7KHYXOQHUDELOLW\RIWKHVHOHFWHGPDVRQU\FKXUFKHV¶IDoDGHVLVDVVHVVHGE\HVWLPDWLQJWKH
FRQGLWLRQDOSUREDELOLW\PWKDWWKHVHLVPLFGHPDQGD PHDVXUHGZLWKDVSHFLILFHQJLQHHULQJGH
PDQGSDUDPHWHUEDP LVKLJKHUWKDQLWVFDSDFLW\CIRUDJLYHQYDOXHRIDVHLVPLFLQWHQVLW\
IM &RQYHQWLRQDOO\WKHFDSDFLW\CLVGHULYHGE\WKHUHVXOWVRILQFUHPHQWDOG\QDPLFDQDO\VLV
,'$ RUPXOWLVWULSHDQDO\VLV 06$ ,QWKHSUHVHQWZRUNLQVWHDGWKH0RGLILHG&ORXG$QDO\VLV
>@DQLQQRYDWLYHDQGDWWKHVDPHWLPHVLPSOHDSSURDFKLVHPSOR\HG7KHHIIHFWLYHQHVVRI
WKHSURSRVHGDSSURDFKKDVEHHQDOUHDG\HVWDEOLVKHGLQRWKHUVWUXFWXUDODSSOLFDWLRQV>@
7KHVWUXFWXUDOIUDJLOLW\REWDLQHGE\DPRGLILHGFORXGDQDO\VLVLQRUGHUWRLQFOXGHWKH³FRO
ODSVHFDVHV´>@FDQEHH[SUHVVHGDVWKHSUREDELOLW\WKDWDH[FHHGLQJWKHXQLW\IRUDJLYHQIM
ܲሺ ܦܲܧ ͳȁܯܫሻ ൌ ʣ ቆ
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ZKHUHɎLVWKHVWDQGDUGL]HG*DXVVLDQFXPXODWLYHGLVWULEXWLRQIXQFWLRQ &') DQGηD|IMDQG
βD|IMDUHWKHFRQGLWLRQDOPHGLDQDQGORJDULWKPLFVWDQGDUGGHYLDWLRQ GLVSHUVLRQ RIWKHQDWXUDO
ORJDULWKPRIDJLYHQIMIRUWKH1R&ROODSVHGDWD%DVHGRQWKH&ORXG $QDO\VLVWKHVHWZR
SDUDPHWHUVDUHREWDLQHGE\SHUIRUPLQJDORJDULWKPLFOLQHDUUHJUHVVLRQRQWKH1R&ROODSVHGDWD
7KHSDUDPHWHUĮDQGĮKDYHEHHQLQVWHDGHYDOXDWHGWKURXJKWKHORJLVWLFUHJUHVVLRQPRGHO
DSSOLHGWRDOOUHFRUGVGLVWLQJXLVKLQJRUGHSHQGLQJRQWKHFROODSVHDWWDLQPHQWRUQRW>@
7KHEPDDVVXPHGIRUWKHULJLGEORFNLVWKHPD[LPXPQRUPDOL]HGURWDWLRQLHWKHUDWLRRI
WKHPD[LPXPURWDWLRQșmaxDWWDLQHGGXULQJWKHG\QDPLFURFNLQJDQDO\VLVIRUHDFKJURXQGPR
WLRQDQGWKHRYHUWXUQLQJOLPLWFRQGLWLRQĮ WDQ B/H FRUUHVSRQGLQJWRWKHORVVRIHTXLOLEULXP
7KHUHIRUHWKH('3FDQDVVXPHWKHIROORZLQJYDOXHVWKHHOHPHQWLVVWDWLRQDU\ QRQURFNLQJ 
_șmax_⁄ߙ WKHURFNLQJPRWLRQLVHQDEOHG_șmax_⁄ߙWKHHOHPHQWIDLOV URFNLQJRYHUWXUQ
LQJ _șmax_⁄ߙ!$SHUFHQWDJHRIWKHURFNLQJEORFNVRYHUWXUQLQVXFKDFDVHWKHEPDDWWDLQV
DQ DUELWUDULO\ ODUJH YDOXH _șmax_ ⁄ߙ ĺ  7KH UHPDLQLQJ G\QDPLF DQDO\VHV WHUPLQDWH ZLWKRXW
RYHUWXUQLQJDQGILQLWH QRQ]HUR YDOXHVRI_șmax| ⁄ߙDUHREVHUYHG
,QWKLVVWXG\WKHIUDJLOLW\FXUYHVDWOLPLWVWDWHFRUUHVSRQGLQJWRWKHURFNLQJRYHUWXUQLVGH
YHORSHG7KH)LJXUHDLOOXVWUDWHVWKHREWDLQHGIUDJLOLW\FXUYHVDWFROODSVHIRUWKHIDoDGHVZLWK
GLIIHUHQWVOHQGHUQHVVJLYHQIM 3*$$VDOUHDG\REVHUYHGE\WKHRXWFRPHVRIG\QDPLFDQDO
\VHVVOHQGHUIDoDGHVDUHPRUHYXOQHUDEOHZLWKUHVSHFWWRWKHVTXDWWHURQH7KH)LJXUHELOOXV
WUDWHV WKH SUREDELOLW\ RI RYHUWXUQLQJ IRU WKH IDoDGHV ZLWK GLIIHUHQW YDOXH RI B $OWKRXJK WKH
VOHQGHUQHVVRIWKHIDoDGHVLVWKHVDPHWKHIUDJLOLW\FXUYHVKRZVDQLQFUHPHQWLQFROODSVHSURE
DELOLW\GHFUHDVLQJWKHEDVHGLPHQVLRQ,WLVZRUWKWRQRWHWKDWWKHIUDJLOLW\FXUYHVREWDLQHGZLWK
WKH&ORXG$QDO\VLVIRUWKHIDoDGHV))DQG)DUHFRPSDUDEOHWRWKRVHREWDLQHGE\/DJR
PDUVLQRHWDO>@SHUIRUPLQJWKHFRQYHQWLRQDO,'$WKHUHIRUHWKH&ORXG)UDJLOLW\DSSURDFKLV
UHOLDEOHIRUWKHIUDJLOLW\DVVHVVPHQWRIHOHPHQWVLQYROYHGLQWKHWZRVLGHGURFNLQJPRWLRQ
&RQFHUQLQJWKHRQHVLGHGURFNLQJPRWLRQWKHIUDJLOLW\FXUYHVJLYHQIM 3*$DUHHYDOXDWHG
FRQVLGHULQJDVHWRIJURXQGPRWLRQLQSRVLWLYHGLUHFWLRQDQGLQQHJDWLYHGLUHFWLRQ
,QGHWDLO)LJXUHFLOOXVWUDWHVWKHSUREDELOLW\RIRYHUWXUQLQJIRUWKHIDoDGHVZLWKGLIIHUHQWVOHQ
GHUQHVV Ȝ ,W LV ZRUWK WR QRWH WKDW WKH REWDLQHG IUDJLOLW\ FXUYH IRU ) VOHQGHUQHVV Ȝ   LV
VLPLODU WR WKDW REWDLQHG E\ *LUHVLQL HW DO >@ E\ DGRSWLQJ WKH FRQYHQWLRQDO ,'$ DSSURDFK
WKHUHIRUHWKH&ORXG)UDJLOLW\LVIHDVLEOHDOVRIRUWKHRQHVLGHGURFNLQJ
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$VDOUHDG\REVHUYHGIRUWKHWZRVLGHGFDVHWKHIDoDGHYXOQHUDELOLW\LQFUHDVHVZLWKLQFUHDV
LQJWKHVOHQGHUQHVV&RQVLGHULQJWKHIDoDGHVZLWKWKHVDPHVOHQGHUQHVVDQGGLIIHUHQWEDVH )LJ
G WKHJUHDWHUYXOQHUDELOLW\GHFUHDVLQJWKHEDVHFDQEHREVHUYHGDVIRUWKHWZRVLGHGPRWLRQ
&RPSDULQJWKHIUDJLOLW\FXUYHVIRURQHVLGHGDQGWZRVLGHGFDVHLQWKHFDVHRIWKHRQHVLGHG
URFNLQJPRWLRQWKHIUDJLOLW\FXUYHVVKRZKLJKHUPHDQDQGVWDQGDUGGHYLDWLRQZLWKUHVSHFWWR
WKHWZRVLGHGRVFLOODWLRQ
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FIGURE 6. &ORXGIUDJLOLW\LQWKHWZRVLGHGPRWLRQD LQIOXHQFHRIWKHVOHQGHUQHVVE LQIOXHQFHRIWKHEDVH
DQG&ORXGIUDJLOLW\LQWKHRQHVLGHGPRWLRQF LQIOXHQFHRIWKHVOHQGHUQHVVG LQIOXHQFHRIWKHEDVH

7KHSUHVHQWHGIUDJLOLW\FXUYHV DUHGHYHORSHGDGRSWLQJWKH3*$DVIM,EHFDXVHLWLVLQJHQHUDO
WKHPRVWXVHGIMIRUYDULRXVVWUXFWXUDOW\SRORJLHV1HYHUWKHOHVVWKH3*$LVQRWDOZD\VWKH
PRVWHIILFLHQWIMIRUWKHDQDO\]HGVWUXFWXUDOW\SRORJLHV>@>@>@>@,QSDUWLFXODUWKHPRVW
HIILFLHQWIMFDQEHGLIIHUHQWIRUWKHFDVHRIWZRVLGHGRVFLOODWLRQZLWKUHVSHFWWRWKHRQHVLGH
RVFLOODWLRQDVDOUHDG\REVHUYHGLQSUHYLRXVVWXGLHV)XUWKHUGHYHORSLQJZLOOEHGHYRWHGLQHYDO
XDWLQJWKHIUDJLOLW\FXUYHVIRUWKHPRVWHIILFLHQWIMIRUHDFKURFNLQJPRWLRQ
5

CONCLUSIONS

7KHJRDORIWKLVVWXG\LVWKHHVWLPDWLRQRIWKHIUDJLOLW\FXUYHVDWFROODSVHIRUPDVRQU\FKXUFK
IDoDGHV WKURXJK D &ORXG $QDO\VLV $W WKLV DLP QXPHULFDO QRQOLQHDU G\QDPLF DQDO\VHV
SHUIRUPHGDFFRUGLQJWRFODVVLFDOOLWHUDWXUHPRGHOVKDVEHHQSHUIRUPHGE\DSSO\LQJPRUHWKDQ
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XQVFDOHGUHFRUGVRISDVWHDUWKTXDNHVRFFXUUHGLQWKHDUHDVWULFNHQE\WKH&HQWUDO,WDO\
(DUWKTXDNH7KHUHIRUHWKHHIIHFWVRIUHFRUGWRUHFRUGYDULDELOLW\RQWKHG\QDPLFUHVSRQVHZDV
FRQVLGHUHG)LYHGLIIHUHQWIDoDGHJHRPHWULHVZHUHFRQVLGHUHGGHILQHGREVHUYLQJWKHPDVRQU\
FKXUFKHV¶IDoDGHVUHFXUUHQWLQWKH&HQWUDO,WDO\7KHREWDLQHGIUDJLOLW\FXUYHVWKDWDUHLQOLQH
ZLWKWKRVHGHULYHGE\RWKHUDXWKRUVDGRSWLQJGLIIHUHQWQXPHULFDODSSURDFKHVFOHDUO\KLJKOLJKW
WKH LQIOXHQFH RI WKH JHRPHWU\ RQ WKH VHLVPLF YXOQHUDELOLW\ RI IDoDGHV (YHQ LI LW LV QRW
PHDQLQJIXOWRVLPSO\FRPSDUHWKHIUDJLOLW\FXUYHVIRUWKHWZRVLGHGDQGWKHRQHVLGHGURFNLQJ
PRWLRQ VLQFH WKH PRVW HIILFLHQW VHLVPLF LQWHQVLW\ PHDVXUH SDUDPHWHU GLIIHU IRU WKH WZR
NLQHPDWLFPHFKDQLVPVLWVKRXOGEHQRWHGWKHKLJKHUYXOQHUDELOLW\IRUWKHRQHVLGHGFRPSDUHG
WRWKHWZRVLGHGURFNLQJPRWLRQIRUKLJKHUYDOXHVRI3*$7KLVDVSHFWDOUHDG\REVHUYHGE\
RWKHUDXWKRUVLQWKHSDVWUHTXLUHVDGHHSHULQYHVWLJDWLRQ
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MODELLING OF THE OUT-OF-PLANE BEHAVIOUR OF
UNREINFORCED MASONRY PANELS USING THE DISCRETE
MACRO-ELEMENT METHOD (DMEM)
Valeria Cusmano, Bartolomeo Pantò, Ivo CaliòandPaulo B. Lourenço


'HSDUWPHQWRI&LYLO(QJLQHHULQJDQG$UFKLWHFWXUH ',&$5 8QLYHUVLW\RI&DWDQLD
3LD]]D8QLYHUVLWj&DWDQLD,WDO\
HPDLOYDOHULDFXVPDQR#SKGXQLFWLWLYRFDOLR#XQLFWLW



)DFXOW\RI(QJLQHHULQJ'HSDUWPHQWRI&LYLODQG(QYLURQPHQWDO(QJLQHHULQJ,PSHULDO&ROOHJH
/RQGRQ8.
HPDLOESDQWR#LPSHULDODFXN



,QVWLWXWHIRUVXVWDLQDELOLW\DQG,QQRYDWLRQLQ6WUXFWXUDO(QJLQHHULQJ ,6,6( 8QLYHUVLW\RI0LQKR
&DPSXV$]XUpP*XLPDUHV3RUWXJDO
HPDLOSEO#FLYLOXPLQKRSW

Abstract
Existing unreinforced masonry (URM) buildings, including historical and monumental
structures, represent an important architectural and cultural heritage for several countries
worldwide. The response of URM, subjected to earthquake excitations, is strongly governed by
the out-of-plane (OOP) response of masonry walls, which can lead to local failure mechanisms,
even at low levels of seismic loading. The OOP failure conditions are mainly controlled by the
geometry of the structure and the masonry quality. Different strategies are used for modelling
the OOP response of URM structures including limit analysis and nonlinear FEM. A further
recently proposed strategy is based on the discrete macro-element method (DMEM) which
allows the simulation of the in-plane and the OOP response of masonry walls with a reduced
computational cost compared to the other numerical strategies. In this paper, the DMEM is
applied to simulate a masonry wall rocking experimental campaign for which other numerical
strategies have already been applied. The dissipation effects, related to the rocking motion and
the repetitive impacts, are taken into account according to an equivalent viscous damping
approach. Furthermore, the role of masonry deformability is investigated by comparing the
results obtained by the DMEM model, for different value of masonry elastic modulus, with those
obtained by typical rigid-block based models. The results clearly demonstrate that the DMEM
can be efficiently adopted to accurately predict the dynamic response of monumental structures.
Keywords:850VWUXFWXUH223IDLOXUHPHFKDQLVP0RGHOOLQJVWUDWHJLHV'0(0DSSURDFK
5LJLGEORFNPRGHOV)(0DQDO\VLV
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1

INTRODUCTION

7KHH[LVWLQJ EXLOGLQJVVWRFNLQ VHYHUDO VHLVPLFDUHDZRUOG DURXQG LQFOXGHV KLVWRULFDO DQG
PRQXPHQWDO XQUHLQIRUFHG PDVRQU\ EXLOGLQJV 850  ZKLFK SRVVHVV LQ VRPH FDVHV DQ
LPSRUWDQW DUFKLWHFWXUDO DQG FXOWXUDO YDOXH 7KH G\QDPLF UHVSRQVH RI 850 VXEMHFWHG WR
HDUWKTXDNHH[FLWDWLRQVLV JRYHUQHGE\WKHLQSODQH ,3 DQGRXWRISODQH 223 UHVSRQVHRI
PDVRQU\ZDOOV:KHQWKHFRQQHFWLRQVEHWZHHQYHUWLFDODQGKRUL]RQWDOVWUXFWXUDOHOHPHQWVGR
QRWJXDUDQWHHDER[W\SHEHKDYLRUWKH223IDLOXUHPHFKDQLVPVDUHWKHPDLQVRXUFHRIVHLVPLF
YXOQHUDELOLW\RIWKHEXLOGLQJDQGWKHIDLOXUHFRQGLWLRQVDUHPDLQO\FRQWUROOHGE\WKHJHRPHWU\
DQGJUDYLW\ORDGVGLUHFWO\DSSOLHGWRWKHZDOO'XHWRWKHORZWHQVLOHVWUHQJWKF\OLQGULFDOKLQJHV
WHQGWRVHSDUDWHPDFURSRUWLRQRIPDVRQU\OHDGLQJWRUHODWLYHURWDWLRQVEHWZHHQWKHGLIIHUHQW
SDUWV,IWKHQXPEHURIKLQJHVLVVXFKWKDWDNLQHPDWLFPHFKDQLVPLVDOORZHGWKHFRUUHVSRQGLQJ
HTXLOLEULXPOLPLWFRQGLWLRQFDQEHHYDOXDWHGDQGDOLPLWYDOXHRIORDGPXOWLSOLHUOHDGLQJWRWKH
LQFLSLHQW FROODSVH FRQGLWLRQ FDQ EH GHWHUPLQHG 'XH WR WKH QHJOLJLEOH WHQVLOH VWUHQJWK RI
PDVRQU\DQGWKHVOHQGHUQHVVWKDWJHQHUDOO\FKDUDFWHULVHPDVRQU\ZDOOVPDVRQU\ZDOOVFDQORVH
WKH HTXLOLEULXP DQG RYHUWXUQ HYHQ XQGHU ORZ YDOXHV RI VHLVPLF ORDGLQJV +RZHYHU GDPDJH
REVHUYDWLRQDIWHUVWURQJHDUWKTXDNHVKDYHSURYHGWKDWG\QDPLFHTXLOLEULXPFDQWDNHSODFHHYHQ
DIWHUWKHURFNLQJPHFKDQLVPKDVEHHQDFWLYDWHG>@
7KH VLPSOLILHG PDFUREORFN OLPLW DQDO\VLV DSSURDFK LV FRPPRQO\ DGRSWHG WR DVVHVV WKH
URFNLQJ EHKDYLRURIPDVRQU\ZDOOVDFFRUGLQJWRWKHRULJLQDO +H\PDQ¶V K\SRWKHVHV >@ QR
WHQVLRQPDWHULDOULJLGEHKDYLRULQFRPSUHVVLRQDQGDEVHQFHRIVOLGLQJ&RQVLVWHQWO\ZLWKWKHVH
DVVXPSWLRQVDQXPEHURIVHOHFWHGSRWHQWLDOORFDOPHFKDQLVPVDUHVHOHFWHGZKRVHXOWLPDWHORDG
PXOWLSOLHUVFRUUHVSRQGWRXSSHUERXQGSUHGLFWLRQRIWKHHIIHFWLYHORDGPXOWLSOLHUDFFRUGLQJWR
WKHOLPLWDQDO\VLVVWDWLFWKHRUHP+HQFHWKHORZHUORDGPXOWLSOLHUUHSUHVHQWVWKHEHVWSUHGLFWLRQ
RIWKHDFWXDOFROODSVHPHFKDQLVPZLWKLQWKHLQYHVWLJDWHGRQHV
8SRQWKHUHVXOWVRIWKHOLPLWDQDO\VLV WKHURFNLQJFDSDFLW\LV HYDOXDWHG E\ IROORZLQJ WKH
IRUFHEDVHG RU GLVSODFHPHQWEDVHG DSSURDFKHV >@ 7KH IRUFHEDVHG DSSURDFK FRQVLVWLQJ LQ
FRPSDULQJWKHORDGPXOWLSOLHUWRWKHDWWHQGHQGLQVLWX3*$UHSUHVHQWVWKHHDVLHVWWRROWRDVVHVV
WKHVHLVPLFFDSDFLW\RIURFNLQJEORFNV>@7KHGLVSODFHPHQWEDVHGDSSURDFKDLPVDWFRPSDULQJ
WKH GLVSODFHPHQW FDSDFLW\ RI WKH DVVXPHG 223 PHFKDQLVP ZLWK WKH FRUUHVSRQGLQJ
GLVSODFHPHQWGHPDQGHYDOXDWHGRQDQHTXLYDOHQWELOLQHDURUWULOLQHDUVLQJOHGHJUHHRIIUHHGRP
V\VWHP>@$QRWKHUVLPSOLILHGDQDO\VLVPHWKRGWRDVVHVVWKH223UHVSRQVHRIPDVRQU\ZDOOV
LVEDVHGXSRQWKHK\SRWKHVLVRIWLOWLQJULJLGEORFN>@DFFRUGLQJWRZKLFKQRQOLQHDUG\QDPLF
DQDO\VHVDUHSHUIRUPHGRQDULJLGEORFNVFKHPHDVVXPHGUHSUHVHQWDWLYHRIWKHURFNLQJEHKDYLRU
RIWKHPDVRQU\ZDOO7KHGLVVLSDWLRQVVRXUFHVLQYROYHGLQWKH223EHKDYLRURIWKHZDOODUH
FRQVLGHUHGE\PHDQVRIDcoefficient of restitutionUXOLQJWKHYHORFLW\RIWKHURFNLQJV\VWHPDIWHU
HDFKLPSDFW$QH[WHQVLYHUHYLHZRQULJLGEORFNG\QDPLFVZKHQDSSOLHGWR850VWUXFWXUHV
FDQEHIRXQGLQ>@
7KHPDLQVRXUFHVRIDSSUR[LPDWLRQRIOLPLWDQDO\VLVDQGULJLGEORFNPRGHOVDUHUHODWHGWR
WKHIDFWWKDWWKH\WRWDOO\QHJOHFWWKHHIIHFWVRIPDVRQU\GHIRUPDELOLW\DQGGRQRWSURSHUO\WDNH
LQWRDFFRXQWWKHLQWHUDFWLRQEHWZHHQWKHSRUWLRQRIVWUXFWXUHVXEMHFWHGWRWKHRYHUWXUQLQJPRWLRQ
DQGWKHUHPDLQLQJ SDUWRIWKHVWUXFWXUHWKDWLV DOVRVXEMHFWHGWR WKHHDUWKTXDNHORDGLQJV DQG
UHSUHVHQWVWKHVRXUFHRIORDGLQJDQGWKHFRQVWUDLQWDWWKHVDPHWLPH
0RUHUHFHQWO\UHILQHGDGYDQFHGGLVFUHWHPRGHOVKDYHEHHQDSSOLHGWRDVVHVV223URFNLQJ
PHFKDQLVPVVXFKDVWKH'LVWLQFW(OHPHQW0HWKRGV '(0 DFFRUGLQJWRZKLFKPDVRQU\XQLWV
DUH H[SOLFLWO\ PRGHOOHG E\ ULJLG LUUHJXODU EORFNV ZKLOH MRLQWV DUH PRGHOOHG DV D FRQWDFW
XQLODWHUDOIULFWLRQOLQNV>@,WLVZRUWKQRWLQJWKDWWKHVHPHWKRGVGLIILFXOWWRFDOLEUDWHDUHTXLWH
FRPSXWDWLRQDO H[SHQVLYH LQ WKH FDVH RI ODUJH VWUXFWXUHV DQG IRU WKHVH UHDVRQV DOWKRXJK
SURPLVLQJDUHFXUUHQWO\OLPLWHGWRDFDGHPLFUHVHDUFKHV
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$QDOWHUQDWLYHVWUDWHJ\RIDQDO\VLVWRDVVHVVWKH223URFNLQJPHFKDQLVPV>&RPS'\Q@LV
EDVHGRQWKHGLVFUHWHPDFURHOHPHQWPHWKRG '0(0 ZKLFKDOORZVWKHVLPXODWLRQRIWKHLQ
SODQHDQGWKH223UHVSRQVHRIPDVRQU\ZDOOV>3DQWzHWDO@7KLVLQQRYDWLYHPHWKRGKDV
EHHQILUVWO\SURSRVHGDQGYDOLGDWHGLQWKHQRQOLQHDUVWDWLFILHOG >@>@ DQGPRUHUHFHQWO\
KDVEHHQH[WHQGHGLQG\QDPLFILHOGDQGYDOLGDWHGWKURXJKWWKHFRPSDULVRQZLWKH[SHULPHQWDO
WHVWVDQGUHILQHG)(VLPXODWLRQ>@>@$FFRUGLQJWR'0(0PDVRQU\ZDOOVDUHGLVFUHWL]HG
DV D PHVK RI VKHDU GHIRUPDEOH VSDWLDO PDFURHOHPHQWV LQWHUDFWLQJ WKURXJK ]HURWKLFNQHVV
LQWHUIDFHVZKRVHGLVFUHWL]DWLRQIROORZVDVWUDLJKWIRUZDUGILEHUFDOLEUDWLRQVWUDWHJ\7KHVLQJOH
PDFURHOHPHQW KDV D VKHDU GHIRUPDELOLW\ JRYHUQHG E\ D VLQJOH GHJUHH RI IUHHGRP 7KH
FDSDELOLW\RIWKHSURSRVHG'0(0WRDFFRXQWIRUWKH,3DQG223EHKDYLRURIPDVRQU\VWUXFWXUH
KDVEHHQDOUHDG\QXPHULFDODQGH[SHULPHQWDOLQYHVWLJDWHG>@>@
,Q WKLV SDSHU WKH '0(0 PHWKRGV LV DSSOLHG WR VLPXODWH WKH H[SHULPHQWDO UHVSRQVH RI
PDVRQU\ ZDOOV REWDLQHG E\ IUHHYLEUDWLRQ DQG VKDNH WDEOH WHVWV DOUHDG\ SUHVHQWHG LQ WKH
OLWHUDWXUH 6RPH SDUDPHWULF DQDO\VHV DUH DOVR SHUIRUPHG WR HYDOXDWH WKH LQIOXHQFH RI HQHUJ\
GLVVLSDWLRQDQGWKHPDVRQU\GHIRUPDELOLW\FRPSDULQJWKHUHVXOWVREWDLQHGE\WKH'0(0PRGHO
WRWKHFORVHGIRUPVROXWLRQRIWKHFODVVLFDOURFNLQJWKHRU\GHYHORSHGE\+RXVQHU>@
2

ANALISIS METHODOLOGY AND OBJECTIVES

,Q WKLV SDSHU WKH URFNLQJ EHKDYLRU RI LVRODWHG ZDOOV H[KLELWLQJ D FDQWLOHYHU PHFKDQLVP
SDUDSHWZDOO 3: RUDVLPSOHVXSSRUWHGZDOO 66: PHFKDQLVPLVQXPHULFDOO\LQYHVWLJDWHG
E\XVLQJWKH'0(0DSSURDFKDQGWKHFODVVLFDOURFNLQJWKHRU\GHYHORSHGE\+RXVQHULQ
>@7KHVWDWLFVFKHPHVRIWKHWZRFRQVLGHUHGPHFKDQLVPVDUHUHSRUWHGLQ)LJXUH7KHPDLQ
UHVHDUFKJRDORIWKHSUHVHQWVWXG\LVWRLGHQWLI\DQGLQYHVWLJDWHFULWLFDOLVVXHVUHODWHGWRWKHXVH
RIWKH'0(0PRGHOWRGHVFULEHWKHURFNLQJPRWLRQRIPDVRQU\ZDOOV7RUHDFKWKLVREMHFWLYH
WKHSDSHUDLPDW
D YDOLGDWLQJDQHTXLYDOHQWYLVFRXVGDPSLQJPRGHOIRUWKH'0(0FRQVLVWHQWWR
WKHFRQWDFWGDPSLQJRIWKHULJLGPRGHODQGH[SHULPHQWDOREVHUYDWLRQV
E HVWLPDWLQJ WKH HIIHFWV RQ WKH URFNLQJ UHVSRQVH RI WKH PDVRQU\ GHIRUPDELOLW\
QHJOHFWHGLQDOOWKHULJLGEORFNEDVHGDSSURDFKHV
$EULHIGHVFULSWLRQRIWKHWZRPHWKRGRORJLHVRIDQDO\VLVLVUHSRUWHGLQWKHIROORZLQJVXE
VHFWLRQVKRZLQJWKHPDLQK\SRWKHVHVDFFRUGLQJWRZKLFKWKH\DUHEDVHGRQDQGKLJKOLJKWLQJ
WKHLUGLIIHUHQFHV

)LJXUH5RFNLQJPRWLRQRILVRODWHGZDOOH[LELWLQJDFDQWLOHYHUPHFKQDLVP D DQGDVLPSO\VXSSRUWHGPHFKDQLVP E  IURP
'RKHUW\HWDO 
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2.1 Classical Theoretical Model of Housner and the main Geometric Parameters
influencing rocking
7KHG\QDPLFEHKDYLRURIDVLQJOHULJLGUHFWDQJXODUEORFNhKHLJKWDQGbZLGWKVWDQGLQJ
RQDULJLGEDVHZLWKWKHDVVXPSWLRQWKDWIULFWLRQEHWZHHQWKHEORFNDQGWKHEDVHLVKLJKHQRXJK
WRSUHYHQWVOLGLQJDQGQHJOHFWLQJERXQFLQJZDVILUVWGHVFULEHGE\+RXVQHULQ>@KHUHLQDIWHU
UHIHUUHGDVWKHFODVVLFDOWKHRU\:KHQWKHURFNLQJLVDFWLYDWHGWKHULJLGEORFNFDQSLYRWRQRQH
RIWKHWZREDVHYHUWH[HV7KHPDLQJHRPHWULFIHDWXUHVLQIOXHQFLQJWKHURFNLQJUHVSRQVHDUHWKH
VOHQGHUQHVVUDWLRߙ ൌ  ି݊ܽݐଵ ሺܾȀ݄ሻDQGWKHUDGLXVYHFWRURFRQQHFWLQJWKHSLYRWSRLQWWRWKH
FHQWHURIPDVVRIWKHEORFN$UHOHYDQWILQGLQJRIWKHFODVVLFDOWKHRU\LVWKDWEHWZHHQWZRULJLG
UHFWDQJXODU EORFNV RI WKH VDPH VOHQGHUQHVV WKH EORFN ZLWK WKH KLJKHU UDGLXV YHFWRU LV PRUH
VWDEOH>@7KHHTXDWLRQJRYHUQLQJWKHURFNLQJPRWLRQXQGHUKRUL]RQWDOݑሷ  ሺݐሻDQGYHUWLFDO
ݒሷ ሺݐሻJURXQGDFFHOHUDWLRQLVUHSRUWHGLQ  ZKHUHWKHURWDWLRQߠLVWKHURWDWLRQDQJOHRIWKH
EORFNDVVXPHGDVWKH/DJUDQJLDQSDUDPHWHUܫ WKHPRPHQWRILQHUWLDRIWKHEORFNDERXWDQ
D[LVSHUSHQGLFXODUWRWKHSODQHRIWKHZDOODQGSDVVLQJWKURXJKLWVEDU\FHQWHUDQG݃LVWKHJUDYLW\
DFFHOHUDWLRQ
ሺܴ݉ ଶ  ܫ ሻߠሷ  ݉൫݄ ή ܿݏሺߠሻ  ݊݃ݏሺߠሻܾ ή ݊݅ݏሺߠሻ൯ݑሷ  ݉ሺ݊݃ݏሺߠሻܾ ή
ܿݏሺߠሻ െ ݄ ή ݊݅ݏሺߠሻሺ݃  ݒሷ ሻ ൌ Ͳ



7KHURFNLQJPRWLRQRIWKHEORFNߠሺݐሻFDQEHHYDOXDWHGE\LQWHJUDWLQJHTXDWLRQ  ZLWKLQ
HDFKWLPHLQWHUYDOEHWZHHQWZRFRQVHFXWLYHLPSDFWVFRQVLGHULQJDVLQLWLDOFRQGLWLRQVߠሺݐ ሻ ൌ
ͲǢߠሶ ሺݐ ሻ ൌ ߠሶ ZKHUHݐ LVWKHWLPHRIWKHODVWLPSDFWDQGߠሶ WKHURWDWLRQDOYHORFLW\RIWKHEORFN
DIWHUWKHLPSDFW&RQVLGHULQJDIUHHYLEUDWLRQPRWLRQRIWKHEORFNZLWKPD[LPXPDPSOLWXGHߠ 
WKHSHULRGVRIRVFLOODWLRQRIWKHEORFN XQGHUWKHDVVXPSWLRQVRISDUDSHWZDOO)LJXUHDDQG
VLPSO\VXSSRUWHGZDOO)LJXUHE DUHJLYHQE\
ͳ
Ͷ
ቍ
ܶௐ ൌ  ܿି݄ݏଵ ቌ
ߠ 

ͳെ 
ߙ



ܶௌௌ ൌ ͳ െ ʹ݊݅ݏଶ ሺߙଵ ሻ



:KHUH  ൌ  ඥ͵݃ȀͶܴ LV D frequency parameter RI WKH EORFN UHIHUULQJ WR WKH SHQGXOXP
IUHTXHQF\RIWKHEORFNDVVXPHGKDQJLQJIURPLWVSLYRWSRLQWDQGĮLVWKHVOHQGHUQHVVUDWLRRI
VLPSOH VXSSRUWHG ZDOO 2EVHUYLQJ (TV   DQG   LW LV ZRUWK PHQWLRQLQJ WKDW WKH QDWXUDO
SHULRGVRIWKHULJLGERG\PRWLRQGHSHQGRQWKHURFNLQJDPSOLWXGHLQDGGLWLRQRIWKHJHRPHWU\
RIWKHV\VWHP
6HYHUDOVWXGLHVKDYHEHHQFRQGXFWHGWRLQYHVWLJDWHWKHUHVSRQVHRIDURFNLQJULJLGEORFN
VXEMHFWHGWRDIUHHYLEUDWLRQPRWLRQ >@>@>@ KDUPRQLFRVFLOODWLRQV >@>@ DQG
HDUWKTXDNH ORDGLQJV  >@ >@  2QH RI WKH PDLQ SXUSRVH RI WKHVH VWXGLHV ZDV WKH
UHSUHVHQWDWLRQRIWKHHQHUJ\GLVVLSDWHGGXULQJWKHURFNLQJPRWLRQ
$FFRUGLQJWRWKHFODVVLFWKHRU\WKHGLVVLSDWLRQLVRQO\FRQFHQWUDWHGDWWKHLPSDFWVZKHQ
WKHURWDWLRQLVVZLWFKHGIURPRQHEDVHYHUWH[WRWKHDQRWKHU,WLVJHQHUDOO\DVVXPHGWKDWWKH
LPSDFWLQGXFHVDQLQVWDQWDQHRXVUHGXFWLRQRIWKHYHORFLW\FRQWUROOHGE\WKHLQWURGXFWLRQRID
UHVWLWXWLRQFRHIILFLHQW e UDQJLQJIURPWR$YDOXHRI݁ ൌ ͲFRUUHVSRQGVWRDWRWDOO\LQHODVWLF
LPSDFWZKLOH݁ ൌ ͳLQGLFDWHVDSHUIHFWO\HODVWLFLPSDFW%\LPSRVLQJWKHFRQVHUYDWLRQRIWKH
DQJXODUPRPHQWDERXWWKHFHQWUHRIURWDWLRQMXVWEHIRUHDQGDIWHUHDFKLPSDFW WKHFODVVLFDO
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WKHRU\SURYLGHVDQDO\WLFDOH[SUHVVLRQVRIWKHUHVWLWXWLRQFRHIILFLHQWIRUSDUDSHWZDOOV݁ௐ LQ(T
 DQGVLPSOHVXSSRUWHGZDOOV݁ௌௌௐ LQ(T  
͵
݁ௐ ൌ ͳ െ ݊݅ݏଶ ߙ
ʹ



݁ௌௌௐ ൌ ͳ െ ʹ݊݅ݏଶ ߙଵ



6RPHH[SHULPHQWDOREVHUYDWLRQVVKRZHGGLIIHUHQWYDOXHVRIWKHUHVWLWXWLRQFRHIILFLHQWWKDQ
WKRVHSUHGLFWHGE\WKHFODVVLFWKHRU\>@VXJJHVWLQJWKDWFRQWLQXXPHQHUJ\GLVVLSDWLRQVGXHWR
IOH[XUDO PDVRQU\ GHIRUPDWLRQ DQG SODVWLF GHIRUPDWLRQV DW WKH URFNLQJ LQWHUIDFHV FRQWULEXWH
VLJQLILFDQWO\ WR WKHHQHUJ\GLVVLSDWLRQ SURFHVV ,QDUHFHQW ZRUN *UD]LRWWL HW $O >@ IRXQG
YDOXHVRIWKHFRHIILFLHQWRIUHVWLWXWLRQFRHIILFLHQWUDQJLQJIURPWR
,Q  YLHZ RI WR WKLV REVHUYDWLRQV FRQWLQXRXV YLVFRXV GDPSLQJ PRGHOV DOWHUQDWLYH WR WKH
LPSDFW GLVVLSDWLRQ KDYH EHHQ DGRSWHG ZLWK FRQVWDQW RU YDULDEOH GDPSLQJ UDWLRV DOVR
FRQVLGHULQJ WKH HDVH PDWKHPDWLFDO IRUPXODWLRQ DQG VRIWZDUH LPSOHPHQWDWLRQ RI WKH YLVFRXV
GDPSLQJPRGHO>@>@>@
&RQWLQXRXVYLVFRXVGDPSLQJPRGHOVDUHJHQHUDOO\LPSOHPHQWHGUHPRYLQJWKHK\SRWKHVLV
RI ULJLG EORFN G\QDPLFV DQG GHVFULELQJ WKH URFNLQJ EHKDYLRU DVVXPLQJ D VLQJOH GHJUHH RI
IUHHGRP 6'2) V\VWHPFKDUDFWHUL]HGE\DRQHGLPHQVLRQDOELOLQHDU>@RUWULOLQHDU>@>@
IRUFHGLVSODFHPHQWUHODWLRQVKLSDVGHSLFWHGLQ)LJXUHZKHUHWKHEDFNERQHFXUYHRIWKHLGHDO
ULJLG EORFN HTXLOLEULXP SDWK LV FKDUDFWHUL]HG E\ WKH XOWLPDWH ORDG PXOWLSOLHU ܨ  DQG WKH
XOWLPDWH GLVSODFHPHQW ȟ௨  ZKLOH WKH 6'2) V\VWHP LV FKDUDFWHUL]HG E\ WKH LQLWLDO HODVWLF
VWLIIQHVV ݇ WKH\LHOGIRUFH ܨ௬ ൌ ߚܨ DQGWKH\LHOGGLVSODFHPHQW ȟ௬ ൌ ௬ Ȁ  

)LJXUH)RUFHGLVSODFHPHQWUHODWLRQVKLSPRGHOV

6HYHUDOVWXGLHVKDYHEHHQSHUIRUPHGWRILQGDFRUUHODWLRQUHODWLRQEHWZHHQWKHHTXLYDOHQW
YLVFRXV GDPSLQJ UDWLR ξ DQG WKH GLVVLSDWLRQ UHODWHG WR LPSDFWV FRQWUROOHG E\ FRHIILFLHQW RI
UHVWLWXWLRQ >@ >@ >@ >@ 0RUH UHFHQWO\ 7RPDVHWWL HW $O >@ SURSRVHG DQ HQHUJ\
HTXLYDOHQFH EHWZHHQ UHVWLWXWLRQ FRHIILFLHQW DQG 6'2) DQDO\WLFDO IRUPXODWLRQ IRU GLIIHUHQW
YLVFRXVGDPSLQJPRGHOVFRQVWDQWGDPSLQJFRHIILFLHQW &'& FRQVWDQWGDPSLQJUDWLR &'5 
DQGVWLIIQHVVSURSRUWLRQDOGDPSLQJUDWLR 6'5 SURSRVLQJWKHHPSLULFDOH[SUHVVLRQUHSRUWHGLQ
(T  WRHYDOXDWHWKHGDPSLQJUDWLRɌ WRDVVRFLDWHWRWKHLQLWLDOHODVWLFIUHTXHQF\RIWKHV\VWHP
߱ ൌ ඥܭ Τ݉ ZKHUH݉ LVWKHHIIHFWLYHPDVVRIDVVRFLDWHGWRWKHV\VWHP>@7KH\
ݕ ൌ ͲǤͶͷͲǡ ݕோ ൌ ͲǤͲͶǡ
IRXQG
ݔ ൌ ͲǤǡ ݔோ ൌ ͲǤ͵ͷͲǡ ݔௌோ ൌ ͲǤʹͳͺDQG
ݕௌோ ൌ ͲǤͳͻͷ
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ߦ ൌ െݔ൫ȟ௬ Τȟ௨ ൯ ሺ݁ሻ



2.2 The Discrete Macro-Element Model
$FFRUGLQJWR'LVFUHWH0DFUR(OHPHQW '0(0 DSSURDFKWKHPDVRQU\LVPRGHOOHGWKURXJK
DQ HTXLYDOHQW PHFKDQLFDO VFKHPH FRQVWLWXWHG E\ D KLQJHG TXDGULODWHUDO ZKRVH LQSODQH
GHIRUPDELOLW\LVJRYHUQHGE\DVLQJOH/DJUDQJLDQSDUDPHWHUWRUXOHWKHGLDJRQDOVKHDUEHKDYLRU
(DFKPDFURHOHPHQWLQWHUDFWVZLWKFRQWLJXRXVHOHPHQWVRUFRQVWUDLQWVDORQJLWVIRXUHGJHVE\
PHDQVRIDGLVFUHWHGLVWULEXWLRQRIQRQOLQHDUVSULQJVGHQRWHGDVLQWHUIDFHVZKLFKJRYHUQWKH
IOH[LRQDODQGWKHVOLGLQJEHKDYLRU7KLVDSSURDFKZDVRULJLQDOO\LQWURGXFHGIRUPRGHOOLQJWKH
LQSODQH EHKDYLRU RI 8QUHLQIRUFHG 0DVRQU\ 6WUXFWXUHV >@ )LJXUH D 7KH SODQH HOHPHQW
SRVVHVVHVIRXUGHJUHHVRIIUHHGRPDVLQJOHURZRIWUDQVYHUVDOOLQNVDQGDVLQJOHLQSODQHVOLGLQJ
OLQNDQGLVDEOHWRPRGHOWKHPDLQIDLOXUHPHFKDQLVPVRIWKHPDVRQU\LQLWVRZQSODQH7ZR
VXEVHTXHQWXSJUDGHVZHUHDFKLHYHGWRH[SDQGWKHSRWHQWLDOLWLHVRIWKHDSSURDFK)LUVWWKHRXW
RISODQH VSDWLDO EHKDYLRUW\SLFDORIKLVWRULFDOFRQVWUXFWLRQVZDVDGGHG>@E\FRQVLGHULQJ
DGGLWLRQDOURZVRIWUDQVYHUVDOOLQNVDQGWZRDGGLWLRQDORXWRISODQHVOLGLQJOLQNV DEOHWRJRYHUQ
WKH RXW RI SODQH VKHDU EHKDYLRU DQG WKH WRUVLRQ  WKXV HQDEOLQJ WKH RXW RI SODQH GHJUHHV RI
IUHHGRP)LJXUHE6XEVHTXHQWO\DIXUWKHUXSJUDGHZDVLQWURGXFHGFRQVLGHULQJDVKHOOPDFUR
HOHPHQWFKDUDFWHUL]HGE\DQLUUHJXODUJHRPHWU\YDULDEOHWKLFNQHVVDORQJWKHHOHPHQWDQGVNHZ
LQWHUIDFHV>@WRGHDOZLWKFXUYHGVWUXFWXUHVVXFKDVYDXOWVDQGGRPHV)LJXUHF

D

E

F

)LJXUH/D\RXWRIWKHPDFURHOHPHQWDGRSWHGIRUPDVRQU\DWLWVWKUHHVWDJHV D SODQHHOHPHQW E VSDWLDOUHJXODUHOHPHQW
DQG F WKUHHGLPHQVLRQDOHOHPHQWIRUFXUYHGVWUXFWXUHV

7KHIOH[XUDO URFNLQJ UHVSRQVHRIPDFURHOHPHQWVLVJRYHUQHGE\WKHLQWHUIDFHWUDQVYHUVDOOLQNV
ZKLFKDUHFDOLEUDWHGIROORZLQJDILEUHGLVFUHWL]DWLRQDSSURDFKRIWKHSDQHOFURVVVHFWLRQ>@
$FFRUGLQJWRWKLVVWUDWHJ\WKHLQLWLDOVWLIIQHVVRIWKHOLQNVLVUHODWHGWRWKHD[LDOVWLIIQHVVRIWKH
FRUUHVSRQGLQJPDVRQU\VWULSVHYDOXDWHGLQ(T  ZKHUH EPLVWKHPDVRQU\<RXQJ¶VPRGXOXV
DQGLQA6QWKHOHQJWKDQGFURVVVHFWLRQDUHDRIWKHPDVRQU\VWULS7KH\LHOGLQJIRUFHVLQWHQVLRQ
F\WQ  DQG LQ FRPSUHVVLRQ F\FQ  DUH UHODWHG WR WKH LQIOXHQFH DUHD DQG WR WKH WHQVLOH DQG
FRPSUHVVLYHVWUHQJWKUHVSHFWLYHO\)LQDOO\WKHWHQVLOHDQGFRPSUHVVLYH\LHOGLQJGLVSODFHPHQW
u\WDQGu\F DUHDVVRFLDWHGZLWKWKH\LHOGLQJIRUFHVDQGWKHLQLWLDOVWLIIQHVV7DEOH
7KH'0(0KDVEHHQHPSOR\HGWRVLPXODWHWKHVHLVPLFEHKDYLRURIPRQXPHQWDOPDVRQU\
FRQVWUXFWLRQV E\ PHDQV RI QRQOLQHDU VWDWLF SXVKRYHU  DQDO\VLV $ PRUH UHFHQW XSJUDGH
H[WHQGHGWKH'0(0DSSURDFKWRWKHG\QDPLFILHOGDOORZLQJWKHVLPXODWLRQRIWKHQRQOLQHDU
G\QDPLFEHKDYLRUXQGHUVHLVPLFORDG7KHPDVVRIHDFKPDFURHOHPHQWLVFRQFHQWUDWHGDWLWV
EDU\FHQWHU$FFRUGLQJWRWKLVK\SRWKHVLVDGLDJRQDOPDVVPDWUL[ZLWKDORQJWKHGLDJRQDOWKH
WKUHHWUDQVODWLRQDOLQHUWLDFRPSRQHQWVDQGWKHWKUHHURWDWLRQDOLQHUWLDFRPSRQHQWVRIWKHYROXPH
UHSUHVHQWHG E\ WKH PDFURHOHPHQW >@ 0RUH GHWDLOV RQ WKH '0(0 DUH UHSRUWHG LQ WKH
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UHIHUHQFHGSDSHUV

ܭ 
ܧ ܣௌ
ʹ

ܮ

ܨ௬௧ 

ܨ௬ 

ܣௌ ή ݂௧ 

ܣௌ ή ݂ 

ݑ௬௧ 
ܨ௬௧

ܭ

ݑ௬ 
ܨ௬

ܭ

7DEOH&DOLEUDWLRQRIWKHLQWHUIDFHWUDQVYHUVDOOLQNV

3

NUMERICAL SIMULATIONS

7KHQXPHULFDOVLPXODWLRQVDUHSHUIRUPHGFRQVLGHULQJUHFWDQJXODUEORFNVVXEMHFWHGWRWZR
VLGH URFNLQJ PRWLRQ )UHH YLEUDWLRQ PRWLRQ LV FRQVLGHUHG LQ 6HFWLRQ  ZKLOVW HDUWKTXDNH
H[FLWDWLRQVDUHFRQVLGHUHGLQ6HFWLRQ
7KUHH PRGHOV DUH FRQVLGHUHG 1DPHO\ WKH LGHDO ULJLG EORFN 5%  PRGHO )LJXUH D D
VLPSOLILHG'0(0PRGHOZLWKWKHLQWHUIDFHVORFDWHGDWWKHEDVHURFNLQJVHFWLRQ)LJXUHEDQG
DUHILQHG'0(0PRGHOLQZKLFKWKHZDOOKHLJKWLVGLVFUHWL]HGE\DPHVKRIPDFURHOHPHQWV
ZLWKKHLJKWHTXDOWRWKHZDOOWKLFNQHVV)LJXUHF7KHUHVSRQVHRIWKH5%PRGHOLVHYDOXDWHG
FRQVLGHULQJWKHDQDO\WLFDO VROXWLRQ RI(T  ZKLOHWKHDQDO\VHV RQWKH '0(0PRGHOV DUH
SHUIRUPHG XVLQJ WKH VRIWZDUH +,675$ >@ WKURXJK WKH 1HZPDUN PHWKRG FRQVLGHULQJ WKH
1HZPDUN¶VSDUDPHWHUVĮ ȕ DQGȖ DQGDWLPHVWHSRIV
$WHDFKVWHSWKHG\QDPLFHTXLOLEULXPLVLPSRVHGZLWKUHIHUHQFHWRWKHLQLWLDOFRQILJXUDWLRQ
ZKLOH WKH HIIHFWV RI WKH JHRPHWULF QRQOLQHDULWLHV DUH FRQVLGHUHG E\ XSGDWLQJ WKH ORDG YHFWRU
SRVLWLRQ PGHIIHFWV 7KHZDOOWKLFNQHVVLVGLYLGHGLQWHQURZVRIOLQNVDQGFKDUDFWHUL]HGE\
WKHGLVWULEXWLRQRIQRUPDOVWLIIQHVV݇ ൌ ܭ ȀߣZKHUHܭ DOUHDG\GHILQHGLQ7DEOHDQGߣWKH
GLVWDQFHEHWZHHQWKHOLQNVDORQJWKHZDOOWKLFNQHVV$OWKRXJKGLIIHUHQWFRQVWLWXWLYHODZVFDQEH
DGRSWHG LQ WKH '0(0 DLPLQJ DW SHUIRUPLQJ D FRQVLVWHQW FRPSDULVRQ D OLQHDU EHKDYLRU LQ
FRPSUHVVLRQDQG]HURWHQVLOHVWUHQJWK KDYHEHHQDVVXPHG )XUWKHUPRUH D YLVFRXVGDPSLQJ
SURSRUWLRQDOWRWKHJOREDOVWLIIQHVVPDWUL[KDVEHHQFDOLEUDWHGDFFRUGLQJWR(T  HYDOXDWLQJ
WKHUDWLRȟ௬ Τȟ௨ WKURXJKDSXVKRYHUDQDO\VLV


D

E

F

)LJXUHD 5LJLGEORFNPRGHO 5% E '0(0VHPSOLILHGPRGHOF '0(0UHILQHGPRGHO


3.1 Free-vibration analyses
,Q WKLV VHFWLRQ UHFWDQJXODU EORFNV VXEMHFWHG WR WZRVLGH IUHHYLEUDWLRQ URFNLQJ PRWLRQV
DFWLYDWHGLPSRVLQJDQLQLWLDOGLVSODFHPHQWRIWKHZDOOWRSVHFWLRQHTXDOWRWKHZDOOKDOIZLGWK
ܾȀʹ DUHDQDO\VHGE\WKHULJLGEORFN 5% )LJXUHDDQGWKH'0(0PRGHO)LJXUHEDQG
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)LJXUH F 7KH DQDO\WLFDO UHVSRQVH RI WKH 5% LV REWDLQHG E\ LQWHJUDWLQJ (T   FRQVLGHULQJ
ߠሺͲሻ ൌ ܾȀͶǢߠሶ ሺͲሻ ൌ Ͳ 7ZR GLIIHUHQW SDUDSHW ZDOOV 3:V  FKDUDFWHUL]HG E\ GLIIHUHQW
JHRPHWULHVDQGVOHQGHUQHVV UDWLRV OZ  DQGDOUHDG\QXPHULFDOO\LQYHVWLJDWHGLQ WKHOLWHUDWXUH
>@DUHFRQVLGHUHG
)RU VLPSOLILHG '0(0 PRGHOV WZR GLIIHUHQW YDOXHV RI FRHIILFLHQW RI UHVWLWXWLRQ DUH
FRQVLGHUHGLQWKHDQDO\VHVQDPHO\WKHDQDO\WLFDOYDOXH ean FDOFXODWHGE\(T  DQGDUHGXFHG
YDOXHRI e=0.85 FRQVLVWHQWZLWKH[SHULPHQWDOREVHUYDWLRQV>@7KHQRUPDOVWLIIQHVVRIWKH
'0(0LQWHUIDFHV kQ LVHYDOXDWHGE\FRQVLGHULQJDUHIHUHQFHYDOXHRIPDVRQU\<RXQJPRGXOXV
EP 03D 7KHHIIHFWLYHPDVV meff XVHGWRHYDOXDWHWKHODWHUDOIUHTXHQF\ Ȧ/ LVDVVXPHG
HTXDOWRPLQWKHFDVHRIWKH'0(0DQGHTXDOWRWKHPDVVDFWLYDWHGDWWKHILUVWPRGHRI
YLEUDWLRQ LQ WKH FDVH RI WKH '0(0 UHILQHG PRGHO 7KH FRPSOHWH VHW RI SDUDPHWHUV
FKDUDFWHULVLQJWKH'0(0VLPSOLILHGPRGHOLVUHSRUWHGLQ7DEOHZKLOHWKHFKDUDFWHULVDWLRQRI
WKH'0(0UHILQHGPRGHOLVUHSRUWHGLQ7DEOHZKHUHERWKWKHVWLIIQHVVRIWKHEDVHLQWHUIDFH
kQEDVH DQGLQQHULQWHUIDFHVFRQQHFWLQJWZRFRQWLJXRXVPDFURHOHPHQWV kQEDVH DUHUHSRUWHG
7KHWLPHKLVWRU\RIWKHWRSVHFWLRQRI3:DQG3: REWDLQHGE\WKH'0(0VLPSOLILHG
PRGHODUHUHSRUWHGLQ)LJXUHDQG)LJXUHUHVSHFWLYHO\7KHUHVXOWVDUHFRPSDUHGZLWKWKRVH
REWDLQHGE\5%VROXWLRQ$VDWLVIDFWRU\DJUHHPHQWLVREVHUYHGEHWZHHQWKHWZRPRGHOVLQDOO
WKH FDVHV LQYHVWLJDWHG DOWKRXJK WKH '0(0 PRGHO WHQGV WR XQGHUHVWLPDWH WKH SHDNV ZKHQ
FRPSDUHGWRWKH5%PRGHO
OZ
>@

NQ
>1P@
(
3:    
(
(
3:    
(
:DOO

K E
>P@ >P@

HDQ
>@

./
>1P@
(
(
(
(

Z/ ȟ௬ Ȁȟ௨
>V@
>@
 
 
 
 

ȟ6'5 HDQ  ȟ6'5 H 
>@
>@




 
 

7DEOH'HWDLOVRIWKHZDOOVDQDO\VHGE\WKHVLPSOLILHG'0(0PRGHO

)LJXUH)UHHYLEUDWLRQVRIWKH3:VDPSOHHYDOXDWHGE\WKH5%DQGVLPSOLILHG'0(0PRGHOV
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7DEOH'HWDLOVRIWKHZDOOVDQDO\VHGE\WKHUHILQHG'0(0PRGHO

)LJXUH)UHHYLEUDWLRQVRIWKH3:VDPSOHHYDOXDWHGE\WKH5%DQGVLPSOLILHG'0(0PRGHOV




7KHWLPHKLVWRU\UHVSRQVHVDQGWKHPD[LPXPGHIRUPDWLRQREWDLQHGE\WKH'0(0UHILQHG
PRGHODUHUHSRUWHGLQ)LJXUHFRPSDUHGWRWKHDQDO\WLFDOVROXWLRQRIWKHULJLGEORFNPRGHO
7KHWZRPRGHOVSURYLGHFRPSDUDEOHUHVXOWVGHPRQVWUDWLQJWKDWWKHHTXLYDOHQWYLVFRXVGDPSLQJ
PRGHODGRSWHGLQWKH'0(0PRGHOLVHQHUJHWLFFRQVLVWHQWWRWKHLPSDFWGLVVLSDWLRQPHFKDQLVP
FKDUDFWHULVLQJ WKH 5% PRGHO )LQDOO\ )LJXUH  VKRZV WKH K\VWHUHWLF F\FOHV RI WKH '0(0
PRGHOVH[SUHVVHGLQWHUPVRIWRSGLVSODFHPHQWYHUVXVWKHZDOOEDVHVKHDUVXSHUSRVHGWRWKH
FRUUHVSRQGLQJ SXVKRYHU FXUYH ,W FDQ EH REVHUYHG WKDW WKH G\QDPLF UHVSRQVHV VKRZ D
VLJQLILFDQWGHYLDWLRQIURPWKHVWDWLFFXUYHGXHWRWKHSUHVHQFHRIWKHLQHUWLDDQGGDPSLQJIRUFHV




D



E

)LJXUHD 3:5HILQHG'0(0E 3:5HILQHG'0(0
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D

E

)LJXUH3XVKRYHUDQGG\QDPLFK\VWHUHVLVF\FOHVD 3:E 3:

3.2 Earthquake analyses
,QWKLVVHFWLRQQRQOLQHDUG\QDPLFDQDO\VLVXQGHUHDUWKTXDNHH[FLWDWLRQVDUHSHUIRUPHGRQ
D9HUWLFDO6SDQQLQJ:DOOV 63: DOUHDG\H[SHULPHQWDOO\DQGQXPHULFDOO\LQYHVWLJDWHGLQWKH
OLWHUDWXUH>@>@7KHWHVWHGVSHFLPHQZDVFRPSRVHGRIUHJXODUWXIIEORFNVZLWKVHOIZHLJKW
N1PDQGOLPHFHPHQWLWLRXVPRUWDU7KHZDOOZDVPKHLJKWPZLGWKDQGP
WKLFN2QWKHWRSVHFWLRQRIWKHZDOOLWZDVORFDWHGDUHLQIRUFHGEULFNZRUNEHDPPKHLJKW
DQGPWKLFNFKDUDFWHULVHGE\DVHOIZHLJKWRIN1P7KHEHDPZDVFRQQHFWHGWRWKH
XQGHUO\LQJ PDVRQU\ ZLWK  PP ORQJ FRQQHFWRUV LQ VWHHO UHLQIRUFHG JURXW 65*  7KH
KRUL]RQWDOGLVSODFHPHQWVRIWKHEHDPZHUHFRQVWUDLQHGE\DVWHHO,3(EHDPVSODFHGRQWRS
RI ODWHUDO VWLIIHQHG VWHHO IUDPHV 5XEEHU F\OLQGHUV ZHUH SODFHG EHWZHHQ WKH ,3( DQG WKH
VSHFLPHQWRSHUPLWWKHXSZDUGGLVSODFHPHQWDQGURWDWLRQVRIWKHWRSVHFWLRQRIWKHZDOO
7KHWHVWOD\RXWFRPSULVHGDQDGGLWLRQDOORDGRIN1SODFHGRQWKHWRSRIWKHUHLQIRUFHG
EULFNEHDP7KHFKDUDFWHULVWLFVRIWKHLQSXWVLJQDOVDUHUHSRUWHGLQ7DEOH7KHVSHFLPHQZDV
QXPHULFDOLQYHVWLJDWHGE\PHDQVRID''(0PRGHOXVLQJWKHVRIWZDUH8'(& ,WDVFD 
XVLQJGLIIHUHQWVFDOHIDFWRUVIRUWKHVLJQDOV>@
(DUWKTXDNHLQIRUPDWLRQ
(YHQW
5HFRUG
2U
VWDWLRQ
,USLQLD
%*,
(:

+RUL]RQWDOFRPSRQHQW
3*$
3*9
3*'
>J@
>PPV@ >PP@




9HUWLFDOFRPSRQHQW
3*9
3*'
3*$
>PPV@
>PP@
>J@




7DEOH,QSXWVLJQDO

7KH'0(0PRGHOLVGHYHORSHGXVLQJPDFURHOHPHQWVFRUUHVSRQGLQJWR'R)V7KH
ERXQGDU\ FRQGLWLRQV RQ WKH WRS RI WKH ZDOO DUH VLPXODWHG E\ LQVHUWLQJ HODVWLF VWLII PDFUR
HOHPHQWVZKRVHPDVVGHQVLW\LVHYDOXDWHGWRVLPXODWHWKHPDVVRIWKHEULFNZDOOEHDPSOXVWKH
H[WHUQDOORDGDQGUHVWUDLQHGDJDLQVWWKHKRUL]RQWDOGLVSODFHPHQWV7KHDQDO\VLVLVSHUIRUPHGLQ
WZR VWDJHV ILUVW D VWDWLF DQDO\VLV LV FRQGXFWHG DSSO\LQJ WKH JUDYLW\ ORDGV WKHQ WKH G\QDPLF
DQDO\VLV LV SHUIRUPHG DVVXPLQJ DV LQLWLDO FRQGLWLRQ WKH ILQDO FRQILJXUDWLRQ RI WKH YHUWLFDO
DQDO\VLV 7KH FRPSOHWH VHW RI SDUDPHWHUV FKDUDFWHULVLQJ WKH '0(0 PRGHOV DUH UHSRUWHG LQ
7DEOH
K
E
HDQ
NQ
./
(
ıW
*W
PHII
Z/ ȟ௬ Ȁȟ௨ ȟ6'5 H 

>P@ >P@ >@ >1PP@ >1P@ >1PP@ >1PP@ >1PP@ >1VP@ >V@
>@

   ( ( 
   
7DEOH3DUDPHWHUVFKDUDFWHUL]LQJWKH'0(0PRGHO

747

>@


9DOHULD&XVPDQR%DUWRORPHR3DQWz,YR&DOLz3DXOR%/RXUHQoR

7KHUHVXOWVRIWKHDQDO\VHVDUHUHSRUWHGLQ)LJXUHLQWHUPVRIWLPHKLVWRU\RIWKHSRLQW
VXEMHFWWRPD[LPXPGLVSODFHPHQWZKLFKLVORFDWHGDSSUR[LPDWHO\DWDKHLJKWRIP7KH
'LIIHUHQWDPSOLILFDWLRQIDFWRUVDUHFRQVLGHUHGWRVFDOHWKHVLJQDO 6)  ,Q)LJXUH
DWKHUHVSRQVHRIWKHZDOOWRWKHVLJQDOVFDOHGE\VFDOHIDFWRULVVKRZQ,QWKHJUDSKWKH
PD[LPXPGLVSODFHPHQWUHJLVWHUHGGXULQJWKHWHVWDUHDOVRUHSRUWHG$YHU\JRRGDJUHHPHQWFDQ
EHREVHUYHGEHWZHHQWKHSHDNGLVSODFHPHQWSUHGLFWHGE\WKH'0(0PRGHODQGWKDWREVHUYHG
H[SHULPHQWDOO\,Q)LJXUHEWKHQXPHULFDOUHVSRQVHVWRWKHGLIIHUHQWOHYHOVRIDPSOLILFDWLRQRI
WKHVLJQDODUHUHSRUWHG,WLVHYLGHQWKRZWKH'0(0PRGHOLVDEOHWRFDWFKWKHSHULRGHORQJDWLRQ
RI WKH V\VWHP GXH WR WKH RSHQLQJ RI WKH WHQVLOH FUDFNV DQG WKH DFWLYDWLRQ RI WKH URFNLQJ
PHFKDQLVP

)LJXUH7LPHKLVWRU\'0(0PRGHO

D

E

F

)LJXUH)DLOXUHPHFKDQLVPHVWLPDWHGE\D '(0PRGHO>@E '0(0PRGHOF H[SHULPHQWDO>@

4

CONCLUSIONS

7KLV SDSHU DSSOLHV WKH '0(0 PRGHO WR VLPXODWH WKH URFNLQJ EHKDYLRXU RI XQUHLQIRUFHG
PDVRQU\ZDOOV7KHUHVXOWVRIWKH'0(0PRGHODUHFRPSDUHGZLWKWKHH[DFWVROXWLRQFRQVLVWHQW
WR WKHULJLGEORFNWKHRU\ DVZHOODVWR DQ H[SHULPHQWDO FDPSDLJQIRUZKLFKRWKHUQXPHULFDO
VWUDWHJLHV KDYH DOUHDG\ EHHQ DSSOLHG 7KH HIIHFWV RI WKH HQHUJ\ GLVVLSDWLRQ DQG PDVRQU\
GHIRUPDELOLW\DUHLQYHVWLJDWHGLQWKHDQDO\VLV$VWLIIQHVVSURSRUWLRQDOYLVFRXVGDPSLQJPRGHO
WR EH HPSOR\HG LQ WKH '0(0 DQDO\VHV KDV EHHQ FDOLEUDWHG DQG YDOLGDWHG 7KH UHVXOWV
GHPRQVWUDWH WKDW WKH '0(0 FDQ EH DGRSWHG WR DFFXUDWHO\ SUHGLFW WKH G\QDPLF UHVSRQVH RI
PRQXPHQWDO VWUXFWXUHV ZLWK D OLPLWHG FRPSXWDWLRQDO EXUGHQ VKRZLQJ WKH FDSDELOLW\ RI WKH
PHWKRGWREHHPSOR\HGIRUWKHVLPXODWLRQRIODUJHKLVWRULFDOPDVRQU\PRQXPHQWDOVWUXFWXUHV
EHLQJDEOHWRVLPXODWHERWKWKHLQSODQHDQGRXWRISODQHUHVSRQVHRIPDVRQU\ZDOOV
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WK(&&20$67KHPDWLF&RQIHUHQFHRQ
&RPSXWDWLRQDO0HWKRGVLQ6WUXFWXUDO'\QDPLFVDQG(DUWKTXDNH(QJLQHHULQJ
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(OKDP0RXVDYLDQ /XFD8$UJLHQWR&ODXGLD&DVDSXOOD
8QLYHUVLW\RI1DSROL)HGHULFR,,'HSDUWPHQWRI6WUXFWXUHVIRU(QJLQHHULQJDQG$UFKLWHFWXUH
9LD)RUQRYHFFKLR1DSROL,WDO\
^HOKDPPRXVDYLDQOXFDXPEHUWRDUJLHQWRFDVDFOD`#XQLQDLW

$EVWUDFW
7KLV SDSHU SUHVHQWV D *UDVVKRSSHU *+  SOXJLQ WR HYDOXDWH WKH DGPLVVLEOH RXWRISODQH
PHFKDQLVPVLQPXOWLVWRUH\PDVRQU\EXLOGLQJVDQGYLVXDOO\GLVSOD\WKHSRVVLEOHORFDWLRQVIRU
HDFK DGPLVVLEOH PHFKDQLVP DW ZKLFK WKH IDLOXUH FDQ KDSSHQ $GRSWLQJ WKH PDFUREORFN
PRGHOOLQJ DSSURDFK *+ FRPSRQHQWV DUH GHYHORSHG FRQVLGHUHG D OLPLWHG QXPEHU RI
JHRPHWULFDQGFRQVWUXFWLRQSDUDPHWHUVDVLQSXWVWKDWDOORZWKHSRVVLEOHPHFKDQLVPV7KHVH
LQFOXGH WKH TXDOLW\ RI WKH FRQQHFWLRQV EHWZHHQ WKH EXLOGLQJ ZDOOV DSSOLHG VWUHQJWKHQLQJ
GHYLFHV DQG WKH H[DPLQHG EXLOGLQJ ORFDWLRQ ZLWKLQ DQ XUEDQ EORFN0RGHOOLQJ WKH EXLOGLQJ
DOOWKHSRWHQWLDOPHFKDQLVPVDQGWKHLUSRVVLEOHORFDWLRQVDUHGHPRQVWUDWHGLQDXVHUIULHQGO\
DQG UHDGDEOH ZD\ 7KH SOXJLQ FDQ ILQDOO\ FRPSXWH WKH DFWXDO PHFKDQLVP DQG LWV RSWLPLVHG
JHRPHWU\ DV ZHOO DV WKH DFWXDO EXLOGLQJ RXWRISODQH FDSDFLW\ DGRSWLQJ WKH OLPLW DQDO\VLV
PHWKRG

.H\ZRUGV ' 0DFUR%ORFN 0RGHO 2XWRI3ODQH %HKDYLRXU /LPLW $QDO\VLV 9LVXDO
3URJUDPPLQJ*UDVVKRSSHU3OXJLQ
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 ,1752'8&7,21
2XWRISODQH 223 PHFKDQLVPVFDQWDNHSODFHLQPDVRQU\EXLOGLQJVZLWKRXWDER[W\SH
EHKDYLRXUHVSHFLDOO\LQWKHSHULSKHUDOZDOOVRIH[LVWLQJEXLOGLQJVHYHQZKHQWKH\DUHXQGHU
ORZ LQWHQVLWLHV RI JURXQG PRWLRQ >@ 7KH PRVW UHFXUUHQW RQHV DUH UHODWHG WR VLPSOH DQG
FRPSOH[URFNLQJPHFKDQLVPVDVZHOODVWRIOH[XUHPHFKDQLVPVDVLGHQWLILHGDQGFODVVLILHG
E\V\VWHPDWLFVXUYH\VRIWKHW\SLFDOVHLVPLFGDPDJHVDQGFUDFNSDWWHUQVLQPDVRQU\EXLOGLQJV
>@ 3RVWVHLVPLF VXUYH\V > @ DQG H[SHULPHQWDO WHVWV >@ KDYH DOVR LGHQWLILHG SDUWLFXODU
FRQGLWLRQV JRYHUQLQJ WKH FODVVLILHG 223 PHFKDQLVPV LQFOXGLQJ WKH TXDOLW\ RI WKH
FRQQHFWLRQVEHWZHHQWKHRUWKRJRQDOZDOOVDVZHOODVWKHZDOOVDQGKRUL]RQWDOGLDSKUDJPVWKH
URRI W\SRORJ\ WKHSRVLWLRQV RI WKH RSHQLQJV DQGRI WKHEXLOGLQJ ZLWKLQ DQ XUEDQEORFN 7KH
VHLVPLFDVVHVVPHQWRIKLVWRULFDOPDVRQU\EXLOGLQJVZLWKUHVSHFWWR223PHFKDQLVPVFDQQRW
GLVUHJDUGWKHVHDVSHFWVHVSHFLDOO\ZKHQQRQOLQHDUVWDWLFDQGG\QDPLFDQDO\VLVDUHHPSOR\HG
>@DQGVWUHQJWKHQLQJLQWHUYHQWLRQV>@RUGLVVLSDWLYHGHYLFHVDUHWREHGHVLJQHG>@
:LWKLQ WKH VLPSOLILHG DSSURDFKHV WR LQYHVWLJDWH WKH 223 IDLOXUH PRGHV LQ PDVRQU\
EXLOGLQJVWKHNLQHPDWLFPHWKRGRIOLPLWDQDO\VLVLVRQHRIWKHPRVWSRSXODUDQGUHOLDEOHLQWKH
OLWHUDWXUH>@$FFRUGLQJWRLWORFDOPHFKDQLVPVFDQEHFRQVLGHUHGDVNLQHPDWLFFKDLQV
RIPDVRQU\SRUWLRQVUHJDUGHGDVULJLGPDFURRUPLFUREORFNDVVHPEODJHVLQWHUDFWLQJWKURXJK
LQWHUIDFH HOHPHQWV ,Q SDUWLFXODU WKH PDFUREORFN PRGHO DVVXPHV WKDW WKH JHQHUDO IDLOXUH
LQYROYHVDQXPEHURIFUDFNVZKLFKVHSDUDWHWKHVWUXFWXUHLQWRDIHZULJLGPDFUREORFNVDQG
DOOWKHSRVVLEOHUHODWLYHPRWLRQVDPRQJXQLWV URFNLQJDQGRUVOLGLQJ DUHFRQFHQWUDWHGDORQJ
WKHVHFUDFNV>@
+RZHYHU GHVSLWH VHYHUDO DGYDQWDJHV RI WKH PDFUREORFN PRGHOOLQJ DSSURDFK OLNH EHLQJ
FRPSXWDWLRQDOO\ HIILFLHQW LW QRUPDOO\ IDFHV D FRQVLGHUDEOH OHYHO RI XQFHUWDLQWLHV VLQFH WKH
JLYHQ LQSXW GDWD IRU WKH DQDO\VLV DUH VLPSOLILHG LQWR D OLPLWHG QXPEHU RI SDUDPHWHUV 7KHVH
DVSHFWVDUHZHOODGGUHVVHGLQ>@ZKHUHWKH)D0,9( )DLOXUH0HFKDQLVP,GHQWLILFDWLRQDQG
9XOQHUDELOLW\ (YDOXDWLRQ  SURFHGXUH LV LQWURGXFHG WR HYDOXDWH WKH PRVW UHFXUUHQW IDLOXUH
PRGHVLQDJJUHJDWHEXLOGLQJVDQGWRILQGWKHRSWLPDORSWLRQDPRQJWKHP:KHQWKHDGYDQFHG
PDFUREORFNPRGHOGHYHORSHGLQ>@LVDGRSWHGWKHDGPLVVLELOLW\RISRVVLEOHPHFKDQLVPVLQ
DJJUHJDWHEXLOGLQJVDOVRGHSHQGVRQWKHLQYROYHGSRUWLRQVRIZDOOVDWHDFKVWRUH\DQGRQWKH
KHLJKWUDWLRVEHWZHHQWKHPDLQEXLOGLQJDQGWKHDGMDFHQWRQHVLQDGGLWLRQWRWKHSRVLWLRQRI
VWUHQJWKHQLQJGHYLFHVDQGWKHZDOOFRQQHFWLRQVTXDOLW\FRQVLGHUHGE\)D0,9(
'HWHUPLQLQJ WKH DGPLVVLEOH DQG LQDGPLVVLEOH PHFKDQLVPV IRU HDFK VWRUH\VLGH RI D
EXLOGLQJLVWKRXJKQRWYHU\KDQG\DQGUHDGDEOHXVLQJWKHWH[WEDVHGUHSUHVHQWDWLRQVSURSRVHG
LQ>@DQG>@,QVWHDGWKHLUJUDSKLFDOYLVXDOL]DWLRQZRXOGKHOSWKHHYDOXDWRUWREHWWHUDVVHVV
WKHUHOLDELOLW\RIWKHILQDOVROXWLRQDVZHOODVWKHRWKHUSRVVLEOHDOWHUQDWLYHV
7RWKLVDLPWDNLQJDGYDQWDJHRIWKH'YLVXDOL]DWLRQ>@WKLVSDSHUSUHVHQWVDQRYHO
JUDSKLFDO DSSURDFK EDVHG RQ WKH GHYHORSPHQW RI D 5KLQR *UDVVKRSSHU *+  SOXJLQ 7KLV
DOORZV WR SDUDPHWULFDOO\ PRGHO PXOWLVWRUH\ PDVRQU\ EXLOGLQJV DQG YLVXDOO\ FKHFN DOO WKH
SRWHQWLDO223IDLOXUHPRGHVDQGWKHLUSRVLWLRQVLQUHDOWLPHHYDOXDWHGDFFRUGLQJWRWKHZRUN
RI&DVDSXOODHWDO>@8VLQJWKHSRZHUIXORSWLPL]DWLRQWRROER[WKHSOXJLQFDQDOVRFRPSXWH
WKHFROODSVHORDGIDFWRUVUHODWHGWRHDFKSRVVLEOHPHFKDQLVPDWHDFKVWRUH\DQGYLVXDOL]HWKH
FUDFN SDWWHUQ RI WKH UHODWHG 223 PHFKDQLVP DQG VSHFLILFDOO\ SHUIRUPV WKH PRVW OLNHO\
FROODSVHPHFKDQLVPFRQILJXUDWLRQDQGLWVUHODWHG RSWLPDO ORDGIDFWRU
$GRSWLQJ WKH FRQFHSW RI YLVXDO SURJUDPPLQJ WKH GHYHORSHG SOXJLQ SURYLGHV D IDVW DQG
XVHUIULHQGO\ WRRO IRU   SDUDPHWULF PRGHOOLQJ   YLVXDO DQDO\VLV RI DOO WKH SRVVLEOH
PHFKDQLVPV LQ D PXOWLVWRUH\ PDVRQU\ EXLOGLQJ   FRPSXWLQJ WKH PLQLPXP ORDG IDFWRU
DPRQJDOOWKHSRVVLEOH PHFKDQLVPVDQGYLVXDOL]HWKH UHODWHGFUDFNSDWWHUQ HDVLO\OLQNLQJ
WKH PRGHOOHG EXLOGLQJ DQG PHFKDQLVPV WR RWKHU DQDO\WLFDO VRIWZDUH LPSOHPHQWDWLRQV HJ
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PDFUR RU PLFURPRGHO ILQLWH HOHPHQW >@ DQG GLVFUHWH HOHPHQW >@ DSSURDFKHV IRU IXUWKHU
DQDO\VHV
,QWKHIROORZLQJDQRYHUYLHZRQWKHW\SLFDO223IDLOXUHPHFKDQLVPVDQGWKHHYDOXDWLRQ
SURFHVVWRILQGWKHDGPLVVLEOHPHFKDQLVPVDWHDFKVWRUH\RIDEXLOGLQJLVSUHVHQWHGZLWKDQ
DSSOLFDWLRQ WR WKH FRUQHU IDLOXUH DV DQ H[DPSOH 7KHQ WKH FRPSXWDWLRQDO LPSOHPHQWDWLRQ RI
WKH*+SOXJLQLVSUHVHQWHGWRYLVXDOO\FKHFNWKHDGPLVVLEOHDQGRSWLPL]HGPHFKDQLVPVLQUHDO
WLPH
 02'(//,1*7+(223)$,/85(02'(6
7KH DGRSWHG PDFUREORFN PRGHO >@ LV D ' SRUWLRQ RI ZDOOV LQ D PXOWLVWRUH\ PDVRQU\
EXLOGLQJ WKDW UHPDLQV XQGDPDJHG XQGHU WKH VHLVPLF PRWLRQ DQG LV EDVHG RQ WKH DVVXPSWLRQ
WKDW WKH FRQVWLWXHQW PLFUREORFNV XQLWV  KDYH LQILQLWH FRPSUHVVLYH WHQVLOH DQG VKHDU
VWUHQJWKV :DOOV DUH FRQVLGHUHG WR EH VLQJOHOHDI ZLWK WKH PRGXODU PDVRQU\ XQLWV DW HDFK
VWRUH\DUUDQJHGZLWKWKHUXQQLQJERQGSDWWHUQ7KHFRQWDFWLQWHUIDFHVEHWZHHQWKHXQLWVKDYH
QR WHQVLOH DQG ILQLWH IULFWLRQDO UHVLVWDQFH JRYHUQHG E\ WKH &RXORPE IDLOXUH FULWHULRQ $
KRUL]RQWDOVWDWLFDFWLRQDVDSHUFHQWDJHRIGHDGORDGV E\PHDQVRIDORDGIDFWRU LVDSSOLHGWR
WKHFHQWUHRIPDVVRIHDFKPRYLQJPDFUREORFNLQDGGLWLRQWRDOOWKHRWKHUH[WHUQDOORDGLQJV
)LJXUHVKRZVVRPHRIWKHPRVWUHFXUUHQW223PHFKDQLVPVIRUDIDoDGHZDOORIDPXOWL
VWRUH\EXLOGLQJWKDWDUHWKHURFNLQJ 0$0%DQG0& DQGIOH[XUDO 0'DQG0( IDLOXUHV7KH
RQVHW RI HDFK PHFKDQLVP LV UHSUHVHQWHG E\ DGYDQFHG IRUPXODWLRQV FRQVLGHULQJ IULFWLRQDO
UHVLVWDQFHV ZKLFK DUH REWDLQHG E\ WKH OLQHDU NLQHPDWLF DSSURDFK RI OLPLW DQDO\VLV DV
HODERUDWHGLQ>@


)LJXUH6LPSOH 0$ DQGFRPSRXQG 0% URFNLQJZDOOVURFNLQJFRUQHU 0& +RUL]RQWDO 0' DQGYHUWLFDO
0( IOH[XUDO223PHFKDQLVPV



3DUDPHWHUVJRYHUQLQJWKHDGPLVVLELOLW\RI223IDLOXUHPHFKDQLVPV

7KH DGPLVVLELOLW\ RI WKH IDLOXUH PHFKDQLVPV VKRZQ LQ )LJXUH  LV VWULFWO\ UHODWHG WR WKH
VSHFLILFIHDWXUHVRIWKHDJJUHJDWHEXLOGLQJVXQGHUVWXG\DVKLJKOLJKWHGE\SUHYLRXVZRUNV>
@7KHPDLQJHRPHWULFDQGFRQVWUXFWLRQSDUDPHWHUVKHUHLQFRQVLGHUHGDUHWKHIROORZLQJRQHV
4XDOLW\ RI WKH FRQQHFWLRQ EHWZHHQ WKH IDoDGH DQG VLGHZDOOV WKLV VWUXFWXUDO IHDWXUH
VWURQJO\ DIIHFWV WKH PHFKDQLFDO LQWHJULW\ RI WKH PDLQ EXLOGLQJ 3RRU FRQQHFWLRQ TXDOLW\
EHWZHHQ WKHVH RUWKRJRQDO ZDOOV XVXDOO\ UHVXOWV LQ JHQHUDWLQJ WKH IDLOXUH PRGHV 0$ DQG
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0( 2Q WKH RWKHU KDQG PHFKDQLVPV 0% DQG 0& FDQ RFFXU LQ WKH SUHVHQFH RI VWURQJ
FRQQHFWLRQVZKLOHIDLOXUHPRGH0'LVQRWDIIHFWHGE\WKLVIHDWXUH
 3RVLWLRQRIWKHEXLOGLQJZLWKLQWKHXUEDQEORFN )LJXUH LWLVKHUHLQDVVXPHGWKDWWKH
SRVLWLRQRIWKHEXLOGLQJFDQLQIOXHQFHWKHIDLOXUHPHFKDQLVPV0&DQG0'%HVLGHVWKH
KHLJKW RI WKH PDLQ EXLOGLQJ ZLWK UHVSHFW WR WKH DGMDFHQW EXLOGLQJV LV DQRWKHU LPSRUWDQW
DVSHFW ZKLFK KDV QRW EHHQ WDNHQ LQWR DFFRXQW LQ >@ DQG >@ ,Q IDFW ZKHQ HJ WKH
EXLOGLQJLVORFDWHGLQDPLGGOHSRVLWLRQ 30DQG36FDVHV PHFKDQLVP0&FDQRQO\RFFXU
LI WKH PDLQ EXLOGLQJ LV KLJKHU WKDQ WKH DGMDFHQW RQHV ZKLOH WKH KRUL]RQWDO DUFK IDLOXUH
PHFKDQLVP0' FDQQRWEHWULJJHUHGEHFDXVHWKHODWHUDOUHVWUDLQWVH[HUWHGE\WKHDGMDFHQW
EXLOGLQJVZRXOGSUHYHQWDQ\ODWHUDOGLVSODFHPHQWV
 6WUHQJWKHQLQJ GHYLFHV )LJXUH  VKRZV VL[ FRQILJXUDWLRQV RI VWUHQJWKHQLQJ GHYLFHV
LQFOXGLQJULQJEHDPVDQGWLHURGV7KHSUHVHQFHRIVWUHQJWKHQLQJGHYLFHVLQIOXHQFHVWKH
IHDVLELOLW\RIDOOWKHPHFKDQLVPVFRQVLGHUHGLQ )LJXUH,QIDFWDOOPHFKDQLVPVFDQRFFXU
LQ WKH DEVHQFH RI VWUHQJWKHQLQJ GHYLFHV H[FHSW WKH IDLOXUH PRGH 0( WKDW UHTXLUHV WKHLU
SUHVHQFH WR RQVHW 6LQFH WKH FRUQHU IDLOXUH LQ WKH ZDOOV EHORZ WKH WLHURGV ORFDWLRQV DUH
XVXDOO\ SUHYHQWHG LQ WKH FDVHV RI LPSOHPHQWLQJ 65% 67 DQG 67 QR PHFKDQLVP LV
SRVVLEOHEHQHDWKWKHP

)LJXUH3RVLWLRQRIWKHEXLOGLQJZLWKLQDQXUEDQEORFN

)LJXUH6LPSOHOD\RXWVRIGLIIHUHQWFRQILJXUDWLRQVRIVWUHQJWKHQLQJGHYLFHV

(DFK RI WKHVH WKUHH SDUDPHWHUV LV OLQNHG WR HDFK PHFKDQLVP WKDW PD\ RFFXU DW D JHQHULF
VWRUH\RIDPXOWLVWRUH\EXLOGLQJDVGLVSOD\HGLQ7DEOH,IDPHFKDQLVPLVIHDVLEOHLWZLOOEH
LGHQWLILHG DV DQ DGPLVVLEOH PHFKDQLVP $  ZKLOH LQDGPLVVLEOH ,  LQ WKH RSSRVLWH FDVH ,Q
VRPHFDVHVWKHDGPLVVLELOLW\RIDPHFKDQLVPGHSHQGVRQWKHFRQGLWLRQVWKDWYDU\IURPVWRUH\
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WR VWRUH\ HJ LQ WKH FDVH RI GLIIHUHQW KHLJKWV RI WKH DGMDFHQW EXLOGLQJV LW LV UHODWHG WR WKH
QXPEHURIIUHHVWRUH\V ' ZKLOHLQWKHSUHVHQFHRIVWUHQJWKHQLQJGHYLFHV ' LWGHSHQGV
RQWKHKLJKHVWVWRUH\ZKHUHWKH\DUHSODFHG
2EYLRXVO\IRUDJLYHQEXLOGLQJWKHWDEOHVKRXOGEHPDGHH[SOLFLWIRUHDFKVWRUH\ZLWKWKH
DGPLVVLELOLW\RIHDFKSRVVLEOHPHFKDQLVPGHSHQGLQJRQWKHVWRUH\SURSHUWLHV$OVRWRKDYHD
PRUH FRPSUHKHQVLYH HYDOXDWLRQ WKH WDEOH PXVW EH H[WHQGHG WR HDFK VLGH RI WKH IDoDGH ZDOO
ZKHQ HJ WKH VWRUH\V QXPEHU RI WKH DGMDFHQW EXLOGLQJV RQ WKH ULJKW DQG OHIW VLGHV DUH
GLIIHUHQW RU LQ WKH FDVH RI KDYLQJ DV\PPHWULF VWUHQJWKHQLQJ GHYLFHV 67 DQG 670 
DSSOLFDWLRQV 7KHVH DVSHFWV ZRXOG PDNH WKH WDEOH UHODWLYHO\ FRPSOH[ DQG UHGXFH LWV
UHDGDELOLW\
7R VKHG PRUH OLJKW RQ WKLV HYDOXDWLRQ SURFHVV PHFKDQLVP 0& FRUQHU IDLOXUH  LV KHUHLQ
FKRVHQDVDUHIHUHQFHH[DPSOHDQGKRZLWVDGPLVVLELOLW\LVHYDOXDWHGIRUDJLYHQEXLOGLQJLV
HODERUDWHGLQWKHQH[WVHFWLRQ
0HFKDQLVP

&RQQHFWLRQZLWKVLGHZDOOV

3RVLWLRQRIWKHEXLOGLQJ
ZLWKLQWKHXUEDQEORFN

6WUHQJWKHQLQJGHYLFHV
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$DGPLVVLEOHSRVVLEOHPHFKDQLVP
'PHFKDQLVPRFFXUUHQFHGHSHQGLQJRQWKHQXPEHURIVWRULHVRIWKHDGMDFHQWEXLOGLQJV
'PHFKDQLVPRFFXUUHQFHGHSHQGLQJRQWKHKLJKHVWVWRUH\ZLWKWKHVWUHQJWKHQLQJGHYLFHV
7DEOH5HODWLRQEHWZHHQWKHFRQVWUXFWLRQSDUDPHWHUVRIDEXLOGLQJDQGWKHIHDVLELOLW\RIWKHPHFKDQLVPV



&RQGLWLRQVJRYHUQLQJWKHFRUQHUIDLOXUH

7KHIDLOXUHPHFKDQLVPRIDIUHHFRUQHU 0HFKDQLVP0&LQ)LJXUH LVTXLWHFRPPRQLQ
PDVRQU\ EXLOGLQJV LVRODWHG SRVLWLRQHG DW WKH HQG RI DQ XUEDQ EORFN RU LQ WKHLU IUHH KLJKHU
VWRUH\V,WLVFKDUDFWHULVHGE\WKHURFNLQJVOLGLQJRIDULJLGZHGJHVKDSHGPDFUREORFNDURXQG
D KLQJH SRLQW 7KH FRUQHU IDLOXUH LQ D PDVRQU\ EXLOGLQJ JHQHUDOO\ LQYROYHV ZHOOFRQQHFWHG
PDVRQU\ZDOOVXQGHURUWKRJRQDOIRUFHVZKRVHJHRPHWU\LVQRWNQRZQDSULRUL
)LJXUHVKRZVDVWRUH\IDoDGHEHWZHHQWZRDGMDFHQWEXLOGLQJV FDVH 36 ZLWKWZRDQG
RQH VWRULHV RQ WKH OHIW DQG ULJKW VLGHV UHVSHFWLYHO\ KDYLQJ WKH 67 FRQILJXUDWLRQ RI
VWUHQJWKHQLQJGHYLFHVDWWKHILUVWIORRU 6WRUH\QRRQWKHULJKWVLGHRIWKHEXLOGLQJ 7DEOH
VKRZV WKH SRVVLELOLW\ RI RFFXUUHQFH RI PHFKDQLVP 0& DW WKH WRSPRVW 6WRUH\ QR   WR WKH
ORZHVWOHYHO 6WRUH\QR 
$V VKRZQ LQ WKH WDEOH WKH DGPLVVLELOLW\ RI HDFK PHFKDQLVP LV FKHFNHG $ IRU EHLQJ
DGPLVVLEOHDQG,IRUEHLQJLQDGPLVVLEOH UHJDUGLQJWKHFRQQHFWLRQTXDOLW\EXLOGLQJSRVLWLRQ
DQGWKHDSSOLHGVWUHQJWKHQLQJGHYLFHVVHSDUDWHO\DQGILQDOO\WKHRYHUDOODGPLVVLELOLW\FKHFN
LVH[HFXWHGIRUHDFKVWRUH\)LUVWRIDOODFFRUGLQJWRWKHILUVWFROXPQRIWKHWDEOHPHFKDQLVP
0& LV D SRVVLEOH IDLOXUH PRGH IRU DOO VWRUH\V VLQFH WKH FRQQHFWLRQV DUH FRQVLGHUHG VWURQJ
HQRXJKLQERWKULJKWDQGOHIWVLGHVRIWKHIDoDGHZDOO2QWKHRWKHUKDQGVLQFHWKHDGMDFHQW
EXLOGLQJV RQ ERWK VLGHV DUH VKRUWHU WKDQ WKH PDLQ EXLOGLQJ WKH FRUQHU IDLOXUH LV SRVVLEOH RQ
ERWK VLGHV DW WKH IUHH VWRUH\V RQO\ +RZHYHU VLQFH WKH DGMDFHQW EXLOGLQJV KDYH GLIIHUHQW
KHLJKWVWKHFRUQHUIDLOXUHPD\KDYHGLIIHUHQWFRQILJXUDWLRQVLQHLWKHUWKHOHIWRUULJKWVLGHVRI
WKHEXLOGLQJ6LPLODUFRQGLWLRQVFDQRFFXUUHJDUGLQJWKHDSSOLHGVWUHQJWKHQLQJGHYLFHZKLFK
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LVDOVRDV\PPHWULF7KHODVWFROXPQRIWKHWDEOHVKRZVWKHRYHUDOODGPLVVLELOLW\FKHFNIRUWKH
FRUQHUIDLOXUHVDWHDFKVWRUH\RIWKHEXLOGLQJ

)LJXUH([DPSOHRIWKHPDLQEXLOGLQJSRVLWLRQZLWKLQDQXUEDQEORFN
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$DGPLVVLEOHPHFKDQLVP
,LQDGPLVVLEOHPHFKDQLVP
7DEOH7KHSRVVLELOLW\RIRFFXUUHQFHRIPHFKDQLVP0&IRUWKHVWRUH\EXLOGLQJ

7R DFKLHYH D FRPSUHKHQVLYH DGPLVVLELOLW\ HYDOXDWLRQ WKH VDPH SURFHGXUH VKRXOG EH
GHYHORSHG IRU DOO WKH RWKHU PHFKDQLVPV DQG WKH DGPLVVLELOLW\ UHVXOWV JDWKHUHG DOO WRJHWKHU
ZKLFK ZRXOG SURYLGH YHU\ ODUJH WDEOHV HYHQ GLIILFXOW WR UHDG $GGLQJ D YLVXDO DSSURDFK
ZRXOGLQVWHDGRYHUFRPHWKHVHGLIILFXOWLHVDQGDOORZDPRUHXVHUIULHQGO\HYDOXDWLRQ
7KHIROORZLQJVHFWLRQSUHVHQWVWKH*+SOXJLQWKDWKDVEHHQGHYHORSHGWRILUVWO\YLVXDOLVH
DOOWKHSRVVLEOH223PHFKDQLVPVDQGWKHLUORFDWLRQVIRUDPXOWLVWRUH\EXLOGLQJDQGWKHQWR
ILQGWKHDFWXDOORDGIDFWRUDQGWKHUHODWHGJHRPHWU\RIWKHFRUQHUIDLOXUHXVHGDVWKHUHIHUHQFH
H[DPSOH
 &20387$7,21$/,03/(0(17$7,21
$*+SOXJLQKDVEHHQGHYHORSHGWRYLVXDOO\DQGSDUDPHWULFDOO\GHPRQVWUDWHWKHSRWHQWLDO
PHFKDQLVPV E\ ZKLFK D PXOWLVWRUH\ PDVRQU\ EXLOGLQJ VXUURXQGHG E\ DGMDFHQW EXLOGLQJV
PLJKWIDLODQGWRFRPSXWHWKHDFWXDO RSWLPDO IDLOXUHPHFKDQLVPIRUWKHEXLOGLQJ
7KH*+SOXJLQKDVWKUHHPDLQIXQFWLRQV
x ,WHQDEOHVWKHXVHUWRPRGHOWKHPDLQDQGDGMDFHQWEXLOGLQJVE\DVVLJQLQJWKHQXPEHURI
VWRUH\V DQG WKH UHODWHG KHLJKW 7KH PDLQ EXLOGLQJ LV PRGHOOHG DVVLJQLQJ WKH OHQJWK
KHLJKWDQGWKLFNQHVVRIWKHIDoDGHDQGVLGHZDOOVDVZHOODVFKRRVLQJWKHFRQILJXUDWLRQ
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DQGSRVLWLRQRIWKHVWUHQJWKHQLQJGHYLFHV7KHXVHUFDQSDUDPHWULFDOO\FKDQJHWKHLQSXW
YDOXHVDQGREVHUYHWKHXSGDWHGPRGHOLQUHDOWLPH
x *LYHQWKHVHJHRPHWULFLQSXWVWKHSOXJLQGLVSOD\VDOOWKHSRWHQWLDOIDLOXUHPRGHV DPRQJ
WKH VHOHFWHG VL[ PHFKDQLVPV  WKDW DUH SRVVLEOH IRU WKH PRGHO DQG GHPRQVWUDWHV DOO WKH
SRVVLEOHORFDWLRQVDWZKLFKWKHPRGHOPLJKWIDLO
x *LYHQ D VHW RI PHFKDQLFDO DQG H[WHUQDO ORDG LQIRUPDWLRQ WKH SOXJLQ FRPSXWHV DQG
GHPRQVWUDWHVWKHRSWLPDOJHRPHWU\RIWKHDFWXDOIDLOXUHPHFKDQLVPDQGWKHUHODWHGORDG
IDFWRU
,QWKHIROORZLQJWKHVHWKUHHIXQFWLRQDOLWLHVDUHGHVFULEHGLQGHWDLO


0RGHOOLQJ

7KHSOXJLQH[WHQGVWKH*+HQYLURQPHQWDYLVXDOSURJUDPPLQJDGGRQIRU5KLQRFHURV'
7R GHYHORS WKH SOXJLQ & ODQJXDJH KDV EHHQ XVHG 7KH ILUVW GHYHORSHG FRPSRQHQW RI WKH
SOXJLQHQDEOHVWKHXVHUWRYLVXDOL]HWKHH[DPLQHGEXLOGLQJVDQGWKURXJKSDUDPHWULFFKDQJHRI
WKHLQSXWVVLPSO\REVHUYHWKHXSGDWHGPRGHOLQUHDOWLPH)LJXUHGHPRQVWUDWHVDOOWKHLQSXWV
QHFHVVDU\ WR FRQVWUXFW WKH PDLQ DQG DGMDFHQW EXLOGLQJV 7KH LQSXWV FDQ EH SDUDPHWULFDOO\
FKDQJHGE\WKHXVHU

)LJXUH0DVRQU\EXLOGLQJPRGHOOLQJFRPSRQHQWDQGLWVLQSXWV

$VH[DPSOHV)LJXUHLOOXVWUDWHVGLIIHUHQWPRGHOVGHYHORSHGE\GLIIHUHQWLQSXWVUHJDUGLQJ
GLIIHUHQW VWRUH\ QXPEHUV DQG KHLJKWV IRU WKH PDLQ EXLOGLQJ DV ZHOO DV GLIIHUHQW IDoDGHV
VLGHZDOOV OHQJWKV DQG WKLFNQHVVHV %HVLGHV )LJXUH  GLVSOD\V GLIIHUHQW VWRUH\ QXPEHUV DQG
OHQJWKVRIWKHDGMDFHQWEXLOGLQJV

758


(0RXVDYLDQ/8$UJLHQWRDQG&&DVDSXOOD




)LJXUH3DUDPHWULFFKDQJHRIWKHJHRPHWULFLQSXWVRIWKHPDLQEXLOGLQJ


)LJXUH3DUDPHWULFFKDQJHRIWKHJHRPHWULFLQSXWVRIWKHDGMDFHQWEXLOGLQJV



3RWHQWLDOPHFKDQLVPYLVXDOL]DWLRQ

7DNLQJDGYDQWDJHRIWKH'YLVXDOL]DWLRQLQ*+WKHDSSURDFKHODERUDWHGLQ6HFWLRQKDV
EHHQDGRSWHGWRGHYHORSD*+FRPSRQHQWWRGHPRQVWUDWHDOOWKHSRVVLEOHPHFKDQLVPVDQGWKH
ORFDWLRQV DW ZKLFK D VSHFLILF SRWHQWLDO IDLOXUH FDQ RFFXU )LJXUH  VKRZV DOO WKH IHDVLEOH
PHFKDQLVPV DQG ORFDWLRQV DPRQJ WKRVH JDWKHUHG LQ )LJXUH  DQG UHODWHG WR WKH H[DPSOH LQ
)LJXUH


)LJXUH'LIIHUHQWW\SHVRISRWHQWLDOPHFKDQLVPVDORQJZLWKDOOWKHORFDWLRQVDWZKLFKWKHIDLOXUHLVSRVVLEOH

,QSDUWLFXODUIRUWKHFRUQHUIDLOXUH)LJXUHYLVXDOO\UHSUHVHQWVWKHGDWDUHSRUWHGLQ7DEOH
LHDOOWKHSRWHQWLDOPHFKDQLVPVWKDWFDQRFFXUIRUWKHPDLQIDoDGHSUHVHQWHGLQ)LJXUHDQG
DOO WKH SRVVLEOH ORFDWLRQV WR IRUP D KLQJH EOXH GRWV  DV ZHOO DV DOO WKH SRVVLEOH FUDFN
LQFOLQDWLRQV DUH YLVXDOO\ SUHVHQWHG ,W LV ZRUWK KLJKOLJKWLQJ WKDW WKH FUDFN OLQHV LQ GU\MRLQW
PDVRQU\ ZDOOV KDYH WKH PD[LPXP LQFOLQDWLRQ JLYHQ E\ WKH VWDJJHULQJ UDWLR RI WKH PDVRQU\
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XQLWV >@ $V FDQ EH REVHUYHG WKH UHDGDELOLW\ RI WKH SRWHQWLDO IDLOXUH PHFKDQLVPV LV
FRQVLGHUDEO\LPSURYHGLIFRPSDUHGWRWKHGDWDLQ7DEOH

)LJXUH9LVXDOL]LQJDOOWKHSRVVLEOHORFDWLRQVIRUWKHKLQJHV EOXHGRWV DQGFUDFNLQFOLQDWLRQRIPHFKDQLVP0&



$FWXDOPHFKDQLVPYLVXDOL]DWLRQ

7KHSOXJLQFDQDOVRFRPSXWHWKHDFWXDOORDGIDFWRUDQGILQGWKHUHODWHGPHFKDQLVPVKDSH
WKURXJKPDQDJLQJVSHFLILFJHRPHWULFSDUDPHWHUVE\ZKLFKWKHPHFKDQLVPFDQEHPRGHOOHG
)RUH[DPSOHPHFKDQLVP0&FDQVLPSO\EHPRGHOOHGRQO\E\ILQGLQJWKHKLQJHSRVLWLRQDQG
WKHFUDFNLQFOLQDWLRQVRQWKHIDoDGHDQGVLGHZDOOV7KHRSWLPL]DWLRQIRUPXODWLRQVGHYHORSHG
LQ >@ XVLQJ (TV   DQG   RI WKDW SDSHU KDYH EHHQ DGRSWHG LQ WKLV ZRUN IRU WKH
DVVHVVPHQWRIWKHFRUQHUIDLOXUH,QSDUWLFXODUWKHJHRPHWULFYDULDEOHVRIWKHPHFKDQLVPDUH
WKHLQFOLQDWLRQVRIWKHWZRFUDFNOLQHVIRUWKHIDoDGHDQGVLGHZDOOVGHILQLQJWKHZHGJHDWHDFK
VWRUH\ZKHUHWKHKLQJHLVSODFHG
7KHRSWLPL]DWLRQLVH[HFXWHGXVLQJ0$7/$%DVWKHEDFNHQG*LYHQWKHJHRPHWULFLQSXWV
DV ZHOO DV WKH H[WHUQDO ORDGV DQG WKH PHFKDQLFDO SURSHUWLHV WKH GHYHORSHG *+ FRPSRQHQW
FRPSXWHV WKH DFWXDO ORDG IDFWRU DQG GHPRQVWUDWHV WKH RSWLPLVHG IDLOXUH PHFKDQLVP )RU
H[DPSOH)LJXUHGHPRQVWUDWHVWKHDFWXDOPHFKDQLVP0&IRUWKHEXLOGLQJRI)LJXUHZLWK
LWVGHWDLOHGGLPHQVLRQV$VVKRZQLQWKHILJXUHWKHH[SHFWHGORDGIDFWRUVIRUWKHOHIWDQGULJKW
VLGHVRIWKHZDOODUHDQGUHVSHFWLYHO\ZKLOHWKHKLQJHVDUHIRUPHGUHVSHFWLYHO\DW
WKHVHFRQGDQGILUVWVWRUH\V IURPWKHERWWRPWRWKHWRS +RZHYHUWKHFUDFNLQFOLQDWLRQVRQ
WKHIDoDGHZDOOLQERWKPHFKDQLVPVDUHERWKHTXDOWRż DQGVLPLODUO\WKHFUDFNLQFOLQDWLRQV
RQERWKVLGHZDOOVDUHż
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)LJXUH&UDFNSDWWHUQRIWKHFRUQHUIDLOXUHVRQERWKVLGHVRIWKHPDLQEXLOGLQJ

 &21&/86,216
7KLV ZRUN GHDOV ZLWK WKH JUDSKLF YLVXDOL]DWLRQ RI WKH VHLVPLF YXOQHUDELOLW\ RI KLVWRULFDO
PDVRQU\ EXLOGLQJV LVRODWHG RU LQ DJJUHJDWH ZLWK UHVSHFW WR ORFDO IDLOXUH PHFKDQLVPV 7KH
PHFKDQLFDO PRGHO LV EDVHG RQ WKH NLQHPDWLF DSSURDFK RI OLPLW DQDO\VLV GHYHORSHG LQ >@ $
*+SOXJLQKDVEHHQGHYHORSHGWRSDUDPHWULFDOO\PRGHOWKHPDLQEXLOGLQJDQGYLVXDOLVHDOOWKH
SRVVLEOH 223 PHFKDQLVPV DQG WKHLU SRWHQWLDO ORFDWLRQV EDVHG RQ WKH DGRSWHG PDFUREORFN
PRGHOOLQJDSSURDFK7KHSOXJLQKDVEHHQGHYHORSHGXVLQJ&ODQJXDJH
7KHYLVXDORXWSXWGDWDIRUWKHSRWHQWLDOPHFKDQLVPVKDYHEHHQFRPSDUHGWRVLPLODUWDEOHV
H[LVWLQJ LQ WKH OLWHUDWXUH VKRZLQJ WKH UHDGDELOLW\ LPSURYHPHQWV RI WKH YLVXDO RXWFRPHV
FRPSDULQJWRWKHWDEOHV7KHSOXJLQFDQDOVRFRPSXWHWKHRSWLPLVHGPHFKDQLVPDQGYLVXDOL]H
LWVDFWXDOJHRPHWU\0$7/$%KDVEHHQXVHGWRSHUIRUPWKHRSWLPL]DWLRQWDVNV
,Q IXWXUH ZRUNV RWKHU W\SHV RI FROODSVH PHFKDQLVPV ZLOO EH LQWURGXFHG WRJHWKHU ZLWK
VWUHQJWKHQLQJGHYLFHVZKHWKHUPDGHRIWUDGLWLRQDORULQQRYDWLYHPDWHULDOV7KHILQDOJRDOLV
WR GHYHORS D GLJLWDO IUDPHZRUN DEOH WR IRUHFDVW DQG YHULI\ WKH VHLVPLF FDSDFLW\ RI WKH PRVW
UHFXUUHQWORFDOPHFKDQLVPVERWKRQWKHXUEDQVFDOHDQGEXLOGLQJVFDOH

$&.12:/('*0(176
7KLVSURMHFWKDVUHFHLYHGIXQGLQJIURPWKH(XURSHDQ8QLRQ¶V+RUL]RQUHVHDUFK
DQGLQQRYDWLRQSURJUDPPHXQGHUWKH0DULH6NORGRZVND&XULH*UDQW$JUHHPHQW1R
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5()(5(1&(6
>@ 0&*ULIILWK*0DJHQHV*0HOLV/3LFFKL(YDOXDWLRQRIRXWRISODQHVWDELOLW\RI
XQUHLQIRUFHG PDVRQU\ ZDOOV VXEMHFWHG WR VHLVPLF H[FLWDWLRQ -RXUQDO RI (DUWKTXDNH
(QJLQHHULQJ
>@ ( 6SHUDQ]D $Q LQWHJUDWHG PHWKRG IRU WKH DVVHVVPHQW RI WKH VHLVPLF YXOQHUDELOLW\ RI
KLVWRULFEXLOGLQJV3K'7KHVLV8QLYHUVLW\RI%DWK 8. 
>@ ''¶$\DOD(6SHUDQ]D'HILQLWLRQRIFROODSVHPHFKDQLVPVDQGVHLVPLFYXOQHUDELOLW\
RIKLVWRULFPDVRQU\EXLOGLQJV(DUWKTXDNH6SHFWUD
>@ / 6RUUHQWLQR ' '¶$\DOD * GH )HOLFH 0& *ULIILWK 6 /DJRPDUVLQR * 0DJHQHV
5HYLHZ RI RXWRISODQH VHLVPLF DVVHVVPHQW WHFKQLTXHV DSSOLHG WR H[LVWLQJ PDVRQU\
EXLOGLQJV,QWHUQDWLRQDO-RXUQDORI$UFKLWHFWXUDO+HULWDJH  
>@ & &DVDSXOOD /8 $UJLHQWR $ 0DLRQH ( 6SHUDQ]D 8SJUDGHG IRUPXODWLRQV IRU WKH
RQVHW RI ORFDO PHFKDQLVPV LQ PXOWLVWRUH\ PDVRQU\ EXLOGLQJV XVLQJ OLPLW DQDO\VLV
6WUXFWXUHV
>@ 0/ 3XSSLR / *LUHVLQL (VWLPDWLRQ RI WHQVLOH PHFKDQLFDO SDUDPHWHUV RI H[LVWLQJ
PDVRQU\ WKURXJK WKH DQDO\VLV RI WKH FROODSVH RI 9ROWHUUD¶V XUEDQ ZDOOV )UDWWXUD HG
,QWHJULWj6WUXWWXUDOH  
>@ 3; &DQGHLDV $ &DPSRV &RVWD 1 0HQGHV $$ &RVWD 3% /RXUHQoR
([SHULPHQWDODVVHVVPHQWRIWKHRXWRISODQHSHUIRUPDQFHRIPDVRQU\EXLOGLQJVWKURXJK
VKDNLQJWDEOHWHVWV,QWHUQDWLRQDO-RXUQDORI$UFKLWHFWXUDO+HULWDJH  
>@ 6 /DJRPDUVLQR 6 &DWWDUL 3(53(78$7( JXLGHOLQHV IRU VHLVPLF SHUIRUPDQFHEDVHG
DVVHVVPHQWRIFXOWXUDOKHULWDJHPDVRQU\VWUXFWXUHV%XOOHWLQRI(DUWKTXDNH(QJLQHHULQJ
  
>@ & &DVDSXOOD / *LUHVLQL /8 $UJLHQWR $ 0DLRQH 1RQOLQHDU VWDWLF DQG G\QDPLF
DQDO\VLV RI URFNLQJ PDVRQU\ FRUQHUV XVLQJ ULJLG PDFUREORFN PRGHOOLQJ ,QWHUQDWLRQDO
-RXUQDORI6WUXFWXUDO6WDELOLW\DQG'\QDPLFV    
>@ / *LUHVLQL ) 6RODULQR 2 3DJDQHOOL '9 2OLYHLUD 0 )UROL 2QHVLGHG URFNLQJ
DQDO\VLV RI FRUQHU PHFKDQLVPV LQ PDVRQU\ VWUXFWXUHV LQIOXHQFH RI JHRPHWU\ HQHUJ\
GLVVLSDWLRQ ERXQGDU\ FRQGLWLRQV 6RLO '\QDPLFV DQG (DUWKTXDNH (QJLQHHULQJ 

>@ /*LUHVLQL'HVLJQVWUDWHJ\IRUWKHURFNLQJVWDELOLW\RIKRUL]RQWDOO\UHVWUDLQHGPDVRQU\
ZDOOV WK (&&20$6 7KHPDWLF &RQIHUHQFH RQ &RPSXWDWLRQDO 0HWKRGV LQ 6WUXFWXUDO
'\QDPLFV DQG (DUWKTXDNH (QJLQHHULQJ &203'<1   5KRGHV ,VODQG *UHHFH
-XQH
>@ $ 0DLRQH & &DVDSXOOD ) &HURQL 0 'L /XGRYLFR $ 3URWD (IILFLHQF\ RI LQMHFWHG
DQFKRUV LQ FRQQHFWLQJ 7VKDSHG PDVRQU\ ZDOOV D PRGHOOLQJ DSSURDFK &RQVWUXFWLRQ
DQG%XLOGLQJ0DWHULDOVXQGHUUHYLHZ
>@ $ 'H )DOFR / *LUHVLQL 0 6DVVX 7HPSRUDU\ SUHYHQWLYH VHLVPLF UHLQIRUFHPHQWV RQ
KLVWRULFFKXUFKHVQXPHULFDOPRGHOLQJRI6DQ)UHGLDQRLQ3LVD$SSOLHG0HFKDQLFVDQG
0DWHULDOV7UDQV7HFK3XEOLFDWLRQ
>@ / *LUHVLQL ) 6RODULQR ) 7DGGHL * 0XHOOHU ([SHULPHQWDO HVWLPDWLRQ RI HQHUJ\
GLVVLSDWLRQ LQ URFNLQJ PDVRQU\ ZDOOV UHVWUDLQHG E\ DQ LQQRYDWLYH VHLVPLF GLVVLSDWRU
/,&25' %XOOHWLQRI(DUWKTXDNH(QJLQHHULQJ
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>@ - +H\PDQ 7KH VWRQH VNHOHWRQ ,QWHUQDWLRQDO -RXUQDO RI 6ROLGV DQG 6WUXFWXUHV   

>@ 5. /LYHVOH\ /LPLW DQDO\VLV RI VWUXFWXUHV IRUPHG IURP ULJLG EORFNV ,QWHUQDWLRQDO
-RXUQDOIRU1XPHULFDO0HWKRGVLQ(QJLQHHULQJ  
>@ $ 2UGXxD 3% /RXUHQoR 7KUHHGLPHQVLRQDO OLPLW DQDO\VLV RI ULJLG EORFNV
DVVHPEODJHV 3DUW , 7RUVLRQ IDLOXUH RQ IULFWLRQDO LQWHUIDFHV DQG OLPLW DQDO\VLV
IRUPXODWLRQ ,QWHUQDWLRQDO -RXUQDO RI 6ROLGV DQG 6WUXFWXUHV    

>@ 0))XQDUL66SDGHD3/RQHWWL))DEEURFLQR5/XFLDQR9LVXDOSURJUDPPLQJIRU
VWUXFWXUDO DVVHVVPHQW RI RXWRISODQH PHFKDQLVPV LQ KLVWRULF PDVRQU\ VWUXFWXUHV
-RXUQDORI%XLOGLQJ(QJLQHHULQJ
>@ ( 0RXVDYLDQ & &DVDSXOOD 4XDQWLILDEOH IHDVLELOLW\ FKHFN RI PDVRQU\ DVVHPEODJHV
FRPSRVHG RI LQWHUORFNLQJ EORFNV $GYDQFHV LQ (QJLQHHULQJ 6RIWZDUH  DUW QR

>@ 3% /RXUHQoR -* 5RWV - %ODDXZHQGUDDG 7ZR DSSURDFKHV IRU WKH DQDO\VLV RI
PDVRQU\VWUXFWXUHVPLFURDQGPDFURPRGHOLQJ+HURQ  
>@ 9 6DUKRVLV -9 /HPRV . %DJL 'LVFUHWH HOHPHQW PRGHOOLQJ % *KLDVVL * 0LODQL
HGV 1XPHULFDO 0RGHOLQJ RI 0DVRQU\ DQG +LVWRULFDO 6WUXFWXUHV )URP 7KHRU\ WR
$SSOLFDWLRQ(OVHYLHU:RRGKHDG3XEOLVKLQJ6HULHVLQ&LYLODQG6WUXFWXUDO(QJLQHHULQJ
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WK(&&20$67KHPDWLF&RQIHUHQFHRQ
&RPSXWDWLRQDO0HWKRGVLQ6WUXFWXUDO'\QDPLFVDQG(DUWKTXDNH(QJLQHHULQJ
03DSDGUDNDNLV0)UDJLDGDNLV HGV 
6WUHDPHGIURP$WKHQV*UHHFH-XQH

OUT-OF-PLANE RESPONSE OF T-SHAPED MASONRY WALLS
STRENGTHENED WITH CFRP INJECTED ANCHORS: MODELLING
AND DESIGN PROVISIONS
Alessandra Maione , Claudia Casapulla, Francesca Ceroni, Marco Di Ludovico
Andrea Prota


8QLYHUVLW\RI1DSOHV)HGHULFR,,'HSDUWPHQWRI6WUXFWXUHVIRU(QJLQHHULQJDQG$UFKLWHFWXUH
9LD)RUQR9HFFKLR1DSOHV,WDO\
^DOHVVDQGUDPDLRQHFDVDFODGLOXGRYLDSURWD`#XQLQDLW


8QLYHUVLW\RI1DSOHV3DUWKHQRSH(QJLQHHULQJ'HSDUWPHQW
&HQWUR'LUH]LRQDOHLV&1DSOHV,WDO\
IUDQFHVFDFHURQL#XQLSDUWKHQRSHLW

Abstract
The assessment of the effectiveness of strengthening interventions against the out-of-plane failure mechanisms of masonry walls requires developing a proper modelling approach. In this
paper, the attention is focused on strengthening systems based on injected anchors made of
carbon fibre reinforced polymer (CFRP) tubes. The resistance to corrosion and the possibility
of using traditional grouts make such systems a promising alternative to steel bars in interventions on masonry structures aimed at improving poor connections between orthogonal walls.
The paper introduces a modelling approach to assess the anchors contribution in the out-ofplane response of T-shaped masonry walls under horizontal actions. The approach adopts a
rigid macro-block model of masonry based on the kinematic method of limit analysis.
The contribution of the anchors is evaluated at the onset of the out-of-plane response of the
strengthened system, defining its horizontal capacity and the crack inclination of the expected
mechanism. The results obtained with the proposed model are firstly validated through the
comparison with literature experimental findings. Then, parametric analyses are developed
accounting for geometric and loading parameters characterizing T-shaped wall connections,
and the performance of different layouts of anchors is assessed. Preliminary design indications
are also provided to address the optimal balance between effectiveness, low invasiveness, and
costs of such strengthening interventions.
Keywords:0DVRQU\7VKDSHGZDOOVLQMHFWHGDQFKRUV&)53PDFUREORFNPRGHOOLPLWDQDO
\VLVRXWRISODQHPHFKDQLVPV
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1

INTRODUCTION

3RRUFRQQHFWLRQVEHWZHHQRUWKRJRQDOZDOOVUHSUHVHQWRQHRIWKHSULPDU\VRXUFHVRIYXOQHU
DELOLW\IRUH[LVWLQJPDVRQU\EXLOGLQJVXQGHUVHLVPLFDFWLRQV>@WRJHWKHUZLWKZHDNFRQQHFWLRQV
EHWZHHQZDOOVDQGKRUL]RQWDOGLDSKUDJPV>@,QGHHGWKH\IUHTXHQWO\FDXVHWKHRQVHWRIRXW
RISODQHIDLOXUHPHFKDQLVPVLQYROYLQJHQWLUHZDOOVRUSRUWLRQVRIWKHPZKLFKFDQFROODSVHIRU
ORVVRIHTXLOLEULXP6WUHQJWKHQLQJLQWHUYHQWLRQVEDVHGRQLQMHFWHGDQFKRUVKDYHEHHQXVHGVLQFH
WKHILUVWGHFDGHVRIWKHODVWFHQWXU\LQEXLOGLQJVZLWKPDVRQU\PDGHRIWUDGLWLRQDODQGLQQRYDWLYH
DJJUHJDWHV>@7UDGLWLRQDOLQMHFWHGDQFKRUVFRQVLVWRIWHQVLOHVWHHOHOHPHQWVJURXWHGLQERUH
KROHVFURVVLQJWKHZDOOFRQQHFWLRQWKH\FDQSURYLGHKRUL]RQWDOUHVLVWDQFHHLWKHUE\ERQGRU
DQFKRUSODWHVLPSURYLQJPDVRQU\ZDOOFRQQHFWLRQV>@
'HVSLWHWKH ZLGHVSUHDG XVHRIVXFKDW\SRORJ\ RIDQFKRUVWKHLUORQJWHUPGXUDELOLW\KDV
SURYHGXQVDWLVIDFWRU\GXHWRFRUURVLRQSKHQRPHQDDQGJURXWSRZGHULQJ6XFKDQDVSHFWLPSOLHV
KLJKHFRQRPLFDQGHQYLURQPHQWDOLPSDFWGXULQJWKHEXLOGLQJOLIHF\FOH>@7KXVLQQRYDWLYH
W\SRORJLHVKDYHUHFHQWO\EHHQXVHGLQPDVRQU\VWUXFWXUHVDVDQDOWHUQDWLYHWRVWHHOGHYLFHV>@
7KH\GHDOZLWKDQFKRUVPDGHRIVWDLQOHVVVWHHORUILEUHUHLQIRUFHGSRO\PHU )53 PDWHULDOVOLNH
JODVVRUFDUERQILEUHVWKH\RYHUFRPHWKHFULWLFDOLVVXHVPHQWLRQHGDERYHDQGDFKLHYHEHWWHU
FRPSDWLELOLW\ZLWKWKHPDVRQU\VXEVWUDWHZKHQXVHGWRJHWKHUZLWKWUDGLWLRQDOQRFHPHQWJURXWV
0DQ\UHVHDUFKZRUNVKDYHLQYHVWLJDWHGWKHEHKDYLRXURILQMHFWHGDQFKRUVW\SLFDOORFDOIDLO
XUHPRGHVKDYHEHHQLGHQWLILHGLQYROYLQJERWKWKHERQGIDLOXUHDWWKHLQWHUIDFHJURXWPDVRQU\
RUJURXWDQFKRUVDQGWKHFRQHPDVRQU\GHWDFKPHQW>@H[SHULPHQWDOFDPSDLJQVKDYHLQYHV
WLJDWHGWKHLQIOXHQFHRIJHRPHWULFDODQGPHFKDQLFDOSDUDPHWHUVRQWKHSXOORXWVWUHQJWK>
@DQGDQDO\WLFDOIRUPXODWLRQVKDYHEHHQSURSRVHGWRHYDOXDWHWKHSXOORXWVWUHQJWKEDVHGRQ
H[SHULPHQWDOGDWD>@+RZHYHUWKHGHILQLWLRQRIDSURSHUPRGHOOLQJDSSURDFKWRDVVHVVWKH
HIIHFWLYHQHVVRILQMHFWHGDQFKRUVRQWKHRXWRISODQHUHVSRQVHRIPDVRQU\ZDOOVLVVWLOODQRSHQ
LVVXHWRJHWKHUZLWKWKHIRUPXODWLRQRIGHVLJQSURYLVLRQV>@WRDFKLHYHWKHEHVWEDODQFHRIHI
IHFWLYHQHVVORZLQYDVLYHQHVVDQGFRVWV
7KHSUHVHQWSDSHUDLPVWRDGGUHVVWKHVHLVVXHVSURYLGLQJDPRGHOOLQJVWUDWHJ\WRDVVHVVWKH
KRUL]RQWDOORDGFDSDFLW\DQGWKHH[SHFWHGIDLOXUHPHFKDQLVPRI7VKDSHGZDOOVVWUHQJWKHQHG
ZLWK&)53LQMHFWHGDQFKRUV$QH[WHQGHGULJLGPDFUREORFNPRGHOLVILUVWGHYHORSHGDQGDS
SOLHGWRDOLWHUDWXUHFDVHVWXG\>@WRYHULI\LWVUHOLDELOLW\DJDLQVWH[SHULPHQWDOUHVXOWV7KHQ
SDUDPHWULFDQDO\VHVDUHFDUULHGRXWWRLQYHVWLJDWHWKHLQIOXHQFHRIJHRPHWULFDQGORDGLQJSD
UDPHWHUVRQWKHSHUIRUPDQFHRIWZRGLIIHUHQWOD\RXWVRIWKHVWUHQJWKHQLQJV\VWHP7KHUHVXOWV
RIWKHVHDQDO\VHVDUHXVHGWRGHULYHSUHOLPLQDU\GHVLJQLQGLFDWLRQV
2

A MODELLING STRATEGY FOR ROCKING-SLIDING MECHANISMS IN TSHAPED MASONRY WALLS STRENGTHENED WITH CFRP INJECTED
ANCHORS

2.1 The rigid macro-block model
7KLVVHFWLRQSUHVHQWVDPRGHOOLQJDSSURDFKWRDVVHVVWKHKRUL]RQWDOORDGFDSDFLW\RI7VKDSHG
PDVRQU\ZDOOVVWUHQJWKHQHGZLWK&)53LQMHFWHGDQFKRUV7KHDSSURDFKLVGHYHORSHGDVDQH[
WHQVLRQRIWKHULJLGPDFUREORFNPRGHOSURSRVHGE\&DVDSXOODHWDO>@WRDVVHVVWKHRXW
RISODQHEHKDYLRXURIXQUHLQIRUFHGVWRQHPDVRQU\VWUXFWXUHV,WLVEDVHGRQWKHQRQOLQHDUNLQ
HPDWLFPHWKRGRIOLPLWDQDO\VLVDQGDFFRXQWVIRUIULFWLRQDOUHVLVWDQFHV%RWKIRUFHDQGGLVSODFH
PHQWEDVHGDVVHVVPHQWVDUHSRVVLEOH
7KHDGRSWHGPRGHODVVXPHVWKDWWKHUHODWLYH GLVSODFHPHQWV DPRQJ WKH PDVRQU\XQLWV LQ
YROYHGLQRXWRISODQHIDLOXUHPHFKDQLVPVDUHFRQFHQWUDWHGDORQJDIHZPDLQFUDFNVVHSDUDWLQJ
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WKHVWUXFWXUHLQWRDQXPEHURIULJLGPDFUREORFNV0RUHRYHUWKHPDFUREORFNVDQGWKHFRQVWLW
XHQWXQLWVKDYHLQILQLWHVWUHQJWKLQFRPSUHVVLRQWHQVLRQDQGVKHDUZKLOHQRWHQVLRQDQGIULF
WLRQDOEHKDYLRXUFKDUDFWHULVHWKHFRQWDFWLQWHUIDFHVDORQJWKHFUDFNV &RXORPEIDLOXUHFULWHULRQ 
:KHQWKHRQVHWRIDIDLOXUHPHFKDQLVPLVLQYHVWLJDWHGWKHKRUL]RQWDOFDSDFLW\RIXQUHLQ
IRUFHGVWRQHPDVRQU\VWUXFWXUHVFDQEHIRXQGDVWKHPLQLPXPKRUL]RQWDOIRUFHYHULI\LQJWKH
OLPLW HTXLOLEULXP FRQGLWLRQ RI WKH LQYROYHG PDFUREORFNV 7KH HTXLOLEULXP UHIHUV WR WKH UHVW
SRVLWLRQRIWKHPDFUREORFNVVLQFHWKHLUURWDWLRQLVQXOODWWKHRQVHWRIWKHPHFKDQLVP,QSDU
WLFXODUIRUD7VKDSHGZDOO )LJXUHD WKHJHRPHWU\RIWKHPDFUREORFNLQYROYHGLQDURFNLQJ
VOLGLQJLVGHILQHGE\WZRSDUDPHWHUVWKHKHLJKWH2RIWKHURWDWLRQDOKLQJHIURPWKHEDVHDQG
WKHLQFOLQDWLRQDQJOHRIWKHPDLQFUDFNDFDIIHFWLQJWKHVSLQHZDOO )LJXUHEF 6XFKSDUDP
HWHUVUHSUHVHQWWKHJHRPHWULFYDULDEOHVXVHGLQWKHPLQLPL]DWLRQSURFHGXUHDQGFKDUDFWHULVHWKH
SRVVLEOHIDLOXUHPRGHV )LJXUHEG 





D  E  F  G 



)LJXUH  5RFNLQJVOLGLQJ IDLOXUH PRGHV RI D 7VKDSHG ZDOO D  JHRPHWULFDO FRQILJXUDWLRQ E  VLPSOH DQG F 
FRPSRXQGURFNLQJRISDUWRIWKHIURQWZDOO G URFNLQJRIWKHZKROH7VKDSHGZDOO

2QFHLGHQWLILHGWKHJHRPHWU\RIWKHPDFUREORFNDWWKHRQVHWDGLVSODFHPHQWEDVHGDSSURDFK
DOORZVIROORZLQJWKHHYROXWLRQRIWKHPHFKDQLVPXSWRFROODSVH7RWKLVDLPWKHHTXLOLEULXP
RIWKHPDFUREORFNGHILQHVWKHKRUL]RQWDOFDSDFLW\UHODWHGWRHDFKYDOXHRIWKHURWDWLRQDQJOHT
UHSUHVHQWLQJWKHNLQHPDWLFFRQILJXUDWLRQRIWKHV\VWHP
7KHPDFUREORFNPRGHODOVRDFFRXQWVIRUWKHIULFWLRQDOUHVLVWDQFHLQSDUWLFXODUIRUFRP
ELQHGURFNLQJVOLGLQJPHFKDQLVPVWKHFULWHULRQSURSRVHGDQGYDOLGDWHGE\&DVDSXOODHWDO>@
HYDOXDWHVWKHDFWXDOIULFWLRQDOIRUFHFiDFWLQJRQWKHi-th EHGMRLQWDVDUDWHRIWKHPD[LPXPYDOXH
ܨത WKURXJKDFRHIILFLHQWZZKLFKGHSHQGVRQDF+HQFHLWFDQEHH[SUHVVHGDV



ܨ ൌ ɘܨത ൌ  ቀͳ െ  ౙ ቁ ܨത 
ౘ



ZKHUHDELVWKHLQFOLQDWLRQDQJOHFRUUHVSRQGLQJWRWKHXQLWVVWDJJHULQJUDWLRLHDE WDQ vh 
)LJXUHD ,WLVZRUWKQRWLQJWKDWDFFRUGLQJWRWKHSURSRVHGFULWHULRQWKHIULFWLRQDOIRUFHVDUH
WDNHQLQWRDFFRXQWRQO\LIDFDERWKHUZLVHDVLPSOHURFNLQJPHFKDQLVPRFFXUVZLWKRXWIULF
WLRQDOUHVLVWDQFHV
7KHIULFWLRQDOIRUFHVDFKLHYHWKHPD[LPXPYDOXHܨത ZKHQWKHEHGMRLQWVDORQJWKHFUDFNDUH
LQYROYHGLQ DVLPSOHVOLGLQJ PHFKDQLVP LH LQ WKHFDVHRI DYHUWLFDO FUDFNZLWK LQFOLQDWLRQ
DQJOHDF  )LJXUHE ܨത FDQLQGHHGEHH[SUHVVHGDVWKHVXPRIWZRFRPSRQHQWVGXHWRWKH
VHOIZHLJKWDQGWKHRYHUORDGDIIHFWLQJWKHVSLQHZDOO VHH)LJXUHD 


ܨത ൌ ሾ݅ ή ሺɀ ή ݐୱ ή ݄ ή ݒሻ  ݍୱ ή ݒሿ ή ݂ i «nF 
EHLQJJWKHXQLWZHLJKWRIPDVRQU\tVWKHWKLFNQHVVRIWKHVSLQHZDOO h WKHKHLJKWRIWKHXQLWV
vWKHLURYHUODSSLQJOHQJWKqVWKHRYHUORDGSHUXQLWOHQJWKXQLIRUPO\GLVWULEXWHGRQWKHVSLQH
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ZDOOfWKHIULFWLRQFRHIILFLHQW nFWKHQXPEHURILQYROYHGFRXUVHV nFnEHLQJnWKHWRWDOQXP
EHURIFRXUVHVDORQJZLWKWKHKHLJKW ,WLVZRUWKQRWLQJWKDW(TV  DQG  UHIHUWRVLQJOHOHDI
ZDOOVDUUDQJHGLQDUXQQLQJERQGSDWWHUQVXFKDQLGHDOLVHGUHJXODUDUUDQJHPHQWRIXQLWEORFNV
DVVXUHVWKHPRQROLWKLFEHKDYLRXURIWKHWUDQVYHUVDOVHFWLRQRIWKHZDOO1RQUHJXODUERQGSDW
WHUQVFDQDOVREHLPSOHPHQWHGLIDQDYHUDJHVL]HRIWKHXQLWEORFNVFDQEHLGHQWLILHGDVLQ>@

D 









 E 

)LJXUH D 6WRQHPDVRQU\XQLWGLPHQVLRQV E PD[LPXPIULFWLRQDOIRUFHVDFWLQJRQHDFKEHGMRLQW

2.2 A modelling approach for strengthened T-shaped walls
7KHPDFUREORFNPRGHOOLQJDSSURDFKLVKHUHLQH[WHQGHGWRWKHDQDO\VLVRI7VKDSHGPDVRQU\
ZDOOVVWUHQJWKHQHGZLWK&)53LQMHFWHGDQFKRUV7KHFRQWULEXWLRQRIVXFKDVWUHQJWKHQLQJV\V
WHPFDQEHWDNHQLQWRDFFRXQWRQWKHEDVLVRIVRPHDVVXPSWLRQVGHVFULEHGLQWKHIROORZLQJ
)LUVW RIDOOLWLV DVVXPHGWKDWWKHWHQVLOHEHKDYLRXURI &)53LQMHFWHGDQFKRUV FDQEH GH
VFULEHGLQDVLPSOLILHGZD\WKURXJKDELOLQHDUORDGVOLSUHODWLRQVKLST-s,DV:


ܶ ൌ ܭଵ  ݏLIs sܶ ൌ ܶ  כെ ܭଶ ሺ ݏെ ݏଵ ሻLIs !s



$VDQH[DPSOH)LJXUHDUHSUHVHQWVDELOLQHDUFXUYHRYHUODLGRQH[SHULPHQWDOFXUYHVGH
ULYHGIURPOLWHUDWXUHSXOORXWWHVWV>@,WUHIHUVWR&)53WXEHVZUDSSHGZLWKDVWDLQOHVVVWHHO
IDEULF )LJXUHEF DQGZLOOEHXVHGLQWKHQXPHULFDODQDO\VHVGHYHORSHGLQWKHIROORZLQJ



D

E



F



)LJXUH D 6LPSOLILHGELOLQHDUFXUYHRYHUODLGRQH[SHULPHQWDOSXOORXWFXUYHVUHODWHGWRZUDSSHG&)53WXEHV
>@ E ZUDSSHG&5)3WXEHV F VWDLQOHVVVWHHOIDEULF

7KHSDUDPHWHUVGHILQLQJVXFKDELOLQHDUFXUYHFDQEHGHULYHGIURPWKHH[SHULPHQWDOGDWDDV
DYHUDJHYDOXHVWKH\DUHK N1PPK N1PPT  N1V PP
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,WLVDOVRDVVXPHGWKDWWKHDQFKRUVDUHRQO\WHQVLRQHGE\WKHUHODWLYHKRUL]RQWDOGLVSODFHPHQWV
RFFXUULQJDORQJWKHFUDFNOLQHWKXVDJHQHULFURZRIDQFKRUVFRQWULEXWHVWRWKHJOREDOUHVLVWDQFH
LILWFURVVHVWKHPDLQFUDFNDQGWKHHPEHGGHGOHQJWKLQWKHUHVWLQJSRUWLRQRIWKHZDOOLVKLJKHU
WKDQWKDWUHTXLUHGWRDFKLHYHWKHPD[LPXPVWUHQJWK)RUWKHZUDSSHG&)53WXEHVFRQVLGHUHG
LQWKLVSDSHUWKHPLQLPXPHPEHGGHGOHQJWK lLVPPEDVHGRQOLWHUDWXUHSXOORXWWHVWV>@
6XFKDYDOXHDOORZVH[SORLWLQJWKHPD[LPXPVWUHQJWK T* )LJXUHD 
/DVWO\WKHUHVXOWDQWFRQWULEXWLRQRIWKHDFWLYHDQFKRUVDWWKHRQVHWRIDIDLOXUHPHFKDQLVPLV
QRWFDOFXODWHGRQWKHLQLWLDOSRVLWLRQ T  RIWKHPDFUREORFNEXWRQWKHNLQHPDWLFFRQILJX
UDWLRQ T! WKDWSURYLGHVWKHPD[LPXPYDOXHRIVXFKFRQWULEXWLRQ7KHDSSUR[LPDWLRQFDQ
UHDVRQDEO\ EH DFFHSWHG FRQVLGHULQJ WKDW &)53 DQFKRUV KDYH YHU\ KLJK HODVWLF PRGXOXV DQG
DFKLHYHWKHPD[LPXPWHQVLOHVWUHQJWKT*IRUYHU\VPDOOGLVSODFHPHQWVDVIXOO\YHULILHGLQ>@
+RZHYHULWLVSRLQWHGRXWWKDWWKHPD[LPXPFRQWULEXWLRQRIWKHZKROHV\VWHPRIDFWLYHDQFKRUV
GRHVQRWLPSO\WKDWWKH\DOODFKLHYHWKHPD[LPXPVWUHQJWK, T*7KLVEHFDXVHWKHIRUFHVSUR
YLGHGE\WKHDQFKRUVGHSHQGRQWKHKRUL]RQWDOGLVSODFHPHQWVWKDWLQWKHULJLGPRGHOLQFUHDVH
ZLWKWKHGLVWDQFHIURPWKHURWDWLRQDOKLQJHFRQVHTXHQWO\WKHORZHVWURZVRIDQFKRUVPD\QRW
UHDFKT 
%DVHGRQWKHVHDVVXPSWLRQVLWLVSRVVLEOHWRFRQVLGHUWKHOLPLWHTXLOLEULXPFRQGLWLRQRIWKH
VWUHQJWKHQHGPDFUREORFNLQYROYHGLQDURFNLQJVOLGLQJIDLOXUHPHFKDQLVP7KHUHODWHGIRUFHV
)LJXUHD DUHWKHKRUL]RQWDOIRUFH FhDSSOLHGWRWKHFRQWUROSRLQW&WKHUHVXOWDQWWRIDOOWKH
JUDYLWDWLRQDOORDGV VHOIZHLJKWRIWKHPDFUREORFNDQGRYHUORDGV WKHWHQVLOHIRUFHVT$jSUR
YLGHGE\m URZVRILQMHFWHGDQFKRUV j «mIURPWKHWRS DQGWKHIULFWLRQDOIRUFHVFiDFWLQJ
RQWKHEHGMRLQWi i «nIURPWKHWRS ,WLVHDV\WRYHULI\WKDWWKHYDOXHVRIWDQGFi
VWULFWO\GHSHQGRQWKHXQNQRZQFUDFNLQFOLQDWLRQDQJOHDFDVZHOODVRQH2 VHH(T  
,QDJHQHULFYDULHGNLQHPDWLFFRQILJXUDWLRQLGHQWLILHGE\WKHILQLWHURWDWLRQDQJOHT )LJXUH
E WKHSRVLWLRQRIWKHIRUFHVLVGHILQHGE\WKHLUSRODUFRRUGLQDWHVZLWKUHVSHFWWRWKHKLQJH2
LHE\WKHLUSRVLWLRQUDGLXVRDQGLWVLQFOLQDWLRQDQJOHDTRQWKHKRUL]RQWDOD[LV




D









 E 

)LJXUH D )RUFHVDFWLQJRQWKHURFNLQJVOLGLQJPDFUREORFNZLWK E WKHLUSRODUFRRUGLQDWHVUHODWHGWRDJHQHULF
URWDWLRQDQJOHT

+HQFHWKHKRUL]RQWDOIRUFH Fh UHODWHGWRWKHJHQHULFURWDWLRQDQJOHT FDQEHREWDLQHGDVWKH
VXPRIWKHFRQWULEXWLRQVFhPDQGFhTGXHWRPDVRQU\DQGLQMHFWHGDQFKRUVUHVSHFWLYHO\
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ZKHUHWKHSDUDPHWHUVZLWKWKHVXSHUVFULSWDUHWKHOHYHUDUPVRIWKHIRUFHVLQWKHYDULHGFRQILJ
XUDWLRQV>@
$VVXPLQJT (T  SURYLGHVWKHOHYHUDUPVRIWKHIRUFHVDWWKHRQVHWRIWKHPHFKDQLVP
8QGHUVXFKDQDVVXPSWLRQIRUWKHDVEXLOWFRQILJXUDWLRQ T$j  WKHH[SHFWHGJHRPHWU\RI
WKH PRYLQJ PDFUREORFN LV REWDLQHG E\ PLQLPLVLQJ WKH KRUL]RQWDO IRUFH Fh LQ (T   ZLWK
UHVSHFWWRWKHSRVLWLRQRIWKHKLQJHH2DQGWKHLQFOLQDWLRQRIWKHFUDFNWDQDFDVVXPLQJH2H.
)RUWKHUHLQIRUFHGFRQILJXUDWLRQRQWKHRWKHUKDQGFhLQ(T  LVQRWDFRQWLQXRXVIXQFWLRQ
RIWDQDFVLQFHWKHFRQWULEXWLRQT$jRIWKHjWKURZRIDQFKRUVDWWKHKHLJKWhj EHFRPHVQXOOIRUWKH
DQJOH
DFj WDQ Ls ±l hj





EHLQJ LsWKHOHQJWKRIWKH VSLQHZDOOFURVVHGE\WKH DQFKRUV DQGl WKHPLQLPXPHPEHGGHG
OHQJWK )LJXUH QRWHWKDWDFjGHSHQGVRQWKHOHQJWKl0ZKLFKLVDIXQFWLRQRIERWKWKHD[LDO
VWLIIQHVVRIWKHDQFKRUVDQGWKHPHFKDQLFDOSURSHUWLHVRIPDVRQU\DQGJURXW>@
+HQFHWKHSXUVXLW RIWKHFUDFNLQFOLQDWLRQ SURYLGLQJ WKHPLQLPXP YDOXHRI FhKDVWR EH
FDUULHG RXW LQ D GLVFUHWH IRUP E\ FRPSDULQJ D VHW RI YDOXHV Fhj UHSUHVHQWLQJ WKH PLQLPXP
UHODWHG WR DOO WKH SRVVLEOH FRQILJXUDWLRQV RI DFWLYH URZV RI DQFKRUV $V DQ H[DPSOH IRU WKH
VWUHQJWKHQLQJV\VWHPZLWKWKUHHURZVRIDQFKRUVLQ)LJXUHWKHYDOXHVFhjKDYHWREHFDOFXODWHG
LQWKHIROORZLQJUDQJHVRIDF


DFDFDFDFDFDFDFDFDFDFq



,QGHHGWKHYDOXHVFhjFRUUHVSRQGWRDSURJUHVVLYHUHGXFWLRQRIWKHURZVRIDFWLYHDQFKRUV
VWDUWLQJIURPWKHXSSHURQH


)LJXUH&UDFNLQFOLQDWLRQDQJOHDFjH[FOXGLQJWKH jthURZRIDQFKRUV

3

EXPERIMENTAL VALIDATION OF THE ANALYTICAL APPROACH

,QWKLVVHFWLRQWKHSURSRVHGPRGHOOLQJDSSURDFKLVDSSOLHGWRDOLWHUDWXUHFDVHVWXG\WRLOOXV
WUDWHWKHPHWKRGRORJ\DQGYHULI\LWVUHOLDELOLW\7KHFDVHVWXG\GHDOVZLWKWKHIXOOVFDOH7VKDSHG
ZDOO H[SHULPHQWDOO\ LQYHVWLJDWHGE\0DGGDORQLHW DO >@ LWZDV VWUHQJWKHQHG ZLWK DQFKRUV
PDGHRI&)53WXEHVZUDSSHGZLWKDVWDLQOHVVVWHHOIDEULF )LJXUHE DQGLQMHFWHGZLWKSR]]R
ODQDEDVHGJURXW7KHJHRPHWULFIHDWXUHVRIWKH7VKDSHGZDOODUHUHSUHVHQWHGLQ)LJXUHWR
JHWKHUZLWKWKHOD\RXWRIWKHVWUHQJWKHQLQJV\VWHP7KHDQFKRUVKDGDOHQJWKRIPPDQG
ZHUH SODFHGLQ PPGLDPHWHUKROHV DOWHUQDWLYHO\ DORQJ WZRYHUWLFDO OLQHV DW D GLVWDQFHRI
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PP 6LQFH WKH H[SHULPHQWDO SXOORXW FXUYHV LQ )LJXUH D UHIHU WR WKH VDPH W\SRORJ\ RI
DQFKRUVWKHELOLQHDUVFKHPDWL]DWLRQUHSUHVHQWHGLQWKHVDPHILJXUHKDVEHHQXVHGLQWKHQX
PHULFDODQDO\VHV

D



E



)LJXUH 7VKDSHGZDOOWHVWHGE\0DGGDORQLHWDO>@ D RYHUDOOGLPHQVLRQVDQGDUUDQJHPHQWRIWKHXQLWEORFNV
E OD\RXWRIWKHVWUHQJWKHQLQJV\VWHPPDGHRI&)53LQMHFWHGDQFKRUV

3.1 Assessing the case study with the proposed approach
,QDSSO\LQJ WKHIULFWLRQDOPDFUREORFNPRGHOWRWKHFDVHVWXG\DVFKHPDWL]DWLRQRIWKHDU
UDQJHPHQWRIWKHVWRQHPDVRQU\XQLWVLVLQWURGXFHGFRQVLGHULQJDYHUDJHYDOXHVIRUERWKWKH
RYHUODSSLQJOHQJWKvDQGWKHKHLJKWhRIWKHXQLWV )LJXUHD EDVHGRQWKHDFWXDORQHV7KH
IULFWLRQFRHIILFLHQWLVWDNHQDVf EDVHGRQH[SHULPHQWDOGDWDIRUGU\MRLQWHGWXIIEORFNV
>@7KHDGRSWHGYDOXHVDUHUHSRUWHGLQ7DEOHZLWKWKHUHODWHGRQHVLHn DQGWDQDE

h>PP@
n H/h
f
Q
WDQDE Qh





7DEOH9DOXHVRIWKHSDUDPHWHUVXVHGWRVFKHPDWL]HWKHDUUDQJHPHQWRIWKHXQLWEORFNV

7KHYDOLGDWLRQRIWKHSURSRVHGDSSURDFKFRQFHUQVWKHSXUVXLWRIWKHFUDFNLQFOLQDWLRQDQJOH
DF SURYLGLQJWKHH[SHFWHGIDLOXUHPHFKDQLVPIRUWKHVWUHQJWKHQHGV\VWHPDQGWKHPLQLPXP
YDOXHFh* RIWKHKRUL]RQWDOFDSDFLW\Fh7RWKLVDLPFhDQGLWVFRPSRQHQWV FhPDQGFh&)53DUH
GLVSOD\HGLQ)LJXUHDDVIXQFWLRQVRIWKHFUDFNLQFOLQDWLRQDQJOHDF)RUHDFKDFWKHPD[LPXP
YDOXHVRIERWKFRPSRQHQWVDUHUHSRUWHGDVVXPLQJWKH\RFFXUDWWKHRQVHWDVSUHYLRXVO\H[
SODLQHG,WLVZRUWKQRWLQJWKDWFhLVDSSOLHGDWWKHFRQWUROSRLQWXVHGLQWKHH[SHULPHQWDOWHVW
SODFHGDWPPIURPWKHEDVH SRLQW&LQ)LJXUH 
)LJXUHDILUVWVKRZVWKDWFhPLQFUHDVHVZLWKDFZLWKGLIIHUHQWWUHQGVGXHWRWKHFRQWULEXWLRQ
RIWKHIULFWLRQDOIRUFHVZKLFKEHFRPHQXOOIRUDF DE  VHH(T  ,WVPLQLPXPYDOXH
DERXWN1 FRUUHVSRQGVWRWKHDFWLYDWLRQRIWKHPRVWOLNHO\PHFKDQLVPIRUWKHXQUHLQIRUFHG
ZDOOV\VWHPZKLFKRFFXUVIRUDF LQJRRGDJUHHPHQWZLWKWKHH[SHULPHQWDOUHVXOWVUHODWHG
WRWKHDVEXLOWVSHFLPHQ>@2QWKHRWKHUKDQGFh&)53H[KLELWVDVWHSZLVHGHFUHDVLQJWUHQG
ZKHUHWKHVKLIWIURPDVWHSWRWKHQH[WRQHUHSUHVHQWVWKHSURJUHVVLYHUHGXFWLRQRIWKHDFWLYH
URZVRIDQFKRUVVWDUWLQJIURPWKHWRS)RUHDFKVWHSWKHVXPRIWKHWZRFRQWULEXWLRQVFhPDQG
Fh&)53DFKLHYHVDPLQLPXPYDOXH FhjZKLFKLVKLJKOLJKWHGRQWKHUHGFXUYHE\DVWDUPDUNHU
,WUHSUHVHQWVWKHKRUL]RQWDOORDGFDSDFLW\UHODWHGWRWKHIDLOXUHPHFKDQLVPZLWKWKHFUDFNLQFOL
QDWLRQDFj j «mEHLQJmWKHURZVRIDQFKRUV ZKLFKH[FOXGHVWKHILUVWjURZVRIDQFKRUV
VWDUWLQJIURPWKHWRS7KHFUDFNLQFOLQDWLRQVDFjDVVRFLDWHGZLWKWKHSRVVLEOHIDLOXUHPHFKDQLVPV
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DUHVXPPDULVHGLQ)LJXUHE
7KXVWKHKRUL]RQWDOORDGFDSDFLW\RIWKHVWUHQJWKHQHG7VKDSHGZDOOFRLQFLGHVZLWKWKHPLQ
LPXPDPRQJWKHYDOXHV)hjLH Fh* Fh N16XFKDYDOXHFRUUHVSRQGVWRWKHFUDFNLQ
FOLQDWLRQDF  DF WKDWH[FOXGHVDOOWKHHLJKWURZVRIDQFKRUVDQGLGHQWLILHVWKHH[SHFWHG
IDLOXUHPHFKDQLVPIRUWKHVWUHQJWKHQHG7VKDSHGZDOO




D



E

)LJXUH D +RUL]RQWDOORDGFDSDFLW\DVWKHVXPRIPDVRQU\DQG&)53DQFKRUVFRQWULEXWLRQVYVFUDFNLQFOLQDWLRQ
DQJOH E FUDFNLQFOLQDWLRQDQJOHVFKDUDFWHUL]LQJWKHSRVVLEOHIDLOXUHPHFKDQLVPV

%\FRQFOXGLQJLWFDQEHDVVHUWHGWKDWWKHSURSRVHGDSSURDFKDOORZVGHILQLQJZLWKJRRGDS
SUR[LPDWLRQERWKWKHIDLOXUHPHFKDQLVPDQGWKHKRUL]RQWDOORDGFDSDFLW\RIWKHH[SHULPHQWDO
FDVHVWXG\WKLVODWWHULQIDFWDIWHUWKHVWUHQJWKHQLQJLQWHUYHQWLRQH[KLELWHGDIDLOXUHPHFKD
QLVPRIJOREDOURFNLQJZLWKDF\OLQGULFDOKLQJHDWWKHEDVH DF  ZLWKDWULJJHULQJKRUL
]RQWDOORDGRIDERXWN1
4

PARAMETRIC ANALYSES

7KLVVHFWLRQDQDO\VHVWKHLQIOXHQFHRIJHRPHWULFDQGORDGLQJSDUDPHWHUVRQWKHKRUL]RQWDO
ORDGFDSDFLW\RID7VKDSHGZDOO7KHV\VWHPLVVWUHQJWKHQHGZLWKLQMHFWHGDQFKRUVPDGHRI
ZUDSSHG&)53WXEHVDVWKHFDVHVWXG\SUHYLRXVO\SUHVHQWHG7ZROD\RXWVRIWKHUHLQIRUFHPHQW
DUHWDNHQLQWRDFFRXQW/D\RXW$ZLWKHLJKWURZVRIDQFKRUVDVWKHH[SHULPHQWDOFDVHVWXG\
DQG/D\RXW%ZLWKRQO\WKUHHURZV )LJXUH )RUERWKRIWKHPWKHOHQJWKRIWKHDQFKRUVLV
PPDQGWKHELOLQHDUUHODWLRQSUHVHQWHGLQ)LJXUHDLVXVHGWRGHVFULEHWKHLUWHQVLOHEH
KDYLRXU


)LJXUH/D\RXWVRI&)53LQMHFWHGDQFKRUVDGRSWHGLQWKHSDUDPHWULFDQDO\VHV

7KHDQDO\VHVDFFRXQWIRUWKHLQGHSHQGHQWQRQGLPHQVLRQDOSDUDPHWHUVUHSRUWHGLQ7DEOH
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ZLWKWKHLUUHIHUHQFHDQGOLPLWYDOXHVLQWKHVDPHWDEOHWKHGHSHQGHQWGLPHQVLRQDOSDUDPHWHUV
DQGWKHIL[HGRQHVDUHDOVRUHSRUWHG0RVWRIWKHPDUHGLVSOD\HGLQ)LJXUH
7KHUHIHUHQFHYDOXHVRIWKHSDUDPHWHUVDQGWKHJOREDOGLPHQVLRQVRIWKHDQDO\VHG7VKDSHG
ZDOODUHVLPLODUWRWKRVHRIWKHFDVHVWXG\EXWDQRQOLPLWHGOHQJWKLVDVVXPHGIRUWKHVSLQH
ZDOOWRH[FOXGHWKHIDLOXUHPHFKDQLVPRIJOREDOURWDWLRQZKLFKDFWXDOO\GRHVQRWRFFXULQDUHDO
7VKDSHG ZDOOFRQQHFWLRQ0RUHRYHUWR JHQHUDOL]HWKHSURFHGXUHWKHKRUL]RQWDOIRUFH FhLV
DSSOLHGWRWKHJUDYLW\FHQWUHRIWKHPRYLQJPDFUREORFN
,WLVZRUWKQRWLQJWKDWWKHYDULDEOHSDUDPHWHUUUHIHUVWRWKHRYHUORDGGXHWRXSSHUPDVRQU\
OHYHOV DQGDIIHFWV ERWK WKHIDoDGHDQGWKHVSLQHZDOO WKHSDUDPHWHU KLQVWHDGUHIHUVWR WKH
RYHUORDGGXHWRIORRUVODEVDQGLVIL[HG,QWKHILUVWVHWRISDUDPHWULFDQDO\VHVKRQO\DIIHFWV
WKHIDoDGHZDOOZLWKK KILQWKHH[SUHVVLRQRIqI 7DEOH WKHQLQDIXUWKHUVHWRISDUDPHWULF
DQDO\VHVLWDIIHFWVWKHRYHUORDGRQWKHVSLQHZDOOZLWKK KV,QWKHODWWHUFDVHWKHH[SUHVVLRQV
RI WKH RYHUORDGV UHSRUWHG LQ 7DEOH  FKDQJH DV IROORZV qI UJPH ZLWK
qI1PP DQGqV KVUJPH ZLWKqV1PP 
$FFRUGLQJWRWKHSURSRVHGDSSURDFKWKHKRUL]RQWDOFDSDFLW\Fh RIDVWUHQJWKHQHG7VKDSHG
ZDOODWWKHRQVHWRIWKHIDLOXUHPHFKDQLVPFRLQFLGHVZLWKWKHPLQLPXPDPRQJWKHKRUL]RQWDO
IRUFHV Fhj UHODWHG WR WKH SRVVLEOH IDLOXUH PHFKDQLVPV ZLWK FUDFN LQFOLQDWLRQ DQJOHV DFj
j «m,EHLQJmWKHURZVRIDQFKRUV 2QWKHRWKHUKDQGDPRQJWKHDQJOHVDFjDF SURYLGHV
WKHPLQLPXPFhjLH Fh DQGLGHQWLILHVWKHH[SHFWHGIDLOXUHPHFKDQLVP
+HQFHFhjDQGWKHUHODWHGDFjDUHHYDOXDWHGIRUGLIIHUHQWYDOXHVRIWKHDFFRXQWHGSDUDPHWHU
DQGHDFKOD\RXW)LJXUHUHSRUWVWKHUHVXOWVUHODWHGWRK KIIRUDOOWKHLQYHVWLJDWHGSDUDPHWHUV
WDQDE Uf, n 7KHUHVXOWVUHODWHGWRK KVDUHUHSRUWHGLQ)LJXUHRQO\IRUWKHPRVWVLJQLIL
FDQWSDUDPHWHUVLHUDQGWDQDE,QERWKILJXUHVWKHYDOXHVRIWKHKRUL]RQWDOFDSDFLW\ LHWKH
PLQLPXPFhj DUHKLJKOLJKWHGE\UHGFLUFOHVDQGWKHYDOXHVRIWKHUHODWHGLQFOLQDWLRQDQJOHDF 
DUHUHSRUWHG
7KHDQDO\VHVVKRZWKDWWKHSDUDPHWHUVUDQGWDQDEDUHWKHPRVWUHOHYDQWRQHVIRUERWKOD\
RXWV7KHLULQFUHDVLQJYDOXHVLPSO\LQFUHDVLQJKRUL]RQWDOFDSDFLW\RI7VKDSHGZDOOV0RUHRYHU
VXFKDWUHQGLVHQKDQFHGZKHQWKHVSLQHZDOOLVORDGHGPRUHWKDQWKHIDoDGHLHLQWKHFDVHRI
K KV )LJXUH $VDQH[DPSOHIRUWDQDE 7DEOHFRPSDUHVWKHYDOXHVRIWKHKRUL]RQ
WDOFDSDFLW\Fh SURYLGHGE\/D\RXWV$DQG%IRUK KI )LJXUHDE DQGK KV )LJXUHDE 


3DUDPHWHUV
,'
5HIHUHQFHYDOXHV 5DQJHRIYDULDWLRQ
9DULDEOH
6WDJJHULQJUDWLR


WDQDE
LQGHSHQGHQW 6L]HUDWLR
n


QRQGLPHQ
2YHUORDGSDUDPHWHU U


VLRQDO
)ULFWLRQFRHIILFLHQW f


SDUDPHWHUV
2YHUODSSLQJ
PP

v = hWDQDE
9DULDEOH
+HLJKW
h H/n
PP
1PP
GHSHQGHQW
RIPDVRQU\XQLWV
GLPHQVLRQDO
)DoDGHZDOORYHUORDG qI KIUJPH 1PP
1PP
SDUDPHWHUV
6SLQHZDOORYHUORDG qV UJPH
1PP


0DVRQU\XQLWZHLJKW JP
N1P 

7ZDOOKHLJKW
H = n h
PP

)L[HG
&RPSUHVVLYHVWUHVV V JPH
1PP

SDUDPHWHUV
2YHUORDG


K
7DEOH5DQJHVRIYDULDWLRQRISDUDPHWHUVFRQVLGHUHGLQWKHDQDO\VHV
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)LJXUH5HVXOWVRIWKHSDUDPHWULFDQDO\VHVEDVHGRQK KIIRU DFHJ /D\RXW$DQG EGIK /D\RXW%
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)LJXUH5HVXOWVRIWKHSDUDPHWULFDQDO\VHVEDVHGRQK KVIRU DF /D\RXW$DQG EG /D\RXW%


/D\RXW
$
%

Fh 
K= Kf
N1
N1

K= Ks
N1
N1

'Fh*

%

N1
N1




7DEOH&RPSDULVRQRIWKHKRUL]RQWDOFDSDFLWLHVSURYLGHGE\/D\RXWV$DQG%UHODWHGWKHFDVHVK KIDQGK KV
EHLQJWDQDE U f n 

)LJXUHHKUHODWHGWRK KIDOVRVKRZVWKDWWKHIULFWLRQFRHIILFLHQWfDQGWKHVL]HUDWLRn,
DUHQRWYHU\VLJQLILFDQW2QWKHRWKHUKDQGWKHFUDFNLQFOLQDWLRQDQJOHDF FKDUDFWHUL]LQJWKH
H[SHFWHGIDLOXUHPHFKDQLVPVUDQJHVLQEHLQJTXLWHFORVHWRDE ZKLFKLPSOLHV
WKDWWKHIULFWLRQDOIRUFHVDUHFORVHWR]HURDFFRUGLQJWR(T  7KHLQIOXHQFHRIWKHSDUDPHWHU
KDOVRFRQFHUQVWKHFUDFNLQFOLQDWLRQDQJOHDF ,QSDUWLFXODUZKHQK KI )LJXUH DF NHHSV
FRQVWDQWZLWKDOOWKHYDULDEOHSDUDPHWHUV WDQDE, Ufn EHLQJDF  DFj  IRU/D\RXW$
DQGDF  DFj  IRU/D\RXW%,WPHDQVWKDWWKHQXPEHURIDFWLYHURZVRIDQFKRUV ILYHIRU
/D\RXW$DQGWZRIRU/D\RXW% DQGWKHLUFRQWULEXWLRQWRWKHUHVLVWDQFHGRQRWYDU\ZLWKWKH
DFFRXQWHGSDUDPHWHUV&RQVHTXHQWO\WKHLQFUHDVHRIWKHKRUL]RQWDOFDSDFLW\LVRQO\GXHWRPD
VRQU\ZKRVHFRQWULEXWLRQLQVWHDGLQFUHDVHVZLWKVXFKSDUDPHWHUV
:KHQK KVDF LVVWLOOFRQVWDQWZLWKWDQDE )LJXUHDE EHLQJDF  IRU/D\RXW$
DQGDF  IRU/D\RXW%%RWKYDOXHVKRZHYHUDUHORZHUWKDQWKRVHUHODWHGWRK KI )LJXUH
DE LPSO\LQJDKLJKHUQXPEHURIDFWLYHURZVRIDQFKRUVDQGFRQVHTXHQWO\DQLPSURYHGFRQ
WULEXWLRQRIWKHVWUHQJWKHQLQJV\VWHP2QWKHRWKHUKDQGDF  FDQYDU\ZLWKWKHSDUDPHWHUU
)LJXUHFG ,QSDUWLFXODUIRUERWKOD\RXWVWKHORZHVWYDOXHVRIDF RFFXUZKHQULW
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FRQILUPVWKDWZKHQWKHRYHUORDGRQWKHVSLQHZDOOLVKLJKHUHQRXJKWKHVWUHQJWKHQHGV\VWHP
H[KLELWVDEHWWHUSHUIRUPDQFH7KHSDUDPHWHUV fDQGnZKHQK KVVWLOOKDYHDQHJOLJLEOHHIIHFW
RQWKHKRUL]RQWDOFDSDFLW\DVLQWKHFDVHK KIDOWKRXJKORZHUYDOXHVRIWKHDQJOHDF KDYH
EHHQREWDLQHGWKXVWKHUHODWHGDQDO\VHVDUHQRWUHSUHVHQWHGLQ)LJXUH
)LQDOO\LWLVLQWHUHVWLQJWRQRWHWKDWWKHYDOXHVRIDF SURYLGHGE\DOOWKHSDUDPHWULFDQDO\VHV
DUHDOZD\VORZHUWKDQKLJKOLJKWLQJWKDWWKHJOREDOURFNLQJPHFKDQLVPREWDLQHGERWKH[
SHULPHQWDOO\DQGDQDO\WLFDOO\IRUWKH7VKDSHGZDOOFDVHVWXG\QHYHURFFXUV7KLVUHVXOWFDQEH
H[SODLQHGFRQVLGHULQJWKDWLQWKHSDUDPHWULFDQDO\VHVWKHOHQJWKRIWKHVSLQHZDOOLVQRWOLPLWHG
WRPPDVIRUWKHFDVHVWXG\EXWKDVDUHDOLVWLFYDOXHWKXVIRUDFj!DF WKHVHZLQJDFWLRQ
RIWKHDFWLYHDQFKRUVDOORZVLQFUHDVLQJWKHLQYROYHGSRUWLRQRIWKHVSLQHZDOOSUHYHQWLQJIURP
WKHSRWHQWLDOIDLOXUHPHFKDQLVPVZLWKWKHFUDFNLQFOLQDWLRQDQJOHVKLJKHUWKDQDF ,WLVZRUWK
QRWLQJWKDWDOHQJWKRIRQO\WZRPHWHUVLVUHTXLUHGWRREWDLQVXFKDUHVXOWZLWKDOOWKHDFFRXQWHG
SDUDPHWHUV
5

DESIGN INDICATIONS

7KH SHUIRUPDQFH RI /D\RXWV $ DQG % UHVXOWLQJ IURP WKH SUHYLRXV SDUDPHWULF DQDO\VHV LV
KHUHLQGLVFXVVHGWRGHULYHSUHOLPLQDU\GHVLJQLQGLFDWLRQV)RUWKLVSXUSRVHRQO\WKHPRVWVLJ
QLILFDQWSDUDPHWHUVDUHFRQVLGHUHGLHWDQDEDQGUIRUERWKFDVHVRIK KIDQGK KV
)LUVWO\7DEOHVXPPDULVHVWKHEHWWHUSHUIRUPDQFHRIWKHDFFRXQWHGOD\RXWVLQWHUPVRIWKH
SHUFHQWDJHLQFUHDVHRIWKHKRUL]RQWDOFDSDFLW\DJDLQVWWKHDVEXLOWFRQILJXUDWLRQ6XFKDSHUIRU
PDQFHLVDFKLHYHGIRUWKHORZHVWFRQVLGHUHGYDOXHVRIWDQDEDQGULHWDQDE DQGU 
NHHSLQJIL[HGWKHRWKHUSDUDPHWHUVWRWKHLUUHIHUHQFHYDOXHV 7DEOH 

/D\RXW
WDQDE U 
U WDQDE 

K Kf
K Ks
K Kf
K Ks
$




%




7DEOH3HUFHQWDJHLQFUHDVHRIWKHKRUL]RQWDOFDSDFLW\DJDLQVWWKHDVEXLOWFRQILJXUDWLRQ

7KHQWKHSHUIRUPDQFHVRIWKHWZROD\RXWVDUHFRPSDUHGZLWKUHIHUHQFHWRDIL[HGYDOXHRI
WKHUHTXLUHGFDSDFLW\Fh',WPLJKWUHSUHVHQWWKHVHLVPLFGHPDQGUHODWHGWRDGHILQLWHOLPLWVWDWH
DQGIRURQO\LOOXVWUDWLRQSXUSRVHLWLVDVVXPHGFh' N1ZKLFKLVFORVHWRWKHKRUL]RQWDO
FDSDFLW\RIWKHFDVHVWXG\DWWKHRQVHWRIWKHJOREDOURFNLQJPHFKDQLVP7KHFRPSDULVRQFD
SDFLW\GHPDQGLVGLVSOD\HGLQ)LJXUHZKHUHWKHKRUL]RQWDOOLQHUHSUHVHQWLQJFh'LVRYHUODLG
RQWKHFXUYHVUHSUHVHQWLQJWKHKRUL]RQWDOORDGFDSDFLW\RI/D\RXW$DQG%YHUVXVWDQDEDQG
UIRUK KIDQGK KV7KHFDSDFLW\UHODWHGWRWKHDVEXLOWFRQILJXUDWLRQLVDOVRUHSUHVHQWHGDV
DUHIHUHQFH
+HQFH)LJXUHDVKRZVWKDWIRUK KI/D\RXW%LVQRWDGHTXDWHIRUWKHVHLVPLFGHPDQG
RIN1XQWLOWDQDEZKLOHIRUWDQDE!LWLVVXLWDEOHDQGSUHIHUDEOHWR$IRUWKH
ORZHUQXPEHURIDQFKRUV2QWKHRWKHUKDQGIRUK KV )LJXUHF WKHVWUHQJWKHQLQJLQWHU
YHQWLRQLVQRWUHTXLUHGXQWLOWDQDE!ZKLOHZKHQWDQDE/D\RXW%LVVDWLVIDFWRU\
6LPLODUFRQVLGHUDWLRQVFDQEHGRQHZKHQWKHSDUDPHWHUULVWDNHQLQWRDFFRXQWLQ)LJXUHE
DQGGLGHQWLI\LQJWKHSUHIHUDEOHOD\RXW
0RUHRYHUZKHQWKHQRQGLPHQVLRQDOSDUDPHWHUVDVVXPHWKHUHIHUHQFHYDOXHV WDQDE 
DQGU  LGHQWLILHGLQ)LJXUHE\DGRWWHGYHUWLFDOOLQH/D\RXW%LVQRWDGHTXDWHIRUWKH
VHLVPLFGHPDQGRIN1LIK KIZKLOHLWLVVDWLVIDFWRU\LIK KV
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D

E

F

G

)LJXUH3HUIRUPDQFHRI/D\RXWV$DQG%DQGDVEXLOWVSHFLPHQGHSHQGLQJRQWDQDEDQGUIRU DE K KIDQG
FG K KV

)LQDOO\DKLJKHUOHQJWKRIWKHDQFKRUVFRXOGEHDGRSWHGWRLPSURYHWKHSHUIRUPDQFHRI/D\
RXW%HVSHFLDOO\ZKHQK KI7KXVWRJHQHUDOLVHWKHLVVXHWKHHIIHFWRIWKHYDULDEOHOHQJWKRI
WKHDQFKRUVLDLVDQDO\VHGLQ)LJXUHIRUK KIDQGK KVDQGIRUERWKWKHOD\RXWV$DQG
%7KHYDOXHVRIWKHSDUDPHWHUVFKDUDFWHULVLQJWKH7VKDSHGFRQQHFWLRQDUHWKHUHIHUHQFHRQHV
OLVWHGLQ7DEOH LHWDQDE U f n  
)LJXUHVKRZVWKDWWKHKRUL]RQWDOORDGFDSDFLW\RIWKHVWUHQJWKHQHGV\VWHPLQFUHDVHVZLWK
WKHOHQJWKRIWKHDQFKRUVDVH[SHFWHG+RZHYHUDWKUHVKROGOHQJWKFDQEHUHFRJQLVHGDIWHU
ZKLFKDIXUWKHULQFUHDVHLVLUUHOHYDQWVLQFHWKHKRUL]RQWDOORDGFDSDFLW\NHHSVFRQVWDQW6XFKD
WKUHVKROGOHQJWKLVWKHVDPHIRU/D\RXWV$DQG%LHPPZKHQK KIDQGPP
ZKHQK KV7KHKRUL]RQWDOORDGFDSDFLW\RI/D\RXW$LVFOHDUO\DOZD\VKLJKHUWKDQ/D\RXW%
EHFDXVHRIWKHKLJKHUQXPEHURIDQFKRUVEXWZKHQK KIDQLQFUHDVHGOHQJWKRIPP
PDNHV/D\RXW%DGHTXDWHWRVXVWDLQWKHVHLVPLFGHPDQGFh' N1*HQHUDOLVLQJIURP)LJ
XUHLWLVSRVVLEOHWRLGHQWLI\WKHOHQJWKRIWKHDQFKRUVUHTXLUHGIRUDJLYHQSHUIRUPDQFHDQG
FRPSDUHWKHGLIIHUHQWOD\RXWV
6XFKFRQVLGHUDWLRQVUHSUHVHQW DILUVW DSSURDFKWR WKHGHVLJQ LVVXHV WKDWZLOO EHDGGUHVVHG
FRPSUHKHQVLYHO\LQWKHRQJRLQJUHVHDUFK
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)LJXUH+RUL]RQWDOORDGFDSDFLW\YVOHQJWKRIWKHDQFKRUVIRUK KIDQGK KVSURYLGHGE\ D /D\RXW$DQG
E /D\RXW%EHLQJWDQDE U f n 

6

CONCLUSIONS

,QWKLVSDSHUDPRGHOOLQJDSSURDFKKDVEHHQSUHVHQWHGWRDVVHVVWKHRQVHWRIWKHRXWRISODQH
UHVSRQVHRI7VKDSHGPDVRQU\ZDOOVVWUHQJWKHQHGZLWK&)53LQMHFWHGDQFKRUV7KHDSSURDFK
KDVEHHQGHYHORSHGXVLQJDULJLGPDFUREORFNPRGHODOUHDG\YDOLGDWHGIRUXQUHLQIRUFHGVWRQH
PDVRQU\VWUXFWXUHVLWLVEDVHGRQWKHNLQHPDWLFPHWKRGRIOLPLWDQDO\VLVDQGDFFRXQWVIRUWKH
IULFWLRQDOUHVLVWDQFHV7KHDWWHQWLRQKDVEHHQIRFXVHGRQLGHQWLI\LQJWKHKRUL]RQWDOORDGFDSDFLW\
FRUUHVSRQGLQJWRWKHRQVHWRIWKHH[SHFWHGIDLOXUHPHFKDQLVPIRUWKHVWUHQJWKHQHG7ZDOO
$VVXPSWLRQVKDYHEHHQPDGHWRDFFRXQWIRUWKHFRQWULEXWLRQRI&)53DQFKRUVLQWKHULJLG
PRGHODGRSWHGIRUPDVRQU\7KHVHDVVXPSWLRQVKDYHEHHQYDOLGDWHGE\DSSO\LQJWKHPRGHOWR
DOLWHUDWXUHH[SHULPHQWDOFDVHVWXG\DQGDJRRGPDWFKKDVEHHQIRXQGEHWZHHQH[SHULPHQWDO
RXWFRPHV DQG DQDO\WLFDO SUHGLFWLRQV LQ WHUPV RI ERWK KRUL]RQWDO ORDG FDSDFLW\ DQG H[SHFWHG
IDLOXUHPHFKDQLVP
$IWHUYDOLGDWLQJWKHPRGHOSDUDPHWULFDQDO\VHVKDYHEHHQFDUULHGRXWEDVHGRQVRPHJHR
PHWULFDQGORDGLQJSDUDPHWHUVDIIHFWLQJ7VKDSHGPDVRQU\ZDOOVDQGWKHPRVWVLJQLILFDQWRQHV
LQIOXHQFLQJ WKH KRUL]RQWDO FDSDFLW\ KDYH EHHQ LGHQWLILHG 0RUHRYHU WKH SHUIRUPDQFH RI WZR
VWUHQJWKHQLQJ OD\RXWV FKDUDFWHULVHG E\ D GLIIHUHQW QXPEHU RI LQMHFWHG DQFKRUV ZLWK D IL[HG
OHQJWKKDVEHHQFRPSDUHG7KHUHVXOWV RIWKHSDUDPHWULFDQDO\VHVKDYHEHHQXVHGWR GHULYH
SUHOLPLQDU\GHVLJQLQGLFDWLRQVDLPHGDWLGHQWLI\LQJWKHDGHTXDWHOD\RXWIRUDJLYHQYDOXHRIWKH
VHLVPLFGHPDQG)LQDOO\WKHHIIHFWRIDYDULDEOHOHQJWKRIWKHDQFKRUVRQWKHKRUL]RQWDOFDSDFLW\
KDVDOVREHHQLQYHVWLJDWHGDQGDWKUHVKROGOHQJWKKDVEHHQUHFRJQLVHGDIWHUZKLFKDIXUWKHU
LQFUHPHQWLVLUUHOHYDQWVLQFHWKHKRUL]RQWDOORDGFDSDFLW\NHHSVFRQVWDQW
7KHUHVXOWVRIWKHSURSRVHGPRGHOOLQJDSSURDFKDOORZGHULYLQJSUHOLPLQDU\LQGLFDWLRQVWR
RSWLPLVHWKHGHVLJQRIVWUHQJWKHQLQJLQWHUYHQWLRQVZLWKLQMHFWHGDQFKRUV6XFKDFUXFLDOWRSLF
KRZHYHUZLOOPRUHFRPSUHKHQVLYHO\EHDGGUHVVHGLQWKHRQJRLQJUHVHDUFK

Acknowledgements
7KHVWXG\SUHVHQWHGLQWKLVSDSHUKDVEHHQFDUULHGRXWLQWKHIUDPHZRUNRI35,1UHVHDUFKSUR
MHFW³,QQRYDWLYH6\VWHPVIRUWKH8SJ5DGHRI0DV2QU\VWUXFW8UHVDQG1RQV7UXFWXUDOHOHPHQWV
68502817 ´
REFERENCES
>@

3%/RXUHQoR10HQGHV/)5DPRV'92OLYHLUD$QDO\VLVRIPDVRQU\VWUXFWXUHV
ZLWKRXWER[EHKDYLRUInternational Journal of Architectural Heritage5(4-5)


777

$0DLRQH&&DVDSXOOD)&HURQL0'L/XGRYLFR$3URWD


>@
>@
>@
>@
>@
>@
>@
>@
>@
>@
>@
>@
>@
>@
>@

>@

) 6RODULQR '9 2OLYHLUD / *LUHVLQL :DOOWRKRUL]RQWDO GLDSKUDJP FRQQHFWLRQV LQ
KLVWRULFDO EXLOGLQJV $ VWDWHRIWKHDUW UHYLHZ Engineering Structures 199 DUW QR

06DVVX/*LUHVLQL(%RQDQQLQL0/3XSSLR2QWKHXVHRIYLEURFRPSUHVVHGXQLWV
ZLWKELRQDWXUDODJJUHJDWHBuildings6(3)DUWQR
% *LJOD %RQG VWUHQJWK RI LQMHFWLRQ DQFKRUV DV VXSSOHPHQWDU\ UHLQIRUFHPHQW LQVLGH
KLVWRULFPDVRQU\13th International Brick and Block Masonry Conference$PVWHUGDP
1HWKHUODQGV-XO\
/ *LUHVLQL ) 6WRFKLQR 0 6DVVX (FRQRPLF YV HQYLURQPHQWDO LVRFRVW DQG
LVRSHUIRUPDQFHFXUYHVIRUWKHVHLVPLFDQGHQHUJ\LPSURYHPHQWRIEXLOGLQJVFRQVLGHULQJ
/LIH&\FOH$VVHVVPHQWEngineering Structures233DUWQR
)&HURQL$3URWD&DVHVWXG\VHLVPLFXSJUDGHRIDPDVRQU\EHOOWRZHUXVLQJJODVV
ILEHUUHLQIRUFHGSRO\PHUWLHVJournal of Composites for Construction13(3)

)&HURQL5&X]]LOOD053HFFH,QVLWXSXOORXW WHVWV RIVWHHO DQG*)53LQMHFWHG
DQFKRUVLQPDVRQU\ZDOOV&0RGHQD)GD3RUWR059DOOX]]LHGV16th International
Brick and Block Masonry Conference3DGRYD,WDO\-XQH
) &HURQL + 'DUEDQ 5 /XFLDQR $QDO\VLV RI ERQG EHKDYLRU RI LQMHFWHG DQFKRUV LQ
PDVRQU\HOHPHQWVE\PHDQVRI)LQLWH(OHPHQW0RGHOLQJComposite StructuresDUW
QR
6 3DJDQRQL ' '¶$\DOD 7HVWLQJ DQG GHVLJQ SURFHGXUH IRU FRUQHU FRQQHFWLRQV RI
PDVRQU\ KHULWDJH EXLOGLQJV VWUHQJWKHQHG E\ PHWDOOLF JURXWHG DQFKRUV Engineering
Structures70
/*LUHVLQL0/3XSSLR)7DGGHL([SHULPHQWDOSXOORXWWHVWVDQGGHVLJQLQGLFDWLRQV
IRUVWUHQJWKDQFKRUVLQVWDOOHGLQPDVRQU\ZDOOVMaterials and Structures/Materiaux et
Constructions53DUWQR
)6LOYHUL35LYD*3URIHWD(3RYHUHOOR&$OJHUL([SHULPHQWDOVWXG\RQLQMHFWHG
DQFKRUVIRUWKHVHLVPLFUHWURILWRIKLVWRULFDOPDVRQU\EXLOGLQJVInternational Journal of
Architectural Heritage10(2-3)
03DQL]]D3*LUDUGHOOR(*DUELQ059DOOX]]L*&DUGDQL0'DOOD%HQHWWD3
&DVDGHL2QVLWHSXOORXWWHVWVRIVWHHODQFKRUVSLNHVDSSOLHGWREULFNZRUNPDVRQU\Key
Engineering Materials624
)&HURQL0'L/XGRYLFR7UDGLWLRQDODQGLQQRYDWLYHV\VWHPVIRULQMHFWHGDQFKRUVLQ
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Abstract
Several research outcomes have ascertained the need of considering the infill walls in the dynamic
response evaluation of reinforced concrete framed buildings. In the case of buildings designed
prior the introduction of modern seismic codes, the presence of strong infill might highly influence
the failure mode in case of earthquake. Furthermore, considering the increasingly adoption of
retrofit techniques aimed at enhancing the in-plane and out-of-plane capacity of the infill walls, its
influence on the seismic performance of the structure should be investigated at global and local
level. In this study, a numerical model to simulate the response to lateral loads of reinforced
concrete frames with retrofitted masonry infill walls is developed. Particularly, since the use of
composites is widespread due to the well-known benefits of these materials, the work is focused on
the in-plane infill retrofit by fibre-reinforced polymer (FRP). The proposed model for the retrofitted
infill is validated by numerical simulation of diagonal compression tests on masonry panels
previously conducted at university of Salento. Aiming to analyse the influence of the retrofit on the
seismic performance of the frame, the retrofitted infill and unreinforced infill performances are
compared. Depending on the infill type considered, the failure modes of the frame members, the
energy dissipated under lateral loading and the displacement capacity are analysed.
Keywords: Meso-modelling, Infilled frames, retrofitted infill, seismic vulnerability, RC frames.
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1

INTRODUCTION

The in-plane or out-of-plane collapse of infill walls caused by earthquakes can represent a major threat
for life safety, particularly during seismic emergency. Moreover, the seismic damage on infills might cause
in-direct losses which affect the serviceability of the building, such as failure of piping lines or electrical
wiring embedded in the walls. The severe damage on masonry infill walls, documented in several postseismic on-site recognitions [1–3], led to recent investigations through laboratory tests [4–6] and numerical
studies [7,8], with the scope of characterizing their seismic response. Aiming to avoid infill’s damage due
to earthquake, state-of-art retrofit solutions are increasingly employed on existing buildings. TextileReinforced Mortar (TRM), Composite-Reinforced-Mortar (CRM) or Steel-Reinforced-Grout (SRG)
jacketing significantly increase the lateral load capacity of masonry panels [9–11], even though such
techniques are not always applicable due to the mass and thickness increase. On the other hand, the use of
fibre-reinforced polymers (FRP) retrofit prevents out-of-plane failure and increases the in-plane tensile
strength of the wall without majorly modifying its thickness [12,13].
The increasingly number of studies on strengthened masonry walls allowed to comprehensively define
their in-plane and out-of-plane response, as well as the failure modes in case of lateral loading. Several
analytical models were calibrated based on experimental findings, contributing to the development of
guidelines for retrofit techniques [14,15], which provide instruction for their design, installation and
maintenance. Most of the studies on strengthened panels are addressed to load-bearing walls in masonry
structures, which are widespread in Mediterranean regions and represent a building category with high
seismic vulnerability. On the other hand, the research outcome also applies to non-structural masonry panels
in RC framed structures. To this regard, despite the strengthening techniques adopted for infill walls are
generally identical to those used in masonry structures, additional considerations are required in the former
case to account for the frame-infill interaction.
The influence of the infills on the dynamic performance of RC framed structures is well-known in
earthquake engineering. Several studies provided simplified formulations to simulate the lateral behaviour
of infilled frames and to predict the seismic demand depending on the properties of the masonry walls
[16,17]. Additionally, the analysis of the effect of the infills on the seismic behaviour of RC frames is
addressed in recent building codes [18–20]. In the case of buildings built before the introduction of modern
seismic design codes, the presence of strong infill walls not only provides a significant contribution to the
lateral stiffness, but can also influence the failure mode of the frame members [21–23]. The additional shear
demand in columns with poor shear reinforcement caused by the infill-frame interaction can lead to early
brittle failure and, consequently, reduce the displacement and ductility capacity of the RC structures [24].
Since the retrofit techniques currently used to prevent non-structural walls collapse significantly increase
their lateral strength, an accurate evaluation of the consequences of the retrofit on the structural performance
is strictly required when dealing with gravity load designed RC frames. In fact, a shear strengthening of the
columns might be also required, in order to avoid brittle failure caused by the interaction with the retrofitted
infill walls [25]. Recent studies have shown the reliability of the available numerical models in predicting
the shear demand in frame members caused by the interaction with the infill, both employing macro or
micro modelling approaches [26–29]. On the other hand, the complex behaviour of retrofitted infill walls
might require more advanced numerical modelling approaches, which allow to account for all the possible
failure modes. For instance, the simulation of the interface interaction between masonry substrate and
retrofit layer is required to account for cohesive failure, which is a common failure mode in case of FRP
retrofit [30].
A numerical model for the simulation of the in-plane response to lateral loads of an infilled RC portal
frame is developed in this study. Two infill types are considered, namely an unreinforced masonry wall and
a masonry wall retrofitted with fibre-reinforced-polymer layers. The cross section and the reinforcement of
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the RC frame members were defined according to a simulated gravity load design, assuming the considered
frame as part of the first floor in a four-storey building. This approach allowed to reproduce the
configuration of existing buildings, characterized by low performance under seismic actions. Aiming to
accurately simulate the failure modes of the analysed frames, a meso-modelling approach is adopted,
explicitly defining the brick units in the wall, as well as the interface interaction with the RC frame and the
retrofit. The model developed for the masonry wall is firstly validated by simulating diagonal compression
tests previously performed at university of Salento [31]. The lateral behaviour of the case study RC portal
frames was investigated by mean of non-linear static analyses, to evaluate the failure modes, the energy
dissipation and the displacement capacity depending on the infill properties.

2

DESCRIPTION OF THE CASE STUDY PORTAL FRAMES

The portal frame considered in this study replicates the first floor in a 4-storey and 4-bay RC building
designed for gravity loads, with bay length, L, equal to 5.4 m in both directions and floor height, h, equal
to 3 m. The dead and live loads on the slab were assumed equal to 5.8 kN/m2 and to 2.0 kN/m2, respectively.
The cross section of the columns was designed computing the axial load through to the tributary area
method, while the beam’s cross-section was assumed equal to L/10. The longitudinal and transverse
reinforcement was defined according to the gravity load design provisions of the Italian building code [32].
The mechanical properties assumed for concrete and reinforcing steel are provided in Table 1.

Concrete

Compressive strength fc [MPa]
Young’s modulus Ec [MPa]
Tensile strength fct [MPa]

27.0
32306.0
2.7

Reinforcing steel

Yielding strength fys [MPa]

450.0

Young’s modulus Es [MPa]

210000.0

Table 1. Mechanical properties of concrete and steel rebars assumed for the numerical model.

In Table 2, a description of the analyzed frames is provided. An identification code is assigned to each
frame depending on the considered configuration (URF = Frame with UnReinforced infill; FRPF = Frame
with Fiber-Reinforced-Polymer infill). The portal frame in its two configurations considered in this study is
illustrated in Figure 1. The infill wall was composed of tuff stone bricks typical of southern Italy, whose
properties were defined based on laboratory tests previously conducted at University of Salento [31]. The
compressive strength, fcw, and the elastic modulus, Ew, were equal to 13.9 MPa and 7796 MPa, respectively.
The bed joints were characterized by cementitious mortar with low mechanical properties, to simulate the
behaviour of infill walls in existing old buildings.
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ID

Column cross section
[mm]

Beam cross section
[mm]

Infill thickness
[mm]

Infill retrofit
type

URF

400x400

400x500

200

none

FRPF

400x400

400x500

200

FRP Layer

Table 2. ID of the case study frames.

400

400

Longit udinal Reinforcm ent
12)14

BEAM

500

400

COLUMNS

Transverse Reinforcem ent
)8/ 150

Longit udinal Reinforcm ent
4+ 4)14
Transverse Reinforcem ent
)8/ 100 and )8/ 200

4650

4650

3850

3850

3100

2600

3100

2600

(a)
(b)
Figure 1. Configuration of the case study frames: (a) URF and (b) FRPF.

2.1

Simulated design of the retrofit

The FRP retrofit of the infill wall is composed of diagonal basalt-fibre composite sheets with thickness,
tFRP, and width, bFRP, equal to 0.14 mm and 650 mm, respectively. The tensile strength, fFRP, and the elastic
modulus, EFRP, were equal to 2326 MPa and 75.98 GPa, respectively. The wall retrofit was designed by
replicating a realistic scenario in which a lateral strengthening of the infill is required to avoid severe inplane cracking in case of earthquake. A target lateral shear strength of the wall, Fhw, was computed based
on the seismic base shear demand, Fh, defined according to the equivalent static approach described in the
Italian building code [32]:

ܨ ൌ

ܵ ሺܶଵ ሻ ή ߣ ή ܹ
ݍ

(1)

In equation (1), Wb is the total weight of the building, qb is the behaviour factor, O is the participating
mass coefficient and Sa(T1) is the spectral acceleration corresponding to the first period of the structure.
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The behaviour factor was assumed equal to 1.5 to assume a low ductility of the frame, in consistency
with the gravity load design. The value of Sa(T1) was defined based on a high seismic hazard zone in Italy
and considering a design return period equal to 475 years, as prescribed in the Italian building code for
residential buildings [32].
The value of Fhw was calculated as Fhw = Dw·Fh/[nw·(Dw+1)], being Dw the infill-to-frame relative elastic
stiffness (equation (2) and nw the number of infill walls in the considered direction. This approach assumes
that the total base shear in the building is distributed among the RC columns and the infill walls along the
perimeter, proportionally to the lateral stiffness of each element.

݊௪ ܩ௪ ݐ௪ ݈௪ ݄ଷ
ߙ௪ ൌ
݊ ͳʹܧ ܫ ݄௪

(2)

In equation (2), lw and hw are the length and the height of the infill wall, respectively; Ec, Ic and hc are
the elastic modulus of the concrete (computed according to Italian building design code [32]), the moment
of inertia of the cross section and the height of the columns, while nc is the number of columns oriented in
the considered direction. It is worth mentioning that the approach adopted for the evaluation of Fhw assumes
the masonry infill walls as part of the lateral loads resisting system.
Based on the target shear strength, the retrofit was designed adopting simplified formulations provided
in the literature. The shear strength of the retrofitted infill, FFRP, was computed according to CNR-DT
200/2013 [14]:

ܨ௪  ܨிோ ൌ ߬௪ ή ܣ௪  ܨǡிோ 

(3)

In equation (3), Ww and Aw are the shear strength and the cross sectional area of the infill wall, respectively,
Ff,FRP is the shear strength contribution provided by the composite, defined through equation (4), depending
on the elastic modulus (Ef) the thickness (tf) and the fracture energy (Γf) of the FRP layer.

ܨǡிோ ൌ ͲǤͶͺ ή ݈௪ ή ʹݐ ή ඨ

3

ʹ ή ܧ ή ߁ி
ݐ

(4)

NUMERICAL MODEL DESCRIPTION

A three-dimensional model was developed in ABAQUS [33] for the simulation of the lateral behaviour
of the infilled portal frames (Figure 2). The RC frame members were modelled using eight-node linear
elements (C3D8R) with embedded trusses (T3D2), representing concrete and reinforcement rebars,
respectively. A simplified elastic-perfectly plastic behaviour in compression was assumed for concrete,
where the elastic stress limit was equal to the compressive strength, fc, and the ultimate strain, Hcu, was
computed according to Italian building code [32]. The tensile behaviour featured a linear elastic branch up
to the tensile strength, fct, followed by tension stiffening. Referring to reinforcing steel, an elastic-perfectly
plastic behaviour was assumed both in compression and tension, assuming strain at failure,Hsu, equal to
0.075.
A discrete meso-modelling approach was adopted for the masonry infill wall, explicitly defining the
brick units in the geometry. The mesh of the bricks was characterized by eight-node linear elements
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(C3D8R), with linear elastic mechanical behaviour, since their high compressive strength suggested the
unlikely occurrence of crushing failure. To validate this statement, the maximum stress in the brick was
checked at the end of each simulation performed.
A cohesive law was adopted at the brick-to-brick interface, to simulate the presence of mortar joints
(Figure 2). The interface behaviour in tension and in the two shear directions was characterized by a linear
elastic response up to maximum strength, followed by linear softening, simulating cracking evolution. The
damage initiation is ruled by the maximum stress criterion provided in equation (5):

݉ܽ ݔ൜

ݐ ݐ௦ଵ ݐ௦ଶ
ǡ
ǡ
ൠ ൌ ͳ
ݐ ݐ௦ଵ ݐ௦ଶ

(5)

where tn, ts1 and ts2 are the stress values in the three principal directions and tnL, ts1L and ts2L are the limit
values when the separation is either purely normal to the interface or purely in the first or the second shear
direction, respectively. The tensile limit, tnL, was assumed equal to 0.26 MPa, based on the results of threepoint-bending tests on mortar specimens. The values of ts1L and ts2L correspond to the shear strength of
mortar joints, Ww, which was calibrated based on diagonal compression tests performed at university of
Salento, as described in the following section. The elastic slope of the cohesive behaviour in pure tension
and pure shear are equal to kss = Gmj/hmj and knn = Emj/hmj, respectively, being Emj and Gmj the Young’s and
shear modulus of mortar and hmj the mortar joints thickness.

Wall-to-FRP

Brick-to-Brick
Ww

Shear

Shear

fbFRP

Slip

Slip

Steel
fsy

tan(Ew)
Hcel
Strain

Hcu

Hsy
Strain

Hsu

FRP
fFRP

Stress

Stress

Stress

fc

Masonry

Strain

Stress

Concrete

fct

tan(kss)

tan(EFRP)
Strain

Figure 2. Description of the numerical model.

The damage evolution was defined based on the mixed-mode criterion, representing cohesive failure by
equation (6):
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ܩ
ܩ௦ଵ
ܩ௦ଶ


ൌ ͳ
ܩ ܩ௦ଵ ܩ௦ଶ

(6)

where Gn, Gs1 and Gs2 are the energy values in the three principal directions and GnL, Gs1L and Gs2L are
fracture energy values when the separation is either purely normal to the interface or purely in the first or
the second shear direction, respectively. As for the shear strength of mortar joints, the fracture energy values
were calibrated based on the results of diagonal compression tests described in the following section. In
Figure 2, the curve representing the cohesive response in pure shear is provided. The same cohesive law
was used to simulate the interaction at the wall-frame interface.
The FRP retrofit was modelled through plane surfaces meshed using three-node shell elements (S3). The
mechanical stress-strain behaviour of the FRP sheets was composed of a linear elastic branch up to the
attainment of the tensile strength, fFRP, followed by tensile failure. Aiming to simulate debonding, a cohesive
law was defined at the wall-FRP interface (Figure 2). A rigid response was assumed up to failure, followed
by linear softening. Since lateral loading mainly produces in-plane internal forces at the interface, no tensile
damage was assumed. The shear stress limit, fb,FRP, and the fracture energy value were defined based on
provisions in CNR-DT 200 R1/2013 [14].

3.1

Calibration of the model adopted for the infill

The model used for the unreinforced and the retrofitted infill was firstly calibrated by simulating diagonal
compression tests on masonry specimens. Two tests previously performed at university of Salento on tuff
stone masonry walls were selected [31]. The tests setup and the details of the specimens are provided in
Figure 3 and Table 3, respectively.

ID

Dimensions
[mm]

Masonry
type

fcw
[MPa]

Ew
[MPa]

tFRP
[mm]

bFRP
[mm]

fFRP
[MPa]

EFRP
[MPa]

URW

650x650

Tuff
stone

13.9

7796.0

-

-

-

-

FRPW

650x650

Tuff
stone

13.9

7796.0

0.14

90.0

2326.0

75980.0

Table 3. Specimens’ details in diagonal compression tests.

The tests were conducted according to the ASTM E 519-02 standard [34] and were aimed at
characterizing the in-plane strength of tuff stone masonry walls typical of Southern Italy. The specimens
were composed of 11 layers of masonry bricks with dimensions equal to 100x50x100 mm and cementitious
mortar joints of about 10 mm thickness. It is worth noting that the mechanical properties of the masonry
wall and the FRP retrofit are the same described in section 2.1.
A monotonic force-controlled loading protocol was applied along the diagonal direction of the specimens
through a manually-operated hydraulic jack. The restrained corners of the wall were cut to uniformly
distribute the applied load on a plane surface. The diagonal deformations of the specimens were monitored
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through linear variable displacement transducers (LVDT), placed at both sides along the two diagonals of
the walls. An additional LVDT was also placed at each side to detect possible out-of-plane displacements.

(a)

(b)
Figure 3. Test setup for (a) URW and (b) FRPW.

The response of URW specimen to diagonal compression was characterized by a brittle failure caused
by shear cracking of mortar joints. An off-diagonal cracking path was observed (Figure 4a), starting from
the corner of the loaded surface. Additionally, geometry imperfections in the specimen caused a minor outof-plane failure mode. This aspect is evidenced by the significant difference between the displacement
measurements provided the vertical LVDTs at the two sides of the wall (LVDT sx and LVDT dx,
respectively). The Load-displacement curve is provided in Figure 5a. The maximum strength, Fm,test, and
the corresponding displacement, Dm,test, were equal to 21.5 kN and 0.32 mm, respectively.

(a)

(b)
Figure 4. Failure in case of (a) URW and (b) FRPW.

In the case of FRPW specimen, the failure mode was characterized by cohesive debonding of the FRP
layer at both sides of the wall, followed by collapse (Figure 4b). The presence of retrofit significantly
enhanced both the maximum strength and the displacement capacity with respect to the unreinforced
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configuration. The values of Fm,test and Dm,test were equal to 53.1 kN (+146% with respect to URW) and 0.71
mm (+ 296% with respect to URW), respectively. Consequently, a significant increase of the cumulative
energy dissipated, ED, was obtained in the case of retrofitted wall, as shown in Table 4.
25

AVG

LVDT sx

AVG

LVDT dx

Load [kN]

Load [kN]

LVDT dx

50

20

15
10
5
0
0.00

LVDT sx

60

40
30
20
10
0

0.10

0.20

0.30

0.40

0.0

0.2

Displacement [mm]

0.4

0.6

0.8

1.0

1.2

1.4

Displacement [mm]

(a)
(b)
Figure 5. Load-displacement curves obtained for (a) URW and (b) FRPW.

In the numerical model, the boundary conditions were simulated by including translational restraints in
the three-principal directions and a displacement-controlled vertical load at the bottom and the top surface
of the wall, respectively (Figure 6). The fracture energy and the shear limit values in the cohesive laws
employed for the brick-to-brick and the wall-to-FRP interaction were adjusted to obtain a satisfactory
matching of the experimental Load-displacement curves. The comparison between the numerical and the
experimental results is provided in Figure 7, while the failure modes obtained in the numerical simulations
are shown in Figure 8. In the case of URW, a satisfactory matching of the linear elastic slope of the
experimental curve was obtained, up to a load value equal to 12 kN. Nevertheless, the progressive slope
reduction observed in the test, caused by out-of-plane failure, was not simulated by the numerical model. It
is worth reminding the unsymmetric vertical displacement measurements provided by the LVDTs placed at
opposite sides of the wall, which suggest a significant influence of the specimen’s imperfections on the test
results. Being this feature not replicated in the numerical model, an accurate match of the post-elastic phase
of the curve was not possible.
ID

Fm,test [kN] Dm,test [mm] EDtest [kNmm]

URW

21.5

0.18

2.76

FRPW

53.1

0.71

51.93

Table 4. Diagonal compression tests results.

On the other hand, a satisfactory agreement was obtained in terms of maximum strength, displacement
capacity and, consequently, cumulative energy dissipated. The difference between the experimental and
numerical maximum strength (Fm,test and Fm,FEM, respectively) was equal to 4.8%. The displacement
corresponding to the maximum strength in the numerical simulation (Dm,FEM) was equal to 0.17 mm, that is
5.5% lower compared to Dm,test. The failure mode in numerical simulation was characterized by minor
diagonal cracking followed by bed joint sliding (Figure 8a). The difference between numerical and
experimental results can be related to the specimen imperfections. Furthermore, it is worth evidencing that
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the actual mortar joint thickness was not explicitly included in the numerical model, possibly causing a
different path of internal forces comparing to the test.

(a)
(b)
Figure 6. Numerical model for the simulation of the diagonal compression tests: (a) URW and (b) FRPW.

In the case of FRPW, both elastic and post-cracking response were precisely simulated by the numerical
model, resulting in a satisfactory matching of the energy dissipation capacity up to the maximum strength.
The curve obtained from the numerical simulation is characterized by a first, minor debonding of the FRP
layer, followed by a redistribution of the internal forces at the wall-FRP interface and stiffness restoration
up to failure (Figure 8b). Despite the neglectable difference between the numerical and the experimental
value of Fm (+1.0%), the numerical model was unable to simulate the post-peak response and the
displacement capacity of the specimen. The value of Dm,FEM was 23.7% higher than Dm,test, while the
difference between numerical and experimental ED at failure was equal to 23.65%. This result is probably
due to the high complexity of the failure mode of FRP-retrofitted wall, which can be highly influenced by
imperfections, such as uneven adhesion of the FRP layer on the wall surface.
25

URW_Test

URW_FEM

60

Load [kN]

Load [kN]

FRPW_FEM

50

20
15
10
5
0
0.00

FRPW_Test

40
30
20
10

0.05

0.10

0.15

0.20

Displacement [mm]

0
0.00

0.20

0.40

0.60

0.80

1.00

1.20

Displacement [mm]

(a)
(b)
Figure 7. Comparison between numerical and experimental Load-displacement curves for (a) URW and (b)
FRPW.
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The calibrated values of the fracture energy and the shear limit in the cohesive laws employed for the
brick-to-brick and the wall-to-FRP interaction were used in the finite element model developed for the
simulation of the lateral behaviour of the infilled frames. The same properties as the diagonal compression
tests specimens were assumed for masonry brick units and FRP retrofit. The wall thickness was modified
from 100 mm to 200 mm, in order to reproduce the configuration of infill walls in full-scaled portals.

(a)
(b)
Figure 8. Failure modes in numerical simulation for (a) URW and (b) FRPW.

4

PUSHOVER ANALYSIS OF THE FRAMES

The pushover analysis of the frames was performed considering a horizontal displacement-controlled
loading protocol, applied to the top of the portal frame. The displacement amplitude was increased up to the
achievement of the maximum value 'max, assumed equal to Tu,c·hc, being Tu,c the expected ultimate chord
rotation of the columns, computed using equation (7) provided in Eurocode 8 [35].
Ǥଶଶହ

ߠ௨ǡ ൌ ͲǤͺʹͷ ή ͲǤͲͳ ή ݄ ή

ሺͲǤ͵ఔ ሻ

݉ܽݔሺͲǤͲͳǢ ߱Ԣሻ݂
ቈ

݉ܽݔሺͲǤͲͳǢ ߱ሻ

ܮ௩ Ǥଷହ ൬ఈఘೞೣ ೢ
൰

൬ ൰
ʹͷ
݄

(7)

In the equation (7),Q is the axial load ratio, Z and Z’ are the reinforcement index for tensile and
compressive longitudinal rebars, fc is the cylindrical compressive strength of the concrete, Lv is the shear
span, D is the confinement coefficient, Usx and fyw are the transverse reinforcement ratio and tensile strength,
respectively. The value of 'max can be reasonably assumed as an upper displacement limit, since the presence
of the masonry infill walls generally reduces the displacement capacity of RC frames with respect to a bare
configuration.
The lateral load-displacement response and the failure modes of the analysed frames is reported in
Figure 9 and Figure 10, respectively. It is worth mentioning that the shear failure of the RC frame members
was not detectable by the modelling approach developed, since the mechanical model used for concrete
does not account for material degradation under shear. Therefore, the occurrence of the shear failure was
assessed by comparing, for each column, the maximum of shear obtained from the analysis to the analytical
shear strength, VRc. The value of VRc was computed according to the variable inclination strut model [36].
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Figure 9. Lateral response of the analysed portal frames.

As shown in Figure 9, the maximum lateral strength, Fm, was 53.4% higher in case of FRPF compared
to URF. On the other hand, the contribution of the FRP layer to the elastic stiffness is neglectable. In the
case of FRPF, retrofit debonding was observed after the attainment of Fm, at a displacement amplitude
equal 17 mm. Referring to URF, the onset of damage in the infill wall was characterized by mortar joints
cracking, followed by the generation of a strut mechanism. The maximum strength was attained for a
displacement amplitude equal to 22.4 mm, while the post-peak behaviour featured mortar bed joints sliding.
The strut mechanism generation, representing the compression field in the wall, leads to an uneven shear
distribution among the two columns. This phenomenon is more noticeable in the case of FRPF, since the
presence of the retrofit delays the cracking generation in mortar joints, as shown in Figure 11.

(a)
(b)
Figure 10. Failure modes in numerical simulation for (a) URF and (b) FRPF.
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Figure 11. Shear-displacement response obtained for both columns (Shear_L and Shear_R) in case of (a) URF
and (b) FRPF.

The maximum shear in the column in case of retrofitted infill was 67% higher than the shear strength of
the column, suggesting early shear failure (Figure 11b). Additionally, the displacement amplitude
corresponding to the attainment of the shear strength of the column was equal to 4.5 mm, namely 73% lower
compared to the debonding displacement. In the case of URF, the value of VRc was higher than the maximum
shear (Figure 11a), suggesting a ductile failure mode of the frame and, consequently, higher displacement
and energy dissipation capacity compared to FRPF. The comparison of the cumulative energy dissipated
up to failure (EDSF), provided in Figure 12, evidences the high influence of the retrofit on the performance
of the infilled frames analysed. The value of EDSF decreases by 93.2% comparing URF to FRPF results.
16
14

EDSF [kNm]

12
10
8

6
4
2
0
URF

FRPF

Figure 12. Energy dissipation capacity up to failure of the analysed portal frames.

5

CONCLUSIONS

The influence of infill walls on the seismic performance of RC buildings has been widely demonstrated
in the literature. The presence of infill walls characterized by high shear strength can significantly increase
the shear demand in the columns, leading to possible premature shear failure in RC frames without adequate
structural detailing. The use of FRP to avoid the out-of-plane failure of masonry infills, as well as to improve
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their in-plane capacity is commonly adopted nowadays. However, this retrofit intervention is often not
designed accounting for the interaction between the infill wall and the surrounding RC frame.
In this study, the response of a masonry infilled RC portal frames designed for gravity load was analysed.
Two configurations were considered. The first one was characterized by unreinforced masonry infill, while
in the second configuration, FRP retrofit of the of the infill was assumed. A non-linear static analysis was
performed on the considered frames, aiming to assess the influence of the infill retrofit on the maximum
strength, the displacement and the energy dissipation capacity.
A three-dimensional numerical model was developed, including interface interaction laws between the
brick units, at the frame-infill and at the infill-retrofit interface. The interaction laws were calibrated based
on diagonal compression tests on tuff stone specimens previously performed at University of Salento. The
scope of the modelling approach was the accurate evaluation of the internal forces’ distribution, as well as
the simulation of the main mechanisms characterizing the lateral response of the analysed infilled frames.
The comparison between numerical and experimental results, referred to the diagonal compression tests,
showed a high reliability of the developed finite-element models in simulating the shear response of
unreinforced and retrofitted masonry walls. A satisfactory agreement was obtained in terms of maximum
shear strength, elastic stiffness and failure modes. The numerical model accurately reproduced the mortar
bed joints sliding and the debonding of the FRP retrofit from the wall surface.
The results of the non-linear static analyses carried out on the RC portal frames showed a significant
difference in the lateral response of the considered configurations. A ductile failure mode was observed in
the case of unreinforced infill, featuring flexural failure of the columns, while the introduction of the FRP
reinforcement led to a severe reduction of the ductility capacity of the structure. Despite the increase of the
maximum lateral strength caused by the retrofit, early brittle failure of the columns was observed.
The results of this study pointed out the importance of accounting for the interaction between RC frame
and infill walls when retrofit techniques, which increase the capacity of the masonry infills, are adopted.
Further studies are still required to define design prescriptions which regulate the seismic retrofit of infill
walls with composite materials in existing RC buildings.
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Abstract
In the last decades the attention to the out-of-plane response of infills has been increasingly
growing due to their influence on the global seismic behaviour of frame structures. In order
to assess their out-of-plane capacity, different approaches have been proposed, such as those
based on the arching effect and on the yield-line theory. Both methods are implemented in
Eurocode 6 for masonry structures. The first approach is based on the observation that an
arching effect develops in a wall provided that surrounding elements are able to resist thrust.
The second approach consists in defining a kinematically admissible mechanism (yield-line
mechanism) and calculating the limit load by equating the internal and external works. This
method was implemented in Eurocode 6 (EC6) as well as in other codes by means of
coefficients, which depend on the orthogonal ratio of the masonry flexural strengths, the
degree of fixity at the edges of the wall and the wall aspect ratio. The suitability of the
methods proposed in EC6 is investigated herein for masonry infills through comparison with
experimental tests. It is found that, considering the second approach, the results are, on the
average, conservative, contrary to the assumption that the method should provide an upper
bound of the resistance.
Keywords: Infilled frames, Out-Of-Plane Collapse, Arching Effect, Yield-line Theory,
Compressive Strength, Flexural Strength.
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1

INTRODUCTION

The influence of masonry infills to the structural response of frame buildings is widely
recognized. The presence of regularly distributed infills is usually beneficial, due to their
capacity to reduce the displacement demand and to dissipate energy [1–5]. On the other hand,
irregular distributions due to the lack of one or more panels may lead to the increase of
internal forces and displacements as well as to brittle failures [6–9]. In addition, the collapse
of infills, especially in the out-of-plane (OOP) direction, occurs also for moderate intensity of
the ground motion [10–13], causing casualty risks and economic losses. This explains the fact
that in the last years the OOP response of infills and the interaction between in-plane (IP) and
OOP actions have become issues of major concern [14–19]. Different methods have been put
forward for their assessment, like those based on rigid body mechanisms or on numerical and
iterative solutions [20,21]. The first category includes methods derived from the yield-line
theory as well as methods which take into account the arching effect.
The first approach, based on the yield-line theory, was initially proposed to determine the
collapse load of reinforced concrete slab [22,23] and was subsequently applied to masonry
walls [24,25]. The method allows taking into account different strengths in two orthogonal
directions and the bending resistance along supports. It consists in defining a kinematically
admissible mechanism in which all deformations (rotations) take place along yield lines and
edges, and the single portions of the wall rotate as rigid bodies (Figure 1a). The limit load is
estimated by equating the internal work, which is given by the energy dissipated along the
yield lines, to the external work, i.e. the work done by the applied loads. Among the infinite
number of mechanisms, the collapse mechanism is the one that occurs under the smallest load.
Considering the upper bound theorem of the limit analyses, it is possible to recognise that the
yield-line method provides an upper bound of the wall strength. This method was
implemented in Eurocode 6 [26] (EC6 hereinafter) as well as in other codes [27] by means
of coefficients, which depend on the degree of fixity at the edges of the wall, the wall aspect
ratio and the orthogonal ratio of the masonry flexural strengths.
The second approach is based on the observation that the arching effect develops in a wall
provided that surrounding elements are able to resist thrust. In the one-way arching model, the
collapse is associated to a three-hinge mechanism (Figure 1b), which is usually activated
along the shorter dimension, and the collapse load depends on the masonry compressive
strength and on the wall slenderness [28]. When the infill is restrained at four edges, a twoway arching action may develop, thus increasing the OOP strength [29,30]. The one-way
arching method is included in EC6 which provides an equation of the limit load that can be
used when lateral deflections are small.
The suitability of the methods proposed in EC6 for masonry structures and described in § 2,
is investigated herein for masonry infills through comparison with experimental tests.
Specifically, a dataset of 71 experimental tests on one-storey one-bay infilled frames is
compiled (§ 3) and the related experimental OOP strengths are compared with those predicted
by the EC6 formulations in § 4.
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Figure 1: a) example of a kinematically admissible mechanism for an infill supported on four edges for use in the
yield-line method; b) one-way arching model, the collapse is associated to a three-hinge mechanism.

2

EC6 PREDICTIVE MODELS

As mentioned above, the yield-line method was included in EC6 in form of tabulated
coefficients. The procedure consists in verifying that the design value of the moments applied
to a masonry wall does not exceed the corresponding moments of resistance. The design
moments per unit length in two orthogonal directions, ܯாௗଵ and ܯாௗଶ , acting on a wall
subjected to the design lateral uniform pressure ݍௗ can be calculated as:
ଶ
ܯாௗଵ ൌ ߙଵ ݍௗ ݈

(1)

ଶ
ܯாௗଶ ൌ ߙଶ ݍௗ ݈

(2)

ܯோௗଵ ൌ  ݂௫ௗଵ ܼ

(3)

ܯோௗଶ ൌ  ݂௫ௗଶ ܼ

(4)

while the moments of resistance as:

where: ߙଶ is a coefficient provided in Annex E of EC6; ߙଵ ൌ ߤߙଶ ; ߤ is the orthogonal ratio,
i.e. the ratio between the flexural strength in the horizontal direction,݂௫ଵ , and in the vertical
direction, ݂௫ଶ (Figure 2); ݈ is the length of the wall; ܼ is the elastic section modulus of unit
length of the wall:
ܼ ൌ  ݐଶ Τ

(5)

and  ݐis the panel thickness.
The inequality between the design value of the applied moment and the design value of the
moment of resistance gives:
ଶ
ߙଵ ݍௗ ݈
 ݂௫ௗଵ ܼ

(6)

ଶ
ߙଶ ݍௗ ݈
 ݂௫ௗଶ ܼ

(7)
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thus:
ݍௗ 

݂௫ௗଶ ܼ
ଶ
ߙଶ ݈

(8)

Values of ߙଶ , which are provided in Annex E for different boundary conditions,
orthogonal ratios and aspect ratios, are given by the following equation:
ߙଶ ൌ

݂௫ௗଶ ܼ
ଶ
݈ݍ

(9)

where  ݍis the uniform load which leads to collapse, calculated through the yield-line theory.
An example of calculations is reported in [31].

Figure 2: Plane of failure of masonry in bending: a) parallel to bed joints, flexural strength݂௫ଵ ; b) perpendicular
to bed joints, flexural strength ݂௫ଶ [26].

The other approach encompassed in EC6 is based on the assumption that an arching effect
develops in unreinforced masonry walls having slenderness ratio not greater than 20 and
design value of the vertical stress not less than 0.1 MPa. In these cases, a wall subjected to
lateral loading may be designed by employing the following equation:
 ݐଶ
ݍௗ ൌ ݂ௗ ൬ ൰
݈

(10)

where: ݍௗ is the design lateral strength per unit area; ݂ௗ is the design compressive strength
of the masonry in the direction of the arch thrust; ݈ is the length or the height of the wall
depending on the direction along which the arching effect develops and  ݐis the wall thickness.
Finally, it is worthwhile to mention that Eurocode 8 [32] suggests measures to avoid the
OOP collapse of slender masonry panels with specific reference to panels with slenderness
ratio greater than 15. Examples of measures for the improvement of both IP and OOP
response include the use light wire meshes, wall ties fixed to the columns, wind-posts and
concrete belts.
3

EXPERIMENTAL TESTS

Seventy-one experimental tests are employed in this study (Table 1). Both infilled
reinforced concrete and steel frames are considered as well as confined masonries. The
slenderness ratio,  ݎݏൌ ݈ Τݐ, and the aspect ratio, ܽ ݎൌ ݄ Τ݈ , vary in the range 7–34 and
0.5–1.0, respectively (Table 2).
The walls were made up of clay bricks having horizontal or vertical hollows, solid clay
bricks and concrete blocks having vertical hollows, as specified in Table 2. The masonry
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compressive strength varies between 0.5 and 28.1 MPa. However, in 80% of the cases it not
greater than 15.0 MPa, higher values are related to concrete block infills.
In 39 tests the infill were loaded in the OOP direction only. Generally, the OOP loads were
applied monotonically by means of airbags, in some cases they were applied at four points or
at mid-height.
The interaction between IP and OOP actions was considered in 32 tests, where an IP
horizontal displacement was applied at the beam level prior to the OOP load. Maximum IP
interstorey drift ratios (IDR) are specified in Table 1.
Reference

OOP(1)

IPOOP(2)

Frame(3)

Dawe and Seah (1989) [29]

6

-

Steel

Angel et al. (1994) [33]

1

5

RC

Flanagan (1994) [34]
Flanagan and Bennett (1999) [35]

3

2

Calvi and Bolognini (2001) [36]

1

Pereira et al. (2011, 2014)
[37,38]

Supported
edges (4)
3 (1 test),
4 (5 tests)

IDR(5) (%)

OOP
load type

-

airbag

4

0.22, 0.25,
0.34

airbag

Steel

4

0.42, 0.84

airbag

2

RC

4

0.4, 1.2

four
points

-

4

RC

4

0.5

airbag

Varela-Rivera et al. (2011) [39]

6

-

CM

-

airbag

Varela-Rivera et al. (2012) [40]

6

-

CM

3 (3 tests)
4 (3 tests)
4

-

Da Porto et al. (2013) [41]

-

3

RC

4

Hak et al. (2014) [42]

-

3

RC

4

Furtado et al. (2016) [43]
Akhoundi et al. (2016) [44]

2
1

1
-

Wang (2017) [45]

3

1

airbag

2

2

4
4
3 (1 test)
4 (3 tests)
4

1.34

Sepasdar (2017) [46]

RC
RC
RC (3 tests)
Steel (1 test)
RC

1.0, 1.5,
2.5
0.5
-

airbag
four
points
midheight
airbag
airbag

Ricci et al. (2018) [47]

1

3

RC

4

De Risi et al. (2019) [48]

1

3

RC

4

0.65, 1.7
0.16, 0.37,
0.58
0.15, 0.28,
0.51

Di Domenico et al. (2019) [49]

3

-

RC

3 (2 tests)
4 (1 test)

-

airbag
four
points
four
points
four
points

Akhoundi et al. (2020) [50]

3

3

RC

4

0.3, 0.5,
1.0

(1)

number of tests subjected to OOP loads only;
number of tests subjected to IP drift and OOP load;
(3)
Frame material: RC = Reinforced Concrete, CM = Confined Masonry;
(4)
number of supported edges;
(5)
Interstory Drift Ratio.
(2)

Table 1: Experimental tests on infilled frames.
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Reference

Masonry units(1)

Dawe and Seah (1989) [29]
Angel et al. (1994) [33]
Flanagan (1994) [34]
Flanagan and Bennett (1999) [35]
Calvi and Bolognini (2001) [36]
Pereira et al. (2011, 2014)
[37,38]
Varela-Rivera et al. (2011) [39]
Varela-Rivera et al. (2012) [40]

concrete blocks, vh
solid clay bricks

݂ (2) (MPa)

(ݎݏ3)

ܽ( ݎ4)

20.20 – 28.10
4.6 – 11.5

15 – 31
17 – 34

0.78
0.67

clay bricks, hh

2.29 – 5.59

7 – 24

1.00

clay bricks, hh

1.1

20

0.66

clay bricks, hh

1.26 – 1.34

11 – 19

0.51

3.0
2.45 – 2.84

12 – 24
18 – 24

0.49
0.74 – 0.95

2.0 – 6.0

9 – 22

0.64

4.64
0.53
1.59
7.9 – 9.0
9.4 – 9.7
1.80
2.37
1.65 – 2.44
1.17

8
15
20
11–15
11
23
23
15 – 29
20

0.70
0.55
0.68
0.73
0.73
0.78
1.00
0.78
0.68

concrete blocks, vh
concrete blocks, vh
clay bricks, hh (1
Da Porto et al. (2013) [41]
test) and vh (2 tests)
Hak et al. (2014) [42]
clay bricks, vh
Furtado et al. (2016) [43]
clay bricks, hh
Akhoundi et al. (2016) [44]
clay bricks, hh
Wang (2017) [45]
concrete blocks, vh
Sepasdar (2017) [46]
concrete blocks, vh
Ricci et al. (2018) [47]
clay bricks, hh
De Risi et al. (2019) [48]
clay bricks, hh
Di Domenico et al. (2019) [49]
clay bricks, hh
Akhoundi et al. (2020) [50]
clay bricks, hh
(1)
hh = horizontal hollows, vh = vertical hollows;
(2)
masonry compressive strength;
(3)
slenderness ratio;
(4)
aspect ratio.

Table 2: Experimental tests on infilled frames, mechanical and geometrical data.

4

ASSESSMENT OF EC6 MODELS

In order to compare the OOP strength predicted by the formulations reported in EC6 (Eq. 8
and Eq. 10) with the strength obtained in experimental test, the following assumption are
made.
- The experimental flexural strength, ݂௫ଶ , is employed in Eq. 8 instead of the design
flexural strength, ݂௫ௗଶ . When the former value was not available, the flexural strength
provided by EC6 for different masonry types was adopted. Such value was multiplied
by 1.5 to obtain a mean value from the characteristic one.
- Similarly, when the orthogonal ratio was not available from experimental campaigns, it
was derived from EC6.
- The experimental compressive strength of masonry, ݂ , is used in Eq. 10 in the place
of the design strength, ݂ௗ , for a consistent comparison with experimental tests.
- Eq. 10 is applied also in case of walls having slenderness ratio greater than 20 in order
to investigate the influence of such parameter.
Therefore, the predicted OOP strength, ݍௗ , is determined as
ݍௗ ൌ

݂௫ଶ ܼ
ଶ
ߙଶ ݈

(11)

and
 ݐଶ
ݍௗ ൌ ݂ ൬ ൰
݈

(12)

according to whether the method is based on the yield-line theory (Eq. 11) or on the arching
effect (Eq. 12). As mentioned in § 2, ݈ is the dimension of the wall in the direction along
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which the arching effect develops. Therefore, in case of infills having a top gap ݈ is the wall
length, whereas for infills supported along four edges, it is the height, since aspect ratios are
not greater than 1.0.
The experimental strength, ݍ௫ , is the maximum OOP pressure recorded during the tests.
In cases where the OOP load was applied in concentrated points, an equivalent uniform
pressure was estimated so as to provide the same maximum bending moment as the
concentrated forces.
4.1 Results
The comparison between predicted (ݍௗ ) and experimental (ݍ௫ ) OOP strength is shown
in Figure 3 to 5, where the ratio ݍௗȀ ݍ௫ is plotted against the masonry compressive
strength, the slenderness ratio, the aspect ratio and the IDR. The mean and the mean r one
standard deviation of ݍௗȀ ݍ௫ are also shown. The expressions “yield line” and “arching
action” used in the figures refer to the application of Eq. 11 and Eq. 12, which are based on
the two approaches, respectively.
In Figures 3 and 4 only pure OOP tests are reported. First of all, it is noticed that the
application of the arching action approach leads to a considerable overestimation of the
strength when the masonry compressive strength ݂ is greater than 20 MPa, while it
underestimates the strength when ݂ is less than 2 MPa (Figure 2a). This outcome implies
that  ݍand ݂ are not linearly proportional to one another and that Eq. 12 should not be used
for strong masonries. In the following comparisons, such cases (6 tests) are disregarded.
On the average, both methods underestimate the strength, being the mean ratio between
predicted and experimental values equal to 0.51 and 0.86 in case of predictions obtained
through the yield-line theory (Eq. 11) and the one-way arching effect method (Eq.12),
respectively. However, the application of Eq. 12 leads to a significant scatter due also to the
fact that it does not take into account the effect of the aspect ratio. The yield-line method
gives more conservative results and a smaller scatter.
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Figure 3: Ratio between predicted and experimental values of the OOP strength (for tests loaded OOP only)
plotted against the masonry compressive strength. Continuous lines represent the mean values, dotted lines
represent the mean r one standard deviation: red = yield line, grey = arching effect.
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Figure 4: Ratio between predicted and experimental values of the OOP strength (for tests loaded OOP only)
plotted against the slenderness ratio (a) and the aspect ratio (b). Continuous lines represent the mean values,
dotted lines represent the mean r one standard deviation: red = yield line, grey = arching effect.
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Figure 5: Ratio between predicted and experimental values of the OOP strength (for tests loaded to IP drift +
OOP load) plotted against the IP interstory drift ratio (IDR). Continuous lines represent the mean values, dotted
lines represent the mean r one standard deviation: red = yield line, grey = arching effect.

Figure 4 shows that, contrary to what expected, the predictive capacity of Eq. 12 does not
worsen for slenderness ratios greater than 20. In general, the ability of the two methods in
predicting the strength does not show a clear trend with varying aspect and slenderness ratios.
The predictions in case of previous IP damage are reported in Figure 5. Obviously, in this
case both models overestimate, on the average, the experimental values. In fact, they do not
account for previous IP damage. Also in this case, Eq. 11 gives more conservative results.
Finally, the yield-line equations provide the collapse mechanisms related to the minimum
collapse pressure [31]. In Figure 6 the occurrences of predicted mechanisms is reported as a
function of the infill aspect ratio. “Type 1” mechanisms (Figure 6a) refer to those cases which
are most frequently observed in experimental campaigns: for infills supported along four
edges the collapse mechanism is related to a first horizontal crack followed by inclined cracks

802

L. Liberatore

running to the corners of the panel; for infills with no support along the top, a vertical crack
develops at the centre of the panel followed by inclined cracks running to the bottom corners.
In “type 2” mechanisms, the first crack is vertical for panels supported along four edges,
whereas in panel with a top gap only inclined cracks develop (Figure 6b). Figure 6c indicates
that “type 1” mechanisms develop when ܽ ݎis in the range 0.49–078, whereas “type 2”
mechanisms occur when ܽ ݎranges between 0.64 and 1.00. The yield-line method predicts the
“type 2” mechanism more frequently than “type 1”, in contrast to what observed
experimentally. In fact, the method is not always able to predict the experimental collapse
mechanisms, which are often a combination of different failure modes.

type 1 mechanisms
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type 2 mechanisms

0.3

b)

0.4
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0.6

0.7
0.8
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0.9
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Figure 6: a) crack patterns of type 1 collapse mechanisms; b) crack patterns of type 2 collapse mechanisms; c)
occurrences of predicted collapse mechanisms.

5

CONCLUSIONS

In this study the methods encompassed in EC6 to determine the OOP strength of masonry
walls are investigated to evaluate their possible suitability for infills. To this aim, a dataset of
71 experimental tests available in the literature is employed. The following conclusions are
inferred:
x Eq. 11, based on the yield-line theory, is, on the average, conservative. In this case, the
mean value of the ratio between predicted and experimental values is equal to 0.51. This
is probably due to the fact that the masonry flexural strength used to estimate the OOP
resistance is derived from tests on simply supported specimen and therefore does not
account for the confining effect of the frame.
x On the average, Eq. 12, which is based on the one-way arching effect, is slightly
conservative, being the mean value of the ratio between predicted and experimental
values equal to 0.86. However, the scatter of data is noticeable, also because the two-way
arching action and the influence of the aspect ratio are not taken into account by the
model.
x The effect of previous IP damage is not considered in the examined formulations and
therefore, as expected, the predictions are unconservative when previous IDR was
applied to the infilled frame. The mean value of the ratio between predicted and
experimental strength is equal to 1.23 and 1.79 when using Eq. 11 and Eq. 12,
respectively.
x The yield-line method is not always able to predict the experimental crack patterns
related to the collapse mechanisms observed experimentally.
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Abstract
Reinforced concrete frames with masonry infill walls are popular form of construction all over
the world as well in seismic regions. While severe earthquakes can cause high level of damage
of both reinforced concrete and masonry infills, earthquakes of lower to medium intensity sometimes can cause significant level of damage of masonry infill walls. Especially important is the
level of damage of face loaded infill masonry walls (out-of-plane direction) as out-of-plane
load cannot only bring high level of damage to the wall, it can also be life-threating for the
people near the wall. The response in out-of-plane direction directly depends on the prior inplane damage, as previous investigation shown that it decreases resistance capacity of the infills. Behaviour of infill masonry walls with and without prior in-plane load is investigated in
the experimental campaign and the results are presented in this paper. These results are later
compared with analytical approaches for the out-of-plane resistance from the literature. Conclusions based on the experimental campaign on the influence of prior in-plane damage on the
out-of-plane response of infill walls are compared with the conclusions from other authors who
investigated the same problematic.
Keywords: Earthquake Engineering, Unreinforced masonry walls, Out-of-plane load, Inplane damage, Out-of-plane failure.
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1

INTRODUCTION

Reinforced concrete frames with masonry infill walls and partition walls are popular form
of construction all over the world. As infill and partition walls are not included into load-bearing
system of a building, they are called Non–structural elements. Nevertheless, they are not included into load–bearing system of a building, they can be loaded with huge portion of in–plane
or out–of–plane forces during earthquakes. They are not designed to withstand seismic forces
and they depend on their own characteristics to resist these forces [1]. As a consequence, damage of non–structural elements often represents primary source of losses in seismic events [2].
Also, damage of non–structural elements during earthquakes can cause not only unacceptable
economic losses, but also some serious safety concerns if the non-structural components and
their supports are not properly designed for the expected seismic force [3]. Some examples of
the damage of non–load bearing masonry walls during earthquakes are presented on Figure 1.

Figure 1: Left : Damage due to L’Aquila 2009 earthquake in a residential building [4,5] ; Right: Masonry
wall damage of a 6-story office building in downtown area of Jiangyou City during Wenchuan earthquake in
2008 [6]

Non-structural elements can be classified either as deformation or acceleration sensitive.
Deformation sensitive elements are the ones vulnerable to inter story drifts, while acceleration
sensitive are the ones sensitive to the acceleration of the floors [1,7–10]. Masonry infill walls
are non–structural elements which are both, deformation and acceleration sensitive elements.
Due to rigid connection of masonry infill to the surrounding concrete, as a consequence of
horizontal load, compressive force is activated in the masonry wall. The paths of compressive
forces in the wall mainly follow diagonal path [11–14]. Above mentioned in–plane forces can
cause different failure modes of masonry infill walls, such as infill sliding shear failure, diagonal cracking failure, diagonal compression failure and corner crushing failure [12,14].
Masonry infill walls are also acceleration sensitive elements. Face load or out-of-plane loading on the masonry walls is proportional to the acceleration and the mass of the wall. Before
affecting walls loaded in out-of-plane direction, ground motion is modified and filtered by two
actions: by the response of in–plane loaded walls and by the response of floor diaphragm
[15,16]. Furthermore, out–of–plane behaviour of masonry infill walls is highly influenced by
arching effect, which introduces membrane forces into the masonry wall and increases its out–
of–plane strength [17–19]. However, arching effect, as well as out–of–plane behaviour of masonry walls, is highly dependent on boundary conditions [20]. In the case of good beam–to–
wall or floor–to–wall connections, and if beams / diaphragms are rigid relative to the wall, one
– way bending (arching effect) can occur. This will significantly increase walls out–of–plane
strength. In the case of stiff frames, properly connected on all four sides to masonry walls, those
frames can guarantee two–way bending (arching effect) and in that case, walls with low tensile
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strength can withstand high out–of–plane forces without losing its stability [17,20]. However,
if in-plane forces are also imposed, connections of the infill wall to the surrounding frame can
be damaged, and thus, it can decrease out-of-plane capacity. Out-of-plane deformation mechanism for two-sided and four-sided walls are presented on Figure 2.

Figure 2: Crack pattern of two – sided (left) and four – sided (right) masonry infill walls subjected to outof-plane loading [19,21]

Even though highest accelerations in buildings occur at highest floors, out-of-plane failure
of masonry infills often occurs at intermediate floors. The reason for this is the interaction of
in-plane and out-of-plane forces during earthquakes. Effect of in-plane and out-of-plane interaction is nicely presented in the paper of Ricci et al. [22] , and it is shown on Figure 3. There it
can be seen, that as a consequence of in-plane damage on masonry infills at intermediate building stories, out-of-plane capacity is reduced and can be smaller than out-of-plane strength demand.

Figure 3: Influence of in-plane and out-of-plane interaction on the out-of-plane capacity at different floor levels[22]

Influence of prior in–plane damage on the out-of-plane load-capacity of masonry walls has
been highlighted in few experimental campaigns. Angel and Abrams [23] stated that the slenderness (h/t) of infill wall has the highest effect on the decrease of out-of-plane capacity after
prior in–plane damage. Flanagan and Bennett [24] investigated the behaviour of prior in–plane
damage on the out-of-plane capacity of masonry walls made of clay bricks connected to steel
frames. They stated that prior in–plane damage had minor effect on the out-of-plane capacity
of the walls, but that it has induced higher out-of-plane displacements and reduction of out-ofplane stiffness.
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In the experimental campaign conducted by Calvi and Bolognini [25] walls previously exposed to 0.4 % of in–plane drift had decrease of out-of-plane capacity for around 50 percent
and for prior in-plane drift of 1.2 %, out-of-plane capacity decreased for the factor of 5.62.
Investigating different thicknesses and in-plane drift level influence on out-of-plane capacity,
Da Porto et al. [26] pointed out that in-plane drift limit of 0,5 % percent given by Italian Building
Code is appropriate for thick walls, but not for the thin masonry walls. Hak et al. [27] pointed
out that the specimens with prior in–plane drift of 1.0 and 1.5% for fully infilled walls had
similar out-of-plane residual capacity, but that the significant stiffness degradation of approximately 40 % occurred. Specimen subjected to prior in–plane drift of 2,5% had decrease of outof-plane capacity around 60 %, followed with stiffness degradation of 75 %. Furtado et al. [28]
came to the conclusion that the walls without prior in–plane damage had 4 times higher out-ofplane capacity compared to the specimen with prior in–plane drift of 0,5 %. It was also pointed
out that prior in–plane damage significantly decreased out-of-plane wall stiffness. DiDomenico
[19] and Ricci et al. [29,30] stated after their experimental campaign on two different slenderness ratios of masonry infills, 15.2 and 22.9, that slenderness ratio affects in-plane and out-ofplane interaction if it is lower than 20.4 and that higher values of slenderness ratio have similar
influence on the interaction as the slenderness ratio of 20.4. They pointed out the importance
of “critical” in–plane drift, after which, further increase of in–plane displacement will decrease
out-of-plane capacity of the wall. Akhoundi et al. [31] concluded that prior in-plane damage
reduces out-of-plane stiffness and strength. They also stated the importance of the workmanship,
as bad constructed top joints can significantly decrease out-of-plane strength of the wall. In
their experimental campaign, Butenweg and Marinković [32] pointed out that prior in-plane
drift of 1.25 % led to the 8-10 times smaller out-of-plane capacity compared with the wall without prior damage. De Risi et al. [33] investigated different length-to-height (w/h) ratios of masonry infills with the same slenderness ratios of 22.9. They stated that specimens with higher
w/h ratios (1.26) showed higher level of damage after cycles of in-plane loading and higher
reduction of out-of-plane strength compared to the square walls. Xie et al. [34] investigated 7
full–scaled masonry infilled one–span reinforced concrete frames for a typical classroom building in China. The investigation showed that prior in–plane drift significantly decreases out-ofplane wall capacity, when certain value of prior in–plane drift is reached. According to the
authors, this limit value is between 0.1–0.3 % of in–plane drift. Da Porto et al. [35] conducted
experimental campaign on thick masonry infill walls with and without openings and stated that
after different levels of in-plane drifts, out-of-plane capacity of thick infills walls is satisfactory.
In the experimental campaign of Di Domenico et al. [36] it was concluded that square panels
are less prone to the interaction of in-plane and out-of-plane compared to the rectangular ones.
2

EXPERIMENTAL CAMPAIGN AND TEST SETUP

In order to investigate the influence of prior in–plane damage on out-of-plane behaviour of
unreinforced masonry infill walls, experimental campaign was conducted on 2 wall specimens.
This experimental campaign was carried out in the scope of the project “Development of an
innovative approach for decoupling infills and non load-bearing masonry walls from the main
structure” [37]. Walls were made of clay bricks, and the dimension of the bricks were 247 x
249 x 300 mm3. Dimensions of wall specimens and surrounding concrete frame are shown on
Figure 4.
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Figure 4: Front and side view of frame and wall specimens for tests T1 and T2

Characteristic values of used materials are presented in Table 1. Only bed joints were mortared, using thin layer mortar Maxit D900.
Table 1: Material property values for the materials used in experimental campaign

Tests T1 and T2
Mortar type
Mortar
MAXIT

Brick
Thermo
plan
SX10

Masonry

Thin layer mortar
General purpose
mortar
Dimensions L/T/H
(mm)
247/300/249

Compressive strength
fm (N/mm2)
12.8

Flexural tensile strength
fm,flex (N/mm2)
2.4

16

2.4

Compressive strength
fck (N/mm2)
VertiLongitudical
nal
9.57

Voids (%)

Gross dry density (kg/m3)

56

600

1.67

Compressive strength
fk (N/mm2)

Modulus of elasticity
Em (N/mm2)

2.68

2680

Masonry infill walls were connected on all 4 sides to the surrounding concrete frame. Axial
force of 200 kN per column was introduced by hydraulic actuator, and it was kept constant
during both experiments. In–plane displacement was imposed by steel frame and hydraulic
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actuators. Steel bars and plates were placed to keep self-equilibrium and to keep the force in
the system. Out–of–plane loading was imposed using 4 airbags. Velocity of the applied load
for the out–of–plane direction was 50 N/sec. Reaction plate was made at the back side of the
wall, to keep airbags in the contact with the wall. Test setup is presented on Figure 5.

Figure 5: Test specimen with test setup for in–plane movement of the specimen

2.1 Test T1
Test T1 was pure out-of-plane test, without any prior in–plane drift imposed. Velocity of the
load applied in out-of-plane direction was 50 N/sec, and it was introduced by 4 airbags, in load
cycles of 90 kN. At the end of the first cycle, highest displacement of 1.6 mm was measured at
the center of the wall, as it is shown on Figure 6. Wall didn’t exhibit any kind of visible damage
at that moment. As it can be seen from the Figure 6, based on out-of-plane displacements, twoway arching was activated.
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Figure 6: Out-of-plane displacement of infill wall at the end of first cycle of test T1

At the end of the first cycle, residual displacement in out-of-plane direction was minimal
and it was near 0. During the second cycle, when the force of around 136 kN was reached, first
small cracks in the mortar joints occurred. Future increase of the load led to the first cracks in
the bricks in the upper right part of the wall, which occurred at 154 kN. When force reached
170 kN, high intensity crack of the bricks occurred, which was followed by fast increase of outof-plane displacement with small increase of out-of-plane force. At the force of 176 kN, brittle
failure of the wall occurred. It was governed by failure of bricks in the upper right part of the
wall. Rotation of the wall due to arching effect occurred through the cracked cross section of
the brick, which led to brittle and fast failure of the wall in out-of-plane direction. At the moment of failure, displacement at the center of the wall was 9.86 mm. Complete force – displacement curve of the test T1 is shown on Figure 7. Outlook of the test specimen after the brittle
collapse can be seen on Figure 7.

Figure 7: Look of test specimen T1 at the end of the test (left) and force – displacement curve for the out-ofplane behaviour of test specimen T1 (right)
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Top rotation point for the arching effect was moved from the connection of the top beam
and infill wall, to the cracked section of the bricks in the last row. This is shown on Figure 8,
where it can be seen that cracks initiate through the thickness of the wall, breaking thin webs
of the brick and making this weakened cross section as a plane around which the wall rotates.
This type of the behaviour can be explained with yield line theory, presented for the out-ofplane behaviour of masonry infills by Dawe and Seah [21]. In their approach, mortar joints at
the wall middle and at the top and bottom connection of masonry infill to surrounding concrete
represent cracked cross sections. When the test specimen T1 was bricked up, mortar connection
of the wall and top beam was made of high quality thin bed layer mortar, which was inserted
using the pump under high pressure. Nevertheless, it is important to point out that this high
quality of mortar joint connections to the surrounding concrete is difficult to have on a construction site, and it is not expected to be done in that manner, as it is time–consuming.

Figure 8: Look of test specimen T1 at the end of the test and cracks penetrating through the thickness of the
wall in the plane of the rotation, cause collapse of thin brick webs

2.2 Test T2
Test specimen T2 was subjected to 1.2 % of in-plane drift prior to the out-of-plane loading.
Complete hysteresis curves of force–displacement and force–drift for both directions of in–
plane load are shown on Figure 9.
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Figure 9: Force – displacement (left) and force – drift (right) hysteretic curve for the in – plane phase of loading of test specimen T2

For each cycle of in – plane drift, three amplitudes were reached. Time period for reaching
prescribed displacement for each of the amplitudes was 15 seconds. First change of the stiffness
was noticed in the fourth cycle, when in–plane drift of 0.022 % was reached. Reason for the
first dropdown of the stiffness were initiations of the cracks in mortar bed joints, mainly at right
part of the wall. Force that was reached at that moment was 60 kN. Surface plot of the strains
is shown on Figure 10a.
Highly pronounced compressive struts, characteristic for the masonry infill walls, occurred
in sixth cycle, with prescribed drift of 0.11 %. At this point, bricks were still undamaged. Only
visible damages were a bit cracked mortar joints at the connection of the infill wall to the concrete columns and top beam. Surface plots of the strains are shown on Figures 10b and 10c.

a)
b)
c)
Figure 10: Surface plot of the wall strains of specimen T2 at drift levels of 0.012 % (a); 0.11% when moving
the wall from right to left (b); and 0.11% when moving the wall from left to right (c)

Peak force of the in–plane hysteresis curve for both directions of in–plane loading was
reached at 11th cycle. Corresponding force of 280 kN was reached when the frame was pushed
from left to the right. Drift reached at this cycle was 0.8 %. Surface plot of the tensile strains at
drift level of 0.8 %, while moving the wall from left to right, is presented on Figure 11a. At the
end of 15th cycle, last for in–plane phase of the test, drifts of 1.2 % were reached, and the forces
were 225 and 196 kN, respectively. Surface plot of the tensile strains at drift level of 1.2 %,
while moving the wall from left to right and right to left, are presented on Figures 11b and 11c.
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a)

b)

c)

Figure 11: Surface plot of the wall strains of specimen T2 at drift levels of 0.8 % (a) ; 1.2% when moving the
wall from left to right (b); and 1.2 % when moving the wall from right to left (c)

At this level of in-plane drift, significant amount of the damage on infill wall was noticed.
At the back side of the wall, almost along whole length of the wall, outer brick shells were
cracked in rows 5 and 6. Cracks were also pronounced on the bricks at top right and left corner,
and they also went through concrete columns. On the front side of the wall, outer shells of the
bricks felt off from 2 bricks in the 5th row. Minor diagonal cracks were seen on the bricks close
to the columns on the front side off the wall, which were following the trajectory of compressive
struts.
In the second phase of the test, investigation of the out-of-plane capacity of the wall with
prior in-plane damage was conducted. Out-of-plane loading was carried out in 11 cycles. In the
last cycle, while reaching out-of-plane force of 87 kN, high increase of out-of-plane displacement occurred, followed by dropdown of out-of-plane force. In order to prevent brittle failure,
test was stopped. Out-of-plane displacement at the end of the test was 18.42 mm, as it is shown
on Figure 12. Furthermore, from the Figure 12, where the surface plot of out-of-plane displacement is shown, it can be seen that two-way arching was exhibited, as in test T1. It can be concluded that even though mortar joint at the connection of infill wall and top beam had cracks,
they were insufficient to jeopardize two-way arching. Out-of-plane displacement of the wall
from the laboratory is shown on Figure 13, as well as force–displacement curve for the second
phase of test T2.

Figure 12: Surface plot of out-of-plane displacement at the end of the test on test specimen T2
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Figure 13: Force – displacement curve of the out-of-plane loading phase of test specimen T2 (left) and lateral
look of the out-of-plane displacement at the end of the test (right)

3

COMPARISON OF THE OUT-OF-PLANE BEHAVIOUR OF TEST SPECIMENS
T1 AND T2

As it can be seen from Figures 6 and 12, and surface plots of out-of-plane displacements of
the walls T1 and T2, both walls remained in full contact on all 4 sides to the surrounding concrete. This implicates that the walls exhibited two–way bending and arching effect. Such fact
goes on contrary with the conclusions of some of the authors stated in the literature review, as
it is often the case that due to prior in-plane drift, connection of the masonry infill and concrete
frame is partially or completely lost. Full connection of the masonry infill and concrete frame
on all 4 sides during all the phases of in-plane and out-of-plane loading in tests T1 and T2 is a
consequence of unrealistically high bond strength of the mortar joints. The reason for that high
bond strength of connection joints was, as it was already explained in Chapter 2, the use of
high-pressure pump for placing the mortar. This construction procedure highly increased bond
strength of mortar joints. Use of the pump in that manner is inapplicable in practice due to time–
consuming reasons and construction difficulties on the construction site, so it can be said that
this full connection of infill walls to surrounding concrete after in-plane loading cannot truly
represent real behaviour in practice.
Comparison of the out-of-plane force–displacement curves for tests T1 and T2 is shown on
Figure 14. It can be seen that reduction of the out-of-plane capacity was 51 %.
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Figure 14: Force – displacement curves of the out-of-plane loading phase for test specimens T1 and T2

Also, it can be seen that prior in-plane damage triggered significant decrease of stiffness in
out-of-plane direction. This goes in the line with the conclusions of all previous experimental
campaigns from the literature, where the authors pointed out the importance of prior in–plane
damage on the stiffness degradation in out-of-plane direction.
It is important to mention brittle behaviour of test specimen T1. Even though this specimen
showed high level of out-of-plane capacity compared to the test specimen T2, wall T1 had small
out-of-plane displacements at the failure, compared to the ones reached in test T2. Comparing
the values of displacement at failure and wall thickness, out-of-plane displacement at failure of
wall T1 was equal to 3.29 % of the wall thickness. This represents quite a small value for pure
out-of-plane tests, as according to some theoretical approaches for out-of-plane capacity, displacement at the failure can reach around 50 % of wall thickness [18]. The reason for small outof-plane displacement at failure for test specimen T1 can also be explained with perfect boundary conditions and connection of the infill wall with surrounding frame. This fact decreased the
possibility for the rotation of the wall through the cross sections in the mortar plane. On contrary,
rotation cross sections and “hinges” occurred at the first and last row of the bricks, at the moment when the bricks started to crack through the thickness of the wall. Also, this was the reason
for the fast and brittle failure after appearance of the cracks. As it is already mentioned, test
specimen T2, subjected to prior in–plane loading, kept the connection to the surrounding concrete for the entire duration of the test. Nevertheless, the main reason for the increase of the
displacement at failure in out-of-plane direction during the second phase of test 2 was the influence of prior in-plane loading on mortar joints within the wall and next to the surrounding
concrete. This prior in-plane loading decreased the level of rigidity of mortar connections and
also it changed the boundary conditions at the connection of top beam and the wall. For the test
T1, this connection was almost clamped and for test T2 it showed more hinged–like connection
due to prior in-plane loading.
4

COMPARISON OF TEST RESULTS WITH ANALYTICAL APPROACHES

Results from the test specimens described in experimental campaign were compared with
the existing analytical approaches which take into account influence of prior in – plane damage
on out-of-plane capacity of masonry infill walls. The interaction of in-plane and out-of-plane
loading is usually taken into account with factor R, which represents the decrease of out-ofplane capacity due to prior in-plane damage. Factor R is related to the level of in-plane drift to
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which the wall had been previously exposed, so it is a kind of displacement – based and not
strength – based factor. First one to propose reduction factor which takes into account prior inplane damage to the out-of-plane capacity was Angel [23], and the reduction factor is shown in
Equation 1. Reduction factor can be used if in-plane drift is higher than “critical” in-plane drift
at which first brick cracking occurs. Else, R=1. Interstory drift ratio is denoted as IDR.
ூோ

݄
݄ ଷ ଶூோೝ
݄ ଶ
ܴ ൌ ቆͳǡͲͺ െ ͲǡͲͳͷ ൬ ൰ െ ͲǤͲͲͲͶͻ ൬ ൰  ͲǤͲͲͲͲͳ͵ ൬ ൰ ቇ
ݐ
ݐ
ݐ

(1)

New Zealand standard NZSEE 2017 [38] proposes reduction factor which takes into account
slenderness ratio of the wall. This reduction factor is shown in Equation 2.
ܴ ൌ  ൬ͳǤͳ ൬ͳ െ

݄Ȁݐ
൰ Ǣ ͳ൰
ͷͷ

(2)

FEMA 274 [39], FEMA 356 [40], ASCE/SEI 41-06 [41] and ASCE 41-13 [42] proposed
reduction factor R equal to 0.76 for all situations of the interaction of prior in-plane damage on
out-of-plane capacity.
FEMA 306 [43] suggests to use Equation 1 for the calculation of reduction factor, with further description that for moderate in-plane damage it should be taken into account that
IDR=IDRcr and that for severe damage IDR=2IDRcr.
ASCE/SEI 41-17 [44] suggest that reduction factor R should be equal to 0.6. It is calculated
using Equation 1, for the situation when IDR=2IDRcr and slenderness ratios is equal to 25.
Morandi et al. [45]proposed reduction factor to be calculated using Equation 3. Their reduction factor is fitted and calibrated for slender infills.
ͳ െ ʹǤ ܴܦܫ ܴܦܫ ͲǤ͵ͲΨ
ܴ ൌ

ͲǤʹ
Ͳ

ͲǤ͵ͲΨ ൏  ܴܦܫ ͳǤͲͲΨ

(3)

 ܴܦܫ ͳǤͲͲΨ

Based on the experimental results, Verlato et al. [46] proposed Equation 4 for the reduction
factor.
ͳ െ ͲǤͺ ܴܦܫ ܴܦܫ ͲǤͲΨ
ܴ ൌ

ͲǤͶ
Ͳ

ͲǤͲΨ ൏  ܴܦܫ ͳǤʹͲΨ

(4)

 ܴܦܫ ͳǤʹͲΨ

Cavaleri et al. [47] reduction factor R reported in Equation 5, has been proposed based on
the experimental database.
ܴ ൌ ሺͲǤʹିܴܦܫǤଷ Ǣ ͳሻ

(5)

Ricci et al. [29] proposed reduction coefficient R using statistical regression, based on the
some results from the literature. This reduction coefficient is shown in Equation 6.
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ܴ ൌ ሺͲǤͳͶିܴܦܫଵǤଵଶ Ǣ ͳሻ

(6)

Later, Ricci et al. [30] also proposed another reduction coefficient R, after conducting experimental campaign. This reduction coefficient is based on statistical regression and it is shown
in Equation 7, and it is calibrated according to Authors for thin walls (h/t > 15.2). For walls
with lower slenderness ratio, Equation 8 is proposed. Equation 8 is calibrated based on two wall
specimens from the literature with slenderness ratio equal to 8.8.
݄
ܴ ൌ  ൜ͳǢ ൬ͲǤͻͺ െ ͲǤͲͶ  כ൬ ൬ Ǣ ʹͲǤͶ൰൰ ିܴܦܫ כǤଽ ൰ൠ
ݐ

(7)

݄
ܴ ൌ  ൜ͳǢ ൬ͳǤʹͳ െ ͲǤͲͷ  כ൬ ൬ Ǣ ʹͲǤͶ൰൰ ିܴܦܫ כǤ଼ଽ ൰ൠ
ݐ

(8)

Based on their experimental campaign, Akhoundi et al. [31] proposed that reduction of outof-plane capacity due to prior in-plane damage should be taken into account using Equation 8.
ܴൌ

ʹ െ ܴܦܫ
ʹ

(9)

Da Porto et al. [35]used data from their experimental campaign on thick infill walls to proposed reduction coefficient R, shown in Equation 9.
ܴൌ

ͳ
మ
 כ൫ͳǤͳ ି ݁ כሺଶǤכூோሻ  ͳ൯
ʹǤͳ

(10)

Using statistical regression and data available from the literature, Di Domenico at el [36]
proposed reduction factor R for thin and thick walls, presented in Equations 10 and 11, respectively. Equation 10 can be used if h/t > 15, while Equation 11 can be used for walls with h/t >
8.
ݓ
݄
ܴ ൌ  ൜ͳǢ ൬ͳǤͶ͵ͺ െ ͲǤʹͶͷ ቀ ቁ െ ͲǤͲͶʹ  כ൬ ൬ Ǣ ʹͲǤͶ൰൰ ିܴܦܫ כǤଵଽ ൰ൠ
݄
ݐ

(11)

ݓ
݄
ܴ ൌ  ൜ͳǢ ൬ͳǤͷͳͲ െ ͲǤͳͻͲ ቀ ቁ െ ͲǤͲͷͲ  כ൬ ൬ Ǣ ʹͲǤͶ൰൰ ିܴܦܫ כǤଷ ൰ൠ
݄
ݐ

(12)

In order to use some of the above mentioned Equations for the calculation of reduction coefficient R, input data should be IDRcr which represents in-plane drift at which first crack in
the wall occurs. For test T2, described in this paper, drift of 0.027 % is taken as IDRcr. At that
drift level, first stepwise cracks through the wall occurs, as it is shown on Figure 15.
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Figure 15: Surface plot of crack pattern of the specimen T2 under in – plane drift of 0.027 %

Above mentioned analytical approaches for the calculation of out-of-plane capacity due to
prior in-plane damaged are compared with measured values for test specimen T2. Values of the
parameters necessary for the use of Equations 1-12 are the following: h/t= 8.4; w/h= 1.1; IDR=
1.2 % and IDRcr= 0.027 %. In experimental campaign, with above mentioned values, test specimen T2 exhibited reduction of the out-of-plane capacity due to prior in-plane damage for a
factor R= 0.49. Comparison of the experimental result with existing analytical approaches is
shown on Figure 16. Values of the predicted reduction coefficients are shown in Table 2.

Figure 16: Comparison of predicted and measured reduction factor for test specimen T2 using existing analytical approaches
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Table 2: Comparison between predicted and experimental reduction factor for different analytical approaches

Author
Ricci et al. [29]
Angel [23]
NZSEE 2017 [38]
FEMA 274 [39]
FEMA 356 [40]
ASCE/SEI 41-06 [41]
ASCE/SEI 41-13 [42]
ASCE/SEI 41-17 [44]
FEMA 306 [43]
Morandi et al. [45]
Cavaleri et al. [47]
Di Domenico et al. (thin walls) [36]
Di Domenico et al. (thick walls) [36]
da Porto et al. [35]
Verlato et al. [46]
Akhoundi et al. [31]
Ricci et al. (thin walls) [30]
Ricci et al. (thick walls) [30]

Rpred
0.114
0.186
0.932
0.760
0.760
0.760
0.760
0.600
0.927
0
0.243
0.716
0.771
0.476
0.400
0.400
0.540
0.672

Rpred / Rexp
0.231
0.376
1.885
1.538
1.538
1.538
1.538
1.213
1.875
0
0.492
1.449
1.560
0.963
0.809
0.809
1.092
1.359

As it can be seen from the Figure 16 and Table 2, the closest prediction of the reduction
factor for the test specimen T2 was obtained using Equation 10, proposed by da Porto et al.
[35]. Reduction factor calculated using above mentioned Equation 10 is 0.476, while reduction
factor calculated from the experimental campaign was 0.494. The reason for this good match is
probably in the fact that Equation 9 is fitted for the walls which had same thickness as wall T2,
and similar h/t ratio. Also, reduction coefficient proposed by Ricci et al. [30] showed good
match with the experimental one, as it slightly overestimates walls out-of-plane capacity. This
reduction coefficient is calculated using Equation 7. Among all other Equations, only the Equation 12 is fitted for the walls with smaller slenderness ratios than 15, but this Equation 12 also
doesn’t give satisfying match, as it is calibrated only on one experimental campaign from the
literature, using statistical regression. Regarding the level of in-plane drift, presented Equations
are valid for drift values until 1.2 %, which was the drift level imposed in the experimental
campaign. However, it is important to mention that reduction factor of 0.494 for wall specimen
T2 should be taken with reserve, having in mind that connection of masonry infill to the concrete frame is not constructed in usual manner. Regarding that, this high quality connection
could potentially increase residual out-of-plane capacity and overestimate reduction factor,
compared with the situation when connection joints are constructed as in practice. Nevertheless,
it can be concluded that, even though there is certain amount of existing equations which take
into account reduction of out-of-plane capacity due to prior in-plane loading, they are empirical
– based and fitted only for some results available from the literature, or only for one existing
experimental campaign. Regarding that, conclusion is that they can be used for calculation of
the reduction factor if wall parameters are very similar to the ones for which these equations
are calibrated, but there is a need for developing new equations which can take into account
reduction of out-of-plane capacity due to in-plane damage for more general application.
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5

CONCLUSIONS
In this paper, influence of prior in–plane damage on the out–of–plane capacity of masonry
infills has been investigated. First, literature review of previous experimental campaigns
dealing with this topic has been conducted. It has been pointed out that all the studies concluded that prior in–plane damage of masonry infill walls decreases stiffness of the wall and
initiates higher displacements in out–of–plane direction.
Since experimental test on full scale specimens, investigating influence of in-plane loading
on out-of-plane capacity, are rare, experimental campaign on two different wall specimens
made of clay brick masonry, was conducted. Wall specimen denoted as T1 was subjected to
cyclic out-of-plane loading until failure. Failure occurred at the load of 176 kN. Wall denoted
as T2 was loaded in two phases. In the first phase, in–plane load was imposed on the system
in 15 cycles, each containing 3 amplitudes. Highest drift level that was reached was 1.2 %,
and the wall peak force occurred at drift level of 0.8 %. Afterwards, specimen was unloaded
in in–plane direction, and out-of-plane cyclic load was imposed in 11 cycles. At the load of
87 kN, high increase of out-of-plane displacement followed by the decrease of the force occurred, and the test was stopped.
Analyzing the results from conducted experimental campaign it can been concluded that
in–plane drift significantly decreases out-of-plane strength capacity and stiffness of masonry
infills. Also, it changes the behaviour of the wall in a way that walls exhibit more ductile
behaviour due to the higher deformability of mortar joints, if previously, in-plane force is
introduced. Out-of-plane displacements at failure in test T1 were low due to different type of
the behaviour of the wall than expected. The reason for that were boundary conditions at the
connection of masonry infill to the surrounding concrete. Reason for that lies in the fact that,
for the placing of mortar, high-pressure pump was used. This pump is not used so far in
practice, so it can be said that above mentioned conclusions represent the situation with perfect boundary conditions and very high mortar bond strength, which is not the case in the
practice. Due to this construction procedure and mortar bond strength, crack planes for the
out-of-plane rotation of infill walls were moved from the top and bottom connection of masonry infills to the first and last row of the bricks. This led to fast and brittle failure of the
specimen T1, when the tensile cracks penetrated through the thickness of the wall, destroying
thin webs of the brick.
Wall denoted as T2 had reduction of out-of-plane capacity of 51 % compared to the wall
specimen denoted as T1, as a consequence of prior in–plane damage. In-plane drift of 1.2 %
damaged the wall, which had some minor and some moderate damages. Most common damage of the bricks was falling out of the outer shells of the bricks in the middle two rows of
the wall. From the investigation at the site, it can be pointed out that these bricks probably
had to be replaced, if the same situation happened in the building. This implies that repair
would not be an option. Also, due to high compressive forces, some bricks near the columns
exhibit diagonal cracks, which were also visible in the concrete columns. Mortar joints at the
connection of masonry infill and concrete were cracked. This cracks in mortar joints didn’t
jeopardize two-way arching of the masonry infill wall, which stayed in contact with surrounding concrete until the end of the test. Also, it is important to point out that even though
in-plane damage decreased out-of-plane capacity of the wall, the wall still had significant
amount of out-of-plane capacity.
It can be concluded that prior in-plane damage has to be taken into account when out-ofplane capacity of the wall is discussed, and that this interaction poses an important factor and
safety hazard for masonry infill walls during seismic events.
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Results from test campaign for the out-of-plane capacity with prior in–plane damage were
compared with analytical approaches for reduction of out-of-plane capacity from the literature. Best match was noticed with the approach proposed by da Porto et al. [35], due to similar
wall parameters. Nevertheless, it has been concluded that reduction factor equations from the
literature are empirical - based and that results from those equations need to be taken with
reserve. Further investigations are needed and they are planned as the part of comprehensive
experimental campaign within the AIF project “Development of innovative approach for decoupling infills and non-load bearing masonry walls from the main structure” [37].
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Abstract
Masonry infills are commonly used as exterior or interior walls in reinforced concrete (RC)
frame structures and they can be encountered all over the world, including earthquake prone
regions. Since the middle of the 20th century the behaviour of these non-structural elements
under seismic loading has been studied in numerous experimental campaigns. However, most
of the studies were carried out by means of in-plane tests, while there is a lack of out-of-plane
experimental investigations. In this paper, the out-of-plane tests carried out on full scale
masonry infilled frames are described. The results of the out-of-plane tests are presented in
terms of force-displacement curves and measured out-of-plane displacements. Finally, the
reliability of existing analytical approaches developed to estimate the out-of-plane strength of
masonry infills is examined on presented experimental results.
Keywords: Seismic loading, Masonry infill, Out-of-plane load, Out-of-plane strength.

829

Aleksa Milijaš, Bogdan Šakić, Marko Marinković, Christoph Butenweg, Sven Klinkel

1

INTRODUCTION

The influence of infills on the seismic response of frame structures has long been
recognised [1]. However, the issue of how the infills affect the seismic performance of an RC
building is intricate as well as their exact role during an earthquake is complex and not yet
clearly understood [2]. Regularly distributed infills may significantly contribute to withstand
the seismic actions, as also proved during moderate and strong earthquakes, reducing the
deformation demand and improving the energy dissipation capacity of the system [3,4].
However, regular infill distribution is not easy to be accomplished in practice. Furthermore, as
the deflection of RC frame activates much stiffer infill walls that have a low drift capacity of
0.2–0.3% [5] and rather stiff and brittle in-plane response, infill panels achieve its maximum
load capacity very fast which is followed by a sudden decrease of strength. Therefore, it can
be concluded that infill wall increases the strength of infilled frame, but it highly decreases its
ductility, which conflicts with ductile seismic design [5]. Increase of the stiffness of the
overall system due to the infills leads to an increase of the natural frequencies and thus to an
increase of the horizontal earthquake loads with a significantly different global vibration
behaviour of the overall structure [6]. In addition to this, if the infills are irregularly arranged
in plan and elevation, torsional effects can lead to additional loads with unfavourable load
distributions which accelerate a failure of the infills [7,8,9]. Moreover, additional critical
torsional effects may also occur over the course of the successive failure of overloaded infill
elements, even if the infills are arranged in a regular manner [6]. If taking these shortcomings
into account, it is not surprising that in almost every moderate to high intensity earthquake
event RC frames with masonry infill walls suffered damage, in some cases even a total
collapse [10]. In order to provide better understanding of the complex frame-infill interaction
and its influence on overall seismic performance of structures, most experimental campaigns
focused on behaviour of infilled frames under in-plane component of seismic loading.
On the other side, the performance of infilled frames under out-of-plane seismic loading
component was the subject of significantly smaller number of experimental researches. In one
of the first experimental investigations on out-of-plane behaviour of URM walls conducted by
McDowell et al. (1956a,b) [11,12], the important arching action or arching effect was
discovered. Further experimental studies on out-of-plane response of masonry infills were
carried out by Dawe and Seah (1989b) [13], Angel et al. (1994) [14], Flanagan and Bennett
(1999b) [15] and Di Domenico (2018) [16], among others. In the work of these authors, the
parameters affecting arching action were investigated and it was concluded that infill wall
built in a traditional way with a full contact to surrounding frame can achieve a several times
larger out-of-plane capacity than its expected flexural capacity. In addition to this, the results
showed that arching effect is mostly governed by a compressive strength of the wall, panel
dimensions (slenderness), boundary conditions between the infill and the frame and stiffness
of the surrounding frame. Furthermore, the development of arching or rigid body mechanism
can be distinguished depending on the condition of infill-frame connections [17]. The
ineffective frame-infill connections can be caused by poor quality execution as pointed out in
[18] or mortar shrinkage. In more recent studies, the influence of workmanship was therefore
investigated in the work of Akhoundi et al. (2020) [19]. The further investigations of out-ofplane behaviour of masonry infills appear to be inevitable after observations of damages after
recent earthquake events. For instance, in the L´Aquila 2009 earthquake in Italy, out-of-plane
mechanisms led to the lowest capacity of the infills, thus representing the condition of highest
risk for human safety [20]. To make the matters worse, not only can the out-of-plane failure
occur on upper storeys of buildings due to higher amplification of ground acceleration, but
masonry infills can also suffer substantial damage due to interaction of in-plane and out-of-
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plane actions in the lower storeys of buildings. The detrimental combination of in-plane and
out-of-plane loading was pronounced in recent earthquakes in L´Aquila 2009, Central Italy
2016, Lorca 2011, and Albania 2019.
The available experimental results have served as a useful basis for many researchers to
propose simple analytical equations based on arching theory that can be applied in
engineering practice for the estimation of out-of-plane capacity of masonry infill walls.
Despite the fact that most theories agree in recognizing the aforementioned out-of-plane
behaviour for the infilled frames, their results are often conflicting. In most cases this may be
justified by substantially different choices in the reference experimental programs [21]. In this
paper results of two experimental tests carried out on masonry infills with different boundary
conditions are presented. Furthermore, analytical approaches based on arching theory are
summarized and their accuracy in estimation of out-of-plane capacity is examined on test
results.
2

EXPERIMENTAL TESTS

For the purpose of investigating the correctness of analytical expressions for out-of-plane
strength of infill walls, two out-of-plane experimental tests will be used. The first test was
conducted within the experimental campaign of the European research project INSYSME
(Innovative systems for earthquake resistant masonry in reinforced concrete buildings) [22],
whereas the second one was carried out in the scope of the project “Development of an
innovative approach for decoupling infills and non load-bearing masonry walls from the main
structure” [23] and represents the continuation of the research work done within the
INSYSME project [22]. In this paper, only out-of-plane tests on two masonry infills are
described. Test BO was carried out in the former and test T1 in the latter experimental
campaign.
2.1 Test specimens
Both infill walls were constructed in a usual way of bricklaying. Bed joints were filled with
thin layer mortar while head joints were made as dry joint connection without mortar.
However, it has to be pointed out that in the specimen BO, the general purpose mortar was
used to fill the remaining gap at the top, while in specimen T1 the execution of the top joint
was carried out by a special pump in order to completely and perfectly fill the top gap with
thin layer mortar. In both specimens bottom and side connections of masonry infill to the
surrounding frame were made by general purpose mortar, but in the specimen BO a gap of 5
cm between infill and RC column was left in order to consider the case of wall having door
opening along its whole height. In that sense, BO specimen presents three-sided and T1
specimen four-sided wall. The dimensions and mechanical characteristics of bricks, thin layer
and general purpose mortar used in specimens are summarized in Table 1 and 2.
The surrounding reinforced concrete frames were designed according to DIN EN 1992-1-1
(2011) [24] and DIN EN 1998-1 (2010) [25] considering the German national annexes for
ductility class L. Columns have 25/25 cm quadratic cross section with the 1.48 % of
longitudinal reinforcement. The percentage of transverse reinforcement in middle column
section is 0.42 %, while there is 0.63% of transverse reinforcement in column corners. Beam
was designed to have a width of 45 cm and height of 25 cm with the 1.05% of longitudinal
reinforcement and 0.23% and 0.35% of transverse reinforcement in middle and corner
sections, respectively. Dimensions of the frame and arrangement of reinforcement can be
found in [6, 17].
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Test BO
Mortar type
Mortar
ZP99

Brick
MZ70

Thin layer mortar
General purpose
mortar

Compressive
strength
fm (N/mm2)
15.7

3.67

8.9

2.47

Dimensions
L/T/H (mm)

Compressive
strength
fck (N/mm2)

250/365/249

Vertical Longitudinal

6.3

Masonry

Flexural tensile strength
fm,flex (N/mm2)

4.8

Voids (%)

Gross dry
density (kg/m3)

62.3

553

Compressive strength
fk (N/mm2)

Modulus of elasticity
Em (N/mm2)

3.1

4870

Table 1. Mean values of the material properties and strengths (Test BO, INSYSME [22])

Test T1
Mortar type
Mortar
MAXIT

Brick
Thermo
plan
SX10

Masonry

Thin layer mortar
General purpose
mortar

Compressive
strength
fm (N/mm2)
12.8

Flexural tensile strength
fm,flex (N/mm2)
2.4

16

2.4

Dimensions
L/T/H (mm)

Compressive
strength
fck (N/mm2)

247/300/249

Vertical Longitudinal

9.57

1.67

Voids (%)

Gross dry
density (kg/m3)

56

600

Compressive strength
fk (N/mm2)

Modulus of elasticity
Em (N/mm2)

2.68*

2680*

Table 2. Mean values of the material properties and strengths (Test T1, Development of an innovative approach
for decoupling infills and non load-bearing masonry walls from the main structure [23])
*Values calculated according to Eurocode 6 [37]
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2.2 Test setup and loading protocols
The test setup for specimen BO was specifically constructed for the experimental tests
within the INSYSME project [22]. Vertical force of 200 kN per column was applied with the
vertical hydraulic jacks before the application of out-of-plane load and kept constant during
the whole test. Air bags for out-of-plane loading were placed between the stiff supporting
panel and infill wall thus allowing only the deformation of infill wall. Detailed description of
the test setup for specimen BO can be found in [6, 17].
The test setup for specimen T1 was purposely designed for the experimental tests within
the project “Development of an innovative approach for decoupling infills and non loadbearing masonry walls from the main structure” [23]. Vertical force of 200 kN per column
was applied by one-way hydraulic actuators connected to a pressure accumulator to ensure
near constant pressure during the test. A special harness is used for these actuators, which
consists of two rods per column, a steel beam at the top and specially designed steel angles
connected to the frame at the foundation beam. After the application of vertical load, the outof-plane load is imposed to the infill by four airbags. The airbags are placed between the infill
and a wooden reaction wall at the back of the wall.
2.3 Experimental results
2.3.1. Test BO
In test BO masonry infill wall supported on three sides with one free vertical edge was
subjected to out-of-plane loading applied in four cycles. On Figure 1 load-displacement curve
is presented. It shows that the specimen achieved maximum resistance of about 170 kN which
corresponds to a uniformly distributed load of about 24 kN/m2. In first two loading cycles the
out-of-plane displacements were relatively small due to stable arching action. However, in the
third load cycle at the load level of about 24 kN/m2 sudden friction failure occurred in the top
joint between infill and the upper beam of the frame which triggered the tilting of the wall. In
addition to this, splitting and overloading of the bricks in the uppermost infill row caused the
loss of boundary condition at the top. The substantial increase of displacements was observed
at the infill free edge, especially at the top (Figure 2).

Figure 1. Force-displacement curve for out-of-plane
loading of the test BO (Marinković, 2018) [17]

Figure 2. Side view of the out-of-plane displacements of
the vertical section at the free edge of the wall in test BO
(Marinković, 2018) [17]
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In the final load cycle the splitting of the bricks at the wall base occurred too and thus
destroyed the bottom boundary condition. As a consequence, the formation of arching effect
was prevented. Right side of the wall moved as a rigid body until the occurrence of cracking
through head joints in the central part of infill (Figure 3). The measured out-of-plane
displacements at the end of the fourth cycle are presented in Figure 4.

Figure 3. Damage to the wall at the end of the test BO (Butenweg et al. 2019) [6]

Figure 4. Side view of the out-of-plane displacements at the end of the
fourth loading cycle of the test BO (Butenweg, et al. 2019) [6]

2.3.2. Test T1
In test T1 four side supported masonry infill wall was subjected to out-of-plane loading
applied in two cycles. On Figure 5 load-displacement curve is presented. The specimen was
able to withstand the total out-of-plane force of 175.6 kN which corresponds to 25.2 kN/m2 of
uniform load. The wall deflection in the first load cycle indicated the formation of two-way
arching mechanism (Figures 6 and 7). The out-of-plane displacements in this loading phase
were quite small, not exceeding 2 mm. With the further application of the out-of-plane
loading in the second cycle, the out-of-plane displacements increased. Central vertical and
horizontal strips deflected more than the outer strips (Figure 8) thus confirming the presence
of strong two-way arching action. Although there were no visible signs of any substantial
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damage to the masonry infill, at the load level of about 25 kN/m2 the part of the infill abruptly
fell out. Due to strong and undamaged connections at the top and bottom of the infill wall, the
rotation between topmost row of bricks and upper beam and lowermost row of bricks and
bottom beam was limited at higher load levels. Due to this, compressive stresses increased
faster in the compressive thrust near the arc supports. The thin and brittle webs of bricks in
compression zones of arc supports crushed under excessive compressive stresses which led to
the expulsion of the part of the wall and complete failure of specimen (Figure 9).

Figure 5. Force – displacement curve for out-of-plane
loading of the test T1

Figure 7. Top view of the out-of-plane displacements
of the central horizontal section of the test T1

Figure 6. Side view of the out-of-plane
displacements of the central vertical section of the
test T1

Figure 8. Deflection of vertical strips in the end of
second loading cycle of test T1

Even after the collapse of the infill, thin layer mortar at the top remained intact and
strongly connected to the top beam and rest of the bricks in the uppermost row of the infill.
Namely, during the inspection of specimen after the test, it was noticed that vertical holes of
bricks were filled with a huge amount of thin layer mortar since it had been falling into
narrow voids during its application by a special pump.
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Figure 9. Infill wall after the collapse (test T1)

3

SUMMARY OF ANALYTICAL APPROACHES ESTIMATING OUT-OF-PLANE
CAPACITY

In the case of earthquake loading, masonry infills are subjected to out-of-plane loads due to
the mass and inertia of the wall. Since the out-of-plane loads can be approximated as
uniformly distributed, out-of-plane capacity of masonry infills is usually defined as the
uniform lateral pressure causing the collapse of the wall. Some of the first approaches used
for estimation of out-of-plane capacity were derived from Timoshenko theory (Timoshenko
and Woinowsky-Krieger,1959) [26]:
 ݍൌ

݂௧
݄ ଶ
ߚଵ ቀ  ݐቁ

(1)

The governing parameter is a tensile strength fmt of linearly elastic, homogeneous and
isotropic material, while β1 is a coefficient depending on the aspect ratio of the panel and its
restrain conditions. In the other methods two-way action was taken into account by using
yield line analysis (Hendry, 1973; Hendry and Kheir, 1976) [27,28]. In the approach proposed
by Haseltine (Haseltine, 1976; Haseltine et al. 1977) [29,30] the governing parameter is
flexural tensile strength fxk2 orthogonal to the bed joints:
 ݍൌ

݂௫ଶ

(2)
݄ ଶ
ܽ ቀ ቁ ߛ ߛ
ݐ
Panel shape and restraint conditions are taken into account by bending coefficient a, γm is
safety coefficient related to the materials and γf is an importance factor.
These approaches that considered tensile or flexural strength as the governing parameter
appeared to be limited in the prediction of ultimate out-of-plane capacity and only capable of
estimation of masonry cracking. However, experiments [13-16] showed that membrane forces
appear in the wall due to deformation of the wall after cracking, thus proving that the arching
action is a predominant resisting mechanism.
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McDowell et al. (1956a,b) [11,12] were the first to propose calculation of out-of-plane
capacity of masonry walls considering one-way arching action. Instead of flexural or tensile
strengths which were used in preceding approaches, they incorporated compressive strength
of masonry into their formulation. In the researches that followed this one, two-way arching
action was also considered in analytical models.
After verification of their postcracking analysis program on the results of out-of-plane tests
on concrete masonry infills surrounded by steel frames, Dawe and Seah (1989b) [13]
conducted an extensive parametric study in order to determine the most important parameters
affecting out-of-plane capacity of masonry infills. Based on the results of this study they
developed empirical relationship for the calculation of out-of-plane capacity of masonry
infills:
ߙ
ߚ
 ݍൌ ͲǤͺ݂ԢǤହ  ݐଶ ൬ ଶǤହ  ଶǤହ ൰
݈
݄

(3)

where ݂ᇱ is masonry compressive strength (MPa), t is the infill thickness (mm), h is the infill
height (mm), l is the infill length (mm). Parameter α takes into account the relative stiffness of
the bounding column, while parameter β takes into account the relative stiffness of the
bounding beam. The parameters should be calculated according to the equations below,
distinguishing the case of four-sided wall (eq. 4 and 5) or three-sided wall with the gap at the
top (eq. 6 and 7):
ͳ
ߙ ൌ  ሺܫܧ ݄ଶ  ܩ ܬ ݄ݐሻǤଶହ  ͷͲ
݄

(4)

ͳ
ߚ ൌ  ሺܫܧ ݈ ଶ  ܩ ܬ ݈ݐሻǤଶହ  ͷͲ
݈

(5)

ͳ
ߙ ൌ  ሺܫܧ ݄ଶ  ܩ ܬ ݄ݐሻǤଶହ  ͷ
݄

(6)

ߚൌͲ

(7)

In the equations (4-7), E is the modulus of elasticity of frame material (MPa) , Ic is the
moment of inertia in the plane of the infill of the column (mm4), Ib is the moment of inertia in
the plane of the infill of the beam (mm4), G is shear modulus (MPa), Jc is torsional constant of
the column (mm4), Jb is torsional constant of the beam (mm4).
Angel et al. (1994) [14] developed analytical model based on arching action of an infill
strip spanning between two rigid supports. The authors distinguished two failure modes
depending on the slenderness ratio; for the infills with h/t values lower than determined
critical slenderness ratio crushing at arc boundaries is expected to occur, otherwise the snap
through the panel may appear. In addition to this, they considered the effects of previous inplane damage, flexibility of the confining frame and panel slenderness ratio on the out-ofplane behaviour. Therefore, the ultimate out-of-plane strength could be estimated by the
following equation:
 ݍൌ  ܴଵ ܴଶ

837

ʹ݂Ԣ ߣ
݄Ȁݐ

(8)

Aleksa Milijaš, Bogdan Šakić, Marko Marinković, Christoph Butenweg, Sven Klinkel

where t is the thickness of the wall (mm), h is the height of the wall (mm), l is the length of
the wall (mm), ݂ᇱ is the compressive strength of masonry infill (MPa) and λ is the
dimensionless parameter that can be calculated according to equation (9) proposed by
Flanagan and Bennett (1999c) [31]. Coefficient R1 is the reduction factor that considers
previous in-plane damage and coefficient R2 accounts for the flexibility of the confining
frames in the case of edge location of the infill, meaning that the panel is located in the
exterior bay or the uppermost story. Coefficients R1 and R2 can be calculated by using the
equations (10-12).
݄
ߣ ൌ ͲǤͳͷͶ ൬െͲǤͲͻͺͷ ൰
ݐ


(9)

 ଶ

 ଷ

௧

௧



ܴଵ ൌ ሺͳǤͲͺ െ ͲǤͲͳͷ െ ͲǤͲͲͲͶͻ ቀ ቁ ͲǤͲͲͲͲͳ͵ ቀ ቁ ሻమೝ
௧

for

௱
ଶ௱ೝ

 ͲǤͷ

(10)

ܴଶ ൌ ͲǤ͵ͷ  ʹǤͶͻିͲͳܫܧଵସ for  ܫܧ൏ ʹͷǤͺ͵ͳͲଵଶ

(11)

ܴଶ ൌ ͳ for  ܫܧ ʹͷǤͺ͵ͳͲଵଶ

(12)

 ܫܧൌ  ܧሼܫ Ǣܫ ሽ

(13)

where Δ represents the maximum in-plane inter-story drift that panel has experienced and Δcr
is the cracking drift, EI is the flexural stiffness corresponding to the smallest member of the
confining frame at the panel edge with no continuity.
In the thorough study of Flanagan and Bennett (1999c) [31], the performance of analytical
methods proposed by Dawe and Seah (1989b) [13] and Angel et al. (1994) [14] in estimating
the out-of-plane strength of masonry infills was examined on 36 experimental tests carried out
by Thomas (1953) [32], Anderson and Bright (1976) [33], Dawe and Seah (1989b) [13],
Fricke et al. (1992) [34], Frederiksen (1992) [35], Angel et al. (1994) [14] and Flanagan and
Bennett (1999b) [15]. The empirical method proposed by Dawe and Seah (1989b) [13]
provided the best prediction of out-of-plane capacity, but with consistent overestimation.
Therefore, Flanagan and Bennett (1999c) [31] modified the constant in (3) from 0.8 to 0.73
and proposed the following equation for the calculation of out-of-plane capacity of masonry
infills:
Ƚ
ߚ
 ݍൌ ͲǤ͵݂ᇱǤହ  ݐଶ ൬ ଶǤହ  ଶǤହ ൰
݈
݄

(14)

where ݂ᇱ is masonry compressive strength (MPa), h is the height of the wall (mm), l is the
length of the wall (mm). The authors recommend the application of the modified thickness of
the wall t2 =h/8 if the infill walls slenderness ratio is less than 8 (h/t < 8). Parameters α and β
can be calculated according to the following equations:
ߙൌ

ͳ
ሺܫܧ ݄ଶ ሻǤଶହ  ͷͲ
݄
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ߚൌ

ͳ
ሺܫܧ ݈ ଶ ሻǤଶହ  ͷͲ
݈

(16)

In the equations (15-16), E is the modulus of elasticity of frame material (MPa), Ic is the
moment of inertia in the plane of the infill of the column (mm4), Ib is the moment of inertia in
the plane of the infill of the beam (mm4). The authors neglected the influence of torsional
stiffness on the out-of-plane capacity of masonry infills which was considered in the method
of Dawe and Seah (1989b) [13].
In Eurocode 8 (2004) [36] it is stated that particular attention should be paid to masonry
panels with a slenderness ratio greater than 15, but there are no specific design
recommendations for the calculation of out-of-plane strength of masonry infills. However, in
Eurocode 6 (2005) [37] one-way arching action is assumed as lateral loads resisting
mechanism of URM wall and the out-of-plane capacity of URM walls can be calculated
according to the equations:
 ݍൌ  ݂ᇱ ሺݐȀܽሻଶ  for ݐȀܽ ൏ ʹͲ

(17)

where ݂ᇱ is compressive strength of masonry infill (MPa), t is the thickness of the wall (mm),
h is the height of the wall (mm), l is the length of the wall (mm) and a is taken as:
(18)

 ൌ ሼ݄Ǣ ݈ሽ

Based on analytical investigation of the behaviour of masonry infills supported on two
sides under transverse loading, Moghaddam and Goudarzi (2010) [38] developed semiempirical relationship between out-of-plane capacity of masonry infills and rigidity of the
bounding frame, properties of the masonry material and slenderness ratio. Two failure modes
are distinguished: boundary crushing (qcr), when the crushing takes place at the supports of
the infill and transverse instability (qmax), which occurs due to the large transverse deflection
of the infill. The out-of-plane capacity corresponds to the smaller of two values:
 ൌ ሼݍ Ǣ ݍ௫ ሽ

(19)

ͲǤͺͷ݂ᇱ
ͲǤͲͶͷ ݂ᇱଶ
൰ ቇ
൬ͲǤͳʹ
ݍ ൌ ቆ
െ


ሺ݄Ȁݐሻଶ
ߙ
ܧ

(20)

ݍ௫ ൌ ൮

ͲǤͳͺܧ
ͲǤͲͶͷ ݄ ସ
ቀͲǤͳʹ  
ቁቀ ቁ
ߙ
ݐ

ߙ ൌ ͵ͺͶ

ܫܧ ݄
ܧ  ݈ݐସ

൲

(21)

(22)

where ݂ᇱ is compressive strength of masonry infill (MPa), E is Young´s modulus of frame
material (MPa), Em is Young´s modulus of masonry infill wall (MPa), t is the thickness of the
wall (mm), h is the height of the wall (mm), l is the length of the wall (mm).
Morandi et al. (2013) [39] proposed the equation for the calculation of ultimate out-ofplane capacity of the masonry infill based on the recommendations from Eurocode 6 (2005)
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[37]. Besides the contribution of the arching mechanism to out-of-plane capacity of the infill,
the presence of vertical reinforcement in the masonry infill may also be taken into account:
 ݐଶ
ݐ
(23)
 ݍൌ ͲǤʹ ൬ ൰ ݂ᇱ  Ǥʹ ଶ ܣ௦ ݂௬
݄
݈݄
where, ݂ᇱ is the compressive strength of masonry infill (MPa), t is the thickness of the wall
(mm), h is the height of the wall (mm), l is the length of the wall (mm), As is the total cross
sectional area of the vertical reinforcement in tension (mm2) and fy is the reinforcement yield
strength (MPa). However, the authors stated that the equation refers to the masonry infills
which did not suffer any previous in-plane damage.
Unsatisfied with the relialibity of existing formulations for prediction of out-of-plane
strength, first cracking load and displacement at the collapse of masonry infills, Ricci et al.
(2018) [40] proposed semi-empirical approach that defines the characteristic points of a
trilinear out-of-plane force-displacement curve based on geometric and mechanical properties
of infills. They applied a linear least square regression in their work and defined the cracking
and peak out-of-plane uniformly distributed loads qcrack and qmax, respectively:
ݍ ൌ ͲǤ͵ͳ݂ᇱǤହ

ݐ
݄ଶǤ

(24)

ݐଵǤହଽ
(25)
݄ଶǤଽ
where t is the thickness of the wall (m), h is the height of the wall (m) and ݂ᇱ is the
compressive strength of masonry infill (MPa).
ݍ௫ ൌ ͳǤͻͷ݂ᇱǤଷହ

4

ESTIMATION OF OUT-OF-PLANE CAPACITY

Results of described experimental tests are used to examine the precision of predicting outof-plane capacity of masonry infills by means of simple analytical equations summarized in
Chapter 3 of this paper. It has to be pointed out that only methods based on arching theory
were considered. Figure 10 and Table 3 show the comparison of predicted and experimental
values from test BO, whereas the comparison of analytical and experimental results for test
T1 is presented in Figure 11 and Table 4.
From Figure 10 and Table 3, it could be concluded that only estimation by method of
Flanagan and Bennett (1999c) [31] is in good agreement with experimental result of test BO.
This could be explained with the fact that this semi-empirical analytical approach could be
applied to walls with a gap at one side by setting parameter α that accounts for stiffness of
columns to 0. The similar semi-empirical equation proposed by Dawe and Seah (1989b) [13]
overestimates the actual capacity 34 %, although it also considers case of three-sided BO wall
by neglecting columns stiffness. However, it is surprising that predictions calculated
according to Angel et al. (1994) [14], Eurocode 6 (2005) [37], Moghaddam and Goudrazi
(2010) [38], Morandi et al. (2013) [39] substantially overestimate the actual capacity of BO
specimen as their theories are based on one-way arching which was the major resisting
mechanism in test BO until the occurrence of tilting. Such a significant discrepancy between
experimental result and out-of-plane strengths predicted by these analytical approaches might
be due to the loss of boundary conditions at the top and bottom of the BO wall which led to
the inhibition of the arching action and therefore moving of the infill out of RC frame plane.
The reason for overestimation of actual capacity of specimen BO by semi-empirical approach
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of Ricci et al. (2018) [40] could be that it was based on regression that produces satisfactory
ratio of predicted to experimental values of masonry infills supported on four sides.

Figure 10. Comparison of calculated out-of-plane capacities with actual capacity in test BO

Author
Dawe and Seah (1989b) [13]
Angel et al. (1994) [14]
Flanagan and Bennett (1999c) [31]
Eurocode 6 (2005) [37]
Moghaddam and Goudrazi (2010) [38]
Morandi et al. (2013) [39]
Ricci et al. (2018) [40]

qpred [kN/m2]
32.06
58.29
21.08
65.03
54.54
46.83
37.84

qpred / qexp
1.34
2.43
0.88
2.71
2.27
1.95
1.58

Table 3. Comparison of calculated out-of-plane capacities with actual capacity in test BO

On the other side, perhaps due to the same reason explained above, in the case of masonry
infill restrained on four sides analyzed in test T1 the best estimation of out-of-plane capacity
is achieved by semi-empirical approach proposed by Ricci et al. (2018) [40]. Among two
formulations that take into account two-way arching effects, Flanagan and Bennett (1999c)
[31] appeared to be closer to actual out-of-plane strength of specimen T1 due to the lower
numerical constant in their equation (14) than in the equation (3) of Dawe and Seah (1989b)
[13]. The small discrepancy between out-of-plane capacities predicted by Angel et al. (1994)
[14] and Morandi et al. (2013) [39] and experimentally measured out-of-plane resistance of
four-sided specimen in test T1 needs to be interpreted cautiously since the contribution of
horizontal arching was not considered in the approaches of these two authors, but it is
pronounced in specimen in test T1. Other two approaches developed assuming one-way
arching (Eurocode 6 (2005) [37] and Moghaddam and Goudrazi (2010) [38]) overestimated
the actual out-of-plane strength of T1 specimen with an error of about 25 %.
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Figure 11. Comparison of calculated out-of-plane capacities with actual capacity in test T1

Author
Dawe and Seah (1989b) [13]
Angel et al. (1994) [14]
Flanagan and Bennett (1999c) [31]
Eurocode 6 (2005) [37]
Moghaddam and Goudrazi (2010) [38]
Morandi et al. (2013) [39]
Ricci et al. (2018) [40]

qpred [kN/m2]
33.01
26.67
29.39
31.44
31.65
27.35
26.32

qpred / qexp
1.31
1.06
1.17
1.25
1.26
1.09
1.04

Table 4. Comparison of calculated out-of-plane capacities with actual capacity in test T1

This short study shows that Flanagan and Bennett (1999c) [31] can quite accurately predict
the out-of-plane capacity of three-sided masonry infill in test BO since ratio of predicted to
experimental value is 0.88. As expected, estimation of Dawe and Seah (1989b) [13] is less
conservative than Flanagan and Bennett (1999c) [31] as predicted to experimental ratio is
1.34. The other approaches overestimate the actual strength of specimen BO more than 1.5
times. The lowest ratio of predicted to experimental out-of-plane capacity (qpred/qexp = 1.04)
of four-sided masonry infill in test T1 is achieved by application of semi-empirical approach
by Ricci et al. (2018) [40], while calculation according to Dawe and Seah (1989) [13] leads to
the largest ratio of 1.31.
5

CONCLUSIONS

This paper deals with investigation of out-of-plane behaviour of masonry infills. Firstly,
full scale out-of-plane experimental tests carried out in the scope of two related experimental
campaigns are described. The out-of-plane response of masonry infills with different
boundary conditions was investigated in the tests. Three side supported wall resisted the
imposed out-of-plane loading by stable vertical arching action. However, due to loss of
boundary conditions at the top and bottom whole wall started to move out of RC frame plane,
with largest deflections at the free edge. The out-of-plane displacements of infill were
relatively small until the sudden loss of top joint connection which prevented the arching
action and triggered the wall tilting. On the other side, in the four side supported infill wall
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pronounced two-way arching action was established. The out-of-plane displacements were
relatively small until the explosion-like collapse of the wall. Unlike the first test, frame-infill
connections did not suffer any damage and remained in good condition thanks to perfectly
executed, but difficult and time demanding filling of the gap at the top with thin layer mortar
by pump. Due to this, the rotation was shifted from top connection one joint lower.
Additionally, thin brick webs crushed under high compressive stresses induced by arching
action. As a consequence, part of the infill defined by head joints and crushed bricks fell out
of wall plane.
It has to be pointed out that achieved out-of-plane capacities of both infills represent a
significant level of seismic safety in terms of out-of-plane failure. This can be explained by
favourable slenderness ratios (h/t = 6.9 in test BO; h/t = 8.4 in test T1) and relatively low
weight of hollow clay bricks resulting in low mass of the considered walls (about 1.5 t in test
BO; 1.3 t in test T1). However, the results show a clear dependency of out-of-plane response
on the quality of execution of frame-infill joints, especially at the top.
Furthermore, the existing analytical approaches for prediction of out-of-plane strength are
summarized. The importance of discovery and consideration of arching effect in the
evaluation of out-of-plane strength of masonry infills is explained and various parameters
affecting arching mechanism are discussed.
In the end a short study was conducted with the aim to test the reliability of analytical
equations proposed in the literature on presented experimental results. The out-of-plane
capacity of three-sided panel investigated in test BO was fairly well predicted by analytical
equation of Flanagan and Bennett (1999c) [31], while Dawe and Seah (1989b) [13]
overestimated the experimental value, but with smaller error in comparison to predictions of
other approaches. The recommendation from Ricci et al. (2018) [40] was the most precise in
the estimation of out-of-plane strength of four-sided panel in test T1. Out-of-plane capacities
of specimen T1 calculated according to equations proposed by Angel et al. (1994) [14] and
Morandi et al. (2013) [39] are also in good agreement with the experimental value, but the
results need to be studied with special attention as these two approaches were not developed
under consideration of two-way arching action which is pronounced in test T1. If taking
average value of predicted to experimental ratio from both experimenal tests into account, the
method proposed by Flanagan and Bennett (1999c) [31] seems to be applicable in prediction
of out-of-plane strengths of both three-sided and four-sided infills. However, the larger
experimental database should be considered in order to determine the analytical equation with
best fitting to experimental results. In addition to this, the important aspect of the interaction
between in-plane and out-of-plane seismic actions should be investigated in the future
experimental studies in order to provide more realistic evaluation of out-of-plane capacity of
masonry infills. As most of the analytical approaches do not consider the influence of inplane loading on the out-of-plane strength and thus considerably overestimate the out-ofplane resistance of masonry infills, more work on the formulation that accounts for reduction
of out-of-plane capacity due to in-plane damage should be carried out.
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Abstract
Despite numerous research studies conducted in the field of masonry-infilled steel (and concrete) frames, there is still no adequate codified design method. There is, however, a consensus
that masonry-infilled frames should be treated as potentially hazardous earthquake context
structural solutions. While masonry infill has positive effects on steel frames, which are often
neglected in design, adverse effects cannot be overlooked. Over the last decade, several structural solutions aimed to improve the overall structural behavior of these interactive composite
systems were proposed and tested in laboratory conditions. It is not rare that these approaches
are opposite to each other, which additionally stresses the fact that there is a need for recognition and validation of the key structural directions. Among various proposed design options,
the authors are very interested in those which tend to include the beneficial effect of masonry
infill, but at the same time preserve desired ductile behavior of steel frames, all by using simpler
and easy to apply structural solutions. Some of them are already proposed by the authors, which
are discussed in the paper, along with a summary and comparison of contemporary structural
solutions in steel masonry-infilled frames, as an important step towards codification.
Keywords: steel-masonry, composite structure, earthquake design, structural solutions

1

INTRODUCTION

Masonry blocks, due to easy production, installation and accessibility are the most widespread infill type in frame structures, especially in Europe. It is known that the presence of
masonry infill can significantly increase stiffness and strength, but it can also limit the ductile
behavior of frames in case of higher lateral load such as an earthquake. Consequently, researchers evaluate the contribution of the masonry infill and their influence on the frame, and through
this process started to develop innovative structural concepts to mitigate the negative effects of
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masonry infill. Based on this, numerous structural concepts in the design of infilled frames can
be found, aimed to improve the overall interaction between infill and frame. The typical solutions are application of various infill types (i.e. using soft or strong materials for infill), modification of the failure mechanisms, reinforcing of the infill etc. These methods can be generally
categorized into two groups [1]:
x Strengthening of the masonry infill through which the composite structure frame+infill
behaves as a monolithic construction.
x Limiting frame-infill interaction through which both monolithic and separate behavior of
the frame and the infill may be observed.
The strengthening methods are mainly characteristic for concrete frames, while the limited interaction is characteristic for steel frames, although some deviations can be found in the literature review that follows.
One of the most natural types of strengthening infill was covered in the study done by Pul
and Arslan [2]. They used and compared plastered, non-plastered, and wire-plastered masonry
walls made from hollow clay brick. Results show that plaster and wire plaster enhance loadcarrying capacity and ductility, which is good since most of the masonry application includes a
plaster surface layer. Jebadurai et al. [3] focused their research on enhancing the bond strength
between masonry units in RC frames by adding a different percentage of styrene-butadiene
rubber latex in the mortar. Experiments showed that using modified mortar with a certain percentage of latex increased ductility by 12.90%. Binici et al. [4] investigated a well-known infill
type, autoclaved aerated concrete, but with an improvement regarding infill execution - metal
slider connectors in AAC blocks. Due to this slider connector, the interaction between the RC
frame and infill is limited. As a result, the in-plane damage is postponed at higher drift ratios
and the out-of-plane damage is limited. Ruey-Shyang Ju et al. [5] studied separation of RC infill
walls from steel moment frames by making vertical slits and leaving a horizontal gap between
the upper steel beam and the infill RC wall. Results of this study showed that proper design and
arrangement of slits can absorb the relative deformation between the column and infill wall and
it can isolate the separated wall from damage. Innovative isolation of masonry infill from steel
frames is presented by Tsantilis and Triantfillou [6], as they use a cellular material (foamed
polyethylene) placed in the frame-infill interface. The cellular material has high deformation
capabilities which mitigate interaction between the steel frame and masonry infill in the initial
phase of loading. As loads get higher the cellular material gets fully compressed and the diagonal compression strut is activated. M. Mohammadi et al. [7] investigated three different techniques to improve steel frame ductility: (i) cornerless infill, (ii) column fuse, and (iii) infill fuse
(applied metal sheets in infill layer to provide horizontal sliding). The infill fuse method has
shown a significant increase of ductility with no significant cracks or corner crushing up to 7.1%
drift. Preti and Bolis [8], and Morandi et. al. [9], tested the steel frame by dividing infill into
more subpanels with wooden boards placed in the horizontal and vertical direction. Each of
those configurations has shown a serious reduction of infill stiffness and strength in comparison
to the reference masonry infill. Marinkovic and Butenweg [10] developed a system named
INODIS, in which an elastomeric cellular material is used around the infill frame surface. Besides reduced interaction between the frame and infill, it reduced stress and infill damage. Moreover, the INODIS system allowed higher interstory drifts (more than 3%). Silva et. al [11]
developed new units with an interlocking tongue and groove configuration, with vertical reinforcement. Due to reinforcement, an increase of lateral resistance up to 40% in relation to the
bare frame was observed. Aliaari and Memari [12] introduced an idea of seismic isolator subframes attached to the structural frame, which they named SIWIS - a system made of one horizontal and two vertical sandwiched light-gauge steel members with a brittle element inside.
They aimed to reduce the story drift at low and moderate lateral loads through the beneficial
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effect of infill (higher stiffness and strength), while at higher lateral loads the brittle element
acts as a „fuse“ in which they attempt to separate infill-frame interaction. Misir et al. [13] researched a new potential infill type without layers of mortar between them - locked brick. Besides the cracks in plaster, locked bricks stay intact and are less damaged in comparison to
standard infill. Markulak et. al [14] presented a newly developed masonry unit for infill with
lower initial stiffness and strength with a tendency to achieve minimal detrimental influences
on the frame, while at the same time acknowledging environmental aspects.
Through a brief overview of structural concepts, it can be observed that there are numerous
efforts of researchers to provide adequate solutions to undesired structural behavior of masonry
infilled frames. Although some of them are challenging in terms of the execution (e.g. complexity, extra work hours, overall economic costs), provided experimental results and conclusions are of significant importance. The authors of this paper also conducted various
experiments on infilled-steel frames in the mentioned direction, some of them accompanied
with corresponding numerical models. The main intention being to keep favorable properties
of the masonry while maintaining the steel frame ductile behavior at higher lateral loads. For
calibration of experimental results various numerical models are used, with more details given
in [15, 16]: (i) single equivalent strut (SSM), (ii) three equivalent struts (MSM), (iii) infill panel
element (SPM), (iv) micro-model (AMM).
This paper presents findings regarding the influence of the different types of infill on steel
frames. This is done through a short literature overview, to correlate the purpose of different
experiments. Conducted experiments will be presented along with calibrated numerical results
and grouped based on infill type - hollow clay brick (strong infill), autoclave aerated block
(weak infill), the combination of those two (innovative solution proposed by authors), and
newly developed RBA-EP unit (new structural concept proposed by authors).
2

STEEL FRAMES INFILLED WITH CLAY HOLLOW AND SOLID UNITS

Masonry units are the most used infill in conducted experiments [6, 17, 18, 19, 20, 21]. The
masonry infill can be grouped depending on the unit configuration, i.e. as hollow clay block
(HC) and solid clay block (SC). Despite different configurations, both types of blocks considerably increase initial stiffness and lateral bearing capacity. In most of the infilled frames, a
diagonal compression strut mechanism is developed, accompanied with horizontal sliding along
the bed joints. Horizontal shear sliding is the predominant mode of cracking in most of the
experiments where the mortar is of insufficient strength. Most of the cracks are developed
through the bed and head joints. Diagonal cracking or corner crushing is observed as an ultimate
failure mechanism. Besides corner crushing, spalling of blocks is also observed.
The experimental setup that the authors executed consisted of three specimens of a one-bay,
one-story rigid steel frame infilled with hollow clay units, designated as RF-C-i, with frame
dimensions of 2176x1613 mm [1, 15]. Hollow clay units’ average vertical and horizontal compressive strengths were 13.10 MPa and 2.10 MPa, respectively. Cement-lime mortar was utilized, with an average compressive strength of 5.02 MPa. The average value of compressive
strength and modulus of elasticity of masonry wallets made from hollow clay units was 2.0
MPa and 4613 MPa, respectively. The steel frame is constructed using HE 120 A profiles for
columns and beam with steel grade S275. All the properties of the steel frame were identical
for all three specimens. The loading protocol of each specimen consists of two types of loading.
At the initial stage up to yielding, quasi-static and cyclic loads were applied stepwise in a series
of increments of 10 kN. After yielding, the load was applied as a displacement control in which
displacements were increased by increments of 1 mm until a drift of 1.0-2.0% was reached.
Table 1 presents the key parameters that were tested - initial stiffness (S0), the load at the
start of yielding (Fy), ultimate load (Fu), and corresponding maximum displacement (dmax) in
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which (Fy) represents the onset of the first significant crack. The mean initial stiffness was
determined as 31.3 kN/mm and the first significant crack was observed at loads of 59 kN, 70
kN, and 51 kN. For all three specimens, the first crack occurred in the middle of the infill with
cracks through the mortar. The average maximum achieved load was 135 kN, while the average
maximum displacement at a corresponding drift ratio of 1.39% was 22.46 mm. It should be
noted that the steel frame on tested specimens did not exhibit significant plastic deformations.
By exceeding the compression strength of infill diagonal cracking occurred with the appearance
of shattering and spalling of hollow clay units. Alongside aforesaid failure, bed joint sliding
shear failure was also observed. Those types of failure mechanisms are also noticed for the
same infill type but with less pronounced corner crushing in [6]. An identical failure mechanism
is observed with solid clay units in [19], but with permanent plastic deformation at the bottom
of columns.
Experimental results
S0
Labels
(kN/mm)
RF-C-1
32.07
RF-C-2
27.89
RF-C-3
34.00
RF-Cav
31.30

Fy
(kN)
59
70
51
60

Fu
(kN)
139
139
128
135

dmax
(mm)
21.33
21.87
24.20
22.46

Numerical results
S
Model 0
(kN/mm)
SSM
31
MSM 29
SPM
37
AMM 31

Fu
(kN)
134
124
140
130

Table 1: Experimental and numerical results of specimens with strong infill

a) Experimental hysteresis envelope curves

b) Analytical hysteresis envelopes curves

Figure 1: Comparison of experimental hysteresis envelopes (a) and analytical results for C-i series (b)

Regarding numerical models, Table 1 shows a good agreement with experimental results in
terms of initial stiffness. SSM and AMM models provide the best agreement, while the SPM
method overestimates the initial stiffness (19%). Considering the ultimate lateral load, SSM
again provides the best agreement with only a 1% difference. MSM and AMM models underestimated the ultimate lateral load by 8% and 4%, respectively. Figure 1 presents hysteresis
envelope curves for each calibrated numerical model, along with experimental results. SSM
and MSM models predict a bilinear behavior, although the MSM model provides a smoother
envelope. The envelope curve obtained from the AAM model matches very well with experimental initial stiffness, although lateral loads are somewhat lower. The envelope curve obtained
from SPM shows a good fit for experimental results overall. It can be concluded that all calibrated models provide a good fit regarding infill made of HC units.
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3

STEEL FRAMES INFILLED WITH AUTOCLAVED AERATED UNITS

Autoclaved aerated concrete block (AAC) is a light-weight unit with a significantly lower compressive strength compared to HC and SC units. Due to their small weight, they are favorable
units to use as an infill, especially in terms of seismic design. Experiments based on AAC units
as infill in steel frames are presented in [22-24], where it is confirmed that they increase initial
stiffness and ultimate load capacity. They have lower compressive strength and infill tends to
crack at very low loads, as shown in [24] where cracks developed diagonally passing through
AAC units and mortar. All of the mentioned three studies report yielding of the steel frame and
in [22, 23] local buckling of the flange in the base of the column was reported. Furthermore, in
[23] AAC panels crushed and began to spall at similar displacement when the top flange of the
column buckled. Contrary to that, in [24] AAC blocks did not fail even at the drift of 1.4%
when the test was stopped due to the yielding of the steel frame, but without out-of-plane instability.
The experimental setup that the authors executed consisted of three specimens with the same
experimental arrangement as described for RF-C-i specimens (Section 2), with samples designated as RF-A-i [1, 15]. Detailed results of testing individual AAC units and wallets are available in [15] - units vertical compression strength was 2.11 MPa, mortar glue compression
strength 9.13 MPa, wallets vertical compressive strength and modulus of elasticity 1.21 MPa
and 1174 MPa, respectively.
The experimental results are given in Table 2, from which it can be observed that RF-A-i
specimens have lower initial stiffness than RF-C-i specimens (60%). The mean initial stiffness
was 19.83 kN/mm. Sample RF-A-1 stands out in regards to initial stiffness (Fig 2.), which can
be attributed to inaccuracies during erection [15]. Despite an earlier onset of cracking (average
of 51 kN) in relation to RF-C-i specimens, the infill remained compact. The maximum achieved
load is 146 kN, with a maximum displacement of 28.01 mm at a corresponding drift ratio of
1.74%. It can be noticed that maximum loads are higher than for RF-C specimens, despite lower
mechanical characteristics of AAC blocks. This could be due to the higher compressive strength
of bonded glue. Attained ultimate drift ratio of 1.74% signifies that there is plastic deformation
at the steel column base.
Experimental results
S0
Labels
(kN/mm)
RF-A-1
26.23
RF-A-2
15.07
RF-A-3
17.50
RF-Aav
19.83

Fy
(kN)
54
51
49
51

Fu
(kN)
152
139
146
146

dmax
(mm)
26.83
30.73
26.47
28.01

Numerical results
S0
Model
(kN/mm)
SSM
13
MSM 15
SPM
19
AMM 23

Fu
(kN)
152
123
134
141

Table 2: Experimental and numerical results of the specimen with weak infill

The failure mode of the RF-A-i specimens is similar to RF-C-i specimens, but with less
intensity of diagonal cracking, i.e. infill was compact with more minor cracks and without extensive crushing and separation from the steel frame with horizontal sliding along the bed joints.
Initial stiffness obtained by the SSM model does not coincide with experimental results and
the SPM method provides the best agreement in this regards (deviation of 10%). The AAM
model slightly overestimates the value of the initial stiffness. In terms of ultimate lateral load
MSM, SPM and AMM models underestimate values regarding all three specimens, while the
SSM model overestimates the ultimate lateral load concerning all specimens. For a detailed
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comparison of behavior between experimental and numerical results Figure 2 presents hysteresis envelope curves for each numerical model.

a) Experimental hysteresis envelopes curves

b) Analytical hysteresis envelope curves

Figure 2: Comparison of experimental hysteresis envelopes (a) and analytical results for A-i series (b)

4

STEEL FRAMES WITH COMBINATION OF CLAY AND AAC UNITS INFILL

This innovative structural concept, presented in [15], is based on limiting (reducing) the interaction between the masonry infill and the steel frame. It is based on the solution of using a
combination of AAC and HC units in an infill, to utilize the lower and higher compressive
strengths in areas where needed. Weak infill is placed near the column-masonry interaction area
are to act as a fuse. Since the AAC units have significantly lower compressive strength, the
assumption was that those units will fail first and the steel frames will be preserved from further
negative impacts of infill. This solution is distinct by two types of behavior: the monolithic at
the initial stage of loading (higher initial stiffness and bearing capacity) and after the separation
happens a steel frame dominated behavior. A similar solution can be found in [5, 6, 10, 12]
where there are also two stages of behavior, but the initial stage is designed to be dominated by
the steel frame, and at higher loads, the steel frame starts to interact with the masonry infill.
The executed experimental programme consisted of three specimens of steel frames infilled
with combined HC and AAC units. The AAC units were additionally weakened with drilled
holes of different diameters (ø54, ø74, ø84) to alter their compressive strength - vertical compressive strength of 2.11 MPa (for AAC=ø54), 2.03 MPa (for AAC= ø74) and 1.6 MPa (for
AAC=ø84) are determined. The experimental setup and loading protocol were the same as for
RF-C-i and RF-A-i testing (Section 2 and 3). The influence of holes is significant and it should
be emphasized that three specimens of this type of infill represent three different systems.
Experimental results presented in Table 3 show that specimens RF-CA-i, in general, provide
higher initial stiffness than RF-A samples, which can be attributed to the higher influence of
clay blocks. Despite the higher initial stiffness, cracks were observed much earlier in all three
specimens and mostly in AAC blocks. RF-CA-1 achieved the desirable behavior (higher initial
stiffness and bearing capacity in the initial loading stage regarding bare frame) whereas the
weakening of AAC blocks for other samples was excessive with premature separation occurring.
The main difference between RF-A and RF-CA-1 was that the steel frame did not exhibit plastic
deformations and the central part of masonry infill was practically undamaged in RF-CA-1.
Despite the undamaged infill, proper attention should be paid to the out-of-plane restraint,
which can be prevented from falling out-of-plane by construction provisions [1,15]. The maximum obtained load of RF-CA-1 was 106 kN, while the maximum measured displacement was
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15.27, which corresponds to a drift ratio of 0.95%. Table 3 presents the numerical results. Concerning the initial stiffness, SSM provides the poorest fit to experimental results (deviation of
38%) and the closest fit is provided with the SPM model. Figure 3 illustrates experimental and
numerically predicted behavior, from which the desired effect of pronounced bilinear behavior
can be seen. The AAM calibrated envelope curve almost perfectly matches with results for RFCA-1, which is also true regarding cracks forming in the infill [1, 15].

a) Experimental hysteresis envelope curves

b) The analytical hysteresis envelope curve

Figure 3: Comparison of experimental hysteresis envelopes (a) and analytical results for CA-i series (b)

Experimental results
S0
Labels
(kN/mm)
RF-CA-1 23.93
RF-CA-2 23.26
RF-CA-3 19.49

Fy
(kN)
39
40
50

Fu
(kN)
106
93
95

dmax
(mm)
15.27
17.15
17.16

Numerical results
S
Model 0
(kN/mm)
SSM
15
MSM 21
SPM
22
AMM 25

Fu
(kN)
94
94
92
106

Table 3: Experimental and numerical results of the specimen with strong-weak infill

5

STEEL FRAMES WITH NEWLY DEVELOPED UNITS INFILL

Previous experiments indicate that achieving higher compressive strength and modulus of elasticity of the masonry units is not of great importance to improve the behavior between infill and
steel frame, especially in terms of achieving higher ultimate load. Hence, the lower stiffness
and strength of the masonry unit can also benefit a steel-masonry infill system. Having this in
mind, a new structural solution to this composite structure is proposed by developing a masonry
unit that will mitigate negative effects on the steel frame, while preserving positive aspects of
an infilled system. Consequently, masonry units from self-compacting concrete (SCC) were
developed at the Faculty of Civil Engineering and Architecture in Osijek.
The newly developed masonry block is presented in previous research [25], with the main
idea being to manipulate the composition of the developed block. For that purpose, self-compact concrete (SCC) was selected and to reduce stiffness and strength, replacement of natural
aggregate was done with recycled crushed brick (RB) and ground expanded polystyrene (GEP)
– RBA-EP. The mean value of compressive strength of RBA-EP is 4.04 MPa, which is in comparison with the hollow clay bricks 70% lower and 48% higher compared with AAC block. The
modulus of elasticity obtained from wallets made of RBA-EP is 2746 MPa, which is in comparison to wallets made of hollow clay brick and AAC 60% lower and 57% higher, respectively.
When considering the weight, the masonry panel made of RBA-EP, AAC, and hollow clay
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brick was 293.2 kg, 140.0 kg, and 264.0 kg respectively. For the testing in frames, two types of
RBA-EP units are made (Figure 4) - RBA-EP-Type A as a standard unit and RBA-EP-Type B
as a weakened unit without one vertical wall along the sidewall.

Figure 4: Configuration of Type A (left) and Type B (right)

Experimental testing of steel frames infilled with newly developed masonry units was done
in two series, in a one-bay, one-story rigid steel frame and a pinned steel designated as RF and
PF, respectively (dimensions 2332x1683 mm as in previous cases). The rigid steel frame was
constructed of HE 120 A profile for columns and beam, while the pinned frame was constructed
of HE 280 A profiles. Besides one bare rigid frame (RF) as a control specimen, the rest of the
specimens were done as two samples per series. RF-M was infilled with RBA-EP-Type A units
only whereas RF-MF was infilled with both RBA-EP-Type A and Type B units. RBA-EP-Type
B units were placed at the column-masonry contact, which attempted to be used as a fuse. PFMF was infilled with RBA-EP-Type A units in the pinned steel frame. All specimens were
bonded with M5 class mortar. The loading protocol consists of a horizontal load applied by
displacement control with increasing displacement by 0,5mm in each consecutive stage.
Experimental results reported in Table 4 present key parameters that were tested - initial
stiffness (S0), load at start of yielding (Fy), ultimate load (Fu), and corresponding maximum
pushover displacement (dmax). RF-M and RF-MF have the highest initial stiffness of the tested
specimens. Average values of initial stiffness for RF, RF-M, RF-MF, and PF are, respectively,
3.1 kN, 14.4 kN, 14.3 kN, and 7.6 kN. According to the highest initial stiffness, the highest
ultimate loads are obtained for RF-M and RF-MF specimens, while the lowest is for PF specimen. The similarity of RF configuration is observed in the value of the horizontal load at start
of yielding (the average Fy for RF, RF-M, and RF-MF was respectively, 69.4 kN, 64.9 kN, and
68.4 kN [14]). Although those values are close, the achieved horizontal displacements at the
corresponding Fy were significantly different. Average horizontal displacement dy for RF, RFM, and RF-MF were, respectively, 23.8 mm, 7.4 mm, and 6.2 mm. Horizontal load Fy of PF-M
configuration deviates from the other specimens and it is significantly lower (average Fy 21.0
kN). Average values of Fy and dy in the comparison of RF-M and RF-MF specimens are very
alike, which exposes the fact that the activation of Type B units as a fuse was not achieved.
Consequently, the desired separation of infill and frame was not realized. The average ultimate
drift of RF-M and RF-M is 2.5%.
Specimen label

Infill type

RF
RF-M
RF-MF
PF-M

RBA-EP Type A
RBA-EP Types A and B
RBA-EP Type A

S0
(kN/m)
3.1
14.4
14.3
7.6

Fy (kN) Fu
(kN)
69.4
81.5
64.9
128.0
68.3
132.3
21.1
52.8

Table 4: Experimental results of the specimen with newly developed units
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Figure 5 presents an even more detailed behavior of all specimens with RBA-EP units [14].
All tested specimens provide a much higher initial stiffness than the bare frame. Despite the
higher initial stiffness of the pinned steel frame, the ultimate lateral load is much lower than for
RF. From the PF-M envelope curve, it can be observed (especially on the positive side of the
envelope) that there are frequent changes in behavior, which can illustrate the consequent redistribution of the loads in the masonry infill. Furthermore, it is obvious that the contribution
of the infill in the pinned frame cannot be simply added to the bare frame to achieve the structural behavior of the infilled frames. As for rigid frame specimens (RF-M and RF-MF), the
envelope is smoother and there is symmetry in the negative and positive sides of envelopes. It
can be also observed that RF-M and RF-MF specimens have high ductility (maximum drift
ratio 2.1%-3.7%).

Figure 5: Hysteresis envelope curves of specimens

Regarding the fracture mechanism, RF-M and RF-MF again showed similarities. Dominated
fracture mechanism on the change of initial stiffness is the diagonal formation of concentrated
strain, and it is in line with mortar head and bed joints. Moreover, the configuration of RF-M
and RF-MF ensures the composite system behavior in the quasi-elastic area, but without significant damage to the frame [14]. The highest concentration of strain in PF-M is also observed at
the diagonals, but it is also spread over the whole panel. In terms of out-of-plane stability during
in-plane loading, it is noticed that perforated units are more prone to out-of-plane stability issues
(e.g., hollow clay brick). Despite that, the RBA-EP unit did not present that issue. This can be
associated with their low elastic modulus and thick sidewalls [25].
6

COMPARISON OF RESULTS

The experimentally obtained average values of initial stiffness, load at the start of yielding,
ultimate load, and maximum drift ratio are summarized in Table 5. It can be noticed that the
average values of RF-C specimens, RF-C, provides the highest initial stiffness among all tested
specimens, which was expected based on the highest compression strength of the masonry units
and the modulus of elasticity of the masonry wallet. The lowest initial stiffness was achieved
in the specimen with RBA-EP units, as was planned, but the ultimate load does not deviate from
other specimens. Consequently, the authors successfully manipulated the properties of RBAEP in which ultimate lateral bearing capacity is not significantly reduced. This similar behavior
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is presented in the values of RF-A which had the highest ultimate load. Through the ultimate
drift ratio, as a measure of ductility, it can be observed that specimens with RBA-EP units are
more ductile than the rest of the specimens. The average value of the ultimate drift ratio for RFM and RF-MF is 2.5%, while for RF-A and RF-C is 1.7% and 1.39% respectively. The lowest
drift ratio is observed in RF-Cav specimens which had the highest initials stiffness. At the cost
of ductility, higher initial stiffness is not a favorable property of infill. RF-M and RF-MF specimens additionally show similarity to the RF-A values in terms of compactness of the infill
panel (e.g., no falling out of blocks, redistribution of stress through the infill). Besides numerous
similarities, the difference is observed in the onset cracking. in the value of RF-A indicates that
it happens earlier, while in RF-M and RF-MF the value of Fy is similar to the bare frame, but
with different values of displacement. This confirms that the configuration of the specimens
with RBA-EP preserved the steel frame from higher detrimental effects.
Specimen label
BF
RF-Cav
RF-Aav
RF-M
RF-MF
PF-M

S0
(kN/m)
3.1
31.3
19.83
14.4
14.3
7.6

Fy
(kN
69.4
60.0
51.3
64.9
68.3
21.1

Fu
(kN)
81.5
135
146
128.0
132.3
52.8

Dr,max
(%)
3.25
1.39
1.74
2.50
2.65
2.70

Table 5: Comparison of initial stiffness and ultimate load

Figure 6: Hysteresis envelope curves of all tested specimens

Figure 6 [14] presents the hysteresis envelope curves of all tested specimens with different
type of infills. It confirms a higher ultimate load in the presence of infill but with very different
drifts. It can be noticed that RF-C value quickly attains the ultimate load which leads to an
earlier onset of the failure mechanism. The hysteresis curve offers one more similarity between
RF-M, RF-MF, and RF-A – trilinear behavior which ensures gradual redistribution of stress.
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Through the experiments, it is once again confirmed that an infill panel plays an important
role in the behavior of an infilled frame concerning the seismic design and that there is no
adequate codified design method.
7

CONCLUSIONS OF CONDUCTED EXPERIMENTAL TESTS

A comparison of experimental programmes from previous studies is shown in this paper –
rigid steel infilled frames with various types of infill, pinned steel frame, and a bare steel frame.
The infill was made of hollow clay blocks, AAC blocks, and newly developed RBA-EP blocks.
The experimental results show that simple construction provisions can lead to better behavior.
Results can be summarized into the following conclusions:
x Infill provides a higher stiffness to the frame. Among all tested specimens, the highest
initial stiffness was obtained in the RF-C configuration, which was expected because of
the significantly higher compressive strength of hollow clay blocks. Despite higher initial
stiffness, the ductility of these frames was lower. Lower initial stiffness did not negatively
influence the ultimate strength of RF-A, RF-M, and RF-MF specimens. Consequently, the
behavior of RF-A, RF-M, and RF-MF specimens is favorable.
x In terms of ductility, frames with RBA-EP units achieve higher ductility than RF-A specimens, which is manifested through ultimate drift. The average ultimate drift of RF-M and
RF-MF specimens is 2.5%, which is 30% higher than RF-A.
x RBA-EP units are heavier in comparison to the AAC and hollow clay blocks, but they are
environmentally favorable because they use waste products (recycled crush brick and polystyrene) in their production.
x Regarding the PF-M configuration, the results deviate in comparison to the rigid configurations, especially in terms of the ultimate load and the change of initial stiffness. Beyond
that, the observed concentration of strain is spread over the whole panel and the stress state
does not coincide with the infill in a rigid frame. Through this configuration, it is concluded
that the bearing capacity of an infilled frame also depends on the rotation capacity of joints.
x Regarding the numerical models, it can be concluded that SSM and MSM can give good
predictions in the case of C units, with a lack of accuracy for AAC units. Despite that, they
still represent an acceptable method based on simplicity regarding the rest of the methods
(fast calculation, the capability of producing hysteresis behavior). AMM and SPM models
predict behavior much better with the included various types of failure mechanisms. Although the obtained results are better, the required time and complexity are important setbacks.
In future work, experimental tests of specimens with RBA-EP should be accompanied by
numerical models to compare with C and AAC units. Furthermore, probabilistic methods
should be conducted to evaluate the reliability of this type of structural concept.
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Abstract
The importance of assessing the overall dynamic behavior of buildings considering the contribution of infills is nowadays widely recognized considering that they play an important role in
the verifications at damageability limit states and, at ultimate limit states, they can trigger fragile mechanisms of structural members preventing the evolution of dissipative ones. In addition,
in case of strategic structures, for which often high performance levels are required such as the
full operativity condition (i.e. absence of damage to both structural and non-structural components) after severe earthquake, the contribution of non-structural members should be necessarily included in the seismic assessment.
The paper proposes a simplified procedure for estimating the stiffness of masonry infill walls
through expeditious dynamic impact tests. Stiffness can be adopted to model infills into conventional 3-D finite element models of buildings. The procedure is validated by means of an
experimental campaign carried out on a laboratory real-scale mock-up and then applied to a
real infilled reinforced concrete frame building. Experimental results are compared with those
obtained from refined finite element models including infills, proving the methodology reliability.
Keywords: Infill masonry wall stiffness, impact load tests, experimental modal analysis, ambient vibration tests, building finite element modelling.
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1

INTRODUCTION

Infill masonry walls are very common components used worldwide in r.c. frame buildings
and nowadays it is well known that the stiffness and strength, together with the mass, provided
by these non-structural elements may significantly affect the global behavior of buildings, especially in earthquake prone regions [1-4]. The common practice of modelling infills within
building f.e. models only in terms of masses is recognized to be not correct, particularly when
the f.e. models must be representative of the real building behavior. As an example, the prediction of the real building behavior subjected to earthquake becomes crucial in case of strategic
buildings (e.g. hospital, fire and police stations) that must remain in operational condition to
guarantee the post-earthquake emergency management [5-6]. Moreover, reliable f.e. models of
buildings, i.e. capable to represent the building operational conditions, could be very useful to
develop Structural Health Monitoring (SHM) systems [7-9] and to interpret data collected during the monitoring period, in order to assess the building conditions and to detect possible damage to the structural and non-structural members.
From above considerations it is evident the importance of modelling these non-structural
components in a reliable manner. Many works in the technical and scientific literature deals
with infill modelling strategies, from the simple adoption of a single diagonal strut [10-11] to
refined linear and non-linear models [12-13]. Anyway, modelling uncertainties always exist
and could affect the modelling correctness. Many researchers investigated the infill behavior
with the aim of reducing these uncertainties: most of them studied infills subjected to static
lateral loads [14-15], other adopted out of plane loads, and very few used dynamic tests on
infills, as, for instance, Ambient Vibration Tests (AVTs) [16-17]. It clearly emerges that a
standardization of the infill properties is almost impossible to achieve, considering they are
built with different construction materials and typologies all around the world.
This paper proposes a procedure to estimate the stiffness of infill masonry walls that can be
used to model these non-structural components within f.e. models of buildings. The proposed
approach is based on a combined experimental and numerical procedure: the former foresees
the development of dynamic tests on infills through which the modal parameters of the nonstructural components are identified; the latter consists in the development of a f.e. model of
the structures in which the infills are modelled and investigated with the aim of estimating their
stiffness, expressed in terms of elastic modulus. The proposed procedure is preliminary well
described, then it is validated through the support of a real-scale laboratory mock-up, used as a
case study. Finally, the methodology is applied to a real building to verify its applicability to
real structures.
2

THE PROPOSED METHODOLOGY

The proposed methodology is a combined experimental and numerical procedure that foresees dynamic tests on infills and their numerical investigation through the support of f.e. models.
In the sequel a summary of the methodology, is reported; for further details the reader can refer
to [18].
The dynamic tests performed on infill masonry walls are Impact Load Tests (ILTs) that allow
the determination of the Out Of Plane (OOP) dynamic behavior of the non-structural components. ILTs consist in exciting the wall with hammer blows and in recording input and output
in the horizontal direction, orthogonal to the wall plane. The output are the time histories of the
accelerations produced by the impacts. To perform tests, an instrumented hammer and one or
more accelerometers can be used: the accelerometer is fixed on a specified position on the wall,
while hammer blows are applied in several points, with the target to identify the panel vibration
modes, possibly considering also superior modes. The use of more than one sensor (or moving
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the sensor in different positions) may be useful to identify modes that present null value of
modal displacement in proximity of the sensor position. The wall can be suitably divided with
a regular grid whose spatial resolution depends on the accuracy and on the number of modes
that have to be identified. The accelerometer is fixed in one grid point, while hammer blows
are provided in all points, applying more than one impact for each of them, allowing to obtain
a reliable data set. The impulse-acceleration data recorded are adopted to identify the OOP
modal parameter of the panel, performing Single-Input Single-Output modal analyses. In the
sequel, the Line-Fit algorithm [19] (a simple degree of freedom identification methodology
working in the frequency domain) is adopted to identify the infill modal parameters.
The numerical step of the methodology consists in performing an iterative procedure with
the aim of estimating the infill stiffness and, particularly, its elastic modulus. Indeed, despite
masonry infills are generally characterized by an orthotropic behavior, the adopted strategy is
based on the idea that the dynamics of infills subjected to low input excitations (like hammer
blows) can be well captured through homogenous isotropic elastic thin plate elements. So, the
stiffness of these non-structural components is mainly governed by the elastic modulus, assuming a constant Poisson’s coefficient (e.g. 0.25 as suggested in [20]). At first, the investigated
infill is modelled as bidimensional shell elements into the f.e. model of the bare frame structure,
adopting its real thickness and with mass estimated based on the adopted construction materials,
which are known in most cases. The first tentative elastic modulus ܧ of the infill can be calculated based on closed-form expressions available in the literature for clamped rectangular
plates. Considering the formulation proposed in [21], the tentative elastic modulus is calculated
as follows:
Ͷͺߩሺͳ െ ߥ ଶ ሻ ଶ
ͳ  ο ଶ
ͳ  ο ଶ
൰
൰ 
൬
ܧ ൌ
݂
ቈ൬

ଵǡ௫
݈
݄
ߨଶݐଶ

ିଶ

(1)

where ߩ is the mass per unit area,  ݐis the wall thickness, ߥ is the Poisson’s coefficient, ݈ and ݄
are the length and height of the wall, ݂ଵǡ௫ is the first OOP vibration mode frequency experimentally identified and ȟ and ȟ are the edge effect factors, that can be calculated as:
݈ ଶ
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Then, eigenvalue analyses are performed and the numerical modal parameters relevant to the
infill OOP dynamic behavior are determined. This procedure is performed several times, varying at each step the infill elastic modulus, until the numerical modal parameters fit well the
experimental ones. In order to quantify the goodness of the estimated moduli, two convergence
criteria are introduced, based on the comparisons of the experimental and numerical natural
frequencies and mode shapes, respectively. When criteria satisfy the conditions reported in Eq.s
3a and b, the estimating procedure stops and the elastic modulus is considered as representative
for the wall at hand.
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In Eq.s 3a and b ݂ǡ௫ and ݂ǡ௨ represent the i-th experimental and numerical frequency value
of the total ܰ identified OOP vibration modes, while ܥܣܯ is the i-th Modal Assurance Criterion index [22] used to compare two mode shapes. ߜ and ߜ௦ represent the admissible errors in
the comparison between frequencies and mode shapes, respectively; in this work, values of ߜ
= 0.05 and ߜ௦ = 0.25 are proposed and considered in the successive case studies.
As common in practice, r.c. frame structures are usually modelled with frame elements, so
the area of modelled infills is greater than the real one since physical dimensions of columns
and beams are neglected. Thus, when infills are modelled with shell elements within frame
structure f.e. models, their dimensions (length and height) are greater than the real ones; consequently, to consider this approximation, the mass and stiffness of the modelled panel must be
suitably modified. In detail, the mass density (ߩ ) and the elastic modulus (ܧ ) of the modelled
infill are reduced by a factor ߣ that represents the mean percentage increment of the panel dimensions for both sides:
ߩ ൌ ߩΤߣଶ

(4a)

ܧ ൌ  ܧΤߣଶ

(4b)

The estimation of infill elastic modulus, assuming the geometry and mass to be known, permits the reduction of the uncertainties and the updating of parameters in sophisticated f.e. models of infilled frame structures. Obviously, the elastic modulus estimated with this procedure
permits to predict the infill behavior under low level of excitation and, consequently, it is useful
when building behavior under low level of excitation needs to be interpreted. Indeed, as shown
in the sequel, refined f.e. models of structures, obtained modelling the infill with the proposed
approach, reveal to be able to well predict the structural responses under ambient vibration
excitations.
3

METHODOLOGY VALIDATION THROUGH A LABORATORY CASE STUDY

The proposed methodology is applied on a laboratory mock-up considered as case study,
experimentally tested, and then numerically investigated. The aim is to validate the proposed
approach through an application to a simple structure under controlled laboratory conditions
with limited uncertainties. The mock-up is a steel-concrete composite structure consisting of a
pair of one-story two-bay moment-resisting frames with height of 3.00 m and span length of
around 4 m (Fig. 1). Columns and beams are realized with steel profiles and the composite slab
is obtained with a 12 cm thick concrete layer casted on a collaborating steel sheet. Some concrete blocks are placed over the composite floor to simulate permanent and live loads on the
structure. Two infill walls (W1 and W2) are built with hollow clay bricks (dimension of
25 x 25 x 6 cm) and mortar joints, filling only one of the two longitudinal bays. Successively,
both sides of both walls are covered with a thin gypsum plaster layer (less than 1 cm). This
infill typology can be considered representative for the light infills adopted very often to realize
interior partitions in common buildings.
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Figure 1: Laboratory3 mock-up.

Both infills are dynamically tested through ILTs; for each of them, a regular grid of twentyfive points is drawn on a panel face and two accelerometers are fixed on the wall in two grid
points with the target to identify as many vibration modes as possible. Then, hammer blows are
provided at each grid point, recording both impulses and accelerations, for a time length of 10 s
per impact, considered adequate to capture the entire oscillation. It is worth noting that both
panels are tested twice, before and after the plastering. Based on acceleration and impact records, the OOP modal parameters of each infill are identified; in detail, many vibration modes
are found, as can be observed from Tab. 1 and Fig. 2. Each mode is named with a couple of
number that represent the number of semi waves present in the mode shape along the horizontal
and vertical directions. Identified natural frequencies, listed in Tab. 1, show that both walls are
characterized by almost the same frequency values, even if those relevant to W2 are slightly
higher than those of W1. Moreover, after the plaster, all frequency values increase, as expected.
Fig. 2 provides an example of the mode shapes of W1 with plaster. Those relevant to W2 are
not reported, being very similar to W1.
To validate the proposed procedure, a 3-D full-shell element f.e. model of the bare mock-up
is created (Fig. 3a). Moreover, this preliminary model is calibrated with the support of the
global 3-D mock-up experimental modal parameters determined through AVTs performed on
the bare structure. After that, the two infills are added in the calibrated f.e. model (Fig. 3b), both
with shell elements having thickness equal to the real ones. Based on the experimental fundamental frequency of each wall, a first tentative elastic modulus ܧ is calculated. Values of 2445
and 2775 MPa are calculated for W1, before and after plastering, respectively, while 2210 and
2420 MPa are calculated for W2. At this point, iterative procedures are performed by varying
the elastic modulus of each wall one by one, until the convergence criteria (calculated considering all the identified OOP modal parameters) are satisfied. The obtained elastic moduli at the
end of the procedures are listed in Tab. 2; it is interesting to observe that the Young’s moduli
of the two walls are quite similar but not equal. After the plastering, the infill elastic moduli
increase, mostly for W1.
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Table 1: Experimental natural frequencies for both infills without and with plaster.

Frequency [Hz]

Mode 5,3

Mode 2,3

Mode 1,2
Mode 5,2

Mode 3,2

Mode 2,1
Mode 5,1
Mode 3,3

Mode 1,1
Mode 4,1

Yes plaster
17.30
31.60
49.00
49.40
63.88
66.50
120.71
85.98
105.30
113.75
131.19
143.93
198.85

Mode 2,2

No plaster
16.80
27.47
40.10
46.55
57.54
63.07
76.85
79.79
/
104.98
117.77
132.28
177.60

1,1
2,1
1,2
3,1
2,2
4,1
5,1
3,2
2,3
4,2
3,3
5,2
5,3

W2
No plaster
Yes plaster
17.90
18.10
29.53
32.15
48.00
49.97
45.35
50.50
59.20
64.50
66.85
68.10
78.93
119.90
76.10
82.67
/
107.13
104.40
127.30
119.40
133.20
139.10
155.90
175.24
212.50

Mode 4,2

W1

Mode 3,1

Mode

Figure 2: Experimental mode shapes for W1 with plaster.

(a)

(b)

Figure 3: 3-D global f.e. model of the mock-up: a) bare structure, b) infilled structure.

865

Vanni Nicoletti, Davide Arezzo, Sandro Carbonari, and Fabrizio Gara

To assess the reliability of the estimated elastic moduli, the numerical modal parameters of
the whole infilled mock-up (using the infill elastic moduli reported in Tab. 2) are compared
with those obtained from AVTs performed on the whole infilled structure before and after the
plastering. Comparisons, in terms of natural frequencies and mode shapes (the latter obtained
through the MAC indexes), are reported in Tab. 3. As can be observed, the numerical modal
parameters (NUM) are in very good agreement with the experimental ones (EXP), proving the
reliability of the elastic moduli estimation. It is worth noting that, in this case, the mass densities
and the elastic moduli used in the global f.e. model are not reduced since the modelled infill
dimensions are the same of the real ones.
Table 2: Estimated elastic moduli  ܧfor both infills without and with plaster.

Wall
W1
W2

Elastic modulus [MPa]
No plaster
Yes plaster
4700
4900
5340
5360

Table 3: Comparison between experimental and numerical infilled mock-up modal parameters.

Mock-up
mode

Mode typology

1st
2nd
3rd

Transverse
Rotational
Longitudinal

4

Before plaster
Frequency [Hz]
MAC
EXP
NUM
8.40
8.40
1.00
12.72
12.94
0.93
16.32
16.38
0.81

After plaster
Frequency [Hz]
EXP
NUM
8.37
8.38
13.39
13.08
17.69
17.71

MAC
1.00
0.97
0.99

APPLICATION TO A REAL BUILDING CASE STUDY

The proposed methodology is applied to a real building in order to prove its usefulness and
applicability to real structures. The considered case study is a r.c. frame building (Fig. 4a) with
plan dimensions of around 16.50 x 11.70 m composed by two stories, for a total height of about
8.00 m. The underground level is mainly realized by r.c. retaining walls, while the upper one is
realized with spatial r.c. frames. The infill masonry walls are built both along the building perimeter and inside the building, and they can be divided into three main typologies, as reported
in Fig. 4b: E1 is adopted for all external infills, I1 is adopted to separate the housing units within
the building at the underground and ground levels, while I2 is adopted to realize all the interior
partitions. The building was investigated and tested during its construction process; in detail,
AVTs were performed on the bare and on the infilled structure, whereas ILTs on infills were
performed only in the phase without plaster.
As for tests on infills, three infills representative for all the infills typologies are tested (WE1, W-I1 and W-I2). All walls are located at the ground floor and have no openings. The geometry of the tested infills is illustrated in Fig. 5. ILTs on the three infills are performed with
the same instrumentation and test protocols adopted for tests on laboratory mock-up infills, and
the infill OOP modal parameters are identified again using the Line-Fit algorithm. The experimental OOP modal parameters of the walls are reported in Fig. 6, both in terms of frequencies
and mode shapes. As can be observed, four vibration modes are identified for each infill.
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Underground
floor

Ground floor

N
(a)

Plaster

Hollow blocks (C)

Plaster

Plaster

I2

Hollow blocks (B)

Insulation layer

Plaster

Plaster

I1

Hollow blocks (B)

(C)

Insulation layer

Plaster

(B)

Hollow blocks (A)

E1

(A)

(b)

Figure 4: Real case study: a) building floor plans and picture during construction, b) infill masonry wall typologies.

W-I1

W-I2

2.00 m

2.10 m

2.84 m

2.84 m

2.84 m

W-E1

3.45 m

Figure 5: Geometry of tested infill masonry walls of the building.
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Mode 1,1

Mode 1,2

Mode 2,1

Mode 2,2

64.73 Hz

88.93 Hz

161.74 Hz

201.52 Hz

Mode 1,1

Mode 1,2

Mode 1,3

Mode 2,2

41.81 Hz

72.09 Hz

122.53 Hz

Mode 1,1

Mode 2,1

Mode 1,2

22.10 Hz

40.28 Hz

49.88 Hz

W-E1

W-I1

151.56 Hz
Mode 2,2

W-I2

64.57 Hz

Figure 6: Experimental OOP modal parameters of tested infills.

The numerical investigation of infills is performed to estimate their elastic moduli. The f.e.
model of the bare building is developed, modelling the r.c. frame with frame elements, while
floors, slabs and retaining walls with shell elements. This model is preliminary calibrated based
on experimental modal parameters of the whole building obtained from AVTs on the bare structure, with the aim to accurately predict the building dynamic behavior. Then, the investigated
infills and the adjacent ones (to consider accurately the infill boundary conditions) are modelled
with shell elements. Thus, three separated iterative procedures are performed, one for each investigated wall, and the elastic moduli are estimated once the convergence criteria (the same
adopted before for the laboratory mock-up) are satisfied. In this case, four OOP modal parameters for each infill are considered in the iterative procedures to calculate the convergence criteria. Differently from the laboratory mock-up, the r.c. frame elements are modelled with beam
elements, so the modelled infills have greater dimensions with respect to the real ones. Hence,
the mass and elastic modulus of each infill is reduced, considering, for the sake of simplicity
and with good approximation the mean percentage increment ߣ of the infill dimensions of each
panel. The estimated elastic moduli are 3000 MPa for wall W-E1, 2550 MPa for W-I1 and
3150 MPa for wall W-I2. As before, to assess the reliability of these elastic moduli estimation,
all infills are modelled within the global f.e. model of the building, considering their typology,
openings and adopting the estimated elastic modulus for each infill typology. The numerical
modal parameters of this infilled f.e. model are compared with the experimental ones obtained
from AVTs measurements on the infilled structure, and the results are reported in Tab. 4. As
can be noted, both frequencies and mode shapes are in very good agreement, proving the reliability of the proposed approach also when applied to real buildings.
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Table 4: Comparison between experimental and numerical modal parameters of the infilled building.

Building
mode
1st
2nd
3rd
5

Frequency [Hz]
EXP
NUM
10.71
10.74
13.04
13.09
15.75
14.94

MAC
0.78
0.83
0.96

CONCLUSIONS

A procedure to estimate the stiffness of infill masonry walls through a combined experimental and numerical procedure has been proposed in this paper. The procedure is firstly validated through investigations on a real-scale laboratory mock-up and then applied to a real
infilled r.c. frame building. In both cases, the methodology reveals capable to furnish a reliable
and realistic infill stiffness estimation, leading to obtain trustworthy f.e. models of the infilled
structures. The proposed approach furnishes a practical and expeditious tool that can be suitably
used to reduce uncertainties in the f.e. modelling of framed buildings when infills must be included. This should be fundamental when results of ambient vibration measurements need to
be interpreted with refined f.e. models of structures or when results of structural health monitoring systems must be analyzed. The procedure has the great advantage of requiring fast and
non-invasive dynamic tests on infills, thus it can be executed in new or in existing buildings.
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Abstract
On November 26, 2019, a magnitude Mw = 6.4 earthquake struck Northwestern Albania. It
was the strongest to hit Albania in more than 40 years. Cities such as Thumanë, Tirana, and
Durrës suffered damage, but Durrës was the hardest hit with several building collapsed [1,2].
A reconnaissance team under the auspices of American Concrete Institute (ACI) visited Durrës, Albania to assess the extent of damage to modern reinforced concrete (RC) buildings (i.e.
built after 1990). The team*1 surveyed buildings during the week of January 12, 2020, with a
focus on RC buildings that were infilled with clay block masonry. Over the course of seven
days the team documented 55 buildings that had RC frames as their main lateral resisting system. All of the surveyed buildings had unreinforced masonry infills (hollow clay blocks). Most
of the buildings had ribbed or waffle slabs. Typical damage observed in these buildings was in*1 Researchers from University of Nebraska-Lincoln, Wiss, Janney, and Elstner Associates, Inc., University of
Minnesota-Twin Cities, Epoka University (Tirana, Albania), Josip Juraj Strossmayer University of Osijek (Osijek, Croatia), and Bauhaus-Universität Weimar (Weimar, Germany)
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plane or out-of-plane failure (dominant) of masonry infill walls throughout the building height.
More damage was observed when these masonry walls were not confined well within the RC
frame i.e. acting as partitions. In many cases, these masonry walls were not connected to the RC
frame at all, having only bed-joints filled with mortar.
This report focuses on the performance of masonry components (infill walls, partitions, etc.)
in the buildings in Durrës that were affected by the earthquake. Examples of the damage to the
masonry infill, structural details that affected the damage, and its impact on building performance are described.
The paper provides an overview of the earthquake-induced damages in several building
types and their variation within different structural systems focusing on RC frames with unreinforced masonry infills in Durrës. Reasons for significant differences in observed damage will
be discussed in close relation to the building code development and the preferred design concepts. Besides response phenomena and typical damage patterns which have been observed
after other earthquakes worldwide, an attempt is made to investigate parameters with high damage potential according to [3].

1

INTRODUCTION

The field reconnaissance missions following natural disasters provide valuable information
on the performance of buildings during such events. As part of the American Concrete Institute
disaster reconnaissance committee (ACI 133) mission, a team of researchers from the US, Croatia, Albania and Germany surveyed 55 buildings affected by the Mw 6.4 earthquake in Durrës,
Albania on November 26, 2019.
The earthquake struck Northwestern parts of Albania, with an epicentral distance of 17 km
from Durrës and 35 km away from the northwest of the capital city of Tirana. Fifty-one
people died because of the earthquake and 100,000 were affected. The earthquake caused serious damage to more than 1,400 buildings in Tirana, and about 900 buildings in the city of
Durrës and the town of Thumanë with reported cases of collapsed buildings. Besides partial to
complete failure due to shaking, a few buildings in the Durrës area were tilted due to liquefaction [4,5].
Events in Albania with a magnitude (5.0 < M < 7.0) are considered to be rare [6]. The last
large event in the region was the earthquake in Montenegro on April 15, 1979 [7]. It was suggested that the region is going to be at a low seismicity rate interval from the event in Montenegro until the end of the second decade of the 21st century based on the seismic energy release
for Albanian earthquakes [8].
The most affected buildings by the earthquake damage were reinforced concrete (RC) frame
buildings with infill walls in Durrës. The poor performance of unreinforced masonry infill walls
dominated the damage pattern, mostly due to simultaneous in- and out-of-plane dynamic excitation [9]. Thus, the global damage grade is mostly governed by the behavior of the partition/
infill walls. Further, up to two or three grades, larger damages to the infill walls could be observed which makes the assignment of the damage grade according to EMS-98 [11] difficult.
Infill/partition walls are usually treated as non-structural/secondary elements (see Eurocode
8, and EMS-98), whereas past earthquakes have shown that they mainly contribute to the horizontal stiffness and seismic resistance. The herein presented field observation highlight again
the need for a proper design to avoid brittle behavior and out-of-plane failure (Eurocode 8).
In this study, the damaged buildings surveyed in Durrës are assessed and key observations
are highlighted. Besides, quantitative measurements are used to assign the seismic vulnerability
of buildings using the Hassan and Sozen index [10].
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2

EARTHQUAKE CHARACTERISTICS AND CONSTRUCTION PRACTICE IN
ALBANIA

2.1 Parameters of the earthquake
The earthquake of Nov. 26, was recorded at seven accelerometric stations of the Albanian
network, in the range of epicentral distances from 15 km to 130 km as shown in Figure 1. 

Figure 1: Strong motion stations in Albania that recorded the Nov. 26, 2019 earthquake and its epicenter [2].

The mainshock was followed by multiple aftershocks, two of which have a magnitude
Mw > 5.0 as shown in Table 1. Figure 2 shows the shakemap of the mainshock calculated using
surveyed macroseismic dataset collected through felt reports by the EMSC [11] and combined
with expected intensities derived from strong-motion records using the correlation function of
Faenza and Michelini, 2010 [12]. Up to intensity IEMS = VIII on the EMS-98 intensity scale [13]
was estimated.
DURR station in Durrës, which lays on soft soil recorded only 15 s of the mainshock due to
electricity pause [2]. This record has a horizontal peak ground acceleration (PGA) of 0.196g
and spectral acceleration of more than 0.5g for 5% damping in a period range of 0.25s to 1s, as
shown in Figure 4. This period range could be related to the fundamental period of buildings
with five or more stories according to Eurocode 8 (EC8), which lays in the height range of
observed damaged and collapsed buildings in the area.
Date
26/11/2019
26/11/2019
27/11/2019

Time (UTC) Lat. (°) Long. (°) Mw Depth (km) Reference name
02:54:12
06:08:21
14:45:23

41.514
41.571
41.550

19.526
19.424
19.479

6.4
5.5
5.3

22
10
10

Mainshock
Aftershock (1)
Aftershock (2)

Table 1: Focal parameters of the Nov. 26, 2019 mainshock and following moderate aftershocks (USGS).

873

L. Abrahamczyk, D. Penava, M. Haweyou, F. Anić, A.E. Schultz, J. Rautenberg

Figure 2: Macroseismic shakemap with EMS-98 intensity for the mainshock.

To evaluate the spectral acceleration obtained from the mainshock, response spectra from
EC8 and the Albanian code (KTP-89) are calculated as shown in Figure 3. EC8 spectra are
calculated with a PGA of 0.24g obtained from a probabilistic seismic hazard map with a 475year return period proposed by [6] for Albania. The KTP-89 spectra are calculated based on the
seismic code map with intensity IMSK-64 = VIII for Durrës. By comparing the code spectra with
the recorded mainshock spectra, the mainshock spectrum from the DURR station exceeded the
KTP-89 spectra for periods higher than 0.2s for all soil types. However, the EC8 spectrum with
soil type D (soft-soil) covered the recorded spectra. The aftershock records showed similar period ranges to the mainshock (0.2 to 1s) as shown in Figure 4.
It can be concluded that buildings designed according to the KTP-89 spectra were affected
by higher ground motion, whereas the design forces according to EC8 and a PGA equal or
greater than 0.2g covered the ground motion of the 2019 Albania EQ.
2.2 Design and construction standards
The current officially enforced earthquake design code in Albania is the 1989 KTP-89 code
[14]. This code uses the seismic zoning map with expected intensities based on MSK-64 scale
for the next 100 years and zones from IMSK-64 = VI to IX developed by [15]. Multiple studies
highlighted the need for increasing the seismic coefficients used in the code as they show a low
return period when compared with the probabilistic assessment of seismic hazard studies [6,16].
In particular, the city of Tirana, assigned to IMSK-64 = VII with of 0.08g seismic coefficient according to KTP-89, has a return period of approximately 50 years for a rock soil (category I)
[16].
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There were recent efforts to translate and implement the Eurocodes in Albania. Drafts of
national annexes were prepared with updated seismic hazard maps [17]. However, the Albanian
legislation still requires following the KTP-89 code and allow using Eurocodes voluntarily [18].
In addition, local engineers reported that building regulations were not properly enforced
during the 1990s and early 2000s. That resulted in problems as buildings without a permit and
improper addition of stories to existing buildings, which were reported in some of the collapsed
buildings in Durrës [19].

Figure 3: Response spectra of mainshock (5% damping) with KTP-89 and EC8 spectra.

Figure 4: Response spectra of aftershocks (5% damping).
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3

PERFORMANCE OF THE MAJOR BUILDING TYPES

3.1 Surveyed buildings
During the reconnaissance mission in Durrës city, totally 55 buildings were surveyed with a
focus on modern multi-story RC buildings (i.e. built after 1990). Figure 5 shows the location of
the surveyed buildings (all in the area of IEMS = VII), in addition to 4 out of 7 reported collapsed
buildings in Durrës [19]. Data was collected from the surveyed buildings in the form of building
type, dimensions, structural characteristics, and damage observations if exist. Table 2 shows
the damage levels description used in the survey for RC elements and masonry infill walls. The
damage level is linked to the EMS-98 damage classification [13].
The team focused on mid to high-rise buildings (see Figure 6 for sampled surveyed buildings). Figure 7 (a) and (b) shows the height distribution and damage levels for the infills and
structural elements respectively in the surveyed buildings.
Damage
level
Light
RC
Moderate
(Structural)
Severe
Light
Masonry
Moderate
(Non-structural)
Severe
Material

EMS-98 damage
classification
Grade 2
Grade 3
Grade 4
Grade 1
Grade 2
Grade 3

Definition
Hairline inclined cracks and/or flexural cracks
Spalling of concrete cover
Local structural failures
Hairline cracks. Flaking of plaster
Cracks in walls and joints between panels. Flaking of
large pieces of plaster
Wide and through cracks in walls and joints between
panels

Table 2: Definition of damage levels used in the survey forms and in compliance with [20]

Figure 5: Locations of surveyed and collapsed buildings (Basemap: [21]).
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Figure 6: Samples of the surveyed building with 8, 12, and 13 stories.

Figure 7: Distribution of the number of stories for surveyed buildings with (a) masonry infill damage levels,
(b) RC element damage levels.

Figure 8: Undamaged multi-story masonry structures in Durrës.
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It is worth mentioning that no significant structural damage to low-rise multi-story unreinforced masonry structures was observed in the surveyed city areas during the reconnaissance
mission (see Figure 8).
3.2 Observed damage to RC buildings
The inspected buildings were scattered among the two most affected areas of the earthquake;
the inner part of the city and the coastal (beach) area (see Figure 5). Those buildings were
mostly built after the year 2000. Based on the field observations, the RC frame with infill walls
was the dominant structural system in the inspected area. The presence of a dual system (RC
frame + shear wall) was less common. Shear walls, if present, were mainly used for elevator
core shafts.
The structural plans of the buildings were diverse. Buildings with soft-story and vertical
irregularity were observed. Nevertheless, in most buildings, light or no structural damage was
observed in the load-bearing RC elements, as it seems that the structural systems dissipated the
seismic shock properly.
3.2.1 Damages on infill walls
Even though the structural safety in many of the observed buildings was met, the serviceability conditions of the observed buildings were poor. Considerable damage was observed in
the infill walls, (see Figure 9 for in-plane failure samples). Usually, the damage was proportional to the number of stories. As expected, the ground floors were the most heavily damaged.
The damage level was reduced with increased height. One of the most dominant characteristics
of the damaged infill walls was observed to be poor workmanship and the lack of a proper
connection between the masonry units. In all the cases, standard clay blocks with high volume
horizontal voids were used (Group 4 in compliance with EC6).
It was observed that there was a lack of head joints in some of the inspected buildings. The
brick-laying practice mainly consisted of the application of a bed joint and leaving the bricks
unconnected with mortar vertically as shown in Figure 10 (a). Lack of vertical confinement at
walls intersections was also observed, as in Figure 10 (b and c).
Another problem was the arrangement of the hollow bricks. In some of the observed buildings, the hollow bricks (even though horizontally perforated) were purely placed with voids
horizontally (perpendicular to the direction of gravity). There is a lack of interlocking force of
the bricks that is achieved through alternating their positions.
Extensively damaged infill walls are also considered to be a consequence of a ductile design
of the buildings. The absence of the shear walls and RC cores has made the structure more
flexible and was more susceptible to drifts. The path of load transfer of the lateral seismic loads
through columns goes through the infills in the form of compression struts (only not in case of
dominant bed joint sliding). The shear-force induced inside the infills (which seem to not have
been designed to carry any shear load) has caused the damage of the infills. The extent of cracking is closely related to the workmanship quality, area of the infill, and opening presence. There
were cases where the outer walls showed slight cracks only, but the interior walls were heavily
damaged.
Another important observation related to the infill walls, was the improper connection of the
wall to the frame, as well as in many cases, the lack of that connection. This phenomenon caused
large pieces of the walls (sometimes the whole infill panels) to be dislocated and fall out of the
plane (Figure 11). Lack of confining beams that are cast inside the infill walls was observed.

878

L. Abrahamczyk, D. Penava, M. Haweyou, F. Anić, A.E. Schultz, J. Rautenberg

Figure 9: Infill in-plane failure.

Figure 10: Poor workmanship for infill walls (a) Lack of head-joints (b) and (c) Lack of vertical confinement at
walls intersection.

Figure 11: Infill out-of-plane failure.
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The summarized damage observations show the challenges in making vulnerability and damage grade assignments according to EMS-98 [13], especially with respect to the relation between structural and non-structural damage. From Figure 12, it can be observed that moderate
and severe structural (RC frame) damage co-existed with severely damaged and collapsed infill
walls. However, non-structurally damaged buildings experienced different levels of infill damage. Thus, the behavior of non-structural components can heavily influence the global damage
grade. Therefore, the vulnerability affecting factors like the number of stories and the properties
of non-structural elements should be considered as important attributes of a building typology
and the corresponding vulnerability table/matrix [22]. The damage observations lead to the
conclusion and confirm that the quality of construction and material of the infill walls may have
a strong influence on the interaction with the primary (structural) load-bearing system [23,24].
At the same time, many out-of-plane damages could also be observed on the upper and lower
floors (see also [25,26]), caused by the influence of bi-directional loading and IP damage, where
the two components of a floor movement are of similar importance. The magnitude of the loads
in-plane decreases at the upper floors, while the forces acting perpendicular to the plane increase due to the increase in acceleration over the height of the building.

Figure 12: Observed infill damage level linked to observed structural damage level.

3.2.2 Damaged RC frame elements
Besides the surveyed buildings, it was reported that 7 buildings collapsed in Durrës due to
the earthquake [19]. Figure 13 and Figure 14 show collapsed 4-story and soft-story buildings
respectively. The collapse of these buildings could be attributed to the high shaking effects,
poor construction practice, and the insufficient respect of the building code requirements.
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Figure 13: 4-story collapsed building in Durrës (Left photo: [27], Right photo: courtesy of C. McKenney [28]).

Figure 14: Collapsed Lubjana Hotel in Durrës (Left photo: [29], Right photo: courtesy of C. McKenney [28]).

Figure 15: Soil settlement in buildings.
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3.2.3 Damage due to the ground conditions
The ground conditions in the near coastal part were susceptible to liquefaction, which was
observed during the survey in few buildings as shown in Figure 15. It was reported that extensive soil liquefaction was observed along the coastal side of Durrës city [30]. This settlement
caused tilting of buildings, which could be visually observed.
4

ASSESSMENT OF SURVEYED BUILDINGS

To evaluate the surveyed buildings quantitatively, the two indices method proposed by Hassan and Sozen [10] is used. This method is based on wall index (WI) and column index (CI),
calculated as follows:
WI=(ΣAw +0.1ΣAm )/ ΣAf
CI=(0.5ΣAc )/ ΣAf

(1)
(2)

where ΣAw , ΣAm , ΣAc and ΣAf are the sum of: RC walls area at ground floor in the direction of
smallest RC wall area, masonry walls at ground floor in the direction of smallest RC wall area,
columns area at ground floor, and total floor area above the ground floor respectively. Figure
16 shows the column and wall indices for the surveyed buildings, where floor plans were
sketched or obtained.

Figure 16: Calculated wall and column indices for surveyed buildings (a) Infill damage (4-6 stories) (b) Structural damage (4-6 stories) (c) Infill damage (≥7 stories) (d) Structural damage (≥7 stories).
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Since more damage was observed in the infill walls, the indices are separately related to infill
damage and structural damage states. In addition, the buildings were separated into two groups
(mid-rise: 4-6 stories and high-rise: ≥7 stories). Especially, to consider that the originally proposed relation is not valid for buildings with more than 7 stories.
Figure 16 (b) and (d) show that all buildings lay beyond the thresholds suggested by [10,31].
These thresholds are suggested for low-rise [10] and low to mid-rise [31] structures to identify
the most vulnerable to damage and may not be suitable for medium and high-rise buildings. A
reduction in the limits by reducing the wall index limit is suggested to better fit the data with
(ܹI + 0.375CI=0.15%) for midrise structures similar to [31]. In addition it is suggested to further adapt the wall and column indices for high-rise structures, because of the rather large margin/distance between the derived data points and the thresholds by [10,31]. This decrease in the
wall index and might be also in the column index could be related to the “nonlinear” ratio of
the wall area at the ground floor and the total floor area above the ground floor. Whereas, more
data need to be elaborated towards structural and non-structural damage to define an appropriate
threshold for high-rise buildings.
Figure 16 (a) and (c) show the infill wall damage grades related to the wall and column
indices of each building, separately. The data sets are extended by the field study of the 2016
earthquake in Ecuador [32] for further justification of the very limited Albania data set for midrise buildings. It highlights the need for column indices larger than 0.4 to also limit infill wall
damages. Whereas, it is clear that further data need to be elaborated for justification.
5

CONCLUSION

A reconnaissance mission was conducted after the Mw = 6.4 earthquake that struck Albania
on November 26, 2019. The damage to RC frame buildings with masonry infill walls built in
compliance with contemporary building codes, i.e. after 1990’s, was assessed by surveying 55
buildings. The observed performance of RC buildings in Durrës to the earthquake – less damage
to RC elements (except in case of highly irregular construction); heavy in- and out-of-plane
damage to the unreinforced masonry infill/partition walls – is the result of one or more of these
aspects:
1) Improper construction practice, as the building code is not appropriately updated and enforced, especially towards the infill/partition walls.
2) Lack of proper shear walls in mid to high rise building to increase the stiffness and reduce
drifts.
3) Poor workmanship of masonry infills, as they were built without head joints and confining
elements, and not restrained against out-of-plane failure.
The seismic wall and column indices were calculated using the collected data and related to
RC frame (or wall) and masonry infill wall damage. Thresholds for mid to high-rise RC buildings are suggested.
The survey and observation confirm that non-structurally damaged buildings (un- or slightdamaged RC elements) may experience different levels – up to grade 4 and 5 – of infill damage.
Thus, the behavior of non-structural components can heavily influence the global damage grade
and therefore need to be properly designed or build.
The gained experience and damage observations confirm the principle results of recent analytical and experimental studies [3,33,34]. As a next step, the previously experimentally validated models will be applied to the detailed surveyed Albanian buildings for further real-world
validation by the comparison of a damage prognosis with the observation. A number of useful
data sets could be collected as part of the reconnaissance mission for further analytical studies.
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Abstract
The comparison of the seismic performance of different typologies of masonry infills is usually related to the technical response according to post-seismic inspection, experimental outcomes, and numerical studies. Although the economic losses due to the achievement of some
limit states could represent one of the main aspects that should be taken into account in the
selection of the masonry typology to be adopted for the masonry infills, few studies have been
addressed to this topic ([1]). Moreover, the economic losses related to the seismic response of
masonry infills are usually dealt without a specific procedure that differentiates the masonry
of the infill, the infill typology (e.g., traditional vs innovative infill systems), and other aspects
which may modify the seismic performance of non-structural element. In this paper, a comparison in terms of the economic losses between different “traditional” masonry infills and
an innovative solution with sliding joints [2] is presented through the adoption of a new approach ([8]) that computes the expected annual losses based on the PERR’s PBEE procedure.
Keywords: Expected annual losses, infill seismic performances, innovative infill, sliding
joints, performance based earthquake engineering.
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1

INTRODUCTION

The seismic performance of buildings is usually evaluated through their structural response
that is typically referred to their capacity to withstand earthquake action without threaten human-life and/or exceed specific levels of damage. Although it is widely recognized that the
safety of the inhabitants must always be guaranteed, the need to limit the damage, also in case
of minor earthquakes, and to reduce the costs of repairing or of the downtime of the activities
conducted within the structure, is becoming more and more important.
Focusing the attention on reinforced concrete (RC) frame buildings with masonry infill
walls, field observations after major earthquake events have highlighted the vulnerability of
these structure, if specific seismic-details are not adopted (i.e., [3],[4],[5]). Moreover, also in
case of recently designed buildings or with low seismic actions, where the collapse of the
structural members is avoided, the damage could occur in the infill walls due to their high
vulnerability and the associated monetary losses could be quite relevant.
In order to improve the seismic response of the infills and to reduce the detrimental effects
of the interaction between RC frame and masonry panels, typical for traditional masonry
walls built in-place with no specific seismic details, the researchers of the University of Pavia
have conceived an innovative infill typology, characterized by the presence of deformable
mortar at the frame/infill interface and sliding joints within the masonry panel. Further information regarding the system is provided by Morandi et al. ([2]).
This technology proved to be promising, ensuring good seismic performance of the infillframe system based on an extended experimental campaign, as fully described by Morandi et
al. ([2]) about the in-plane seismic behaviour, by Milanesi et al. ([6]) regarding the out-ofplane seismic response and by Manzini et al. ([7]) for the overall building performance.
The recent studies conducted ([1],[8]), mainly developed in numerical researches on this
topic (i.e. [9],[10]), have also demonstrated that the adoption of such an innovative infill typology could lead to a significant reduction of the costs of reparation of the building and of
the elements after significant seismic events, despite an initial higher cost of construction,
compared to the same RC structure with traditional infill walls.
This paper aims at presenting the results by applying a novel methodology proposed by
Rossi et al. ([8]) and evaluate the influence of the choice of a specific infill typology in the
computation of the expected annual losses for a typical RC frame building in Italy, built in
compliance with current seismic codes. Moreover, the structural and monetary advantages
given by the adoption of the innovative infill solution are discussed.
2

NEW METHODOLGY FOR THE EVALUATION OF THE LOSSES IN
INFILLED RC FRAMES

A novel procedure to evaluate the expected annual losses (EAL), tailored specifically for
RC infilled frame, was conceived by Rossi et al. ([8]) within the well-known PEER’s PBEE
framework ([11],[12],[13],[14],[15]).
The EAL is the expected loss that should be paid every year in order to repair or even replace a specific reference structure. The novel procedure considered to evaluate the EAL of
infilled frame structures has been partially adopted in early studies carried by Rossi et al. ([16]
and [17]). Recently, Di Trapani et al. ([1]) presented a similar study, also based on PBEE
framework, including an innovative infill solution with sliding joints studied by Preti et al.
([18]).
In the present work, the definition of damage in all the considered infills was inferred directly by laboratory tests and by numerical simulations on the same infill panels adopted in
the analyses and the computation of losses is referred to updated official costs of repair and
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replacement actually adopted in Italy. Finally, the evaluation of the seismic performance in
terms of EAL of a building with specific indications on infill typologies allows a consistent
comparison on the effective contribution of different infill solutions and an estimation of the
economic benefits that the use of innovative infill systems could provide as respect to traditional infills.
According to Baker and Cornell ([13]), EAL is computed as a discrete summation:
EAL = ΣE[DV|IM=im]·∆λIM(im)

(1)

where, DV is decision variable, IM is the intensity measure, im is a specific value of the IM,
E[DV|im] is the expected total repair/replacement cost conditioned on IM = im, λIM(im) is the
conventional hazard curve, being equal to the mean annual frequency (MAF) of IM exceeding
a certain value of IM.
The decision variable, DV, is the metric necessary to evaluate the performance of the building and used by the stakeholders to justify their decisions.
Therefore, according to Equation (1) the EAL is the area under the curve, depicted in Figure 1.

Figure 1. Graphical representation of a generic EAL.

The methodology, in accordance with Cornell and Krawinkler ([11]), could be subdivided
in four steps: facility definition, structural analysis, damage analysis and loss analysis.
The aspects of novelty introduced in the methodology proposed stay in the fact that the attention is mainly focused on the influence of infill walls in the evaluation of the structural and
economic performance of the overall building. In particular, the definition of damage in all
the considered infills was inferred directly by laboratory tests and by numerical simulations
on the same infill panels adopted in the analyses; moreover, the computation of the losses was
referred to updated official costs of repair and replacement actually adopted in Italy. The
evaluation of the seismic performance in terms of EAL of a building with specific indications
on infill typologies has allowed a consistent comparison on the effective contribution of different infill solutions and an estimation of the economic benefits that the use of an innovative
infill system could provide as respect to traditional infills.
3
3.1

APPLICATION TO CASE STUDY
Facility definition

In order to evaluate the influence on infill walls in the seismic performance of a common
newly designed 6-storeys high RC frame building in Italy, a reference model was assumed.
The structure aimed to represent a typical residential building designed in high ductility class
in compliance with the Italian standards ([19]) and Eurocodes ([20],[21]), therefore in accord-
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ance with the “capacity design” principles. The building is regular both in plan and elevation
and located on a flat ground, with soil type C, in L’Aquila (Italy). Further details on the reference structure are fully described in Hak et al. ([22]).
The numerical model is a 2D frame of the entire building, being representative of all the
structure, as shown in Figure 2. The analyses have been conducted using Ruaumoko finite
element program ([23]) and a macro-model approach was deemed to be the best compromise
between reliable results and reasonable computational burden.

(a)

(b)

Figure 2. Geometry of the reference building: (a) plan view; (b) elevation view.

In the numerical model, only the structural elements (RC beams and columns) and the infills
walls have been modelled, whereas the other non-structural components, assumed to be irrelevant to the structural response of the system, although they could be damaged, have been accounted only a-posteriori.

Figure 3. Portion of the structure analyzed.
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The additional shear demand on the columns of the frame due to the in-plane thrust of the infill and the out-of-plane verification on the panels have been considered as reported according
to Rossi et al. ([8]); the local interaction method is based on the specific studies ([24],[25]),
meanwhile the out-of-plane verifications are referred to researches based on experimental results (i.e. [26],[27],[28],[29],[6]).
The foundation beam is considered to behave perfectly elastically and not damageable, except
in case of global collapse of the building. In that case, also the costs of demolition and rebuilding of the foundation beam is accounted. In the central bay of the in-plane frame, a glass
panel representing a door is assumed to be placed.
The arrangement of infills and of all the elements is shown in Figure 3, and a list of all damageable elements accounted in the case-study is reported in Table 1.
Typology

Element
Foundation beam

Structural elements

Non structural
elements

Columns
Beams
Infill panels – in-plane, 1st floor
Infill panels – in-plane, 2nd & 3rd floor
Infill panels – in-plane, 4th, 5th, & 6th floor
Infill panels – out-of-plane, 1st floor
Infill panels – out-of-plane, 2nd & 3rd floor
Infill panels – out-of-plane, 4th, 5th, & 6th floor
Ground floor slab
Floor slab, from 1st to 5th floor
Roof
Ceilings
Piping (hot and cold water) and electrical, hydraulic and heating systems
Internal glass door, 1st floor
Internal glass door, 2nd & 3rd floor
Internal glass door, 4th, 5th, & 6th floor
Sanitary, boilers and machines
Partition wall
Frames

Dimension
Quantity
Height: 1.7 m; Width top: 0.45 m; Width
53.25
bottom: 2.0 m; Length: 23 m
Section of elements at the 1st, 2nd and 3rd
floor: 45x45cm;
11.70
otherwise: 35x35cm
Section: 30x45cm
23.65
2.775x4.55m each
25.25
2.55x4.55m each
23.21
2.55x4.65m each
23.72
2.775x4.55m each
25.25
2.55x4.55m each
23.21
2.55x4.65m each
23.72
60 m2 (per floor)
60.0
60 m2 (per floor)
60.0
60 m2 (per floor)
60.0
60 m2 (per floor)
60.0
Small diameter threaded steel pipes
60.0
(≤60mm)
2.775x1.55m each
5.33
2.55x1.55m each
5.10
2.55x1.65m each
5.20
Engineering judgement: 140 € / m2
Gypsum walls, 18mm thick
25
4 windows and 4 doors
10.24

m3

in total

m3

in total

m3
m2
m2
m2
m2
m2
m2
m2
m2

in total
per floor
per floor
per floor
per floor
per floor
per floor
per floor

m2 per floor
m

per floor

2

m per floor
m2 per floor
m2 per floor
m2 per floor
m2 per floor

Table 1. List of the damageable elements.

With the aim to represent common traditional masonry infill typologies, three different “nonductile” solutions have been studied. The masonry panels were made of clay units and considered as built in full contact with the surrounding RC frame. Their characteristics are resumed
herein and sketched in Figure 4:
1) Typology T2 (“medium strength/stiffness infill solution”). It is represented by doubleleaf 12 cm thick walls with horizontally perforated “weak” units, with 60% void percentage. The panel has 1 cm of plaster on each external side of the leaf.
2) Typology T3 (“strong infill solution”). It is made of vertically perforated (50% of
void) robust 30 cm thick blocks. The panel has 1 cm of plaster on each side of the
wall.
3) Typology TA (“strong infill solution”). Similar to T3 solution, but the vertically perforated blocks are thicker (35 cm) and the tested masonry infills has provided higher deformation capacity than T3. The panel has 1 cm of plaster on each side of the wall.
The strength and stiffness of the infills adopted are different in order to account for a quite
wide range of typologies.
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Figure 4. Masonry infill typologies [22].

Besides the non-ductile “traditional” infills, the innovative ductile infill solution with sliding
joints (“TSJ1”, [2]) was considered, with the goal to estimate if this solution improves the
performance as respect to rigidly attached typologies, also terms of economic benefits. The
innovative system was conceived to improve the seismic response of the infills and to control
the damage and the stability of the panels, being characterized by the presence of sliding
joints that divide the infill into horizontal stripes and that are designed specifically to allow
the relative in-plane movement of these stripes ([2]). Moreover, at the wall-frame interface,
flexible joints limit the detrimental interaction of the infill with the surrounding RC frame
(Figure 5). The unreinforced masonry of the infill is constructed with 25 cm thick vertically
perforated lightweight clay units and 1 cm thick general-purpose mortar bed- and head-joints.
The overall thickness was equal to 29 cm due to the plaster layer of 2.0 cm which is placed on
both sides of the panel. The out-of-plane stability of the infill is ensured by properly designed
steel “shear keys” attached to the column and by “C-shaped” clay units placed at the edges of
the masonry panel. Further details on this innovative system are described in Morandi et al.
([2]) and Milanesi et al. ([6]).

(a)

(b)

Figure 5. (a) Innovative masonry infill with sliding joints and deformable joints at the panel/frame interface; (b)
Details of the innovative masonry infill with sliding joints: 1.C-shape units; 2. mortar bed-joints; 3. Sliding joints;
4. clay units; 5. interface joints; 6. shear keys; 7. plaster [2].

3.2

Seismic Hazard

In order to apply the same (scaled) ground motions to all the building models with different
infill walls, there was the need to adopt an intensity measure metric capable to ensure consistency. For the purpose of the present work, the average spectral acceleration, AvgSa, introduced in Kohrangi et al. ([30],[31]), was assumed to be a good metric, defined as the mean of
the log spectral accelerations (Sa) at a set of n periods of interest (Equation 2 from [31]):
(2)
AvgSa = [Пni=1Sa(Ti)]1/n
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This metric is considered a good predictor for both inter-story drift ratio and peak floor acceleration; moreover, its hazard can be evaluated using existing ground motion prediction equations.
Twenty ground acceleration time histories, for each of the ten levels of intensity-measure,
were supposed to be sufficient for the purposes of the present study, giving sufficiently good
estimation of the most probable response of the structure. Each ground motion, GM, had two
perpendicular components (North-South and East-West); the one adopted in the analyses was
the one with the highest value of spectral acceleration at T=1 second. Further information is
reported in Rossi et al. ([8]).

Figure 6. Seismic hazard curve.

4

STRUCTURAL PERFORMANCE

In order to evaluate the infill influence in the overall performance of the building, both
nonlinear static and nonlinear dynamics analyses have been performed. The discrete selection
of IM level, introduced previously, was adopted to perform a MSA (Multiple Stripe Analysis)
([32]). As aforementioned, the numerical models were considering only columns, beams and
infill walls. The other non-structural elements were assumed to do not influence the structural
behavior of the frame also in the case of the nonlinear time-history analyses.
The overall results reported in Figure 7 have demonstrated that the structural performance
of the RC frames is strictly related to the structural performance of the typology of infill walls
adopted. In particular, Figure 7a, shows the force-drift envelopes of the infill contribution only to the in-plane horizontal response. The dots indicate the thresholds of the three limit states
of infill walls in terms of inter-storey drift, as defined by Morandi et al. ([33],[2]): operational
limit state (OLS), damage limitation limit state (DLS) and life safety/ultimate limit state
(LSS/ULS). In Figure 7b, the pushover curves of the buildings characterized by the presence
of the four same infill typologies are shown. Also in this case, the dots show when the performance-level thresholds are exceeded by the infill walls.
The main results of the MSA are represented by the fragility curves of the infilled RC
frames, which are reported in Figure 8.
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(a)

(b)

Figure 7. (a) Envelopes of the infill contributions; (b) Pushover curves.

(a)

(b)

Figure 8. Global fragility function related to the collapse of the infilled frames, (a) nonlinear dynamic analyses;
(b) nonlinear static analyses.

The fragility function related to the plane-frame with the innovative ductile infill system
shows very small values of probability of exceedance till a value of AvgSa of about 1g, where
the slope of the curve rapidly increases. In the range of ground motions with PGA similar to
the design PGA, the adoption of the innovative infill solution leads to have a probability of
collapse almost equal to zero. This result is quite encouraging, because it demonstrates that
the adoption of this innovative infill, conceived with the purpose of limiting the damage in the
infill, has also a beneficial influence on the overall in-plane seismic response of the structure.
A peculiarity of this work is the fact that the correlation between the level of damage in the
infill walls and the inter-story drift (i.e., the EDP: engineering demand parameter) was deterministic. Actually, this fact does not represent a limitation, because the EDP-damage relationship was inferred from full-scale in-plane cyclic tests on the same infill panels adopted in the
analysis, with the same mechanical characteristics and aspect ratio.
5

MONETARY LOSSES

The results of the structural analyses have allowed the identification of specific values of
damage, which can be therefore correlated with costs of repair/reconstruction. The consequence function specifically created for each vulnerable element ([8]), both structural and
non-structural, have permitted to define the costs in accordance with the Public Works Pricelist of 2020 ([34]) along with an engineering judgement. Table 2 resumes all the cost of construction and demolition for each of the aforementioned elements.
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Structural elements

Non structural
elements

T2

T3

TA

TSJ1

Foundation beam

21'008 €

21'008 €

21'008 €

21'008 €

Columns & beams

31'111 €

31'111 €

31'111 €

31'111 €

Infill panels IN PLANE

16'765 €

19'620 €

21'316 €

23'309 €

Infill panels OOP
(with thermal insulation)

20'366 €

23'222 €

24'917 €

26'910 €

Floor slabs (roof included)

89'143 €

89'143 €

89'143 €

89'143 €

Ceilings

17'833 €

17'833 €

17'833 €

17'833 €

Pipings (hot and cold water)

73'109 €

73'109 €

73'109 €

73'109 €

Internal glass door

6'915 €

6'915 €

6'915 €

6'915 €

Sanitary, boilers and machines

50'000 €

50'000 €

50'000 €

50'000 €

Partition walls

11'982 €

11'982 €

11'982 €

11'982 €

Windows and doors

35'741 €

35'741 €

35'741 €

35'741 €

Complete demolition

17'463 €

17'463 €

17'463 €

17'463 €

Demolition + Building cost

391'437 €

397'148 €

400'539 €

404'525 €

Building cost only

373'974 €

379'685 €

383'075 €

387'062 €

Building cost / m2

1'039 €

1'055 €

1'064 €

1'075 €

Table 2. Costs of demolition and complete reconstruction of all damageable elements.

Furthermore, the global vulnerability functions, related to each building with the four infill
typologies, are shown in Figure 9. The costs have been evaluated through consequence functions specifically defined for each element. Further information is reported in Rossi et al. ([8]).
The expected annual loss (EAL) of one building is the area under its vulnerability curve. In
agreement with the previous results, the smallest value of EAL is the one of the RC frame
with the innovative infill system (EAL=0.16%). This value is more than about 2 and 4 times
smaller than the one of buildings with the TA (EAL=0.28%) and the T2-T3 (EAL=0.57%0.63%) traditional infills, respectively. The return period of the investment has been found to
be always less than 10 years (9 years for TA, 8 years for T2, and 4 years for T3). This period
of time has been estimated without considering the risk of injuring and losing the life of people and without considering all the indirect costs and the downtime of the building, which
would have furtherly decrease such time.
Finally, according to the Italian law DM 58 ([35]) which defines a method for a simplified
classification of the seismic risk for constructions, the building with infill typologies T2 and
T3 would lie in risk class AEAL, whilst the building with infill typologies TA and TSJ1 in class
A+EAL (i.e., the class with best performance).

Figure 9. Global vulnerability function relative to the frame structure (Rossi et al. ([8]).
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6

CONCLUSIONS

Within the present work, a novel method to compute the annual losses has been adopted to
compare the seismic performance of three different non-ductile rigidly attached masonry infills and an innovative ductile system with sliding joints [2]. The economic comparison,
which has been conducted through nonlinear analyses on code-compliant RC frame structure,
has demonstrated the influence of the infill typology in the computation of the expected annual loss (EAL). The choice of a particular infill typology, in a common RC frame structure,
could strongly influence both the structural and economic performance of the building, despite the fact that they are assumed to be non-structural elements. The EAL has been calculated through a novel methodology presented by Rossi et al. ([8]) in accordance with PERR’s
PBEE procedure ([11],[12],[13],[14],[15]). In the computation, the influence of the nonstructural elements that do not interfere with the seismic structural response has been considered a-posteriori.
The monetary losses relative to each building were compared. The loss analyses confirm
that the adoption of an infill system conceived with the explicit intent to reduce the damage in
the masonry panel, as the innovative solution proposed by researchers of Pavia ([2],[6]),
should be preferred as respect to traditional infill solutions without any seismic detail. The
initial investment, due to the higher cost of construction of a structure with the innovative infill solution, is paid back by the lower costs of repair in the case of seismic events.
Although the present work shows an updated picture of the situation, the ongoing research
on ductile masonry infills with sliding joints (e.g., about the local structure-panel interaction
effects [36]), and the continuous development of new typologies of masonry infills (e.g.,
[37],[38]), represent some of the future upgrades of the presented study.
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Abstract
The seismic vulnerability of rigidly attached masonry infills has been repeatedly highlighted
through post-event surveys, experimental and numerical studies. Although many innovative solutions have been proposed, especially in the last decades, many aspects of these systems are
object of ongoing or future studies. The ductile infills with sliding joints have been currently
investigated by different researchers starting from experimental tests and using the test outcomes to calibrate and create finite element models with the aim to perform parametric analysis
and define the local and global interaction with the structure. Moreover, the innovative infills
with sliding joints have shown a completely different in-plane behavior with respect to the nonductile ones. Since the creation of the diagonal strut is avoided and the shear sliding mechanisms fostered in predefined sliding joints, the interaction between the masonry panel and the
RC members represents novelty with respect to the “traditional” rigidly attached masonry solutions. Within the present paper the results of a numerical model calibrated according to inplane experimental tests are presented and the local interaction between the RC structural
member and the innovative ductile infill with sliding joints is discussed. The study adopts a
validated finite element model approach to an experimental campaign that has never been simulated through detailed FEMs and compares the numerical results with the experimental results
related to the local effects.
Keywords: Local effects, infill-frame interaction, innovative infills, ductile infills, sliding
joints, fem modeling of infills.
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1

INTRODUCTION

The seismic vulnerability of rigidly attached masonry infills, also called non-ductile infills,
has been repeatedly highlighted through recent post-event surveys (i.e., [1],[2],[3],[4]). Several
problems have been observed such as the in-plane/out-of-plane interaction in the seismic response of these non-structural elements (Figure 1a), the global influence in the overall seismic
behaviour of the structure and the structural damages caused by local interaction between the
masonry panels and the structural members (Figure 1b). The seismic behaviour of non-ductile
masonry infills has been studied also experimentally and numerically into many researches that
had different goals such as, the infill/structural global interaction ([5],[6],[7]), the in-plane behaviour ([8],[9]), the out-of-plane response ([10],[11],[12]). The in-plane/out-of-plane interaction ([13],[14],[15]), the economic evaluation of the expected annual losses ([16],[17]) and the
local interaction between the infill and the structural members ([18],[19],[20]) as, for example,
shown in Figure 2, were investigate as well.

(a)
(b)
Figure 1: (a) Infill damage and collapse due to in-plane and out-of-plane behaviour during the Central Italy earthquake 2016 ([3]), (b) Focus on the local damages on RC members due to the infill-structure local interaction ([2]).
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(a)
(b)
Figure 2: (a) Local effects on a non-ductile infill to the adjacent column ([20]); (b) Example of local pressure at
different drift on the RC columns due to the presence of a non-ductile infill made of AAC units ([20]).

The aforementioned issues have recently encouraged the research and the industry in developing innovative infills that can be generally classified into three categories: the enhanced infills ([21],[22],[23],[24]), the panels uncoupled from the frame ([25],[26]) and the ductile infills
([27],[28],[29],[30],[31]). The latter innovative infill typology, that has been recently proposed
and studied both experimentally and numerically, is object of ongoing and future studies. The
infill with sliding joints, which are investigated in this work, are classified as ductile infills. The
innovative infills with sliding joints have shown a completely different in-plane behaviour with

900

R.R. Milanesi, V. Bolis, S. Pelucco, P. Morandi, G. Magenes, M. Preti

respect to the non-ductile ones [32]. Since the creation of the diagonal strut is avoided and the
shear sliding mechanisms fostered in predefined sliding joints, the interaction between the masonry panel and the RC members represents a novelty with respect to the “traditional” rigidly
attached masonry solutions.

(a)
(b)
Figure 3: (a) Details of the innovative masonry infill with sliding joints: 1. C-shape units; 2. mortar bed-joints; 3.
(b) sliding joints; 4. clay units; 5. interface joints; 6. shear keys; 7. plaster ([28],[29]); (b) Idealization of the compressed strut in the case of ductile infill with sliding joints ([28]).

Within the present paper the results of a numerical model calibrated according to in-plane
experimental tests are presented and the local interaction between the reinforced concrete structural member and the innovative ductile infill with sliding joints is discussed. The study adopts
a validated finite element model approach ([33]) extended to an experimental campaign ([28])
that has never been simulated through detailed FEMs and compares the numerical results with
the experimental ones related to the local effects.
2

SPECIMEN DESCRIPTION AND INSTRUMENTATION

At the Department of Civil Engineering and Architecture and at the Eucentre Foundation,
within the European FP7 “INSYSME” project, a ductile seismic resistant masonry infill with
sliding-joints ([28] and [29]) with original details has been conceived, based on the conceptual
design proposed in Preti et al. [34]. The engineered system reduces the interaction between the
structure and the infill in the in-plane direction by facilitating the shear-sliding damage in specific previously designed elements corresponding to the sliding joints. The infill is subdivided
into four horizontal subpanels that can mutually slide through properly conformed sliding joints.
Moreover, the interface between the masonry subpanels and the reinforced concrete is filled
with a deformable mortar to decrease the stress concentration. The unreinforced masonry used
in the subpanels of the infill is realized with vertically perforated lightweight clay units and
general-purpose 1 cm thick mortar bed- and head-joints.
The reference experimental campaign has included test on characterization on every material
(concrete, reinforcement, mortar, clay units and masonry), in-plane pseudo-static cyclic tests
(called IPL) on fully and partially infilled (with a central opening) full scale one-storey one-bay
reinforced concrete frames. The infill without opening has been tested also at “high-velocity”
(called IPH) to study the behaviour of the sliding joints subjected to dynamic actions. Subsequently, the same specimens have been tested dynamically out-of-plane on a shaking table to
investigate the out-of-plane response. Finally, a dynamic test on a shaking table on a prototype
2-storeys 5-bays building has been carried out. The in-plane response is presented by Morandi
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et al. [28], the out-of-plane experimental behaviour is discussed in Milanesi et al. [29], whereas
the building test is presented in Manzini et al. [35].
The full infill, named TSJ1, had a length of 4.22 m and a height of 2.95 m, and the reinforced
concrete members have a square section with base/height of 35 cm (Figure 4). The specimen
design, that aimed to represent a part of a realistic full-scale reinforced frame structure, is detailed in other works ([9] and [28]).
The experimental displacements and deformations occurred during the in-plane tests have
been measured through 45 displacement transducers (linear potentiometers) (Figure 5a). The
ones numerated between 30 and 44 are located at the panel/column interface to measure the
compression of the deformable mortar joint or the detachment of the subpanel with the reinforced concrete column (Figure 5b). Each subpanel has 2 potentiometers for each masonry/column interface, being one at the top and the other at the bottom of the subpanel.

Figure 4: Layout of the fully infilled specimen represented without plaster ([28]).

(a)
(b)
Figure 5: (a) Sketch of the linear potentiometer installed in the specimen during the in-plane cyclic test; (b) Detail
of the potentiometer 34 and 35 installed to monitor the subpanel/column local interaction.

3

EXPERIMENTAL RESULTS

The force-displacement hysteretic curves and the corresponding envelopes for each cycle of
the fully infilled configuration (TSJ1) are reported in Figure 6a, whereas the results of the bare
frame specimen (called TNT) are shown in Figure 6b. The TNT specimen has been taken as
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reference for a proper evaluation of the infill contribution and it has been tested in a previous
experimental campaign ([9]).

(a)
(b)
Figure 6: Experimental force-displacement cyclic and envelopes curves of (a) specimen TSJ1, fully infilled and
(b) bare frame.

The damage related to the in-plane tests, which is detailed in Morandi et al. [28], can be
summarized to horizontal cracks corresponding to the sliding mechanism of the sliding joints
starting from low levels of drift (from 0.20%), sub-horizontal flexural and light diagonal cracks
in the upper and bottom part of the reinforced concrete columns due to the in-plane deformation
of the structural frame (at about 1.00-1.25%), detachment of small area of plaster in corner of
the subpanels (2.00%) and spalling of the concrete cover at the bottom of the columns (3.00%).
At the subpanel/column interface, the occurrence of the sliding mechanism in the engineered
sliding joints has created a contact area and a detached portion for every subpanel due to the
deformation of the reinforced concrete frame respect to the infill (Figure 7).

Figure 7: Focus of the masonry/column interface joint at the max imposed in-plane drift of 3.00%.

As aforementioned, the experimental campaign has included also a comprehensive mechanical characterization of the materials. The masonry has been therefore characterized through
vertical, horizontal, and diagonal compressive strength tests, flexural pure bending tests, and
tests on triplets to determine the initial shear resistance and the friction coefficient of the mortar
bed-joints and the sliding joints. All tests of characterization on masonry have been conducted
on specimens with and without plaster in order to evaluate its influence for each resistance. In
the present work only the horizontal compressive resistance of the masonry (Figure 8a) and the
shear tests on masonry triplets to characterize the cohesion and the friction coefficient of the
mortar bed-joints and the sliding joints (Figure 8b) have been consider.
Figure 8c reports the results of the triplet tests on masonry for the sliding joints, for the
mortar bed-joint with and without plaster. The stress-strain curve obtained from the horizontal
compressive tests is reported in Figure 12b.
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Furthermore, the deformable interface mortar (called “deformable mortar” in the following)
placed between the masonry subpanels and the structural member has been characterized in
several ways: by testing mortar prisms in compression (Figure 9a), mortar pads (Figure 9b) to
investigate the influence of the dimension and by the replicating the whole interface region also
including the steel omega element and the C-shape clay unit (Figure 9c). The results, that are
reported in Figure 13a, highlight the lack of a common curve and the necessity to make some
assumption regarding the compressive behaviour of this material.

(a)
(b)
(c)
Figure 8: Picture of the tests of characterization to determine the (a) horizontal resistance of the masonry, (b)
friction coefficient of the sliding joints. (c) Results of the initial shear resistance of the masonry triplets.

(a)
(b)
(c)
Figure 9: Picture of the tests of characterization for the deformable mortar at the panel/frame interface (a) test on
mortar prism; (b) test on mortar pad; (c) replication of the whole contact system.

4

MODELING DESCRIPTION

The modelling technique here adopted to interpret the test response is based on the approach
proposed in several studies ([36][37],[38]) and specified for sliding joint infill in Bolis et al.
([33]). The specific configuration of the infill with sliding joints and the layer of deformable
mortar interposed at the frame to masonry interface, is modelled with interface and smearedcrack elements, respectively. For the specific specimen under consideration here, the deformable mortar is modelled assuming a simplified linear response calibrated on the mechanical characterization tests.
The model is a two-dimensional plane-stress finite element model implemented using the
FEAP ([39]) environment.
The modelling scheme of reinforced concrete columns, beam members and masonry infill
([38]) are reported in Figure 10. The sliding joints are modelled using interface elements; the
lateral deformable mortar joints are simulated using a smeared-crack element directly connected to the nearest reinforced concrete member on one side and through an interface element
to the adjoining masonry subpanel. Unlike the model proposed in Bolis et al. ([33]) the base
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joint is modelled like the horizontal mortar joints and the top deformable mortar joint between
the masonry infill and the beam is modelled like the lateral vertical joints (Figure 11).

RC members

Masonry infill panel

Figure 10: Finite element discretization reprinted from Stavridis and Shing ([38]).

(a)
(b)
Figure 11: (a) Infill frame mesh and detail of the sliding and contact joints; (b) detail of the contact joint modeling

4.1

Parameter calibration

The model parameters are calibrated as proposed in Stavridis and Shing ([38]) and Bolis et
al. ([33]), referring to experimental tests performed on subassembly and to literature references.
The main parameters are reported in Table 1 and Table 2.
SMEARED-CRACK ELEMENTS
G [MPa]
fc [MPa]
E [MPa]
t [mm]
Q [-]
Concrete
25000
10417
0.20
350
37
Masonry
2600
1150
0.13
250
2.9
Deformable Mortar top
5
2
0.38
100
10.0
Deformable Mortar lateral 8
2.9
0.38
250
10.0
Table 1: Main parameters adopted for the smeared-crack elements.
Material

ft [MPa]
1
0.6
2.0
2.0

The comparison between the numerical and experimental results of the main calibration tests
are reported in the following Figure 12 and Figure 13.
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Lateral and top deformable mortar joints are modelled using smeared-crack elements calibrated to have an elastic behaviour in the range of deformation of interest. The elastic modulus
of the lateral deformable mortar is calibrated to obtain a stress strain curve secant to the experimental on in the range of strain of 15-20%, which corresponds to the peak strain level measured
in the experiment on the infilled frame structure at drift level of about 2.0%. In Figure 13a is
reported the comparison between the assumed elastic curve and the experimental stress-strain
ones obtained in the characterization tests. A similar approach is adopted for the top deformable
mortar, accounting for a lower strain demand during the test.
The interface elements representing the sliding joints are calibrated fitting the residual yield
surface to the experimental results. The initial yield surface is obtained by shifting upward the
residual one calibrated to the test of the only sliding joint to consider the effect of the reduced
plaster thickness at the sliding joint location.
Material
Bed joints
Brick head joints
Mortar vertical joints
Concrete joints
Lateral joints
Top joint
Sliding joints

INTERFACE ELEMENTS
rr [MPa]
s0 [MPa]
r0 [MPa]
P0 [-]
Pr [-]
0.45
0.88
0.75
0.005
0.005
0.70
1.00
0.80
0.28
0.21
0.90
0.862
0.75
0.005
0.005
1.00
0.90
0.70
0.25
0.20
0.05
0.50
0.45
0.10
0.10
0.05
0.25
0.20
0.10
0.10
0.15
0.361
0.361
0.02
0.02
Table 2: Main parameters adopted for the interface elements.

(a)

t [mm]
250
250
250
350
250
250
250

(b)

Figure 12: (a) Numerical and experimental results for bare frame; (b) Comparison of experimental test of characterization and numerical simulation of the stress-strain response of the masonry in the horizontal direction.

(a)

(b)
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Figure 13: (a) Comparison of the stress-strain experimental response of deformable mortar test and the elastic
model adopted in the numerical model; (b) Comparison of the shear stress–compressive stress experimental response and the numerical model adopted.

5
5.1

NUMERICAL AND EXPERIMENTAL RESULTS COMPARISON
Global behavior

In Figure 14 the monotonical hysteresis is reported in terms of force applied at the top of the
frame versus the displacement for both positive and negative in-plane loading, for experimental
and numerical results. The experimental curve considered is the envelope of positive (push) and
negative (pull) displacements of the cyclic tests conducted. Given the symmetry of the model
the same numerical behaviour is considered for each load direction.
In both direction of loading the initial stiffness is well captured, whereas the initial peak of
resistance is slightly underestimated, probably due to the uncertainties in the evaluation of the
reduced thickness of the plaster over the sliding joints. As the drift increases, the horizontal
joints start sliding and the behaviour exhibits a stiffness decay. The peak resistance reached in
the simulation is slightly higher than the experimental ones, with an overestimation lower than
10% and more evident in the positive direction.
The quality of the numerical simulation can be better evaluated by focusing on the local
response of the masonry/column deformable mortar joints shown in Figure 15.

Figure 14: Experimental and numerical hysteresis.

5.2

Local behavior

The comparison between experimental and numerical local deformation of the lateral joints
along the frame height is herein presented. Given that the masonry is two order of magnitude
stiffer than the deformable mortar, therefore, the local experimental deformations are estimated
assuming that the displacement read by the potentiometer is localized in the deformable mortar
joint only. The ratio between the displacement output and the thickness of the interface mortar
joint, equal to 25 mm, has been assumed as the experimental strain of the deformable material.
Since there are two potentiometers for each subpanel, the deformation profile of each of them
is obtained considering the line interpolating the two values.
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Numerically, the deformation profile is obtained directly from the difference of displacement
between the masonry node and the concrete node near the lateral joints (alignment “a” and “b”
in Figure 11).
It is important noting that the profile given represents the average strain in the lateral joint
and it is not the specific deformation of the mortar. However, it can be assumed as an acceptable
estimation of the compression strain level.
For all drift level the compression area is well captured. At 2.00% of drift the maximum
compressive strain is approximately equal to 20%, confirming the strain level considered for
the deformable mortar elastic modulus calibration.

Lateral joints deformation for each column at 0.5% Drift

Lateral joints deformation for each column at 1.0% Drift
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Lateral joints deformation for each column at 2.0% Drift
Figure 15: Lateral joint deformation for each column at different levels of drifts.

6

CONCLUSIONS

The recent outcomes from different post-seismic inspections and experimental and numerical studies on infills have identified many issues on non-ductile rigidly attached masonry infills.
Three categories of innovative solutions have been proposed to improve the seismic response
of these non-structural elements, being the ductile infills with sliding or deformable joints the
latest respect to the others that aim to enhance the masonry and to uncouple the panel from the
structure. The innovative ductile infill system with sliding joints is object of ongoing and future
investigation to improve the knowledge about this new infill typology.
The experimental tests summarized in the present work ([28]) have been integrated with a
detailed finite element model that has been previously adopted for a similar infill ([27],[33]).
The model is a two-dimensional plane-stress finite element model implemented using the FEAP
([39]) environment. The results of the numerical simulation of the experimental in-plane test
on the fully infilled solution has shown the capability of the model to capture both the overall
behaviour and the local deformation located in the deformable mortar at the masonry/column
interface. Moreover, one future development of the present study will be the computation of
the local forces that occur in every subpanel/column contact area starting from the strain plots
of the interface deformable mortar discussed herein.
Finally, the experimental evidence and the numerical results highlight the different in-plane
behaviour of the infill typology and their new local interaction with the structure respect to nonductile “traditional” systems, therefore new design provisions for the shear verification of the
structural members could represent another future development of the present study.
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Abstract. Mechanics-based macro-models are often used to simulate the cyclic response
of inﬁlled reinforced concrete (RC) frames. However, these approaches are aﬀected by
uncertainties regarding damage and failure mechanisms. Therefore, this contribution proposes a new smooth data-driven model for the hysteresis of inﬁlled RC frames. The inﬁll panel is modeled through a damage-based Bouc-Wen element, which accounts for both
pinching and deterioration of the mechanical characteristics. The parameters of the model
are calibrated from an experimental data set of cyclic responses of RC inﬁlled frames. Analytical correlations between parameters and geometric and mechanical characteristics of
the inﬁlled frame are derived. Blind validation tests are carried out in order to demonstrate the eﬀectiveness of the proposed model.
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Figure 1: Scheme of the macro-model for the inﬁlled frame: the bare frame is modeled with
the software OpenSees, while the inﬁll panel is simulated as a spring whose constitutive
law is given by the Bouc-Wen model.
1

INTRODUCTION

The cyclic behavior of inﬁlled frames has been widely investigated from both theoretical and experimental points of view [1–5]. However, the mechanical modeling of such
structural systems is still an open challenge [6]. This mainly because the response of an
inﬁlled frame depends on many geometric and mechanical factors, which inﬂuence the
damage mechanisms.
Many authors developed equivalent strut macro-models to predict the in-plane behavior
of inﬁlled frames [7–10]. However, predictions from diﬀerent models lead to results that
are often conﬂicting. Moreover, these modeling strategies are often complex and involve
a large number of parameters that are very diﬃcult to predict a priori. For the above
reasons, recently many mechanics-based data-driven models have been developed [9, 11,
12]. In this case, the parameters governing the mechanical behavior of the structural
system are estimated using regression formulas based on large data-sets. This modeling
strategy has been proven to be reliable for many typologies of inﬁlled frames.
This contribution proposes a new hysteresis data-driven macro-model based on the
Bouc-Wen equation [13–15]. Deterioration of both stiﬀness and strength are taken into
account through degrading functions for cyclic damage [16]. Pinching is introduced by
adding in series a slip-lock element [17] to simulate the eﬀect of masonry cracking. The
model is governed by 11 parameters that have clear physical meanings. The regression
formulas of these parameters were obtained with a data-driven approach, based on calibrations performed with experimental data of real inﬁlled frames. The validation of the
model was performed through additional blind prediction tests. The model proposed
in this work is an eﬀective tool for nonlinear dynamic analyses and probabilistic assessments [18, 19].
2

MACRO-MODELING OF THE INFILLED FRAME

The inﬁll panel was replaced by a spring connected to the bare frame through rigid
links, as shown in Figure 1. The constitutive behavior of the spring was deﬁned by the
hysteresis model proposed in this work. The bare frame was modeled on the OpenSees 2.5
software platform by using ﬁber-section beam-column elements with distributed plasticity.
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Figure 2: The inﬁlled frame is regarded as a simple oscillator composed of two springs in
parallel, one representing the bare frame and one representing the inﬁll panel.
As depicted in Figure 1, the rigid links constrain the frame and the spring to undergo
the same horizontal displacement. Thus the inﬁlled frame was regarded as a simple
oscillator whose stiﬀness is given by two contributions. One is provided by the bare
frame, the other by the spring representing the panel. The sum of these two contributions
gives the response of the entire inﬁlled frame (Figure 2).
In the following section, the analytical formulation of the hysteresis model for the
spring (inﬁll panel) is presented.
3

ANALYTICAL DESCRIPTION OF THE PROPOSED HYSTERESIS MODEL

The proposed hysteresis model consists in a degrading Bouc-Wen element [13, 14] integrated with a slip-lock element [17,20]. The latter was speciﬁcally introduced to simulate
the typical pinching of masonry due to cracks opening and closure.
The equation of motion for a single-degree-of-freedom system is
mẍ + cẋ + Fs [x(t), z(t), t] = F (t)

(1)

where x is the relative displacement of the mass of the system m with respect to the
ground, c is the linear viscous damping coeﬃcient, Fs [x(t), z(t), t] is the non-damping
restoring force, z(t) is the hysteresis displacement and F (t) is the external excitation.
The overdots indicate the derivative with respect to the time, thus ẋ and ẍ represent
velocity and acceleration, respectively.
The Bouc-Wen model gives the following expression for the restoring force:
Fs [x(t), z(t), t] = αkx(t) + (1 − α)kz(t)

(2)

where k is the elastic stiﬀness of the system and α is the ratio between the ﬁnal tangent
stiﬀness kf and the elastic stiﬀness (0 ≤ α ≤ 1). Eq. (2) is composed of two contributions:
the linear elastic component αkx(t) and the hysteresis component (1 − α)kz(t), which
depends on the past history of stresses and strains. The hysteresis displacement z(t) is
given by the diﬀerential equation


ż(t) = Aẋ(t) − β|ẋ(t)||z(t)|n−1 z(t) + γ ẋ(t)|z(t)|n



(3)

with the initial condition z(0) = 0. The parameters β, γ, and n control the shape of the
hysteresis cycles. The parameter A determines the tangent stiﬀness but it is set to unity
to avoid redundancy [21, 22]. The hysteresis energy dissipated by the system is deﬁned
as the area under the hysteresis restoring force F h [z(t), t] = (1 − α)kz(t) along the total
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displacement x(t). The hysteresis energy can be normalized with respect to the mass, as
follows [23, 24]:


ε(t) =

x(t)

x(0)

 t
F h [z(t), t]
2
dx = (1 − α)ω0
z(τ )ẋ(τ )dτ.
m
0

(4)

According to some results in literature [25–27] a linear proportionality between β and
γ was introduced
(5)
γ = η0 β.
A dimensionless damage index, involving both energy dissipated and maximum displacement reached, was considered
di (t) =

|xmax (t)|
ε(t)
+
2
kxy /m
xy

(6)

where xy is the yielding displacement and xmax (t) is the maximum displacement of the
system until time t. Since the degrading Bouc-Wen model is a smooth hysteresis model,
there is not a standard way to compute the yielding displacement xy . Hence, this is an
unknown parameter that must be identiﬁed along with the other model parameters.
The damage index di (t) allows to deﬁne the following stiﬀness and strength degrading
functions [16]:
A(di ) = e−δk di (t)pk (di )
β(di ) = β0 e[δk pk (di )−nδf ]di (t)

(7)

where δk and δf are two parameters that control respectively the amount of stiﬀness and
strength degradation. The function pk (t) controls the stiﬀness degradation rate
pk (t) = e−ψdi (t)

(8)

where ψ is a parameter that controls the rising of stiﬀness degradation.
With the introduction of the degrading functions, the diﬀerential equation deﬁning z(t)
assumes the following expression:
ż(t) =A(di )ẋ(t) − β(di )(|ẋ(t)||z(t)|n−1 z(t) + η0 ẋ(t)|z(t)|n ) =
e−δk di (t)pk (di ) ẋ(t) − β0 e[δk pk (di )−nδf ]di (t) (|ẋ(t)||z(t)|n−1 z(t) + η0 ẋ(t)|z(t)|n ).

(9)

A slip-lock element [17] was introduced in order to properly simulate the opening and
closure of cracks in the inﬁll panel. The slip-lock element was linked in series with the
Bouc-Wen element (see Figure 3). Therefore, the relationship between the two elements
is the following:
x(t) = x1 (t) + x2 (t)
(10)
where x is the total displacement of the system. The term x1 is the contribution of the
degrading Bouc-Wen diﬀerential equation, expressed by Eq. (9). The term x2 is the
contribution of the slip-lock element, which is given by the following relation:
x˙2 (t) = a(t)f (z)ż(t).
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Figure 3: Schematization of the proposed hysteresis model, which is obtained as composition of degrading and slip-lock elements.
The function f (z) deﬁnes the shape of the slip-lock phenomenon and is deﬁned as
f (z) = e−z

2 /Z 2
s

(12)

where Zs is the range of z in which the slip lock occurs. Parameter a is a function of the
attained ductility
|xmax (t)|
(13)
a(t) = As
xy
where As is a parameter that controls the slip length, xmax is the maximum displacement
reached at the prior cycle and xy is the yielding displacement.
Combining Eqs. (9), (10) and (11), the following diﬀerential equation for the hysteresis
displacement is obtained:
ż(t) = ẋ(t)
4

A(di ) − β(di )[sgn (ẋ)|z(t)|n−1 z(t) + η0 |z(t)|n ]
.
{1 + a(t)f (z)[A(di ) − β(di )(sgn (ẋ)|z(t)|n−1 z(t) + η0 |z(t)|n )]}

(14)

CALIBRATION OF THE PROPOSED MODEL USING EXPERIMENTAL DATA

The model parameters were calibrated according to experimental data. The data
involve 10 real specimens and were collected from the experimental campaigns by Cavaleri
and Di Trapani [6], Mehrabi et al. [2], Colangelo [28], Kakaletsis and Karayannis [29] and
Mansouri et al. [30]. For each specimen, the force-displacement hysteresis curve was
acquired. All the campaigns considered performed displacement control tests in quasistatic loading.
For each specimen, the contribution of the inﬁll panel was represented by the diﬀerence
between the entire response of the inﬁlled frame and the response of the bare frame
modelled on OpenSees. The parameters of the proposed model for the inﬁll panel were
calibrated on the basis of this contribution. For each specimen, the calibration of the
parameters was performed through a genetic algorithm implemented in a MATLAB®
code. The genetic algorithm ﬁnds the set of parameters that minimizes the following
objective function
 xf
|[Fe (x) − Fs (θ, x)]| dx
 xf
OF (θ) = x0
(15)
x0 |Fe (x)dx|
where θ is the parameter vector, xi and xf are the initial and ﬁnal displacement records,
Fe (x) is the force derived from the experimental data and Fs (θ, x) is the one simulated by
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Table 1: Calibrated values of the hysteresis model parameters for the reference specimens.
Reference

Spec.

α

β0

η0

n

k

xy

δk

δf

ψ

Zs

As

Cavaleri and Di Trapani [6]
Mehrabi et al. [2]

S1A
4

0.003
0.003

0.35
0.41

0.2
0.2

1.5
1.5

76
84

1.45
1.23

0.017
0.035

0.003
0.013

0.001
0.001

0.16
0.16

5.91
4.55

The values of k and xy are given respectively in kN/mm and mm.

Table 2: Predicted values of the hysteresis model parameters for the reference specimen
for validation.
Reference

Spec.

α

β0

η0

n

k

xy

δk

δf

ψ

Zs

As

Cavaleri and Di Trapani [6]

S1C

0.003

0.32

0.2

1.5

79

1.70

0.022

0.006

0.001

0.18

4.86

The values of k and xy are given respectively in kN/mm and mm.

the proposed model. Parameters α, η0 , n and ψ assumed very similar values for diﬀerent
specimens. Thus their values were ﬁxed for simplicity, since small variations did not aﬀect
the results signiﬁcantly.
The calibration was performed for 10 specimens, but in this work only 2 of them
are shown for the sake of brevity. The two specimens considered are S1A from [6] and
specimen 4 from [2]. The parameters identiﬁed in the calibration are listed in Table 1 and
the results are shown in Figure 4.
5

EMPIRICAL CORRELATION LAWS AND BLIND VALIDATION TEST

The dependence of the parameters k, xy , β0 , δk , δf , Zs , As on the geometrical and mechanical properties of inﬁlled frames was investigated. The most representative quantities
like the elastic modulus of masonry, the compression strength of masonry or the compression strength of concrete were gathered in a functional. Considering all the specimens, the
values assumed by each model parameters were put in relation with the values assumed
by the functional. In this way, the correlation laws deﬁned are able to predict the values
of the model parameters in function of the geometrical and mechanical properties of a
generic inﬁlled frame.
The proposed correlation laws were validated on the basis of experimental data related
to a specimen diﬀerent from the one used for calibration. The specimen used for validation
is specimen S1C from the experimental campaign in [6]. The geometrical and mechanical
properties of specimen S1C are diﬀerent from those of the specimens used for in the
calibration. Therefore, this specimen was considered eligible for the blind validation test.
Table 2 collects the parameters predicted by the correlation laws and Figure 5 shows the
result of the validation test.
6

CONCLUSIONS

The data-driven macro-model proposed in the present contribution is able to predict
the hysteresis response of inﬁlled frames. The combination of degrading Bouc-Wen element and slip-lock element provides a model that captures hysteresis and damage of such
structural systems.
The model involves 11 parameters with clear physical meanings. Four of them have
less impact on the ﬁnal behavior, so they were ﬁxed. The 7 remaining parameters were
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Figure 4: Results of the calibration for specimen S1A from Cavaleri and Di Trapani [6]
and specimen 4 from Mehrabi et al. [2]: (a) S1A hysteresis cycles; (b) S1A dissipated
energy; (c) Mehrabi 4 hysteresis cycles; (d) Mehrabi 4 dissipated energy.
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Figure 5: Blind validation test on specimen S1C from Cavaleri and Di Trapani [6]: (a)
hysteresis cycles; (b) dissipated energy.
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calibrated on the basis of experimental data of real inﬁlled frames. Regression laws were
estimated and ﬁnal blind validation tests were performed. The results demonstrated that
the model is accurate.
The simplicity and the smooth nature of the governing equations make the proposed
model suitable for numerical simulations, such as nonlinear time-history and stochastic
analyses.
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Abstract
Infilled reinforce concrete (IRC) frames are commonly built across the world. Modern building
codes address the influence of infill walls in seismic design and assessment of existing structures. Other building codes commonly consider infill walls as non-structural elements and do
not require any explicit verification. One of such codes is the Pakistan Building Code (PBC),
which does not foresee recommendations and guidelines for IRC frame structures, despite being
a common construction typology in the Country. Records of past earthquakes show that infill
types and material properties strongly affect the seismic response of buildings thus highlighting
the importance of such parameters and making the topic worth investigating in detail.
This paper introduces a numerical model for infill walls, which predicts different features of
the nonlinear response, such as cracking, peak force, failure and residual force. Such features
are expressed as function of infill friction coefficient between mortar and brick surface and
mortar strength, whose effects are commonly neglected in available numerical models. The
model is applied to a comprehensive case study of a three-story IRC frame factory building,
located in the city of Mirpur, Pakistan, hit by an earthquake of magnitude 5.9 on 24 September
2019. The results obtained the model show good agreement with the observed in-situ damage
patterns, thus revealing the importance of correctly modeling the infill walls when seismically
designing and assessing Pakistani IRC buildings.

Keywords: Masonry infill wall, Nonlinear analysis, Diagonal strut model, Non-structural element, Infilled Reinforced Concrete (IRC) frame structures.
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1

INTRODUCTION

The construction typology of infilled reinforced concrete (IRC) frames is not only common
in Pakistan but across the globe. The typology became more common in Pakistan especially
after October 2005 Kashmir earthquake [1], [2], [3], [4], [5]. With the increasing demand for
IRC frame constructions in the country, the local research community and practitioners started
developing an increasing interest towards several important issues, such as, frame-infill interaction models, role of brick types, and optimal material properties of the infill wall constituents
[6]. While the use of IRC frames has been growing in the Country, the Pakistan building code
(PBC) has not developed any recommendation or guideline for their design and construction
[1], [7]. This is also the case of many building codes around the world [8], [9], whereas some
more advanced building codes, including Eurocode, already include some essential yet incomplete considerations about the role of infill walls in both design and assessment of IRC frame
structures. As a matter of fact, many practitioners still consider infill walls as non-structural
elements, despite being aware of their strong influence on the seismic response of IRC frame
structures [10], [11]. This is also due to the fact that, although extensive studies have been
dealing with the topic in the past 50 years, sound and reliable design and assessment methods
including the effects of infills seem still far from being used in practice [12]. Besides, there is
a lack of basic understanding regarding the infill walls contribution to the IRC frame response,
whether it is beneficial or detrimental and under which circumstances. This depends on various
parameters, such as: infills-frame interaction, infills-frame relative strength and stiffness, type
of materials used for bricks, mortar and concrete [13][14][9]. Assessment of seismic performance of IRC frames requires proper modeling techniques and reliable analytical equations to
correctly predict their response [15]. Many existing IRC frames are more vulnerable to seismic
actions as a result of improper and poor understanding of such features [16].
Some usually neglected parameters, such as friction coefficient between mortar and brick surface, mortar strength, and their effects on the seismic performance of IRC frames are not reported in the literature, despite their strong influence on the failure mode of infill walls [17].
Recent earthquakes show that also newly built IRC frames designed with seismic detailing are
equally vulnerable as older ones, due to the detrimental interaction with infills [18]. Moreover,
IRC frames are not only vulnerable during natural seismic events, but also due to human-made
hazardous events, such as blast and terrorism acts, which makes the topic worth investigating
[19].
In case infill walls are uniformly distributed in plane and elevation of the building, IRC frames
under seismic action are less vulnerable than the equivalent bare frames, because the infill walls
interact directly with the surrounding RC frame [20]. However, brittle failures may occur in
columns, beams and joints, due to local interaction. These issues should be dealt with when
modeling an existing building [21].
The infill walls can be modeled by different numerical approaches, such as micro, meso, and
macro modeling [22]. The former two require detailed computational efforts and are commonly
used for detailed research purposes, while the latter makes use of one or more diagonal struts,
which require less computational effort and are preferred in practical applications [23].
Usually, in Pakistan, common practice with IRC frames only accounts for infill walls through
their dead load [2], [7]. As a consequence of such design practice, the same types of infill walls
made of fire burnt clay bricks are used across the northern part, including Punjab, Khyber Pakhtunkhwa, Pakistan-administrated Kashmir, Baluchistan, capital territory Islamabad, and other
seismic prone regions of the country, without the necessary variations in size and properties
required by the local seismic hazard [24]. Besides, there are no variations in thickness or infill
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types related to the occupancy/types of the building, i.e., hospital, school, industrial, or residential, which is not a reasonable strategy for the seismic safety of those buildings [2], [1].
2

NUMERICAL MODELLING

Satisfactory advancements in modeling infill walls have been recently achieved in terms of
simplified macro modeling, in which the infill panel is replaced by equivalent diagonal single
or multiple struts. The laying of bricks and the materials mechanical characteristics affect the
ability of such models to predict the local response and the damage pattern. In terms of global
response, it has been widely recognized that the modeling choices of infill walls affect the overall seismic performance of IRC frame structures and bring to largely different outcomes.
Generally, seismic forces affect infill walls both in-plane and out-of-plane. In-plane interaction
has been the object of several experimental researches, which concluded that infill panels behave as a monolithic resisting system, until partially detached from the surrounding frame and
start behaving as a compression strut, which claims for adequate modeling. The proposed model
focusses on this aspect.
Considering the construction typology of IRC frames in Pakistan, the materials used, and the
common design practice, is the objective of the proposed numerical model, which is a modified
version of Combescure (1996) [25] model expressed as function of friction coefficient between
mortar and brick surface and mortar strength. It considers a compression diagonal strut representing the infill wall in the in-plane, with a simple yet effective constitutive law shown in
figure 1.

Figure 1. Adopted model for infill walls showing the main features of the response

The proposed model aims at better capturing such response at different stages, i.e., elastic,
cracking, maximum force, failure, and residual force.
The relative stiffness between infill wall and column can be calculated by the dimensionless
parameter first proposed by Stafford Smith (1967).
ߣ ൌ ݄ ቂ

ா Ǥ௧ೢ Ǥୱ୧୬ ଶఏ ଵȀସ
ସா Ǥூ Ǥೢ

(1)

ቃ
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where ݄ is the height of the RC frame to the centerline of the beam, ܧ , ܧ are the moduli of
elasticity of masonry and concrete respectively, ݐ௪ , ݄௪ are the thickness and height of the infill
wall, respectively, ܫ is the moment of inertia of the column, ߠ is the angle of the diagonal panel
strut.
Many authors proposed different formulations for the diagonal panel strut width[22]. According
to Mainstone (1974), it can be calculated by the following equation:
௪ೢ
ௗೢ

ൌ ͲǤͳߣ ିǤସ

(2)

Where ݓ௪ ǡ ݀௪ are width and inclined length of the diagonal strut.
The four branches, i.e., cracking, maximum force, failure, and residual force shown in figure 1,
are described sequentially by the following equations.
It is expedient to start from the maximum force and the corresponding displacement:
(3)

ܨ௪ఏ ൌ ݂௪ Ǥ ݐ௪ Ǥ ݓ௪
ߜ௪ఏ ൌ 

ೢ
ாೢഇ

(4)

݀௪

where, ݂௪ , ݐ௪ and ݓ௪ are the compression strength of the wall along the diagonal direction, the
wall thickness, and the strut width, respectively, and ܧ௪ఏ is the elastic modulus along the diagonal direction at angle ߠ, given by the following equation [26]:
ܧ௪ఏ ൌ ቂ

ୡ୭ୱర ఏ
ா



ୱ୧୬ర ఏ
ாೡ

ଵ

  ଶ ߠ ଶ ߠ ቀீ െ ʹ ா

௩



ିଵ

ቁቃ

(5)

Whereܧ , ܧ௩ are the horizontal and vertical elastic moduli of masonry walls, respectively,
 ܩis the masonry shear modulus, and  ݒis the Poisson ratio.
The cracking force of the infill and the corresponding displacement at the onset of the first
branch of figure 1, can be found as:
ܨఏ ൌ

ிೢഇ

ߜఏ ൌ 

(6)

ଶ
ிഇ

(7)

ଶೢഇ

Where ܭ௪ఏ is the diagonal strut axial stiffness, calculated as:
ܭ௪ఏ ൌ

ாೢഇ ௧ೢ ௪ೢ
ௗೢ

ଶ ߠ

(8)

Where ߠ is the strut angle.
The failure force and the corresponding displacement at the end of the third branch of figure 1
can be found as:
(9)

ܨௐ௨ఏ ൌ ߤሺ݂ ݐ௪ ݓ௪ ሻ


ೢ
ߜ௪௨ఏ ൌ ͲǤͲͲͷ ௦ఏ

(10)
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Where, ߤ, ݂ , ݐ௪ , and ݓ௪ are friction coefficient between mortar and brick surface, mortar
compressive strength, wall thickness, strut width, respectively, and ݄௪ is the infill wall height.
Finally, the last point of residual force is proposed as:
ܨ௨ఏ ൌ

ிೢഇ

(11)

ଵ

(12)

ߜ௨ఏ ൌ ͳͺߜ௪ఏ

Having calibrated the strut model, in the following section it is applied in the comprehensive
modeling of an infilled frame reinforced concrete building, selected as a case study.
3

CASE STUDY

The selected case study considers an IRC three-story factory building situated in Mirpur city,
Pakistan, which was severely hit by the earthquake on 24 September 2019. The factory building
is 17.7 km away from the epicenter. The model of the building and a satellite image are shown
in figure 2. According to the acquired information, the building was designed in 1986, when
the code did not enforce any seismic provisions. As per common practice in the country, infill
walls were considered as non-structural components.

Figure 2. Model of the selected factory building (left)
and satellite image location of the building from the epicenter (right)

According to the detailed site visits and survey reports of the building, some cracks were observed in the beams, columns and their joints whereas the infill walls are badly damaged, as
shown in figures 3-6.
The overall in-plane dimensions of the building are ͻͶǤͻͳ ൈ ʹͶǤ͵ͺ and the typical interstorey height is 3.66 m. It consists of three blocks, i.e., storage, manufacturing, and office at the
back, center, and front, respectively. The infill walls are 228 mm (9 inches) thick made of solid
fire burnt clay bricks. The geometry of beams and columns are rectangular with variable sizes
depending on their location and ranging from 228 mm x 457 mm to 228 mm x 2438 mm and
305 mm x 305 mm to a maximum of 381 mm x 381 mm.
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Figure 3. Cracks observed in beam (left), and column (right)

Figure 4. Cracks observed in column and infill (left), and joints (right)

Figure 5. Cracks and damages observed in the infill walls in different parts of the building
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Figure 6. Cracks in column due to the presence of opening in infill (right) severe cracks in infill on the
frame selected for analysis (left)

4

NUMERICAL MODELS

A 2-D frame is considered, pertaining to the office block where maximum damages in the
infill walls were observed. Nonlinear static pushover analysis was performed considering two
configurations: bare frame (BF) as reference, and infilled frame (IF). The foundation plan, the
elevation of the selected frame having five equal bays of length 4.88m, equal inter-story height
of 3.66m and the geometry of beams and columns are shown in figures 7-9.

Figure 7. Foundation plan of the building and, highlighted, the frame selected for analysis
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Figure 8. Frame selected for analyzing the infills (left), bare frame (right)

Figure 9. Section of columns (left), first-floor beam (center), second-floor beam (right)

The frame was modeled in SAP2000 where frame elements were used for beam-column elements and nonlinear multilinear elastic link with the proposed model properties were used for
the infills. Mander (1988) [27]model was used for confined and unconfined concrete within the
cross sections of the structural elements. From the available drawings and design specifications
of the building, the characteristic values of compressive strength of the brick unit, brick masonry, mortar, concrete, and yield strength of steel are set as 8 MPa, 4.3 MPa, 5 MPa, 20 MPa,
and 400 MPa, respectively, which are commonly used properties in the country [2], [1], [24],
[28], [29]. Other materials properties, such as friction coefficient between mortar and brick
surface, and Poisson ratio are considered as 0.3 and 0.14, respectively. The models of IF and
BF are shown in figure 10.

930

N. A. Khan, A. V. Bergami, C. Nuti, G. Monti, M. Vailati, and B. Briseghella

Figure 10. Models considering different configurations: infilled frame (left) bare frame (right)

5

RESULTS AND COMPARISON WITH IN-SITU OBSERVED DAMAGE

Detail surveys and site inspections of the building after the earthquake showed that the RC
elements were not significantly damaged by the earthquake action. As shown in the figures 36, some beams and columns were partially damaged, however, most of the damages were observed in the infill walls. In fact, they sustained a large portion of the horizontal forces and,
consequently, increased significantly the stiffness and strength of the building, thus preventing
the structural components from failing. In this case, the presence of the infills was beneficial to
the overall performance of the structural elements. The BF model predicted much higher damage in the structural elements, while the IF model, thanks to the inclusion of the proposed struts,
showed good agreement with the observed damage in the structure.
From the quantitative standpoint, the resulting capacity curves of IF and BF can be appreciated
in figure 11. It is noticed that IF has an almost 3 times larger strength than BF, provided by the
presence of the infills. Also, the initial stiffness increased 11 times, which resulted in a 70%
decrease of the fundamental vibration period. It was also observed that drift ratio, top story drift,
and ductility of IF compared to BF decreased by 60%, 7%, and 40% respectively. Using the
ATC-40 capacity spectrum method, it was possible to ascertain that the presence of the infills
allowed the IF performance to increase up to 130% with respect to BF.

Figure 11. Capacity curves of the bare frame (solid line)
and of the infilled RC frame (dashed line)
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The IF model allowed to correctly detect the presence of the most relevant in-plane failure
mechanisms in the infill walls, such as, diagonal cracking, corner crushing, bed sliding/shear
failure (figures 5-6). This was highlighted by the behavior of the strut elements, which got
damaged in the same locations observed in the building. It was also confirmed that the infill
walls stiffen the frame and thus reduce the damage in the reinforced concrete elements. Finally,
as a last remark, it was confirmed that if the infill walls are made with bricks having strength
higher than the mortar strength, an additional friction-related energy dissipation develops during cyclic loading, thus reducing the overall response of the structure and thus avoiding brittle
failures in the bricks. This important phenomenon, which has two-fold beneficial consequences,
is naturally accounted for in the proposed model through the use of the basic parameters of
friction coefficient between mortar and brick surface and mortar strength
6
x
x
x

x

x

7

CONCLUSIONS
The following conclusions can be drawn from the study presented in this paper:
The analysis results obtained from numerical model show good agreement with the observed
in-situ failure pattern on the case study building.
The analysis results show that the seismic performance of the selected building is correctly
predicted by including an appropriate model of the infilled frame.
In-situ observation and analysis results confirm that infill walls have strong influence on the
seismic performance of building. Therefore, types of infill walls, material used and mechanical characteristics of materials are important to consider when deal with IRC frame structures, especially in Pakistan where this practice is not commonly applies.
Strength and stiffness of the selected IRC building considerably increased with infill walls
while less ductile failure is observed. Therefore, effect of infill walls should be carefully
accounted for in appropriate models, both in designing new structures and in assessing existing structures.
The proposed numerical model considers the effects of commonly ignored yet important
parameters such as friction coefficient between mortar and brick surface and mortar strength,
which is simple to apply and requires less computation efforts as compare to more detail
models, thus, helping practitioners and structural engineer to deal with IRC structures.
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Abstract
Fragility assessment of unreinforced masonry (URM) infill walls under seismic loads is a
current research topic for large scale risk analysis of reinforced concrete frame structures. In
this paper, Out-of-Plane (OoP) fragility functions are developed by probabilistic approach
based on Monte Carlo simulations employing a numerical macro-element model for the evaluation of the OoP capacity of infills. Uncertainties in the capacity were considered depending on the level of In-Plane (IP) damage and the variability in the geometrical and
mechanical properties of the masonry infills. The fragility functions are therefore obtained
considering the variability in the capacity instead of the seismic input as for other studies,
considering also their sensitivity to the position in low rise buildings.
Keywords: Fragility, Macro-element model, URM infill, Out-of-plane, IP-OOP interaction.
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1

INTRODUCTION

Seismic risk mitigation for reinforced concrete (RC) structures requires the use of reliable
strategies for the evaluation of the seismic capacity in view of performing large scale analysis
[1]. RC structures exhibit often significant structural and non-structural damage when subjected to medium-to-strong ground shakings. Retrofitting strategies as well as energy dissipation and isolation can be considered effective strategies for the improvement of the seismic
behavior of load bearing frame elements such as beams or columns [2-12]. However, nonstructural damage related to elements such as infill walls is often neglected in the evaluation
of the overall structural behavior.
Damages in infills result in huge economic loss due to a significant downtime and repair
cost [13]. Particularly, out-of-plane (OoP) failure can be a big threat to human life. Such infill
walls resulted to be highly vulnerable to in-plane (IP) and out-of-plane (OoP) actions caused
by seismic loads in past and recent earthquakes [14, 15] and it has been confirmed by a number of experimental studies that OoP capacity of the infills reduce as the IP damage increases
[16-20].
Fragility functions are important tools to estimate the probability of OoP collapse of infill
walls. But very few works have been done in this direction, often limited because of the computational effort in analyzing a huge number of cases due to variations in infills’ properties as
well as the IP-OoP interaction [21-23]. Some of the available fragility curves were developed
by using macro-element models considering the IP-OOP interaction in determining the OoP
strength of infill walls [24-31].
Another important aspect is that the most of the available fragility functions were derived
considering the variability in the ground motions (uncertainties in the demand) without taking
into account uncertainties in the capacity due to the variability of infill mechanical and geometrical properties and, at the same time, the IP-OoP interaction: this is the main aim of this
study for the case of low-rise buildings.
The novel contribution of this work is therefore to consider the variability of the capacity
of infills by employing a probabilistic approach based on Monte Carlo simulations including
the uncertainties in the mechanical and geometrical properties instead of the variability in the
seismic input. The macro-element model proposed by Pradhan and Cavaleri [28] has been
used for numerical analysis. The probabilistic approach allowed to consider the uncertainty in
the infills’ strength and geometric features as well as the uncertainty in the IP drift (interstorey drift ratio) during an earthquake. Fragility curves have been derived for infill walls
built with two types of masonry units (hollow and solid) and interested by three different levels of IP damage: low, medium and high corresponding to three ranges of IP-drift. The fragility curves proposed in this study refer to infills positioned at different floors of low-rise RC
frame buildings.
2
2.1

PROCEDURE PROPOSAL TO DERIVE FRAGILITY CURVES
Theoretical framework

For the derivation of OoP fragility curves of masonry infill walls, a probabilistic approach
employing a specific range of variability for the input parameter has been implemented by
using Monte Carlo simulation. The outputs are therefore affected by random assumption over
a range of representative input cases.
To reproduce the physical process using a probabilistic approach, first, a cycle of IP demand randomly assigned is applied to an infilled frame with random geometrical and mechanical characteristics, and then the infill is pushed in OoP direction to determine the capacity
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and consequently the Peak Ground acceleration (PGA). Monte Carlo methodology includes
the following steps:
1) Random generation of variables such as the thickness and strength of masonry, IP displacement demand, etc.;
2) Calculation of OoP capacity by a macro-element model in OpenSees [32];
3) Determination of the equivalent OoP pseudo (spectral) acceleration;
4) Derivation of the PGA associated to the pseudo acceleration;
5) Determination of the probability of exceedance of OoP collapse and obtaining of the
fragility for a given case study.
The above procedure was implemented first in Matlab code for the generation of a random
input variables’ matrix characterized by a certain number of cases; then, the random matrix
was linked to OpenSees [32] to perform numerical analyses, getting the matrix of the results
corresponding to each case of analysis. The results obtained by OpenSees were the maximum
OoP forces and the corresponding displacements. Additionally, the value of forces, corresponding to one-third of the maximum ones, and the associated OoP displacements, were extracted for each analysis to derive OoP stiffness of the infills.
2.2

Range of parameters and base assumptions

Two fragility groups have been defined for URM infill walls: a) infill with solid masonry
units (isotropic property), and b) infill with hollow masonry units (orthotropic property). Additionally, the fragility has been sub-grouped according to the level of IP damage as: low, medium and high (0-0.7%, 0.7-1.4% and 1.4-2% respectively) and the aspect ratios of infills (1.0,
1.25, 1.50 and 1.75). Only one damage state has been considered in the OoP direction i.e. the
damage state of collapse. The masonry infill collapse in OoP direction is immediately identified by the OoP pseudo acceleration equal to the ratio between the OoP strength and mass.
However, as before-mentioned, the Peak ground acceleration (PGA) has been taken as an Engineering Demand Parameter for the fragility assessment.
Infill walls are bounded by square columns of size 300 mm×300 mm and 300 mm×400
mm beams at top and bottom. Columns are provided with 8 @18 mm longitudinal rebars
while the beams have 3 @16 mm rebars at top and bottom. The concrete in the frame members is confined by rectangular stirrups (@ 8 mm) kept at a spacing of 75 mm. The effect of
confinement, - provided by the steel reinforcement, as suggested in [33, 34], has been taken in
to account according to Mander’s model [35]. The yield strength of reinforcement steel is taken as 500 MPa.
For the solid masonry, minimum thickness of infill has been kept as 100 mm while the
maximum thickness is assumed to be 200 mm and for the hollow masonry, the thickness was
varied from 100 mm to 300 mm. For sake of simplicity, for infill walls built with solid masonry units, the mechanical properties of masonry are assumed as isotropic. In case of masonry with hollow masonry units, orthotropic properties are considered. Elastic modulus of
masonry material is assumed as 1000 times the value of compressive strength in both isotropic and orthotropic cases. The main characteristics of the random variables are shown in
Table 1. An example of distribution of the compressive strength of masonry for orthotropic
and isotropic masonry cases is shown in Fig. 1 a-b.
For each case of low, medium and high IP damage and for each different case of aspect ratio of infill wall, 400 different random samples were generated. Inter-storey drift ratio (IDR)
imposed on the infill wall is taken as a measure of IP damage. In Fig. 2a, a sample distribution of IDR to consider three different levels of IP damage is shown while in Fig. 2b, the distribution of the masonry thickness for the case of solid and hollow unit masonry is shown.
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Variable
Strength of concrete

IP damage

Thickness of solid masonry
Thickness of hollow masonry

Strength of solid masonry
(Isotropic behavior)

Strength of hollow masonry
(Orthotropic behavior)

Property
Distribution features
Uniform distribution
Min (MPa)
20
Max (MPa)
30
Uniform distribution
Low level (%)
IDR 0 to 0.7
Medium level (%)
IDR 0.7 to 1.4
High Level (%)
IDR 1.4 to 2
Uniform distribution
Min (mm)
100
Max (mm)
200
Uniform distribution
Min (mm)
100
Max (mm)
300
Gaussian distribution
Min (MPa)
3.0
Max (MPa)
7.0
Mean (μ)
5.0
Standard deviation (σ)
1.0
Gaussian distribution
Min (MPa)
1
Max (MPa)
6
Mean (μ)
3.5
Standard deviation (σ)
1.0

Table 1: Distribution of the input parameters.

Figure 1: Distribution of the compressive strength of the masonry: a) orthotropic case (hollow units), b) isotropic
case (solid units)
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Figure 2: IP damage (a), OOP collapse (b)

2.3

Macro-element modeling of the URM infill walls

The capacity of the panels has been calculated by using macro-element model by Pradhan
and Cavaleri [28]. The model consists of four struts (two diagonals, one horizontal and one
vertical). The model was validated with results of different experiments [16-18, 29, 36] covering the range of infills’ geometrical and mechanical characteristics. Each strut in the model is
represented by two fiber-section beam-column elements connected by a node at the mid-span
(Fig. 3).

Figure 3: Macro-element model (Pradhan and Cavaleri 2020)

In the model, the width of the diagonal struts wd is defined as one-third of the diagonal
length d while the widths of the horizontal strut wh and vertical struts wv are calculated as a
function of wd in the following ways:

wd
d

d /3

(1)

l '2  h ' 2

(2)
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wh

h  wd / cosT

(3)

wv

l  wd / sin T

(4)

where l and h are the length and height of the infill wall respectively, while l’ indicates centre
to centre distance between the columns and h’ indicates the height of infill plus half the height
of top beam and Tis the angle defining the slope of the diagonal struts. In the model, to represent both IP and OoP resistances of the infill wall more accurately, the width and thickness of
the diagonal, vertical and horizontal struts were replaced by the surrogated values. For any of
the struts with width w and thickness t, surrogated width w and surrogate thickness t are
derived in the following ways:

w

f mo
uw
fm

(5)

t

fm
ut
f mo

(6)

The mechanical properties of the strut fibres in compression are defined by using four
stress strain parameters, namely, f mo , f mu , H mo and H mu as shown in Fig. 3. These numerical
parameters can be calculated based on two different mechanical properties of masonry i.e. the
equivalent compressive strength f m and equivalent elastic modulus E m , according to the
equations provided in Pradhan and Cavaleri [28].
The equivalent properties of masonry, namely f m and E m , are derived by taking into account the directional properties following the Eqs. 7-8.

fm
Em

f mv u f mh

(7)

Emv u Emh

(8)

where f mv and f mh represent the masonry’s compressive strength in vertical and horizontal
directions and E mv and E mh indicate the masonry’s elastic modulus respectively in two directions respectively. This provision facilitates the model to consider the orthotropic nature of
masonry. The definition of f m and E m is purely conventional and this technique relates well
with the equivalent strut stress-strain parameters to be used in the model.
For the current study, in case of solid masonry units, the equivalent properties of masonry
are derived considering itself as isotropic ( f mv f mh and Emv Emh ) and for the case of hollow units as orthotropic. The numerical modelling was performed in OpenSees platform. The
concrete and infill materials were modelled by using Concrete02 material, while the steel reinforcement was simulated by using Steel02 material available in OpenSees. The numerical
model of any infilled frame was prepared by interfacing Matlab to OpenSees, the former allowed the generation of each set of random parameters. To consider the effect of IP damage in
the OoP capacity, IP load was applied to achieve randomly generated IDR demands before the
application of OoP load. IP displacement demand was imposed at the top of the infilled frame
while OoP load was applied to the centre of the equivalent struts. The OoP capacity of infill
walls considering the effect of IP-OoP interaction was thus estimated for all cases investigated.
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2.4

Evaluation of PGA from the response spectrum

For a given case, in evaluating the approximate capacity in terms of pseudo (spectral) acceleration, the OoP strength is divided by the mass of the infill wall. In calculating the mass
of the infill, density of solid masonry is assumed to be 1900 kg/m3 in average while for hollow masonry it is assumed as 900 kg/m3. Each pseudo (spectral) acceleration can be associated to a PGA by the demand spectra.
Demand spectra for non-structural elements like infills depend upon their position along
the height of a building, the fundamental period of the infill and the fundamental period of the
building [37, 38]. According to the Italian Building Code 2018 [37], the expression of the
demand spectrum S a Ta , T1 , Z / H is given as:

Sa


°
Z
°
§
° PGA ¨1  H
©
°
°
°
°
Z
°
§
® PGA ¨1 
© H
°
°
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(9)

Ta t bT1

In the above expression, Ta is the fundamental vibration period of the infill wall, T1 is the
fundamental vibration period of the building, H is the height of the building, and Z is the level
at which the infill is located. In Eq. 9, PGA is expressed in g (gravity acceleration). In the
present work, the fundamental period of the building is evaluated by means of a simplified
equation as follows:

T1 c  H 3 / 4

(10)

c being a coefficient depending on the type on the material (0.075 for RC structures). In Eq. 9,
the parameters a, b and ap define the interaction between the infill and the structure depending
on the fundamental period T1 according to Table 2 [39].
T1<0.5 s
0.5 s < T1 <1.0 s
T1>0.5 s

a
0.8
0.3
0.3

b
1.4
1.2
1.0

ap
5.0
4.0
2.5

Table 2: Parameters for the response spectrum interaction.

Once the period of the panel Ta and the fundamental period of the structure T1 are obtained,
by imposing the equivalence between the spectral acceleration Sa (Ta , T1 , Z / H ) and the pseu-
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do-acceleration obtained numerically (that is the infill OoP capacity), it is possible to use Eq.
(9) to derive the PGA associated to the infill OoP capacity.
2.5

Evaluation of the fundamental period of the panel

Two different approaches were made in view of calculating the fundamental period of the
panel in the OOP direction:
1. By analytical approach proposed by the Italian Building Code 2018 suggestions [37]
2. From the numerical model based on the results of the analyses in terms of stiffness.
Regarding the analytical approach, the fundamental period Ta of the masonry infill in the
out-of-plane direction is calculated by the expression given in Eq. (11), where mw is the mass
of the infill per unit height h, Ew is the vertical modulus of elasticity of masonry and Iw is the
moment of inertia of the infill horizontal cross section with respect the line obtained as intersection of the middle plane of the infill and the horizontal cross section. Eq. (11) is:

Ta

2h 2

S

mw
K red  Ewv  I wy

(11)

It is to be noted that, in evaluating the period of the panel, the reduction in the flexural
stiffness due to the IP damage has been considered to obtain a more realistic prediction. To do
so, the coefficient Kred for the OOP stiffness reduction proposed by Cavaleri et al. [40] was
used, that is:
K red

[min(1;0.17 IDR 0.67 )]

(12)

being IDR the inter-storey drift in percentage experienced/assigned by/to the panel in IP direction. The above equation was validated by the authors against a range of experimental and
numerical cases.
The second approach is based on the results provided by the numerical analysis depending
on the effective stiffness evaluated at one-third of the OoP maximum force and the corresponding displacement. In detail, the numerical period is calculated by using the well-known
formula for one degree of freedom system (the equivalent one dof system is that described by
the OoP displacement in the center of an infill and the corresponding restoring force) as follows:

Ta*

2S

M*
,
K num

K num

Fmax,OOP /3
G( Fmax,OOP /3 )

(13)

In calculating the vibration period, the participating mass M * corresponding to the first
OoP mode of vibration of the infill has been taken as 50% of the total mass of the infill wall.
As regard to this choice, different values have been adopted in the literature [21, 22, 23, 29,
31]. The affinity of currently used model with the study of Di Trapani et al [23] oriented such
choice of assuming 50% first mode mass in this study.
2.6

Determination of the probability of exceedance of OOP collapse, and obtaining of
the fragility for a given case study

Fragility curves are cumulative distribution functions that represent the probability of exceedance of a certain damage state (DS) for a given type of building/structural element over a
range of an intensity measure IM (in the context of the present work, the Peak Ground Acceleration “PGA”). A log-normal distribution function can be and is here assumed for the fragility associated to the collapse state according to the following expression:
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§ ln( IM )  ln( IM ) ·
¸
P>DS / IM @ I ¨¨
¸
E
©
¹

(14)

where Iis the standard normal cumulative distribution function, IM refers to a median value
and β is the log-standard deviation that accounts for the uncertainties in the capacity of the
building/structural element fragilities for the collapse damage state.
In the present study, the uncertainties were assigned for i) the strength of concrete of the
reinforced concrete frame surrounding an infill, ii) level of IP damage, iii) thickness of infill,
and iv) compressive strength of masonry, employing different distributions of variables. It
allowed the evaluation of the median and the log-standard deviation in the results.
3

RESULTS

The fragility curves were obtained in this work assuming low-rise reinforced concrete
buildings i.e. 3-storey moment resisting RC frame structure with an inter-storey height of 3 m
(total height of the building is 9 m) for which the fundamental period resulted 0.39 sec (Eq.
10). In this context, the fragility was evaluated considering also the influence of the position
of the panel with respect to the floors of the structure, evaluating the PGA at collapse state for
infill walls placed at the ground storey (first floor) and at the top storey (third floor) of the
reference structure.
In the following description of the results, the analyses were labelled depending on the
type of masonry (i.e. iso and ortho for solid and hollow masonry respectively), the level of IP
damage (i.e. ld, md, hd for low, medium, and high IP damage respectively), the aspect ratio in
terms of length-to-height (1.0, 1.25, 1.5, 1.75) and the positioning of the panel with respect to
the structure (I and III for the first and the third floor respectively). As an example, the fragility curve iso_ld_1.0_I indicates the fragility for an infilled wall made with solid masonry units,
with low IP damage for a panel with aspect ratio 1.0, placed at the first floor, while, the fragility curve ortho_hd_1.5_III indicates the fragility for an infilled wall made with hollow masonry units, with high IP damage for a panel with aspect ratio 1.5, placed at the third floor.. In
addition, I or I* and III or III* it is used respectively to give distinction between results calculated by using the period calculated by Eq. (11) (analytical evaluation) or Eq. (13) (by numerical results).
3.1

Influence of the fundamental period in the evaluation of the PGA

The PGAs obtained by using the two different approaches before mentioned for the evaluation of the vibration period of infills in the OoP direction were compared highlighting the sensitivity to the interaction with the response spectrum. In this comparison, the infills placed at
the third floor of the low rise reference structure were considered.
First, it has to be noticed that, as expected, the OoP pseudo acceleration as well as the PGA
decrease with the increasing level of IP damage and the increasing of the aspect ratio. For a
given level of IP damage, infill panels with aspect ratio 1.0 provided higher OoP capacity than
panels with aspect ratio 1.25, 1.5 or 1.75. At the same time, for a given value of aspect ratio,
infill panels experiencing low levels of IP damage (0.0-0.7%) showed higher capacity compared to that obtained by increasing the level of IP damage (medium and high – drift in the
ranges 0.7-1.4% and 1.4-2.0% respectively).
Another consideration has to be done regarding the different responses obtained depending
on the type of masonry walls. Overall, it was noticed that hollow masonry showed PGA values higher than solid masonry. This is due to the higher thickness coupled with a low mass of
the panels that provided higher pseudo-accelerations and lower vibration periods. Table 3
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shows the results for each case of analysis in terms of median values of the PGA and mean
values for the vibration period for the two approaches. It is reminded that Ta and Ta* refer to
vibration period calculated by Eq. (11) and Eq. (13) respectively.
At the same time, the vibration period of the panels is affected by the IP damage and aspect
ratio. The increasing of the vibration period leads to a different positioning in the response
spectrum. It was noticed that with the increasing of the level of IP damage and the increasing
of the aspect ratio, the vibration period of the panel increases too and in some cases, it changes from the first branch of the response spectrum (T<aT1) to the second (aT1<T<bT1). This
requires to use a different equation in evaluating the PGA as shown in Eq. (9). This was observed in most of the analysis cases. Having said this, by using Eq. (11), the period of vibration is not much affected by the aspect ratio but only by the level of IP damage. Conversely,
by using Eq. (13), the vibration period is significantly influenced both by aspect ratio and IP
damage level because the numerical model takes into account the change in stiffness directly.
This causes high scatter between Ta and Ta* that can make the former up to two times the latter. These variations are clearly highlighted in Fig. 4 and Fig. 5 for hollow and solid masonry
units respectively. For the above-described reasons, in the subsequent results regarding the
evaluation of the fragility curves, it was assumed to evaluate the PGA by using the vibration
period calculated from the numerical data to obtain more reliable results.
Solid masonry – iso (isotropic)
low IP damage
medium IP damage
Analytical Numerical Analytical
Numerical
Solid masonry – iso (isotropic)
Aspect PGA Ta PGA Ta* PGA Ta
PGA Ta*
ratio
(g)
(sec) (g)
(sec) (g)
(sec) (g)
(sec)
1
2.32 0.11 2.70 0.06 1.11 0.16 1.68
0.09
1.25
1.78 0.11 2.29 0.08 0.96 0.15 1.25
0.11
1.5
1.59 0.10 1.57 0.09 0.69 0.16 0.67
0.13
1.75
1.25 0.10 1.11 0.10 0.51 0.16 0.46
0.15
Hollow masonry - ortho (orthotropic)
1
3.96 0.08 4.78 0.04 1.96 0.11 2.49
0.07
1.25
3.59 0.07 3.98 0.05 1.50 0.11 1.79
0.08
1.5
2.64 0.07 2.79 0.06 1.22 0.11 1.29
0.10
1.75
2.37 0.07 2.30 0.08 1.00 0.11 1.03
0.12

high IP damage
Analytical Numerical
PGA
(g)
0.67
0.48
0.43
0.32

Ta
(sec)
0.19
0.19
0.19
0.19

PGA
(g)
0.92
0.59
0.45
0.32

Ta*
(sec)
0.12
0.13
0.15
0.19

1.22
1.03
0.80
0.63

0.13
0.12
0.13
0.13

1.56
1.14
0.81
0.55

0.09
0.10
0.13
0.15

Table 3: Results of the Monte Carlo simulations for infill walls placed at the third floor of the reference structure.
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Figure 4: Results of the Monte Carlo simulations: pseudo-acceleration and PGA depending on the vibration period of the infilled walls for the case of orthotropic masonry
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Figure 5: Results of the Monte Carlo simulations: pseudo-acceleration and PGA depending on the vibration period of the infilled walls for the case of isotropic masonry

3.2

OoP fragility curves

The OoP fragility curves obtained by means of the proposed procedure are shown focusing
on the influence of the different assumptions during the investigation, which are:
- aspect ratio;
- level of IP damage;
- positioning of the infill panel with respect to the structure;
- type of masonry (solid and hollow units).
The results in terms of fragility curves obtained for solid and hollow units are shown for
panels placed at both the first floor and the third floor, considering all the three levels of IP
damage (low, medium, high), depending on the aspect ratio of the infill walls. In detail, Figs.
6-7 show the comparisons for given aspect ratio, while Figs. 8-9 show the comparisons for
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given range of IP damage. The median and standard deviation values obtained for each case
of analysis are shown in Table 4.
The fragility for the panels placed at the top of the reference structure (third floor) resulted
to be higher compared to that at the base (first floor) for the same level of IP damage. At the
same time, the fragility appeared higher when the level of IP damage and the aspect ratio increased. Overall, what above described was observed for both types of infills made with hollow and solid masonry units. In detail, for aspect ratio 1.0, the PGA (median) values at the
first and the third floor resulted of 4.24 g and 2.70 g for the infills with solid units, while for
the case of hollow masonry units, the PGA resulted in 7.52 g and 4.78 g respectively. By increasing the aspect ratio from 1.0 to 1.75 and by increasing the level of IP damage from low
to high, it was observed that the PGA values dropped to 0.40 g and 0.32 g for the solid masonry units and 0.86 g and 0.55 g for the hollow units. This resulted to be very important in
view of showing the high variability in the results depending upon different assumptions.
Based on the results, it can be stated that, in the absence of previous IP damage, the infilled
frames provide a high strength and high PGA in the out-of-plane direction. Consequently,
lower vulnerability is obtained. On the other hand, in the presence of previous IP damage, regardless of whether it is medium or high, the strength in the OoP direction drops to critical
values, providing to the infilled frames very high vulnerability for low values of PGA especially at higher floors and for high values of aspect ratio. To clarify better what above described, the fragility curves for infilled frames with different aspect ratio at high level of IP
damage, placed at the top of the reference 3-storey RC structure, are shown in Fig. 10for both
type of masonry walls (solid and hollow units).
ld I ld III
Aspect ratio median
std dev
PGA iso (g)
1
4.24 2.70 1.49
1.25
2.90 2.29 1.50
1.5
2.46 1.57 1.53
1.75
1.74 1.11 1.58
PGA ortho (g)
1
7.52 4.78 1.63
1.25
6.25 3.98 1.64
1.5
4.38 2.79 1.67
1.75
3.48 2.30 1.67

md I md III
median

hd I hd III
std dev median
std dev

2.13
1.59
1.06
0.73

1.68
1.25
0.67
0.46

1.72
2.00
2.15
2.24

1.44
0.92
0.71
0.40

0.92
0.59
0.45
0.32

1.70
2.01
1.81
1.65

3.92
2.81
2.02
1.31

2.49
1.79
1.29
1.03

1.66
1.73
1.73
1.97

2.45
1.79
1.27
0.86

1.56
1.14
0.81
0.55

1.63
1.77
1.73
1.70

Table 4: Results of the Monte Carlo simulations for infill walls placed at the third floor of the reference structure.
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Figure 6: Fragility curves for solid masonry including low, medium and high IP damage for different aspect ratio:
a) 1.0, b) 1.25, c) 1.5, d) 1.75.

Figure 7: Fragility curves for hollow masonry including low, medium and high IP damage for different aspect
ratio: a) 1.0, b) 1.25, c) 1.5, d) 1.75.
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Figure 8: Fragility curves for solid masonry: influence of the aspect ratio for a given level of IP damage.
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Figure 9: Fragility curves for hollow masonry: influence of the aspect ratio for a given level of IP damage.
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Figure 10: Page layout. Fragility for infilled frames with high IP damage placed at the top of the three-storey
reference RC structure.

4

CONCLUSIONS

This paper presented a procedure for the derivation of infill walls out-of-plane fragility
functions for low rise RC buildings with respect to the Peak Ground Acceleration (PGA) at
collapse. A probabilistic procedure was employed based on Monte Carlo simulations, generating random input variables such as geometrical and mechanical characteristics of the panels
and in-plane damage, assuming significant variations. Differently from available studies dealing with infill walls OoP fragility, the novel contribution of the present work was to take into
account the uncertainties the capacity instead of in the demand. In evaluating the results, different aspects were investigated such as the influence of the aspect ratio, the influence of the
level of IP damage, the influence of the positioning of the infill panel with respect to the
structure and the influence of the type of masonry (solid and hollow units).
The results indicated that the OoP fragility of the infill walls increases as the level of IP
damage increases as well as for the increasing of the aspect ratio. In the presence of previous
IP damage, regardless of whether it is medium or high, the strength in the OOP direction
drops to critical values, providing very high fragility for low values of PGA. In addition, for a
given level of IP damage and aspect ratio at all floor levels from bottom to the top, the probability of collapse resulted to be higher for panels placed at the top of the structure than those
placed at the base of the structure, where the pseudo acceleration of the structure is higher too.
Moreover, for the ranges assumed in this study, high PGA at collapse i.e. lower fragility
was observed for infill walls made with hollow masonry units in comparison to infills made
with solid masonry units.
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Abstract
The assessment of out-of-plane resistance of infilled frames is an issue of primary importance,
in fact, post-earthquake damage observations have shown that infills subject to combined inplane and out-of-plane inertial forces may fail out-of-plane. This collapse mode results particularly dangerous for the safety of people in the proximity area of a building subject to
earthquake loads. Therefore, the possibility to perform accurate safety evaluations is fundamental to prevent this kind of failures. Available expressions for the evaluation of out-ofplane resistance of infilled frames are based on too restricted or too large datasets of experimental investigations. Because of this, such expressions are many times conflicting, showing
good reliability in some cases and less in others. In order to fill this gap, this paper proposes
a new data-driven empirical expression estimating OOP resistance of infilled frames. This
expression is based on hybrid data-set, merging experimental data with data from numerical
simulations obtained from a refined FE micro-model. The new expression has the advantage
to take into account both the aspect ratio of the infilled frame, the influence of vertical loads
and the mode of application of the OOP load. Validation tests are finally carried out against
experimental and numerical specimens.
Keywords: ABAQUS, empirical, FEM, Masonry, Infilled Frames, Reinforced concrete, Data-driven
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1

INTRODUCTION

The evaluation of out-of-plane (OOP) resistance of infilled frames is an issue of primary
importance in the assessment of seismic risk of frame structures. In fact, even if infills are not
primary structural elements, they strongly interact with primary structures undergoing inplane (IP) damage and therefore becoming more vulnerable against out-of-plane forces. OOP
failure of infills if quite dangerous to the safety of people who are around a building during an
earthquake. Simple and at the same time reliable verification methods are therefore necessary
to engineers to perform safety checks of OOP resistance of masonry infills.
Experimental and numerical studies have been carried out in recent years to investigate the
behaviour of infilled frames subjected to combined in-plane and out-of-plane (IP + OOP) actions [1-8]. These studies converged in claiming that, following a seismic event, infill panels
are weakened due to in-plane actions and combined IP and OOP cracks lead to different potential damage, ranging from the loss of functionality of the infill to its complete collapse. It
should be also observed that infills with moderate-to-low slenderness and well restrained at
the sides, can develop significant resistance and displacement capacity because of the arching
mechanism and two-way bending effect which develops under out-of-plane actions. Several
studies addressed specifically out-of-plane resisting mechanism [1,4,5,7,9-18], developing
different formulations estimating OOP resistance to perform safety checks [1,18-24]. Although starting from similar theoretical consideration, results provided by these models are
often conflicting [24], giving the impression that some of them are more reliable in some cases and less in others. The recognized difficulty of analytical models to achieve a general validity is due to three major aspects: a) large heterogeneity masonry constitutive materials and
different potential combination with the boundary frames in terms of aspect ratio, slenderness,
relative strength and stiffness; b) limited experimental background (e.g. with respect to inplane tests); c) different OOP test loading condition (e.g. 4-point OOP test or airbag uniform
pressure test). Because of these uncertainties, the definition of a generalized relationship
providing a good estimation of the OOP resistance of masonry infill is still a needed.
Considering the aforementioned aspects, this paper proposes a new empirical expression
estimating OOP resistance of infilled frames. The formulation of the new predictive model is
based on a hybrid data-set collecting data from real experimental tests and numerical tests
from a refined FE model realized in Abaqus environment which has been experimentally calibrated and validated. Parametric analyses on the FE model were carried out to generate additional reference numerical tests investigating the effect of the variation of mechanical,
geometric and load conditions on the ultimate OOP resistance. A reliability comparison with
available literature model is finally presented.
2

CONSIDERATIONS ON LITERATURE DESIGN MODELS FOR THE
EVALUNATION OF OUT-OF-PLANE RESISTANCE OF MASONRY INFILLS

For the sake of space a selection of only four literature models is presented. To make the
different formulations comparable, they are expressed in terms of OOP force, by multiplying
the ultimate pressure by the area of the infill (w x h). One of the most popular expressions for
the estimation of the ultimate OOP load capacity of an infilled frames (FOOP) was proposed by
Angel ,1994 [1] and Abrams et al., 1996 [9].
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Those studies evaluated the out-of-plane resistance of masonry infills as a function of the
degree of in plane damage. Results brought a formulation able to take in consideration the effect of previous in-plane damage and the effect of frame stiffness according to the following
formulation:
2f m
 O  R1  R2  w  h
ht

FOOP

(1)

where fm is the vertical compressive strength of the masonry expressed in [MPa] and h, w and
t are the infill height, width and thickness respectively. The lengths are expressed in [mm].
Coefficients R1, R2 and Ȝ, are related to the degree of in-plane damage (Eq. 2), to the frame
members flexural stiffness (Eq. 3) and to the infill slenderness (Eq. 4) respectively, so that:
R1

§
§ h ·
§ h ·ª
§ h ·º ½ ·
¨¨1.08  ¨ ¸ ®0.015  ¨ ¸ « 0.00049  0.000013 ¨ ¸ » ¾ ¸¸
© t ¹¯
© t ¹¬
© t ¹¼ ¿ ¹
©
0.357  2.49 u 1014 EI d 1.0

R2

O

0.154e 0.0985( h / t )

' 2 ' cr

(2)
(3)
(4)

in which ǻ is the current previous in-plane relative displacement, ǻcr is the same displacement
associated with the formation of the first crack in the panel, EI is the flexural rigidity of the
smallest element composing the concrete frame.
In the Eurocode 6 [22], the following formulation, based on the one-way arching mechanism, is provided:
2

FOOP

§t·
fm ¨ ¸  w  h
©h¹

(5)

Symbols appearing in Eq. (5) have the same meaning of those previously described. In this
formula the out-of-plane resistance has inverse proportionality with the square of the infill
slenderness ratio. An adjustment of the prediction models in Eq. (5) has been provided by
Ricci et al. 2017 [23], who corrected the expression with the introduction of empirical coefficients. The experimental dataset included the tests by Angel 1994 [1], Flanagan e Bennet
1999 [10,11], Calvi and Bolognini 2001 [12], Hak et al. 2014 [13] and Furtado et al. 2016
[14]. The obtained final formulation was:
FOOP

1.95 f m0.35

t1.59
 wh
h 2.96

(6)

where the lengths are expressed in mm.
More recently, Liberatore et al. 2020 [24] provided a further updated considering also the
influence of the aspect ratio (h/l) on the infill with the following expression:
FOOP

0.26 f

0.9
m

h§h·
¨ ¸
l©t¹

1.23

 w h

(7)

Previous studies (e.g. Liberatore et. al 2020 [24]) have shown significant scattering of predictive results from these expressions, but two major considerations have to be done. The first
is that some of these expression (e.g. Angel et al. 1994 [1]) were based on a limited experimental dataset. The second is that is it not realistic thinking that these expressions can be reliable in predicting the OOP resistance even of infills with RC of steel frames and also of
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confined masonry. Considering single categories would be more proper but, of course, this
would reduce the experimental database. The strategy adopted in the following of the paper
aims to consider only infills with reinforced concrete frames. A selected number of very complete experimental tests was considered to form the database. The latter is expanded through
the definition of a numerical database that is generated based on refined FE model of infilled
RC frame, experimentally validated. Details of the model definition are provided in the following section.
3

REFINED FE MICRO-MODEL

The refined FE micro-model was realized with the Abaqus [25] software platform. Masonry blocks constituting the infill were modelled individually as well as frame and reinforcement elements. Mortar joint between blocks and between blocks and columns were modelled
by frictional interface elements. The reference experimental test used for the model definition
and calibration is specimen 80_OOP_4E by Ricci et al. 2018 [5]. The reference test considers
a hollow clay masonry infilled RC frame infill restrained at the four sides having dimensions
2350mm x 1830 mm and thickness 80 mm (Fig. 1a). The out-of-plane load was applied by
imposing an out-of-plane displacement with an actuator equipped with four point-load devices
(Fig. 1b). Mechanical properties of specimen materials are shown in shown in Table 1.

a)

b)

Figure 1: Specimen 80_OOP_4E by Ricci et al. 2018 [5]: a) Design details of the specimen; b) Test setup.
Mechanical properties

Symbol

Mean value (MPa)

Concrete compressive strength

fcm

36.00

Steel rebars' yielding stress

fym

552

Masonry tensile strength

ft

0.23

Bricks' compressive strength (parallel to holes)

fbh

5.00

Bricks' compressive strength (perpendicular to holes)

fbv

2.00

Mortar compressive strength

fj

8.29

Table 1: Mechanical properties of the materials used in test 80_OOP_4E, Ricci et al. 2018 [5]

The concrete damaged plasticity model was used model the behaviour of brittle materials,
namely concrete frame members and masonry blocks. The blocks were modelled as solid isotropic brick elements. To take into consideration the orthotropic behaviour due to the presence
of hollows, a quadratic mean between the two compressive resistance in horizontal and verti-
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cal direction of the block was used to define a unique reference conventional resistance value
( fb ), so that:
fb

f bh  f bv

(7)

where fbh is the experimental horizontal compressive resistance of the unit and fbv is the vertical one. The conventional elastic modulus of the blocks was estimated as a function of fb , in
analogy of what suggested in Eurocode 6 [22] for masonries, as:
E b

1000  fb

(8)

The constitutive law used to define the compression behaviour of the block is of the parabolic type with a linear softening branch up to the ultimate strain İcu [26]. The model proposed by Hsu & Mo 2010 [27] was used to describe the tensile behaviour of the blocks. In Fig.
2 the constitutive laws adopted for the masonry units are shown.
Compressive behavior

3.5

Compressive behavior

2
1.5

2.5
2
1.5

1

1

0.5

0.5

0

0

0

0.001

0.002
Total strain

0.003

a)

0.5
Stress [MPa]

Stress [MPa]

2.5

Tensile behavior

0.6

3

3

Stress [MPa]

0.7

4

4
3.5

0.4
0.3
0.2
0.1
0

0

0.001

0.002
0.003
Inelastic strain

0.004

b)

0

0.05

0.1
0.15
Carcking strain

0.2

0.25

c)

Figure 2: Constitutive laws adopted for masonry blocks: a) Compressive stress- total strain response; b) Compressive stress-inelastic strain response; c)Tensile stress- cracking strain response.

The elastic and plastic parameters in Table 2 are used for the materials definition. As regards the angle of dilatancy for the concrete a value of 37° was assumed as suggested in [25],
while for masonry an angle of 10° was adopted as suggested by Van der Pluijm et al. 2000
[28]. Plastic parameters regulating the eccentricity (H), biaxial resistance domain fb0/fco, and
viscosity were assumed as suggested in [25].
Material Mass density
ton/m3
Concrete
Masonry
bricks

Elasticity parameters
Young's
Poisson's
modulus
ratio Ȟ
(MPa)

Plasticity parameters
Dilatation
Angle ȥ

Eccentricity

H

fb0/fco

Kc

Viscosity

2.5E-09

32308

0.3

37

0.1

1.16

0.667

0.0003

1.10E-09

3160

0.2

10

0.1

1.16

0.667

0.0003

Table 2: Material properties of concrete and masonry blocks used in ABAQUS

Steel reinforcement was modelled using 1D truss elements whose mechanical response is
simulated by a simple elasto-plastic with strain hardening material model. Steel rebars were
modelled as embedded elements within the concrete, so that relative sliding between steel
bars and concrete could not occur.
Mortar joints behaviour was modelled using elasto-plastic interfaces with friction and cohesion. The interface normal (knn) and transverse (kss, and ktt ) stiffnesses were obtained following a calibration process of the model. Obtained values are reported in Table 3.
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Tangential
Friction coefficient

Normal
Hard contact

0.6

Stiffnesses (MPa)
Knn
200

Kss
88

Ktt
88

Table 3: Interfaces mechanical properties.

All the model elements were modelled by solid 3D elements with 8 nodes (C3D8R) with a
sufficiently refined mesh. Fig. 3 shows the scheme of the model assembly (Fig. 3a) and the
mesh of the elements (Fig. 3b). A non-linear quasi-static analysis was performed to simulate
the test. Out-of-plane displacements were imposed at the four loading plates.

a)

b)

Figure 3: Definition of the micromodel: a) Scheme of the model assembly; b) Mesh of the model,

Results of the numerical simulation of the OOP test are shown in Fig. 4 and compared with
the experimental response. It can be observed that the model is able to effectively reproduce
the experimental behaviour in terms of initial stiffness, peak resistance, and the post peak behaviour. The deformed shape of the model in correspondence of the peak load is also shown
in Fig. 5.
30
Ricci et al. (2018) 80_OOP_4E

25
FOOP [kN]

20
15
10
Numerical

5

Experimental

0
0

10

20

30

40
50
dOOP [mm]

60

70

80

Figure 4: Comparison between numerical simulation and experimental response of the OOP test 4E by Ricci et al.
2018 [5]

Figure 5: Deformed shape of the infilled frame micro-model in correspondence of the peak-load
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The analysis allowed also an investigation in terms of stress distribution and damage localization. Figs. 6-7 show the compressive and tensile principal stresses on the windward and
leeward sides of the specimen in correspondence of the peak load. The analysis of the stress
filed confirms that the model effectively reproduced the horizontal and vertical arching action
and the 2-way bending response. A further comparison between tensile damage pattern resulting by the FE model at the ultimate displacement and real cracking pattern in shown in Fig. 8,
confirming a certain consistency.

a)

b)

Figure 6: Compressive stress field at the peak load: a) windward side; b) leeward side.

a)

b)

Figure 7: Tensile stress field at the peak load: a) windward side; b) leeward side.

a)

b)

Figure 8: Ultimate displacement damage at: a) model tensile damage pattern; b) experimental cracking pattern
by Ricci et. al 2018 [5].

After the calibration, the model predictive capacity has been blind-tested against two further experimental tests. These were specimens 120_OOP_4E by Ricci et al. 2018 [5] and De
Risi et al. 2019 [7]. These two specimens were modelled according to the above described
procedure. Experimental / numerical comparisons are shown in Fig. 9. The latter, besides validating the model, confirmed its suitability to be used as a reliable predictive tool to generate
reliable simulated tests.
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40
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35
30
FOOP [kN]

FOOP [kN]

40
30
20

20
15
10

Numerical

10

25

Experimental

0
0

10

20

30

40
50
dOOP [mm]

Numerical

5

Experimental

0
60

70

80

0

5

10

15
20
dOOP [mm]

a)
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Figure 9: Comparison of numerical and experimental OOP response: a) Specimen 120_OOP_4E by Ricci et al.
2018 [5]; (b) Specimen by De Risi et al. 2019 [7] OOP

4

PARAMETRIC INVESTIGATION

The additional FE tests were generated starting from the reference models and individually
varying single parameters. In this way, the influence of each variation to the overall resistance
was analysed. Varied parameters were the infill slenderness (h/t), the blocks conventional resistance ( fb ), the entity of the distributed load applied on the upper beam (q).
The variation of the slenderness ratio was performed on two different models, characterized by a different aspect ratio (w/h=1-1.28). The slenderness was varied between 9.15 and
22.87, to cover a sufficiently wide range. Results confirmed inverse proportionality between
OOP ultimate load and slenderness (Figs. 10-11).
175

175

De Risi et al. (2019) w/h = 1

150

FOOP,max [kN]

FOOP [kN]

125
100
75
50

h/t = 9.15
h/t = 15.25
h/t = 22.87
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0
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10

20
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De Risi et al. (2019) w/h = 1

150

30
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100
75
Numerical
Numerical

50
25
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0
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0
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a)

h/t

15

20

25

b)

Figure 10: Effect of slenderness variation (w/h = 1.00): a) OOP force-displacement curves; b) Maximum OOP
force vs. slenderness.
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150
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a)
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Figure 11: Effect of slenderness variation (w/h = 1.28): a) OOP force-displacement curves; b) Maximum OOP
force vs. slenderness.
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The effect of units resistance variation was evaluated on three different models, Ricci et al.
2018 [5] (infill thickness 80 and 120 mm) and De Risi et al. 2019 [7]. The latter was varied in
the range 0.5-2.0 fb ,ref , where fb ,ref is the conventional resistance originally used in the calibration and validation phases. Results show that an increment of the unit strength involves an
increase of the out-of-plane resistance of the infilled frame (Figs. 12-14). This behaviour
seems to be characterized by a limit, beyond which further increases of the unit strength do
significantly affect the OOP resistance.
50

40
Ricci et al. (2018) t = 80mm
FOOP,max [kN]

FOOP [kN]

Ricci et al. (2018) t = 80mm

40

30
20
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fb=3.16 MPa

0
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20
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dOOP [mm]
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60
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Numerical
10

fb=6.32 MPa

0

30

Experimental
Numerical

0
0

70

2

4

a)

6
fb [MPa]

8

10

b)

Figure 12: Effect of unit’s compressive strength on the ultimate OOP capacity: a) OOP force-displacement
curves; b) Maximum OOP force vs. fb . Reference specimen by Ricci et al. 2018 (t=80 mm) [5]
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Figure 13: Effect of unit’s compressive strength on the ultimate OOP capacity. a) OOP force-displacement
curves; b) Maximum OOP force vs. fb . Reference specimen in Ricci et al. 2018( t=120 mm) [5]
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Figure 14: Effect of unit’s compressive strength on the ultimate OOP capacity. a) OOP force-displacement
curves; b) Maximum OOP force vs. fb . Reference specimen in De Risi et al. 2019 ( t=80 mm) [7]

The influence of a distributed load acting on the top beam was finally investigated using
specimen 80_OOP_4E [5] as reference. The load was varied in the range 0-30 kN/m.
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A linear increment of the OOP resistance was observed as a function of the extent of the
vertical load (Fig. 15). This trend is justified by the pre-stressing action exerted on the infill
by the compression load, which makes the arching mechanism more effective.
30

Ricci et al. (2018) 80_OOP_4E

30

Ricci et al. (2018) 80_OOP_4E
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a)

30
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b)

Figure 15: Effect of vertical load (q) on the ultimate OOP capacity. a) OOP force-displacement curves; b) Maximum OOP force vs. q. Reference specimen in Ricci et al. 2018 ( t=80 mm) [5]

5

DEFINITION OF THE EMPIRICAL FORMULATION

An hybrid database composed of 9 experimental tests [1,4,5,7,12,15-17] and the 13 numerical simulations presented before was assembled to put in relation test results with the geometric and mechanical properties of the infilled frames. Data processing was performed to
derive an empirical analytical relationship between the out-of-plane resistance the most relevant geometric and mechanical features of a generic infilled RC frame. The reference experimental tests and the numerical simulations are collected in Tab. 4 together with the
specification of the parameters varied for each test/simulation and the modality of application
of the vertical load. This latter parameter has been specifically investigated to evaluate its influence in conditioning the out-of-plane resistance. To highlight this aspect a specific test was
carried out using the reference FE model 8_OOP_4E [8] and simulating its OOP response by
applying a uniform load (instead of the original 4-point loading), which is more similar to the
actual trend of inertial forces. Results evidenced a double OOP resistance if the infill is uniformly loaded (Fig. 16).
60
Ricci et al. (2018) t = 80 mm

50
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40
Experimental 4 point load
Numerical 4 point load
Numerical uniform load
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Figure 16: Effect of the way of application of the OOP load on the ultimate capacity: a) Simulation of the application of the uniform load on the FE model; b) OOP response of the FE model with 4-point and uniform load.

In consideration of results of previous numerical tests and past experimental evidence the
search for a new empirical formulation considered the following major parameters: aspect ratio of the infill (w/h), slenderness of the infill (h/t), conventional resistance of the units ( fb ),
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resulting vertical load acting on the upper beam ( Q q  w ) and mode of application of the
OOP load (D). The latter coefficient allows uniformizing OOP test results obtained by 4-point
load tests and airbag tests (uniform loading). The proposed predictive relationships allows direct evaluation of the undamaged OOP resistance of an infilled frame. The latter has the following expression:
FOOP

ª§ w  h · E § w · 0.41 0.43 § h · 1.67
º

f
Q


D  «¨
0.058
»
b
¸ ¨ ¸
¨ ¸
©t¹
¬«© 100 ¹ © h ¹
¼»

(9)

where E is an aspect-ratio related coefficient defined as:
2

E

w
§ w·
0.372  ¨ ¸  0.787  0.3455
h
©h¹

(10)

and Dis the conversion factor used to make experimental 4-point load test and uniform load
tests comparable and assuming the following values:

D
°
®
°D
¯

4  po int load

1
1.138

§ w·
1.557 ¨ ¸
©h¹

(11)

uniform load

A comparison between experimental and numerical OOP resistance values with the predictions by Eq. (9) is shown in Fig. 17, demonstrating very low dispersion of results by the proposed empirical model.
Test reference
Ricci et al. [5]
De Risi et al. [7]
Calvi & Bolognini [12]
Koutas & Bournas [16]
Angel et al. [1]
Sepasdar [4]
Akhoundi et al. [15]
Nasiri & Liu [17]

FEM – Analyses

Specimen
80_OOP_4E
120_OOP_4E
OOP
10
S_CON
1
IF-ND
SIF-B
IFNG
FEM-R-L1
FEM-DR-G1
FEM-R-G2
FEM-DR-G2
FEM-R-M1
FEM-R-M2
FEM-DR-M1
FEM-DR-M2
FEM-R-M3
FEM-R-M4
FEM-R-Q1
FEM-R-Q2
FEM-R-Q3

h

w

(mm)

(-)

1830
1830
1830
2750
1250
1625
980
1635
980
1830
1830
1830
1830
1830
1830
1830
1830
1830
1830
1830
1830
1830

2350
2350
1830
4200
1700
2438
1350
2415
1350
2350
1830
2350
1830
2350
2350
1830
1830
2350
2350
2350
2350
2350

w/h

t

h/t

fb

Q

Load
appl.

FOOP

4-point
4-point
4-point
4-point
4-point
Airbag
Airbag
Airbag
Airbag
Airbag
4-point
4-point
4-point
4-point
4-point
4-point
4-point
4-point
4-point
4-point
4-point
4-point

22.16
41.90
29.14
33.70
29.00
33.90
87.71
39.70
140.00
45.43
56.98
101.39
133.72
16.29
29.57
21.49
39.00
32.07
58.20
23.31
24.68
26.04

2

(mm) (mm) (-) (N/mm ) (kN)
1.28
1.28
1.00
1.53
1.36
1.50
1.38
1.48
1.38
1.28
1.00
1.28
1.00
1.28
1.28
1.00
1.00
1.28
1.28
1.28
1.28
1.28

80
120
80
135
65
48
90
80
90
80
120
200
200
80
80
80
80
120
120
80
80
80

22.9
15.3
22.9
20.4
19.2
33.9
10.9
20.4
10.9
22.9
15.3
9.2
9.2
22.9
22.9
22.9
22.9
15.3
15.3
22.9
22.9
22.9

3.16
3.16
4.74
6.57
21.00
23.90
12.80
4.29
25.00
3.16
4.74
3.16
4.74
1.58
6.32
2.37
9.48
1.58
6.32
3.16
3.16
3.16

Table 4: Hybrid experimental/numerical database
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Figure 17: Comparison between experimental and predicted OOP resistance values by the proposed formulation.

6

COMPARISONS WITH THE EXISTING PREDICTIVE MODELS

A comparative analysis of the proposed relationship with respect to the predictive models
available in the literature is finally carried. For this comparison only experimental test results
were considered. The reference experimental tests and the respective experimental and predicted OOP resistance values are shown Table 5. Results are graphically represented in Fig.
18. It can be observed how the proposed model is able to fit better than the other predictive
models. The models proposed by Ricci et al. 2017 [23] and Liberatore et al. 2020 [24] provided also an adequate reliability although they seem having an overestimation tendency. On the
contrary, the model by Angel 1994 [1] significantly underestimated the experimental results.
The improved predictive capacity shown by the proposed model with respect to the previous
ones is justified by the fact that this model enriches the formulation taking into account additional information such as the influence of vertical loads and the mode of application of the
out-of-plane load. Moreover, the model is specifically calibrated using only OOP tests of infilled RC frames, therefore it results more accurate than the other formulations base on a more
heterogeneous database.
Angel
[1]
6.84
19.81
7.13
21.79
20.95
10.32
47.40
3.20
91.42

EC6
[22]
14.88
30.51
15.17
30.62
55.74
39.12
104.89
9.45
190.80

FOOP,pred
Ricci
[23]
31.10
57.37
26.62
48.30
61.44
34.07
130.44
32.39
160.83

[kN]
Liberatore
[24]
52.58
31.61
47.88
82.71
40.28
16.99
170.46
80.52
99.48

Proposed
model
21.95
43.20
28.95
33.99
33.03
33.15
104.88
39.80
139.87

3.49

1.45

0.83

0.86

0.97

3.47

1.12

0.24

0.58

0.07

FOOP,exp
Experimental study

Specimen

Ricci et al. [5]

80_OOP_4E
120_OOP_4E
OOP
10
S_CON
1
IF-ND
SIF-B
IFNG

De Risi et al. [7]
Calvi & Bolognini [12]
Koutas & Bournas [16]
Angel et al. [1]
Sepasdar [4]
Akhoundi et al. [15]
Nasiri & Liu [17]

[kN]
22.16
41.90
29.14
33.70
29.00
33.90
87.71
39.70
140.00
Mean
exp/pred
Std. Dev.

Table 5: Experimental OOP resistance values and their analytical prediction.

966

F. Di Trapani, A. Vizzino, G. Tomaselli, P.B. Shing
200

200

200

100
50
4-point load
Airbag load
0

50

100
150
Predicted [kN]
200

150

Experimental [kN]

Experimental [kN]

Experimental [kN]

150

0

Ricci et al. (2017)

EC6

Angel (1994)

100
50
4-point load
Airbag load

0

200

a)

0

50

100
150
Predicted [kN]
200

150
100
50
4-point load
Airbag load

0
0

50

100
150
Predicted [kN]

100
50
4-point load
Airbag load

0

200

b)

0

50

100
150
Predicted [kN]

200

c)

Proposed model
Experimental [kN]

Experimental [kN]

Liberatore et al. (2020)

150

150
100
50
4-point load
Airbag load

0

200

d)

0

50

100
150
Predicted [kN]

200

e)

Figure 18: Reliability comparison of models for the prediction of OOP resistance: a) Angel 1994 [1]; b) Eurocode 6 [22]; c) Ricci et al. 2017 [23]; d) Liberatore et al. 2020 [24]; e) proposed model.

7

CONCLUSIONS

Assessment of out-of-plane capacity of infilled frames is not straightforward. Available literature models for the prediction of the out-of-plane resistance are often conflicting, being in
general too conservative or, on the contrary, overestimating the capacity. The reasons of this
inconsistencies are different. First of all, some of the available models (e.g. Angel et al. [1])
are calibrated based on a limited investigation. Conversely, other literature models have been
defined using a too wide dataset, including also steel infilled frames or confined masonries.
Finally, the way of application of the OOP load influences on the OOP capacity, therefore
some formulations can result unsuitable in match experimental results of specimens loaded
with different modalities (e.g. 4-point load or uniform load). In consideration of this, a hybrid
database, composed of 9 experimental tests and 13 numerical simulations by a refined FE micro-model was specifically defined. FE models allowed increasing the extent of the dataset
and to investigate on the influence of some parameters not taken into account by previous experimental investigations (e.g. the influence of distributed load on the upper beams or the influence of the modality of application of the OOP load).
Postprocessing of the collected data allowed defining a new empirical relationship for the
direct estimation of the OOP resistance of a generic infilled frame. The proposed model
showed matching better the other the experimental results. The reasons of its better capability
in estimating experimental results is justified by the following major considerations:
-

The model takes into account the way of application of the OOP load, which greatly influences the OOP resistance.

-

The model considers the influence of vertical loads which increase the effectiveness of
the arching mechanism.
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-

The model proposes the use of the conventional unit compressive strength ( fb ) instead
of the vertical strength of the masonry as parameter having major correlation with the
OOP resistance of the infill.
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Abstract
The paper proposes a new quadri-linear empirical force-displacement relationship to model
the inelastic response of infill equivalent struts. The definition of the model is based on a data-driven approach rather than a mechanical one, therefore parameters defining the forcedisplacement curve are analytically evaluable by means of empirical correlations. The latter
link the force-displacement parameters regulating the axial response to the geometrical and
mechanical features of an infilled frame. The analytical correlations are obtained from an
experimental data-set enlarged with data from refined finite element simulations. Blind validation tests of the proposed modelling procedure are carried out against experimental results
different from those used to build the data-set. A reliability comparison between mechanicsbased models and empirical models is finally presented and discussed.
Keywords:2SHQ6HHVHPSLULFDO)(00DVRQU\,QILOOHG)UDPHV5HLQIRUFHGFRQFUHWH'DWD
GULYHQ

1

INTRODUCTION

,QILOOIUDPH LQWHUDFWLRQ KDV EHHQ ODUJHO\ LQYHVWLJDWHG GXULQJ ODVW  \HDUV E\ UHVHDUFKHUV
IURPDOORYHUWKHZRUOG'HVSLWHWKLVWKHLQWHUHVWGHYRWHGWRWKLVWRSLFLVVWLOOQRWLFHDEOH7KLV
FDQEHHDVLO\REVHUYHGIRUH[DPSOHE\WKHH[SHULPHQWDODFWLYLW\ZKLFKFRQWLQXHVQRZDGD\V
,QIDFWEHVLGHVWKHDYDLODELOLW\RIDQXPEHURILQSODQHH[SHULPHQWDOWHVWV HJ>@ VHYHUDO
QHZRQHVKDYHEHHQSHUIRUPHGRXWRQO\UHFHQWO\ HJ>@ ,QWKHVDPHSHULRGWKDQNVWR
WKHLPSURYHPHQWVLQWKHHIILFLHQF\RIFRPSXWDWLRQDOFDSDFLW\RIFRPSXWHUVDQGVRIWZDUHLQ
GHSWKQXPHULFDOVWXGLHVZHUHDOVRDGGUHVVHGWRDVVHVVWKHJOREDOLQIOXHQFHRILQILOOVLQVHLVPLF
UHVSRQVHRIEXLOGLQJIUDPHV>@RUORFDOLQWHUDFWLRQLVVXHV>@

970

)'L7UDSDQL*7RPDVHOOL*%HUWDJQROL

&RPSDULQJDQRYHUYLHZRISDVWDQGUHFHQWOLWHUDWXUHRQLQSODQHHTXLYDOHQWVWUXWPRGHOOLQJ
RI LQILOOHG IUDPHV LW UHVXOWV WKDW SUHGLFWLRQV IURP GLIIHUHQW PRGHOV OHDG WR UHVXOWV ZKLFK DUH
PDQ\ WLPHV FRQIOLFWLQJ >@ UDLVLQJ GRXEWV RQ WKH UHOLDELOLW\ RI WKH GLIIHUHQW PRGHOV
2QHRIWKHSRVVLEOHUHDVRQVLVWKHIDFWWKDWPRVWRIWKHIRUFHGLVSODFHPHQWUHODWLRQVKLSVXVHG
WRPRGHOWKHUHVSRQVHRIWKHHTXLYDOHQWVWUXWVDUHEDVHGRQPHFKDQLFDODSSURDFKHVZKLFKDUH
W\SLFDOO\DFRQVHTXHQFHRIVXSSRVLQJOLPLWHTXLOLEULXPFRQGLWLRQV8QIRUWXQDWHO\WKLVZD\RI
DSSURDFKLQJ WKLV SUREOHP PD\ IDLO LQ DFFXUDF\ LI WKH DFWXDO FROODSVH PHFKDQLVP LV GLIIHUHQW
IURPWKHRQHDVVXPHG$QRWKHUUHDVRQLVWKDWPRVWRISDVWGHVLJQHTXDWLRQVZHUHFDOLEUDWHG
RQ WKH H[SHULPHQWDO NQRZOHGJH DYDLODEOH LQ D SUHYLRXV SHULRG RU IRU D VSHFLILF W\SRORJ\ RI
LQILOOV%DVHGRQWKHVHSUHPLVHVWKLVSDSHUILUVWSUHVHQWVDQHZHTXLYDOHQWVWUXWPDFURPRGHO
ZKLFK LV GHILQHG XVLQJ DQ HPSLULFDO GDWDGULYHQ DSSURDFK $ W\SLFDO TXDGULOLQHDU D[LDO
IRUFHD[LDOGLVSODFHPHQW UHODWLRQVKLS LV SURSRVHG IRU WKH D[LDO UHVSRQVH RI WKH VWUXWV 7KH
IRUFHGLVSODFHPHQW PRGHO LV VLPSO\ UXOHG E\ IRXU SDUDPHWHUV PRGXODWLQJ WKH FUDFNLQJ
VWUHQJWK WKH SRVWFUDFNLQJ VWLIIQHVV WKH VRIWHQLQJ EUDQFK DQG WKH UHVLGXDO VWUHQJWK SHDN
VWUHQJWK$QDO\WLFDOH[SUHVVLRQVIRUWKHVHSDUDPHWHUVDUHGHULYHGLQWKHSDSHUPDNLQJXVHRID
K\EULG H[SHULPHQWDOQXPHULFDO GDWDVHW EXLOW DIWHU DQ LWHUDWLYH FDOLEUDWLRQ SURFHVV RI WKH
HTXLYDOHQW VWUXW PRGHOV RQ UHDO H[SHULPHQWDO WHVWV DQG DGGLWLRQDO ILQLWH HOHPHQW VLPXODWLRQV
7KHIRXUDQDO\WLFDOFRUUHODWLRQODZVGLUHFWO\OLQNJHRPHWULFDODQGPHFKDQLFDOSURSHUWLHVRIDQ
LQILOOHGIUDPHWRIRXUSDUDPHWHUV FDOOHGIRUFHGLVSODFHPHQWSDUDPHWHU UHJXODWLQJWKHIRUFH
GLVSODFHPHQWUHODWLRQVKLS%OLQGYDOLGDWLRQWHVWVRIWKHPRGHODUHFDUULHGRXWDJDLQVWHLJKWGLI
IHUHQWH[SHULPHQWDOWHVWGDWDQRWEHORQJLQJWRWKRVHXVHGWREXLOGWKHGDWDVHWXVHGWRGHULYH
WKHFRUUHODWLRQODZV7KHSURSRVHGPRGHOSUHGLFWLYHFDSDFLW\LVDOVRFRPSDUHGWRWKDWRIRWKHU
VL[OLWHUDWXUHPRGHOVPDNLQJFRQVLGHUDWLRQDERXWWKHGLIIHUHQWUHOLDELOLW\RIPHFKDQLFVEDVHG
DQGHPSLULFDOEDVHGIRUPXODWLRQV
2

PROPOSED EQUIVALENT STRUT MODEL

2.1

Computational model and formulation

7KHFRPSXWDWLRQDOVFKHPHRIWKHSURSRVHGPRGHOUHIHUVWRWKHFODVVLFDOFRQILJXUDWLRQRID
SDLU RI FRPSUHVVLRQRQO\ FRQFHQWULF HTXLYDOHQW VWUXWV Fig. 1a  %HDP DQG FROXPQ HOHPHQWV
DUHPRGHOOHGXVLQJGLVWULEXWHGSODVWLFLW\ILEHUVHFWLRQHOHPHQWV7KHHTXLYDOHQWVWUXWHOHPHQWV
DUHPRGHOOHGDVWUXVVHVZLWKLQHODVWLFIRUFHGLVSODFHPHQWEHKDYLRXUFKDUDFWHUL]HGE\WKHD[LDO
IRUFH±D[LDOGLVSODFHPHQWEHKDYLRXULOOXVWUDWHGLQFig. 1b,QWKHFXUUHQWVWXG\WKHOpenSees
VRIWZDUHSODWIRUP>@LVXVHGWRSHUIRUPPRGHOLQJDQGVLPXODWLRQV7KHPinching 4PDWHULDO
LVXVHGWRPRGHOWKHD[LDOUHVSRQVHRIWKHVWUXWV+RZHYHUWKLVPRGHOOLQJVWUDWHJ\FDQEHHDVL
O\ UHSURGXFHG ZLWK DQ\ VWUXFWXUDO VRIWZDUH KDQGOLQJ QRQOLQHDU DQDO\VLV RI IUDPH VWUXFWXUHV
XVLQJPXOWLOLQHDUSODVWLFOLQNVDVVKRZQE\>@

a)

b)

)LJXUH(TXLYDOHQWVWUXWPRGHOOLQJRIWKHIDPHLQILOOV\VWHPD *HRPHWULFFRQILJXUDWLRQE 3URSRVHGD[LDO
IRUFH±D[LDOGLVSODFHPHQWPRGHOIRUWKHVWUXWV
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7KHVKDSHRIWKHLQHODVWLFUHODWLRQVKLSIRUWKHVWUXWLVWKHVDPHDVWKHRQHSURSRVHGE\RWKHU
DXWKRUV HJ >@  7KH ODWWHU SURYLGHV DQ LQLWLDO XQFUDFNHG EUDQFK XS WR WKH SRLQW S1-d1
FKDUDFWHUL]HGE\WKHVWLIIQHVVK1DVHFRQGFUDFNHGVWLIIQHVVEUDQFKXSWRWKHSHDNSRLQWS2-d2
KDYLQJVWLIIQHVVK2DWKLUGVRIWHQLQJEUDQFKDQGDIRXUWKUHVLGXDOVWUHQJWKEUDQFKVWDUWLQJLQ
FRUUHVSRQGHQFH RI WKH SRLQW S2-d3 7KH ODWWHU EUDQFK FDQ EH FRQVLGHUHG KDYLQJ XQOLPLWHG RU
VSHFLILHGGHIRUPDWLRQWKUHVKROG7KHIRUFHGLVSODFHPHQWLVGHILQHGDVIROORZV
%UDQFKHVDQGDUHHYDOXDWHGVLPLODUO\WRZKDWSURYLGHGE\>@DQG>@WKHUHIRUHWKH
LQLWLDOVWLIIQHVV EUDQFK, LVGHILQHGDV
K1 =

~
Emtw
d


~

ZKHUHtwDQGdDUHWKHWKLFNQHVVWKHZLGWKDQGWKHOHQJWKRIWKHGLDJRQDOVWUXWDQG Em LVWKH
FRQYHQWLRQDOHODVWLFPRGXOXVGHILQHGDV>@
~
Em = Em1 ⋅ Em 2



LQ ZKLFK E m 1 DQG E m 2 DUH WKH <RXQJ PRGXOL RI PDVRQU\ DORQJ WKH KRUL]RQWDO DQG YHUWLFDO
GLUHFWLRQUHVSHFWLYHO\$VUHJDUGVWKHLGHQWLILFDWLRQRIWKHHTXLYDOHQWVWUXWFURVVVHFWLRQZLGWK
w WKLVLVSHUIRUPHGE\IROORZLQJWKHSURFHGXUHSURSRVHGE\>@7KHVWLIIQHVVRIEUDQFK,,
LVUHODWHGWRWKHVWLIIQHVVK1E\WKHSDUDPHWHUβ (1) DV
K 2 = βK 1



7KHSHDNVWUHQJWKS2FDQEHFRQVLGHULQJS2DVWKHSURGXFWRIWKHGLDJRQDOSHDNUHVLVWDQFHRI
WKHVWUXW fmd0 DQGWKHDUHDRILWVFURVVVHFWLRQQDPHO\
S 2 = f md 0 tw



ZKHUH fmd0 FDQ EH DQDO\WLFDOO\ HYDOXDWHG DV SURYLGHG E\ >@ 2QFH HYDOXDWHG S2 WKH SHDN
VWUHQJWKS1LVGHILQHGWKURXJKWKHSDUDPHWHUα (1) DV
S 1 = αS 2



7KHFUDFNLQJDQGSHDNGLVSODFHPHQWVDUHWKHQGHILQHGDV
S1

 d 1 = K1



d 2 = d1 +

S 2 − S1
K2



7KH VRIWHQLQJ EUDQFK LV REWDLQHG DV D OLQHDUL]DWLRQ RI WKH H[SRQHQWLDO VRIWHQLQJ EUDQFK
SURSRVHGE\>@7KLVLVGRQHFRQQHFWLQJWKHSRLQWS2-δ2DQGWKHDX[LOLDU\SRLQWS3*-d3* Fig.
2a  ZKHUH IRU S3* LW LV FRQYHQWLRQDOO\ VHW S3*=0.7S2 DQG d3* LV REWDLQHG WKURXJK WKH
H[SUHVVLRQ>@ Fig. 2b 
d 3* =

ªS
º
ln « 2* exp( ζd 2 )»
ζ ¬ S3
¼
1



LQZKLFKζLVRQHRIWKHHPSLULFDOSDUDPHWHUVWREHFDOLEUDWHG
)LQDOO\WKHUHVLGXDOVWUHQJWK S3 LVUHODWHGWRWKHSHDNVWUHQJWKE\WKHSDUDPHWHUη (1) DV
S = η S



7KHGLVSODFHPHQWDWZKLFKWKHFRQVWDQWEUDQFKVWDUWVLVREWDLQHGDVLQWHUFHSWLRQRIWKHOLQHV
LGHQWLI\LQJWKHEUDQFKHV,,DQG,9ZKLFKUHVXOWVIURPWKHIROORZLQJHTXDWLRQ
§ d* − d2 ·
¸S 2
d 3 = d 2 + ( η − 1 )¨¨ 3*
¸
© S3 − S 2 ¹
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D

E

)LJXUH)RUFHGLVSODFHPHQWUHODWLRQVKLSIRUWKHHTXLYDOHQWVWUXWD &RPSDULVRQZLWKCavaleri et al. >@DQG
Cavaleri and Di Trapani >@UHODWLRQVKLSVE &DOLEUDWLRQVSDUDPHWHUV

$FFRUGLQJWRSUHYLRXVHTXDWLRQVWKHIRUFHGLVSODFHPHQWUHVSRQVHLVGHILQHGRQFHWKHIRXU
SDUDPHWHUVαβζDQGη FDOOHG³IRUFHGLVSODFHPHQWSDUDPHWHUV´ DUHGHILQHG7KHVHSDUDP
HWHUVKDYHDVWULFWGHSHQGHQFHRQPDVRQU\PHFKDQLFDOSURSHUWLHVEXWPRUHLQJHQHUDOWKHLU
YDOXHVGHSHQGRQJHRPHWULFDODQGPHFKDQLFDOIHDWXUHVRIWKHZKROHLQILOOHGIUDPH7KHLUGH
WHUPLQDWLRQLVSRVVLEOHE\ WKH HPSLULFDO DQDO\WLFDO FRUUHODWLRQV GHULYHG LQ WKH IROORZLQJ VHF
WLRQV
3

CALIBRATION OF FORCE-DISPLACEMENT PARAMETERS FROM
EXPERIMENTAL TESTS

7KHUHIHUHQFHVSHFLPHQVDUHVHOHFWHGIURPWKHH[SHULPHQWDOWHVWVE\>@*HRPHW
ULFDQGW\SRORJLFDOGHWDLOVRIVSHFLPHQVDUHUHSRUWHGLQTable 1ZKLOHWKHRWKHUPHFKDQLFDO
SURSHUWLHVDUHVKRZQLQ Table 2WRJHWKHUZLWKWKHHTXLYDOHQWVWUXWFURVVVHFWLRQZLGWKVDQG
WKHRWKHUSDUDPHWHUVHYDOXDWHGIRUWKHLGHQWLILFDWLRQRIWKHVWUXWV
7KH VLPXODWLRQ RI WKH WHVWV ZDV FDUULHG RXW LQ 2SHQ6HHV E\ FRQGXFWLQJ VLPSOH SXVKRYHU
DQDO\VHV RI WKH HTXLYDOHQW VWUXW PRGHO RI HDFK VSHFLPHQ 7KH FDOLEUDWLRQ SURFHVV ZDV SHU
IRUPHG E\ FRPSDULQJ WKH REWDLQHG PRQRWRQLF IRUFHGLVSODFHPHQW FXUYHV ZLWK WKH EDFNERQH
FXUYHVRIWKHF\FOLFH[SHULPHQWDOUHVSRQVHV5HVXOWVDUHVKRZQLQFigures 3-7ZKHUHQXPHUL
FDOSXVKRYHUFXUYHVDWWKHHQGRIWKHFDOLEUDWLRQSURFHVVDQGWKHH[SHULPHQWDOUHVXOWV SRVL
WLYHDQGQHJDWLYHEDFNERQHFXUYHV DUHRYHUODSSHG
7KH H[SHULPHQWDO YDOXHV RI PDVRQU\ VKHDU VWUHQJWK fvm  DQG FRPSUHVVLYH VWUHQJWK DORQJ
RUWKRJRQDO GLUHFWLRQV fm1 DQG fm2  DUH UHSRUWHG LQ Table 3 WRJHWKHU ZLWK WKH FRQYHQWLRQDO
~
FRPSUHVVLYHVWUHQJWK f m GHILQHGDV>@
~
fm =

f m1 ⋅ f m 2

DQGWKHGLDJRQDOFRPSUHVVLYHVWUHQJWK fmd0 RIWKHHTXLYDOHQWVWUXWV
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GLVSODFHPHQW>PP@
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)LJXUH([SHULPHQWDOEDFNERQHFXUYHVE\Mehrabi et al. >@DQGSXVKRYHUFXUYHVRIWKHHTXLYDOHQWVWUXWLQ
ILOOHGIUDPHPRGHODIWHUWKHFDOLEUDWLRQD 6SHFLPHQE 6SHFLPHQF 6SHFLPHQG 6SHFLPHQ

ORDG>N1@

ORDG>N1@

)LJXUH([SHULPHQWDOEDFNERQHFXUYHVE\Kakaletsis et al. >@DQGSXVKRYHUFXUYHVRIWKHHTXLYDOHQWVWUXW
LQILOOHGIUDPHPRGHODIWHUWKHFDOLEUDWLRQ

D 

E 

)LJXUH([SHULPHQWDOEDFNERQHFXUYHVRIVSHFLPHQVE\Papia et al. >@DQGSXVKRYHUFXUYHVRIWKHHTXLYDOHQW
VWUXWLQILOOHGIUDPHPRGHODIWHUWKHFDOLEUDWLRQD 6SHFLPHQV6$E 6SHFLPHQV6%
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 D  E  F 
)LJXUH ([SHULPHQWDOEDFNERQHFXUYHVE\Colangelo >@DQGSXVKRYHUFXUYHVRIWKHHTXLYDOHQWVWUXWLQILOOHG
IUDPHPRGHODIWHUWKHFDOLEUDWLRQD 6SHFLPHQ&E 6SHFLPHQ/F 6SHFLPHQ1

7KHRSWLPDOIRUFHGLVSODFHPHQWSDUDPHWHUV α, β, ζDQG η REWDLQHGDIWHUWKHFDOLEUDWLRQDUH
ILQDOO\UHSRUWHGLQTable 4WRJHWKHUZLWKWKHUHVXOWLQJIRUFHGLVSODFHPHQWYDOXHVIRUWKHVWUXWV
5HIHUHQFHV
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7DEOH([SHULPHQWDOPHFKDQLFDOGDWDRIPDVRQU\DQGUHVXOWLQJFRQYHQWLRQDODQGGLDJRQDOVWUHQJWKV
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7DEOH3DUDPHWHUVα, β, ζDQGηDIWHUWKHFDOLEUDWLRQDQGUHVXOWLQJIRUFHDQGGLVSODFHPHQWYDOXHVIRUWKHVWUXWV

4

FORCE-DISPLACEMENT PARAMETERS CALIBRATION FROM FE MODELS

,QRUGHUWRHQODUJHWKHGDWDVHWDGGLWLRQDOQXPHULFDOWHVWVZHUHFRQVLGHUHGE\WDNLQJWKRVH
SURYLGHGE\>@7KHODWWHUDUHREWDLQHGWKURXJKDUHILQHG)(PRGHOH[SHULPHQWDOO\YDOLGDW
HGDQGLPSOHPHQWHGLQWKH$7(1$'VRIWZDUHSODWIRUP$YLHZRIWKHUHIHUHQFH)(PRGHO
LVLOOXVWUDWHGLQFig. 8a7KHFRPSDULVRQEHWZHHQWKH)(PRGHOSUHGLFWLRQDQGWKHUHIHUHQFH
H[SHULPHQWDOWHVWVXVHGIRUWKHYDOLGDWLRQ 6SHFV6%E\>@ LVDOVRVKRZQLQFig. 8b
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&DYDOHULDQG'L7UDSDQL 
6% VSHFV
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GLVSODFHPHQW>PP@

D

E

)LJXUH5HIHUHQFH)(PRGHOD 9LHZRIWKHPRGHOGXULQJDW\SLFDOSXVKRYHUWHVWE &RPSDULVRQEHWZHHQ)(
PRGHOSUHGLFWLRQDQGH[SHULPHQWDOEDFNERQHFXUYHVRIVSHFLPHQV6% Cavaleri and Di Trapani >@ 

1XPHULFDOWHVWVVSHFLPHQVH[WUDSRODWHGE\WKHUHIHUHQFH)(PRGHOZHUHREWDLQHGE\YDU\
LQJFRPSUHVVLYHDQGWHQVLOHVWUHQJWKRIPDVRQU\ fmDQGfvm LQILOOWKLFNQHVV t DQGPDVRQU\
HODVWLF<RXQJ¶VPRGXOXV Em 7KHLQWHUIDFHDQGFRQFUHWHSDUDPHWHUVZHUHLQVWHDGPDLQWDLQHG
IL[HGDVZHOODVWKHJHRPHWU\RIWKHIUDPH VSHF6%E\>@ 7KHJHRPHWULFDODQGPHFKDQ
LFDOSDUDPHWHUVZKLFKZHUHYDULHGWRJHQHUDWHWKHQXPHULFDOPRGHOVDUHUHSRUWHGLQTable 5
KLJKOLJKWLQJ WKRVH HDFK WLPH YDULHG 7KH LQILOOHG IUDPH HTXLYDOHQW VWUXW PRGHOV DVVRFLDWHG
ZLWKWKHJHQHUDWHG)(PRGHOVZHUHWKHQEXLOWDQGFDOLEUDWHGWRGHULYHIRUFHGLVSODFHPHQWSD
UDPHWHUVDVVKRZQLQWKHSUHYLRXVVHFWLRQ)RUFHGLVSODFHPHQWFXUYHVDWWKHHQGRIWKHFDOL
EUDWLRQDUHGHSLFWHGFig. 9WRJHWKHUZLWKWKHUHVSHFWLYHIRUFHGLVSODFHPHQWFXUYHVRIWKH)(
PRGHO VLPXODWLRQV 3DUDPHWHUV HYDOXDWHG DW WKH HQG RI WKH FDOLEUDWLRQ DQG UHODWHG IRUFH
GLVSODFHPHQWSDUDPHWHUVREWDLQHGDUHILQDOO\UHSRUWHGLQTable 6WRJHWKHUZLWKWKHUHVXOWLQJ
IRUFHGLVSODFHPHQWYDOXHVIRUWKHVWUXWV
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7DEOH,GHQWLILFDWLRQSDUDPHWHUVRIHTXLYDOHQWVWUXWSDUDPHWHUVα, β, ζDQGηDIWHUWKHFDOLEUDWLRQDQGUHVXOWLQJ
IRUFHDQGGLVSODFHPHQWYDOXHVIRUWKHVWUXWV

5

DEFINITION OF THE EMPIRICAL CORRELATION LAWS

7KHH[SHULPHQWDODQGQXPHULFDOGDWDVHWVFRQWDLQLQJWKHFDOLEUDWHGSDUDPHWHUV α, β, ζDQG
ηWRJHWKHUZLWKWKHDVVRFLDWHGJHRPHWULFDODQGPHFKDQLFDOIHDWXUHVRIWKHUHVSHFWLYHLQILOOHG
IUDPHVZHUHPHUJHGLQWRDXQLTXHK\EULGGDWDVHW5HVXOWVZHUHWKHQDQDO\VHGLQRUGHUWRXQ
GHUVWDQGWKHGHSHQGHQFHRIα, β, ζDQGηRQWKHSDUDPHWHUVLQYROYHGLQWKHLGHQWLILFDWLRQSUR
~
~
FHVVRIHDFKPRGHO,QGHWDLOSDUDPHWHUVλ* Em  l/h t fm fmd0fvm ZKHUHLQGLYLGXDWHGDVWKH
PRVWPHDQLQJIXOWRWKHLQHODVWLFUHVSRQVHRIDQLQILOOIUDPHDVWKHVHWDNHLQWRDFFRXQWWKHDV
SHFWUDWLRWKHVWLIIQHVVUDWLRDQGWKHVWUHQJWKVRIWKHPDVRQU\DQGRIWKH VWUXW7KHUHODWLRQ
VKLSVZLWKα, β, ζDQGηKDYHEHHQIRXQGE\GHILQLQJIRXUFRUUHODWLRQSDUDPHWHUV Α, Β, ΖDQG
Υ  WR JHW WKH PD[LPXP GHWHUPLQDWLRQ FRHIILFLHQWV 5  RI WKH DQDO\WLFDO LQWHUSRODWLQJ IXQF
WLRQVUHODWLQJα, β, ζDQG ηDVf(Α), f(Β), f(Ζ)DQGf(Υ). 5HVXOWVSURYLGHGWKHIROORZLQJH[SUHV
VLRQVIRUWKHFRUUHODWLRQSDUDPHWHUV
0.1 §

−3
l· §f

·

 

0 ¸
Α = λ* ¨ ¸ ¨¨ md
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© h ¹ © f vm ¸¹
1. 8
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−1 .7
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¸
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¨ ¸
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0.7
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7KHUHODWLRQVKLSVEHWZHHQSDUDPHWHUVα, β, ζDQGηDQGFRUUHODWLRQSDUDPHWHUVΑ, Β, ΖDQG
Υ DUHLOOXVWUDWHGLQFig. 10WRJHWKHUZLWKWKHREWDLQHGRSWLPDODQDO\WLFDOFRUUHODWLRQODZV
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E

'DWDIURPH[SHULPHQWV
'DWDIURP)(0





=
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=







F

G

)LJXUH5HODWLRQVKLSVEHWZHHQSDUDPHWHUVα, β, ζDQGηDQGFRUUHODWLRQSDUDPHWHUVΑ, Β, ΖDQGΥDQGSUR
SRVHGDQDO\WLFDOFRUUHODWLRQODZV

%DVHG RQ WKH REWDLQHG HTXDWLRQV WKH SURFHGXUH IRU WKH FRPSOHWH LGHQWLILFDWLRQ RI WKH
HTXLYDOHQWVWUXWIROORZVWKHEHORZUHSRUWHGVWHSV
 (YDOXDWLRQRIWKHHTXLYDOHQWVWUXWZLGWKw>@
 (YDOXDWLRQRIWKHSHDNVWUHQJWKRIWKHVWUXWS2 Eq. 4 
 (YDOXDWLRQRIFRUUHODWLRQSDUDPHWHUVΑ, Β, Ζ, Υ Eqs. 12-15 
 (YDOXDWLRQRIIRUFHGLVSODFHPHQWSDUDPHWHUVα, β, ζ, η Fig.10 
 'HWHUPLQDWLRQRIWKHIRUFHGLVSODFHPHQWUHODWLRQVKLSIRUWKHVWUXW Eqs. 1, 3DQG5-9 
6

BLIND VALIDATION TESTS AND RELIABILITY COMPARISONS

7KHSURSRVHGHPSLULFDOFRUUHODWLRQVKDYHEHHQYDOLGDWHGZLWKWKHH[SHULPHQWDOWHVWUHVXOWV
RIHLJKWVSHFLPHQVQRWEHORQJLQJWRWKHVHWRIVSHFLPHQVXVHGWRGHULYHWKHFRUUHODWLRQV7KH
FRQVLGHUHGVSHFLPHQVZHUHWKRVHE\>@ 6SHF7$ >@ 6SHF8508 >@ 6SHF9 
>@ 6SHF )7  >@ 6SHFV */' DQG 6/'  >@ 6SHF 8QU  >@ 6SHF 6&  :LWK UH
JDUGVWRWKHH[SHULPHQWDOFDPSDLJQE\>@RIZKLFKVRPHVSHFLPHQVKDYHEHHQXVHGWREXLOG
WKHGDWDVHWLWVKRXOGEHVSHFLILHGWKDWH[SHULPHQWDOUHVXOWVXVHGIRUWKHYDOLGDWLRQDUHWKRVH
RI6SHFLPHQ9ZKLFKKDVQRWEHHQSUHYLRXVO\FRQVLGHUHGDQGSUHVHQWVVXEVWDQWLDOO\GLIIHU
HQWPHFKDQLFDOSURSHUWLHVRIWKHPDVRQU\LQILOOZLWKUHVSHFWWRWKRVHLQFOXGHGLQWKHGDWDVHW
7KHVDPHFRQVLGHUDWLRQVPD\EHWDNHQIRUWKHVSHFLPHQ6&RIWKHH[SHULPHQWDOFDPSDLJQE\
>@7KHRWKHUVL[VSHFLPHQVEHORQJWRRWKHUH[SHULPHQWDOFDPSDLJQVQRWFRQVLGHUHGDWDOOLQ
WKHFDOLEUDWLRQSKDVH,WVKRXOGEHDOVRVSHFLILHGWKDWVSHFLPHQV*/'DQG6/'E\9HUGHUDPH
HW DO >@ KDYH WKH VDPH JHRPHWULF DQG PHFKDQLFDO FKDUDFWHULVWLFV IRU ZKDW FRQFHUQV WKH
IUDPH DQG WKH LQILOO 7KH GLIIHUHQFHV DUH LQVWHDG LQ WKH DUUDQJHPHQW RI WKH ORQJLWXGLQDO DQG
WUDQVYHUVHUHLQIRUFHPHQWWKDWLVPDGHFRQVLGHULQJJUDYLW\ORDGVRQO\ */' RUVHLVPLFORDGV
6/'   *HRPHWULF GHWDLOV RI WKH VSHFLPHQV DUH OLVWHG LQ Table 7 (TXLYDOHQW VWUXW PRGHOV
KDYHEHHQGHILQHGDFFRUGLQJWRWKHSURFHGXUDOVWHSVGHVFULEHGLQWKHSUHYLRXVVHFWLRQTables
7-9FROOHFWDOOWKHIXQGDPHQWDOJHRPHWULFDQGPHFKDQLFDOGDWDRIWKHPRGHOVDQGWKHDVVRFLDW
HGSDUDPHWHUVXVHGIRUWKHGHILQLWLRQRIVWUXWV7KHFRUUHODWLRQDQGIRUFHGLVSODFHPHQWSDUDP
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HWHUVHYDOXDWHGE\PHDQVRIEqs. 12-15 DQGHTXDWLRQLIFig.10DUHVKRZQLQTables 10-11
WRJHWKHU ZLWK WKH REWDLQHG YDOXHV IRU WKH D[LDOIRUFH  D[LDOGLVSODFHPHQW UHODWLRQVKLS RI WKH
VWUXWV 7KH FRPSDULVRQ EHWZHHQ H[SHULPHQWDO IRUFHGLVSODFHPHQW FXUYHV DQG QXPHULFDO SUH
GLFWLRQVDUHGHSLFWHGLQFig. 11,WFDQEHREVHUYHGWKDWIRUDOOWKHFRQVLGHUHGFDVHVQXPHULFDO
SUHGLFWLRQVUHVXOWHGLQDYHU\JRRGPDWFKLQJZLWKH[SHULPHQWDOGDWDSURYLGLQJVXIILFLHQWUHOL
DELOLW\GHVSLWHWKHODUJHKHWHURJHQHLW\RIWKHEOLQGWHVWVSHFLPHQVDQGLQFRQVLGHUDWLRQRIWKH
XQFHUWDLQW\GHJUHHDIIHFWLQJPDVRQU\PHFKDQLFVLQJHQHUDODQGLQILOOHGIUDPHVLQSDUWLFXODU
,QRUGHUWRFRPSDUHWKHUHOLDELOLW\RIWKHSURSRVHGPRGHOSUHGLFWLYHFDSDFLW\ZLWKUHVSHFW
WRWKDWRIRWKHUH[LVWLQJRQHVWKHVLPXODWLRQRIWKHEOLQGWHVWVKDVEHHQFRQGXFWHGDOVRLPSOH
PHQWLQJRWKHUVL[HTXLYDOHQWVWUXWPRGHOVDYDLODEOHLQWKHOLWHUDWXUHDQGDSSO\LQJWKHPRQWKH
EOLQGWHVWV7KHHTXLYDOHQWVWUXWPRGHOVDUHWKHPRGHOVE\'L7UDSDQLHWDO>@3DQDJLRWDNRV
DQG)DUGLV>@'ROVHNDQG)DMIDU>@%HUWROGLHWDO>@'H5LVLHWDO>@6DVVXQHWDO
>@7KHFRPSDULVRQVEHWZHHQWKHH[SHULPHQWDOWHVWUHVSRQVHVDQGWKRVHE\WKHVHYHQHTXLY
DOHQWVWUXWPRGHOVDUHLOOXVWUDWHGLQFig. 11
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7DEOH*HRPHWULFDQGW\SRORJLFDOGHWDLOVRIWKHVSHFLPHQVXVHGIRUWKHYDOLGDWLRQ
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7DEOH(TXLYDOHQWVWUXWZLGWKVDQGDVVRFLDWHGPHFKDQLFDOLGHQWLILFDWLRQSDUDPHWHUV
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7DEOH&RUUHODWLRQSDUDPHWHUVDQGIRUFHGLVSODFHPHQWSDUDPHWHUV
5HIHUHQFHV
0RUDQGLHWDO>@
'D3RUWRHWDO>@
&RODQJHOR>@
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7DEOH)LQDOD[LDOIRUFHD[LDOGLVSODFHPHQWGDWDFDOFXODWHGIRUWKHEOLQGWHVWVSHFLPHQHTXLYDOHQWVWUXWV

,WFDQEHILUVWO\REVHUYHGWKDWWKHDFFXUDF\RIHDFKPRGHOLQUHSURGXFLQJWKHH[SHULPHQWDO
UHVSRQVHVLVGLIIHUHQWIRUWKHGLIIHUHQWFDVHV)RUH[DPSOHZKLOHIRUWKHWHVWE\GD3RUWRHWDO
>@ (Fig. 11b), &RODQJHOR >@ (Fig. 11c) DQG 9HUGHUDPH >@ (Figs. 11e-f) DOO WKH PRGHOV
SHUIRUPHG ZLWK VLPLODU UHOLDELOLW\ YHU\ VLJQLILFDQW GLIIHUHQFHV LQ WKH SUHGLFWLRQV DUH UHFRJ
QL]HGIRUWKHWHVWE\0RUDQGLHWDO >@ (Fig. 11a)+RZHYHULWVKRXOGEHDOVRUHFRJQL]HGWKDW
GDWDGULYHQHPSLULFDOPRGHOVDVWKHSURSRVHGRQHDQGWKHRQHE\'L7UDSDQLHWDO >@SHU
IRUPHGZLWKQRWLFHDEOHUHOLDELOLW\IRUDOOWKHFRQVLGHUHGWHVWV2QWKHRWKHUKDQGWKHPRGHOV
E\3DQDJLRWDNRVDQG)DUGLV >@,'ROVHNDQG)DMIDU >@DQG'H5LVLHWDO>@KDYHVKRZQ
JRRGSUHGLFWLYHFDSDFLW\LQRXWRIWHVWVZKLOHWKH\OHGWRVLJQLILFDQWVWUHQJWKRYHUHVWLPD
WLRQLQWKHWHVWVE\0RUDQGLHWDO >@ (Fig. 11a), %HUJDPLDQG1XWL >@ (Fig. 11d) DQG6LJ
PXQ 3HQDYD >@(Fig. 11g))RUWKHPRGHOE\3DQDJLRWDNRVDQG)DUGLV>@DQG'ROVHNDQG
)DMIDU >@ WKLV LV MXVWLILHG E\ WKH IDFW WKDW WKH HVWLPDWLRQ RI WKH VWUHQJWK FDSDFLW\ E\ WKHVH
PRGHOVLVREWDLQHGFRQVLGHULQJDVLQJOHFROODSVHPRGHOHDGLQJWRLQFRUUHFWHYDOXDWLRQVLQDOO
WKHFDVHVLQZKLFKDGLIIHUHQWPHFKDQLVPGHYHORSV$FRQILUPDWLRQRIWKLVFRPHVREVHUYLQJ
WKH SHUIRUPDQFH RI WKH PRGHO E\ %HUWROGL HW DO >@ DQG 6DVVXQ HW DO >@ ZKLFK LQVWHDG
EDVHG RQ WKHLU PHFKDQLVPVHQVLWLYH IRUPXODWLRQ UHVXOWHG PRUH HIIHFWLYH LQ JHQHUDO ZLWK UH
VSHFWWRWKHSHDNVWUHQJWKHVWLPDWLRQDOWKRXJKWKH\VWLOOJLYHDSHDNVWUHQJWKRYHUHVWLPDWLRQ
LQRXWRIFDVHV$QRWKHUQRWHZRUWK\LVVXHLVUHODWHGWRWKHVRIWHQLQJEUDQFKZKLFKLVLQ
JHQHUDOPRUHDFFHQWXDWHGE\3DQDJLRWDNRVDQG)DUGLV >@ DQG'ROVHNDQG)DMIDU>@PRGHOV
%XW ZKLOH IRU WKH IRUPHU WKLV FDQ EH FDOLEUDWHG E\ D VWLIIQHVVFRHIILFLHQW WKH DVVXPSWLRQ E\
'ROVHNDQG)DMIDU >@RIDQXOWLPDWHGLVSODFHPHQWRIWLPHVWKHSHDNRQHLVJHQHUDOO\QRW
DFFHSWDEOHIRUPRUHGXFWLOHLQILOOHGIUDPHV7KHIRUFHGSUHGLFWLRQRIDEULWWOHEHKDYLRXULVDF
FHQWXDWHGE\WKHORZRUQXOOUHVLGXDOVWUHQJWKSURYLGHGE\WKHVHPRGHOVZKLFKLQVWHDGLWKDV
EHHQIRXQGWRUDQJHEHWZHHQDQGWKHSHDNVWUHQJWKDVLWFDQEHGHGXFWHGIURPWKH η
FRHIILFLHQWVUHSRUWHGLQTables 4, 6DQG10,QFRQFOXVLRQLWFDQEHREVHUYHGWKDWGDWDGULYHQ
HPSLULFDOPRGHOVLQFOXGLQJWKHSURSRVHGRQHUHVXOWHGPRUHUHOLDEOHZLWKUHVSHFWWRWKHPH
FKDQLFVEDVHGLQSUHGLFWLQJWKHODWHUDOUHVSRQVHRIDQLQILOOHG IUDPH7KLVFDQEHUHDVRQDEO\
MXVWLILHGE\WZRPDLQIDFWRUV7KHILUVWLVWKDWWKHLUFDOLEUDWLRQLVDQDO\WLFDOO\XSGDWHGLQFRQ
VLGHUDWLRQRIDODUJHQXPEHURISDUDPHWHUVFKDUDFWHUL]LQJERWKWKHIUDPHDQGWKHLQILOO0RUH
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7

CONCLUSIONS

$VVHVVPHQWRILQHODVWLFUHVSRQVHRILQILOOHGIUDPHVLVQRWVWUDLJKWIRUZDUG3KHQRPHQRORJL
FDOPRGHOVKDYHWRVXPPDUL]HDODUJHQXPEHURIYDULDEOHVLQWRDUHODWLYHO\VLPSOHPRGHO7KH
IOH[LELOLW\ RI DYDLODEOH VWUXW PRGHOV WR XSGDWH WKHLU IRUFHGLVSODFHPHQW RU VWUHVVVWUDLQ  UH
VSRQVHDVDIXQFWLRQRI WKHGLIIHUHQWSRWHQWLDOIDLOXUHGDPDJHPHFKDQLVPVRFFXUULQJIRULQ
ILOOHG IUDPH LV IXQGDPHQWDO WR JHW UHOLDEOH SUHGLFWLRQV 7KH XQFHUWDLQW\ LQ SUHGLFWLQJ WKH
FROODSVH PRGH ZKLFK GHSHQGV RQ D ODUJH DPRXQW RI JHRPHWULF DQG PHFKDQLFDO SDUDPHWHUV
SURSDJDWHVLQWKHUHOLDELOLW\RIHVWLPDWLRQV
,Q FRQVLGHUDWLRQ RI WKLV WKH SDSHU KDV VKRZQ D SURSRVDO IRU D QHZ VLQJOH HTXLYDOHQW VWUXW
PRGHOEDVHGRQD[LDOIRUFHD[LDOGLVSODFHPHQWUHODWLRQVKLSRIWKHVWUXW7KHPRGHOFDQEHHDV
LO\ LPSOHPHQWHG LQ PRVW RI WKH ILQLWH HOHPHQW FRGHV KDQGOLQJ QRQOLQHDU DQDO\VLV RI IUDPH
VWUXFWXUHV7KHPDMRUDGYDQWDJHRIWKHSURSRVHGPRGHOLVWKDWWKHIRUFHGLVSODFHPHQWUHODWLRQ
VKLS LV PRGXODWHG E\ IRXU DQDO\WLFDO FRUUHODWLRQ HTXDWLRQV OLQNLQJ WKH JHRPHWULFDO DQG PH
FKDQLFDO IHDWXUHV RI DQ LQILOOHG IUDPH WR WKH IRUFHGLVSODFHPHQW SDUDPHWHUV. 7KH FRUUHODWLRQ
HTXDWLRQVDUHGHULYHGIURPDUREXVWGDWDVHWUHDOL]HGLQFOXGLQJH[SHULPHQWDOGDWDDQGUHILQHG
QXPHULFDOVLPXODWLRQV
9DOLGDWLRQ WHVWV KDYH EHHQ FDUULHG RXW DJDLQVW HLJKW H[SHULPHQWDO WHVW GDWD GLIIHUHQW IURP
WKRVHXVHGWRGHILQHWKHHPSLULFDOGDWDVHW5HVXOWVKDYHGHPRQVWUDWHGWKHSUHGLFWLYHUHOLDELO
LW\RIWKHSURSRVHGPRGHODQGRIWKHHPSLULFDOUHODWLRQVKLSVXVHGWRGHILQHLW7KLVVXJJHVWV
WKHSURSRVHGDSSURDFKDVDQHIIHFWLYHPHWKRGRORJ\ZKHQSHUIRUPLQJQRQOLQHDUVWDWLFDQDO\VHV
IRUWKHDVVHVVPHQWRIVHLVPLFSHUIRUPDQFHDQGDOVRKLJKOLJKWVWKHSRWHQWLDOXVHRIFRUUHODWLRQ
HTXDWLRQVDVGHVLJQWRROVIRUWKHSHUIRUPDQFHEDVHGGHVLJQRIWKHLQILOOHGIUDPHV7KHVDPH
WHVWVDUHXVHGWRFDUU\RXWDFRPSDULVRQZLWKVL[DGGLWLRQDOHTXLYDOHQWVWUXWPRGHOVDYDLODEOH
LQ WKH OLWHUDWXUH EHVLGHV WKH SURSRVHG RQH 5HVXOWV KDYH VKRZQ D PDMRU UHOLDELOLW\ RI GDWD
GULYHQPRGHOVEHFDXVHRIWKHIOH[LELOLW\RIWKHFDVHE\FDVHFDOLEUDWLRQSURYLGHG2QWKHRWKHU
KDQG WKH ORZHU UHOLDELOLW\ RI PHFKDQLFVEDVHG PRGHO LV MXVWLILHG E\ WKH UHGXFHG QXPEHU RI
H[SHULPHQWDOWHVWVDYDLODEOHZKHQWKH\ZHUHYDOLGDWHG
ACKNOWLEGDEMENTS
7KLVSDSHUZDVVXSSRUWHGE\'3&5H/XLV:36XEWDVN1RQVWUXFWXUDO
PDVRQU\ LQILOOVDQGSDUWLWLRQV 
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Abstract
This paper describes the concept of an innovative, interdisciplinary, user-oriented earthquake
warning and rapid response system coupled with a structural health monitoring system (SHM),
capable to detect structural damages in real time. The novel system is based on interconnected
decentralized seismic and structural health monitoring sensors. It is developed and will be exemplarily applied on critical infrastructures in Lower Rhine Region, in particular on a road
bridge and within a chemical industrial facility. A communication network is responsible to
exchange information between sensors and forward warnings and status reports about infrastructures’ health condition to the concerned recipients (e.g., facility operators, local authorities). Safety measures such as emergency shutdowns are activated to mitigate structural
damages and damage propagation. Local monitoring systems of the infrastructures are integrated in BIM models. The visualization of sensor data and the graphic representation of the
detected damages provide spatial content to sensors data and serve as a useful and effective
tool for the decision-making processes after an earthquake in the region under consideration.
Keywords: early warning and response system, interconnected sensor systems, seismic structural damage detection via SHM, integration SHM in BIM
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1

INTRODUCTION

Germany’s seismicity in general is characterized as low or moderate. However, there are
seismic events of moderate to strong ground motions with damage potential (Tailfingen 1978
Mw = 5.7, Roermond 1992 Mw = 5.9). These events arouse attention because the exposed regions are densely populated, highly industrialized and have an extended network of critical
infrastructures. These infrastructures were mainly designed according to currently outdated or
none seismic provisions. The early warning and rapid response system combined with local
health monitoring systems can act supplementary as an additional arrow in the quiver of earthquake engineering to reduce the seismic risk, especially for critical infrastructures.
This contribution describes the conception and the progress of the works, that had been performed in the framework of the German nationally funded research project “ROBUST”. Fundamental element of the novel system is the automated interaction of smart seismic or structural
sensors and sensor systems, which are capable not only to record motions or strains, but also to
process the recordings decentral and to forward the results of the assessment. In the past decades, the breakthrough in software and hardware development of sensors and techniques for
data processing enabled the extended and low-cost use of a remarkable number of seismic and
monitoring sensors [1]. Reliable earthquake early warning systems (EEWS) were developed all
over the world and especially in seismic prone areas as Japan, California and Mexico [2]. Simultaneously, engineering diagnostics is an emerging field concerning health assessment of civil
engineer’s structures. Post-earthquake damage detection through sensor systems is a research
topic of increasing interest. Acknowledging the developments in both directions (SHM and
EWS), the examined system tries to incorporate and extend their advantages and provide a
useful tool for the protection of critical infrastructures [3]. The examined system is going to be
applied in Lower Rhine Region. A road bridge and a chemical industrial facility are selected as
benchmark structures. The innovative system consists of four basic components: (i) the seismic
sensors network, (ii) the local monitoring systems for the critical infrastructures, (iii) the communication infrastructure and (iv) the integration of the sensor data in BIM models of the monitored critical infrastructure.
Regarding the first component, namely the seismic network, the existing sparse regional
network is being extended by new smart seismic sensors. To this end, an algorithm has been
developed, aiming at the optimization of the location of the new sensors such, that while accounting for the geophysical conditions, reliable information on earthquakes relevant for the
infrastructures can be obtained and communicated to maximize the lead time while, at the same
time, to minimize the risk of false alarms. The novel sensors, developed by the German Research Center for Geosciences (GFZ), are capable to evaluate the intensity of the ground motion
in real time and to send out messages via the developed communication network to the operators
of critical infrastructures or local authorities (civil protection), before the arrival of the destructive seismic waves to the structures of interest. The information on a detected earthquake triggers also the local monitoring systems.
The flow of the seismic incidence information takes place through a communication network, which consists of several decentralized nodes. Every seismic sensor and every monitored
infrastructure correspond to a communication node, which is responsible to send and receive
the appropriate information. Synchronously, the same communication infrastructure, under development by Fraunhofer Institute for Open Communication (FOKUS), will provide warnings
regarding the expected damages to the concerned parties (local authorities, operators of critical
infrastructures). This allows the recipients to trigger safety measures. The kind and the intensity
of the measures depend on the expected damages of the detected ground motion and can be
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updated relying on the most current measured data. After the assessment of the seismic performance of the monitored structures, health reports will be sent to interested actors.
The local health monitoring systems consist of a number of sensors (accelerators, velocity
recorders, displacement transducers, strain gauges, thermometers etc.) and data acquisition devices. The sensors are placed in appropriate positions to record effectively the response of the
structure or components and to detect particular damage indicators. The definition of the damage indicators depends on the geometry, dynamic properties and seismic risk of the various
components of the monitored infrastructures. In “almost” real time, the measurements from the
monitoring sensors are evaluated either decentral and locally by smart data acquisition systems
or remotely at a central site by linked computers. The results of the damage identification are
integrated in two steps in the communication platform. Right after the earthquake, very basic
information is forwarded (e.g., whether a bridge is accessible or not or if parts of the facility
are severely damaged). Gradually, more detailed information based on a refined interpretation
of the sensors’ recordings will be communicated to the clients, including a graphical representation of the damages.
One of the fundamental objectives and an innovative part of the project is the graphic representation of the damage distribution of the monitored infrastructures right after an earthquake.
This is possible because of the integration of the SHM system in 3D BIM models. Necessary
precondition is the coupling of the sensor data with the graphic objects representing the real
sensors in BIM models. For this purpose, the Desite MD software was selected. It provides the
opportunity to link databases containing sensor measurements with an imported BIM model.
Responsible for the development of the monitoring systems, the damage detection techniques
and the integration of the sensor data in BIM models are the Center for Wind and Earthquake
Engineering (CWE) of RWTH Aachen University and Wölfel Engineering GmbH.

Figure 1: Earthquake early warning and rapid response system
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2

EARTHQUAKE EARLY WARNING AND RAPID RESPONSE SYSTEM

2.1 General Information
The Lower Rhine Embayment in Western Germany is one of the most important areas of
earthquake recurrence north of the Alps, facing a moderate level of seismic hazard in European
context, but a significant level of risk due to a high population density and a large number of
critical industrial infrastructures. As the seismic faults are directly crossing the study area, the
lead time, i.e. the time between the onset of an earthquake and the arrival of the destructive
seismic waves is in the order of a few seconds at most for events in the Lower Rhine Embayment. In this context, the project aims at designing a user-oriented hybrid earthquake early
warning (EEW) and rapid response system where regional seismic monitoring is combined with
smart, on-site sensors, resulting in the implementation of decentralized early warning procedures.
2.2 Seismic scenarios for the area of interest
One of the tasks of this project deals with finding an optimal regional seismic network arrangement given the known seismicity in the area. The optimization approach used here requires a
representative sample of relevant seismic recordings. In the design of an EEW network, it is
critical that all potential and known earthquake sources in the area are considered. Due to the
sparsity of significant earthquake recordings in the region, stochastic simulations of scenario
earthquakes were performed using the finite-source ground motion simulation code EXSIM [4]
and the known seismicity in the area [5]. Overall, over 700 realistic scenario earthquakes were
considered (for their location see Figure 2). This approach is ideally suited for the purposes of
our study, as our emphasis is not on the simulation of the complete wavefield for given scenario
earthquakes, but rather on the generation of a large set of spectra for hypothetical sources located according to a seismic catalog.

Figure 2: The Lower Rhine Embayment, Germany. The potential network is represented by candidate stations
(white triangles) and suggested installations sites (red triangles) together with the existing permanent stations
(yellow squares). The blue triangle represents the target site. The simulated scenario earthquakes are represented
by black dots with diameter proportional to earthquake magnitude.
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2.3 Optimal densification for real time assessment and early warning
The possible station locations were considered by public buildings (municipalities, schools
etc) in the Lower Rhine Embayment. For each location, stochastic seismograms were computed
for all scenario earthquakes resulting in a database consisting of more than 30,000 traces
representing ground acceleration. An important aspect of an EEW system's performance is its
ability to give not only timely, but also reliable warnings with respect to the shaking that needs
to be expected at the target site. For our study site, a threshold of 0.02 g was selected, as such
events can be considered as potentially damaging. The optimal network is the one that can give
the correct level warning (i.e., correct level of expected ground motion at the target site) at a
sufficiently long lead time for the highest number of scenario earthquakes.
To quantify this network quality, we use the cost function developed by Oth et al [6]. For
finding the optimal station locations, a microgenetic algorithm was used. Such algorithms are
a specific subset of genetic algorithms (GAs), which are guided search techniques based on
evolutionary principles to find optimal models with respect to a given objective function (i.e.,
cost function). By minimizing the cost function, a comparison of the best earthquake early
warning system design can be performed and the potential usefulness of existing and additional
stations in the region is considered (see Figure 1). As indicated by the red triangles, by adding
nine stations to the existing network, such optimal design will allow strong ground-motions
with respect to the target site to be detected most quickly and most reliably.
2.4 Rapid response system
An earthquake early warning system can reduce the seismic risk on critical infrastructure
more effectively, if combined with a response system. The term response system includes all
automated measures that can be taken immediately after the detection of the first earthquake
waves within the lead time. Structural damages are not the only threat especially for critical
infrastructures. Accidents or side effects due to a seismic event such as fire or more rarely
explosions or dispersion of toxic substances can have even more harmful consequences than
the mechanical damages directly induced by the ground motion [7]. Possible countermeasures
to limit damages and prevent domino effects that can be performed in range of seconds are
emergency shutdown of gas lines, activating backups, safe stop of lifts or other equipment,
interruption of medical operations, access prevention in road bridges or tunnels [7]. Within the
ROBUST project, the production process of the chosen industrial facility is not interrupted
automatically. The warning for a coming seismic incidence and the damage prediction is
forwarded to the facility operators, who are responsible to trigger appropriate measures.
Regarding the bridge, the access can be interrupted by a traffic light, in case an earthquake with
damage potential is detected. Depending on “almost” real time assessment from the local
monitoring system of the bridge, the access restriction will be recalled or it will remain for all
or some kind of vehicles.
3

COMMUNICATION NETWORK

Essential part of the developed system is the decentralized communication network. It enables the interaction between seismic sensors and local monitoring sensor systems and is responsible to forward warning messages and structural health status reports to subscribed recipients
(user oriented). Each user has access to different level and kind of information depending on
his involvement. As users can be considered facility managers, local authorities, civil protection
or rescue teams. From the communication infrastructure point of view, all the participants are
divided into two categories: (i) sensors and (ii) actors. Sensors “produce” information and actors “consume” information. The nodes are spatially distributed and one node corresponds to
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each seismic sensor. At the monitored infrastructures one node is responsible for the seismic
sensor and for the controller of the local monitoring system. Predefined subscriptions specify
the flow of information between the nodes. At the idle period, the platform is responsible to
control, which devices are connected, their health status and the plausibility of the measurements of the sensors. The administrators of each subsystem are informed through automated
messages about the health status of the whole sensor infrastructure.
When a ground motion, which exceeds a predefined threshold of acceleration, is detected by
the seismic network, the communication node of the corresponding seismic sensor forwards the
information to the subscribed recipients to trigger the monitoring system to measure with a
higher sampling ratio, in order to obtain detailed information for the response of the structures
during the seismic event. If a seismic event with damage potential is detected by the seismic
network, messages, graded indicative lamp systems or smart traffic lights will inform the corresponding users about the upcoming event. No emergency shutdowns or other measures are
triggered directly by the communication platform. During the seismic event, the sensor signals
are continuously evaluated with regard to exceedance of values indicating damages. Right after
the earthquake, the health status of the infrastructures, is evaluated based on the recording of
the monitoring system and sent via the communication infrastructure to the concerned subscribers. The first report includes a rapid assessment of the performance of the structure (e.g. partial
or total collapse of the infrastructure, risk for fire or explosion, operational status of a bridge).
After a few minutes, a second more precise health status report is delivered. It contains information about the detection of damages and their spatial distribution. The second health status
report includes information about the operability of the infrastructure and a graphic 3D representation of the structural damages.
4

STRUCTURAL HEALTH MONITORING OF CRITICAL FACILITIES

4.1 Critical Infrastructures
Critical infrastructures, according to German Federal Office for Civil Protection and Disaster
Assistance, are organizations and facilities with crucial significance for the state community,
the failure or impairment of which would result in lasting difficulties in supply chain, significant
threats for the public security or other dramatic consequences [8]. Although buildings are considered to be the most vulnerable component of the urban built environment to seismic hazard,
the resilience of complex systems like transport and utility networks, gas and electric network
systems, health care system, power plants and selected industrial facilities is even more critical,
as they have an extreme socio-economic impact and can affect the regional prosperity [9]. Although the seismic code provisions in Germany are constantly improving [10] and seismicity of
the Lower Rhine Embayment was investigated in detail the recent years [11], an important part
of the critical infrastructure was designed with lower seismic actions or without any seismic
code provisions. According to [11], in this region there are 51 electricity supply substations,
108 hospitals, about 1500 industrial facilities, 4 industrial chemical parks and 8 road and railway bridges over Rhine.
Interdependencies between complex systems may result in rapid damage propagation.
Therefore, there is a demand for interconnected monitoring systems, that can detect damages
and provide this information to crisis management centers. Appropriate safety measures to prevent or mitigate damages can be triggered effectively, only if sufficient information is available
within a short time. Awareness of the structural health status of critical nodes of the transport
network, such as bridges, is beneficial for the definition the optimal routes for rescue teams and
ambulances (interaction health care system – transport network). Chemical industries are an
important component of the infrastructure in Lower Rhine. The main threat after an earthquake
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in chemical industries with hazardous processes is the risk of accidental scenarios such as fire,
explosion or dispersion of toxic substances due to loss of containment. Immediate countermeasures must be triggered to limit the consequences of such events in terms of fatalities, environment pollution and repair cost [12].

Figure 3: Distribution of critical infrastructures in Lower Rhine Region: electricity substations (yellow circles),
hospitals (green circles), road & railway bridges over Rhine (red circles), industrial facilities (black circles),
chemical industry parks (purple circles) [11]

4.2 Implementation of health structural monitoring system on demonstration facilities
Taking into consideration the distribution of critical infrastructures in Lower Rhine Region,
an industrial facility (chemical industry) and a road bridge are selected as case studies for the
installation of the local SHM systems. For both infrastructures, a probabilistic earthquake risk
analysis is carried out, to define the seismic hazard. The vulnerability curves of different elements and components are defined based on the corresponding literature [13][26][27][28]. The
most susceptible components are prioritized, their possible failure modes and the position of
the expected damages is investigated in detail. Especially for the industrial facilities, the influence of non-structural components should be taken into account. Storage tanks, vertical and
horizontal vessels, processing equipment, pumps and pipping systems are connected with each
other and structural damages on one process unit can generate a multiplicity of accident chains
due to mutual interactions [14]. After the basic identification of the facilities, suggestions for
further damage prevention or damage limitation will be provided and discussed with the facility
operators [12]. The damage scenarios determined by simulations will be communicated to the
operators and may be used for improving emergency actions and prevention of cascade effects.
For this purpose, appropriate damage indicators and assessment methods, providing necessary
information about the global performance of the structure or local failures of critical component
will be implemented. Structural damages can result in a loss of stiffness, indicated by changes
in natural frequency, mode shapes or modal shape curvature. For the monitored bridge, the
critical indicators are aiming at the condition of the superstructure (global response, local damages) and at the bearings (critical movement of the superstructure) [29][30]. Regarding the industrial facilities, peak floor acceleration (PFA), interstorey drift ratio (SDR), residual SDR,

993

Georgios Balaskas, Benno Hoffmeister, Christoph Butenweg, Marco Pilz and Anna Bauer

response of connections or strains in critical locations, for example elbow or tee connections of
pipelines can be used as damage indicators [15] [16]. The number and the kind of the selected
sensors (accelerators, velocity and displacement transducers, strain gauges etc.) depends on the
chosen indicators and are structure specific.
Immediate damage detection and quantification, especially for critical infrastructures, is essential to minimize their operation interruption due to shut down time. Traditionally, engineering inspections and nonlinear analyses are necessary to evaluate the capacity of the structures
after seismic events. This may last weeks or months, accompanied with an important economic
cost due to shut down. Modern structural health systems can provide real time damage detection
based on changes in dynamic properties of the monitored structures [16]. There is a variety of
methods both in time and frequency domain such as autoregressive methods, stochastic subspace identification, frequency domain decomposition method, which can assess the seismic
performance and health condition through different indicators [17]. The comparison of measurement data and simulation data allows a more precise prediction of damage stage and distribution within the infrastructures. Moreover, the existence of a geotechnical seismic sensor close
to the monitored facilities, allows the application of either output only or input/output methods
[18]. For different structural types, different types of damage indicators may be more effective
[16]. The functionality of the measurement chain, selected damage indicators and assessment
methods will be verified in scaled benchmark structures and substructures in laboratory in advance. In the aftermath of an earthquake, the fundamental information that should be extracted
from the monitoring system concern the operational ability of the corresponding infrastructure
depending on the distribution of damages. The smart data acquisition devices, which are capable to process data in real time and forward the crucial information to the communication network [19] play an important role in the integration of local monitoring system to the whole
early warning and response system.
4.3 Integration health monitoring system in BIM modelling
Τhe integration of the local monitoring systems of critical infrastructures in 3D BIM models
is one of the objectives of the research project. BIM is an intelligent 3D model - based process,
which promotes the interdisciplinary cooperation of different architects, engineers, constructors
and facility operators [20]. The integration of SHM systems in BIM offers geospatial content
to the measured and processed data and provides better control and management of the
infrastructure [21]. In case of an earthquake with damage potential, the visualization of damages
provides a fast and structured overview for operators of critical infrastructure and supports the
decision-making processes. Another asset concerns mainly the rescue teams for whom a
comprehensive graphic overview of the damages before entering a facility is important. Finally,
the knowledge of the updated health status of infrastructures is a useful tool for the effective
management and decision making at regional level.
The implementation is divided in two main parts: (i) the generation of a BIM Model including sensors and (ii) the coupling of the graphic objects with sensor data. For the creation of a
3D BIM model, Revit Structure 2020 [31] is selected. The principle is presented using the example of a simple steel frame structure. At first, the steel frame is designed according to the
Eurocodes. The next step is the implementation of accelerometers as separate family component
by means of an IFC class for the graphical representation of the sensors. The accelerometer
created as a family component is imported in the main model. The IFC class names IfcSensor
and IfcSensorType in Revit are classified as specialty equipment object [22]. Therefore, a subcategory “accelerometer” is manually defined in the file “exportlayers-ifc-IAI.txt”. Alternatively, it is possible to use an existing object from the Revit library, such as fire alarm. However,
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this may result in misunderstanding between different users. Revit gives the opportunity to provide static information like position, Id/name, manufacturer, type, cost etc. to each sensor [23].
However, the key challenge is the development of a “dynamic” BIM Model with continuous
connection to the actual sensor data. For this purpose, Desite MD (Manage Data) is chosen [24].
Desite MD provides the opportunity to import BIM Models as IFC files and to interact with
them through a Javascript API. The interaction is possible via an internal customized web
browser, which allows the development of user-oriented applications [25]. Two main tasks have
to be implemented: (i) the coupling of the IFC objects representing sensors with the corresponding measurements on the database and (ii) the representation of seismic damages in a 3D model.
Concerning the first target, through the API, when a graphic sensor is selected by the user, its
ID is identified and can be linked with data available in the database. The data are requested by
the API from the corresponding table of the database. In general, it is possible to request either
raw data or post-processed data. The sensor values are updated in time intervals appropriate for
the specific application. The measurements can either be represented in tabulated views or in
diagrams. The color of the sensor objects can be adapted considering the sensors operation
status and the corresponding measurements. For example, an accelerometer can be: (i) grey: for
sensor out of function, (ii) green: for sensor in function and maximum recorded acceleration
during the last 30 sec. lower than m1, (iii) orange: for sensor in function and maximum measurement during the last 30 sec. between m1 and m2 and (iv) red: for sensor in function and
maximum measurement during the last 30 sec. higher than m2. Threshold values (m1, m2) depend on the requirements of each structure. Moreover, through the web form module, a graphical interface will be developed, where the user can request various data from sensors – namely
from the database (raw or evaluated values, maximum/minimum values within a time period
etc.).

Figure 4: Visualization of damage detection after a seismic event

Regarding the damage detection, the color of monitored members/components is adapted
depending on defined damage threshold values (Figure 4). The predefined threshold values (for
instance interstorey drift ratio limits) are compared with post-processed sensor data, which result from one or more sensors. The updated model with the adapted colors of critical members/components and sensors is saved and compressed in a packed model after every update.
After a seismic event, members and sensors maintain the most unfavorable health status-color,
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even if measurements return to values below thresholds after the seismic event. The compressed
file of the model including the visual distribution of damages is forwarded to the interested
subscribers. Civil protection and rescue teams equipped with a BIM-Viewer will be able to
open on tablets or smartphones the adapted compressed 3D model, in which the identified damages are indicated e.g., by colors and descriptive labels.
5

CONCLUSION

The presented paper describes the concept of a user-oriented earthquake early warning and
rapid response system based on interconnected decentralized smart sensors and sensor systems
integrated in BIM models. Aim of the project is to contribute to the mitigation of seismic risk,
especially with respect to critical infrastructures. The investigated system is prototypically applied in Lower Rhine Region, which is one of the most important seismic areas north of the
Alps. Although its seismicity can be categorized as moderate in European context, the seismic
risk due to the population and infrastructure density is high. Exemplarily, a road bridge and a
chemical industrial facility will be monitored and investigated in a holistic approach, considering their interactions with other infrastructures and networks. The essential relay between the
seismic network (responsible for the early warning), the local monitoring systems (responsible
for the evaluation of the seismic performance and detection of damages of critical infrastructure)
and the interested parties, namely the facility operators and the local authorities, is the decentralized communication network, which enables the transfer of warning, health status and other
critical information. The integration of SHM system in BIM models is a step forward in the
management of infrastructures. The opportunity to visualize the detected damages in 3D models
will improve the understanding and the decision-making processes for facility managers and
will increase the resilience by reducing production interruptions and related economic losses.
Furthermore, it is a useful tool to support rescue teams.
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Abstract
The aim of this work is to improve the current structural health monitoring (SHM) methods for
civil structures. A field experiment was carried out on a two-span bridge with a built-in unbonded prestressing system. The bridge is a 24-metre long concrete beam resting on three bearings. Cracks were formed subsequently when a prestressing force of 350 kN was changed to
200 kN, so that different structural states could be demonstrated. The structural assessment of
this reference bridge was accomplished by the non-destructive testing using ultrasonic devices
and vibration measurements. The ultrasonic velocity variations were investigated by using the
coda wave interferometry method. The seismic interferometry technique was applied to the vibration recordings to reconstruct the wave propagation field in the bridge. This investigation
shows that the wave velocity is sensitive to the current structural state and can be considered
as the damage indicator. Overall, the implementation of coda cave interferometry and seismic
interferometry technique facilitates structural health monitoring (SHM) in civil engineering.
Keywords: structural health monitoring, non-destructive testing, coda wave interferometry,
seismic interferometry, ultrasonic measurement, prestress.
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1

INTRODUCTION

The application of prestressing and post-tensioning techniques to civil infrastructures such
as long span bridges improves the structural performance in their lifetime. Since the prestress
loss can occur while the structure is in service, it is important to monitor the prestressed civil
structures. However, a lot of studies lack the reference condition of large-scale test objects for
comparison in the evaluation.
In our study, a large-scale concrete bridge model containing a built-in unbonded prestressing
system was monitored. The variable prestressing force was a benefit to our investigation on the
bridge. As the structural capacity was enhanced by the high prestressing force, the structural
condition was considered as the baseline for damage detection. Thus, we could explore damage
indicators of the prestressed bridge.
To achieve the research aim, both active and passive procedures were applied in the field
experiment. Since damage leads to changes in the dynamic properties of the structure, vibration
monitoring is useful as a non-destructive evaluation tool. However, the measured eigenfrequencies are also sensitive to environmental influences [1]. Referring to the advantage of the wavebased method, two kinds of wave propagation were considered in our study: ultrasonic wave
propagation, which is widely used for non-destructive testing (NDT), and the resultant of seismic interferometry of noise recordings.
Ultrasonic waves are sensitive to variations of several parameters (stress, temperature, moisture) and to any kind of damage. Different mechanical wave propagation regimes have been
investigated for concrete so far [2]. In the attenuation phenomenon, the waves scatter and induce the onset of late arrival, constituting the so-called ultrasonic coda. In seismology, the coda
waves are known for its high sensitivity to small perturbations of the medium. Coda waves are
defined as the part of the signal that occurs directly after the arriving phases. In a heterogeneous
medium, the small change has less influence on the waves arriving first than on the diffusion
waves arriving later. As coda waves travel longer distances, the sampling repeats and the influence of the small change is amplified [3]. Hence, the coda energy change is more detectable
than the direct ones.
Recently, coda wave interferometry (CWI) has been used to ultrasonic coda and noise recordings in civil structures. The implementation of CWI enabled the detection of early subtle
changes in reinforced concrete structures until crack formation [4]. In an earlier study [5] using
ultrasound to monitor stress distribution and cracking in concrete beams, they were loaded until
failure to detect cracks before visual signs appear on the surface. The application of CWI to the
waveform of the cross-correlation function of two vibration records was presented in another
study [6] to analyse the wave velocity variation.
This contribution introduces the background of CWI and the application of CWI to our measurement data. We studied the effect of the post-tensioning force change based on the coda wave
velocity variation. The experiment result confirmes the applicability of the monitoring method
using CWI. This research shows the progress towards the development of a cost-effective and
reliable technique for real-time monitoring in large-scale structures.
2

CODA WAVE INTERFEROMETRY

We studied the effect of the post-tensioning force change based on the coda wave velocity
variation. For this, the same waveform in two different bridge states was compared using coda
wave interferometry (CWI). The principle of CWI is to compare the waveform consistency of
coda waves recorded in two different states. Figure 1 shows two signals recorded before and
after perturbation. The first arrivals of the signals are almost the same, while the coda wave
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Figure 1: Repeated ultrasonic signals with difference just visible in the coda [7].

The following explains how to estimate the wave velocity variation by applying the stretching method to CWI.
2.1 The stretching method
As the relative velocity decrease is defined as the stretch factor ߙ
ߙൌ

ఋ௩
௩

,

(2)

the shift time in wave propagation is represented by ݐሺͳ  ߙሻ.
Hence:
ݑୱ ൌ ݑ୭ ሺݐሺͳ  ߙሻሻ,

(3)

where the original waveform ݑ୭ is stretched and turned into ݑୱ .
According to this formulation, the sign of ߙ is negative if the waveform is compressed.
The cross-correlation between the stretched and the original waveform is then shown as follows
శ

ܥܥሺߙሻ ൌ

ష ௨ ሺ௧ ᇲ ሻ௨ೞ ሺ௧ ᇲ ሻௗ௧ ᇲ
ටశ ௨ మ ሺ௧ ᇲ ሻௗ௧ ᇲ శ ௨ೞ మ ሺ௧ ᇲ ሻௗ௧ ᇲ
ష
ష

(4)

The cross-correlation coefficient (CC) is considered as a quality indicator. If two waveforms
are identical, the cross-correlation coefficient is equal to 1. Vice versa, the cross-correlation
coefficient between -1 and less than 1 indicates the difference depending on the dilation level.
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2.2 Application
We investigated the impulse response in the different prestressed states using coda wave
interferometry. One waveform was considered as a reference and the other was stretched by the
factor α in a range [-݀ݒ, ݀]ݒ. The best α was determined by comparing CWI in the reference
waveform and the stretched waveform. Such an α maximizes the cross-correlation of two compared waveforms. At the same time, the wave velocity change is obtained in the best fit condition. As a result, we could study the relationship between the prestressing force variations,
temperature change and wave propagation velocity in the concrete bridge model.
3

EXPERIMENT

3.1 Test structure BLEIB
The test structure was a prestressed concrete bridge model exposed to the nature environment
at the BAM test site [8]. No traffic vibrations were induced as background noise on the bridge.
The bridge model has been used for various loading and vibration tests. Thereby, vertical cracks
had developed near the two midspans (Fig. 2). For our study, no additional external load was
applied to the bridge, thus no significant post-cracking behavior occurred. This reduced the
confusion of the external interferon.

Figure 2: The damage condition after vibration and loading tests (photographed in 2018).

We induced the natural damage by opening the already existing cracks. Initially, we increased the prestressing force up to 550 kN (level 1 in Tab. 1) and then adjusted the magnitude
of the prestressing force (level 2-9 in Tab. 1) to obtain the different event extensions of the
already existing cracks.
Level

Prestressing
force [kN]

1
2
3
4
5
6

553
457
403
353
300
255
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7
8
9

200
353
455
Table 1: Prestressing force level.

3.2 Vibration measurements
We implemented passive monitoring by vibration measurement. Geophones (Fig. 3 left)
were used and the sampling rate was 600 Hz. The blue markers in Fig. 4 indicate the geophones’
position. The distance between every two adjacent geophones is 3 m.

Figure 3: Sensors. Left: geophones. Right: ultrasonic transducers SO807 [9].

Figure 4: Side view of the bridge and sensor positions.

Figure 5: Impulse response in Level 2. Left: hammer impact received at the position 2. Right: seismic interferometry of the ambient noise at the position 1 and 2.

We directly obtained the real impulse response caused by the impulse source excited by the
hammer impact (the position reference to the black arrow in Fig. 4). The measured impulse
response lasted 20 sec. Fig. 5 on the left shows the impulse response received at the position 2.
We also performed the ambient vibration measurement for 3 min. for each prestressing level.
To extract the virtual impulse response, the seismic interferometry technique (the cross-
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correlation method) dealing with the reconstruction of Green's functions between two receivers
was used. One of these two receivers was turned into a virtual source. Finally, two virtual impulse responses extracted from 3-minute measurement data were stacked and normalized. Fig.
5 on the right shows the impulse waveform with the window size of 20 sec. between position 1
and position 2.
3.3 Ultrasonic measurements
For active monitoring, we performed the ultrasonic transmission measurement. 14 ultrasonic
transducers “SO807” ([9], Fig. 3 right) were mounted inside the bridge during its construction
before casting (position reference to the green markers in Fig. 4 and Fig. 6). This sensor can
operate as both a transmitter and a receiver. The ultrasonic wave was generated with a central
frequency of 60 kHz. The sampling rate is 1MHz. In the measurement, 10000 samples were
taken.

Figure 6: The embedded SO807 sensors in a cross section.

4

RESULTS

First, we show the modal analysis results of the bridge finite element model and the evaluation of the influence of the prestressing force on the natural frequency. Then the results of the
ultrasonic impulse response, the real impulse response and the virtual impulse response are
presented. The influence of temperature and prestressing on the coda waves is finally discussed.
4.1 Natural frequency and structural stiffness
The opening/close of the already existing cracks caused the overall stiffness change. Consequently, the structural dynamic behaviour changed due to the superposition of two effects from
the prestressing force and the cracks. The comparison of the first natural frequency in the simulation of the intact bridge model (Fig. 7) with the measured result in the Level 1 state (Fig. 8
left) showed that the current bridge condition is damaged.

Figure 7: Half span of the finite element (FE) model (left). The first mode shape corresponds to 3.9 Hz (right).

Furthermore, Fig. 8 shows the first two modal frequencies in the Level 1 and 7 states. The
decrease of natural frequencies depends on the prestress loss and the event extension of the
already existing cracks in the bridge. Based on this, we were able to demonstrate different structural states by adjusting the prestressing force.
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Figure 8: Natural frequency spectrum. Left: Level 1. Right: Level 7.

4.2 Influence of temperature and prestress change
On the measurement day, the ambient temperature increased from 28 Ԩ to 30 Ԩ during the
prestressing adjustment from Level 1 to Level 9. Therefore, the high prestress level coincides
with the high measured concrete temperature. The increasement in concrete temperature was
higher than that of the ambient temperature. The results (Fig. 9 and 10) show that in our case
the velocity variation is independent from the temperature change.

Figure 9: Ultrasonic coda velocity variation. Left: the fixed reference (Level 2). Right: the stepwise reference.

Figure 10: Impulse wave velocity variation (fixed reference: Level 2). Left: obtained from the real impulse response. Right: obtained from the virtual impulse response.
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4.3 Discussion
Although Fig. 8 shows the natural frequency change due to the overall stiffness change, it is
difficult to quantify the real damage condition and even more difficult to detect the structural
property alteration with smaller prestress changes. Moreover, the natural frequency as a global
dynamic characteristic is not sensitive to the damage location.
Fig. 9 and 10 show that the variation in velocity for both the ultrasonic coda and the impulse
response coda corresponds very well with the prestress change. Particularly the velocity variation of the ultrasonic coda was greater in the west side than in the east sides (Fig. 9 left). The
high sensitivity of the ultrasonic coda came as a benefit in the detection of the local damage
condition. The wave velocity variations in the impulse response received at the position 1 and
2 were the same (Fig. 10 left). Thus, the hammer impact had the same influence on both receiver
positions. Comparing the results shown in Fig. 10, the velocity variation in the virtual impulse
response fits the prestress change better than the real impulse response. The applicability of
seismic interferometry used to extract the virtual impulse response for CWI is approved. In
addition, a significant drop in velocity variation was observed between Level 6 and 7. We state
that this result is caused by the open cracks. This revealed the influence of the post-tensioning
force on the already existing cracks.
5

SUMMARY AND OUTLOOK

Contrary to many researchers who have focused on the assessment of ultrasonic waves in
concrete specimens in the laboratory, our study explored the applicability of ultrasound on a
large-scale bridge model in a field experiment. The damage condition and the experiment setting made this bridge an ideal test structure to perform not only active, but also passive monitoring. Coda wave interferometry was applied to the ultrasonic coda and the vibration
recordings. We investigated the effect of the prestressing force change based on the coda wave
velocity variation. The monitoring schemes were verified by the good match of the coda wave
velocity variation and the prestress alteration.
One drawback of our experiment is that the ultrasonic measurement duration at different
prestress levels is too short to obtain the relationship between the temperature and the wave
velocity. Performing a long-term measurement without prestress change will be our next step
to investigate the dependence of the coda wave velocity variation on temperature.
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Abstract
The determination of seismic risk is the foundation for risk mitigation decision-making and a
key step in risk management. Large corporations and other enterprises (e.g., local governments) analyze their 'portfolio' of properties, to determine how to best allocate limited funds
for structural strengthening of buildings, or other risk reduction measures such as emergency
planning. When assessing the seismic vulnerability of buildings, it is essential to first establish the project objectives, before subsequently choosing the most appropriate strategy and
tools necessary for building assessment and fulfillment of these objectives. It is also extremely
important to understand the difference between the detailed approaches used for individual
building assessment and those methods most efficient for larger scale analysis, pursued for
city center assessment. While the latter results can be used as a general measure of seismic
risk for different types of buildings, the actual seismic risk for any individual building may
vary considerably and will depend upon its exact configuration and condition. In this study,
some historical masonry buildings located in Alsace France are considered and the dynamic
characteristics of these structures were estimated by the analysis of seismic noise recordings
by sensors installed at each floor of the buildings under study. The estimated dynamic properties for small amplitude vibrations of these historical structures were used to derive fragility
curves through vulnerability models with different level of complexity and accuracy. These
fragility curves have been calculated using incremental dynamic analysis for the seismic demands generally imposed upon linear and slightly nonlinear models of single and multiple
degrees of freedom, which is the case for the effects of induced seismicity. Considering the
latter case of induced seismicity, the vulnerability assessment requires the expected damage
to refer to non-structural components. The conclusions through comparison of the results of
this study in terms of refinement of the verified structural models will prove useful for both
local end-users and industrial stakeholders, with a clear perspective for a better understanding of the risk related to induced and triggered seismicity and its sound management.
Keywords: fragility curves, non-structural components, masonry, induced seismicity.
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1

INTRODUCTION

The determination of seismic risk is the foundation for risk mitigation decision-making, a
key step in risk management. Large corporations and other enterprises (e.g., local governments) analyze their 'portfolio' of properties to best allocate limited funds for structural
strengthening of buildings or other risk reduction measures such as emergency planning.
When assessing the seismic vulnerability of buildings, it is essential to first establish the project objectives before choosing the most appropriate strategy and tools necessary for building
the assessment and fulfilment of these objectives. It is also extremely important to understand
the difference between the detailed approaches used for individual building assessment and
those methods most efficient for larger-scale analysis, pursued for city center assessment.
While the latter results can be used as a general measure of seismic risk for different types of
buildings, the actual seismic risk for any individual building may vary considerably and will
depend upon its exact configuration and condition.
In this study, some historical masonry buildings located in Alsace France, are considered,
and the dynamic characteristics of these structures were estimated by the analysis of seismic
noise recordings by sensors installed at each floor of the buildings under study [1],[2].
In the considered test site, the analysis of the collected exposure information indicates that
traditional or historical masonry structures occur in large numbers near to the mostly rural areas close to the geothermal platforms in Alsace region in France [3]. Two general classes of
structures, namely unreinforced masonry (URM) and timber-framed masonry (TFM) buildings, have been considered, and the simple performance assessment models [1],[2] have been
adopted in order to carry out a preliminary vulnerability assessment for these classes of structures. The objective is to rapidly identify buildings and their non-structural components that
are at greater risk in the event of an induced earthquake, and to model their non-structural fragility.
The vulnerability modelling focused on buildings constructed of masonry, which may be
more susceptible to the range of ground motion expected in the event of induced seismicity in
the area. The measurements have been carried out using the MPwise (Multi-Parameter Wireless Sensing System) smart device [4], which has been designed to carry out rapid measurement activities by exploiting the computing and advanced networking capacities embedded in
individual units. Based on environmental, seismic noise measurements, the fundamental frequency of vibration of the inspected buildings has been estimated and used to calibrate the
respective fragility curves.
In collaboration with GFZ and ES-Géothermie a three-day acquisition campaign was organized, which involved installing four sets of sensors in private houses located in villages located around the Soultz and Rittershoffen geothermal sites. The fundamental period of these
structures was verified by analyzing the ambient noise measured using the MPwise sensors
[4], with one sensor installed outside of the buildings and the three others installed on each
floor of the houses (basement, ground floor and first floor). The sensors were installed to record the ambient noise and to draw a vulnerability mode that allows the issuing of damage
forecasts (Table 1, [1],[2] ). Finally, the main geometry required as input for the simplified
vulnerability models was taken through field inspection of these buildings.
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No

Building
Type

Building
Latitude

Building
Longitude

Fundamental
ESDOF Model
Period (s)

1
2
3
4
5

URM
URM
URM
TFM
URM

48.964946
48.902075
48.905270
48.914307
48.932865

7.881095
7.874917
7.950266
7.882233
7.874377

0.17
0.37
0.11
0.15
0.32

Fundamental Frequency Sensor
(Hz)
5.5
2.7
9
6.7
3.1

Table 1: Real URM and TFM buildings located near the geothermal platforms in Alsace region in France [1],[2].

2

INCREMENTAL DYNAMIC ANALYSIS OF EQUIVALENT SINGLE DEGREE
OF FREEDOM SYSTEM (ESDOF)

The estimated dynamic properties for small-amplitude vibrations of these historical structures were used to derive simplified vulnerability models. While steel or concrete frames are
mostly lumped systems with stiff diaphragms, URM buildings have distributed mass and
stiffness commonly in combination with flexible diaphragms. This fact obstructs the adoption
of the established methodologies to URM buildings. Specifically, the latter buildings' fundamental mode shape involves a low percentage of the total mass of the building below the 75%
limit required for the good performance of ESDOF-based methods. In order to solve this issue,
the simplified procedure of Vamvatsikos and Pantazopoulou (2015) [5] was adopted. In their
procedure, the dynamic URM building response is represented. Global response indices are
transformed to local deformation measures in closed-form seismic assessment solution both
for demand and supply in the critical structural locations. The solution involves the definition
of the fundamental vibration mode, approximated by 3D shape function consistent with the
building's boundary conditions. Strength and deformation indices are adopted for the evaluation of the acceptance criteria. Typical local failures are estimated through a local shape of
deformation while the model captures the global dynamic characteristics. The adopted method
allows the automation of the necessary calculations through closed-form expressions.
In the case of TFM the walls are reinforced with timber elements, both horizontal and vertical, but also X-type diagonal braces. It is evident historically, since the Bronze Age, that the
timber reinforcement into masonry walls is strongly related to seismic resistance in earthquake-prone areas. In TFM walls, there is also recent experimental and numerical evidence [6]
that the diagonal braces' contribution is vital for walls' lateral behaviour in the nonlinear range
due to early detachment of the masonry infill from the surrounding timber frame in the event
of an earthquake. It is also observed that the diagonals in tension detach from the surrounding
frame for very low horizontal displacement. Therefore, it is suggested [6] that the diagonals
should contribute to the lateral behaviour only in compression and, moreover, the infill masonry walls of the timber frame should not be considered in the analytical model. Based on
these considerations, a macro-model was proposed [6],[7] where its input can be easily determined since it involves only the key geometric characteristics of the timber panels and the
timber strength. The latter model facilitates the seismic assessment of TFM walls resulting in
a valuable tool for simplified seismic vulnerability and risk analyses [8]. Based on the resulting pushover curves produced by pushover analysis [9] of the TFM walls' macro-model, a
shape-function is defined for the derivation of the ESDOF properties which is similar to the
methodology already described for URM buildings [5].
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Figure 1: Proposed analytical fragility curves for first damage state (pre-yielding damage state –DS1-0.1%
drift limit for non-structural damage [14]) for Unreinforced Masonry Buildings (URM) and Timber-Framed Masonry Buildings (TFM). The buildings are located near the geothermal platforms in Alsace France and are loaded
in the weak/short plan view direction of shaking. The fundamental period of these structures was verified with
ambient noise measurements through applied sensors [1].

Considering these real TFM and URM building cases in Alsace France (Table 1) the corresponding fragility curves are derived in terms of Peak Ground Acceleration (PGA) with the
aid of structural analysis for a gradually increasing intensity (Incremental Dynamic Analysis IDA) [10]. The latter analysis of ESDOF of the building cases under study was performed
with the MATLAB [11] toolbox FEDEAS Lab [12]. The PGA values of the recordings used
in the IDA with the corresponding PGV values follow the rule that for very flexible structures
(structures with very high fundamental periods) the relative velocity response spectrum of the
used record tends to the peak ground velocity (PGV). The induced ground motions obtained
from the PEER database were employed and applied in the transverse/short/weak building
plan direction [13]. As already mentioned, the fundamental periods of these structures were
verified with ambient noise vibration measurements using sensors [4] located at each floor of
the buildings under study (Table 1). Moreover, the main geometry required as input for the
simplified vulnerability models was taken through field inspection of these buildings. The results are shown in Fig. 1. Comparing the fragility curves for URM and TFM buildings, it can
be noticed that URM buildings have approximately the same range of probability of damage
while the more earthquake-resistant TFM building is less fragile for low and medium intensities.
3

INCREMENTAL DYNAMIC ANALYSIS OF THREE-DIMENSIONAL MODEL

The above fragility curves (Fig. 1) have been developed using IDA for the seismic demands generally imposed upon linear and slightly nonlinear (serviceability limit state) models
of single and multiple degrees of freedom, which is the case for the effects of induced seismicity. If considering the latter case of induced seismicity, the vulnerability assessment requires the expected damage to refer to non-structural components [14]. In this section, a
comparison is provided of the results of this study in terms of refinement of the verified structural model for the No.1 building in Table 1 that will prove helpful for both local end-users

1011

Filippos Alogdianakis, Konstantinos G. Megalooikonomou and Georgios S. Papavasileiou

and industrial stakeholders, with a clear perspective for a better understanding of the risk related to induced and triggered seismicity and its sound management.
3.1

Structural modelling process

In this work, the production of analytical fragility curves for URM buildings is demonstrated on a box-shaped unreinforced masonry structure, presented in Figure 2. Namely, this
building comprises the town hall of Keffenach (URM building No.1 of Table 1) in the Alsace
region in France. It can be observed in Figure 2 that the building has one storey, a roof attic
and one basement. In the same Figure, the respective views of the structural model are presented.
The structural model was assessed using thick-shell elements for modelling the URM walls,
thin-shell elements for the reinforced concrete floor slab, while wooden elastic frame elements with rectangular section were used for modelling the roof members. As far as it concerns material properties and the structure's dimensions, they can be found in the previous
work of Megalooikonomou (2020) [2], where ESDOF analysis was performed. The ESDOF
model of the URM building did not include an analytical roof model. However, it was found
that the roof's bearing structure affected the period of the eigenmodes. Thus, for the analytical
3D model (Fig. 2), the roof was designed to resemble the actual building and obtain the fundamental period corresponding to 0.17 s (Table 1) obtained from the installed sensors.

Figure 2: URM building's actual views and the generated model's respective views
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3.2

Time history analysis
Producing the analytical fragility curves of the 3D model requires a number of actual induced ground motion recordings, which after scaling, were used in elastic time
history analysis of the 3D model. In this work, ground motion data of 9 induced earthquakes was used [13]; more information can be found in Megalooikonomou et al.
(2018) [1]. The ground motion data was incrementally scaled based on its Peak
Ground Acceleration to obtain different shaking levels. The levels of ground acceleration used for scaling were 10 and ranged from 0.1g (9.81 m/s2) to 1g (with increments
of 0.1g). Regarding the application of the scaled ground motions, 100% of the motion
was applied in the primary (weak) direction (i.e. parallel to the y-axis in Figure 2),
while 30% of the same ground motion was applied simultaneously in the secondarystrong direction (i.e. parallel to the x-axis in Figure 2).
After performing all 200 (20 recorded ground motions x 10 scale factors) elastic
time history analyses, the ground motion that produced the largest displacements of
the URM building is demonstrated for completeness of the present paper's results.
This ground motion was recorded at the Luther Middle School station (Sparks, Oklahoma, USA) in 2011, and the earthquake had a moment magnitude of 5.68 at an epicentre distance of 54 km and generated a peak ground motion of 0.27g [13]. Figure 3a
depicts the scaled ground motion of the earthquake rendering the largest displacements
of the 3D model. Moreover, the same Figure presents the time-dependent displacements for the node of the URM walls where the maximum displacement was observed
for the weak building direction of applied ground motion (Figure 3b) and the same in
the strong building direction (Figure 3c).

Figure 3: (a) Ground motion of earthquake producing maximum displacements; (b) node displacement for
weak building direction (y-direction in Figure 2) and (c) node displacement for strong building direction (xdirection in Figure 2).

3.3

Analysis results

The results of the elastic time history analyses of the 20 ground motions and the considered
scale factors for the 3D and ESDOF models were used to fit log-normal distributions for each
model. Figure 4a presents the probability density functions of the 3D model and ESDOF. His-
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tograms of the natural logarithm of maximum drift comprise the analysis actual results that
allowed normal distributions to be fitted for both 3D and ESDOF models (Figure 4a). The fits
were used to estimate the fragility curves for the different levels of Peak Ground Velocity
(PGV) depicted in Figure 4b [see also Figure 1 (URM, T=0.17s)]. It is evident from Figure 4b
that the 3D detailed analytical model results to a more vulnerable to non-structural damage
historical masonry building.

Figure 4: Analysis results for ESDOF and 3D model: (a) Relative frequency and probability density function
of the natural logarithm of the maximum drift at height 3.81m and (b) Fragility curves – PGV in (m/s).

4

CONCLUSIONS
x The estimated dynamic properties for small amplitude vibrations of the historical structures near the geothermal platforms in Alsace, France considered in this work were used
to derive simplified vulnerability models that were compared with a detailed 3D model
for one of these masonry buildings under study.
x Moreover, Eurocode 8 defines the interstorey drift limit of a building for non-structural
damage by looking at its displacement-sensitive non-structural components at the serviceability limit state. Adopting these limits and the developed vulnerability models, new
non-structural fragility curves for typical historical masonry building types dominant in
the region under study are proposed.
x The fragility curves have been calculated using incremental dynamic analysis for the
seismic demands generally imposed upon linear and slightly nonlinear models of single
and multiple degrees of freedom, which is the case for the effects of induced seismicity.
x A comparison is provided of the results of this study in terms of refinement of the verified structural model. It is evident that using simplified vulnerability models compared to
detailed 3D structural models may lead to a considerable error regarding the probability
of non-structural damage due to induced seismic events.
x These results will prove useful for both local end-users and industrial stakeholders, with
a clear perspective for a better understanding of the risk related to induced and triggered
seismicity and its sound management.
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Abstract
Several scenarios can trigger bi-axial shear in reinforced concrete (RC) vertical members
such as wind actions, earthquake, column loss induced by explosions and/or impacts. The majority of standard codes impose uniaxial shear verification of vertical members and neglect
the interaction between shear forces and bending moments acting along the two principal directions of inertia of the transversal cross section. Moreover, bi-axial shear interaction
curves proposed by codes are based on the fitting of experimental data conducted on heavily
reinforced specimens. In this paper, the bi-axial shear failure envelope of existing RC columns, is investigated. A database previously published by Authors on experimental data on
beams and columns tested under bi-axial loading is updated. Afterwards, the experimental
shear resistances of the database’s members subjected to both monotonic and cyclic loading
are compared with analytical predictions. Three different formulations are adopted for the
analytical calculation of the uniaxial shear resistance: (i) Model Code 2010, (ii) Eurocode 8
and (iii) the cyclic shear resistance recently proposed by Biskinis and Fardis. Such resistances are adopted to create the bi-axial shear failure envelope. Finally, the shape of the bi-axial
shear failure envelope is critically analysed in order to select the formulation that provides
the best fitting between experimental and analytical bi-axial shear resistances.
Keywords: Reinforced Concrete columns, Bi-axial shear, Analytical prediction.
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1

INTRODUCTION

Seismic as well as wind actions can trigger bi-axial shear in reinforced column members [1].
Moreover, in the robustness assessment of structures, the bi-axial shear demand in beams and
columns - associated to vertical element loss scenarios - was also highlighted, even if international codes and guidelines such as Unified Facilities Criteria [2] and Eurocodes [3], [4], are
considering only the verifications in the case of uniaxial shear scenarios. Hence, even if the
bi-axial shear demand covers almost all the fields of structural engineering, the bi-axial shear
resistance is almost neglected in European Codes. Several experimental campaigns were carried out during years to investigate the bi-axial monotonic or cyclic shear behaviour of reinforced concrete columns. Usually, square or rectangular sections were investigated. An early
study was conducted by Maruyama et al. [5] in 1979. They observed that the applied lateral
loads did not significantly affect the column shear strength until the maximum lateral drift
was greater than that corresponding to the maximum monotonic shear strength. Woodward et
al. [6] in 1980 conducted several experimental tests on squat reinforced concrete columns
with the aim to investigate the effects of both longitudinal and transversal reinforcement ratios.
They did not observe a significant increase of the lateral strength with reducing the stirrups
spacing. Umehara et al. [7] in 1982 investigated 20 columns with square and rectangular sections subject to unilateral and diagonal loadings. They observed that the shear capacity of
squat columns under diagonal loadings could be evaluated based on the response in the two
principal directions using interaction domains. In particular, for square section a circumference function can be used to represent the bi-axial shear domain, while an elliptical curve can
be used for rectangular sections. In the experimental program by Joh and Shibata [8] in 1984,
columns square and rectangular cross-sections were tested under lateral bi-axial loading until
achievement of shear failure, using a normalized interaction domain respect to the shear
strength along principal directions. Mizoguchi et al. [9] in 1990 investigated the effects of
varying axial load on bi-axial loading response of squat columns, observing that columns diagonally loaded had a 5-6% lower resistance compared with counterparts loaded along principal directions. In more recent studies by Pham et al. [10] and Dang et al. [11] the shear
strength mechanisms were associated to the lack of transversal reinforcement and vulnerability of low-rise structures characterized by in-plane and elevation irregularities. The mentioned
experimental tests were collected from the authors in a Database [12] and used for comparisons with analytical provisions [13].
Actually, the majority of international normative and guidelines such as Model Code 2010 [14]
and Eurocode 8 [15] neglect the interaction between shear and bending acting along the two
principal directions of cross section. Conversely, the Japan Society of Civil Engineers (JSCE)
guidelines [16] can consider bi-axial loading capacity using an interaction domain.
In this paper, three analytical formulations are considered in order to calculate the uniaxial
shear resistance; in particular the formulation proposed by Eurocode 8 [15], Model code 2010
[14] and Biskinis and Fardis [17] .
Afterwards, according to Japanese Code [16], the bi-axial failure criterion is evaluated Finally,
the bi-axial shear resistances are compared with the experimental results collected by Authors
in their database.
2

EXPERIMENTAL DATABASE

In the following, the experimental database collected by Authors is reported in terms of member geometry, reinforcement ratios, mechanical properties and loading conditions. Columns
have square or rectangular cross section. The boundary conditions are mostly fixed at the base
and allow the lateral displacement at the top according to the so called “shear type” scheme,
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see Figure 1a. Only in the experimental campaign conducted by Dang et al. [11], the boundary conditions allow lateral displacement and rotation at the top of the column. The loading is
applied at the top of columns by applying monotonic or cyclic forces, Figure 1b.
The axial load can be varied to study its influence of shear resistance and lateral drift capacity.

b

h

L

(a)

(b)

Figure 1 Test setup: (a) specimen geometry and static scheme; (b) cross-section shear/bending decomposition.

Maruyama et
Section
al. (1979)
properties
b
h
[mm] [mm]
00-V-0-I Uni 305 305
00-V-V-S-Diag 305 305
Specimen

Longitudinal
reinforcement

Loading condition
Q
0
0

Concrete
strength

Stirrups

D a/d Loading d
)
U
Uw
fyw
fsy
Φw sw
History
[°] [-]
[mm] [mm] [-] [MPa] [mm] [mm] [-] [MPa]
0 2.1 Cyclic 219 19 2.44% 448
6
65 0.29% 469
45 - Cyclic
19 2.44% 448
6
65 0.29% 469

fc
[MPa]
35
35

Table 1 Experimental setup and specimen features, by Maruyama et al. [5].

Woodward et
Section
al. (1980)
properties

Longitudinal
reinforcement

Loading condition

Concrete
strength

Stirrups

b
h
Q
D a/d Loading d
)
U
Uw
fyw
fsy
Φw sw
[°] [-] History [mm] [mm] [-] [MPa] [mm] [mm] [-] [MPa]
[mm] [mm]
0-86-14-DM 305 305
0
45 - Cyclic
19 2.44% 503
6
65 0.29% 503
19 2.44% 503
6
65 0.29% 503
C-86-14-DM 305 305 0.16 45 - Cyclic
Specimen

fc
[MPa]
41
36

Table 2 Experimental setup and specimen features, by Woodward et al. [6].

Umehara H. et Section
al. (1982)
properties
Specimen
OUS
OUW
CUS
CUW
2CUS
CDS30
CDW30

b
[mm]
230
410
230
410
230
230
230

h
[mm]
410
230
410
230
410
410
410

Longitudinal
reinforcement

Loading condition
Q
0
0
0.162
0.162
0.270
0.132
0.135

D a/d Loading
[°] [-] History
0 1.6 Cyclic
0 2.4 Cyclic
0 1.6 Cyclic
0 2.4 Cyclic
0 1.6 Cyclic
30 - Cyclic
60 - Cyclic

d
)
U
fsy
Φw
[mm] [mm] [-] [MPa] [mm]
284 19 3.01% 441
6
188 19 3.01% 441
6
284 19 3.01% 441
6
188 19 3.01% 441
6
284 19 3.01% 441
6
19 3.01% 441
6
19 3.01% 441
6

sw
[mm]
89
89
89
89
89
89
89

Uw
[-]
0.28%
0.31%
0.28%
0.31%
0.28%
0.28%
0.55%

Table 3 Experimental setup and specimen features, by Humehara et al. [7].

1018
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strength

Stirrups
fyw
[MPa]
413
413
413
413
413
413
413

fc
[MPa]
40
40
35
35
42
43
42
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Joh, O.,
Shibata, T.
(1984)
Specimen
SS-0-N0 (+)
SS-0-N0 (-)
SS-0-N1 (+)
SS-0-N1 (-)
SS-0-N2 (+)
SS-0-N2 (-)
SS-22.5-N0 (+)
SS-22.5-N0 (-)
SS-22.5-N1 (+)
SS-22.5-N1 (-)
SS-22.5-N2 (+)
SS-22.5-N2 (-)
SS-45-N0 (+)
SS-45-N0 (-)
SS-45-N1 (+)
SS-45-N1 (-)
SS-45-N2 (+)
SS-45-N2 (-)
SR-0-N1 (+)
SR-0-N1 (-)
SR-30-N1 (+)
SR-30-N1 (-)
SR-60-N1 (+)
SR-60-N1 (-)
SR-90-N1 (+)
SR-90-N1 (-)

Section
properties
b
[mm]
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
225
225
225
225
225
225
400
400

h
[mm]
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
300
400
400
400
400
400
400
225
225

Longitudinal
reinforcement

Loading condition
Q
0
0
0.17
0.17
0.33
0.33
0
0
0.17
0.17
0.33
0.33
0
0
0.17
0.17
0.33
0.33
0
0
0.17
0.17
0.17
0.17
0.17
0.17

D a/d Loading
[°] [-] History
0 1.7 Cyclic
0 1.7 Cyclic
0 1.7 Cyclic
0 1.7 Cyclic
0 1.7 Cyclic
0 1.7 Cyclic
23 - Cyclic
23 - Cyclic
23 - Cyclic
23 - Cyclic
23 - Cyclic
23 - Cyclic
45 - Cyclic
45 - Cyclic
45 - Cyclic
45 - Cyclic
45 - Cyclic
45 - Cyclic
0 1.2 Cyclic
0 1.2 Cyclic
30 - Cyclic
30 - Cyclic
60 - Cyclic
60 - Cyclic
90 2.4 Cyclic
90 2.4 Cyclic

d
[mm]
265
265
265
265
265
265
365
365
190
190

)
[mm]
19.1
19.1
19.1
19.1
19.1
19.1
19.1
19.1
19.1
19.1
19.1
19.1
19.1
19.1
19.1
19.1
19.1
19.1
19.1
19.1
19.1
19.1
19.1
19.1
19.1
19.1

U
[-]
2.25%
2.25%
2.25%
2.25%
2.25%
2.25%
2.25%
2.25%
2.25%
2.25%
2.25%
2.25%
2.25%
2.25%
2.25%
2.25%
2.25%
2.25%
2.25%
2.25%
2.25%
2.25%
2.25%
2.25%
2.25%
2.25%

fsy
[MPa]
390.3
390.3
390.3
390.3
390.3
390.3
390.3
390.3
390.3
390.3
390.3
390.3
390.3
390.3
390.3
390.3
390.3
390.3
390.3
390.3
390.3
390.3
390.3
390.3
390.3
390.3

Concrete
strength

Stirrups
Φw
[mm]
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
5.85
5.85
5.85
5.85
5.85
5.85
5.85
5.85

sw
[mm]
63
63
63
63
63
63
63
63
63
63
63
63
63
63
63
63
63
63
71
71
71
71
71
71
71
71

Uw
[-]
0.30%
0.30%
0.30%
0.30%
0.30%
0.30%
0.30%
0.30%
0.30%
0.30%
0.30%
0.30%
0.30%
0.30%
0.30%
0.30%
0.30%
0.30%
0.34%
0.34%
0.34%
0.34%
0.50%
0.50%
0.28%
0.28%

fyw
[MPa]
306.9
306.9
306.9
306.9
306.9
306.9
306.9
306.9
306.9
306.9
306.9
306.9
306.9
306.9
306.9
306.9
306.9
306.9
306.9
306.9
306.9
306.9
306.9
306.9
306.9
306.9

fc
[MPa]
22.95
22.95
23.34
23.34
23.24
23.24
22.36
22.36
21.87
21.87
24.71
24.71
26.87
26.87
23.73
23.73
25.89
25.89
23.63
23.63
25.10
25.10
26.28
26.28
24.81
24.81

fyw
[MPa]
393
393
511
511
511
511
393
511
511
511

Concrete
strength
fc
[MPa]
23
28
31
29
30
29
27
31
30
29

Table 4 Experimental setup and specimen features, by Joh & Shibata [8].

Pham et al.
(2013)

Section
properties
b
h
Specimen
[mm] [mm]
S.C-2.4-0.20 350 350
SC-1.7-0.2
350 350
S2.4-30
350 350
S2.4-45
350 350
S1.7-30
350 350
S1.7-45
350 350
R.C-1.7-0.35-S 250 490
R.C-1.7-30
250 490
R.C-1.7-45
250 490
250 490
R.C-1.7-60

Loading condition
Q
0.2
0.2
0.2
0.2
0.2
0.2
0.35
0.35
0.35
0.35

D
[°]
0
0
30
45
30
45
0
30
45
60

a/d Loading
[-] History
3.3 Cyclic
2.4 Cyclic
- Cyclic
- Cyclic
- Cyclic
- Cyclic
1.6 Cyclic
- Cyclic
- Cyclic
- Cyclic

Longitudinal
reinforcement
d
)
U
fsy
Φw
[mm] [mm] [-] [MPa] [mm]
255 20 2.05% 545
6
255 20 2.05% 545
6
20 2.05% 545
6
20 2.05% 545
6
20 2.05% 545
6
20 2.05% 545
6
379 20 2.05% 545
6
20 2.05% 545
6
20 2.05% 545
6
20 2.05% 545
6

Stirrups
sw
[mm]
125
125
125
125
125
125
125
125
125
125

Table 5 Experimental setup and specimen features, by Pham et al. [10].
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Uw
[-]
0.13%
0.13%
0.13%
0.13%
0.13%
0.13%
0.18%
0.18%
0.18%
0.18%
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Mizoguchi et
al.(1990)
Specimen
0V04+
0V040V15+
0V150VA04+
0VA040VA15+
0VA152V04+
2V042VA04+
2VA044V04+
4V044V15+
4V154VA04+
4VA044VA15+
4VA15-

Section
properties
b
h
[mm] [mm]
180
180
180
180
180
180
180
180
180
180
180
180
180
180
180
180
180
180
180
180

180
180
180
180
180
180
180
180
180
180
180
180
180
180
180
180
180
180
180
180

Longitudinal
Concrete
Stirrups
reinforcement
strength
D a/d Loading d
)
U
fsy
Φw sw
Uw
fyw
fc
[°] [-] History [mm] [mm] [-] [MPa] [mm] [mm] [-] [MPa] [MPa]

Loading condition
Q
0.44
0
0.57
-0.1
0.44
0
0.54
-0.1
0.39
0
0.38
0
0.4
0
0.52
-0.1
0.4
0
0.5
-0.1

0
0
0
0
0
0
0
0
23
23
23
23
45
45
45
45
45
45
45
45

1.7
1.7
1.7
1.7
1.7
1.7
1.7
1.7
-

Cyclic
Cyclic
Cyclic
Cyclic
Cyclic
Cyclic
Cyclic
Cyclic
Cyclic
Cyclic
Cyclic
Cyclic
Cyclic
Cyclic
Cyclic
Cyclic
Cyclic
Cyclic
Cyclic
Cyclic

132
132
132
132
132
132
132
132
-

12.7
12.7
12.7
12.7
12.7
12.7
12.7
12.7
12.7
12.7
12.7
12.7
12.7
12.7
12.7
12.7
12.7
12.7
12.7
12.7

3.13%
3.13%
3.13%
3.13%
3.13%
3.13%
3.13%
3.13%
3.13%
3.13%
3.13%
3.13%
3.13%
3.13%
3.13%
3.13%
3.13%
3.13%
3.13%
3.13%

342.3
342.3
342.3
342.3
342.3
342.3
342.3
342.3
342.3
342.3
342.3
342.3
342.3
342.3
342.3
342.3
342.3
342.3
342.3
342.3

4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4

41
41
41
41
41
41
41
41
41
41
41
41
41
41
41
41
41
41
41
41

0.51%
0.51%
0.51%
0.51%
0.51%
0.51%
0.51%
0.51%
0.51%
0.51%
0.51%
0.51%
0.51%
0.51%
0.51%
0.51%
0.51%
0.51%
0.51%
0.51%

273
273
273
273
273
273
273
273
273
273
273
273
273
273
273
273
273
273
273
273

26
26
26
26
27
27
27
27
31
31
31
31
29
29
29
29
29
29
30
30

Table 6 Experimental setup and specimen features, by Mizoguchi et al. [9].

Dang et al.
(2018)
Specimen
FS 10 U (+)
FS 10 U (-)
FS 10 B (+)
FS 10 B (-)
SC 10 U (+)
SC 10 U (-)
SC 10 B (+)
SC 10 B (+)

Section
properties
b
[mm]
300
300
300
300
300
300
300
300

h
[mm]
300
300
300
300
300
300
300
300

Longitudinal
reinforcement

Loading condition
Q
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

D a/d Loading d
)
U
fsy
[°] [-] History [mm] [mm] [-] [MPa]
0
3 Cyclic 254 19 2.52% 400
0
3 Cyclic 254 19 2.52% 400
17 - Cyclic
19 2.52% 400
17 - Cyclic
19 2.52% 400
0
3 Cyclic 254 19 2.52% 400
0
3 Cyclic 254 19 2.52% 400
17 - Cyclic
19 2.52% 400
17 - Cyclic
19 2.52% 400

Φw
[mm]
10
10
10
10
10
10
10
10

sw
[mm]
200
200
200
200
300
300
300
300

Table 7 Experimental setup and specimen features, by Dang et al. [11].
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Concrete
strength

Stirrups
Uw
[-]
0.26%
0.26%
0.26%
0.26%
0.17%
0.17%
0.17%
0.17%

fyw
[MPa]
400
400
400
400
400
400
400
400

fc
[MPa]
27
27
27
27
27
27
27
27
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3

ANALYTICAL FORMULATIONS

In this paragraph, the analytical formulations provided by Eurocode 8 [15], MC 2010 [14] and
Biskinis & Fardis [17] model are briefly reported.
3.1

Eurocode 8

Firstly, the formulation provided by Eurocode 8 [15] is reported. The yield chord rotation capacity is evaluated for beams and columns, Eq. (1):
Ty

Iy

§

Lv

 0.0013 ¨ 1  1.5

©

3

db f y
·
 0.13I y
¸
Lv ¹
fc
h

(1)

The ultimate chord rotation capacity is evaluated through, Eq. (2):
0.225

§

f yw

·

¨ DU
¸
ª max 0.01; Z c º § Lv ·
100 U
f ¹
(2)
Tu
0.016  0.3 «
f c » ¨ ¸ 25©
1.25
J el
max
0.01;
Z
h
©
¹
¬
¼
The strength degradation due to cyclic loading is calculated as a function of the ductility μΔpl
which is calculated by the ratio between the plastic and the yield chord rotation, Eq. (3):

1

0.35

sx

Q

c

Tu

P'pl

Ty

d

1

(3)

The value of μΔpl may vary between 0 and 5, corresponding to null and maximum degradation,
respectively. The resisting shear strength Vr under cyclic conditions can be determined using
Eq. (4):
Vr

1 h  x

®

J el ¯ 2 Lv

^

>

ª
¬«

@

§ Lv ·º
¸
© h ¹¼»

min( N ; 0.55 Ac f c )  1  0.005 min(5; P 'pl ) 0.16 max > 0.5;100 Utot @ 1  0.16 min ¨ 5;

`

½

f c Ac  Vw ¾

¿

(4)

Three contributions are considered: the axial load magnitude N, steel reinforcement ratio ρtot
and the plastic ductility μΔpl.
3.2

Model Code 2010

The Model Code 2010 [14] formulation is based on in the Level of Approximation (LoA)
framework for the evaluation of the shear resistance. LoA I and II are used for both members
with and without transverse reinforcement while LoA III can be used only for members with
shear reinforcement. Since stirrups are provided in all the analysed members, in this paper the
LoA III is used for the calculation of the shear resistance. The longitudinal strain εx is evaluated in correspondence of the mid-depth of the effective shear depth as follows, Eq. (5):
Hx

'ee · º
ª M Ed  V  N § 1 '
¸
Ed
Ed ¨
2  Es  As «¬ z
© 2 z ¹ »¼
1

(5)

The shear resistance VRd for elements with stirrups is calculated through Eq. (6):
VRd

VRd , c  VRd , s d VRd ,max (T min )

(6)

To consider the cyclic degradation effects, Model Code 2010 imposes the use of the following
strut inclination angles (linear interpolation is allowed):
 wherever the plastic part of the chord rotation demand is more than twice the elastic
part θy, set cotg(θ) = 1.
 for elastic flexural response, with zero plastic chord rotation, set cotg(θ) = 2.5.
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3.3

New proposal by Biskinis and Fardis

The new proposal by Biskinis and Fardis [17] for the assessment of the cyclic shear resistance
is based on the monotonic shear resistance of Model Code 2010. The new model allows to
consider the degradation effect associated to cyclic loading, by applying the following modifications to the shear resistance formulation proposed in Model Code 2010:
 The longitudinal strain εx is firstly evaluated in correspondence of the section middepth:
1 § M Ed N Ed
1 § max M N · ·
§
·
Hx

 VEd ¸ d min ¨ 0.02;
 ¸¸
(7)
¨P
¨P
z
z
2 As Es ©
2
2 As Es ©
2 ¹¹
¹
©
 The contribution due to the axial load N in columns is considered by adding the term
VR,N given in Eq.(8) :
VR , N

N

hx
2 Ls

(8)

Where x is the neutral axis and Ls is the shear span.
 The contribution of transverse steel to shear resistance is:
VR ,S

Uwbw zf yw cot T

(9)

Where the upper limit on the yield stress of shear reinforcement is set equal to
f yw min f yw ;6 / Uw .
 The contribution of concrete to shear resistance is:

§
·
0.4
VEd
°kV
¨¨1 
¸
1  1500H x © VRd ,max (T min ) ¸¹
°
(10)
®
f ck
°
VRd ,c kV
z  bw
°
J
c
¯
The shear resistance is calculated based on the selected Level of Approximation as follows:
 For LoA II: VR VR , N  VR ,s d VR ,max
 For LoA III: VR

VR , N  VR ,s  VR ,c d VR ,max

VR

VR

VR

In this study, the Level of Approximation III is used. Note average mechanical properties and
partial safety factors equal to 1 are used to compare analytical and experimental shear resistances. The comparisons of the shear capacity in terms of resistance and ductility obtained
by using the three formulations are reported in Figure 2.

μθ,pl

μθ,pl

μθ

(a)

(b)

(c)

Figure 2 Capacity curves for: (a) Model Code 2010 [14]; (b) Eurocode 8 [15]; (c) Biskinis and Fardis [17].
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The previously explained formulations are adopted to calculate the shear resistance under
monotonic or cyclic loading along the two principal directions of the transversal cross section
of the column. Afterward, to account for bi-axial shear resistance, the interaction domain proposed by JSCE [16] is used, according to Eq. (11):
2

2

§ VEd , x · § VEd , y ·
(11)
¸ 1
¨Ji
¸  ¨Ji
© VRd , x ¹ © VRd , y ¹
In Figure 3 are reported possible failure modes of RC columns, based on the intersection between bilinear flexural and shear (based on EC8 [15] approach) capacities curves. Indeed,
three failure modes are possible based on the intersection between simplified bilinear flexural
capacity and shear resistance provided: (i) flexural failure, without intersection with shear capacity, (ii) mixed flexural-shear failure after achievement of flexural yielding, (iii) shear failure before flexural yielding. In this study, shear and mixed flexural-shear failure modes are
considered.

Flexural capacity

VR

Shear capacity

Shear failure
Flexural-shear failure

Flexural failure

μRθ,pl

Figure 3 Exemplificative flexural vs shear (EC8 [15] approach) capacities and failure modes.

4

RESULTS AND DISCUSSION

In this paragraph the bi-axial domains obtained from experimental results and analytical formulations are plotted and compared. Average mechanical properties and partial safety factors
equal to 1 are used for calculations. Figure 4 and Figure 5 are related to specimens without
and with compressive axial load, respectively.
Figure 4 shows that the analytical provision by Biskinis & Fardis [17] tends to underestimate
the shear resistance compared to Model Code 2010 and Eurocode 8 provisions. This is attributed to the reduction coefficient equal to 1.8 introduced in the kε formulation by Biskinis
& Fardis [17] which accounts for cyclic loading. Indeed, this coefficient affects the magnitude
of VRd,max calculated at θmin equal to 21.8° as provided for LoA III, see Eq. (12):
1

kH
°
1.8 1.2  55H1
°
(12)
®
f ck
°V
T
kH K fc 
 b  z  sin(T min )  cos(T min )
°̄ Rd ,max min
Jc w
As consequence, the coefficient kV and the corresponding concrete shear resistance contribution VRd,c reported in Eq. (10) are relatively small.

1023

Belletti B., Ravasini S., Alberici A.
Joh et al. SS υ=0
250.00

Mizoguchi et al. 0V- υ=0
100.00

EN 1998-3 (A.1)
EN 1998-3 (A.4)

Biskinis D, Fardis MN. (2020)

200.00

80.00

Model Code 2010 (Cyclic)
Experimental resistance

60.00

VRy

VRy

150.00

100.00

40.00

50.00

20.00

ϕ 12.7 mm

ϕ 19.12 mm

0.00ϕw 6 mm
63 mm
sw0.00

50.00

100.00

150.00

200.00

ϕw 4 mm
0.00
sw0.00
41 mm

250.00

20.00

40.00

VRx

60.00

80.00

100.00

VRx

(a)
(b)
Figure 4 Interaction domains N = 0: (a) Joh & Shibata specimen SSN0-; (b) Mizoguchi et al. specimen 0V-.

Figure 5 shows that in the case of compressive axial force applied to columns, the analytical
approaches proposed in Eurocode 8 and by Biskinis & Fardis provide a better fitting of the
experimental results. Indeed, the former approaches consider the additional beneficial term
related to the compressive axial load contribution, which for Eurocode 8 is defined by Eq.
(13), while for Biskinis & Fardis [17], is defined by Eq. (8):

VR , N

hx
min( N ;0.55 Ac f c )
2 Ls

(13)

Conversely to the mentioned approaches, the Model Code 2010 consider the effect of the axial force only in the strains’ calculation of the longitudinal reinforcement, according Eq. (5).
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Figure 5 Interaction domains N < 0: (a) Joh & Shibata specimen SSN2+; (b) Pham et al. specimen R.C1.7.
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Moreover, by analysing the formulations in Eq. (8) and (13), it is evident the dependency on
the cross-section height h, the shear span Ls and neutral axis depth x. This latter term is fundamental and can be calculated using different assumptions based in the cross-section deformability level: (i) at ultimate limit state considering tensile rebars at yield and concrete at a
compressive strain of 3.5 ‰, (ii) at the elastic state, where compressive concrete strain is below 2 ‰, thus the hypothesis of linear stresses is valid. Therefore, the assumption adopted to
calculate the neutral axis should be coherent with the assumed ductility level.
5

CONCLUSIONS

This paper treats the calculation of the bi-axial shear resistance of reinforced concrete columns under cyclic loading. Such shear capacity is calculated by adopting the interaction domains provided by JSCE, starting from the uniaxial resistances of columns calculated along
the principal axes of the transversal cross section. Moreover, three different analytical approaches from Eurocode 8, Model Code 2010 and the new proposal by Biskinis & Fardis are
compared with available experimental tests collected in a Database created by Authors. The
results show that:
 In absence of axial force, the interaction domains calculated from Model Code 2010
(LoA III) provide higher resistances than Eurocode 8 and Biskinis & Fardis approaches and a better fitting of experimental evidences. This is attributed to the fact that in
the new formulation by Biskinis & Fardis, a reduction coefficient equal to 1.8 - which
accounts for cyclic loading - is applied to the concrete compressive strut resistance.
This leads to a considerable reduction of concrete contribution to shear resistance.
 In presence of compressive axial force, the interactions domains calculated from Model Code 2010 (LoA III) provide lower resistances compared to Eurocode 8 and
Biskinis & Fardis approaches. This is attributed to the additional term accounting for
the beneficial contribution of compressive axial load. The new proposal from Biskins
& Fardis provide a better fitting of experimental evidences compared to the other analytical provisions considered in this paper.
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Abstract
In the last years, a growing attention has been devoted to the seismic vulnerability assessment
of existing Reinforced Concrete (RC) framed buildings designed only for gravitational loads.
The seismic behavior of existing framed buildings with an inner RC stairwell core has been
investigated much less so far, even if this structural typology has known a certain spread from
the Seventies onwards, especially in the Italian largest urban areas. In this work, the seismic
behavior a relevant and representative example of existing pre-code RC core medium rise
building is evaluated by performing nonlinear pushover analyses. The effect of different modelling assumptions regarding the degree of collaboration between frames and RC walls on the
structural response is discussed. The influence of masonry infills on the global structural response is also evaluated by running the analyses both on the bare structure and on a structural model considering a distribution of masonry panels not regular in elevation: the latter
distribution corresponds to a typical situation for the considered typology.
Keywords: reinforced concrete, core systems, non-linear analysis, existing structures, infills.
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1

INTRODUCTION

A significant share of the existing Italian Reinforced Concrete (RC) building stock was designed for gravity loads only (so-called pre-code buildings), or according to now outdated
seismic standards. Consequently, those buildings are generally vulnerable to seismic actions,
often showing a non-ductile behavior, due to the non-optimal in-plan distribution of the structural elements (with frames only in one direction and stair cores often placed in an asymmetric position), poor structural details and material properties, deterioration phenomena due to
environmental exposure conditions and to a limited maintenance over time.
During the past years, a lot of efforts were devoted to assessing vulnerability of existing
RC framed buildings, which represent the most widespread structural typology within the RC
building stock, not only in Italy, but also in several other seismic-prone countries in the Mediterranean area. The vulnerability of these structures is typically represented in terms of fragility curves, which express the probability of exceeding a predefined damage level for a wide
range of ground motion intensities [1,2]. However, from the Seventies onwards, the presence
of multi-story RC frames with shear walls realizing the elevator or stairwell core, has become
increasingly common, especially in larger urban areas. It is well known that a correct in-plane
disposition of the walls, together with an adequate choice of their dimensions and reinforcement, guarantees a good seismic response of modern RC structural wall buildings, reducing
the inter-storey drift at damage limit state and providing enough ductility and strength at collapse. Nevertheless, in pre-code RC core structural systems, the position of elevator or stairwell core often creates structural irregularities and torsional actions, whose effects, together
with the poor detailing of reinforcement (both in the walls and in the frame elements) should
be carefully taken into account in vulnerability assessment studies. The specific features of
existing core buildings, together with the high stiffness of the walls, make their seismic response quite different from that of framed structures, and consequently a different definition
of the damage states used for the construction of fragility curves, as well as of the corresponding engineering demand parameters, may be required [3].
A further complication in the vulnerability assessment of these buildings is related to the
presence of masonry infills. It is well known that infills significantly alter the seismic response of RC framed buildings, by producing a remarkable increase of lateral stiffness and
base shear, as well as a reduction of the period of vibration. Moreover, their spatial arrangement within the framed structure can cause irregularities in the distribution of masses and
stiffnesses, both in-plan and/or in elevation, with possible detrimental effects on the seismic
response, as proved by observed damage data collected in post-earthquake surveys (i.e.,
among others, [4-8]). If almost uniformly distributed, infills can instead reduce the dissipation
energy demands in frame elements, as well as the maximum displacements of the structure.
For this reason, even if infills are traditionally treated as “non-structural” elements, it would
be better to include their presence in numerical analyses, to allow a more realistic representation of the global behavior of the structure. Masonry panels are commonly schematized
through equivalent nonlinear inclined struts, which represent a good compromise between accuracy and simplicity (i.e. [9-12]). The most of the studies available on this topic in the literature are however mainly focused on infilled RC frames, while the effect of masonry panels in
case of framed buildings with an inner RC core has been less investigated so far. In this case,
an irregular distribution of infills may alter the expected damage state sequence, due to the
interaction between the infills themselves and the RC walls.
In this study analyzes the seismic response of a prototype pre-code RC 6-storey building
with frames aligned in the longitudinal direction and RC walls realizing an internal asymmetric stair core. Pushover analyses are performed on the finite element model of the structure, by
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simulating frame components with beam elements and the shear walls with shell elements.
The nonlinear behavior of RC walls is taken into account through PARC_CL_2.1 constitutive
model [13], implemented into the finite element code ABAQUS [14]. The influence of different modelling choices on the global response of the building is explored, by considering the
two alternative assumptions of linear elastic pendulum frames and non-linear collaborating
frames. Moreover, the influence of infills and of their progressive damage on the global response is investigated, by highlighting their effects in terms of displacement capacity, global
stiffness and strength.
2

CASE STUDY

The case study analyzed in this paper is a representative a typical pre-code RC 6-storey
building, with frames aligned in the longitudinal direction and RC walls realizing an internal
asymmetric stair core. The building has a rectangular plan, with dimensions equal to 11.7 m x
24.4 m, and a total height of 19.04 m. An interstorey height of 3.06 m is assumed, except for
the ground floor, where it is set equal to 3.74 m. This lower level is partially underground.
The framed structure consists of six bays in the longitudinal direction, with spans ranging between 2.8 m and 5.2 m, and two bays with the same span (equal to 5.7 m) in the transverse
direction. As can be seen from the floorplan depicted in Figure 1, in transverse direction
beams are present only in the external frames. The stairwell core, which is realized with
200 mm thick RC walls, has an asymmetric position in plan.
Slabs are composed with parallel RC joists, running through the transverse direction, and
interposed hollow clay blocks, with a 400 mm thick RC topping. Over the last floor, an inclined roof is realized by means of masonry walls with variable height and ceramic flooring
blocks. For intermediate floors, a dead load equal to 6.2 kN/m2 is assumed, and an additional
permanent load of 2.0 kN/m2 is also applied to account for the presence of internal partitions;
the live load is set equal to 2.0 kN/m2. For the last storey, a dead load of 7.2 kN/m2 and a live
load of 1.2 kN/m2 (snow) are instead considered.

Figure 1: Typical floorplan of the examined case study building (dimensions in cm).

The considered case study represents a typical Gravity Load Designed (GLD) building,
without specific provisions for earthquake resistance. RC elements forming the frame are designed to sustain vertical loads only. Beams are realized within the thickness of the slab forming the floor (240 mm), and have a variable width, ranging from 300 to 500 mm for the
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external frames, and equal to 1200 mm for the internal one. Columns dimensions are typically
equal to 300 x 300mm or 300 x 400 mm, except those belonging to the inner frame, which
have a variable cross-section, ranging from 500 mm x 400 mm at the lower storey, to
300 mm x 400 mm at the top storey. The walls around the stairwell are conceived as a core
system with high stiffness and are designed to sustain the wind load and a conventional horizontal action equal to 0.5% of the weights. As regards material properties, C25/30 concrete
(with fcd = 14.2 MPa) and B450 steel (with fy = 391 MPa) are assumed. Further details on the
considered case study structure can be found in [15, 16], to which reference is made.
Vertical closures of the buildings are realized by means of double layer brick infills, with a
total masonry thickness of (120 + 60) mm. Opening distribution within infills is depicted in
Figure 2. Opening dimensions are assumed equal to 1.2 x 1.3 m. As can be seen, infills are
assumed to be completely missing only in the rear side of the building (both on the right-hand
and left-hand sides of the RC wall belonging to the core) at the lower level, so to allow the
entry to garages. This not-regular infill distribution has been chosen since it is quite common
for this type of buildings.

(a)

(b)

(c)

Figure 2: Sketch of the opening distribution within infill panels: (a) main façade; (b) rear side; (c) lateral side of
the case study building.

3

MODELLING ASSUMPTIONS

The seismic behavior of the case study structure is studied by performing nonlinear pushover analyses, with the commercial Finite Element (FE) software ABAQUS [14].
As already highlighted, the considered building can be treated as a wall-equivalent dual
system, since the elements belonging to the frame are designed for vertical loads only, while
possible horizontal loads are mainly absorbed by the walls of the inner core. Taking in mind
this aspect, two different models are realized, which are characterized by different complexity
and different degree of interaction between the frame and the core during the earthquake. In
Model#1, the collaboration of the frame in sustaining horizontal actions is completely disregarded, and all the sources of nonlinearity are simply assigned to the walls forming the core,
while beams and columns are assumed as linear elastic. Regarding FE choices, pendulum
frame components are modelled by using three-node beam elements with 2 integration points
for columns, and 2-node truss elements with one integration point for beams.
In Model#2, the possible interaction between the frame and the core walls is explicitly taken into account (collaborating frame). In this case, beam elements are adopted for the modeling of all the frame component, with 3 nodes and 2 integration points for columns, and 2
nodes and 1 integration point for beams. The nonlinear response of beams and columns is
dealt with a concentrated plasticity approach, and consequently they are modelled through
elastic elements with rotational hinges at the ends. The assigned moment-curvature relation is
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calculated by adopting Saenz law with ultimate strain equal to 3.5·10-3 for concrete and an
elastic-perfectly plastic law for steel.
As concerns the presence of infills, the analyses are repeated twice, by considering two different configurations (Figure 3): the limit case of the bare structure (no infills present) and the
“real” distribution of infills depicted in Figure 2.

(a)

(b)

Figure 3: FE model: (a) bare structure; (b) structure with infills, according to the distribution depicted in Figure 2.

In this second case, the effect of infills on the global behaviour of the case study structure
is assumed as equivalent to diagonal bracing, by adopting the single-strut model proposed in
[12]. Each panel is replaced in the FE model by an equivalent pin-jointed diagonal strut,
working only in compression, made with the same material of the infill and characterized by
the trilinear lateral force-displacement relation shown in Figure 4a. The first branch of the
curve represents the linear elastic response of the infill up to cracking, and its slope can be
evaluated as:
Ki

Gw Lin t w
H in

(1)

as a function of the geometric dimensions of the infill (respectively being Lin, Hin and tw the
length, the clear height, and the thickness of the panel), and of the shear modulus of the masonry Gw.
The cracking force Fc is assumed equal to 0.6 the maximum strength of the infill Fm, which
is in turn expressed as:

Fm

0.818

Lin t w f tp
CI

1  CI2  1

(2)

with:
CI

1.925

Lin
H in

(3)

and being ftp the cracking strength of the infill (which can be determined from diagonal compression tests). It is assumed that the strength Fm is reached at a storey drift equal to 0.2% and
0.15% respectively in case of infills without and with openings. It should be noted that Equations (1-2) are referred to the horizontal direction, and consequently it is necessary to transform them in the inclined direction T to obtain the force-displacement envelope of the
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diagonal strut. The displacement at collapse is assumed equal to 5 Dm, being Dm the displacement corresponding to the maximum force (Figure 4a, [12]).
A further reducing coefficient is introduced to represent the presence of openings within
the infills and to account for their effect on the initial stiffness and strength of the struts, having the following expression:

O0

1

1.5 L0
t0
Lin

(4)

being L0 the horizontal length of the opening. In this work, the following values are assumed
for masonry properties: Gw = 1080 MPa and ftp = 0.3 MPa for the external layer;
Gw = 400 MPa and ftp = 0.1 MPa for the internal one.
In order to reduce computational efforts, even if the infill panels are formed by a double
masonry layer, only a single strut (instead of two superimposed struts) is considered, and its
force-displacement relation is evaluated as the envelope of those of the two layers. Moreover,
in order to insert this relation within the adopted FE code, it is further reworked and expressed
in terms of stress vs. strain curve (an example is reported in Figure 4b).
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Figure 4: (a) Force-displacement relation for the diagonal struts representing the masonry infills (adapted from
[12]; (b) implemented stress-strain law (referred to a strut of unit area), evaluated as the envelope of the two masonry layers.

In both Model #1 and Model #2, the RC walls of the core are modelled with 8-node, onelayered shell elements, with 4 Gauss integration point in the shell plane and 5 Simpson integration points in the thickness (element type S4R5). The nonlinear behavior of the walls under cyclic loads is considered by means of a user-defined constitutive law, named PARC_CL
2.1 [13], which is written in the form of a Fortran subroutine and implemented as a User
MATerial (UMAT) in ABAQUS. PARC_CL 2.1 can be included in the framework of fixed
smeared crack models, and it is based on a total strain formulation. The reinforcement is assumed to be smeared within the hosting concrete element through the reinforcement ratio Us.
PARC_CL 2.1 was developed starting from a well-validated constitutive model for membrane
elements subjected to general plane stresses, named PARC [17], which was previously conceived at the University of Parma for the analysis of RC structures under static loads. For static loads only, an alternative model based on a strain decomposition approach and named 2DPARC model is also available at the same University [18, 19].
PARC_CL 2.1 can be applied for the prediction of the cyclic and dynamic response of RC
structures since it includes the effects of plastic and irreversible deformations in the unloading-reloading phase [20]. The model also allows to correctly catch other aspects which can be
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very important in the analysis of existing RC structures, such as the buckling of longitudinal
reinforcement [21], time-dependent effects and the corrosion of reinforcement [22], which
however lie outside of the scope of this work.
Finally, the presence of rigid diaphragms is included in the FE model by applying a kinematic coupling condition, which constrains the displacements of the nodes at each floor level
to those of a reference “master” node. The maser node is herein assumed coincident with the
bottom-left corner of the RC core.
4

NLFEA: PROCEDURE, RESULTS AND DISCUSSION

The behavior of the case study building under seismic actions is investigated by performing pushover analyses on the different FE models described in Section 3. To this aim, two lateral force distributions are considered: a uniform pattern (uniform response acceleration) and
a triangular pattern (or modal pattern) proportional to the displacement shape of the first mode
[23, 24]. To take into account the effect of the accidental eccentricity of loads, by limiting at
the same time the number of performed analyses, the center of mass is shifted away from its
original position, so to maximize its distance from the center of stiffness. This new position of
the center of mass is determined by combining the two accidental eccentricities in X and Y
directions, calculated according to [24]. The lateral response is described in terms of base
shear vs. top displacement relationship. The top displacement is set equal to the average of the
values registered at two nodes, placed at the opposite corners of the roof floorplan, i.e. the upper-right and at the lower-left ones (Figure 1).
The results obtained from pushover analyses for Model #1 and Model #2 without infills are
shown in Figure 5, with reference to lateral force distributions acting along the negative X and
Y directions. As can be seen, Model #2 is characterized by a higher bearing capacity with respect to Model #1 when considering lateral forces acting in –X direction, thanks to the additional resisting contribution offered by the three longitudinal frames. On the contrary, the lack
of internal beams connecting the columns in the transverse direction makes almost negligible
the bearing contribution of frame elements for seismic loads acting along –Y, and the global
behavior is consequently governed by the walls belonging to the core. In both models, the
asymmetric position of the internal core gives rise to torsional effects, as demonstrated by the
deformed shape plotted in Figure 6, which is referred to Model #2 without infills, for a uniform lateral load distribution respectively acting along +X and +Y direction.
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Figure 5: Base shear- top displacement curves obtained for Model #1 and Model #2 without infills from pushover analyses: (a) forces acting along –X direction; (b) forces acting along –Y direction.
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(a)

(b)

Figure 6: Deformed shape of the case study building obtained from Model #2 without infills subjected to a uniform lateral load distribution acting along direction (a) +X and (b) +Y.

The influence of infills on the global behavior of the structure is shown in Figure 7. For the
sake of brevity, only the comparisons based on Model #2 (with collaborating frames) are proposed in the case of uniform lateral load distribution acting in the –X direction. To take into
account the progressive damage of infills on the seismic response, the following procedure is
proposed. At first, the analysis is carried out by considering the presence of infills according
to the distribution depicted in Figure 2 (“Model #2 with infills” in Figure 7). The results of the
model are then elaborated so to detect the progressive degradation of infills panels. More in
detail, the time increment corresponding to the achievement of the degrading branch of the
force-displacement curve in some of the masonry panels is found, and the analysis is restarted
from that increment, by removing the damaged infills through the ABAQUS option *MODEL
CHANGE, REMOVE, and re-applying the horizontal load distribution. This operation is then
repeated until almost all the infills are collapsed, so obtaining a sort of “envelope” curve
(“Model #2 with infills – progressive infill damage” in Figure 7). For comparison, an additional “lower-limit” curve is also plotted (“Model #2 with infills – complete infill removal” in
Figure 7), which is obtained by removing all the infills together, at the time increment corresponding to the first appearance of damage in some of them. It can be seen that the presence
of infills greatly increase the lateral stiffness and strength of the structure; however, with the
progressive damage of the panels, the base shear-top displacement curve obviously tends to
superimpose that of the bare structure.
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Figure 7: Base shear-top displacement curve for Model #2 with and without infills, with indication of the progressive damage of masonry panels.
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The sequence followed for the removal of damaged infills (which are marked in red) is also sketched in Figure 7. It can be observed that the damage distribution within masonry panels is strictly related to the torsional deformation of the building under seismic loads (Figure
8), with a consequent stress concentration localized in some bays of the structure. Furthermore, it can be seen that the degrading branch of the force-displacement curve is reached before in those masonry panels characterized by a greater length Lin, where a higher number of
openings is assumed according to Figure 2.

Figure 8: Deformed shape for Model #2 with infills, corresponding to point 1 of the base shear-top displacement
curve reported in Figure 7, when the fist panels start to damage.
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Figure 9: Displacement and inter-story drift profiles corresponding to point 1 in Figure 7.

In correspondence of point 1 in Figure 7, over 33% (almost 45% if referring only to the Xdirection) of the infill panels at the second storey have reached they maximum resistance and
start to degrade. It can then be assumed that this point corresponds to the reaching of the socalled “Damage Limitation” state (DL LS, see, i.e., [4]), which is defined as a first limit state
characterized by quite limited damage almost localized in non-structural elements, that should
be easily and economically repaired (also known as slight damage state, LS1). The average
values of lateral displacement profile corresponding to point 1 in Figure 7 are shown in Figure
9. The same Figure also reports the inter-storey drift ratio, evaluated as the average lateral
displacement difference between two consecutive floors (inter-storey drift), divided by the
height of the storey. The maximum obtained ISD ratio is comparable with the threshold values (typically ranging between 0.1 and 0.25%) suggested in the literature to define the limit
state corresponding to slight damage in numerical analyses on framed structures; these values
are conventionally adopted when infills are not explicitly included in the FE model.
A further check on the model results reveals that when the first infills start to damage,
yielding in RC elements of the frame has not been reached yet, and also the spreading of
cracks in the RC walls of the core is very limited. On the contrary, yielding strain of longitu-
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dinal reinforcement is already registered in some portions of the walls (see Figure 10a; it
should be noted that the condition Hs,long > Hy is already reached for an average top displacement of 11 mm, corresponding to the yellow star in Figure 7). This behavior can be explained
in the light of the particular distribution considered for infills, which is not-regular in elevation on the rear side of the building, so producing a stress concentration in the RC walls.
Moreover, the modelling technique adopted for infills (though diagonal struts) is probably not
optimal in case of RC walls, since it may lead to concentrated loads on the shell elements
connected to the nodes of the strut. In this specific case study, the not-uniform infill distribution is then responsible for a change in the expected damage sequence, since the yielding of
the reinforcement of the walls (which corresponds to a moderate damage, LS2) is reached before the damage of masonry infills (corresponding to slight damage LS1). However, further
analyses with different infill distributions are required to draw more general observations.
In a previous work [3] focused on the same structural typology (frame + inner core) investigated herein, the Authors have suggested as a possible criterion for the definition of slight
damage limit state LS1 when infills are not explicitly included in the model, the reaching of
the cracking strain in the RC elements of the shear walls, by following an approach conceptually similar to that described in FEMA 356 [25]. With reference to the pushover curve reported in Figure 7 (“Model #2 – bare structure”), this criterion leads to the reaching of LS1 for an
average top displacement value equal to 6.75 mm (green star in Figure 7). The ISD ratio profile corresponding to that situation is reported in Figure 10b, together with a contour showing
the crack pattern in the core walls, as obtained from Model #2 without infills. As can be seen,
these values are lower than those commonly associated to infill damage in framed structures.
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Figure 10: (a) Strain field in the longitudinal reinforcement of the walls corresponding to point 1 in Figure 7; (b)
ISD ratio and crack pattern obtained from Model #2 without infills, in correspondence of the green star of Fig. 7.

5

CONCLUSIONS

The results proposed in this paper confirm that presence of an asymmetric core, which is
quite typical of pre-code RC buildings realized in large urban centers in the last 40 years, significantly affects the seismic response of the structure, giving raise to torsional effects. Specifically, the following main observations can be highlighted:
x The walls belonging to the core absorb the larger part of the lateral loads; however, the
resistant contribution offered by frames (which are usually aligned in one direction only)
is not negligible.
x The presence of infills modifies the global response of the structure, providing a remarkable increase the lateral stiffness and strength of the structure, as observed in framed
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structures. The reaching of the limit state corresponding to slight damage is often evaluated on the basis of the progressive appearance of damage in infills; when they are not
explicitly included in numerical analyses, a conventional value of inter-story drift is often
assumed. In case of framed structures with a RC core, alternative approaches, based on a
material-level approach, can be also followed.
x Infill distribution has a great influence on the structural response and on the damage sequence taking place in structural and non-structural elements under seismic loads; further
studies are required to draw general indications for the individuation of the damage states
to be considered in derivation of fragility curves.
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Abstract
The main part of the existing buildings in the Mediterranean area is extremely vulnerable to
seismic actions. Since a complete renewal of the building heritage is not possible, the seismic
assessment of existing structures has gained importance to identify the structural deficiencies
and design the most appropriate retrofit interventions. Nonlinear dynamic analysis is widely
recognised as the most accurate tool to predict the seismic behaviour of structures. However,
it has high computational cost and is not suitable for professional purposes. To provide a tool
that reliably assesses the seismic behaviour of structures, with an acceptable computational
burden, nonlinear static methods of analysis have been developed.
This paper proposes a multimodal adaptive procedure named overDamped Displacement
Adaptive Procedure (D-DAP) for seismic assessment of RC frames. The D-DAP is ruled by
two main parameters: the value of top displacement adopted as step size and the number of
modes of vibrations deemed significant for the determination of the load vector. Furthermore,
the D-DAP is equipped with an equivalent damping law to consider the increase of the energy
dissipation due to the cumulated damage in both structural and non-structural members.
The goal of this paper is to determine the values of the displacement step size and the number
of modes of vibration necessary to achieve a suitable accuracy by means of the D-DAP. In
addition, a new equivalent damping law is calibrated considering also infilled frames. In fact,
nonlinear static analysis provided in literature are not optimised to estimate the nonlinear
behaviour of infilled frames, despite the well known influence of infill panels on the structural
response. A parametrical investigation that includes frames with and without infills is conducted. A set of 54 RC frames have been designed to be representative of existing buildings
with various levels of seismic deficiencies and analysed. The adopted research methodology
assumed the response obtained by Incremental nonlinear Dynamic Analysis (IDA) as target.
Keywords: nonlinear static analysis, infill walls, RC frames, seismic assessment.
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1

INTRODUCTION

Recently, increasing efforts have been devoted by the scientific research to develop methods of analysis to predict the seismic behaviour of existing structures. Since real structures
cannot keep an elastic behaviour under strong earthquakes, an accurate estimation of the
seismic performance of existing structures requires the determination of the inelastic deformation experienced by structural members during earthquakes. To this end, the nonlinear dynamic analysis is considered the most reliable tool. However, due to its complexity and high
computational cost, this type of analysis is still considered accessible only for experts in seismic engineering and is not suitable for daily professional use.
From the need of a tool that estimates the inelastic deformations of structures subjected to
earthquake with relative low computational burden, the scientific research has developed the
nonlinear static methods of analysis. Among the approaches available in scientific literature,
the Capacity Spectrum Method (CS), proposed by Freeman [1], and the N2 Method, proposed
by Fajfar [2], are the most popular. Although the results obtained by these analyses are generally deemed adequate for low-rise plane frames, common nonlinear static analyses do not take
into account the contribution of higher modes of vibration to the seismic response, and do not
consider the progressive reduction of the structural stiffness due to the nonlinear behaviour of
the structure. To improve the level of accuracy, advanced nonlinear static methods of analysis
were developed. Among others, innovative approaches are the DAP proposed by Pinho et al.
[3, 4], and the Advanced N1 method proposed by Lenza et al. [5, 6]. Despite the innovative
character of these two latter methods, they still suffer from some approximations: the DAP
still requires the use of an equivalent SDOF system for the evaluation of the displacement
demand, whilst the Advanced N1 method neglects the effect of the energy dissipation due to
the inelastic behaviour of the structure.
An additional important aspect is that existing structures are generally endowed with infill
panels. Usually, infills are considered nonstructural elements, and their contribution to the
seismic response is “conservatively” neglected. However, frames with infill panels have a
significantly larger stiffness, and their dissipative capacities and collapse mechanisms are
deeply influenced by the presence and mechanical properties of infills. Despite this, neither
the nonlinear static methods of analysis suggested by codes, nor the advanced nonlinear static
methods were conceived to estimate accurately the nonlinear behaviour of infilled frames,
which may be “unconservatively” predicted.
To overcome these issues, in a previous paper [7] the authors proposed a multimodal adaptive nonlinear static procedure named overDamped Displacement Adaptive Procedure (DDAP). This method was developed by combining the approach by Antoniou and Pinho [3]
and Pinho et al. [4] to update the load vector, with the procedure by Lenza et al. [5, 6] to associate the peak ground acceleration to the displacement demand. The D-DAP explicitly considered the increase of the energy dissipation due to the cumulated damage in the structure and,
to this end, the equivalent viscous damping ratio was updated at each step of the pushover
analysis. The goal of this paper is to calibrate the value of the parameters ruling the method,
i.e. number of modes to be enveloped and size of the incremental step. In addition, an equivalent damping law is calibrated here on RC framed structures, with and without infills. Then,
the efficiency of the calibrated method in predicting the seismic response of RC frames is investigated. To this end, a set of 54 RC frames has been designed to be representative of existing RC buildings, suffering from various types and levels of seismic deficiency. The set of
case studies includes frames endowed with infill panels with negligible, medium and large
stiffness and strength. The adopted research methodology assumed the response obtained by
Incremental nonlinear Dynamic Analysis (IDA) as target.
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2

THE OVERDAMPED DISPLACEMENT ADAPTIVE PROCEDURE

The proposed D-DAP is structured in three main steps: (1) definition, application and scaling of the load pattern, (2) association of the displacement demand to the corresponding PGA,
(3) overdamping correction. The three steps are repeated until the structural collapse (or a target displacement) is achieved. Figure 1 shows the flowchart of the procedure.
The D-DAP applies a displacement load pattern, that is updated at every step of the analysis
according to the modal shapes of the structure at the current step. For this reason, at the beginning of every step of D-DAP a modal response spectrum analysis is run. The modal response spectrum analysis is carried out assuming an elastic spectrum having a reference peak
ground acceleration ag,ref and 5% equivalent viscous damping ratio. The contributions of n
modes of vibration to the seismic response are considered. The displacement Di of the load
pattern (at the i-th storey) is calculated as the sum of the interstorey drifts 'k from storey 1 to
the i-th storey, following the interstorey displacement-based scaling approach suggested in [3, 4]:
i

Di

¦'

k

(1)

k 1

The interstorey drift 'k is determined at every storey as the SRSS combination of the considered modal shapes. The displacements obtained by Equation 1 are normalised to keep the
maximum displacement equal to 1. Hence, the normalised modal scaling vector D’ deﬁnes the
shape, not the magnitude, of the load (or increment of load) vector.
At each step of the analysis, a fixed increase of the top displacement 'Dt is imposed. The
displacement load pattern obtained from the modal response spectrum analysis is scaled so
that the displacement at the top storey corresponds to 'Dt. The final load pattern Di,s applied at
the current step s at each i-th storey is given by the summation of the displacement vector cumulated up to the previous step Di,s-1 and the increase of the loading vector at the current step
'Di,s.
In order to associate the displacement demand to the corresponding PGA, the following
observation is made: as long as the increase of the load pattern is assumed small enough, it
can be reasonably assumed that the structure has a linear response within the step [5, 6].

Figure 1 – Flowchart of the D-DAP procedure

1041

F. Barbagallo, M. Bosco, A. Ghersi, E. M. Marino, P. P. Rossi

Hence, the increase of PGA ('ag,s) that has caused the increase of load pattern 'Dt,s at the
step s is evaluated by linear interpolation (note that the increase of load pattern corresponds to
the increase of the top displacement of the structure):
'Dt ,s
a g ,ref
Dt

'a g ,s

(2)

where Dt is the displacement at the top of the structure provided by the modal response spectrum analysis with response spectrum characterised by the reference acceleration ag,ref. The
acceleration ag,s corresponding to the top displacement at the end of step s is:
a g ,s 1  'a g ,s

a g ,s

(3)

So far, the increase of acceleration 'ag, (Eq. 2) has been evaluated with reference to a fix
value of the equivalent viscous damping ratio [ref. However, it should be noted that, the
equivalent viscous damping ratio increases at every step of the analysis along with the spread
of the yielding in the structure. The value of [ref is included in the factor K, which appears in
the equation proposed by EC8 for the determination of the spectral displacement Sde. As [ref is
assumed equal to 5% in both Equations 5 and 6, the energy dissipated by the structure through
yielding is not taken into account yet. To account for this, the PGA evaluated by Equation 6 is
corrected considering higher values of [ref. Regardless of the fundamental period T1 or the
type of soil, the ratio of a spectral displacement S d5%,e obtained from the response spectra scaled
with 5% damping and the spectral displacement S d[*,e obtained from the response spectra scaled
with a larger damping ratio ξeq = ξ* is equal to the ratio of the corresponding parameters K:
S d5%,e
S d[*,e

K5%
K[*

(4)

Since K is equal to 1 when the damping ratio is 5% [7] it follows that:
S d[*,e

K[* S d5%,e

(5)

Since the effect of the equivalent viscous damping is the result of the entire damage cumulated by the structure, from the beginning of the analysis until the considered step, the correction that accounts for the increase of the equivalent damping can be applied straightforwardly
to the total PGA at the end of each step of the D-DAP:
a g ,s

3

a 5g%,t
K [*

(6)

DESIGN OF CASE STUDIES

Two sets of RC frames have been created to simulate existing buildings with different features. The first set is composed of frames (named GL) that are drawn from buildings designed
to sustain gravity loads only and are representative of typical Italian residential buildings of
the seventies. The frames of the second set (named SR) are extracted from RC buildings designed for earthquake resistance in low seismicity areas according to the Italian standards for
constructions and seismic resistance [10] in force in the nineties. Two different plan layouts
have been considered (Figure 3): in the first plan layout, the unidirectional slab is characterised by reinforcements orientated along the y-direction (Figure 2(a) and (c)), while in the second arrangement the unidirectional slab is parallel to the x-direction (Figure 2 (b) and (d)). All
the analysed frames lay along the x-direction. Each set of frames includes three types of
frames: frame type 1 and 2 are the central and the outermost frames, respectively, extracted
from the buildings where the slab is parallel to y-direction. In consequence of the orientation
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of the deck, frame type 1 supports larger gravity loads than frame type 2. Frame type 3 is
drawn from the building with the slab orientated along the x-direction and supports only the
self-weight of beams, columns, infills and the weight of an additional 50 cm wide stripe of
deck. Both the SR frames and the GL frames were designed with five 5.5 m wide bays and
with a number of storeys equal to 3, 6 and 9. The interstorey height is equal to 3.2 m. To investigate the influence of infill panels on the seismic response of buildings, the RC case study
frames have been endowed with infill panels, supposing the distribution of the infills uniform
along the height of the frame. Particularly, two kinds of infill panels are considered: one with
high stiffness and strength, and another having lower stiffness and strength. Furthermore, the
case study frames have been considered in the bare configuration as well. These cases represent the limit case of frames having very weak infill panels. In total, 54 RC frames are analysed.
Hereinafter, each frame is identified by a label. The first two letters indicate which set the
frame belongs to, the first number indicates the number of storeys and the last number the
amount of gravity load. Frames with the largest gravity loads are indicated with 1, frames
with the lowest gravity loads are indicated with 3 and the intermediate loaded frames are indicated with 2. The second part of the label is required in the case of infilled frames. Here, the
letter I indicates the presence of infill panels and the number indicates the cracking strength of
infills in MPa.
The design internal forces of structural members belonging to GL frames are evaluated
considering gravity loads only [8]. The internal axial forces N on columns and the distributed
loads on beams are evaluated based on the tributary area concept. The dimensions of the cross
sections and the size of steel reinforcements are determined by the allowable stress method
[9].
To design the seismic-resistant frames, the regulations for building structures and seismic
resistance enforced in Italy in the nineties [10] are followed. The effect of the seismic forces
is determined by the lateral force method of analysis supposing that, at the time of construction, the location of the building was classified as low seismicity area.
Details on the design of frames can be found in [7].
4

CALIBRATION OF PARAMETERS

In this section, first, an analysis is conducted to calibrate (1) the number of modes to be enveloped and (2) the value of the displacement step size. The goal is to select the values of the
optimal ruling parameters that ensure the best accuracy together with the best efficiency of the
D-DAP for the case study frames. Hence, once these optimal parameters have been determined, a new equation of the equivalent viscous damping ratio as a function of the period of
the first mode of vibration is proposed. The numerical analyses are performed by OpenSees
[11].
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Figure 2 – Plan layout of buildings (units in cm): (a) GL building and (c) SR building with slab perpendicular to longitudinal
frames; (b) GL building and (d) SR building with slab parallel to longitudinal frames
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4.1

Numerical model and seismic input

The nonlinear response of the case study frames has been investigated by a 2D numerical
model with masses concentrated at floor levels. The slab at each level is assumed rigid in its
own plane and is simulated by a rigid diaphragm. A leaning column is added to the numerical
model to account for P-' effects. For nonlinear dynamic analysis, a Rayleigh viscous damping is used and set at 5% for the first and the third mode of vibration.
The gravity loads assigned to beams and columns are those specified in EC8 for the seismic design situation. The floor masses are determined as a percentage of the total mass of the
deck and are equal to 99.3 t for frames GL1 and GL2, 198.6 for frame GL3 and 106.1 t for
frames SR. The gravity load at each level of the leaning column is equal to the seismic weight
of the storey of the frame (i.e. the floor mass assigned to frame times 9.81).
Beams and columns of the RC frame are modelled as members constituted by an elastic element with plastic hinges at their ends (Beam With Hinges Element in OpenSees). The length
of the plastic hinge is equal to the depth of the cross section and a fibre cross section is assigned to each plastic hinge. The concrete part of the cross section is subdivided into fibres
having 5 mm depth and width equal to the width of the cross section. Single fibres enclosed in
the cross section are used to model rebars.
The Mander constitutive law (“Concrete04” uniaxial material) is assigned to concrete fibres [12]. The parameters used for concrete material are summarized in Table 1. Since frames
SR are expected to be endowed with dense and well detailed stirrups, the concrete compression strength of the core of the member cross sections is supposed to increase due to the confinement effect of the stirrups. The confinement effect on the core of member cross sections is
neglected for frames GL, because RC structures designed without seismic provisions generally have very few stirrups. An elasto-plastic with strain kinematic hardening constitutive law
(“Steel01” uniaxial material) is assigned to steel fibres and the values of the mechanical parameters are reported in Table 2.
A “ZeroLength Element” is added at one end of each beam. This element connects the end
of the beam to the corresponding node restrained by the rigid deck and is characterized by a
low axial stiffness and very large shear and flexural stiffnesses. This expedient allows the
beams to deform axially, so as to prevent arising of axial force, which leads fibre modelled

Frame GL
3 and 6 storeys
9 storeys
Frame SR
3 and 6 storeys

9 storeys

Frame GL
Frame SR

Table 1 Characterization of concrete for nonlinear analysis of frames
fcm (MPa)
εc0
εcu
Ecm(MPa)
Core
28
0.002
0.0500
29961
Cover
28
0.002
0.0035
29961
Core
33
0.002
0.0500
31477
Cover
33
0.002
0.0035
31477
fcm (MPa)
εc0
εcu
Ecm(MPa)
Core (columns)
37
0.0054
0.0500
29961
Cover (columns)
28
0.0020
0.0035
29961
Core (beams)
33
0.0039
0.0500
29961
Cover (beams)
28
0.0020
0.0035
29961
Core (columns)
44
0.0055
0.0500
31477
Cover (columns)
33
0.0020
0.0035
31477
Core (beams)
41
0.0045
0.0500
31477
Cover (beams)
33
0.0020
0.0035
31477
Table 2 Characterization of steel for nonlinear analysis of frames
fym (MPa)
Esm(MPa)
400
210000
450
210000
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ftm(MPa)
0
0
0
0
ftm(MPa)
0
0
0
0
0
0
0
0
b
0.0044
0.0049

εt
0
0
0
0
εt
0
0
0
0
0
0
0
0
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RC beams to an artificial stiffening and strengthening [13]. In the meantime, it ensures the
transfer of shear force and bending moment from the beam to the frame node.
Infill panels are modelled as a pair of diagonal trusses without tension resistance. The
force-displacement relationship of the diagonal truss is calibrated to replicate the shear forcedrift relationship proposed by Panagiotakos and Fardis [14] and Celarec et al. [15]. This relationship consists of four branches and the stiffness and the value of the maximum force of
each branch are determined according to the equations proposed in [15]. Two types of infill
panels have been considered here and both of them were supposed to be realized by ceramic
bricks, with thickness equal to 20 cm, Young modulus and shear modulus equal to 4130 and
1240 MPa, respectively. The so called “strong” infills were characterized by stiffness and
cracking strength (0.28 MPa) that were twice the stiffness and strength (0.14 MPa) of the
“weak” type of infills. The mechanical properties were taken from the data provided in [15]
according to the experimental tests conducted at the University of Pavia [16]. Further details
on the adopted infill modelling may be found in [7].
4.2

Calibration of the number of modes of vibration

The load vector applied in the D-DAP is evaluated from the envelope of the modal drifts at
each storey. In this regard, it is well recognized that the higher the mode of vibration, the least
its contribution to the total seismic response. In order to select the number of modes actually
significant for the analysed frames, the seismic response of the case study frames has been
evaluated by the D-DAP including an increasing number of modes. For each frame, the number of modes of vibration ranged from 1 to the total number of participating modes, equal to
the number of storeys. The final step of each analysis has been set at a target top displacement
equal to the 5% of the total height of the frame.
For the sake of simplicity, Figure 3 shows the results of the analysis conducted on frame
type GL-1 and SR-1, with 3 and 9 storeys, with and without infills. The seismic responses of
1 mode
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Figure 3 –Analysis of significant modes of vibration for frame (a) GL31, (b) GL91, (c) GL31-I028, (d) GL91-I028 (e)
SR31, (f) SR91, (g) SR31-I028, (h) SR91-I028
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the considered bare frames (Figures (a), (b), (e) and (f)) show that for a fixed value of the top
displacement the influence of the higher modes of vibration leads to a larger base shear. In
particular, this tendency becomes more significant when the number of storeys increases. Indeed, when the structure yields, the first mode of vibration becomes very flexible and its period increases. As a consequence, the contribution of the first mode to displacements becomes
progressively more significant, while its contribution to the internal forces reduces and tends
to be negligible. On the contrary, higher modes of vibration are less influenced by yielding of
the structure. Thus, although the structure has already yielded, higher modes still contribute to
the internal forces of the structure. This means that when the contribution of higher modes of
vibration is taken into account, the base shear of the structure keeps increasing even after
yielding of the structure. In particular, for the considered bare frames, the contribution of the
second and third modes of vibration is actually significant, while higher modes of vibration
become negligible. If infill panels are included in the frame (Figures (c), (d), (g), (h)), the first
mode of vibration is predominant regardless of the number of storeys, and the contribution of
higher modes of vibration becomes negligible. Based on the previous considerations, it is sufficient to include three modes of vibration when the D-DAP is applied to RC framed structures with or without infill panels
4.3

Calibration of the displacement step size

Another crucial choice is the value of the increment of displacement within the loading
step 'step. In order to select the most appropriate step size, the frames have been analysed by
the D-DAP with gradually reduced displacement step sizes. Three values of displacement step
size have been considered: 10, 1 and 0.1 mm. Figure 4 shows the results of the analysis conducted for frames GL-1 and SR-1, with 3 and 9 storeys, with and without infill panels. When
the step size is 10 mm, sometimes the analysis stops before the target displacement (5% of the
total height of the frame) is reached, or fails at the very beginning. A value of 'step = 1 mm
'step=10.0 mm
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'step=0.1 mm
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Figure 4 –Analysis of incremental step size for frame (a) GL31, (b) GL91, (c) GL31-I028, (d) GL91-I028 (e) SR31,
(f) SR91, (g) SR31-I028, (h) SR91-I028
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avoids the untimely failure of the analysis, especially in the case of infilled frames (Figure (c),
(d), (g), (h)) whereby the analysis with larger 'step stopped right after the attainment of the
maximum strength of infills. Furthermore, the prediction of the seismic response provided by
the D-DAP with 'step = 1 mm is significantly different from that obtained with 'step = 10 mm,
as showed in Figure 5 (a), (d), (e), (f), (g). No significant changes in the prediction of the
seismic response were observed when the step size has been further reduced to 0.1 mm. Since
the tendency noted in the shown frames has been essentially observed in all other analysed
frames, a value of 'step = 1 mm could be considered appropriate. However, since the D-DAP
with 'step = 1 mm in very few cases failed slightly before the target displacement was reached,
for the sake of accuracy the displacement step size has been assumed equal to 0.1 mm.
4.4

Calibration of the equivalent damping law

The total equivalent viscous damping ratio is the summation of the inherent viscous damping in the elastic range [0, and the viscous damping [hyst due to the hysteretic behavior [17,
18]. The damping ratio due to the hysteretic behaviour [hyst (hysteretic damping) is generally
assumed as a function of the ductility demand P, according to the following form:
[ hyst

§
1
[f ¨¨1  D
1
P
©

·
¸
¸
¹

(7)

whereby [∞ represents the asymptotic value that the hysteretic damping reaches for infinite
values of ductility demand, and D1 is a constant usually assumed equal to 0.5 or 1. Here D1 is
taken equal to 1.
The goal of the numerical calibration is the determination of the asymptotic damping [∞
that is appropriate for the structural types under investigation. To this end, the average drift
'm, defined as the summation of drifts at all storeys divided by the total number of storeys, is
assumed as the reference parameter of the numerical calibration. Incremental Dynamic Analyses (IDA) are conducted for every case study frame, for PGAs increasing from 0.02 g to 2 g,
in steps of 0.02 g. A set of ten artificial ground motions (EC8-Part 1 [19]), compatible with
the EC8 elastic spectrum for soil type C and characterized by 5% damping ratio and reference
PGA for soil type A equal to 0.35 g, is adopted as reference seismic input. The accelerograms
were generated by SIMQKE computer program [20] so that the mean spectrum in terms of
acceleration is compatible with the response spectrum proposed by EC8 in Appendix A. For
every level of seismic excitation and for each of the 10 ground motions, the maximum value
during the time history of the average drift 'm is calculated. Then, the mean value of the average drift 'm over the 10 ground motions is calculated for each PGA. The value of 'm is calculated also at each step of the D-DAP analysis. Thus, every average drift 'm corresponds to a
value of peak ground acceleration PGA determined by the D-DAP with an elastic response
spectrum with fixed 5% damping. Generally, for a fixed 'm, the D-DAP with 5% damping
underestimates the values of PGA provided by the IDA. Hence, the PGA evaluated by the DDAP has to be corrected with an appropriate damping ratio. Thus, for every relevant frame,
the optimal hysteretic damping [∞ is calculated as the value that minimizes the summation of
the squares of the differences between the PGAs by D-DAP and that by IDA. For every case
study frame, the optimization process led to a different value of optimal [∞.
In the second part of the calibration, the optimal values of [∞ obtained for every frame
were plotted as a function of different parameters. Out of the considered parameters, the fundamental period T1 showed the most significant influence on the value of [∞. In particular, in
the case of very stiff structures the values of [∞ tend to increase with T1 (Figure 5a). This ten-
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Figure 5 – (a) Relation between the optimized [f and the fundamental period T for every case study frame; (b)
Equivalent damping evaluated by the proposed law plotted for fixed value of T1

dency is demonstrated by almost all the infilled case study frames, whose fundamental periods is smaller than 0.4 s (grey and black dots). This tendency is inverted for larger T1, and the
values of [∞ tend to decrease. This trend is exhibited by all the analysed bare frames (black
diamonds). In fact, the lack of infill panels strongly reduces the stiffness of bare structures,
which have fundamental periods ranging from 0.40 to 1.95 s. Only two infilled frames fall in
this region, and they are frame GL91-I028 and GL91-I014 with T1 equal to 0.433 and 0.548 s,
respectively. Based on these results, the asymptotic damping ratio [∞ can be reasonably expressed as a function of the fundamental period of the structure.
To propose an equation for the evaluation of the asymptotic damping [∞, the domain [∞ T1 has been divided into two regions. For low fundamental periods, the relation between [∞
and T1 could be approximated by a linear function, whilst for larger fundamental periods it
could be approximated by a hyperbolic function. The linear equation has been calibrated by
minimizing the sum of the square deviations of values of [∞ determined by numerical analyses and by the proposed equation for frames whose fundamental period was lower than
0.40 s. Instead, the hyperbolic function has been calibrated by minimizing the sum of the
square deviations of values of [∞ in the case of frames with fundamental period higher than
0.40 s. Hence, given a period T1, the value of [∞ to be assumed is the minimum between the
values provided by the linear and the hyperbolic equation, as expressed in the following function:
§
5.4 ·
[f= min¨¨ 65T1 ; 1.3 ¸¸
T1 ¹
©

(8)

The intersection between the two functions occurs for a period of vibration equal to 0.34 s.
In Figure 5(a) Equation 8 is plotted with the continuous black line. It can be seen that the calibrated function approximates with a good accuracy the tendency of the values of [∞. Finally,
the equation of the proposed equivalent viscous damping ratio is:
[ eq

§
5.4 · § 1 ·
[ 0 + min¨¨ 65T1 ; 1.3 ¸¸ ¨¨1  ¸¸
T1 ¹ © P ¹
©

(9)

Figure 5 (b) plots the proposed equation of [eq as function of the ductility demand P. Each
curve displays the results obtained for a different value of T1. Regardless of T1, the equivalent
viscous damping ratio increases with the ductility demand P. However, when the ductility
demand becomes larger, the rate of increase of [eq becomes smaller, and the equivalent viscous damping tends towards the asymptotic value [0 + [∞ (T1).
5

ANALYSIS OF THE RESULTS
To validate the calibrated D-DAP, IDA was run to assess the seismic response of each case
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study frame. To this end, the numerical model described in Section 4.1 was subjected to the
set of 10 ground motions introduced in Section 4.4. The PGA in IDA was increased in step of
0.02 g until the 5% of storey drift is attained at one of the storeys. For every PGA and for
each ground motions, the maximum values during the time history of the following Engineering Demand Parameters (EDP) are evaluated: maximum top displacement Dt, maximum base
shear Vb, maximum drift at each i-th storey 'i and the maximum average drift 'm. The mean
over the values of the 10 ground motions is calculated for each EDP and are assumed as the
benchmark to evaluate the accuracy of the calibrated D-DAP.
For the evaluation of the seismic response at local level, three limit states were considered
in the IDA, i.e. the attainment of a maximum storey drift equal to 1%, 2% and 4%, which correspond to the attainment of the Immediate Occupancy (IO) limit state, the Life Safety (LS)
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Figure 6 – Seismic performance of frames GL32, GL91-I014, SR31-I028 and SR93 in terms of (a) Vb-Dt, (b) PGADt, (c) distribution of drifts corresponding to the PGA leading to 1% maximum drift in the ID, (d) distribution of
drifts corresponding to the PGA leading to 4% maximum drift in the IDA.
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limit state and the Near Collapse (NC) limit state, respectively. Given the PGA corresponding
to the attainment of the considered limit state in the IDA, the corresponding distribution of
storey drift has been evaluated by the D-DAP. For the sake of simplicity, the results are here
presented for four significant frames. To cover the widest possible range of behaviour, the
four selected frames included frames with 3 and 9 storeys, with large, medium and low gravity loads resting on beams, with and without infills. The frames thus picked are: GL32, GL91014, SR31-028 and SR91.
The first column of Figure 6 shows the seismic response of the considered frames in terms of
Vb-Dt. It can be observed that the D-DAP provides an accurate estimate of the seismic behaviour
of the considered bare frames (plots in first and last row of Figure 6). In those cases, the maximum base shear increases with the top displacement, and the D-DAP follows the trend of the IDA,
with an error lower than the 18%. In the case of infilled frames, an almost constant branch is observed in the Vb-Dt curve determined by the IDA. This upper value of the base shear is due to the
fact that for every PGA the maximum base shear is recorded in the IDA. Thus, once the infills
have cracked, the displacement keeps increasing while the maximum base shear maintains almost
the same value. This constant branch represents an upper limit for the base shear and is here interpreted as the ultimate lateral strength of the frame. The D-DAP estimates accurately the elastic
behaviour predicted by the IDA and provides an abrupt reduction of the base shear force right after the cracking of the infills. Indeed, for such degrading structures, the D-DAP evaluates the
maximum resistance with an error lower than 15%. In the second columns of Figure 6, the
PGAs associated to the displacement demands by the D-DAP are compared to the values predicted by the IDA. It can be observed that the D-DAP leads to an accurate prediction of the
displacement demand regardless of the presence of infill panels.
Eventually, Figure 6 shows the distribution of storey drifts along the height for two of the
considered limit cases, i.e. 1% storey drift (column c) and 4% storey drift (column d), respectively. At 1% limit state, the D-DAP estimates the maximum storey drift with an error lower
than 5% for GL91-I014 and 35% for SR31-I028. For medium and large storey drifts (i.e. 2%
and 4% limit state), the prediction of storey drifts of the IDA obtained by the proposed DDAP still has an acceptable level of accuracy for the bare frames. Particularly, in the case of
infilled frames, the error committed by the D-DAP in evaluating the maximum drift is lower
than 12% and 31% for frame GL91-I014 and SR31-I028, respectively.
Even though it is not shown in figure, given the PGA corresponding to the 4% limit state in the
IDA, the D-DAP predicted the average drift 'm with less than 10% of error for frame GL32. For
frame SR93 the error reached a value around 35%, In the case of infilled frames, the error committed by the D-DAP is lower than 14% and 20% for frame SR31-I028 and GL91-I014, respectively.
The tendency showed by those cases study can be found generally in all the other case study frames.
6

CONCLUSIONS

The research developed in three steps. First, the parameters ruling the operations of the D-DAP,
i.e. The number of modes to be enveloped in the loading vector and the size of the displacement
increment, were calibrated. To this end, two analyses were conducted and for the considered
frames it was found that (i) the contribution of the modes of vibration higher than the third one is
negligible and (ii) a displacement increment of 0.1 mm has to be assigned at each step to get accurate results for all the considered frames at reasonable computational cost. Afterwards, a new
damping law was formulated by an optimization process that minimizes the differences between
the results provided by the D-DAP and those obtained by the IDA.
The new equivalent damping law is a function of both the ductility demand and the fundamental
period of vibration. According to the proposed equation, for very stiff structures, the value of [eq
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is linearly dependent from T1. Instead, for more flexible structures, the relation between [eq and
T1 is hyperbolic. The effectiveness of the proposed D-DAP with the proposed damping law is
investigated and the following conclusions can be drawn:
x As for the seismic response in terms of Vb-Dt, the D-DAP with the proposed damping law
predicted the maximum base shear with an error on average equal to 20% for bare frames,
and 15% for infilled frames. The seismic response in terms of ag-Dt was predicted accurately by proposed D-DAP, as well.
x The proposed D-DAP predicted the average drift at 4% limit state of infilled frames with
an error lower than 20%.
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Abstract
Time history analysis is considered as the state-of-the-art in modeling of the seismic response
of RC structures. Its validation involves predicting the response of an RC structure tested on a
shaking table. However, blind prediction contests show that most contestants fail to predict
the seismic response of the tested specimens. Given that numerical models are able to accurately capture the behavior of RC members at a component level, we can conclude that a
large part of the error sources from the assumptions made to pass from component level to
system level, i.e. assumptions related to damping formulation, component interaction, boundary conditions etc. In parallel, the prediction of the response of a structure subjected to a single ground motion has been proven to be too strict of a validation procedure. Oftentimes, a
statistical approach involving many specimens and ground motions is necessary. Such an approach is clearly only feasible at a very small scale. At such scales, the reinforcement fabrication and positioning become major issues. We propose to use additive manufacturing
technology to digitally fabricate the reinforcement cage necessary for the micro RC element.
This paper presents the results from cyclic tests on 1:40 scale RC cantilever columns. The reinforcing cages were manufactured using a Selective Laser Melting 3D printer that was able
to print rebars with submillimeter diameter and yield strength 378MPa. Two different microconcrete mixtures were used based on cement and gypsum. Each sample was reinforced with
18 longitudinal rebars of 0.6mm diameter, and 0.35mm stirrups with 2.5mm of spacing. The
cyclic behavior of the columns closely resembles the behavior of full-scale columns indicating
that such small-scale specimens can be used of the statistical validation of global level assumptions that numerical models make.
Keywords: 3D Printing, Physical Modeling, Earthquake Engineering, Cyclic Test, Micro Reinforced Concrete.
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1

INTRODUCTION

Non-linear time history analysis is considered to be the state-of-the-art of structural modeling in earthquake engineering. Its most widespread validation procedure consists of predicting
the response of an RC structure tested on a shaking table. However, blind prediction contests
show that the contestants fail to predict the response of the tested specimens with reasonable
accuracy, even for structures much simpler than the ones constructed in practice, and even
when the structural properties and measured excitation are given to the contestants [1-4].
In order to better understand where the error sources from, one can break down the problem into 3 levels: Material, Component, and System Level. In fact, given the behavior at each
level, the engineer makes certain assumptions to level-up. For instance, for given material
properties the engineer uses a set of assumption, such as beam theory, the interaction of rebars,
concrete etc., to reach the component level cyclic behavior. Then, using another set of assumptions (boundary conditions, interaction of components, damping model, numerical integration scheme) we reach system-level dynamic behavior. Blind prediction contests on
component level cyclic behavior prove that structural models perform relatively well at this
level [5, 6]. It is the system level behavior that they fail to predict. Therefore, it is reasonable
to assume that one main source of error in the structural models at system-level lies in the assumptions made to scale up from component-level cyclic to system-level dynamic behavior.
Hence, these need to be improved and, to this end, more system-level tests are needed.
In parallel, it has been claimed that the appropriate way to validate models in earthquake
engineering is to perform multiple tests of virgin specimens under the different ground motions that represent the hazard in a given site and to demand that the structural models predict
the Cumulative Distribution Function (CDF) of the maxima of the response quantity of interest. This approach has been investigated by Bachmann et al. [7, 8] who have used this statistical validation procedure on the 1963 Housner dynamic response model of an uplifting
structure. They performed 600 shaking table tests as well as 600 numerical simulations and
they compared both individual test responses and the statistical aggregates of these responses
(empirical CDF of the maximum tilt angle). They showed that the 1963 Housner passed the
statistical validation test even though it failed the one-to-one validation test. This statistical
approach, is not a “good to have”, but often a necessity given the often not discussed nonrepeatability of many tests.
Extending the statistical validation to validate the system-level assumptions of RC structures is not trivial since it would require multiple virgin specimens to be tested on a shaking
table. This is cost- and time- wise not viable in full scale. To address this problem we suggest
performing the statistical validation carrying out multiple tests with small-scale (1:40) specimens in a geotechnical centrifuge. The validation concerns only the system-level assumptions
for given and experimentally determined component level behavior. We have also suggested
the same method for masonry structures [9].
Reduced scale models of piles and walls are often used in geotechnical engineering to
study soil structure interaction, although using different materials. Knappett et al. 2011 [10]
and Loli et al. 2014 [11] developed a micro reinforced concrete to study a rocking isolated RC
bridge pier at 1:40 scale. Although their results are encouraging, the manufacturing of the RC
elements showed three limitations: the construction time, the accuracy in positioning the reinforcement, and the size limitation of the steel rebars and stirrups. These limitations can be
overcome by using a metal 3D printer to manufacture the reinforcement [12]. The use of a
metal 3D printer allows manufacturing of the entire reinforcement cage (longitudinal and horizontal reinforcement) with the desired layout. Moreover, these machines can print rebars as
small as 200μm, which in scale 1:40 correspond to 8mm.
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This paper aims at characterizing the flexural behavior of 1:40 scale RC columns by means
of full-reversed quasi-static cyclic tests. Two cantilever specimens were constructed using
two different types of micro-concrete. One sample was manufactured with cement-based micro-concrete (named HSC), and another with a gypsum based micro-concrete (HSG). The
tests were designed according to FEMA-461 [13] and a 3D digital image correlation system
was used to analyze the strain field during the tests.
2

MATERIALS AND METHODS

The flexural behavior of micro RC components is investigated performing quasi-static cyclic tests on two small-scale (1:40) micro RC columns. The specimens consist of 2 cantilever
elements of 15x15mm cross section and 52.5mm span, with a 65x65x20mm base that functions as a footing (Figure 1). Both samples have the same reinforcement, i.e. 18 rebars of
0.6mm diameter with 0.35mm stirrups with 2.5mm spacing, and a concrete cover of 1.64mm.
They differ from each other in terms of the type of micro-concrete used. The HSC Sample
(“C” stands for cement) was manufactured using cement based micro-concrete, whereas sample HSG (“G” stands for gypsum) was manufactured with gypsum based micro-concrete. The
experiments were performed with a setup that was installed in a Universal Testing Machine
(UTM). The measurement system consisted of LVDTs and a 3D-DIC (Digital Image Correlation) system. The latter allowed for the analysis of the displacement and the strain field during
the tests.
2.1

Experimental Setup

A fully reversed cyclic loading was applied at the top of the samples. The elements were
placed horizontally and fixed on a steel support designed to fit in the UTM and to align the
samples to the center of the machine (Figure 2).
The base of specimens was fixed to the lateral support with 4 M6 bolts. A 2mm steel plate
was placed between the bolts and the face of the base to avoid local crushing of the concrete
due to compressive force applied by the screws. The load is applied at the centerline of the
element by two loading pins, which are connected to the double-hinged fork (Figure 2). The
latter transfers the vertical load applied by the UTM. The measuring devices consist of 2
LVTD and a 3D-DIC system. The first LVDT measures the vertical displacement at the application point of the load, namely the loading pins shown in Figure 2, the second LVDT
measures the vertical displacement of the base of the element (to measure any possible sliding
of the base). The DIC was used to measure the displacements and the strain field at the surface. By measuring the strain distribution, we are able to identify any cracks and microcracks formed during the tests as well as to locate the plastic hinges that formed at the base on
the element.

Figure 1. Specimen geometry and dimensions.
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Figure 2. Experimental setup and detail of the loading apparatus.

2.2

Loading Protocol

The load is applied by displacement control, applying a displacement D at the top of the
elements. Nonetheless, the kinematic parameter that is used to define the loading protocol is
the drift ratio f, which is defined as the ratio between the top displacement and the element
length lv =52.5mm (in this case it also represents the shear length).
The test program is defined based on FEMA-461, in which the amplitude increase is defined as fn+1 = 1.4  כfn. However, to capture the behavior of the element in the elastic range,
the first amplitude was set equal to 0.5×fy and the second one was set to the yield drift, y
(Figure 3). The yield drift was calculated for specimen HSC and HSG using a fiber model in
Opensees [14]. The micro-concrete was modelled with a Concrete02 constitutive model
whereas the 3D printed steel was modeled using Steel02 model. Both material models were
calibrated on uniaxial test results that we performed.
The velocity of application of the load was selected considering two principles. First, the
displacement needs to be as slow as possible to neglect any inertia effect and to minimize any
strain rate effect. Second, the loading rate needs to be reasonably fast to avoid creep and to
make the test feasible time-wise. On these premises we started by defining a strain-rate range
= 10í5í 10í4 sec-1. This strain refers to the outermost fiber of the cross section of the column
that lies closer to the foundation. The lower end of the strain-rate range corresponds to a displacement rate of the top of the column equal to 0.075mm/min, which was used for the first
three amplitudes of the loading protocol. For the subsequent four amplitudes, the displacement rate was set to 0.413mm/min, which corresponds to a strain rate of 5.6x10í5 sec-1 Finally,
the last cycles were applied with a displacement rate of 0.75mm/min, corresponding to the
upper limit of the aforementioned strain rate range.
2.3

3D Printed Reinforcement

The use of a 3D printer allows manufacturing of the entire reinforcement cage, namely the
longitudinal and shear reinforcement, with the designed layout. The rebars size is not constrained by the manufacturing method. Depending on the 3D printer, we can print rebars as
small as 0.20mm (200μm), which in the prototype scale (1:40) represent ĭ8 rebars.
In our study, we used a ConceptLaser M2 Laser Powder Bed Fusion (LPBF) printer. It is
able to manufacture various types of metal. For our study, we used gas-atomized stainless
steel 316L powder with a grain size15-45 μm.
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Figure 3. Loading protocol in terms of drift ratio f.

We tested specimens with a longitudinal reinforcement ratio ȡl = 3.7% and a shear reinforcement ratio ȡw = 0.9%. The reinforcement layout consists of 18 bars of 0.6mm, and
0.35mm diameter stirrups with a 2.5mm of spacing. In addition, the longitudinal bars were
linked with shear ties as shown in Figure 4.
All rebars were printed with ribs on the surface to increase bonding with concrete. In addition, the 3D printed steel has a roughness Ra value of 15-20μm, hence it has an inherent
roughness that is beneficial for the steel-concrete bonding.
The mechanical properties of the 3D printed steel were characterized with a series on uniaxial tension tests performed on 0.6mm diameter bars identical to the ones used as reinforcement in the micro RC samples. Due to the small cross-section, we used a sensor arm
extensometer, instead of strain gauges, with a gauge length on 30mm to measure the strains
during the tests. The resulting average yield strength fy was 378MPa, the average maximum
strength fs,max was 430MPa, and the average Young’s Modulus Es was equal to 180GPa. These
values are in line with those reported by Casati et al. 2018 [15] for 3D printed Stainless steel
316L.

Figure 4. Left: 3D model of the 3D printed reinforcement. Right: Cross section and reinforcement layout.
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Figure 5. Left: 3D printer Jobbox. Center: Reinforcement cage after the printing process. Right: Footing reinforcement after the printing process.

Figure 6. Passing distribution of the sand used for the micro-concrete.

2.4

Micro Concrete

Due to the small scale of the specimens, it is necessary to scale the inert component of the
concrete so that the ratio inert size / rebars / cross section is about the same as in the real scale.
We used Perth silica sand with a d50 = 0.23mm. Its grain distribution compares very well to
the typical aggregate size when scaled 40 times (see Figure 6). Moreover, a different binding
agent was studied, alongside the more common cement, i.e. gypsum. The use of gypsum to
manufacture micro concrete models is not new, in fact, both Knappett et al. 2011 [10], and
Harris et al. 1999 [16] suggest using gypsum to accelerate the curing time and consequently
speeding up the specimen manufacturing. Gypsum takes around 48 hours to reach the full
strength compared to the usual 28 days for concrete, hence the manufacturing of several specimens for the statistical validation would become considerably faster.
The concrete based micro-concrete used in sample HSC comprises a mixture of cement
Normo52.5R, Perth sand, and water. The other mixture, i.e. gypsum based micro-concrete
used in HSG, was made of alpha-formed gypsum based plaster (Saint-Gobain Hartform 1)
instead on cement. The ratio binding component / sand / water was 1 / 1 / 0.5 and 1 / 1 / 0.6
for cement and gypsum based mix respectively. The mix designs were chosen to minimize the
water percentage while preserving a good workability and flowability of mixture.
The mechanical properties of both types of micro-concrete were investigated through a series of uniaxial compression tests on cylindrical specimens of 20mm diameter and 50 mm
height, and several 4 point bending tests performed on prisms specimens with cross section 15
by 15mm and length of 80mm. Table 1 presents the mean values of the compressive strength
fc, the strain at the maximum load e1, the Young’s modulus Ec, and the modulus of rupture fct.
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Micro
Concrete
Cement
Gypsum

fc
[MPa]
34.5
18.5

İ1
[%]
1.2
0.9

fct
[MPa]
3.40
7.20

Ec
[MPa]
2089.0
1109.9

Table 1. Mechanical properties of micro-concrete.

3
3.1

RESULTS
Cyclic Tests

The lateral force-displacement loops (P-D) for specimens HSC and HSG are shown in Figures 7 and 8, respectively. The failure load is conventionally defined as a strength degradation
up to 85% of the peak load.
Specimen HSC exhibits a maximum shear load Fmax = 172.80N at a drift ratio
fFmax = 1.47% and an ultimate strength F0.85 = 146.80N at a drift ratio f0.85 = 3.0%. Yielding
occurred at a shear load Fy = 115.60N at a yield drift ratio fy = 0.82%. Visual inspection of
the sample did not show diffuse cracking on any of the surfaces. Nonetheless, the horizontal
strain distribution at peak load, measured with 3D-DIC system, shows tensile strains along the
span of the elements HSC (Figure 7, right) that suggest that micro cracks formed during the
tests. Regardless of the micro cracks, a localized crack at the base of the element followed by
the fracture of the outer longitudinal rebars are to be considered as the causes of failure; no
other failure mechanisms could be observed, i.e. concrete spalling.
Specimen HSG reached a maximum load Fmax = 184.20N at a drift fFmax = 4.76% and ultimate strength F0.85 = 156.57N at a drift ratio f0.85 = 7.65%. The load at yielding Fy was
equal to 157.40N at a yield drift ratio fy of 1.58%. The hysteresis loop in Figure 8 shows a
clear pinching behavior, unlike the loop of the HSG sample. The strain distribution at peak
load did not show concentrated tensile strains anywhere along the specimen unlike what was
observed in specimen HSC. The tensile strains concentrated at the base of the element. This
confirms what was observed visually, namely that the failure was caused by a localized crack
at the base. Similarly to HSC, in specimen HSG no concrete spalling was observed. Comparing the two results, the sample with cement based micro-concrete resulted in a stiffer and less
ductile behavior than the sample with gypsum based micro-concrete. Moreover, cracks are
more diffused in the HSC micro RC specimen.

Figure 7. Left: HSC Hysteresis loop and backbone curve. Right: Horizontal strain field at maximum load.
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Figure 8. Left: HSG Hysteresis loop and backbone curve. Right: Horizontal strain field at maximum load.

Parameter
fy
Es
bs
ɸlim

Value
378 [MPa]
180 [GPa]
0.004
0.09

Table 2. Steel02 parameters used in the Opensees model.

Specimen
HSC
HSG

fc[MPa]
34.5
185

İ1
0.012
0.009

fcc[MPa]
43.16
26.81

İcc
0.027
0.029

fccu[MPa]
42.64
21.24

Table 3. Concrete02 parameters used in the Opensees model. The properties fcc, İcc, and fccu refer to the confined
concrete of the section core.

3.2

Numerical Model

Numerical models of the cyclic tests were implemented in Opensees, and the results were
compared against the experimental curves. The specimens were modelled as cantilever beams
with a fixed support. This assumption was confirmed by the DIC measurements that showed
no rotation at the connection of the elements with their footings. The reinforcement was modeled using the OpenseesnSteel02 model, and the strain at failure İlim was modeled using the
MinMax model. The parameters used are summarized in Table 2.
The Opensees model used for concrete is Concrete 02 with different parameter values for
the core and the cover material. The latter was calibrated based on the material level tests on
the small-scale specimens, whereas the core concrete properties were calculated using Mander’s model [16]. The model parameters are summarized in Table 3.
Figure 9 (left) shows the comparison between the experimental and numerical results of
the HSC specimen. The numerical simulation is able to capture the maximum load measured
during the test, as well as the strength degradation of the post elastic behavior. The stiffness
degradation in the numerical curve is also remarkably similar to the experimental curve. On
the other end, the numerical simulation of specimen HSG (see Figure 9, right) fails to capture
key values, such as the peak load, the strength degradation, and most of all the stiffness degradation. In fact, the simulation does not show any pinching behavior unlike the experimental
curve of HSG.
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Figure 9. Comparison between experimental curves and Opensees models.

4

CONCLUSION

Additively manufactured reinforcement allows the production on multiple small-scale reinforced concrete specimens. The tested elements show a flexural behavior, which is similar to
full size prototype RC structural members. Cement based micro-concrete has a compressive
and tensile strength similar to concrete, unlike gypsum based micro-concrete that has a tensile
strength substantially higher than concrete. Moreover, the numerical simulations in the case of
specimen HSC (cement base micro-concrete) are able to accurately capture the experimental
behavior. The numerical model of specimen HSG does not match the behavior observed experimentally, as it could not capture neither the peak strength nor the pinching behavior of the
tested specimen. Further component level tests are required to fully characterize the flexural
behavior of micro RC specimens. Nonetheless, it seems feasible to produce small-scale models of a full structure to perform dynamic tests in a geotechnical centrifuge. The shake table
tests could provide a dataset to statistically validate the assumptions that are usually made to
scale up from component-level cyclic to system-level dynamic behavior.
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Abstract
Many times, either the research engineer or the design engineer needs to model reinforced
concrete (R/C) structural elements in order to study their behavior. In the present research
work, an attempt is made to study the correct way of modeling a reinforced concrete column
using the finite element ANSYS software. Three-dimensional finite elements are used to model
the column. The results of the column modeling and analysis using ANSYS software are compared with the corresponding experimental results of a column with the same geometric
characteristics and the same material and load properties as those of the analytical modeling.
The only difference between the analytical column modeling and the experimental specimen is
the difference in the loading rate. The analytical and experimental results are compared with
each other. The influence of the loading rate as well as the mesh method is examined. Useful
conclusions are drawn regarding the influence of the loading rate and the mesh method on
the behavior and results of reinforced concrete components.
Keywords: Column, Reinforced Concrete, Ansys, FEM, Loading Rate, Mesh Methods
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1

INTRODUCTION

The rapid growth of technology and the development of the computer, favored the development of theories and computational methods adapted to the capabilities of the computer, in
order to solve, yet, unsolved problems in the field of engineering. The most common arithmetic method developed is the Finite Element Method, a numerical approximation method that
has the ability to solve complex problems, expressed in the form of differential equations [1].
The basic concept of the Finite Element Method is the ability to represent an area as a set of
distinct subareas [2].
As mentioned by Daryl [3], the idea of the Finite Element Method was first presented in
the publications of Turner, Clough, Martin and Topp (1956), taking data from research by
Courant (1943) [4], Hrenikoff (1941) [5] and McHenry (1943) [6], however, due to the complexity of the arithmetic operations they contained and the lack of computational power of the
time, they did not prosper. The official presentation of the Finite Element Method with its
current form, took place in the period 1954-60 in the publication of J. Argiris et.al. [7, 8],
while the term "Finite Element" was used for the first time in the late 1960s by Clough [9].
In recent years, with the rise of supercomputers and the creation of finite element software
run in Windows OS environment, the method has become widely known and accessible, even
to the average user, enabling the numerical solution of complex problems while minimizing
the need for extensive experimental testing, due to the increased reliability of the method. The
most important advantage of the method is that it allows the engineer to see how the product
will behave and to point out any mistakes that have been made so far, before proceeding to
time-consuming and expensive processes of manufacturing and testing physical prototypes,
achieving the early optimization of the product and at the same time, reducing both the time
and the cost of studying the experimental process [3].
ANSYS is a general-purpose finite element software, which from the beginning of its creation, has been a pioneering program, with its use in various fields of Engineering [10]. Its
analysis process includes the construction of the simplified simulation model, the generation
of the finite element grid, the imposition of loads on the model and the solution process using
differential equations [10]. The results are exported from the program in a legible way
through graphs, tables and / or animations [10].
To investigate the reliability of ANSYS finite element software, the study and comparison
of the behavior of a reinforced concrete column, which is subjected to uniaxial compressive
load, in relation to the column of the experimental process conducted by Chrysanidis [11].
Chrysanidis in his experiment [11], deals with the study of parameters that affect the stability
of seismic reinforced concrete walls, when they are subjected to cyclic loading. For the purposes of the experiment, 10 identical specimens were constructed, on a scale of 1:3, which
simulated the edges of a wall, the only difference between the specimens being the increasing
degree of elongation and the ratio of longitudinal reinforcement. The fabricated specimens are
subjected to two loading cycles, with the first cycle subjecting the specimens to uniaxial tensile loading, with a low loading rate of 4 mm / min, and then, in the second loading cycle, the
specimens being gradually subjected to uniaxial compressive loading with a low loading rate
of 1 mm / min, until their failure. Based on the experimental process, useful conclusions were
drawn about the factors that affect the lateral buckling of the specimens. It has to be noted the
fact that other experiments have taken place in the international bibliography concerning the
behavior of reinforced concrete columns from various researchers [12]–[23].
In the present research work, a comparison is made between the experimental results of the
specimen L-0 and the results of the specimens L-0-A and L-0-B, which are obtained through
simulations using ANSYS software. It must be noted that the specimen L-0 characterized as a
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‘virgin specimen’ having a degree of elongation equal to 0‰ and a longitudinal reinforcement
ratio equal to 1.79%. Also, the experimental specimen has the same geometric characteristics,
material and load properties as those of the analytical simulation. It is important to note that
the experimental specimen was subjected to uniaxial compressive load with a low loading rate
of 1 mm / min. The influence of the soil and its parameters have been neglected [24]–[31].
2

SIMULATION DESCRIPTION IN ANSYS

2.1 Specimens’ characteristics
Therefore, in order to compare the analytical with the experimental results of the L-0 test,
as mentioned above, the simulation behavior of two specimens, which are called L-0-A and
L-0-B, were studied. The noticeable difference between the two specimens is that the specimen L-0-A, consists only of the active region of the experimental specimen L-0. The active
area of the specimen L-0 is the area of the specimen between the two steel blades (Figure 1).
As a result, the dimensions of the specimen L-0-A were equal to 15 x 7.5 x 64 cm. Inside the
specimen L-0-A are placed the transverse and longitudinal reinforcement, with the longitudinal reinforcement containing 4 reinforcing bars with a diameter of 8.0 mm and, at the same
time, the transverse reinforcement contained ties with a diameter of 4.2 mm, which are placed
with the distance between them being equal to 33 mm.
The specimen L-0-B consists of the integrated specimen L-0 with dimensions 15 x 7.5 x 76
cm, which at its ends has steel blades. It must be noted that the steel blades penetrate inside of
the, so-called, “Shoe”. The “Shoe” is solid, in the form of a cube, in which the dimension of
each side is equal to 20 cm and inside of it is placed a spiral with a diameter of 5.0 mm. Specifically, the total height of column of the specimen L-0-B is equal to 90 cm, although, its net
height is equal to 76 cm, which is equal to the distance between the two cubes which are
called as “Shoes”. Inside the specimen L-0-B are placed the transverse and longitudinal reinforcement, with the longitudinal reinforcement containing 4 reinforcing bars with a diameter
of 8.0 mm and, at the same time, the transverse reinforcement contained ties with a diameter
of 4.2 mm which are placed at distances equal to 33 mm.
Figure 1 shows the geometry of the experimental specimen L-0 [11] which forms the base
of the simulations of specimens L-0-A and L-0-B. Table 1 shows the specimens’ characteristics which are required for the construction of the geometry of the specimens L-0-A and L-0B. The geometry of the steel blades is not contained at Table 1, due to its complexity and as a
result is presented in Figure 2. Table 2 shows the material properties for concrete which is
used to make the “Shoe” and the column. Also, Table 3 shows the measured material properties for steel which is used for the longitudinal and transverse reinforcement, the spiral reinforcement and the steel blades [11].
2.1.1. Loading of specimens
The specimens L-0-A and L-0-B were strained under a uniaxial compressive load applied
on the upper “Shoe” of each specimen vertically. The load application took place gradually
till the resistance of each specimen reduced and the specimens failed. Despite of the experimental procedure, during which the specimen L-0 was strained at a low monotonic loading
rate of 1 mm / min, at the analytical simulation, the compressive stress of the specimens is
carried out at a high loading rate of 1 mm / sec. Based on that fact, conclusions are drawn,
concerning the significant influence of the loading rate on the behavior of reinforced concrete
structures. Table 4 shows the load values per time until the resistance of each specimen is
greatly reduced and the specimen becomes unstable.
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Figure 1: The geometry of the experimental specimen L-0.

(b)

(a)
Figure 2: (a) Face and (b) Side view of steel blade.

SPECIMEN

COLUMN
(cm)

LONGITUDINAL
REINFORCEMENT

TRANSVERSE
REINFORCEMENT

SPIRAL

“SHOE”
(cm)

L-0-A

15 x 7.5 x 64

4 x D8

D4.2@33 mm

-

-

L-0-B

15 x 7.5 x 76

4 x D8

D4.2@33 mm

D5/10 mm

20x20x20

Table 1: Specimens’ characteristics.
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PART

YOUNG’S
MODULUS

POISSON’S
RATIO

fck

DENSITY

COLUMN

29.84 GPa

ν = 0.20

23.00 MPa

2306 kgr/m3

“SHOE”

30.00 GPa

ν = 0.20

54.02 MPa

-

Table 2: Concrete mechanical properties.

MATERIAL

YOUNG’S
MODULUS

POISSON’S
RATIO

ULTIMATE
STRENGTH

YIELD STRESS

LONGITUDINAL
REINFORCEMENT

200 GPa

ν = 0.30

743.10 MPa

603.77 MPa

TRANSVERSE
REINFORCEMENT

200 GPa

ν = 0.30

674.01 MPa

674.01 MPa

SPIRAL
REINFORCEMENT

200 GPa

ν = 0.30

749.04 MPa

742.25 MPa

STEEL BLADE

200 GPa

ν = 0.30

582.92 MPa

404.17 MPa

Table 3: Steel mechanical properties.

STEP
(sec)

FORCE
(kN)

STEP
(sec)

FORCE
(kN)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

0
20
40
60
80
100
120
140
160
180
200
220
240
260
280
300

17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

320
340
360
380
400
420
430
350
300
250
200
150
100
50
0

Table 4: Compressive load values per step for analytical simulation.
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2.2 Simulation of specimens
2.2.1. General
The analytical simulation took place in the educational version of the finite element software ANSYS 20.0. It is important to note that the educational version of ANSYS 20.0 is subject to restrictions. Firstly, the discretization of the specimens requires reducing the numerical
number of finite elements until the numerical limit being equal to 32,000, even if the constructed grid is not considered appropriate by the general rules of technical metrics [32]. Furthermore, in the solution stage, the loading time is in seconds versus minutes of the
experiment and, as a result, the loading being carried out at a high rate on the specimen. Finally, at the design stage is required to reduce the complexity of the specimen’s geometry, which
is achieved by making use of the symmetry of the specimen. It is noteworthy that the final
restriction took place only during the simulation of the specimen L-0-B.
2.2.2. Specimen L-0-A
The specimen L-0-A is simulated via ANSYS 20.0 software and the Workbench subroutine. The first stage of the simulation was the construction of the geometry of the specimen L0-A which is designed into the software via the SpaceClaim tab. The design process is started
from the inside to the outside part of the geometry of the specimen L-0-A. The definition of
materials and their properties are defined through the software library. It is noteworthy that
the default library values for each of the materials used are modified only when they have
been redefined, as shown in Tables 2 and 3, otherwise they remain the same. Figure 3 shows
the specimen L-0-A.

Figure 3: The specimen L-0-A.

The model is discretized via the Multizone Mesh Method by using a set of hexagonal finite
elements to construct the grid, with the size of the finite elements being 14 mm. The suitability of the mesh is studied in terms of orthogonal quality, skewness, aspect ratio and element
quality parameter, which according to the basic general guidelines for the construction of the
mesh [32], the orthogonal quality and skewness parameter provided values within the desired
limits even though the aspect ratio parameter did not. In particular, for the skewness parameter, its maximum value is equal to 0.39, while at the same time, the minimum value of the or-
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thogonal quality parameter is maintained above 0.72. Nevertheless, the maximum value of the
aspect ratio parameter is equal to 4.67.
Regarding the element quality parameter, all possible mesh methods are investigated for
the specimen L-0-A, with the Multizone Mesh Method being preferred, which provided for
the element quality parameter a minimum value equal to 0.32. On the other hand, the mesh,
which is made via Automatic mesh method comprises a combination of hexahedral and tetrahedral elements, with the lowest value for the element quality parameter being 0.01. Moreover, the mesh, which is made via Tetrahedron Mesh Method using a set of tetrahedral
elements provides for element quality parameter a minimum value equal to 0.02. It is recalled
that, according to the general guidelines for the constructions of the mesh, the element quality
parameter has a value range of 0-1, with the value 1 being the best [32].
Figure 4 shows the discretion of the specimen L-0-A via Multizone mesh method. Figure 5
shows the element quality parameter for the possible mesh methods. It is noteworthy that the
Sweep and Hex Dominant mesh methods could not model the specimen L-0-A. As a result,
the software exported the messages shown in Table 5. For simulation of the loads which the
specimen L-0-A is subjected to, the categories of Support and Load are used. Therefore, the
Fixed Support command is used by the Support category to define that the specimen is connected at the bottom to a rigid body [10]. At the same time, the loading of the specimen is
defined using the Force command via the Load category. Thus, the force was applied vertically at the top of the specimen.
The current research work investigates the results of the stress, the deformation and the
strain of the specimen L-0-A. It is noteworthy that for the investigation of the deformation is
studied either the total deformation of the specimen L-0-A or the deformation to the horizontal and vertical axis.

(a)

(b)
Figure 4: The mesh of the: (a) Concrete, (b) tie, (c) rebar.
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(a)

(b)

(c)
Figure 5: The element quality parameter for: (a) Automatic, (b) Tetrahedron, (c) Multizone Mesh Method.

Mesh Method
1.
Sweep

Simulation’s messages of the specimen L-0-A
Mesher failed to initialize.

2.

One or more non-sweepable bodies have sweep method controls
and cannot be swept.

3.

The mesh generation did not complete due to poor quality elements
or incorrect input. Please try meshing with another mesh method or
different mesh options.

1. Mesher has failed to generate hex dominant mesh for one or more
bodies. Try using a different mesh method.
Hex Dominant

2. A mesh could not be generated using the current meshing options
and settings.
3. At least one body selected for hex dominant meshing has a small
normalized volume to surface area ratio. The result may be a low
percentage of hexs or poorly shaped elements.

Table 5: Non-completion messages about simulation of the specimen L-0-A.
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2.2.3. Specimen L-0-B
The specimen L-0-B is simulated using ANSYS 20.0 finite element software and the
Workbench subroutine. The first stage of modeling was the construction of the geometry of
the specimen L-0-A like before, which is designed into the software through four stages via
the SpaceClaim tab. The first stage involves the design of the geometry of the column, with
the design process being similar to that of the specimen L-0-A, starting from the inside to the
outside part of the geometry of the specimen L-0-B.
The second stage is the design process of the geometry of the “Shoe”, which is the same
design sequence followed as in the first stage, including the design from the inside to the outside part of the geometry of the “Shoe”. Specifically, first of all, the geometry of the spiral
reinforcement is designed, which is placed inside the “Shoe” and then, the “Shoe” cube that
surrounds it. The third design stage includes the creation of the steel blades. As a fourth and
final design step, the above steps are assembled to produce the specimen L-0-B.
It is noteworthy that due to the limitations of the educational version of ANSYS, which
concern the complexity of the geometry of the specimen L-0-B, it is necessary to use the
symmetry of the specimen L-0-B. Otherwise, the ties would probably have to be removed,
which would not correspond to the geometric features of the specimen L-0. Figure 6 shows
the specimen L-0-B.

Figure 6: The specimen L-0-B.

The definition of L-0-B test materials and their properties are defined through the software
library. It is noteworthy that the default library values for each of the materials used are modified only when redefined, as shown in Tables 2 and 3, otherwise they remain the same. The
model is discretized using the Multizone Mesh Method, using a set of hexagonal finite elements to construct the mesh with the finite element size being equal to 18 mm.
The suitability of the mesh is studied in terms of orthogonal quality, skewness, aspect ratio
and element quality parameters, which according to the basic general guidelines for the construction of the mesh [32], the orthogonal quality and skewness parameters provided values
within the desired limits, even though the aspect ratio parameter did not. In particular, for the
skewness parameter, its maximum value is equal to 0.39, while at the same time, the minimum value of the orthogonal quality parameter is maintained above 0.70. However, the maximum value of the aspect ratio parameter is equal to 5.60.
As far as the element quality category is concerned, all possible mesh methods for the L-0B specimen are being investigated, with the Multizone method being deemed necessary, as no
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other mesh method was possible due to the complexity of the model geometry and the small
numerical limit on the number of finite elements of the mesh. Therefore, for the Multizone
Mesh Method, the minimum value in the element quality parameter is 0.17. It is recalled that,
according to the general guidelines for the creation of the grid, the element quality parameter
has a value range from 0-1, with the value 1 indicating the perfect quality [32].
Figure 7 shows the discretion of the specimen L-0-B using Multizone mesh method. Figure
8 shows the element quality parameter for the Multizone mesh method. Table 6 shows the
messages exported of the impossible discretization with the other mesh methods. Even if, for
the Tetrahedron Mesh Method the software does not output any message, however, the specimen L-0-B could not be discretized according to the constraints, even when the finite element
size is equal to 200 mm. For simulation of the forces which the specimen L-0-B is subjected
to, the categories of Support and Load are used. Therefore, the Fixed Support command is
used by the Support category to define that the specimen is connected at the bottom to a rigid
body [10]. At the same time, the loading of the specimen is defined using the Force command
via the Load category, thus, the force was applied vertically at the top of the specimen.
The current research work investigates also the results of the stress, the deformation and
the strain of the specimen L-0-B. It is noteworthy that for the investigation of the deformation
is studied either the total deformation of the specimen L-0-B or the deformation to the horizontal and vertical axis.

(a)

(b)

(c)

(d)

(e)

(f)

Figure 7: The mesh of specimen L-0-B: (a) Column, (b) Tie, (c) Rebar, (d) Steel Blade, (e) Stub, (f) Spiral.
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Figure 8: The technical measurement of element quality with the Multizone method for the L-0-B specimen.

Mesh method

Simulation’s messages for the specimen L-0-B

Automatic

1. The source mesh cannot be correctly copied to the target surface.
This might be because the surface is a closed surface with degenerate points. Splitting the surface might help.
1. An error occurred during sweeping meshing a face. Changing element sizing parameters might help.
2. The meshing failed due to quality checks. The mesh does not
meet the specified Shape Checking constraints specified. Please
look at the mesh quality and adjust meshing options or mesh sizes
to obtain a better-quality mesh, or relax the shape check.

Sweep

3. A mesh could not be generated using the current meshing options
and settings.
1. Mesher has failed to generate hex dominant mesh for one or more
bodies. Try using a different mesh method.
Hex Dominant

2. A mesh could not be generated using the current meshing options
and settings.
3. At least one body selected for hex dominant meshing has a small
normalized volume to surface area ratio. The result may be a low
percentage of hexs or poorly shaped elements.

Table 6: Non-completion messages for the modeling of specimen L-0-B.
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3

RESULTS

3.1 Analytical results
Figure 9 shows the Force-Deformation diagrams for the L-0-A, L-0-B and L-0 specimens.
The deformation values were the deformation values of the specimens along the vertical axis.

(a)

(b)

(c)
Figure 9: Load-deformation diagrams for: (a) L-0-A specimen, (b) L-0-B specimen, (c) L-0 specimen.
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Table 7 shows the analytical and experimental deformation results for the specimen L-0.
STEP
(sec)

FORCE
(kN)

1

L-0-A

L-0-B

L-0

Total

y’y

x’x

Total

y’y

x’x

0

0.00

0.00

0.00

0.00

0.00

0.00

0.00

2

20

0.00

0.04

0.00

0.00

0.03

0.00

0.00

3

40

0.00

0.08

0.00

0.00

0.05

0.00

0.06

4

60

0.00

0.11

0.00

0.00

0.08

0.00

0.14

5

80

0.00

0.15

0.00

0.00

0.11

0.00

0.25

6

100

0.00

0.19

0.01

0.00

0.13

0.01

0.33

7

120

0.00

0.23

0.01

0.00

0.16

0.01

0.41

8

140

0.00

0.27

0.01

0.00

0.19

0.01

0.50

9

160

0.00

0.30

0.01

0.00

0.21

0.01

0.60

10

180

0.00

0.34

0.01

0.00

0.24

0.01

0.70

11

200

0.00

0.38

0.01

0.00

0.27

0.01

0.80

12

220

0.00

0.42

0.01

0.00

0.29

0.01

0.91

13

240

0.00

0.46

0.01

0.00

0.32

0.01

1.03

14

260

0.00

0.49

0.01

0.00

0.35

0.01

1.15

15

280

0.00

0.53

0.01

0.00

0.37

0.01

1.29

16

300

0.00

0.57

0.01

0.00

0.40

0.01

1.43

17

320

0.00

0.61

0.01

0.00

0.43

0.01

1.58

18

340

0.00

0.65

0.02

0.00

0.45

0.02

1.74

19

360

0.00

0.68

0.02

0.00

0.48

0.02

1.92

20

380

0.00

0.72

0.02

0.00

0.51

0.02

2.11

21

400

0.00

0.76

0.02

0.00

0.53

0.02

2.33

22

420

0.00

0.80

0.02

0.00

0.56

0.02

2.75

23

430

0.00

0.82

0.02

0.00

0.57

0.02

3.90

24

350

0.00

0.67

0.02

0.00

0.47

0.02

4.30

25

300

0.00

0.57

0.01

0.00

0.40

0.01

4.23

26

250

0.00

0.48

0.01

0.00

0.33

0.01

4.12

27

200

0.00

0.38

0.01

0.00

0.27

0.01

3.95

28

150

0.00

0.29

0.01

0.00

0.20

0.01

3.70

29

100

0.00

0.19

0.01

0.00

0.13

0.01

3.45

30

50

0.00

0.10

0.00

0.00

0.07

0.00

3.04

31

0

0.00

0.00

0.00

0.00

0.00

0.00

2.20

Table 7: Analytical and experimental deformation results for specimen L-0.
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Table 8 shows the stress results for all three specimens L-0-A, L-0-B and L-0.
STEP
(sec)

FORCE
(kN)

L-0-A

L-0-B

L-0

STRESS (MPa)

STRESS (MPa)

STRESS (MPa)

1

0

0.00

0.00

0.00

2

20

2.67

2.51

1.78

3

40

5.34

5.02

3.56

4

60

8.01

7.53

5.33

5

80

10.68

10.04

7.11

6

100

13.35

12.55

8.89

7

120

16.02

15.06

10.67

8

140

18.68

17.57

12.44

9

160

21.35

20.08

14.22

10

180

24.02

22.58

16.00

11

200

26.69

25.09

17.78

12

220

29.36

27.60

19.56

13

240

32.03

30.11

21.33

14

260

34.70

32.62

23.11

15

280

37.37

35.13

24.89

16

300

40.04

37.64

26.67

17

320

42.71

40.15

28.44

18

340

45.38

42.66

30.22

19

360

48.05

45.17

32.00

20

380

50.71

47.68

33.78

21

400

53.38

50.19

35.56

22

420

56.05

52.70

37.33

23

430

57.39

53.95

38.22

24

350

46.71

43.91

31.11

25

300

40.04

37.64

26.67

26

250

33.37

31.37

22.22

27

200

26.69

25.09

17.78

28

150

20.02

18.82

13.33

29

100

13.35

12.55

8.89

30
31

50
0

6.67
0.00

6.27
0.00

4.44
0.00

Table 8: Stress results for specimens L-0.
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Table 9 shows the analytical results of strain for specimens L-0-A and L-0-B compared
with the experimental results of strain for specimen L-0.

STEP
(sec)

FORCE
(kN)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

0
20
40
60
80
100
120
140
160
180
200
220
240
260
280
300
320
340
360
380
400
420
430
350
300
250
200
150
100
50
0

L-0-A
STRAIN
(mm/mm)
‰
0.000
0.089
0.179
0.268
0.358
0.447
0.537
0.626
0.716
0.805
0.894
0.984
1.073
1.163
1.252
1.342
1.431
1.521
1.610
1.700
1.789
1.878
1.923
1.565
1.342
1.118
0.894
0.671
0.447
0.224
0.000

L-0-B
STRAIN
(mm/mm)
‰
0.000
0.084
0.168
0.252
0.336
0.420
0.505
0.589
0.673
0.757
0.841
0.925
1.009
1.093
1.177
1.261
1.346
1.430
1.514
1.598
1.682
1.766
1.808
1.472
1.261
1.051
0.841
0.631
0.420
0.210
0.000

L-0
STRAIN
(mm/mm)
‰
0.000
0.000
0.067
0.156
0.278
0.367
0.456
0.556
0.667
0.778
0.889
1.011
1.144
1.278
1.433
1.589
1.756
1.933
2.133
2.344
2.589
3.056
4.333
4.778
4.700
4.578
4.389
4.111
3.833
3.378
2.440

Table 9: Strain results for specimens L-0-A, L-0-B and L-0.

3.2 Analytical results of mesh methods
For investigation of the influence of mesh methods on the reliability of the analytical results, the specimens L-0-A and L-0-B are discretized using all the available mesh methods of
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the ANSYS software. It is noteworthy that the geometrical characteristics, the properties of
the materials and the loading rate remained the same for each simulation, as mentioned earlier.
Table 10 shows the stress results according to the mesh method and Table 11 shows the strain
results according to the mesh method.

STEP
(sec)
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

FORCE
(kN)
0
20
40
60
80
100
120
140
160
180
200
220
240
260
280
300
320
340
360
380
400
420
430
350
300
250
200
150
100
50
0

L-0-A

L-0-B

STRESS (MPa)

STRESS (MPa)

Automatic

Tetrahedron

Multizone

Multizone

0.00
1.99
3.98
5.97
7.96
9.95
11.94
13.93
15.92
17.91
19.90
21.89
23.88
25.87
27.86
29.85
31.84
33.82
35.81
37.80
39.79
41.78
42.78
34.82
29.85
24.87
19.90
14.92
9.95
4.97
0.00

0.00
1.90
3.81
5.71
7.62
9.52
11.42
13.33
15.23
17.14
19.04
20.94
22.85
24.75
26.66
28.56
30.46
32.37
34.27
36.18
38.08
39.98
40.94
33.32
28.56
23.80
19.04
14.28
9.52
4.76
0.00

0.00
2.67
5.34
8.01
10.68
13.35
16.02
18.68
21.35
24.02
26.69
29.36
32.03
34.70
37.37
40.04
42.71
45.38
48.05
50.71
53.38
56.05
57.39
46.71
40.04
33.37
26.69
20.02
13.35
6.67
0.00

0.00
2.52
5.03
7.55
10.07
12.59
15.10
17.62
20.14
22.65
25.17
27.69
30.20
32.72
35.24
37.76
40.27
42.79
45.31
47.82
50.34
52.86
54.12
44.05
37.76
31.46
25.17
18.88
12.59
6.29
0.00

Table 10: Stress results according to the mesh method.
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L-0-A
STEP
(sec)
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

STRAIN (mm/mm) ‰

FORCE
(kN)
0
20
40
60
80
100
120
140
160
180
200
220
240
260
280
300
320
340
360
380
400
420
430
350
300
250
200
150
100
50
0

L-0-B
STRAIN
(mm/mm) ‰

Automatic

Tetrahedron

Multizone

Multizone

0.00
0.07
0.13
0.20
0.27
0.33
0.40
0.47
0.53
0.60
0.67
0.73
0.80
0.87
0.93
1.00
1.07
1.13
1.20
1.27
1.33
1.40
1.43
1.17
1.00
0.83
0.67
0.50
0.33
0.17
0.00

0.00
0.06
0.13
0.19
0.26
0.32
0.38
0.45
0.51
0.57
0.64
0.70
0.77
0.83
0.89
0.96
1.02
1.08
1.15
1.21
1.28
1.34
1.37
1.12
0.96
0.80
0.64
0.48
0.32
0.16
0.00

0.00
0.09
0.18
0.27
0.36
0.45
0.54
0.63
0.72
0.81
0.89
0.98
1.07
1.16
1.25
1.34
1.43
1.52
1.61
1.70
1.79
1.88
1.92
1.57
1.34
1.12
0.89
0.67
0.45
0.22
0.00

0.00
0.07
0.13
0.20
0.27
0.33
0.40
0.47
0.53
0.60
0.67
0.73
0.80
0.87
0.93
1.00
1.07
1.13
1.20
1.27
1.33
1.40
1.43
1.17
1.00
0.83
0.67
0.50
0.33
0.17
0.00

Table 11: Strain results according to the mesh method.

4

ANALYTICAL INVESTIGATION

4.1 Investigation of analytical results
Therefore, the analytical research of the two simulations in the present research has led to
the following common results to between the two simulations:
x The rate of loading, in the case of reinforced concrete structures, affects the deformation
results, by increasing the resistance of the specimen.
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x The rate of loading of vertical and horizontal deformation remains completely constant
throughout the load, which is not observed in the experimental results.
x The rate of loading of stress remains perfectly constant throughout the loading duration,
just as in the experimental results.
x The values of the transverse deformation remain below zero throughout the loading duration, without observing the behavior of the two stages of deformation, which are described
in the research of Chrysanidis [11].
x Increase of the resistance of the specimen L-0-A and L-0-B in relation to the resistance of
the experimental specimen L-0.
x The average value of the percentage error for the simulation of specimen L-0-A is of the
order of 395.2%, while for the simulation of specimen L-0-B is of the order of 598.8%.
With the percentage error values far from the permissible limits, it becomes obvious that
neither the analytical results of the specimen L-0-A nor of the specimen L-0-B converge with
the experimental results of Chrysanidis [11] and as a result the two simulations cannot be
characterized as reliable in terms of the coherence of the results.
4.2 Investigation of mesh method’s results
Based on the element quality diagrams and the tables of the mesh method results, it appears that:
A. For the simulation of specimen L-0-A
x The rate of loading, in the case of reinforced concrete structures, affects the deformation
results, increasing the strength of the specimen.
x The mesh is performed only by Automatic, Tetrahedron and the Multizone mesh methods,
due to the geometry of the simulation which contained bodies that Sweep and Hex Dominant mesh methods could not mesh.
x Due to the limitation of the educational version for the number of finite elements used, the
mesh of the Automatic, Tetrahedron and Multizone mesh methods do not meet the requirements of a suitable grid, according to the general rules for the element quality measurement technique. However, from the above methods, the Multizone mesh method is
preferred.
x A mesh made only of hexahedron finite elements provides more reliable results than a
mesh made of tetrahedron finite elements.
x The type and the number of finite elements do not affect the behavior of the specimen
during the loading period.
B. For the simulation of specimen L-0-Β
x The mesh is generated using only the Multizone mesh method.
x Due to the complexity of the geometry, the method of the Automatic and Patch Confirming Tet, cannot distinguish the model with a number of finite elements less than
32,000.
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x The Sweep method and the Hex Dominant method do not produce a mesh, due to the geometry of the specimen containing bodies, in which the methods cannot work.
x Due to the limitation of the educational version for the number of finite elements used, the
mesh of the Multizone method does not meet the requirements of a suitable grid, according to the general rules for the technique of measurement of the element quality category.
However, the choice of mesh made with the Multizone mesh method is considered necessary.
x The type and the number of finite elements do not affect the behavior of the specimen
during the loading period.
5

INFLUENCE OF LOADING RATE

According to the detailed results, there are two stages during the duration of the loading.
The first stage includes the time from the imposition of the load at 0 kN to the loading with a
load equal to 430 kN. Then, the second stage includes the unloading process of the model. In
particular, in the first stage there is an increase in the deformation and stress at a constant rate,
until the stress reaches its maximum value, in contrast to the experimental results where the
rate of deformation follows a different flow. Then, in the second stage, the deformation and
the stress are reduced at a constant rate until the values are 0, returning the specimen to its
original state. It is noteworthy that during the experimental procedure, there is a deformation
with the higher value being calculated at 10% of the height of the L-0 specimen, measured by
its base. In addition, it is observed that the number and type of finite elements do not affect
the behavior of the specimen during the loading process, despite of the mesh method used.
Therefore, it turns out that the universal load in the behavior of the specimen L-0-A and L0-B in relation to the experiment by Chrysanidis [11], is due solely to the high loading rate of
the two simulations, with which concludes that, in reinforced concrete structures, the loading
rate affects the results of deformation increasing the strength of the structure.
6

INFLUENCE OF MESH METHOD

The type and number of finite elements used greatly influence the reliability of the results.
In particular, the influence of the type of finite elements on the suitability of the mesh and
consequently on the reliability of the results is observed. More specifically, a grid made of
hexadecimal elements, such as the mesh of Multizone mesh method, is more suitable, according to the general technical metrics rules, and at the same time more reliable than a grid made
of tetrahedral elements, such as the mesh of Tetrahedron mesh method. On the other hand, the
number of finite elements depends on the complexity of the geometry of the model that it is
called upon to mesh. A grid with a small number of elements in a complex geometry, is quite
difficult to be characterized as suitable and at the same time, its results cannot be considered
as being reliable.
The large numerical differences between the simulation results are due to both the chosen
mesh method and the size of the finite elements of the grid. However, it is impossible to create a more appropriate grid than that in section 2, due to the limitations of the ANSYS educational version.
7

CONCLUSIONS

By comparing the analytical results of the L-0-A and L-0-B specimens with the experimental results of the L-0 specimen [7], the reliability of the ANSYS software and the factors
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which might influence it are investigated. The resulting conclusions can be summarized as
follows:
x The rate of loading, in the case of reinforced concrete structures, affects the deformation
results, increasing the strength of the specimen.
x The number and the size of the finite elements of a simulation affect the accuracy and reliability of the results.
x The number and type of finite elements do not affect the behavior of the model during
loading period.
x The number and type of finite elements of a simulation affect the accuracy and reliability
of the results, whether or not the grid is suitable.
x The number of finite elements depends on the complexity of the model geometry.
x The type of finite elements affects the reliability of the simulation results, with hexahedron elements providing more accurate results.
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ABSTRACT
Damage reports after recent earthquakes prove that the structural deficiencies of non-ductile
Reinforced Concrete (RC) buildings often lead to structural element local damage and collapse
of the entire structure. The structural weakness of the Beam-Column joints, due to the absence
of seismic detailing and capacity design principles, plays a key role in the seismic vulnerability
of European building stock designed before the 1970’s, thus before the introduction of modern
seismic codes. In RC buildings subjected to reversed cyclic earthquake loads, high stress concentration occurs at the Beam-Column joints, making these regions prone to the occurrence of
severe damage and brittle mechanisms. Yet, a common engineering practice consists in modeling the Beam-Column joints as rigid elements in concrete frames, neglecting the joint’s deformability and, more importantly, their actual local mechanism. Consequently, the predicted
stiffness and the collapse mechanisms of the structure can, unconservatively, change significantly from the actual one. Starting from the experimental results available in literature, this
work aims at calibrating the key parameters that characterize the equivalent joint momentrotation hysteresis behavior of existing substandard Beam-Column joints, by using a simple
while reliable lumped plasticity modeling approach. The numerical model was developed in
OpenSees and validated on many experimental results collected from the literature. The global
joints response relationships under cyclic loads, defined as a function of the joint structural
detailing and the axial load, satisfactorily reproduce the experimental findings in terms of first
cracking point, yielding point, overall hysteretic behavior, pinching effect, and strength degradation. Moreover, the initial and post-yielding stiffness values of the joint’s backbone curve
were further improved when compared to those recently proposed by the NZSEE2017 Seismic
Assessment Guidelines.
Keywords: Earthquake Engineering, Existing Buildings, Beam-Column Joints, Numerical Calibration, Cyclic Analysis.

1085

Marcello Sabene, Maria Zucconi, Stefano Pampanin, Barbara Ferracuti

1

INTRODUCTION

Several studies on the seismic behavior of reinforced concrete joints within existing frames in
seismic areas have been carried out in the last few decades. The brittle failure of joint panels
has been recorded more frequently, following the most recent seismic events [1], which, in
addition to extensive structural damages, have caused great economic losses [2-5] and highlighted the strong vulnerability of pre-70’s buildings [6-9].
In RC frame structures stressed only by gravity loads, joint panel regions are rarely subjected
to significant stresses, but the situation is rather different when considering seismic actions.
Therefore, a very high stress state is generated in the joint region, where specific transverse/shear reinforcement should be adopted to reduce the stress variation. Instead, older frame
buildings are typically characterized by poor reinforcement detailing, poor bond properties, inadequate confinement, and more importantly, lack of capacity design principles.
As shown in many experimental programs, the joint panels of pre-70’s were characterized
by insufficient tensile strength due to the absence or lack of horizontal and vertical reinforcement. This weakness appears clearly with the joint failure induced usually by shear or bond
flaws [9-11]. The flexural and shear forces, generated into the joint panel by the cyclic tests,
create a stress distribution transferred through the joint, producing a wide diagonal crack pattern
along the principal compressive directions. This pattern leads to either a tensile failure or to a
compression/crushing failure of the diagonal strut, and thus to a strength and stiffness deterioration within the joint. In other cases, the joint failure occurred with the instability of the vertical
column bars, devoid of horizontal reinforcements, i.e., stirrups or wall beam bars.
Therefore, growing attention in the literature has been focused on the analytical/numerical
modeling of gravity load designed RC beam-column, considering the joint panel zone’s deformability and capacity [12-14]. In the last decades, many numerical models have been developed and proposed either based on Finite Elements (FE) modeling, or on simplified macromodels or lumped plasticity (e.g. [15-19]) and analytical approaches (e.g. [20]).
The present work analyzes experimental tests conducted on the external joints with the aim
to verify the accuracy of the proposed constitutive laws. In particular, the response prediction
obtained by a simple moment-rotation backbone, whose parameters are defined a priori based
on current knowledge on the topic, with respect to a more complex backbone calibrate ad-hoc
from the experimental results. Taking one of these nodes as a case study, a numerical model
was built in OpenSees based on a lumped plasticity approach and relying upon a joint rotational
spring. Two different relations have been defined: a bi-linear relationship based on the
NZSEE2017 Seismic Assessment Guidelines and associated literature [15, 21] and a more refined tri-linear relationship that better approximates the first cracking point, the elastic and softening branches. The hysteresis behavior was modeled trough the use of a “uniaxial hysteretic
material” already presents in OpenSees library. Regarding the other tests analyzed, only the
parameters useful for defining their backbone curve are reported.
2

EXPERIMENTAL STUDIES ON RC JOINT SUBSYSTEMS

In literature, several experimental studies on beam-column joints with non-ductile detailing
have been carried out to understand the as-built parameters that would influence the seismic
performance of these structural connections.
In the last decades many exterior beam-column joints, representatives of pre-1970s construction
and/or gravity-only design buildings, characterized by inadequate joint shear reinforcements,
inadequate bond resistance, and non-ductile beam anchorage details by modern standards, were
tested with the aim to assess the seismic behavior of these connections (e.g. [9-11]), several
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design methodologies were developed (e.g. [15-19]) and nowadays suitable types of reinforcement interventions were investigated (e.g. [22-27]). In general terms, depending on the structural detailing adopted and on the axial load variation assumed, the failure modes of beamcolumn connections can be significantly different, so they need to be checked on a case-by-case
basis. To this aim, the moment – axial load performance domain and the hierarchy of strength
approach can be used to evaluate the sequence of the collapse events between beam, column,
and joint panel zone [28].
Considering the typical structural weaknesses of existing RC buildings, in the late 1990s and
early 2000s, Pampanin et al. carried out quasi-static tests on existing RC beam-column joint
subsystems considering plain-round reinforcements with end-hook anchorages, under quasistatic cyclic loading and varying column axial load according to the European construction
practice of the 1950-1970s period [7-9]. Further comprehensive experimental and numerical
testing campaigns on beam-column joint subassemblies have been carried out at the University
of Canterbury (2002-2010) [29-31]. Test results [30] and numerical simulations [32] revealed
extensive shear damage in the joint panel zone, which would lead to a severe and critical reduction of lateral and gravity load capacity of the overall frame system. The implication of joint
damage and collapse within the frame system collapse mechanism become up a crucial issue in
recent days.

(a)

(b)

(c)

Figure 1: (a) Reinforcing and geometry details for test unit NS-O1 [30], (b) cracks pattern at top drift
equal to 3% [30], (c) “concrete wedge” mechanism formation [15].

In this paper, the 2/3-scaled exterior beam-column joint unit NS-01, belonging to the experimental tests carried out by University of Canterbury UC research team [31], shown in Figure
1, was selected to begin the direct calibration of the moment–rotation relationship key parameters, starting from the values suggested by NZSEE Seismic Assessment Guidelines and associated literature [15, 21]. The chosen specimen is characterized by plain-round reinforcements
with end-hook anchorages and tested under a unidirectional quasi-static cyclic lateral loading.
The geometry of the trial specimen was chosen to be close to the pre-1970s non-ductile RC
beam-column joint benchmark, see Figure 1 (a). Deformed mild steel reinforcements and commercial pre-mix concrete compression strength of 30MPa were used. The lateral loading protocol used in this test consisted of two displacement-controlled cycles at increasing amplitudes:
0.1%, 0.2%, 0.5%, 1.0%, 1.5%, 2.0%, 2.5%, 3.0% and 4.0% inter-story drift. The lateral load
was coupled with a varying axial loading, N, as suggested since [9], to simulate the actual frame
sway action, as per the experimental test, considering N as a function of the lateral load ܨ :
ܰ ൌ ͳͳͲ݇ܰ േ ͶǤ͵ܨ . Most previous literature experiments on beam-column joint subassemblies (for both existing capacity and retrofit solution evaluations) have used either constant or
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zero column axial loads, so the chosen test represent an interesting case- study. The specimen
NS-01 showed a crack pattern that develops along the main principal compressive direction at
a top drift value equal to 3% (end of the test), as represented in Figure 1 (b). In addition, the
punching action from the smooth bars with end up develops the so called “concrete wedge”
mechanism [9, 7, 15], due to the development of stresses in the only portion of the joint panel
unconfined (no stirrups, no convergent beam), see Figure 1 (c).
In the next sections, the numerical lumped plastic model approach used to evaluate the global
force-top drift curve of the proposed experimental test is described along with the various parameters used for evaluating pinching behavior, unloading, and reloading stiffness degradation,
strength degradation, and energy dissipation.
3

NUMERICAL MODELING APPROACH

The numerical model adopted to reproduce the experimental test was implemented in OpenSees.
For the overall system, a finite element lumped plasticity approach was used, considering for
the converging elements a linear-elastic region in the middle and the inelasticity concentrated
at the ends. The plastic hinge length was evaluated by using the Priestley formulation [12].
Regarding the joint panel strength-deformation capacity and its non-linear behavior, a simplified macro-model approach was adopted [7, 9, 15]. Thus, joints behavior both in linear and nonlinear range was considered through a single rotational spring placed in its core region.

(a)

(b)

Figure 2: (a) Numerical model performed in OpenSees, (b) bi-linear and tri-linear Backbones.

The rotational spring was linked to beam and column interfaces with rigid links. All plastic
hinges non- linearities were included through Zero Length (ZL) elements at the end of the
members and in the joint panel, see Figure 2 (a). Once the numerical model has been defined,
two backbone types have been used to reproduce the experimental test. The simplest envelope
curve, orange line of Figure 2 (b), represents a bi-linear constitutive relationship defined according to the parameters from the NZSEE2017 Seismic Assessment Guidelines [21]; while a
more refined version, black line of Figure 2 (b), considers, through a trilinear constitutive relationship, the pre-cracking stage and the softening behavior after the peak. In both curves, the
pairs of points ሺܯǡ ߴሻ with the subscript “y” and “u” define the yielding condition and the ultimate condition, respectively. Notably, while the yielding point is the same for both curves, the
ultimate points are different. Only for the tri-linear backbone curve, the first cracking condition
has been defined and indicated with the subscript “cr” in the black curves of Figure 2 (b), thus
forming a knee that anticipates the yielding point. The next section will discuss the parameters
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governing the capacity and the hysteretic uniaxial material used for both the bi/tri-linear backbone.
3.1 JOINT MOMENT-ROTATION HYSTERESIS BACKBONE
The joint spring capacity in terms of bending moment can be derived from the principal tensile
or compressive stresses, where they consider the axial load acting on the top of the column.
For a joint with no horizontal confinement provided by the stirrups ሺߪ ൌ Ͳሻ, its capacity,
expresses in terms of moment resistance ܯ௧ , both in pull and push directions, has been determined by using the following equations:
ݒ Τܣ
ܸ
ൌ
߶
߶

ሺͳሻ

ܰ
൰
ܣ

ሺʹሻ

ʹܮᇱ  ܮ െ ͳǤͺ݀ܮ
ܮ ͲǤͻ݀ܣ ሺܮ െ ܮ ሻ

ሺ͵ሻ

ܯ௧ ൌ

ଶ
ݒ ൌ ඨ௧ǡ
േ ௧ǡ ൬

߶ൌ

In (1) ݒ is the horizontal shear stress, ܣ represents the column cross section area, and ܸ is
the horizontal shear force acting at the mid-depth of the joint core. In (2) ௧ǡ are the principal
tensile or compressive stresses, evaluated by using the Mohr circle while ܰ represents the axial
load acting on the top of the column. In (3) ߶ is a geometric term which depends on the joint
subsystem dimensions and on the lever arm d. All the terms reported in Equations (1), (2), (3)
are represented in Figure 3, while push direction implicates beams upper fibers in compression
state and pull direction the tension one. For the complete procedure, refer to NZSEE2017 Seismic Assessment Guidelines and associated literature [15, 21, 23]. For the analyzed test, the
bending moment capacity results equal to 35.5 kNm in push-direction and 27.5 kNm in pull
direction. Concerning the rotation corresponding to the maximum bending moment, actually
no formulations are available and the proposed value by the NZSEE2017 Seismic Assessment
Guidelines [21] are independent from the construction details and geometry parameters.

Figure 3: Moment, shear, and stresses at joint region and, Free-body diagram of a beam-column joint
subassembly (push direction).
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Moreover, no indication on the pre-cracking stage is available, because on the safe side the
NZSEE2017 neglects the pre-cracking stage.
Therefore, in the present work a preliminary calibration of the parameters governing the precracking stage is performed based on the analyzed experimental test.
To model the cyclic behavior of the joint panel (e.g. [15, 33]), a hysteretic uniaxial material
was adopted in OpenSees library. In addition to the envelope parameters, the initial elastic stiffness ܭ and the pairs of points of the envelope ሺܯǡ ߴሻ, the cyclic model, represented in Figure
4, requires the definition of several inputs parameters such as Pinch-ݔΤ ݕpinching factor for
rotation/moment during the reloading branches, Damage 1 due to ductility (μ), Damage 2 due
to energy dissipation, and finally the power unloading stiffness (β), which governs the cycles
stiffness degradation; they are all schematized in Tab. 1. The calibrated parameters used in the
numerical model are: ݄ܲ݅݊ܿ௫ ൌ ͲǤ͵ǡ ݄ܲ݅݊ܿ௬ ൌ ͲǤͲͷǡ ݁݃ܽ݉ܽܦଵ ൌ ͲǤͲʹǡ ݁݃ܽ݉ܽܦଶ ൌ Ͳǡ Ⱦ ൌ
ͲǤͷ.
Hysteretic Material Parameters
Elastic stiffness

݁݃ܽ݉ܽܦଵ

Moment and Rotation points of the envelope
Pinching factor for rotation during reloading
Pinching factor for moment during reloading
Damage due to ductility (μ)

݁݃ܽ݉ܽܦଶ

Damage due to energy dissipation

ሺܯǡ Ԃሻ
݄ܲ݅݊ܿ௫
݄ܲ݅݊ܿ௬

Ⱦ

Power used to determine the degraded
unloading stiffness

Figure 4: (a) Hysteretic material backbone, (b) Hysteretic material input parameters

The adopted hysteretic model shows the advantage to manage independently the positives (first
quadrant) and negatives (third quadrant) notable points of the envelope, with subscripts “p” and
“n” in Figure 4. This opportunity allows to account the non-symmetric response of the subsystem in the two directions, push and pull directions, of the seismic action as shown by many
experimental tests
4

EXTERIOR JOINT MODEL CALIBRATION AND RESULTS

The bi-linear backbone (BB) and tri-linear backbone (TB) are both adopted to reproduce the
experimental response of NS-O1 joint panel. The first simplest backbone is an elastic perfect
plastic one and its parameters are defined thanks to the actual guidelines (blind prediction),
instead the parameters of the second one is calibrated ad-hoc to match the experimental response on the basis of the analyzed experimental test. As will be shown, both the models capture
the experimental test with a slight, and expected difference in the level of accuracy.
In Table 1, all the parameters that characterize the envelope curves are reported, both for bilinear backbone (BB) and tri-linear backbone (TB). For both the backbones, the parameters
governing loading and reloading branches are set equal to Pinch-x=0.3, Pinch-y=0.05 D1=0.02,
E=0.5, and the maximum bending moment My was calculated according to eq. (1) for push

1090

Marcello Sabene, Maria Zucconi, Stefano Pampanin, Barbara Ferracuti

direction, while it was reduced of about 22% in pull direction. Concerning the rotations at yielding and ultimate condition, for the elastic perfectly plastic backbone they are set equal to those
proposed by NZSEE2017 Seismic Assessment Guidelines [21] in both directions, while for the
trilinear backbone based on the experimental test, they result slightly higher in both the directions.
Proposed envelope curves for specimen NS-01
Model

Mcr
(kNm)

My
(kNm)

Mu
(kNm)

K0
(kN/m)

K1
(kN/m)

K2
(kN/m)

ϑcr
(rad)

ϑy
(rad)

ϑu
(rad)

BB

-

+1364
- 1618
+3142
+2150

0

-

±0.005

±0.01

+16
-20.5

+27.5
-35.5
+22
-28.4

-

TB

+27.5
-35.5
+27.5
-35.5

+474
+658

-19
-106

+0.00085
-0.001

±0.0075

+0.015
-0.012

Table 1: Backbone values used in NS-O1 numerical model.
The axial load protocol used in the numerical analysis was back calculated from the experimental data, where the axial load was imposed during the test. The cyclic analyses in terms of
lateral force vs top drift results for NS-O1 are compared with the test results, as shown in Figure
5 (a), (b).
Figure 5 (a) shows the comparison between the experimental test and numerical model with
elasto-plastic backbone, while Figure 5 (b) shows the same comparison using a tri-linear backbone curve. Looking at the numerical bi-linear backbone of Figure 5 (a), the stiffness ܭ is
equal to 1364 kN/m for the pull and 1618 kN/m for push loading, respectively. This value was
50% and 16% lower than the experimental one equal to 2730 kN/m in the pull direction and
1926 kN/m in the push direction, respectively. The stiffness ܭ under-estimation observed in
the cyclic analyses is due to the fact that the elastic perfectly plastic backbone neglecting the
pre-cracking stage.

(b)

(a)

Figure 5: Horizontal Force – Top drift for specimen NS-O1, comparison between experimental and
numerical results. (a) bi-linear backbone, (b) tri-linear backbone.

The bi-linear backbone could not fully reproduce the post-peak behavior of the force-top drift
hysteresis, especially in the pull direction, where the higher axial loads were both beneficial
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(confining the cracked joint core) and harmful (additional compressive force that accelerates
bar buckling and concrete spalling) to the joint post-cracking behavior.
On the other hand, the monotonic envelope matched well in capturing the peak point as maximum of resistance achieved, in the push direction.
The proposed trilinear backbone model, reported in Figure 5 (b), simulates the response of
specimen NS-O1 successfully. However, it slightly overestimates the initial branch slope where
the ܭ initial stiffness intends to capture joints first cracking peak.
The tri-linear hysteresis curve is capable, when compared to the simplified bilinear curve,
one in capturing the strength degradation, especially the rapid degradation due to the joint concrete spalled occurred for cumulative damage. In the cyclic analysis, the damage accumulation
improved the prediction of the post-peak behavior and was computed by using factors damage
1 and β, to govern the strength and stiffness degradation reached at the same displacementimposed level and the progressive stiffness degradation as the displacement itself increases.
These aspects related to the decay system evaluation were considered in both numerical simulations from the pinching re-loading curve after one complete pull-push loading cycle.
Indeed, the bi-linear backbone, given its simplicity, can still remain a valuable tool, yet rather
advanced, for professional practice, where there is the need to consider the joint deformability.
Furthermore, the experienced practitioner can consider for simplicity, a symmetrical resistance
peak in the push-pull directions, taking as a reference one the lower of them, being in safety
condition. As further developments, for more detailed studies, a trilinear curve might offer a
more accurate representation of the initial stiffness and cracking point.
Worth noting that the strength degradation part of the post-peak region can either be modeled
as an additional relationship to the bilinear curve model (e.g., Ruaumoko [33]) or be directly
integrated in the trilinear curve as herein demonstrated. In both cases, issues associated with
the numerical convergence of a pinched and strength degrading hysteresis loop, particularly
when running fully dynamic non-linear time-history analysis can be anticipated and should be
carefully considered.
5

PROPOSED BACKBONE VALUES FOR EXTERIOR JOINTS MODEL

Following the numerical calibration of the backbone curve on the experimental results of specimen NS-O1, similar approach was extended to various experimental tests on external joints
specimens available in the literature (e.g. [9-11] and [29-32]).
The intent is to report in a simple way the main parameters that allow the user (be it a researcher or an experienced practitioner) to effectively describe the external joints backbone,
selecting the appropriate level of targeted accuracy. It is worth noting that, when evaluating the
equivalent joint moment capacity, expressed in terms of: ܯ , ܯ௬ , ܯ௨ , as previously described,
it is preferable to evaluate the peak moment ܯ௬ following Equations (1), (2), (3) as it closely
depends on joints geometry, structural details, and axial load variation.
As it can be noted from the calibrations carried out on the proposed experimental tests, the
ratio ܯ Τܯ௬ varies in the range 0.4-0.7 while the ratio ܯ௨ Τܯ௬ varies between 0.7-1.
As for the rotations, building on the values suggested by NZSEE2017 Seismic Assessment
Guidelines and associated literature [15, 21], calibrated values are herein proposed on the basis
of the tests shown in Table 2.
Based on these calibrations, it is possible to define ranges for Ԃ , Ԃ௬ , Ԃ௨ to be used as simple and practical references for the joints rotations to be adopted in the numerical models, without going through the full ௧ -γ formulation, see Table 3.
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Calibrated values for the proposed numerical models
# Reference

ID

Mcr
(kNm)

My
(kNm)

Mu
(kNm)

K0
(kN/m)

K1
(kN/m)

K2
(kN/m)

ϑcr
(rad)

ϑy
(rad)

ϑu
(rad)

ܯ Τܯ௬
-

ܯ௨ Τܯ௬
-

1 Pampanin et al 2003.
[15]
2 Pampanin et al. 2003
[15]
3 W. Y. Kam 2010 [30]

T1

+9
-13
+7
-9
+15
-21
+16
-19
+12
-18
+35
-23
+42
-20
+15
-9
+16
-11
+15
-10

+18
-22
+11
-14
+28
-36
+35
-21
±30

+18
-22
+11
-14
+22
-29
+28
-15
±24

0

0

±0.01

0

±0.005

±0.01

+474
+658
-

±0.0075
+0.0065
-0.0045
±0.0075

+0.015
-0.012
+0.015
-0.018
±0.015

+35
-23
+38
-17
+25
-14
+22
-16
+19
-30

-19
-106
-258
-156
-430
-390
0

+0.0075
-0.004
+0.007
-0.0035
+0.006
-0.003
+0.0055
-0.0042
±0.003

+0.018
-0.01
+0.020
-0.018
+0.015
-0.01
+0.018
-0.015
±0.015

0.50
0.59
0.64
0.79
0.55
0.58
0.46
0.90
0.40
0.60
1

1

0

+0.0015
-0.002
+0.002
-0.003
+0.00085
-0.001
+0.003
-0.0007
+0.0006
-0.00075
+0.0015
-0.00065
+0.0004
-0.00025
+0.00090
-0.0015
+0.00090
-0.0015
+0.0009
-0.00018

±0.005

+35
-23
+50
-28
+25
-14
+22
-16
+27
-38

+599
+667
+1050
+1408
+3142
+2150
+2481
+3225
+2513
+1843
+1142
+1804
±1514

L1
NSO1
TDP1
TDP2

4 E. Hertanto [29]

TDD1
TDD2
TSP
TSD

5 U. Akguzel 2011 [31]

2D1

0
-

+410
-557
+1267
-1857
+1890
+2252

0
0

-329
-251
0
-85
-70
-358
-667

0.84
0.71
0.60
0.64
0.73
0.69
0.56
0.26

Table 2: Backbone values used in numerical models’ calibration.
Joint rotations ranges
Joint’s type
External

ϑcr
(rad)
0.0006 ≤ ϑ ≥ 0.0015

ϑy
(rad)
0.003 ≤ ϑ ≥ 0.0075

ϑu
(rad)
0.01 ≤ ϑ ≥ 0.02

Table 3: Proposed ranges for external joints rotations.
Figure 6 shows the envelopes obtained for the experimental tests on external joints analyzed
in terms of joint rotation (ϑ) vs normalized moment ሺܯΤܯ௬ ሻ. By observing the shape of the
proposed curves, it can be seen that on the basis of the case study, the most appropriate backbone was chosen to describe the joints behavior (bi-linear or tri-linear).

Figure 6: Envelope curves of numerical tests on literature specimens reported in Table 2.
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6

CONCLUSIONS

In this paper, an experimental test on an exterior beam-column joint designed for gravity loads
has been numerical modelled by a lumped plasticity approach. The joint non-linear deformation
capacity represented through a single non-linear rotational spring placed at beam-column intersection. For what concerns the numerical settings, it was necessary to define an efficient moment-rotation relationship allowing to obtain a reliable prediction of the selected exterior joint
specimen NS-O1. Moreover, the parameters to be defined were the elastic stiffness, pre- and
post-cracking slopes, as well as the pinching behavior, as a function of the type of joints (exterior), joint dimensions, axial load ratio, longitudinal reinforcement type, anchorage details.
Finally, two different backbones were chosen to simulate the experimental test in terms of top
force-global drift response. The first one consists of a simple bi-linear relationship, useful for
the experienced practitioner, which should adopt the most convenient approach to consider joint
deformation capacity, according to NZSEE2017 Seismic Assessment Guidelines [21].
The second one consists of a tri-linear relationship, useful in the research field when the goal is
to capture detailed aspects of the experimental test to be reproduced, or in general of the overall
joint behavior, depending on the required degree of accuracy and scope of work. In this case,
the tri-linear backbone can capture and better model the point of first cracking, the elastic and
softening branches.
All the parameters that characterize the backbone curves and their hysteretic behavior are reported, highlighting how the values provided by NZSEE2017 Seismic Assessment Guidelines
[21] are intentionally and reasonably providing average behavior, while, for a case-by-case specific analysis, more appropriate parameters can be identified to better describe the joints performances. This work represents a small part of a more extensive numerical simulation
campaign on existing joints currently under development.
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Abstract
The expected lateral response of reinforced concrete (RC) elements strongly depends on their
failure mode. Code-conforming RC members are supposed to exhibit a flexural (F) ductile failure, with complete exploitation of their post-peak displacement/deformation capacity. However, substandard RC elements, which are typical of existing structures, may undergo a shear
failure after yielding (FS) or even before yielding (S) of longitudinal reinforcement. In this case,
the element is classified as “shear-sensitive” and may be characterized by an abrupt collapse
after the attainment of the peak load-capacity, with a fast loss of lateral load-bearing capacity
up to the onset of the progressive reduction of the axial load-bearing capacity. This condition
may trigger structural collapse, as also shown from surveys of damages due to strong earthquakes in past and recent times. So, the determination of the failure mode of RC members is
paramount for a reliable assessment of the seismic safety of structures.
In general, static criteria are applied to pre-classify the expected failure mode of RC members
and their response backbone is defined dependently on the determined failure mode. However,
a comprehensive approach for modelling, with a unique set of predictive equations, the response envelope of RC members without pre-determining with a deterministic approach their
failure mode is missing.
In this paper membership functions are defined to determine for RC columns the possibility that
they exhibit an F, an FS, or an S failure. A set of basic predictive equations are defined, based
on experimental data, to define a multilinear response envelope. The proposed equations may
be combined with membership functions to use a unique set of equation able to reproduce the
behaviour of RC columns with different expected failure modes.
Keywords: RC element, existing, seismic assessment, failure mode, response envelope, model.
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1

INTRODUCTION

In the last decades, one of the trends of research in the structural engineering field is aimed
at providing robust and reliable tools for nonlinear modelling of structural members. This is an
essential step towards a complete implementation of a performance-based approach for the seismic design and assessment of structures in technical codes and current practice.
In Reinforced Concrete (RC) structures, primary elements may have a different lateral nonlinear response dependently on their failure mode. If, under lateral loads, the element can first
yield and then exploit its entire ductility capacity (as shown in Figure 1), its failure mode is
ductile and flexure-controlled. Such a kind of element is defined flexure-critical, the name of
its failure mode is usually abbreviated with an “F”, the element itself can be defined as an “F
element”. If, under lateral loads, the element cannot exploit its entire ductility capacity (as
shown in Fig. 1), the element is defined shear-critical, since the ductile response of the element
is prematurely interrupted by the occurrence of a shear failure. Two conditions may occur: if
the element is anyhow able to yield, the failure mode is defined “FS”, since it is first governed
by flexure (the element can yield), then by shear (the element cannot attain its ductility capacity
since a shear failure occurs first); if the element is not able even to yield, since the shear failure
occurs before yielding, the failure mode is defined “S”, since it is governed by shear. Also in
this case, elements experiencing an FS failure mode are called “FS elements”, while elements
experiencing an S failure mode are called “S elements”.
Also from Figure 1, it is clear that RC members with different failure modes have different
lateral response. For this reason, the assessment of the expected failure mode (or “classification
of the failure mode”) is essential to correctly model the nonlinear response of each member and,
so, to obtain a reliable prediction of the structural performance. This is of paramount importance
especially when dealing with nonlinear modelling and seismic capacity assessment of existing
RC buildings.
In the literature, different approaches have been proposed for the classification of the failure
mode of structural members. Some of them have been also introduced in building codes. The
first approach to the classification of failure mode was described by Priestley et al. [1] based
on ATC-6 [2] provisions. First, it is stated that the shear strength of a RC structural members is
maximum when the element is in the elastic field; such a strength decreases at increasing ductility demand due to the damage of the element, up to a minimum (or “residual”) value. Similarly to what is represented in Figure 1, the failure mode is F if the shear force corresponding
to flexural strength is less than the residual shear strength; the failure mode is S if the shear
force corresponding to flexural strength is more than the initial shear strength; otherwise, the
expected failure mode is FS. This approach for the classification of structural members’ failure
mode, with consistent nonlinear modelling of the lateral response of these structural members,
has been adopted for nonlinear time-history analyses on case-study existing RC buildings in
[3]. However, different authors, based on experimental evidences, highlighted that the ratio
between the shear strength of a member and the shear demand in equilibrium with its flexural
strength cannot completely explain the observed failure mode of RC elements.
For example, Zhu et al. [4] proposed, based on experimental data, a classification method
distinguishing F and S elements; FS elements are mostly included among S elements. According to this method, first the transverse reinforcement ratio should be calculated. If this ratio is
lower than 0.002, the element is classified as S. Otherwise, the shear span-to-dept of the cross
section ratio and the ratio between the plastic shear demand and the shear strength by Sezen
and Moehle [5] are calculated. If the first ratio is lower than 2 or the second ratio is higher than
1.05, the element is classified as S. Otherwise, it is classified as F.
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Ghannoum and Matamoros [6] and Ghannoum [7] proposed a modification to the method of
classification of the failure modes of columns due to splice deficiency reported in ASCE/SEI
41-13 [8]. The proposal has been implemented in ASCE/SEI 41-17 [9] together with a proposal
for the definition of the significant points of the lateral response of RC columns depending on
the potential failure due to splice deficiency.
Based on experimental data, Hua et al. [10] proposed a classification method of the failure
mode of RC members based on the concept of likelihood of shear failure. The probability of
shear failure is calculated based on a demand-to-capacity ratio in which the capacity is evaluated through a proposed shear strength model.
Based on experimental data, Ma and Gong [11] proposed the calculation of a factor ω depending on geometric and mechanical characteristics of the RC columns. Based on the value
assumed by the factor ω, it is possible to establish the expected failure mode of the element.
One of the most significant advantages of this approach is that, differently from other methods,
the prediction of the failure mode is independent on the specific shear strength model adopted.
A similar approach will be introduced also in this study.

V

VR,max

S failure

FS failure

VR,min
F failure

Δ
Figure 1: Illustrative sketch of the expected lateral response of F, FS, and S members.

One of the shortcomings of most of these approaches is their deterministic outcome. In this
work, an empirical approach based on fuzzy theory is proposed for the assessment of the failure
mode of RC members. In other words, the proposed approach aims at assigning to each generic
RC structural element the “possibility” (expressed through a scalar between 0 and 1) of being
“member” of the sets of F, of FS and of S elements. This scalar is calculated via membership
functions which are defined for each of the three sets/failure modes. The definition of a “continuous” classification of the failure mode of structural elements is a preliminary step towards
the assessment of the lateral response of RC members without an explicit pre-classification, but
by means of an implicit modification of the expected ductile response backbone of the element
by using the proposed membership functions. Based on the same experimental database, empirical equations are proposed for the assessment of the expected response envelope of ductile
elements.
2

EXPERIMENTAL DATABASE

The definition of the proposed approach for the direct assessment of RC elements’ failure
mode is based on the experimental data collected in the ACI 369 Rectangular Column Database
[12], which will be briefly named “ACI database” in the following.
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The ACI database is constituted by 326 cyclic tests of rectangular RC columns. In this work,
only cyclic tests of rectangular-reinforced columns are considered. All specimens are characterized by the presence of deformed (i.e., ribbed) longitudinal rebars, while transverse reinforcement may be realized with deformed or plain bars. For each specimen, the following data
are reported:
-

Material properties (for concrete, longitudinal and transverse reinforcement);
Column geometry (for the overall column, longitudinal and transverse reinforcement);
Confinement details (i.e., the configuration of transverse reinforcement);
Test configuration details (i.e., how the lateral load was applied on the specimen);
Test results in terms of observed failure mode, significant values of force and displacement, force-displacement loops (if available).

Since the assessment of the failure mode is the core issue of this work, it is worth mentioning
how the definition of the failure mode was performed by the Authors of the database. Two
approaches are considered for failure mode classification: the first one is consistent with the
approach adopted by PEER in [13] and is more based on the “observed” response of the specimens; the second, which is more “practice-oriented”, is based on the assessment of transverse
reinforcement detailing and on the ratio between the plastic shear demand and the expected
shear capacity. The discussion presented in this paper is based on the first classification approach, i.e., the one consistent with PEER [13], since it is independent of the assessment of
shear strength by means of a specific shear capacity model. In fact, consistently with the PEER
approach, a first distinction is made between shear-sensitive and non-shear-sensitive members.
If the Authors of each experimental test reports the occurrence of shear damage for a certain
specimen, the element is classified as “shear critical”. Otherwise, it is classified as “flexure
critical” and the assigned failure mode is F.
Among Shear Critical elements, a mixed analytical/empirical approach is adopted to distinguish FS and S elements. First, for each specimen, the maximum lateral force attained (Feff) is
evaluated. Then, the theoretical maximum force corresponding to the attainment of a maximum
strain in concrete equal to 0.4% (F0.004) is calculated. In addition, based on the experimental
response of the specimen, the ductility capacity μfail is calculated by assuming as failure displacement the one associated with a force capacity equal to 0.80 times Feff on the softening
branch of the force-displacement response. If Feff is lower than 0.95 times F0.004 or μfail is equal
or lower than 2, the Shear Critical element is classified as S. Otherwise, it is classified as FS.
Among the 326 tests collected in the database, only those for which all the significant geometric, mechanical and response parameters were available have been used for this study. In
addition, only “completely cyclic” tests were considered: in other words, test with monotonic
loading before and/or after yielding were excluded. In addition, columns with spliced reinforcement were excluded since they can undergo a premature failure due to insufficient anchorage
length, as shown, for example, for the specimens by Melek and Wallace [14] that are included
in the original ACI dataset but are not considered for this study. Hence, a subset of the ACI
database constituted by 260 tests is considered in this work. In this reference subset, hereinafter
named “collected database”, 156 tests are classified as F (60% of the database), 69 tests are
classified as FS (26% of the database), 35 tests are classified as S (14% of the database). Despite
other databases considering shear-sensitive RC members have been collected including a larger
amount of S tests (e.g., [15, 16, 17]), it was preferred to adopt ACI database since it includes
also F elements, which is fundamental for the scope of this study; on the other hand, “merging”
F elements from ACI and FS/S elements from other databases was excluded, in order to use
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data associated with RC columns whose failure mode has been classified with a unique and
consistent approach.
The tests collected in the reference subset are characterized by 0 ≤ ν (axial load ratio) ≤ 0.90,
13 ≤ fc (compressive strength of concrete) ≤ 118 MPa, 318 ≤ fyl (yielding stress of longitudinal
rebars) ≤ 587 MPa, 249 ≤ fyw (yielding stress of transverse rebars) ≤ 1424 MPa, 0.0068 ≤ ρl
(longitudinal reinforcement ratio) ≤ 0.0694, 0.0006≤ ρw (transverse reinforcement ratio) ≤
0.0321, 0.11 ≤ h/Ls (cross section height-to-shear span aspect ratio) ≤ 0.87, 0.11 ≤ s/d (transverse reinforcement spacing-to-effective depth of the cross section ratio)≤ 1.27. In addition, the
experimental response loops of specimens were corrected, if necessary, in order to remove the
spurious effect given by geometric non-linearity (i.e., P-Δ effects) and, so, consider only mechanical sources triggering the post-peak softening. The correction has been performed in order
to lead back the experimental response of the selected specimens to “Case I” according to [13].
The database is described more in details in [12].
3

ASSESSMENT OF FAILURE MODE VIA MEMBERSHIP FUNCTIONS

In this work, the collected database is considered as the union of fuzzy sets [18]. A fuzzy set
is a collection of objects with a certain membership. More specifically, each specimen can be
member of the “F elements” fuzzy set, of the “FS elements” fuzzy set and of the “S elements”
fuzzy set. In other words, it is possible to define, for each specimen, if it is certainly F, certainly
FS or certainly S.
However, when dealing with a generic structural member belonging to a structure, it is not
always possible to define with certainty if it will behave as an F element, or as an FS element
of as an S element. In this case, a membership function allows expressing the possibility [19]
of that element of behaving as an F element, as an FS element and as an S element. In other
words, the membership function for F elements, μF, expresses with a number ranging from 0 to
1, the possibility that a certain structural member belongs to the set of F elements; the same
applies for the membership function for FS elements, μFS, and for the membership function for
S elements, μS. Of course, it is certain that a member will be part of one of the three sets. So,
the sum of the values assumed by the three membership functions for a certain structural element should always be equal to 1.
The membership function can express the possibility of a certain structural member of being
part of a certain set as a function of a predictive parameter (or of more predictive parameters)
that represents the structural member characteristics. Of course, the significant characteristics
of the structural member (i.e., those that can define a potential domain – also called support –
for the membership function) depend on the nature of the membership function itself. For example, since the membership functions that are defined in this work are related to the concept
of failure mode, it is expected that parameters like the axial load ratio or the amount of longitudinal and transverse reinforcement may be appropriate as predictors. Section 3.2 is dedicated
to the definition of the most appropriate predictive parameter(s).
Consider now to have defined a certain predictive parameter x. Hence, the membership functions are expressed as μF(x), μFS(x), μS(x). The values assumed by the membership functions
are set based on the experimental data reported in the collected database. The procedure adopted
to define the shape of the membership functions is reported below, with reference to the illustrative sketch reported in Figure 2.
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μS(x)
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x2

μF(x)

x

Figure 2: Illustrative sketch of the adopted membership functions.

1. Membership functions are assumed as piecewise linear;
2. The value x00 of the predictor parameter is set. It is defined in order to have μF(x≤x00)=1.
In other words, if the predictor x is lower than or equal to x00, it is assumed that certainly
the structural member will exhibit an F failure mode. The value of x00 is obtained from
the collected database as the maximum value of x below which no FS or S failure is
observed;
3. The value x0 of the predictor parameter is set. It is defined in order to have μS(x≤x0)=0.
In other words, if the predictor x is lower than or equal to x0, it is assumed that certainly
the structural member will not exhibit an S failure mode. The value of x0 is obtained
from the collected database as the maximum value of x below which no S failure is
observed;
4. The value x2 of the predictor parameter is set. It is defined in order to have μS(x≥x2)=1.
In other words, if the predictor x is higher than or equal to x2, it is assumed that certainly
the structural member will exhibit an S failure mode. The value of x2 is obtained from
the collected database as the maximum value of x above which no F or FS failure is
observed;
5. The membership function for FS failure mode μFS(x) is assumed equal to 1- μFS(x)μS(x);
6. Being f1=μF(x1) and s1= μS(x1), the values of x1 (which is between x0 and x2), f1 and s1
are set after an iterative procedure aimed at obtaining the “best performance” for the
membership functions, i.e., the set of x1, f1, and s1 values for which the adopted membership functions are able to correctly predict the failure mode of the specimens of the
collected database in the highest number of cases.
In a previous work [20], different potential predictors were already evaluated, namely the
axial load ratio, the aspect ratio and the ratio between the mechanical ratio of longitudinal and
transverse reinforcement. In general, as also reported in section 1, the distinction between shear
critical and flexural critical structural members can be performed via a “static” approach by
comparing shear demand at yielding Vy (i.e., the one in equilibrium with the yielding moment
acting at the base of column) and the shear demand at maximum Vmax (i.e., the one in equilibrium with the maximum moment acting at the base of column), with the shear resistance of the
column, VR. A member is flexure critical if Vmax is lower than the minimum value of VR; otherwise, it is shear-critical. It should be considered that at increasing axial load ratio, both the
maximum moment (i.e., Vmax) and the shear resistance VR, first increase and then decrease. So,
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a specific trend for the frequency of each failure mode at increasing ν is not expected. In fact,
in [20], it was observed that the axial load ratio alone is not a good predictor of the failure mode.
A better performance is obtained by considering as predictor the aspect ratio and the ratio between longitudinal and transverse reinforcement mechanical ratios. However, it was observed
that the best performance was obtained by adopting as predictor a combination of these two
parameters, as shown in Equation 1.
ݔൌ

ℎ ߱
ℎ ܣ ݏ௦ ݂௬
ൌ
ܮ௦ ߱௪ ܮ௦ ݀ ܣ௦௪ ݂௬௪

(1)

Since the predictive parameter x has been chosen, it is possible to define the membership
functions. Based on the collected database, it is observed that:
1. For x lower than or equal to 0.75, only F failures are observed. Hence, x00 (see Figure
2) is assumed equal to 1;
2. No S failure is observed for x lower than or equal to 1.50. Hence, x0 (see Figure 2) is
assumed equal to 1.50;
3. Only S failures are observed for x higher than or equal to 13. Hence, x2 (see Fig. 2) is
assumed equal to 13.
The best performance set of membership functions is obtained if x1 (see Figure 2) is assumed
equal to 3.1, if f1 (see Figure 2) is assumed equal to 0.07 and if s1 (see Figure 2) is assumed
equal to 0.09. With these assumptions, in fact, a correct prediction of the failure mode (i.e., the
more possible failure mode corresponds with the actual failure mode) is obtained in 84% of
cases. Note that the values of x00, x0, x2, x1, f1, and s1 are different with respect to those shown
in [20] since they were evaluated with respect to a smaller database.
The obtained membership functions are shown in Figure 3 and compared with the experimental failure modes. Experimental failure modes are reported as filled circles if they are predicted as the most possible failure mode by the adopted membership functions; otherwise, they
are reported as blank circles.

(a)

(b)

Figure 3: Adopted membership functions. Graph with x between 0 and 15 (a) and graph with x between 0 and 25
(b).
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It is possible to observe that for x lower than 2 the most possible failure mode is F; for x
between 2 and 7.3 the most possible failure mode is FS; for x higher than 7.3, the most possible
failure mode is S. It is worth recalling that for x lower than 0.75 the only possible failure mode
is F, while for x higher than 13 the only possible failure mode is S. It is also worth mentioning
that for x between 2 and 2.1 and for x between 7.1 and 7.6 there is no failure mode with possibility of occurrence higher than 50%: special caution should be adopted when dealing with
structural members belonging to these “transition zones” (grey-filled areas in Figure 3).
4

BASIC RESPONSE ENVELOPE

In this section, the basic bending moment M – chord rotation θ response envelope is determined for ductile members, i.e., for RC columns with x lower than or equal to 0.75.
4.1 Response envelope and methodology
Based on the response envelope of the experimental response of ductile members included
in the database, the following characteristic points/conditions were defined.
x

x
x
x

The first point of the proposed envelope is yielding point. First, a theoretical prediction of My was obtained by means of a fibre section analysis and indicated as My,fiber.
Then, the experimental maximum moment Mmax was determined. If Mmax resulted
higher than 1.07My,fiber, the yielding point was identified on the experimental envelope at the attainment of M equal to My,fiber; otherwise, according to [21], the yielding
point was identified on the experimental envelope at the attainment of M equal to
0.80Mmax;
The second point of the envelope is the peak load point. It was simply determined at
the attainment of a moment equal to the maximum moment Mmax.
The third point of the envelope was determined on the descending branch of the experimental response envelope at the attainment of a moment equal to 0.80Mmax. This
point corresponds to the attainment of a conventional “ultimate” condition.
The fourth and last point of the envelope is the one corresponding to the complete
loss of lateral load capacity of the column. It was determined, on the experimental
envelope, by linear extrapolation up to zero moment resistance of the extreme points
of the imposed displacement cycles defining the descending branch of the experimental envelope beginning from the experimental point at conventional “ultimate”,
as defined at the previous point. Note that, to limit the use of unreliable extrapolated
data, only tests for which at least a 50% strength decrease after peak load point attainment were considered for the assessment of this point.

A consistent approach was adopted to define an equivalent set of predictive equations for
the assessment of the response envelope of rectangular RC column with plain bars in [22].
The following parameters were adopted to identify the abovementioned characteristic points
of the response envelope, as shown in Figure 4.
x

x

The ratio between the flexural secant stiffness at yielding of the member cross-section (also called “effective stiffness”), EIy, and the flexural stiffness of the gross section EIg. This ratio allows defining, together with the yielding moment My previously
defined, the chord rotation at yielding, θy;
The maximum moment Mmax together with the corresponding post-yielding plastic
chord rotation, θmaxpl;
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x
x

The post-capping plastic chord rotation at conventional “ultimate” condition, θultpc;
The post-ultimate plastic chord rotation at the attainment of zero lateral load capacity,
θ0pu, together with the softening stiffness toward zero lateral load capacity, K0.
θmaxpl

base moment, M

M max

θultpc

θ0pu

M
0.80 M maxy

3EIy /L s

y

max

ult

0

chord rotation, θ

Figure 4: Characteristic points and assumed parameters of the base moment (M) - chord rotation (θ) response
envelope.

In order to define empirical formulations for the prediction of the abovementioned response
parameters, some potential predictors were selected. The candidate predictors were chosen by
considering the outcomes of past studies (e.g., [23]), as well as their expected mechanical influence. In addition to those listed for the description of the experimental database (see section
2), some combinations of them were assumed as potential predictive parameters, namely:
x
x
x
x
x
x
x

the ratio between the spacing of transverse reinforcement, s, and the cross-section depth,
d;
the ratio between the spacing of transverse reinforcement, s, and the diameter of longitudinal rebars, db;
a factor related to the proneness to buckling of longitudinal bars, sn=(s/db)·(fy/100)0.5;
the area/mechanical ratio of longitudinal rebars ρl and ωl;
the area/mechanical ratio of transverse reinforcement ρw and ωw;
the longitudinal reinforcement area/mechanical ratio calculated by separating the contribution of reinforcement in compression (ρ2 and ω2, respectively) from the contribution of reinforcement in tension + web reinforcement (ρ1 and ω1, respectively);
the ratio between the area/mechanical longitudinal reinforcement ratio for rebars in
compression and the mechanical longitudinal reinforcement ratio for rebars in tension.

The statistical procedure adopted for defining the predictive equations below listed is described in detail in [24]. More specifically, linear least squares regressions were performed relating the output variables (expressed in terms of natural logarithm) and the potential predictors
(expressed in their natural form, in terms of natural logarithm, or absent). The final equations
proposed were selected among the ones with the minimum number of input variables but
deemed as “statistically equivalent” – based on F-tests – to the basic predictive equations including all the potential predictors. For the assessment of predictive equations, T-tests were
performed to remove outliers from the experimental database [25].
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4.2 Predictive equations
The equations derived to define the response envelope of ductile rectangular RC columns
with deformed bars are reported below, together with, for each proposed equation, the statistics
– mean, median and Coefficient of Variation (CoV) – associated with the set of the observed
value-to-predicted value ratios for the entire experimental database. In the proposed equations,
forces must be expressed in Newtons and lengths in millimetres.
The ratio between secant-to-yielding and gross section stiffness, EIy/EIg can be calculated as
reported in Equation 2 (observed-to-predicted ratio: mean=1.09, median=1.00, CoV=0.42).
ܫܧ௬ Τܫܧ ൌ ͲǤͲ͵ͳͺ  ڄǤͳͳఔ  ڄሺܮ௦ Τ݀ሻଵǤଶଵ

ሺʹሻ

Alternatively, the ratio between secant-to-40% of yielding moment and gross section stiffness, EI40/EIg can be calculated as reported in Equation 3 (observed-to-predicted ratio:
mean=1.13, median=0.99, CoV=0.49).
ܫܧସ Τܫܧ ൌ ͲǤͳͲͲ ͵ ڄǤʹͲఔ  ڄሺܮ௦ Τ݀ሻǤ଼ଵ

ሺ͵ሻ

Note that both Equations 2 and 3 were obtained by considering not only F, but also FS specimens included in the database.
The post-yielding plastic chord rotation, θmaxpl can be calculated as reported in Equation 4
(observed-to-predicted ratio: mean=1.15, median=0.97, CoV=0.54). Note that for the assessment of θmaxpl some tests were not considered since their response envelope was provided with
a branch at pseudo-constant moment demand roughly equal to the maximum moment. In these
cases, the value of the chord rotation at peak load was not determinable in a unique and not
ambiguous way.


ߠ௫ ൌ ͲǤͲͲ͵ Ͳ ڄǤͶ͵ఔ  ڄሺݏȀ݀ሻିǤଶଵ ͳ ڄǤͲͷଵఠమ 

ሺͶሻ

For the calculation of the peak resistance, Mmax, a simple mean value is proposed attempting
to predict the Mmax/My ratio, i.e., Mmax/My = 1.31 (observed-to-predicted ratio: CoV=0.15), with
My calculated by means of a section fibre analysis.
The post-capping “ultimate” plastic chord rotation, θultpc can be calculated as reported in
Equation 5 (observed-to-predicted ratio: mean=1.16, median=0.99, CoV=0.58).


ߠ௨௧ ൌ ͲǤͲͳʹ Ͳ ڄǤͳͳఔ  ڄͷǤఠ ͳ ڄǤͺͺଵఘೢ

ሺͷሻ

The post-ultimate plastic chord rotation towards zero resistance, θ0pu can be calculated as
reported in Equation 6 (observed-to-predicted ratio: mean=1.11, median=1.16, CoV=0.42). It
is limited to the maximum value of θ0pu observed in the database.
௨

ߠ ൌ ݉݅݊ሺͲǤͲͷǢ ͲǤͲͳͻ͵ Ͳ ڄǤͲͳఔ ͳ ڄǤͳͻଵఠೢ ሻ

(6)

To avoid modelling issues, namely to avoid that the bilinear softening branch of the response
envelope is characterized by decreasing (in absolute value) softening stiffness, the post-ultimate
plastic chord rotation resulting from Equation 6 must be further limited according to Equation
7.
௨



ߠ  Ͷߠ௨௧

(7)

4.3 Application
The comparison of the outcomes of proposed model for ductile RC members with six experimental responses included in the experimental database (the three specimens with the “best”
performance of the proposed model and the three specimens with the “worst” performance of
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the proposed model) is shown in Figure 5, together with the cyclic envelope calculated by applying the model by [23]. The best performance of the proposed model is obtained for specimens C5-00N tested in [26], C1-1 tested in [27] and Test1 tested in [28] while the worst
performance is observed for specimens No.7 tested in [29], 214-08 tested in [30], and HC48L19-T10-0.1P tested in [31].
“best” prediciton

“worst” prediction

Figure 5: “Best” (left column) and “worst” (right column) predictions of the proposed model compared with the
experimental response of the selected specimens and with the cyclic envelope predicted by applying the model
proposed by Haselton et al. [23].

Since it was determined based only on cyclic tests, the proposed model already includes in its
envelope the sources of strength degradation typical of members under cyclic (such as seismic)
loading. On the contrary, the response envelope proposed by Haselton et al. [23] is monotonic,
as it is based on the results of monotonic tests and on the expected monotonic envelope derived
from a back-analysis of the results of cyclic tests. The cyclic envelope shown in Figure 5 as a
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result of the application of the model by Haselton et al. is obtained by modelling the specimen
in OpenSees [32] by adopting ModIMKPeakOriented Material model and by applying to it the
real imposed displacement path. In general, it was observed that the model by Haselton et al.
can show a fast decay of strength capacity, both in terms of maximum moment capacity and in
terms of steepness of the softening branch when the imposed displacement path is characterized
by a significant number of loading-unloading cycles. On the other hand, the proposed model
seems to not predict well the cyclic response envelope when the maximum moment capacity is
significantly higher than yielding moment and, in tune, the chord rotation at maximum is significantly higher than the chord rotation at yielding.
5

CONCLUSIONS AND FUTURE DEVELOPMENTS
x A subset of ACI 369 database of experimental tests on rectangular RC columns with deformed longitudinal rebars [12] has been selected. The selected tests were cyclic and realized on columns without lap-sliced anchorage of longitudinal rebars. In addition, they are
characterized by different failure modes assessed independently on a specific shear
strength model: namely, 156 tests are classified as F (60% of the database), 69 tests are
classified as FS (26% of the database), 35 tests are classified as S (14% of the database).
x Based on the experimental database collected, a “continuous” approach for the assessment
of the expected failure mode has been proposed. In fact, a single predictor parameter has
been identified depending only on geometric and mechanical properties of the RC element.
Based on this predictor, named x, membership functions are proposed to calculate the possibility (a number between 0 and 1) that the considered member exhibits an F, and FS or
an S failure. RC members with x lower than or equal to 0.75 are expected to exhibit only
an F failure mode, while members with x greater than 13 are expected to exhibit only an S
failure mode. The proposed approach can correctly predict as most possible the actual failure mode of the specimens included in the database in 84% of cases.
x For RC members with x lower than or equal to 0.75, i.e., for expected ductile RC members,
a set of predictive equations have been proposed to assess their cyclic moment – chord
rotation response envelope up to the complete loss of lateral load resistance. This set of
equations can be useful for modelling RC members, within a lumped plasticity approach,
for collapse risk assessment of RC structures via nonlinear analyses.
x In the literature, a similar model with the same aims was already proposed by Haselton et
al. [23]. However, it was observed that the cyclic response envelope predicted by applying
this model may be affected by premature decay of strength capacity when the RC element
is subjected by a significant number of loading-unloading cycles. In addition, the equations
proposed by Haselton et al. [23] can predict only the expected monotonic envelope of the
RC element, while the cyclic envelope including strength and stiffness degradation effects
typical of seismic action can be determined only by applying to the RC member the real
imposed displacement path. This makes the model by Haselton et al. [23] unfit for the
assessment of RC structures via nonlinear static analysis, which is still a useful tool
adopted by practitioners and researchers, especially for the assessment of existing buildings.
x In future works, the proposed equations for the assessment of the cyclic response envelope
will be combined with the proposed membership functions in order to make them applicable for the evaluation of the expected response envelope for RC members with whichever
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failure mode and, above all, without the necessity of pre-determining the expected failure
mode. In addition, the parameters for modelling the cyclic degradation of unloading and
reloading stiffness, as well as the so-called “pinching” effect will be calibrated.
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Abstract
The seismic assessment of reinforced concrete (RC) structures is commonly carried out neglecting previous damage, eventually induced by other phenomena, although different forms
of hazard can affect a structure during its existence. The coexistence of many hazard sources
is very common, i.e., in countries affected by landslides, also characterized by high seismicity,
like Italy. The aim of this work is both to demonstrate the potential utility of satellite data derived from the Differential Synthetic Aperture Radar Interferometry (DInSAR) to support the
structural health monitoring of a RC infilled building within a landslide-affected area and to
assess its safety conditions after experiencing two different hazards, that are landslide and
earthquake. A 3D model of the case study building, including also infills, is created based on
the information available from a geometrical survey, obtaining the missing parameters from
literature. The seismic assessment of the building structural elements, caused by the design
seismic action, is initially shown. Then, the seismic assessment is repeated, considering the
building to be in a state of known landslide-induced stress-strain condition. Finally, an interesting comparison is proposed between the safety condition of the building expected in both
cases, with or without the consideration of the precedent landslide-induced displacements.
Keywords: Multi-Hazard Assessment, Existing RC Buildings, Remote sensing, Earthquake,
Landslide, Damage Assessment
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1

INTRODUCTION

Different forms of hazard can affect structures throughout their existence; this is very
common, for example, in countries affected both by landslides and high seismicity.
The effects of the single hazard source on existing reinforced concrete (RC) buildings have
been a widely discussed research topic worldwide, in the last decades. For the seismic assessment, the international literature includes many methodologies and applications related to
specific investigation issues [1-4]. Many studies can also be found regarding the evaluation of
the structural damage as consequence of phenomena inducing slow displacements, monitored
through satellite data for consistent periods [5-7], in particular for landslides [8-12]. The research in terms of landslide-earthquake multi-risk analysis, indeed, is very limited [13].
In this work, a RC infilled building, constructed in the 60s, located in Moio della Civitella,
South of Italy, having typical structural deficiencies of pre-seismic designed structures, is
used as case study. A structural 3D model of the building, including infills, is created based
on the information available from original documents and an in-situ survey, while the missing
parameters are obtained from literature. A modeling approach specifically elaborated for RC
members with plain bars [14] is implemented for the non-linear flexural behavior of RC
members, concentrating it at the ends of the beams and columns. Couples of diagonal struts
are used for infills modeling, which behavior is defined as illustrated by Panagiotakos and
Fardis [15].
The effect of the landslide phenomenon on the structure is monitored through the Differential Synthetic Aperture Radar Interferometry (DInSAR) technique [16]. The processing of ascending and descending COSMO-SkyMed images allows to obtain DInSAR deformation data,
as a result of detected displacements of targets on the ground (buildings, rocks, infrastructures,
etc.), with accuracy of the millimeter, carrying out maps of mean displacement rates and time
series of deformations [17-19]. The surface ground movements, detected in the period 20122019, and extended to the 2020, have been applied to building foundations.
Then, non-linear static (pushover) analysis procedure is implemented twice: the first time
in a condition of integer structure (earthquake [EQ] scenario) and the second time considering
the structure already affected by the monitored slow-moving landslide (landslide plus earthquake [LAN+EQ] scenario). In both situations, the analysis results allow to carry out codebased [20, 21] seismic safety assessments, and the calculation of the “seismic safety index”
(called for brevity “safety index”) [22, 23] with reference to the Italian Life-Safety (LS) limit
state (ls) [20].
This paper aims to demonstrate the potential utility of DInSAR technique at a small scale,
to support the structural health monitoring of an RC building, and to demonstrate the importance of a multi-risk seismic safety assessment, cumulating the actions coming from the
two different hazards, that are landslide and earthquake.
2

METHODOLOGY

The fundamental input for the multi-risk analysis, in this work, is the landslide advanced
monitoring, for a quite wide period of time, obtained from the DInSAR technique. Then, the
aims of the work is pursued by performing pushover analysis and, therefore, the seismic safety local checks for RC members and the global safety index assessment for the whole structure. The theorical basis of the previous approaches are explained, respectively, in Section 2.1
and Section 2.2. The territorial frame of the case study, its information and the modeling aspects are reported in Section 3. Moreover, Section 4.1 and Section 4.2 present the DInSAR
analysis and displacements application, and the seismic structural assessment for the case
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study building, in the EQ and LAN+EQ scenario. In conclusion, the results obtained by the
multi-risk analysis are compared with the results of the traditional one.
2.1

Differential SAR Interferometry technique

DInSAR approach is based on time series of radar images [24] acquired by sensors installed on satellite platforms, travelling along semi-polar orbits. The acquisition is ensured
when the observation of radar targets, namely Permanent Scatterers (PS) [25], is possible. PSs
are typically parts of buildings, metallic structures, rocks or other elements already present on
the ground, with electromagnetic characteristics more or less constant over time. Having a
stack of images on the same area, in which specific PSs can be identified, DInSAR approach
allows to create maps of mean displacement rates and time series of the deformations measured along the LoS, with an accuracy of the millimeter. The mentioned type of maps can also
be obtained for more significative directions with respect to the phenomena developing on
Earth surface. This is possible considering that, because of the Earth rotational movement, an
area can be enlightened by a Synthetic Aperture Radar (SAR) sensor, either from East or from
West, along descending (from North to South) or ascending orbits (from South to North), respectively. Descending and Ascending acquisitions can be combined, after the definition of a
x, y, z Cartesian coordinate system, in which the three directions coincide with the horizontal
E-W and N-S and vertical, respectively, thus obtaining the displacement vector. It is important to underline that, due to the geometrical characteristics of the acquisition system the
N-S direction is considered negligible [17]. This is a DInSAR technique limit, that, consequently, furnishes deformation components only in the horizontal E-W and vertical directions.
2.2

Seismic assessment framework

The pushover analysis is implemented, through a step-by-step procedure, by subjecting the
structure to two monotonically increasing pattern of lateral forces, as recommended in NTC
(2018) [20]. The lateral forces, one proportional to the fundamental mode of vibration (Mode
X and Mode Y), one proportional to the mass distribution (Mass X and Mass Y), are applied
in the model at the centers of floor mass (X and Y directions are assumed accordingly to Fig.
2 (a)). Then, the so-called “inelastic demand point”, Dinel is determined, through method A of
the standard [26], based on [27], in the Acceleration Displacement Response Spectrum space
(ADRS, [28, 29]).
Once the results of the pushover analysis are obtained, the seismic safety checks are reported in this work for the LS-ls [20], equivalent to the Limit State of Significant Damage
(SD) defined in EC8-3 [21]. The structural checks in the inelastic demand point Dinel at LS-ls
are performed with regards to ductile and brittle mechanisms. The structural capacity of
beams and columns in ductile terms, Tu, is evaluated according to the capacity model suggested by [26] and [21], in terms of chord rotation capacity. The brittle failures for beams, columns and beam-column joints are checked according to capacity models suggested by the
codes [21, 26, 30].
The seismic structural assessment allows the determination of the inelastic “performance
point” of the structure, Cinel, at the considered ls, as that point in which the very first structural
element experiences a failure mechanism. From Cinel it is possible to individuate its elastic
correspondent point, Cel, necessary to find the “capacity spectrum” of the structure, in the
ADRS space. The latter, defined as the elastic spectrum that pushes the structure in crisis, is a
fundamental element to quantify the structural safety condition. In fact, the safety index, ]E
[22, 23], is defined as the ratio between the demand PGA, based on the design seismic action
prescribed by the code for the LS-ls, and the capacity PGA of the building, represented by the
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anchor acceleration of the capacity spectrum. The structure can be considered safety against
seismic actions when ]E assumes values greater than one.
3
3.1

CASE STUDY AND MODEL DESCRIPTION
Case study description

The case study RC building is located in the town of Moio della Civitella (Campania Region, Southern Italy), composed of two urban centres, Moio and Pellare. According to the
Hydro-geomorphological Setting Plan of Hydrographic District of the Southern Apennines
(HDSA)[32], building is affected by significant foundation displacements as a consequence
of an intermittent landslide phenomenon with slow kinematics, (Fig. 1), as also presented in
[33-35].

Fig. 1. Landslide inventory map (2012) with location of considered building.

The RC building was constructed in 1960s, and designed for gravitational loads only, with
a plane parallel frames structural system; it is independent, with a rectangular plan of 11,90 m
by 11,95 m, terraces excluded, built on three levels, with a pitched roof (Fig. 2(a-c)).
The most recent of many visual surveys conducted in the last decade, refers to December
2020. From the in situ-inspections, it has been possible to determine the following information. Columns have rectangular cross sections of dimensions 40x55 cm or 40x40 cm, except the stair columns, that are 55x50 cm, 60x35 cm and 55x40 cm. They are reinforced with
smooth bars, 4 longitudinal ones, I16, and stirrups I6/20” Fig. 2(d). The primary beams, belonging to plane frames, and the secondary beams, that orthogonally link the four frames at
the ends, have 35x60 cm and 20x50 cm rectangular cross sections, respectively.
The missing information about the beams reinforcement have been obtained by a simulated
design, following the Italian standard R.D.L. [36], according to which the structure has been
designed, then combining its results with evidence of local engineers about the construction
procedures of the building period. Therefore, longitudinal bars I16 have been adopted: 9+3
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for the primary beams, while 3+2 for the secondary beams. Moreover, a transversal reinforcement of I6/15” has been utilized.
Regarding the mechanical materials properties, literature references have been employed.
For the reinforcement bars, it is assumed the presence of Aq.42 steel, with an average yield
strength fym of 328,6 Mpa, from the work of Verderame et al. [37], and an elastic modulus E
of 200000 MPa. For the concrete, a cylindric mean compressive strength fcm, of 21,3 MPa,
according to Verderame et al. [38], and an elastic modulus, E, of 27607 MPa have been used.
(a)

(c)

(b)

(e)

(d)

(f)

(g)

Fig. 2. Schematic geometrical plan (a) and front view of the S-W façade (b). In situ survey (December 2020):
external picture (c); vertical smooth bars found at the column base (d); infills details – tuff (e); solid clay bricks
(f); hollow clay bricks (g).

Different types of infills have been found during the in-situ inspection, as shown in Fig. 2
(e-g): double-leaf vertical hollow clay bricks with a thickness of 8+12 cm, then 12+12 cm solid clay bricks and finally regular tuff with a thickness of 25 cm. A clear schematization of the
different infills types distribution, with a labelling of the building fields, can be found in Fig.
3. In particular, hollow clay bricks, solid clay bricks and tuff are indicated with blue, orange
and green lines, respectively. Moreover, it can be noted that AB, BC, A’B’ and B’C’ are the
fields including only infills without openings (solid lines), while CD, DE, EF, C’D’, D’E’ and
E’F’ are the fields including also infills with openings (dashed lines).
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Fig. 3. Building prospects with identification of the different infills types of the building (hollow clay bricks,
blue lines; solid clay bricks, orange lines; tuff bricks, green lines) differentiated in: without openings (continuous
lines, (a-b)) and with openings (dashed line, (c- d)).

Mechanical properties for tuff and solid clay bricks have been derived from Italian NTC
(2018) [20]; for hollow clay bricks, they have been assumed from [39] (see Tab. 1).
Mechanical Property
2

Elastic modulus Emh [N/mm ]
Shear modulus Gmh [N/mm2]
7HQVLOHVWUHQJWKĲ0 [N/mm2]

Tuff

Hollow clay bricks

Solid clay bricks

1410
450
0,060

1255
315
0,215

1500
500
0,09

Tab. 1. Mean values of infills mechanical properties.

3.2

Modeling description

As regards the non-linear flexural behavior of RC members, a fourth-linear moment-chord
rotation modeling approach, specifically elaborated for plain bars [14], has been adopted. The
non-linear flexural behavior has been assigned as a plastic hinge at each end cross section of
beams and columns. It has been verified that bending failures precede the shear for the RC
members. However, these elements have been verified with respect to shear mechanisms in
post processing, using code formulations as suggested in Section 2.2. Moreover, each infill
has been modeled with a couple of equivalent diagonal struts resistant to compression, according to Al-Chaar [40] and Fardis [41], with a lateral response modeled following the
equivalent single strut model proposed by Panagiotakos and Fardis [15]. The three-linear
moment-chord rotation bond has been assigned at the middle cross section of each diagonal
strut as axial hinges. More details about the evaluation of the geometric characteristics of
these infills can be found in [12].
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Based on the acquired geometrical and mechanical information, a 3D FEM structural model has been created using SAP2000 (v. 21.0.2, [42]). 2-D elements have been used for modeling beams, columns and the couple of diagonal struts representing the infills. The base
columns have been fixed to consider the presence of foundations. The last floor has been
modeled such that its height creates an equivalence of areas of the infills between the second
and third order beams. The infills of the third floor, with openings, have been considered only
as line masses and as line loads, because of the significant difference in shape from the panels
used in the model proposed by Panagiotakos and Fardis [15]. The ones in the fields AB, BC
and A'B' have been modelled; finally, there is a parapet in the B'C' field, and in the EF field
there is no infill because of the presence of a veranda.
The elastic vibration periods of the 3D model, for the first two vibration modes, are
T1=0,47 s and T2=0,39 s, in the direction with and without openings, respectively.
4
4.1

SEISMIC ASSESSMENT WITHOUT AND WITH CONSIDERATION OF THE
PRECEDENT LANDSLIDE-INDUCED DISPLACEMENTS
DInSAR analysis and displacements application for the case study building

Cosmo-SkyMed images, obtained in the framework of MapItaly Project [43], were processed by means of DInSAR technique. In detail, X-band stripmap in ascending and descending mode images, characterized by a ground resolution of 3 x 3 m, were processed using
SUBSIDENCE software. Coherent Pixel Technique–Temporal Phase Coherence (CPT-TPC)
approach [44, 45] has been used to obtain ground displacements from satellite radar images.
A detailed description of the whole algorithm can be consulted in [44, 45]. A phase quality
value equal to 0,7 has been set in order to obtain an acceptable displacement error, lower than
1,5 mm, and to select an adequate number of points. Fig. 4 (a, b) shows mean displacement
rates maps for ascending and descending acquisitions.
Starting from the discrete maps, vertical and horizontal E–W displacement components,
with millimeter accuracy, have been obtained at the end of each year in the period 2012–2018
and for the first three months of 2019, by a combination process. In this way, the profiles of
cumulated vertical and horizontal (in the direction parallel to the building sides) displacements, occurred to building foundations, have been provided. Moreover, to obtain the cumulated displacement components at the end of 2019 and 2020, an extrapolation has been done,
based on the hypothesis that the landslide phenomenon keeps evolving linearly in time, as observed in the monitored period. The cumulate displacement profiles are shown in Fig. 4 (c, d).
The monitoring of the landslide that caused ever-increasing displacements of the foundation
soil over the years can be also considered as base to carefully hypothesize the condition of the
future years in order to program typical retrofit operation on the RC building [46] or to make
prediction loss assessment evaluation for structures/infrastructures portfolio [47].
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Fig. 4. Foundation displacement profiles the end of each year in the period 2012–2020: vertical (a) and horizontal (b).

4.2

EQ and LAN+EQ results and comparisons

As mentioned in Section 2.2 as first step of the proposed methodology, the seismic capacity of the RC elements at the LS-ls has been evaluated, after the definition of the seismic action according to Italian NTC (2018) [20].
The first case investigated is the EQ scenario, in which the building is in a deformed condition only for gravity loads before the application of the seismic action. Then, in the LAN+EQ
scenario, the seismic assessment procedure is implemented on the structure, already deformed
because of the differential slow-moving landslide-induced displacements, applied at the base
of the first-floor columns.
Following what illustrated in Section 2.2, pushover analysis has been implemented, by applying two monotonically increasing pattern of lateral forces to the structure, as recommended
in NTC (2018) [20]. The resultant pushover curves are represented in Fig. 5. It can be observed that LAN+EQ scenario’s curves (black dotted lines) start from a significant displacement value of the control point induced by the landslide effect, while EQ scenario’s curves
(grey continuous lines) start from quite null values of roof displacement.
The seismic verifications in terms of ductile and fragile mechanisms in the step corresponding to the inelastic demand point Dinel, for the LS-ls, have been carried out once obtained the results of the pushover analysis. In Fig. 5, also the evolutions of the failure
sequences found for both scenarios are compared. In both cases, the first failure mechanism
attained is the tensile-shear failure in beam-columns unconfined joints (represented with red
triangles), followed by brittle shear failures in the beams (orange squares) and in the columns
(yellow circles). For each load case, ductile failures are never achieved at LS-ls, up to Dinel
(indicated with a green pentagram).
The application of the differential landslide-induces displacements provokes an aggravation of the stress state in the structural elements. In fact, they enter in crisis for lower steps
with respect to those attained in the EQ scenario; moreover, the number of elements in crisis
at the LS-ls, until the corresponding Dinel, increases. In particular, in the LAN+EQ scenario,
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Fig. 5. Comparison of the pushover curves and relative failure mechanism progress of structural elements, until
the demand point, in the EQ and LAN+EQ scenarios: Mass X (a), Mode X (b), Mass Y (c) and Mode Y (d).

It can be observed that, from EQ scenario to LAN+EQ scenario, the number of elements
experiencing brittle crises at LS-ls passes from 11 to 19 for joints, from 7 to 17 for columns
and from 2 to 8 for beams. This increase of the number of elements exceeding the ls can be
attributed to the action of the landslide, which is active independently from the earthquake.
Moreover, an overall comparison of the global structural condition between the two scenarios has been done in terms of safety index, ]E as suggested in Section 2.2. In the EQ scenario, the safety index at LS-ls is equal to 0,27. Taking into account the previous landslide
phenomenon with the first failure at the step zero of the curves, according to Sisma-Bonus
Guidelines [48], the spectrum referred to the Beginning of Damage-ls (10 years return period)
has been considered as a lower limit for the determination of PGAcapacity. The result is that in
LAN+EQ scenario, a ]E of 0,11 has been obtained. In both cases the structure shows a lack of
seismic capacity, meaning that it is able to withstand only a little percentage of the total design seismic action.
5

CONCLUSIONS

This study presented the seismic safety assessments of an existing RC infilled building,
constructed in the 60s, located in a landslide-affected area. The work has a dual purpose.
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From one side, it shows how the DInSAR satellite data can be used to support the structural
health monitoring of RC buildings affected by slow-moving landslides. In general, the presented methodology can be applied also to phenomena with a different origin, if slowly evolving in time. On the other side, the aim is to highlight the importance of the seismic safety
assessment in a multi-risk analysis, cumulating the action coming from the two different hazards, that in the specific case are the landslide and the seismic action.
The DinSAR remote sensing technique has been used for the detection of the landslideinduced displacements, confirming to be an extremely effective tool not only for the monitoring of phenomena at a territorial scale, but also with refers to the detail scale. A structural 3D
model of the building, considering infills, has been implemented, to carry out the seismic assessment in two phases. Initially, a traditional seismic assessment, based on non-linear static
analysis, has been done. Then, the landslide-induced displacements obtained by DInSAR
monitoring technique, affecting the base of the structure, have been applied to the model, allowing to carry out a new pushover analysis in a multi-risk perspective.
In the two cases, the evolution of the stress-strain condition in the members has a different
evolution. Since the landslide-induced displacements vary among all the columns bases, the
phenomenon causes the born of a heterogeneous stresses path in the structural elements, that
becomes the starting condition for the application of the design seismic action. For this reason,
in the LAN+EQ scenario, the number of elements exceeding the LS-ls increases.
Moreover, the illustrated results remark that by neglecting the effects of the existing differential displacements landslide-induced, the safety index overestimates the threshold of the
seismic safety. It is important to underline that an overestimation of ]E can conduct to an underestimation in the definition of the structural retrofit procedures and of their costs.
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VULNERABILITY OF ART WORKS TO BLAST HAZARD: THE
FOUNTAIN OF NEPTUNE IN FLORENCE
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Abstract
Conservation and protection of art works is a primary goal of each community, since artifacts represent a fundamental cultural and economic asset. In most cases, art goods are exhibited in Museums, which are appointed for their protection. Some of them, however, are
exhibited outdoor, since they are conceived and made to enrich the public areas. In these cases, the art goods result to be even more vulnerable, since they are subjected both to natural
hazard (i.e. earthquakes and floods) and to vandalic attacks. Art works have an intrinsic vulnerability, due to their irregular shape, slenderness, fragility and to their oldness. This paper
is focused on the dynamic response of statues to blast explosion; a valuable case-study, i.e.
the Fountain of Neptune, located in “3LD]]D GHOOD 6LJQRULD”, in Florence. The )RXQWDLQ RI
1HSWXQH is a marble and bronze opus made by Bartolomeo Ammannati between 1560 and
1565. The main character of the Fountain, Neptune, is a marble statue 5.7 meters tall, with a
weight equal to 11.5 ton. A preliminary laser scanner survey has been made to achieve the
geometrical representation of the statue. The geometrical model has been arranged, in order
to be used for structural analyses. A numerical analysis has been performed to find the dynamic response of the statue to the loading resulting from a blast explosion. Such response
has been found by assuming the explosion of assigned amounts of TNT. Some different cases
have been considered, and a limit loading condition has been found for the blast, as a function of its amount.
Keywords:%ODVWORDGLQJDUWLIDFWVSUHVHUYDWLRQDUWZRUNVUHOLDELOLW\VHLVPLFYXOQHUDELOLW\
PXOWLKD]DUGDQDO\VLV
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1

INTRODUCTION

$UWLIDFWVDUHWKHIRFXVRIWKHDUWLVWLFDQGFXOWXUDOLGHQWLW\RIDFRXQWU\'HVSLWHWKHLUIXQ
GDPHQWDOLPSRUWDQFHWKHLUVDIHW\XVXDOO\LVQRWDGHTXDWHO\SXUVXHG'LIIHUHQWKD]DUGERWK
QDWXUDODQGKXPDQLQGXFHGFDQWKUHDWHQWKHDUWJRRGV>@)XUWKHUPRUHWKH\DUHXVXDOO\YHU\
YXOQHUDEOH GXH WR WKHLU JHRPHWULFDO IHDWXUHV LQSODQ DQG LQHOHYDWLRQ LUUHJXODULW\ VOHQGHU
QHVV WKHLUDJHDQGWKHSRVVLEOHIUDJLOLW\RIWKHLUPDWHULDO
0DUEOH VFXOSWXUHV UHVXOW WR EH YHU\ YXOQHUDEOH WRRYHUWXUQLQJ GXH WR WKHLU KLJK PDVV DQG
WKH IUDJLOLW\ RI WKH PDWHULDO )XUWKHUPRUH WKH PDUEOH VFXOSWXUHV FDQ EH YHU\ WDOO WR WDNH DG
YDQWDJH RI WKH VWUHQJWK RI WKH PDWHULDO ZLWK D FRQVHTXHQW KLJK VOHQGHUQHVV )RU WKLVUHDVRQ
PDQ\VWXGLHVKDYHEHHQPDGHRQWKHLUYXOQHUDELOLW\WRRYHUWXUQLQJZLWKDVSHFLDODWWHQWLRQWR
WKHVHLVPLFH[FLWDWLRQV>@
7KHDQDO\VLVKDVEHHQSHUIRUPHGRQDFDVHVWXG\LHWKHPDLQVFXOSWXUHRIWKH)RXQWDLQRI
1HSWXQH LQ )ORUHQFH ,W LV D PDUEOH DQG EURQ]H RSXV PDGH E\ Bartolomeo Ammannati EH
WZHHQDQG>@7KHPDLQVFXOSWXUHRIWKH)RXQWDLQ1HSWXQHLVPHWHUVWDOODQG
LWKDVDZHLJKWHTXDOWRWRQ
7KHH[SORVLRQKDVEHHQDVVXPHGWREHFDXVHGE\WKHEODVWRIIL[HGDPRXQWVRI717FRP
SDWLEOHWRDYDQGDOLFRUWHUURULVWLFDWWDFN7KHUHVSRQVHRIWKHVWDWXHWRWKHDVVXPHGEODVWKDV
EHHQFKHFNHGWKURXJK)LQLWH(OHPHQWDQDO\VLV
7KH)(PHWKRGVKDYHEHHQODUJHO\ GHYHORSHGLQWKHVHODVW\HDUV>@HYHQWKDQNVWRWKH
RXWVWDQGLQJGHYHORSPHQWVRFFXUUHGLQWKHGLJLWDOVXUYH\ZLWKWKHFRQVHTXHQWLPSURYHPHQWRI
WKHDUWLIDFWPRGHOOLQJ>@DQGWKHLQFUHDVLQJDYDLODELOLW\RIFRPSXWDWLRQDOUHVRXUFHV
,QWKLVVWXG\WKH)(PRGHOXVHGIRUWKHDQDO\VLVKDVEHHQDUUDQJHGRQWKHEDVLVRIDYHU\
GHWDLOHG JHRPHWULFDO PRGHO GHILQHG DIWHU D ODVHUVFDQQHU VXUYH\ ZKLFK SURYLGHG D SRLQWV
FORXGRIWKH)RXQWDLQ7KHJHRPHWULFDOPRGHOGHVFULEHGWKHODWHUDOVXUIDFHRIWKHPDQXIDFWLW
KDVEHHQDUUDQJHGLQRUGHUWRUHSUHVHQWWKHYROXPHRIWKHPDQXIDFWDQGVLPSOLILHGLQRUGHUWR
OLPLWWKHQXPEHURIWHWUDJRQVFRQVWLWXWLQJWKHPRGHODQGWKHPDLQJHRPHWULFDOLUUHJXODULWLHV
7KHDQDO\VLVKDVEHHQSHUIRUPHGDORQJWKH³ZHDNHVW´GLUHFWLRQRIWKHVFXOSWXUHLHWKHGL
UHFWLRQ ZLWK LWV ORZHVW ODWHUDO VWLIIQHVV 'LIIHUHQW DPRXQWV RI 717 KDYH EHHQ FRQVLGHUHG WR
ILQGWKHOLPLWFDSDFLW\RIWKHVFXOSWXUHWREODVWDWWDFNV
2

THE CASE-STUDY
2.1

The Neptune Fountain

7KH)RXQWDLQRI1HSWXQHSODFHGLQ)ORUHQFHLQPiazza della SignoriaZDVPDGHE\Bartolomeo Ammannati EHWZHHQ  DQG  >@ DIWHU WKH FRPPLWPHQW RI Cosimo I de’
Medici
7KH)RXQWDLQVKRZQLQ)LJXUHDFRQVLVWVRIPDQ\GLIIHUHQWSDUWVPDGHLQPDUEOHDQG
EURQ]HWKHPDLQVFXOSWXUHUHSUHVHQWLQJ1HSWXQHLVSODFHGRQDFHQWUDOSHGHVWDOUHSUHVHQWLQJ
D KRUVHGUDZQ FDUW SODFHG LQ DQ RFWDJRQDO EDVLQ D VSDFH IXUWKHU GHFRUDWHG ZLWK VWDWXHV RI
6F\OODDQG&KDU\EGLVDOODURXQGVRPHPLQRUPDUEOHDQGEURQ]HVFXOSWXUHVZHUHDGGHGUHS
UHVHQWLQJULYHUJRGVVDW\UVDQGVHDKRUVHV6RPHRIWKHVFXOSWXUHVFXUUHQWO\FRQVWLWXWLQJWKH
)RXQWDLQDUHFRSLHVPDGHWKH;,;FHQWXU\WRSUHVHUYHWKHRULJLQDODUWLIDFWVIURPYDQGDOLVP
,QGHHGIURPLWVFRQVWUXFWLRQWKH)RXQWDLQH[SHULHQFHGPDQ\YDQGDOLFDFWLRQV7KHILUVWGRF
XPHQWHGGDPDJHGDWHVEDFNWRDQGPDQ\RWKHUGDPDJHGZHUHPDGHDORQJWKHFHQWXULHV
WKHODVWHYHQWRFFXUUHGLQZKHQWKUHHYDQGDOVFOLPEHG1HSWXQHGDPDJLQJRQHKDQGDQG
WKHWULGHQWRIWKHVFXOSWXUH
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7KH)RXQWDLQRI1HSWXQH

E 1HSWXQH

Figure 1. The Fountain of Neptune

2.2

The statue of Neptune

7KHPDLQFKDUDFWHURIWKH)RXQWDLQ1HSWXQHLVDPDUEOHVWDWXHPHWHUVWDOO VHH)LJXUH
E ZLWKDZHLJKWHTXDOWRWRQ7KHPDUEOHXVHGIRUWKHVFXOSWXUHKDVEHHQWDNHQE\D
&DUUDUDTXDUU\7KHPHFKDQLFDOSURSHUWLHVDVVXPHGLQWKHZRUNOLVWHGLQ7DEOHKDYHEHHQ
IRXQGWKURXJKDQH[SHULPHQWDOVXUYH\PDGHRQVDPSOHVRIPDUEOHVLPLODUWRWKHRQHXVHGIRU
WKHVWDWXH>@$VSHFLDODWWHQWLRQKDVEHHQSDLGWRWKHYDOXHWRDVVXPHIRUWKHIULFWLRQFR
HIILFLHQW>@ZKLFKSOD\VDQLPSRUWDQWUROHLQWKHSUHGLFWLRQRIWKHFROODSVHPRGHRIWKH
VFXOSWXUHVXQGHUKRUL]RQWDOH[FLWDWLRQV
Table 1. Mechanical properties of the marble
'HQVLW\
<RXQJ0RGXOXV
3RLVVRQFRHIILFLHQW
&RPSUHVVLYHVWUHQJWK
7HQVLOHVWUHQJWK
)ULFWLRQFRHIILFLHQW

2.3

>NJP@
>03D@
>03D@
>03D@
>03D@









The structural model

7KH VWUXFWXUDO PRGHO RI 1HSWXQH KDV EHHQ PDGH RQ WKH EDVLV RI D JHRPHWULFDO VXUYH\
PDGHRQWKH)RXQWDLQRI1HSWXQHPDGHWKURXJKODVHUVFDQQHU7KHJHRPHWULFDOVXUYH\SUR
YLGHGDSRLQWVFORXGZKLFKKDVEHHQXVHGWRILQGWKHJHRPHWULFDOPRGHOFRQVLVWLQJRIDGH
WDLOHGODWHUDOVXUIDFHGHVFULEHGWKURXJKSRO\JRQV>@6XFKJHRPHWULFDOPRGHOKDV
EHHQGHHSO\VLPSOLILHGWRREWDLQWKHVWUXFWXUDOPRGHOWRXVHIRUWKHG\QDPLFDQDO\VLVPDGHRI
DORZHUQXPEHURISRO\JRQV%HVLGHVEHLQJVLPSOLILHG WKHQXPEHURISRO\JRQVRIWKHODWHUDO
VXUIDFHRIWKHPRGHOKDVEHHQUHGXFHGWR WKHPRGHOKDVEHHQFKDQJHGE\D³VXUIDFH´
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WRDVROLGRQHILQDOO\DPRGHOPDGHRIWHWUDJRQVKDVEHHQREWDLQHG)LJXUHVKRZV
WKHYDULRXVVWHSVRIWKHPRGHOLQJSURFHGXUH
D 3RLQWVFORXG

E *HRPHWULFDOPRGHO

F 6WUXFWXUDOPRGHO

G 0DLQLQIRUPDWLRQ
+HLJKW
P
9ROXPH
PF
:HLJKW
WRQ
)RRWSULQW
[FP

Figure 2. Geometrical and structural models.

3

THE BLAST ACTION

7KHORDGLQJDFWLQJWRWKHVFXOSWXUHDVDQHIIHFWRIWKHEODVWKDVEHHQDVVXPHGHTXDOWRWKH
UHIOHFWLQJ SUHVVXUH ZKLFK KDV EHHQ GHWHUPLQHG DFFRUGLQJ WR WKH HPSLULFDO DSSURDFK >@
EDVHGRQWKH.LQJHU\DQG%XOPDVK>@FRQWULEXWLRQ
7KHSUHVVXUHDSSOLHGWRWKHVWDWXHVXUIDFHKDVEHHQTXDQWLILHGDVDIXQFWLRQRIWKHQRUPDO
UHIOHFWHGSUHVVXUHSHDNPr0GHILQHGDVDIXQFWLRQ RIWKH+RSNLQVRQ&UDQ]VFDOHGGLVWDQFHZ
DVSURYLGHGE\.DUORVDQG6RORPRV>@
ܼ ൌ

ܴ
ܹ



ͳൗ
͵

ZKHUH W LV WKH DVVXPHG FKDUJH PDVV H[SUHVVHG LQ PHWULF WRQV  DQG R LV WKH GLVWDQFH H[
SUHVVHG LQ PHWHUV  RI WKH WDUJHW VXUIDFH IURP WKH FHQWHU RI WKH EODVW 7KH TXDQWLW\ KDV EHHQ
IRXQGWKURXJKWKHHTXDWLRQ  DFFRUGLQJWR>@
ܲ Ͳݎሺܼሻ ൌ  ൬ͳ 

ͳ
൰ ݁ݔሾʹǤͲ͵ͲͶ െ ͳǤͺͲ͵  ܼ െ ͲǤͲͻʹͻ͵݈݊ʹ ܼ െ ͲǤͺͻ݊݅ݏሺ ܼሻ െ ͲǤ͵Ͳ͵ ʹ݊݅ݏሺ ܼሻሿ
ʹ݁ ͳͲܼ



$IWHUWKHSHDNWKHSUHVVXUHZDYHSUHVHQWVDGHJUDGLQJZDYHSKDVH>@RIGXUDWLRQt0ZKLFK
HQGVZLWKWKH]HURLQJRIWKHSUHVVXUH SRVLWLYHSKDVH DQGDIXUWKHUSKDVHFKDUDFWHUL]HGE\WKH
QHJDWLYHVLJQRIWKHRYHUSUHVVXUH QHJDWLYHSKDVH 7KHUHDUHYDULRXVH[SUHVVLRQVWRGHVFULEH
WKH UHIOHFWHG SUHVVXUH VXFK DV KDV WKH modified Friendlander equation >@ EDVHG RQ WKH
+HDYLVLGH IXQFWLRQ ,Q WKLV ZRUN KRZHYHU D VLPSOLILHG DSSURDFK KDV EHHQ DGRSWHG DQG WKH
WUHQGRIWKHSUHVVXUHLQWKHSRVLWLYHSKDVHKDVEHHQDVVXPHGDVWULDQJXODUZLWKDQHIIHFWLYH
SRVLWLYHGXUDWLRQt0TXDQWLILHGWKURXJKWKHH[SUHVVLRQVSURSRVHGE\9DQQXFFLet al.>@
ͳ



 Ͳݐሺܼሻ ൌ ͵ ܹ ݓͲݐ

DVDIXQFWLRQRIWKHVFDOHGSRVLWLYHGXUDWLRQt0wTXDQWLILHGWKURXJKWKHHTXDWLRQ  
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 ݓͲݐሺܼǡ ܹሻ ൌ ݁ݔሼͲǤͷͻʹ  ʹǤͻͳ͵݈ܼ݊ െ ͳǤʹͺ݈݊ʹ ܼ െ ͳǤͺͺ݈݊͵ ܼ  ͳǤͳͷͳ݈݊Ͷ ܼ  ͲǤ͵ʹͷ݈݊ͷ ܼ െ ͲǤ͵ͺ͵݈݊ ܼ
 ͲǤͲͻͲ݈݊ ܼ െ ͲǤͲͲͶ݈݊ͺ ܼ െ ͲǤͲͲͲͶ݈݊ͻ ܼ
 ͲǤͷ͵ܿ ݏ ሾͳǤͲ͵ʹሺ݈ܼ݊ െ ͲǤͲͷͻሻሿ ሾͳǤͲͺͺሺ݈ܼ݊ െ ʹǤͲʹ͵ሻሿሽ



,QWKLVZRUNWZRGLIIHUHQWFDVHVRIDQDO\VLVKDYHEHHQPDGHGLIIHULQJIURPHDFKRWKHUIRU
WKHDVVXPHGDPRXQWRI717UHVSHFWLYHO\HTXDOWRNJDQGWRNJERWKFDVHVDUHFRPSDW
LEOH WR WKH TXDQWLWLHV FRPSDWLEOH WR YDQGDOLVP DFWLRQV >@ 7KH SODFHPHQW RI WKH H[SORVLYH
KDVEHHQDVVXPHGHTXDOWRPIURPWKHVWDWXHLHDORQJWKHH[WHUQDOIHQFH,Q7DEOHWKH
PDLQGDWDGHVFULELQJWKHEODVWORDGLQJKDYHEHHQOLVWHG
Table 2. Main data regarding the blast loading.
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THE ANALYSIS
4.1

The preliminary investigations

6RPHSUHOLPLQDU\LQYHVWLJDWLRQVKDYHEHHQPDGHEHIRUHSHUIRUPLQJWKHG\QDPLFDQDO\VLV
7KHDQDO\VHVKDYHEHHQPDGHE\DVVXPLQJWKH717SODFHGDORQJWKHGLUHFWLRQZLWKWKHPLQL
PXPLQHUWLDRIWKHVWDWXHDVVKRZQLQ)LJXUHIXUWKHUPRUHWKHSHGHVWDORIWKHVWDWXHKDVQRW
EHHQLQFOXGHGLQWKHDQDO\VLV,QGHHGGXHWKHSRVLWLRQRIWKHVWDWXHZLWKLQWKH)RXQWDLQWKH
SHGHVWDOLVQRWIXOO\LQYROYHGE\WKHSUHVVXUHZDYHLQGXFHGE\WKHH[SORVLRQ VHH)LJXUH 

)RRWSULQWRIWKHVWDWXH
&RQWRXURIWKHVWDWXH
&HQWHURIWKHVWDWXH¶VIRRWSULQW
&HQWHURIWKHVWDWXH¶VYROXPH

Y
X
Figure 3. Direction of analysis of the sculpture

)LUVWRIDOODPRGDODQDO\VLVKDVEHHQPDGH WKURXJKWKHVRIWZDUH0DUF 0HQWDW>@WR
FKHFNWKHG\QDPLFSURSHUWLHVRIWKHVWDWXH7KHUHVXOWVRIWKHPRGDODQDO\VLVLQWHUPVRIIUH
TXHQFLHV DQG FRUUHVSRQGHQW VKDSHV KDYH EHHQ VKRZQ LQ )LJXUH  7KH )XQGDPHQWDO SHULRG
IRXQGIRUWKHVFXOSWXUHLVHTXDOWRVHFFRPSDWLEO\WRWKHRQHVIRXQGIRUVLPLODUVWDWXHV
>@$VFDQEHVHHQWKHILUVWPRGHLVPRVWO\WUDQVODWLRQDODORQJWKHXGLUHFWLRQZKLOVWWKHIRO
ORZLQJRQHVKDYHDUHOHYDQWURWDWLRQDOUHVSRQVH
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Figure 4. Position of the sculpture within the Fountain

0RGH+]

0RGH+]

0RGH+]

Figure 5. Modal shapes of Neptune.

7KHOHYHORIVWUHVVLQWKHPDWHULDODVDQHIIHFWRIWKHJUDYLWDWLRQDOORDGVKDVEHHQFKHFNHG
E\ SHUIRUPLQJ D OLQHDU HODVWLF DQDO\VLV WKH PD[LPXP VWUHVV DFKLHYHG LQ WKH VFXOSWXUH DW LWV
EDVH VHH )LJXUH   LV HTXDO WR DERXW  03D ZHOO EHORZ WKH OLPLW YDOXH RI WKH PDWHULDO
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)XUWKHUPRUH WKH OLPLW FRQGLWLRQV LQ WHUPV RI WRSGLVSODFHPHQW dlim   P  IRU WKH RYHU
WXUQLQJ VHH)LJXUH KDYHEHHQIRXQG7KHOLPLWWRSGLVSODFHPHQWKDVEHHQIRXQGE\LPSRV
LQJ WKH JUDYLWDWLRQDO ORDG RI WKH VFXOSWXUH FHQWHU DW WKH OLPLW RI WKH LQHUWLDO FRUH RI WKH
VFXOSWXUHSULQW
1.39 m

Figure 6. Maximum stress (Pa)
under gravitational loads

Figure 7. Top displacement at the overturning

7KHKRUL]RQWDOIRUFHFRUUHVSRQGLQJWRWKHRYHUWXUQLQJLQVWHDGKDVEHHQIRXQGE\HTXDOL]
LQJWKHFDSDFLW\PRPHQWWRWKHPRPHQWRIGHPDQG7KHPRPHQWRIFDSDFLW\LVGHILQHGDVWKH
SURGXFWRIWKHJUDYLWDWLRQDOORDGVXSSRVHGWREHDSSOLHGWRWKHFHQWURLGRIWKHYROXPHDQGWKH
GLVWDQFHEHWZHHQWKHFHQWURLGDQGWKHWXUQLQJSRLQWRIWKHEDVHPHQWWKHPRPHQWRIGHPDQG
LQVWHDGLVGHILQHGDVWKHSURGXFWRIWKHKRUL]RQWDOIRUFHVXSSRVHGWREHDSSOLHGWRWKHVWDWXH
FHQWURLG  DQG LWV GLVWDQFH WR WKH WXUQLQJ SRLQWLH WKH KHLJKW RI WKH VWDWXH FHQWURLG h7KLV
VLPSOLILHGDQDO\VLVKDVEHHQPDGHE\UHSUHVHQWLQJWKHVFXOSWXUHDVDULJLGERG\VLPSO\VXS
SRUWHGRQWKHSHGHVWDO
4.2 The dynamic analysis
7KH UHVSRQVH RI WKH FDVHVWXG\ WR WKH FRQVLGHUHG EODVW H[FLWDWLRQ KDV EHHQ IRXQG E\ SHU
IRUPLQJDG\QDPLFDQDO\VLVWKURXJKWKH)LQLWH(OHPHQWPRGHOGHVFULEHGLQWKURXJKWKH
VRIWZDUH0DUF 0HQWDW>@7KHGXUDWLRQRIWKHSRVLWLYHSUHVVXUHZDYHLVYHU\VKRUWVRWKDW
WKHEODVWFDQEHDVVXPHGDVLQVWDQWDQHRXVORDGLQJ,QWKHQXPHULFDOVLPXODWLRQWKHEODVWRF
FXUVDWWKHWLPHt VHFDIWHUWKHDSSOLFDWLRQRIWKHVWDWLF JUDYLWDWLRQDO ORDG7KHUHVSRQVH
RIWKHV\VWHPWRWKHEODVWORDGLQJKDVEHHQFKHFNHGIRUIXUWKHUVHFRQGVDVVKRZQLQ)LJXUH

start
simulation

1s

stop
simulation

9 seconds

static blast
loads

Figure 8. Duration of the analysis and loads timing.
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7KHEDVHUHVWUDLQWKDVEHHQDVVXPHGWREHDVDVLPSOHVXSSRUWZLWKDIULFWLRQFRHIILFLHQW
EHWZHHQWKHFRQWDFWVXUIDFHVHTXDOWRWRDFFRXQWIRUSUREDEOHURXJKQHVVRIWKHVXUIDFHV
DQGWKHSUHVHQFHRIPRUWDU7KHWRSGLVSODFHPHQWRIWKHVFXOSWXUHLHWKHGLVSODFHPHQWDWWKH
WRS RI WKH KHDG RI WKH VFXOSWXUH KDV EHHQ FRPSDUHG WR WKH GLVSODFHPHQW H[SHULHQFHG E\ WKH
WZRH[WUHPHV IURQWDQGEDFN RILWVEDVH )LJXUHVDQGVKRZWKHGLVSODFHPHQWKLVWRULHV
IRXQGIRUWKHWZRDVVXPHGTXDQWLWLHVRIH[SORVLYH
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Figure 9. Displacements histories for the case # 1 (W = 10 kg)
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$VFDQEHQRWHGIRUWKHEODVWLQGXFHGE\NJRI717 )LJXUH WKHPD[LPXPWRSGLV
SODFHPHQWUHFRUGHGDORQJWKHXGLUHFWLRQLVDURXQGFPPXFKORZHUWKDQWKHRYHUWXUQLQJ
OLPLW RI WKH VWDWXH 7KH VFXOSWXUH H[KLELWV D URFNLQJ UHVSRQVH ZLWK D GLIIHUHQW SHULRG LQ WKH
WZRGLUHFWLRQV7KHG\QDPLFUHVSRQVHVFXOSWXUHRIWKHVFXOSWXUHLVDOPRVWV\PPHWULFLQWKHX
GLUHFWLRQ ZKLOVW LW LV VWURQJO\ QRQV\PPHWULF DORQJ WKH YGLUHFWLRQ ,Q ERWK FDVHV DIWHU WKH
URFNLQJWKHVFXOSWXUHVHWWOHVLQDGLIIHUHQWHTXLOLEULXPDVVHW
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Figure 10. Displacements histories for the case # 2 (W = 50 kg)
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:KHQWKHKLJKHUORDGLQJFRQGLWLRQLVFRQVLGHUHG )LJXUH WKHPD[LPXPGLVSODFHPHQW
DFKLHYHG E\ WKH VFXOSWXUH KHDG RYHUFRPHV  PHWHU UHVXOWLQJ FORVH WR WKH RYHUWXUQLQJ OLPLW
IRXQG DFFRUGLQJ WR WKH VLPSOLILHG VWDWLF DQDO\VLV (YHQ LQ WKLV FDVH WKH VFXOSWXUH H[KLELWV D
V\PPHWULFUHVSRQVHDORQJWKHXGLUHFWLRQGLIIHUHQWO\IURPWKHYGLUHFWLRQ7KHURFNLQJKDVD
SHULRGPXFKODUJHUWKDQLQWKHRWKHUFDVHV DURXQGVHFRQGV VLPLODUIRUWKHWZRGLUHFWLRQV
,QWKLVFDVHWKHV\VWHPGRHVQRWDFKLHYHDGLIIHUHQWHTXLOLEULXPZLWKLQWKHGXUDWLRQRIWKH
DQDO\VLVLWVKRXOGEHXQGHUOLQHGKRZHYHUWKDWQRGDPSLQJKDVEHHQLQWURGXFHGLQWKHDQDO\
VLV
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5

CONCLUSIONS

,QWKLVSDSHUWKHFDSDFLW\RIWKHPDLQVFXOSWXUHRIWKH)RXQWDLQRI1HSWXQHLQ)ORUHQFHKDV
EHHQ FKHFNHG ZLWK UHIHUHQFH WR DQ H[SORVLRQ GXH GLIIHUHQW DPRXQWV RI 717 UHVSHFWLYHO\
HTXDOWRNJDQGWRNJ%HIRUHSHUIRUPLQJWKHG\QDPLFDQDO\VLVRIWKHVWDWXHXQGHUWKH
DVVXPHGEODVWFRQGLWLRQVVRPHSUHOLPLQDU\DQDO\VHVKDYHEHHQFDUULHGWRFKHFNWKHG\QDPLF
SURSHUWLHV RI WKH VFXOSWXUH LWV OLPLW FRQGLWLRQ WR RYHUWXUQLQJ DQG WKH VWDWLF UHVSRQVH XQGHU
JUDYLWDWLRQDOORDGVRQO\
7KHG\QDPLFUHVSRQVHRIWKHVWDWXHXQGHUWKHDVVXPHGEODVWFDVHVKDVEHHQIRXQGE\SHU
IRUPLQJDQRQOLQHDUG\QDPLFDQDO\VLVRQDYHU\GHWDLOHG)(PRGHO7KHVWUXFWXUDOPRGHOKDV
EHHQVHWRQWKHEDVLVRIDGHWDLOHGODVHUVFDQQHUVXUYH\E\DUUDQJLQJWKHJHRPHWULFDOPRGHO
VWDUWLQJIURPWKHSRLQWVFORXG
7KHDQDO\VLVHYLGHQFHGDURFNLQJUHVSRQVHRIWKHVWDWXHDORQJWKHXGLUHFWLRQDFFRUGDQWO\
WRUHVXOWVSURYLGHGE\WKHPRGDODQDO\VLV7KHG\QDPLFUHVSRQVHRIWKHVWDWXH VKRZVHYHQD
WRUVLRQDO EHKDYLRU ZKLFK FDQ EH QRWHG E\ REVHUYLQJ WKH GLVSODFHPHQW KLVWRULHV RI LWV EDVH
SRLQWVDORQJWKHYGLUHFWLRQ7KHWRUVLRQDOUHVSRQVHRIWKHV\VWHPEHFRPHVHYHQPRUHHYLGHQW
DWWKHLQFUHDVLQJRIWKHDVVXPHGORDGLQJLQWHQVLW\7KHEODVWGXHWRWKHKLJKHUDPRXQW NJ 
LQGXFHV RQ WKH V\VWHP D G\QDPLF UHVSRQVH FORVHWR LWV FDSDFLW\ WKH PD[LPXP WRS GLVSODFH
PHQWRYHUFRPHVPHWHUDORQJWKHXGLUHFWLRQZKLOVWDORQJWKHYGLUHFWLRQWKHV\VWHPGRHV
QRWILQGDQHZVWDWLFHTXLOLEULXPZLWKLQWKHDQDO\VLVGXUDWLRQ
)XUWKHU DQDO\VHV VKRXOG EH PDGH WR FKHFN WKH UROH RI WKH EODVW SRVLWLRQ RQ WKH VWDWXH UH
VSRQVHDQGWRDVVHVVWKHEHVWSRVVLEOHUHVWUDLQWFRQGLWLRQWRPLQLPL]HWKHYXOQHUDELOLW\RIWKH
VFXOSWXUH
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SIMPLIFIED ANALYSES FOR THE MODEL SETTING OF
SCULPTURES: THE “OCEANO” BY GIAMBOLOGNA
Marco Tanganelli, Stefano Galassi and Stefania Viti


'HSDUWPHQWRI$UFKLWHFWXUH ','$ 8QLYHUVLW\RI)ORUHQFH
YLDGHOOD0DWWRQDLD)LUHQ]H
^VWHIDQRJDODVVLPDUFRWDQJDQHOOLVWHIDQLDYLWL`#XQLILLW

Abstract
The historical art works represent a priceless asset of communities. Despite their importance,
such artifacts are often subjected to many hazards; in Italy, the seismic risk represents one of
the most serious dangers which affect the art works, especially those more exposed to overturning. In these years, many studies have been made on the seismic response of artifacts,
which evidenced the possible vulnerability of statues to seismic excitations. This paper is focused on the safety assessment of one of the masterpieces of the XVI century art: the marble
statue “Oceanus”, made by Giambologna in 1570. The sculpture, currently exhibited at the
courtyard of the 0XVHRGHO%DUJHOOR in Florence, has a mass of almost 2 tons, and a height of
over three meters, and it is the only giant statue made by Giambologna. In the work, a simplified assessment of the seismic response of the sculpture, and of the consequent seismic safety,
has been made, by performing a non-linear static analysis. The role plaid by the base restraint and by the pedestal of the sculpture have been checked and discussed. The assessment
proposed in the paper is aimed at providing a general comprehension of the dynamic response of the case-study under seismic excitations, and to suggest a proper criterion to set a
more detailed model for further analyses.

Keywords:6HLVPLFSHUIRUPDQFHRIDUWLIDFWVDUWLIDFWVSUHVHUYDWLRQDUWZRUNVUHOLDELOLW\
VHLVPLFYXOQHUDELOLW\PDUEOHVFXOSWXUHV
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1

INTRODUCTION

$UWLIDFWVDWHDFKVFDOHUHSUHVHQWWKHFRUHRIWKHDUWLVWLFDQGFXOWXUDOLGHQWLW\RIFRPPXQL
WLHVDQGWKH\PXVWEHSURWHFWHGDJDLQVWDOOKD]DUGVRXUFHV>@:LWKLQDUWLIDFWVKXPDQIRUP
VWDWXHVUHVXOWWREHHYHQPRUHYXOQHUDEOHWKDQRWKHUV%HVLGHEHLQJVXEMHFWHGWRWLPHLQMXULHV
WKH\DUHVOHQGHUZLWKDQLUUHJXODUVKDSHDQGXVXDOO\PDGHE\EULWWOHPDWHULDOV>@WKHUHIRUH
WKH\FDQHDVLO\RYHUWXUQGXHWRKRUL]RQWDODFWLRQV)RUWKLVUHDVRQWKHVWDWXHVUHVXOWWREHYHU\
VHQVLWLYH WR WKH VHLVPLF DFWLRQV DQG WKHLU FDSDFLW\ WR FRQWUDVW VHLVPLF DFFHOHUDWLRQV EHIRUH
RYHUWXUQLQJKDVWREHFDUHIXOO\FKHFNHG
,QWKHVHODVW\HDUVPDQ\VWXGLHVKDYHEHHQGHYRWHGWRWKHDVVHVVPHQWRIWKHYXOQHUDELOLW\
RI VWDWXHV WR KRUL]RQWDO DFWLRQV 7KH ILUVW FRQWULEXWLRQ WR WKLVLVVXH ZDV PDGH E\ +RXVQHU LQ
>@ZLWKLWVULJLGEORFNDQDO\VLVZKLFKKDVEHHQZLGHO\GHYHORSHG>@:LWKWKHGH
YHORSPHQWRIWKHPRGHUQWHFKQLTXHVRIJHRPHWULFDOVXUYH\DQGWKHFRQVHTXHQWSRVVLELOLW\WR
VHW SURSHU ' VWUXFWXUDO PRGHOV HYHQ WKH )LQLWH (OHPHQWV )(  DQDO\VLV KDV EHHQ ODUJHO\
DGRSWHGIRULQYHVWLJDWLQJWKHG\QDPLFUHVSRQVHRIVFXOSWXUHWRKRUL]RQWDOORDGLQJ>@
7KHPRVWVXLWDEOHPHWKRGWRDGRSWIRUSUHGLFWLQJWKHVWUXFWXUDOEHKDYLRURIVFXOSWXUHVGH
SHQGVRQWKHFRQWDFWEHKDYLRUEHWZHHQWKHPDQGWKHLUVXSSRUWVDQGRQWKHH[SHFWHGFROODSVH
PHFKDQLVP,QPRVWFDVHVPDUEOHPDVWHUSLHFHVRIWKH5HQDLVVDQFHVWDQGRYHUWKHLUSHGHVWDO
ZLWKRXW DQ\ VSHFLILF IL[LQJ GHYLFHV DQG WKHUHIRUH WKHLU UHVSRQVH WR KRUL]RQWDO DFWLRQV DUH D
IXQFWLRQRIWKHIULFWLRQFRHIILFLHQWRIWKHPDWHULDO>@7KHSURSHUGHVFULSWLRQRIWKHHIIHF
WLYHIULFWLRQDWWKHEDVHRIWKHVFXOSWXUHVUHTXLUHVWRDGRSWSURSHUPRGHOVDQGVRIWZDUHDEOHWR
GHVFULEH WKH LQWHUIDFH EHKDYLRU RI WKH REMHFW )XUWKHUPRUH WKH HIIHFWLYH FRQQHFWLRQ EHWZHHQ
WKH DUWLIDFW DQG LWV VXSSRUW LV QRW DOZD\V NQRZQ LQ PDQ\ FDVHV D SUHOLPLQDU\ VWXG\ RI WKH
TXDOLW\RIWKHUHVSRQVHRIWKHDUWLIDFWLHWKHDVVHVVPHQWRIWKHPRVWSUREDEOHFROODSVHPHFK
DQLVPLVHVVHQWLDOWRFRUUHFWO\GULYHWKHFKRLFHRIWKHDQDO\VLVWRSHUIRUP
,QWKLVZRUNDVLPSOLILHGDQDO\VLVKDVEHHQSHUIRUPHGWRPDNHDTXLFNDVVHVVPHQWRIWKH
VHLVPLFVDIHW\RIDQDUWLIDFW6XFKVLPSOLILHGDSSURDFKOHDGVWRXQGHUVWDQGLIWKHDVVHVVPHQWRI
WKHDUWLIDFWVDIHW\LVUHOLDEOHHQRXJKLIPRUHFRPSUHKHQVLYHLQYHVWLJDWLRQVDUHQHHGHGLWFDQ
SURYLGHXVHIXOLQIRUPDWLRQDERXWWKHFKRLFHRIWKHPRGHOWRXVHDQGLWVVHWWLQJ
7KH SURSRVHG VLPSOLILHG DQDO\VLV KDV EHHQ SHUIRUPHG RQ WZR GLIIHUHQW PRGHOV ERWK GH
ILQHGRQWKHEDVLVRIDGHWDLOHGODVHUVFDQQHUVXUYH\7KHILUVWPRGHOUHSUHVHQWVWKHVWDWXHDVD
ULJLGEORFNDQGLWOHDGVWRLQYHVWLJDWHLWVFDSDFLW\DWWKHRYHUWXUQLQJ7KHKRUL]RQWDODFWLRQDW
WKHRYHUWXUQLQJKDVEHHQUHODWHGWRWKHH[SHFWHGVHLVPLFKD]DUGGHVFULEHGWKURXJKWKH7HFK
QLFDO&RGHSURYLVLRQVIRUWKHDUHDDQGWKHIRXQGDWLRQVRLORIWKH0XVHXPRI%DUJHOORZKHUH
WKHVWDWXHLVSODFHG
7KH VHFRQG PRGHO LQVWHDG FRQVLVWV RI D )( UHSUHVHQWDWLRQ DQG SURYLGHV WKH DPRXQW RI
VWUHVV DULVLQJ LQ WKH FDVHVWXG\ XQGHU WKH VDPH DVVXPHG VHLVPLF H[FLWDWLRQ 7KH UHVXOWV SUR
YLGHG E\ WKH SHUIRUPHG DQDO\VHV KDYH EHHQ XVHGWR ILQG WKH6DIHW\,QGH[ 6,  RI WKH VWDWXH
ZKLFK KDV EHHQ H[SUHVVHG LQ WHUP RI DFFHOHUDWLRQ GLVSODFHPHQWDQG VWUHVV7KH6, KDV EHHQ
UHIHUUHGWRWKHG\QDPLFUHVSRQVHRIWKHVROHVWDWXHDQGRIWKHV\VWHPPDGHRIWKHVWDWXHDQG
LWVSHGHVWDO7KHFRPSDULVRQRIWKHREWDLQHGUHVXOWVOHGWRKDYHHILUVWDVVHVVPHQWRIWKHVDIHW\
OHYHORIWKHFDVHVWXG\XQGHUWKHH[SHFWHGVHLVPLFH[FLWDWLRQDQGWRKDYHXVHIXOLQIRUPDWLRQ
WRSHUIRUPIXUWKHUDQDO\VHV
2

THE CASE-STUDY

2FHDQXVLVDJLDQWVWDWXHPDGHE\GiambolognaEHWZHHQDQGIRUD)RXQWDLQ
SODFHGLQWKH³%REROL*DUGHQV´QH[WWRPalazzo Pitti7KH)RXQWDLQUHSUHVHQWHGWKHP\WKRI
FRQWUROOLQJWKHZDWHUVDVDQDOOHJRU\IRUJRRGJRYHUQPHQWDQGLWFRPSUHKHQGHGHYHQDKXJH
JUDQLWH EDVLQ URXJKHG RXW E\ VFXOSWRU DQG DUFKLWHFW Niccolò Tribolo 7KH )RXQWDLQ ZDV
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PRYHG LQ DQRWKHU SRVLWLRQ ZLWKLQ WKH %REROL *DUGHQ ZKHUH LW LV VWLOO QRZ WKH VFXOSWXUH RI
2FHDQXVZDVPRYHGWRWKH1DWLRQDO0XVHXPRI%DUJHOORLQDQGLWZDVUHSODFHGLWLQWKH
RULJLQDOORFDWLRQE\DFRS\$WWKHFXUUHQWWLPHWKHUHIRUH2FHDQXVLVSODFHGLQWKH&RXUW\DUG
RIWKH0XVHXPRI%DUJHOORDVFDQEHVHHQLQ)LJXUH
D

&RXUW\DUGRIWKH0XVHXP

E 2FHDQR

Figure 1. The statue of Oceanus at the Museum of Bargello in Florence

2FHDQXV VHH)LJXUH KDVDQKHLJKHTXDOWRPDQGDZHLJKWRIDERXWWRQVDQGLW
LVPDGHRI&DUUDUD¶VPDUEOH
*HRPHWULFDOPRGHOIRUWKHULJLGEORFNDQDO\VLV

)(PRGHO

Barycenter of the statue
Barycenter of the pedestal
Barycenter of the system
“statue+pedestal”

0.388

0.513

0.458

0.442

0DLQGDWDDVVXPHGIRUWKHDQDO\VLV
*HRPHWULFDOPRGHO
0DVVRIWKHVWDWXH NJ 

+HLJKWRIWKHVWDWXH FP 

3HGHVWDOVLGHV FP[FP[FP 
[[
3HGHVWDOPDWHULDO
FRQFUHWH

0HFKDQLFDOSURSHUWLHVRIWKHPDUEOH
0RGXOHRI<RXQJ
03D
&RPSUHVVLYHVWUHQJWK
03D
7HQVLOHVWUHQJWK
03D
&RHIILFLHQWRIIULFWLRQ 

Figure 2. The statue of Oceanus: geometrical and structural models and main data.
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7KHJHRPHWU\RIWKHVWDWXHKDVEHHQGHILQHGDIWHUDGHWDLOHGODVHUVFDQQHUVXUYH\ZKLFK
OHG WR GHILQH ERWK WKH HTXLYDOHQW ULJLG EORFN DQG WKH )( PRGHO 7KLV ODWWHU PRGHO KDV EHHQ
IRXQGIURPWKHJHRPHWULFRQHWKURXJKVRPHSURSHUDUUDQJHPHQWV7KHILUVWFKDQJHFRQVLVWHG
LQDUHGXFWLRQRIWKHSRO\JRQVIURPWRLQRUGHUWRREWDLQDVLPSOHUPRGHO
VXLWDEOH WR EH XVHG IRU WKH VWUXFWXUDO DQDO\VLV 6XFFHVVLYHO\ WKH ³VXUIDFH´ PRGHO KDV EHHQ
FKDQJHGLQ³VROLG´RQHE\LQFOXGLQJWKHDUHDLQVFULEHGLQLWVODWHUDOVXUIDFH)LJXUHVKRZV
WKHJHRPHWU\RIWKHVFXOSWXUHWRJHWKHUZLWKWKHPDLQLQIRUPDWLRQRQWKHJHRPHWU\7KHEDU\
FHQWHUKDVEHHQIRXQGZLWKUHIHUHQFHWRWKHVWDWXHRQO\DQGWRWKHV\VWHPPDGHRIWKHVWDWXH
DQG WKH SHGHVWDO WRJHWKHU ,Q WKH VDPH ILJXUH VRPH LQIRUPDWLRQ UHJDUGLQJ WKH PHFKDQLFDO
SURSHUWLHVDVVXPHGIRUWKHPDWHULDOKDVEHHQVKRZQ2FHDQXVLVPDGHRI&DUUDUD¶VPDUEOHWKH
PHFKDQLFDOSURSHUWLHVRIWKHPDUEOHKDYHEHHQIRXQGDIWHUSURSHUH[SHULPHQWDOLQYHVWLJDWLRQ
>@ PDGH RQ PDUEOH VDPSOHV WDNHQ IURP WKH &DUUDUD¶V TXDUULHV $ VSHFLDO DWWHQWLRQ KDV
EHHQSDLGWRWKHDVVHVVPHQWRIWKHIULFWLRQFRHIILFLHQW CF 7KHSHGHVWDORIWKHVWDWXHLVPDGH
RIFRQFUHWHWKHUHLVQRWLQIRUPDWLRQUHJDUGLQJWKHIL[LQJEHWZHHQWKHVWDWXHDQGWKHSHGHVWDO
,QWKLVZRUNWKHUHIRUHDCFHTXDOWRKDVEHHQDVVXPHGLQWKHK\SRWKHVLVRIODFNRIVSH
FLILFIL[LQJGHYLFHVEXWDVVXPLQJDOD\HURIPRUWDUEHWZHHQWKHVWDWXHDQGWKHSHGHVWDO
3
3.1

THE SAFETY ASSESSMENT
The preliminary analyses

7ZR SUHOLPLQDU\ DQDO\VHV KDYH EHHQ SHUIRUPHG WR FKHFN WKH G\QDPLF SURSHUWLHV RI WKH
VWDWXH DQG WKH DPRXQW RI VWUHVV DULVLQJ XQGHU JUDYLWDWLRQDO ORDGV RQO\ ,Q ERWK FDVHV D )(
PRGHOKDVEHHQDGRSWHGDQGDIL[HGEDVHUHVWUDLQWKDVEHHQDVVXPHG,Q)LJXUHWKHILUVWILYH
3HULRGVRIWKHFDVHVWXG\KDYHEHHQOLVWHGWRJHWKHUZLWKWKHFRUUHVSRQGLQJSDUWLFLSDWLQJPDVV
DQGPRGDOVKDSHDQGWKHILUVWWZRPRGDOVKDSHVDUHVKRZQ
6WDWXH
)LUVWPRGH







6HFRQGPRGH

)LUVWPRGH

3HULRG 3DUWLFLSDWLRQ 3DUWLFLSDWLRQ 3DUWLFLSDWLRQ
VHF  )DFWRU;  )DFWRU<   )DFWRU=  



























3HULRG
VHF 






6WDWXH3HGHVWDO
6HFRQGPRGH

3DUWLFLSDWLRQ 3DUWLFLSDWLRQ 3DUWLFLSDWLRQ
)DFWRU;   )DFWRU<   )DFWRU=  
















Figure 3. Main vibrational periods and modal shapes of the case-study.
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$VFDQEHQRWHGWKHILUVWPRGHUHIHUVWRWKHY IURQWEDFNRIWKHVWDWXH GLUHFWLRQZKLOHWKH
VHFRQGPRGHUHIHUVWRWKHX OHIWULJKW RQH7KHVWDWXHHYLGHQFHVDWRUVLRQDOUHVSRQVHHYHQLQ
WKH ILUVWPRGHV :KHQ WKH SHGHVWDO LV LQFOXGHG LQ WKH DQDO\VLV WKH TXDOLW\ RI WKH YLEUDWLRQDO
PRGHVGRHVQRWFKDQJHEXWWKHSDUWLFLSDWLRQPDVVRIWKHILUVWPRGHVGHFUHDVHVDORW
,Q)LJXUHWKHGLVWULEXWLRQRIVWUHVVH[SHULHQFHGE\WKHPDWHULDOXQGHUJUDYLWDWLRQDOORDGV
RQO\ LV VKRZQ $V FDQ EH REVHUYHG WKH KLJKHVW VWUHVV LV JDWKHUHG LQ WKH DQNOHV RI 2FHDQXV
ZKLFKDUHWKHQDUURZHVWFURVVVHFWLRQVRIWKHVWDWXH7KHDPRXQWRIVWUHVVKRZHYHULVDERXW
WLPHVEHORZWKHHODVWLFOLPLWRIWKHPDWHULDO

'HWDLORIWKHSRLQWVZLWKWKHKLJKHVWVWUHVV

Figure 4. Stress distribution under gravitational loads only.

3.2

The seismic assessment

7KHDVVHVVPHQWRIWKHVHLVPLFVDIHW\RIDVWDWXHLVUHODWHGWRLWVFROODSVHPHFKDQLVP3UHYL
RXV VWXGLHV PDGH RQ VLPLODU DUWLIDFWV >@ IRXQG RXW WKH RYHUWXUQLQJ WR EH WKH PRVW
SUREDEOH FROODSVH PHFKDQLVP VXFK SUHGLFWLRQ KRZHYHU FDQQRW EH PDGH UHJDUGOHVV RI WKH
DVVXPHGEDVHUHVWUDLQWDQGRIWKHPDVVGLVWULEXWLRQ
:KHQ WKH EDVHUHVWUDLQW LV D VLPSOH VXSSRUW WKH DPRXQW RI VWUHVV LQ WKH PDWHULDO LV TXLWH
ORZDQGWKHFROODSVHLVUHODWHGWRWKHGLVSODFHPHQWH[SHULHQFHGE\WKHREMHFW$ERXW2FHDQXV
WKH W\SH RI WKH EDVH UHVWUDLQW LV QRW NQRZQ WKH VLPSO\ VXSSRUWHG UHVWUDLQW KRZHYHU LV WKH
PRVW OLNHO\ WR KDV EHHQ DGRSWHG ,Q WKLV ZRUN WKH VLPSOLILHG VHLVPLF VDIHW\ DVVHVVPHQW KDV
EHHQ PDGH ZLWK UHIHUHQFH WR ERWK WKH SRVVLEOH EDVHUHVWUDLQW K\SRWKHVHV ,Q ERWK FDVHV WKH
VHLVPLFUHVSRQVHRIWKHFDVHVWXG\KDVEHHQVWXGLHGERWKE\FRQVLGHULQJWKHVWDWXHE\LWVHOI
DQGLQWHJUDOZLWKLWVSHGHVWDO
7KHOLPLWYDOXHVRIWKHGLVSODFHPHQWDWWKHRYHUWXUQLQJKDYHEHHQGHWHUPLQHGE\LPSRVLQJ
WKH HTXLOLEULXP RI WKH ULJLG ERG\ 7KH VLPSOLILHG DSSURDFK SURSRVHG E\ 3DULVL DQG $XJHQWL
>@KDVEHHQDSSOLHGDQGWKHRYHUWXUQLQJRIWKHVWDWXHKDVEHHQUHSUHVHQWHGE\HTXDOL]LQJWKH
PRPHQWGHPDQGGHILQHGDVWKHSURGXFWRIWKHKRUL]RQWDOIRUFHDSSOLHGWRWKHVWDWXHFHQWURLG
DQGLWVGLVWDQFHWRWKHWXUQLQJSRLQWDQGWKHFRUUHVSRQGLQJFDSDFLW\GHILQHGDVWKHSURGXFWRI
WKHVFXOSWXUHZHLJKWDQGWKHGLVWDQFHEHWZHHQLWVFHQWURLGWKHEDVHPHQWVLGH
)LJXUH  VKRZV WKH WRS GLVSODFHPHQW TD  DW WKHRYHUWXUQLQJ IRXQG IRU WKH FDVHVWXG\ LQ
WKHWZRGLUHFWLRQVUHVSHFWLYHO\QHJOHFWLQJWKHSHGHVWDORUWDNLQJLWLQWRDFFRXQW
7KH OLPLW KRUL]RQWDO DFFHOHUDWLRQV FRUUHVSRQGLQJ WR WKH V\VWHP RYHUWXUQLQJ KDYH EHHQ
IRXQGE\FRQVLGHULQJWKHVHLVPLFKD]DUGRIWKHDUHD$VRLOFODVV%KDVEHHQDVVXPHGIRUWKH
IRXQGDWLRQDFFRUGLQJWRSUHYLRXVLQYHVWLJDWLRQVPDGHRQWKH0XVHXPRI%DUJHOOR>@
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7KHVHLVPLFJURXQGDFFHOHUDWLRQAgKDVEHHQDVVXPHGHTXDOWRJFRUUHVSRQGLQJWR
WKHLife SafetyOLPLWVWDWHIRUDFODVVRIXVHcu=2DQRPLQDOOLIHHTXDOWR\HDUVDQGD5HWXUQ
3HULRGHTXDOWR\HDUV 3UREDELOLW\RI2FFXUUHQFHRI 7KH)XQGDPHQWDO3HULRGRIWKH
V\VWHPKDVEHHQDVVXPHGHTXDOWRVHFLHWKHVFXOSWXUHKDVEHHQDVVXPHGDVSHUIHFWO\ULJLG
7KHDPSOLILFDWLRQIDFWRU fa KDVEHHQIRXQGDFFRUGLQJWRWKHFXUUHQW&RGH 17&>@ 

ZKHUHa0LVWKHDFFHOHUDWLRQFRUUHVSRQGLQJWRWKHRYHUWXUQLQJPHFKDQLVPqaLVWKHEHKDYLRU
IDFWRUDVVXPHGHTXDOWRCFLVWKHFRQILGHQFHIDFWRUDVVXPHGHTXDOWRDQGS, DVVXPHGDV
, LVWKHSURGXFWRIWKHVWUDWLJUDSKLFDPSOLILFDWLRQIDFWRUDQGWKHWRSRJUDSKLFDPSOLILFDWLRQ
IDFWRU
XGLUHFWLRQ

TD P

6WDWXH

6WDWXH3HGHVWDO
XGLUHFWLRQ
YGLUHFWLRQ

YGLUHFWLRQ

TD 

TD P

TD P

Figure 5. Overturning rotations and Tod Displacements of the case-study.

,Q7DEOHWKHYDOXHVRIWKHRYHUWXUQLQJDFFHOHUDWLRQDQGWKHDPSOLILFDWLRQIDFWRUDUHOLVWHG
IRU WKH WZR GLUHFWLRQV WRJHWKHU ZLWK WKH FRUUHVSRQGLQJ $FFHOHUDWLRQ 6DIHW\ ,QGH[ SI_ACC
GHILQHGDV1/fa,WLVZRUWKQRWLQJWKDWWKHV\VWHPLVVDIHIRUSI_ACCYDOXHVEHORZWKHXQLW\
DQGWKDWWKHVDIHW\IDFWRURIWKHV\VWHPLVWKHKLJKHVWRIWKRVHSURYLGHGE\WKHFRQVLGHUHGFDV
HVRIDQDO\VLV
Table 1. Parameters assumed for defining the seismic demand.
6WDWXH
6WDWXH3HGHVWDO
XGLUHFWLRQ
YGLUHFWLRQ
XGLUHFWLRQ
YGLUHFWLRQ




2YHUWXUQLQJDFFHOHUDWLRQ, a0
$PSOLILFDWLRQ)DFWRU, fa




6DIHW\,QGH[, SI_ACC





7KH VDIHW\ RI WKH FDVHVWXG\ KDV EHHQ DVVHVVHG HYHQ LQ WHUPV RI GLVSODFHPHQWV )LJXUH 
VKRZVWKHPDLQTXDQWLWLHVLQYROYHGLQWKHVSHFWUDODVVHVVPHQWRIWKH6DIHW\,QGH[H[SUHVVHGLQ
WHUPVRIGLVSODFHPHQWSI_DISPLZKLFKLVGHILQHGDVWKHUDWLREHWZHHQWKHGLVSODFHPHQWGH
PDQGRIWKHFHQWHURIPDVV DdDQGWKHFRUUHVSRQGLQJXOWLPDWHGLVSODFHPHQW Du*
7KHTXDQWLW\Du*LQWXUQLVGHILQHGDVWKHRIDmax*WKDWLVWKHYDOXHRIWKHGLVSODFH
PHQWRIWKHEDU\FHQWHUDWWKHRYHUWXUQLQJ7KHGLVSODFHPHQWGHPDQGLVIRXQGDVWKHLQWHUVHF
WLRQ RI WKH VSHFWUDO VHLVPLF GHPDQG OLQH LQ JUHHQ LQ )LJXUH   DQG WKH VHFDQW 3HULRG RI WKH
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V\VWHPT*SZKLFKKDVEHHQGHWHUPLQHGDFFRUGLQJWRWKHH[SUHVVLRQSURYLGHGE\WKHFXUUHQW
7HFKQLFDO&RGH &LUFQ6HFWLRQ&>@ 
$VFDQEHQRWHGWKHYDOXHVIRXQGIRUWKHVSHFWUDOGHPDQGUHVSHFWLYHO\DFFRXQWLQJDQGQRW
IRU WKH VWDWXH¶V SHGHVWDO DUH DOPRVW FRLQFLGHQW WKH FRUUHVSRQGLQJ XOWLPDWH GLVSODFHPHQWV
WKRXJKGLIIHUVLJQLILFDQWO\IURPHDFKRWKHUZKHQWKHSHUIRUPDQFHRIWKHVWDWXHLVFRQVLGHUHG
ZLWKRXWWKHFRQWULEXWLRQRILWVSHGHVWDOLWVXOWLPDWHGLVSODFHPHQWUHGXFHVDORW,Q7DEOHWKH
YDOXHV IRXQG IRU WKH SI_DISPL KDYH EHHQ OLVWHG WRJHWKHU ZLWK WKH PDLQ TXDQWLWLHV IRXQG IRU
WKHLUGHWHUPLQDWLRQ
0,50

0,50

Y-direction

X-direction
0,40

Acceleration [g]

Acceleration [g]

0,40

0,30
0,20

0,10

0,30
0,20
0,10

0,00
0,00

0,10

Du* Du* 0,20

0,00
0,00

0,30

0,10
0,20
Du*
Du*
Displacement
Displacement [cm]
[cm]

Displacement
Displacement [cm]
[cm]

6SHFWUDOFDSDFLW\RIWKH6WDWXH

6SHFWUDOFDSDFLW\RIWKH6WDWXH3HGHVWDO

6HFDQW3HULRG6WDWXH

6HFDQW3HULRG6WDWXH3HGHVWDO

6HLVPLF GHPDQGRIWKH6WDWXH

6HLVPLFGHPDQGRIWKH6WDWXH3HGHVWDO

0,30

6SHFWUDO'HPDQG VRLO%

Figure 6. Capacity domains of the case-study along the two main directions.

Table 2. Main quantities used for the safety assessment.
6WDWXHXGLUHFWLRQ
6WDWXHYGLUHFWLRQ
6WDWXHSHGHVWDOXGLUHFWLRQ
6WDWXHSHGHVWDOYGLUHFWLRQ

Dmax* FP





Du* FP





T*S VHF





Dd FP





SI_DISPL





)LQDOO\ WKH VHLVPLF VDIHW\ KDV EHHQ DVVHVVHG LQ WHUPV RI VWUHVV DPRXQW ,Q WKLV FDVH WKH
VWDWXHKDVEHHQDVVXPHGWREHIL[HGDWWKHEDVHVLQFHWKHDPRXQWRIVWUHVVLVODUJHULQIL[HG
LHVWLIIHUV\VWHPV)LJXUHVKRZVWKHVWUHVVGLVWULEXWLRQZLWKLQWKHVWDWXHIRXQGE\SHUIRUP
LQJ D PRGDO DQDO\VLV EDVHG RQ WKH &RGH VSHFWUXP E\ XVLQJ WKH VDPH VHLVPLF LQSXW DOUHDG\
GHVFULEHG LQ WKLV 6HVVLRQ $V FDQ EH REVHUYHGWKH ODUJHU WHQVLOH VWUHVV LV SODFHG LQ WKH EDFN
VLGH RI WKH DQNOHV DQG DW WKH WRS RI WKH GROSKLQ 7KH PD[LPXP DPRXQW RI WHQVLOH VWUHVV LV
HTXDOWR03DDQG03DUHVSHFWLYHO\IRUWKHVROHVWDWXHDQGWKHVWDWXHZLWKWKHSHG
HVWDOVLQFHWKHPD[LPXPWHQVLOHVWUHVV RIWKHPDUEOHKDVEHHQDVVXPHGHTXDOWR03DWKH
6DIHW\,QGH[FDQEHH[SUHVVHGLQWHUPVRIVWUHVV SI_STRESS DVWKHUDWLRRIWKHWHQVLOHSHDN
DQGWKHFRUUHVSRQGLQJFDSDFLW\
,WLVLQWHUHVWLQJWRQRWHWKDWZKHQWKHSHGHVWDOLVFRQVLGHUHGDVLQWHJUDOSDUWRIWKHV\VWHP
WKHPD[LPXPWHQVLOHVWUHVVLV DFKLHYHGLQWKHIURQWSDUWRIWKHDQNOHVZKLOVWZKHQWKHVROH
VWDWXHLVFRQVLGHUHGWKHPRVWWHQVLOHSRLQWVDUHLQWKHDQNOHVIURQW
7KHYDOXHVRIWKH6DIHW\,QGH[IRXQGLQWHUPVRIDFFHOHUDWLRQGLVSODFHPHQWDQGVWUHVVUH
VSHFWLYHO\KDYHEHHQFRPSDUHG)LJXUHVKRZVREWDLQHGYDOXHVRISIDVFDQEHREVHUYHGDOO
WKH6,DUHZHOOEHORZWKHXQLWHYHQLIWKH\GLIIHUYHU\PXFKIURPHDFKRWKHU
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6WDWXH

6WDWXH3HGHVWDO

Figure 7. Stress distribution found by performing the modal analysis.

%\ FRPSDULQJ WKH YDOXHV IRXQG IRU WKH 6DIHW\ ,QGH[ VRPH FRQVLGHUDWLRQV FDQ EH PDGH
)LUVWRIDOOWKHSDUDPHWHUZKLFKLVFORVHUWRWKHVDIHW\WKUHVKROGLVWKHGLVSODFHPHQWWKHFRO
ODSVHPHFKDQLVPWRDVVXPHIRUDPRUHFRPSUHKHQVLYHDQDO\VLVWKHUHIRUHVKRXOGEHWKHRYHU
WXUQLQJDVVRFLDWHGWRDVLPSO\VXSSRUWHGEDVHUHVWUDLQWDQGDSURSHUPHFKDQLFDOGHVFULSWLRQRI
WKHLQWHUDFWLRQEHWZHHQVWDWXHDQGSHGHVWDO$VUHJDUGVWKHRYHUWXUQLQJZKHQWKHSHGHVWDOLV
FRQVLGHUHGDVLQWHJUDOWRWKHVWDWXHLWVFRQWULEXWLRQLPSURYHVWKHSHUIRUPDQFHRIWKHV\VWHP
7KH SI_DISPL IRXQG IRU WKH VWDWXH RQO\ KRZHYHU FRXOG QRW UHSUHVHQW WKH PRVW GDQJHURXV
VHLVPLFUHVSRQVHRIWKHV\VWHPVLQFHLWQHJOHFWVWKHFRQWULEXWLRQRIWKHSHGHVWDOLQWKHWUDQV
PLVVLRQRIWKHVHLVPLFDFWLRQDQGRULQWKHFRQWULEXWLRQWRWKHWRWDOGLVSODFHPHQWH[SHULHQFHG
E\WKHVWDWXH
1,2

Statue

Statue + Pedestal

Safety Index

1,0
0,8
0,6
0,4

0,2
0,0
SI_STRESS

SI_ACC

SI_DISPL

Figure 8. SI values obtained from acceleration, displacement and stress.
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4

CONCLUSIONS

,Q WKLV SDSHU D VLPSOLILHG DVVHVVPHQW RI WKH VHLVPLF VDIHW\ RI 2FHDQXV WKH 5HQDLVVDQFH
PDVWHUSLHFH PDGH E\ *LDPERORJQD KDV EHHQ PDGH DSSO\LQJ WKH VLPSOH VSHFWUDO QRQOLQHDU
VWDWLFPHWKRG7KHDQDO\VHVKDYHEHHQSHUIRUPHGE\XVLQJERWKDULJLGEORFNDQGD)LQLWH(O
HPHQWPRGHOVDVSHFLDODWWHQWLRQKDVEHHQSDLGWRWKHUROHRIWKHSHGHVWDORQWKHVHLVPLFUH
VSRQVHRIWKHFDVHVWXG\DQGRQWKHUHVWUDLQWFRQGLWLRQWRDVVXPHDWWKHEDVHRIWKHVFXOSWXUH
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LRXV6DIHW\,QGH[HVDQGWKHKLJKHUYDOXHRIWKHSIH[SUHVVHGLQWHUPVRIGLVSODFHPHQWFRP
SDULQJ WR WKH RWKHUV VXJJHVW WR SHUIRUP IXUWKHU DQDO\VHV FKHFNLQJ WKH QRQOLQHDU G\QDPLF
UHVSRQVHRIWKHVWDWXHWRVHLVPLFH[FLWDWLRQVDQGDFFRXQWLQJIRUWKHFRQWDFWEHKDYLRUEHWZHHQ
WKHVWDWXHDQGWKHSHGHVWDODQGEHWZHHQWKHSHGHVWDODQGWKHVRLO
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%ULQHOOJDWDQ%RUnV6ZHGHQ
PLFKHOHJRGLR#ULVH

Abstract
Strategies for the protection of the Cultural Heritage priceless value are highly demanded,
being both earthquake and support movement (and a combination of the two of them) severe
threats for their safety and integrity. To this scope, computer-based numerical formulations
have been representing a powerful tool for the simulation of expected loss in terms of pieces
of art damages, with the scope to save them as much as possible. In this framework, the
conference paper is devoted to the vulnerability assessment of monumental artworks using
dynamic analysis in a rigid block modelling environment.
The numerical formulation adopts a discrete rigid block-based model, where the mortar joints
contribution is accounted for by frictional, no-tension interfaces between the masonry units.
The procedure adopted to solve the formulation is based on a dual variational problem where
equilibrium, kinematic and failure conditions equations are involved at the same time, and
which is solved via mathematical programming.
An application to a system of two blocks vertically stacked, one representing the support and
one representing the artefact, subjected to free rocking motion will be proposed in the paper.
The main scope is to investigate the seismic response of such a system, which is typical for
most of museum’s collections (e.g., statues). The computational efficiency and accuracy of the
proposed numerical strategy will be discussed.
Keywords:0DVRQU\EORFNVWUXFWXUHV1RQOLQHDUWLPHKLVWRU\DQDO\VLV)UHHURFNLQJPRWLRQ
0DWKHPDWLFDOSURJUDPPLQJ
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1

INTRODUCTION

7KH SRVVLELOLW\ WR GHYHORS FRPSXWDWLRQDO VWUDWHJ\ IRU WKH LQYHVWLJDWLRQ RI PXVHXP
FROOHFWLRQVEHKDYLRXUDJDLQVWVHLVPLFLQGXFHGG\QDPLFDFWLRQVUHSUHVHQWVDFKDOOHQJLQJWDVN
SOD\LQJDFUXFLDOUROHLQWKHDUWZRUNVLQWHJULW\SURWHFWLRQ7KHUHVSRQVHRIEORFN\VWUXFWXUHV
VXFK DV PRQXPHQWDO VWDWXHV PDGH RI VWRQH EORFNV DJDLQVW ODWHUDO IRUFHV LV W\SLFDOO\
FKDUDFWHUL]HGE\URFNLQJEHKDYLRXU>±@
7KHGHYHORSPHQWDQGXVHRIDQDO\WLFDODQGQXPHULFDOWRROVIRUWKHLQYHVWLJDWLRQRIEORFN\
VWUXFWXUHV DQG KLVWRULFDO PDVRQU\ PRQXPHQWV VXEMHFWHG WR GLIIHUHQW ORDGLQJ FRQGLWLRQV E\
XVLQJERWKVWDWLFDQGG\QDPLFDSSURDFKHVLVDZLGHVSUHDGWRSLFLQOLWHUDWXUH>±@9DULRXV
QXPHULFDODSSURDFKHVDUHDYDLODEOHLQOLWHUDWXUHIRUWKHLQYHVWLJDWLRQRIWKHG\QDPLFUHVSRQVH
RIPXOWLEORFNVWUXFWXUHVDQGW\SHVXQGHUJRLQJURFNLQJ$PRQJWKRVHWKHLQWHUHVWLQWKHXVH
RI 1RQ6PRRWK &RQWDFW '\QDPLFV 16&'  PHWKRGV KDV EHHQ JURZLQJ LQ WKH UHFHQW \HDUV
HVVHQWLDOO\GXHWRWKHDGYDQWDJHRXVSRVVLELOLW\WRDFFRXQWIRUWKHEORFNVLQWHUDFWLRQVWKURXJKD
V\VWHP PDGH RI ERWK HTXLOLEULXP DQG FRPSOHPHQWDU\ FRQGLWLRQV ,Q WKLV IUDPHZRUN 16&'
DSSURDFKUHSUHVHQWDYDOLGDOWHUQDWLYHWRFRPPRQPRGHOLQJDSSURDFKHVVXFKDVILQLWHHOHPHQW
PHWKRG )(0 DQGGLVFUHWHHOHPHQWPHWKRG '(0 >±@
7KHXVHRI16&'WHFKQLTXHKDVEHHQLQFUHDVLQJHVSHFLDOO\LQWKHDQDO\VLVRIWKHVWUXFWXUDO
UHVSRQVHRIPDVRQU\VWUXFWXUHV>@±>@ZKHUHIDVWDQGDFFXUDWHDOJRULWKPVDUHDYDLODEOHLQ
WKH OLWHUDWXUH IRU WKH QXPHULFDO VROXWLRQ RI WKH IRUPXODWLRQV SURSRVHG IRU WKH PDWKHPDWLFDO
SURJUDPPLQJSUREOHPDULVLQJIURPWKHFRQGLWLRQVJRYHUQLQJWKHFRQWDFWG\QDPLFV>±@
,Q WKLV SDSHU ZH DGRSW D VLPSOH IRUPXODWLRQ IRU G\QDPLF DQDO\VLV RI EORFN\ VWUXFWXUHV
DLPLQJ WR LQYHVWLJDWH WKH URFNLQJ EHKDYLRXU RI D V\VWHP RI WZR EORFNV FRPSDUDEOH WR WKH
FRQILJXUDWLRQ RI D PRQXPHQWDO VWDWXH W\SLFDO RI PXVHXP¶V FROOHFWLRQV VWDQGLQJ RQ LWV EDVH
7KHDLPRIWKLVUHVHDUFKLVWRDVVHVVWKHFRPSXWDWLRQDOHIILFLHQF\RIWKHLQKRXVHQXPHULFDO
SURFHGXUHDQGWRLQYHVWLJDWHWRZKLFKH[WHQWLWFDQEHSURSHUO\DGRSWHGLQWKHSUHGLFWLRQRIWKH
URFNLQJEHKDYLRXURIPXVHXP¶VDUWHIDFWVWRVDYHWKHPDJDLQVWDQ\SRVVLEOHORVVRUGDPDJH,W
LV ZRUWK QRWLQJ WKDW WKH PRGHOOLQJ DSSURDFK IRU FRQWDFW LQWHUIDFHV FDQ EH UHJDUGHG DV WKH
H[WHQVLRQWRWKHG\QDPLFILHOGRIDFRQWDFWSRLQWIRUPXODWLRQGHYHORSHGIRUOLPLWDQDO\VLVRI
FROOHFWLRQVRISRO\KHGUDOULJLGEORFNV
7KH SDSHU LV RUJDQL]HG DV IROORZV WKH G\QDPLF IRUPXODWLRQ LV GHVFULEHG LQ VHFWLRQ  LQ
WHUPV RI VWDWLF DQG NLQHPDWLF YDULDEOHV DV ZHOO DV WKH SUREOHP IRUPXODWHG WR JRYHUQ WKH
EHKDYLRXU RI WKH ULJLG EORFN PRGHO 6HFWLRQ  GHDOV ZLWK WKH QXPHULFDO DSSOLFDWLRQ RI WKH
DGRSWHGSURFHGXUHWRWKHFDVHVWXG\RIDWZREORFNVV\VWHPVXEMHFWHGWRIUHHURFNLQJPRWLRQ
DOUHDG\FRQVLGHUHGLQOLWHUDWXUH
2

THE RIGID BLOCK DYNAMIC MODEL

7KHSURSRVHGQXPHULFDOPRGHOLVFRPSRVHGE\DFROOHFWLRQRITXDGUDQJXODUULJLGEORFNVi
LQWHUDFWLQJE\PHDQVRIFRQWDFWSRLQWVkORFDWHGDWWKHYHUWH[HVRIFRQWDFWVXUIDFHVj )LJXUH
D 7KHEHKDYLRXURIFRQWDFWLQWHUIDFHVLVJRYHUQHGE\DQRWHQVLRQDQGDVVRFLDWLYHIULFWLRQDO
PRGHO XQGHU WKH DVVXPSWLRQ RI LQILQLWH FRPSUHVVLYH VWUHQJWK 7KH G\QDPLF PRGHO LV
IRUPXODWHGDFFRUGLQJWRWKHDSSURDFKSURSRVHGLQ>@IRUJUDQXODUPDWHULDOV
7KH FRQWDFW YDULDEOHV DUH UHSUHVHQWHG E\ WKH LQWHUQDO IRUFHV ORFDWHG DW FRQWDFW SRLQW k
ZKLFKDUHHVVHQWLDOO\WKHVKHDUDQGQRUPDOIRUFH )LJXUHE FROOHFWHGLQWKHYHFWRUck
7KH UHODWLYH GLVSODFHPHQW UDWHV ERWK WDQJHQWLDO Δutk DQG QRUPDO Δunk UHSUHVHQW WKH
NLQHPDWLFYDULDEOHVDVVRFLDWHGWRWKHFRQWDFWIRUFHVLQDYLUWXDOZRUNVHQVH7KH\DUHILQDOO\
FROOHFWHGLQWKHYHFWRUΔu )LJXUHF 
7KHFHQWURLGRIWKHULJLGEORFNiLV DWWDFKHGE\WKHH[WHUQDOORDGVDQGWKHSRVLWLRQRIWKH
EORFNFHQWURLGLVFROOHFWHGLQWKHYHFWRUxiDVGHVFULEHGLQHTXDWLRQ  DQG)LJXUHE
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θPHWKRGLVXVHGWRGLVFUHWL]HWKHHTXDWLRQVRIPRWLRQVDVGHVFULEHGLQHTXDWLRQV  DQG
 ZLWKUHJDUGWRWLPHt = t0 + Δt










EHLQJ Δx = x  x0 WKH GLVSODFHPHQW YHFWRU x0 WKH NQRZQ SRVLWLRQ DQG v0 WKH NQRZQ
YHORFLW\DWt0DQGθ ≤ 
7KHLQFUHPHQWDOHTXDWLRQ  DOORZVWRIRUPXODWHWKHHTXDWLRQRIPRWLRQRIWKHFROOHFWLRQ
RIULJLGEORFNVXVLQJDFRQWDFWSRLQWPRGHODVGHVFULEHGLQWKHQH[WHTXDWLRQ  



ZKHUH A0 LV WKH FRQWDFW HTXLOLEULXP PDWUL[ M =


M LV UHODWHG WR WKH PDVV PDWUL[ M
T't 

ZKLFKFROOHFWVWKHPDVVDQGWKHLQHUWLDPRPHQWRIHDFKEORFNDQG

$GKRF H[SUHVVLRQ DUH IRUPXODWHG WR DFFRXQW IRU QRQSHQHWUDWLRQ FRQGLWLRQ DW SRWHQWLDO
FRQWDFWSRLQWE\XVLQJWKHVRFDOOHG6LJQRULQLXQLODWHUDOFRQWDFWFRQGLWLRQ
)LQDOO\ VOLGLQJ IDLOXUH FRQGLWLRQ DW FRQWDFW LQWHUIDFHV LV JRYHUQHG E\ D &RXORPE IULFWLRQ
ODZH[SUHVVHGE\WKHIROORZLQJHTXDWLRQ  



EHLQJμWKHYDOXHRIIULFWLRQFRHIILFLHQW

contact
point ‘k’

interface ‘j’

block ‘i’
k
a)

j

k+1
c)

b)


)LJXUH5LJLGEORFNG\QDPLFPRGHO D 5LJLGEORFNiLQWHUIDFHjDQGFRQWDFWSRLQWk E FRQWDFWIRUFHVDQG F 
NLQHPDWLFYDULDEOHVDWEORFNFHQWURLGiDQGFRQWDFWSRLQWk

2.1

Formulation of the mathematical programming problem

7KHG\QDPLFSUREOHPFDQEHH[SUHVVHGE\DQHTXDWLRQVV\VWHPZKLFKFROOHFWWKHHTXLOLEULXP
HTXDWLRQV WKH NLQHPDWLF DQG WKH IDLOXUH FRQGLWLRQV LQ D W\SLFDO OLQHDU FRPSOHPHQWDULW\
SUREOHP /&3 ,QWKLVIUDPHZRUNWKHFRQWDFWG\QDPLFVSUREOHPFDQEHSRVHGDVGHVFULEHG
LQHTXDWLRQ  ZKHUHYTLVWKHPDWUL[RIIDLOXUHFRQGLWLRQλLVWKHYHFWRURIIORZPXOWLSOLHUV
DQGg0LVWKHYHFWRUFROOHFWLQJLQLWLDOJDSVDWHDFKFRQWDFWSRLQW
7KH SUREOHP H[SUHVVHG LQ HTXDWLRQ   LV XQFRXSOHG LQ WZR GXDO TXDGUDWLF SURJUDPPLQJ
SUREOHPV D IRUFHEDVHG DQG D GLVSODFHPHQWEDVHG SUREOHP UHVSHFWLYHO\ ,Q WKLV ZD\ WKH

1147

5DIIDHOH*DJOLDUGR0LFKHOH*RGLR/XFUH]LD&DVFLQL)UDQFHVFR3RUWLROLDQG5DIIDHOH/DQGROIR

FRPSXWDWLRQDO FRVWV VLJQLILFDQWO\ GHFUHDVH WKDQNV WR WKH SRVVLELOLW\ WR XVH HIILFLHQW VROXWLRQ
DOJRULWKPV



,W LV ZRUWK QRWLQJ WKDW WKH G\QDPLF SUREOHP IRUPXODWHG LQ WKH HTXDWLRQ   LV IRUPDOO\
HTXLYDOHQWWRDFODVVLFOLPLW HTXLOLEULXPSUREOHPZKHQWKHG\QDPLFIRUFHVDQGFRQWDFWJDSV
WHQGWR]HUR$QLQFUHPHQWDOSURFHGXUHZDVLPSOHPHQWHGWRVROYHWKHRSWLPL]DWLRQSUREOHP
DVVXPLQJ NLQHPDWLF YDULDEOHV GHULYHG E\ /DJUDQJH PXOWLSOLHUV DQG XSGDWLQJ WKH EORFN
SRVLWLRQDQGJDSVYDOXHVSHUHDFKVWHS
7KH DQDO\VHV ZHUH FDUULHG RXW D  *+] ,QWHO ;HRQ 3URFHVVRU ( ZLWK  *% RI
5$0 7KH YDOXH RI DOJRULWKP SDUDPHWHU ș IRU WLPH GLVFUHWL]DWLRQ ZDV VHW HTXDO WR  DQG
WLPHLQFUHPHQWZDVVHWLQWKHUDQJHV
3

NUMERICAL APPLICATION TO A TWO-BLOCK SYSTEM SUBJECTED TO
FREE ROCKING MOTION

7KHG\QDPLFQXPHULFDOSURFHGXUHGHVFULEHGLQWKHSUHYLRXVVHFWLRQLVKHUHDSSOLHGWRWKH
FDVHVWXG\RIDWZREORFNV\VWHPXQGHUJRLQJWRIUHHURFNLQJ7KLVFDVHVWXG\ZDVSUHYLRXVO\
LQYHVWLJDWHG LQ >@ 7KH JHRPHWULFDO SURSHUWLHV RI WKH WZR EORFNV DUH VKRZHG LQ )LJXUH D
EHLQJ HTXLYDOHQW WR WKH H[DPSOH SHUIRUPHG LQ >@ 7KH ILUVW EORFN KDV D VOHQGHUQHVV UDWLR
H1/B1HTXDOWRZKHUHDVWKHVHFRQGRQHKDVDVOHQGHUQHVVUDWLRH2/B2HTXDOWR7KHEDVH
ZLGWKVDUHB1 PDQGB2 PUHVSHFWLYHO\$VIRUWKHPDWHULDOSURSHUWLHVWKHWZR
EORFNVDUHFRQVLGHUHGKRPRJHQHRXVZLWKDZHLJKWIRUXQLWYROXPHρ1 ρ2 NJP7KH
LQYHVWLJDWHG FDVH VWXG\ LV FKDUDFWHUL]HG E\ D YDOXH RI WKH VWDUWLQJ URWDWLRQ DQJOHV θ1  θ2 
UDGDQG]HURVWDUWLQJDQJXODUYHORFLWLHVIRUERWKWKHFRQVLGHUHGEORFNV
B2

H2

θ2

O’2

O2

H1

θ1

O’1
a)

O1
B1

b)

)LJXUH7ZREORFNV\VWHP D JHRPHWULFDOSURSHUWLHVDQG E H[DPSOHRIFRQILJXUDWLRQGXULQJIUHHURFNLQJ
PRWLRQ
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7KHRXWFRPHVRIWKHVLPXODWLRQDUHUHSRUWHGLQ)LJXUH$FFRUGLQJWR>@VWDUWLQJIURP
WKHLQLWLDOFRQILJXUDWLRQWKHDQJOHVRIURWDWLRQRIWKHWZREORFNVθ1DQGθ2WHQGWRGHFUHDVH
GXHWRWKHRVFLOODWLRQPRYHPHQWDQGWKLVRFFXUVZLWKDIDVWHUUDWHIRUWKHEORFNDWWKHEDVH,Q
WKHILUVWSDUWRIWKHPRWLRQWKHWZREORFNVPRYHDVRQHVLQJOHEORFNURFNLQJDERXWWKHSRLQW
O1XQWLOWKHRFFXUUHQFHRIDQLPSDFWDWWKHIRXQGDWLRQ$IWHUWKHLPSDFWWKHWZREORFNVVWDUW
WR LQGHSHQGHQWO\ URFN DQG RWKHU LPSDFWV RFFXUXSWR WKH UHVW $V IRUWKH RXWFRPHVREWDLQHG
ZLWK WKH SURSRVHG ULJLG EORFN G\QDPLF PRGHO WKH FXUYH VKRZHG LQ )LJXUH  GHDOV ZLWK WKH
URWDWLRQ DQJOH θ2 RI WKH XSSHU EORFN DURXQG WKH SRLQW O2 7KH UHVXOWV DUH LQ D YHU\ JRRG
DJUHHPHQW ZLWK WKRVH REWDLQHG LQ >@ XQWLO WKH ILUVW LPSDFW RI WKH XSSHU EORFN $IWHU WKLV
LQLWLDOVWDJHWKHVHFRQGURWDWLRQLVVRPHZKDWGLIIHUHQWZLWKUHVSHFWWRWKHURWDWLRQSUHGLFWHGLQ
>@ 1HYHUWKHOHVV WKH WZR FXUYHV DUH YHU\ FORVH DQG VR DUH WKH PD[LPXP RVFLOODWLRQV
REWDLQHGE\WKHWZRPRGHOV7KHFRPSDULVRQLVWKHUHIRUHYHU\VDWLVI\LQJ:LWKUHJDUGWRWKH
ILQDO VWDJH LH DIWHU WKH VHFRQG LPSDFW RI WKH XSSHU EORFN WKH UHVXOWV REWDLQHG ZLWK WKH
SURSRVHGULJLGEORFNG\QDPLFPRGHOWHQGVWRSUHGLFWDIDVWHUURFNLQJSHUIRUPDQFHFRPSDUHG
ZLWK WKH UHVXOWV REWDLQHG LQ >@ D KLJKHU QXPEHU RI LPSDFWV LH FKDQJH RI URWDWLRQ  LV
H[KLELWHG E\ WKH XSSHU EORFNV )LQDOO\ WKH WZR PRGHOV FRPH WR D UHVW VWHS DW DERXW 
VHFRQGVDQDO\VLV


ș >6SDQRVHWDO@
ș >6SDQRVHWDO@
ș 3URSRVHGPRGHO

$QJOHVRIURWDWLRQ >UDG@























7LPH >V@











)LJXUH)UHHYLEUDWLRQUHVSRQVHRIDWZREORFNV\VWHP&RPSDULVRQZLWKWKHUHVXOWVREWDLQHGLQ>@

4

CONCLUSIONS

,QWKLVSDSHUDQLQKRXVHULJLGEORFNPRGHOIRUFRQWDFWWLPHKLVWRU\DQDO\VLVZDVGHVFULEHG
7KH FRPSXWDWLRQDO VWUDWHJ\ LV SDUWLFXODUO\ VXLWDEOH WR LQYHVWLJDWH WKH UHVSRQVH RI VWDFNHG
EORFNV REMHFWV VXEMHFWHG WR JURXQG H[FLWDWLRQ )URP WKLV SRLQW RI YLHZ WKH G\QDPLF PRGHO
FRXOG UHSUHVHQW D XVHIXO QXPHULFDO WRRO IRU WKH YXOQHUDELOLW\ DVVHVVPHQW RI PXVHXP¶V
FROOHFWLRQV DIIHFWHG E\ VHLVPLFLQGXFHG DFWLRQ DLPLQJ WR WKH SURWHFWLRQ RI VXFK DUWZRUNV
DJDLQVWHDUWKTXDNHVHYHQWV7KHFDSDELOLWLHVRIWKHSURSRVHGIRUPXODWLRQZHUHWHVWHGRQDFDVH
VWXG\ RI D WZREORFN V\VWHP H[SHULHQFLQJ IUHH URFNLQJ PRWLRQ DOUHDG\ LQYHVWLJDWHG LQ
OLWHUDWXUH7KHRXWFRPHVVKRZHGKLJKSRWHQWLDOLWLHVRIWKHDGRSWHGVWUDWHJ\LQWKHSUHGLFWLRQRI
WKHURFNLQJEHKDYLRXURIEORFN\REMHFWV
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THE TARANTOLA ETRUSCAN PEDIMENT: NDT AND 3D MODEL
CONTENT
A. L. Ciuffreda , M. Coli , T. Donigaglia 1, P. I. Mariotti 2, T. Salvatici 1and G. Simoni 


'HSDUWPHQWRI(DUWK6FLHQFHV8QLYHUVLW\RI)ORUHQFH
9LD*/D3LUD)LUHQ]H,WDO\
DQQDOLYLDFLXIIUHGD#XQLILLWFROL#XQLILLWWHVVDGRQLJDJOLD#XQLILLWWHUHVDVDOYDWLFL#XQLILLW


2SLILFLRGHOOH3LHWUH'XUH
9LDGHJOL$OIDQL)LUHQ]H,WDO\
PDULRWWLS#JPDLOFRPJDEULHODVLPRQL#JPDLOFRP

Abstract
The Tarantola Etruscan pediment comes from a single-chamber tomb located in the Tarquinia area, dating back to 520-530 B.C.; it was found in 1904, during some agricultural works,
close to Villa la Tarantola, from where the name. It consists of a trapezoidal tympanum 3.5 m
long and 1 m high with a painting banquet with four diners (men) recumbent on a mattress
placed at ground level. Fabrizio Lucarini detached it on behalf of the Royal Archaeological
Museum of Florence, now National Archaeological Museum, where it is still conserved. The
Tarquinia tombs were carved into the local Quaternary calcarenite named “Macco”. The
pictorial decoration was removed as solid-wall that was reinforced at the back with a layer of
concrete. In the last years, the Tarantola pediment had been restored by the Opificio delle
Pietre Dure (OPD). In the frame of a cooperation agreement between OPD and the Department of Earth Science (DST), it has been the subject of NDT analysis and survey for the reconstruction of a 3D model content. According to the MIBACT guideline (2011), the NDT
surveys consisted into georadar, sonic and thermographic investigations. The location of the
NDT data in their real space in the 3D model allowed their correct interpretation for a multidisciplinary evaluation about the structures of the pediment. The NDT survey also allowed
identifying and locating minor and micro fissures and gypsum integrations below previous
painting restorations. In conclusion, the 3D modelling and NDT brought positive improvements for the structural and conservation knowledge of the Tarantola Etruscan pediment allowing better well-addressed restoration works.

Keywords:+%,0'PRGHO1'7LQYHVWLJDWLRQV(WUXVFDQWRPE&XOWXUDO+HULWDJH
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1. INTRODUCTION
7KLVSDSHULQYHVWLJDWHVWKHSRWHQWLDORI%,0 %XLOGLQJ,QIRUPDWLRQ0RGHOOLQJ PHWKRGROR
J\DSSOLHGWRFXOWXUDOKHULWDJH7KHPHWKRGRORJ\XVHGLQDUFKLWHFWXUHDQGHQJLQHHULQJDOORZV
WRFUHDWHDWKUHHGLPHQVLRQDOPRGHORIDSURMHFWLQVHUWLQJDOVRWKHSURSHUWLHVDQGLQIRUPDWLRQ
RIDQ\VLQJOHREMHFW7KLVPDNHV%,0DJRRGZD\WRPDQDJHFXOWXUDOKHULWDJHSURMHFWVIURP
KLVWRULFEXLOGLQJVWRDUWZRUNVLQDOOSKDVHRIWKHUHVWRUDWLRQZRUN
7KHPDQDJHPHQWRIDFXOWXUDOKHULWDJHREMHFWWKURXJKDQLQIRUPDWLYHPRGHOSUHVHQWVGLI
ILFXOWLHV UHODWHG IRU H[DPSOH WR WKH PRGHOLQJ RI QRQVWDQGDUG IRUPV DQG WKLV LV WUXHU LQ WKH
FDVHRIXQLTXHDQGSDUWLFXODUO\FRPSOH[REMHFWVVXFKDVDUWZRUNV
7KH7DUDQWRODSHGLPHQWLVDQH[DPSOHRIDPXUDOSDLQWLQJGHWDFKHGDVDVROLGZDOOIURPLWV
DUFKLWHFWXUDOFRQWH[WDQGWKHUHIRUHWRGD\LWFDQEHFODVVLILHGDVDPRELOHDUWZRUNH[KLELWHGLQD
PXVHXP7KHUHIRUHWKHSHGLPHQWUHSUHVHQWVDFDVHVWXG\KDOIZD\EHWZHHQZDOOSDLQWLQJVDQG
DUWZRUNVDQGFRQVWLWXWHVDQRSSRUWXQLW\IRUH[SHULPHQWLQJWKHDSSOLFDWLRQRIWKH%,0PHWK
RGRORJ\WRREMHFWVVXFKDVDUWZRUNVWKDWDUHSDUWLFXODUERWKIRUWKHLUXQLTXHQHVVDQGIRUWKH
FRPSOH[LW\RIWKHVKDSHV
7KLVSDSHUSURYLGHVKRZWKLVWRROFDQEHVXLWDEOHIRUUHFRQVWUXFWLQJWKHFRPSOH[VKDSHVRI
WKHFXOWXUDODVVHWDQGDWWKHVDPHWLPHFRQVWLWXWLQJDUHSRVLWRU\RIDOOWKHGDWDIRUDFRUUHFW'
SODFLQJRIDOOWKHLQIRUPDWLRQVXSSRUWLQJWKHFRQVHUYDWLRQDQGUHVWRUDWLRQDFWLYLWLHV
$PRGHOLQJEDVHGRQDSKRWRJUDPPHWULFVXUYH\DQGWKHUHVXOWVRIH[WHQVLYH1'7VXUYH\
LQJFDPSDLJQVIRUPHGWKHVWDUWLQJSRLQWIRUWKHFDVHVWXG\UHSUHVHQWHGE\WKH(WUXVFDQSHGL
PHQWRIWKH7DUDQWRODDWWKH1DWLRQDO$UFKDHRORJLFDO0XVHXPRI)ORUHQFH ,WDO\ 
7KH UHVHDUFK KDV DOORZHG D EHWWHU DGGUHVV IRU WKH UHVWRUDWLRQ RI WKLV PXUDO SDLQWLQJ WKDW
WRRNSODFHLQE\WKH2SLILFLRGHOOH3LHWUH'XUH
7R DFKLHYH WKLV REMHFWLYH WKH LQYHVWLJDWLRQV IROORZHG WKH  0,%$&7 *XLGHOLQHV
SRLQW >@DQGZHUHFRQGXFWHGE\'67 'HSDUWPHQWRI(DUWK6FLHQFH LQIXOOFROODERUD
WLRQZLWKWKH0XVHXPDQGWKH2SLILFLRGHOOH3LHWUH'XUH7KHLQYHVWLJDWLRQVFDUULHGRXWFRQ
FHUQHG WKH W\SH DQG FKDUDFWHULVWLFV RI WKH VXEVWUDWH IRU WKH 7DUDQWROD PXUDO SDLQWLQJ 7KH
KLVWRU\RIWKHSHGLPHQWDQGLWVFXUUHQWDVVHPEO\ZDVVWXGLHGDQGDVHULHVRIQRQGHVWUXFWLYH
WHVWV 1'7 *35VRQLFDQGXOWUDVRQLFDQGWKHUPRJUDSK\
2. BIM APPLIED TO HISTORIC BUILDINGS AND ARTWORKS
7KHSUHVHUYDWLRQRIWKH,WDOLDQKLVWRULFDODQGDUWLVWLFKHULWDJHUHTXLUHVDQLQGHSWKGLDJQRV
WLFNQRZOHGJHWKDWLVSUHSDUDWRU\IRUHYHU\W\SHRILQWHUYHQWLRQDQGWKDWH[SUHVVHVLQWRQRQ
GHVWUXFWLYHRUVOLJKWO\GHVWUXFWLYHLQYHVWLJDWLRQVFDPSDLJQV
7KH0,%$&7*XLGHOLQHV>@GHGLFDWHGWRKLVWRULFDOPRQXPHQWDOEXLOGLQJVGUDZDW
WHQWLRQWRWKHKLVWRULFDODQGFRQVWUXFWLYHNQRZOHGJHRIWKHDVVHW
7KLVNQRZOHGJHFDQEHDFKLHYHGE\PHDQVRIVXUYH\VDQGLQYHVWLJDWLRQVWKDWDOORZWKHDF
TXLVLWLRQRIRIWHQKLGGHQLQIRUPDWLRQ XQGHUSODVWHUEHKLQGIDOVHFHLOLQJVHWF 
,QWKLVVHQVHWKH*XLGHOLQHVFRQVHQWVIRULQGLUHFWQRQGHVWUXFWLYHLQYHVWLJDWLRQWHFKQLTXHV
WKHUPRJUDSK\ JHRUDGDU VRQLF WRPRJUDSK\ HWF  RU ZHDNO\ GHVWUXFWLYH GLUHFW LQVSHFWLRQV
HQGRVFRSLHVSHHOLQJRISODVWHUHVVD\VVPDOOEXUJODULHVHWF 
7KHPDQDJHPHQWRIWKHNQRZOHGJHGHULYLQJIURPWKHGLDJQRVWLFFDPSDLJQLVDOZD\VTXLWH
FRPSOH[ WKHUH LV D ODFN RI FRRUGLQDWLRQ EHWZHHQ WKH GLIIHUHQW GLVFLSOLQHV WKH PXOWLPHGLD
VXSSRUWVDUHGLIIHUHQWZLWKWKHULVNRIORVLQJLQIRUPDWLRQDQGPDNLQJGLIILFXOWIRUIXWXUHXVHUV
WRFRQVXOWWKHP
,QWKLVVHFWLRQZLOOEHH[SRVHGDEULHIVWDWHRIWKHDUWRI%,0DSSOLHGWRFXOWXUDOKHULWDJH

1154

$/&LXIIUHGD0&ROL7'RQLJDJOLD3,0DULRWWL76DOYDWLFLDQG*6LPRQL

2.1

State of art and normative references

7KHXVHRIGLJLWDOPRGHOVLQUHVWRUDWLRQLVDWRSLFDOUHDG\LQYHVWLJDWHGE\VHYHUDOUHVHDUFK
HUV LQ RUGHU WR FUHDWH D PRGHO DV D VLQJOH FRQWDLQHU ' RU '  WR VWRUH JHRPHWULF LQIRU
PDWLRQDQGLQIRUPDWLRQUHODWLQJWRWKHLQWHUYHQWLRQDQGPDLQWHQDQFHSKDVHVRQWKHDUWHIDFW
,QWKLVVHQVHZHFDQFLWHH[DPSOHVRI'*LVPRGHOVVXFKDV6LFDU ,QIRUPDWLRQ6\VWHP
GHYHORSHG E\ /LEHURORJLFR DQG E\ WKH 6XSHULQWHQGHQFH RI )LQH $UWV DQG /DQGVFDSH IRU WKH
SURYLQFHVRI3LVDDQG/LYRUQRLQDZRUNLQJJURXSWKDWLQYROYHGWKH1DWLRQDO5HVHDUFK&RXQ
FLO &15 0LQLVWU\IRU&XOWXUDO+HULWDJHDQG$FWLYLWLHV 0,%$&7 DQG6PDOODQG0HGLXP
(QWHUSULVHV  FUHDWHG WR PDQDJH GRFXPHQWV DQG DQDO\]HV FROOHFWHG GXULQJ WKH UHVWRUDWLRQ RU
WKHDSSOLFDWLRQVRI'*,6E\%DUDWWLQHWDO>@
,QUHFHQW\HDUVLQWHUQDWLRQDOVWXGLHVKDYHPXOWLSOLHGIRUWKHDSSOLFDWLRQRIWKH%,0SURFHVV
WRWKHKLVWRULFDODUFKLWHFWXUHWKHDLPEHLQJDWRROIRUFODVVLILFDWLRQPDQDJHPHQWDQGDQDO\VLV
RILQIRUPDWLRQ7KLVSURFHVVLVFDOOHG+%,0
7KH ILUVW XVH RI %,0 DSSOLHG WR H[LVWLQJ EXLOGLQJV LV UHSUHVHQWHG E\ WKH UHVHDUFKHV RI
$UD\LFL >@ DQG 0XUSK\ HW DO >@ ZKR GHYHORS +LVWRULF %XLOGLQJ ,QIRUPDWLRQ 0RGHOLQJ
+%,0 E\H[SHULPHQWLQJZLWKOLEUDULHVRISDUDPHWULFREMHFWVEXLOWIURPKLVWRULFDOGDWDZLWK
LQWHOOLJHQWGDWDLQWHJUDWLRQDQGDV\VWHPWRPDSWKHSDUDPHWULFREMHFWRQDSRLQWFORXG
'HVSLWH WKH GLIILFXOWLHV HQFRXQWHUHG E\ WKHVH HDUO\ DXWKRUV HVSHFLDOO\ LQ WKH PRGHOLQJ
SKDVHFRQWULEXWLRQVRQ+%,0KDYHPXOWLSOLHGWRVROYHSUREOHPVE\VLPSOLI\LQJWKHZRUNIORZ
RIWKHUHVWRUDWLRQSURMHFWDQGRSHQLQJQHZZD\VIRUH[SHULPHQWDWLRQ
$PRQJWKHWRSLFVFRYHUHGDUHWKHPRGHOLQJRIREMHFWVVWDUWLQJIURPDSRLQWFORXG>@WKH
HQULFKPHQWRIWKHPRGHOWKURXJKWKHLQVHUWLRQRILQIRUPDWLRQRUWKHUHFRQVWUXFWLRQRIWKHHYR
OXWLRQDU\SKDVHVRIWKHEXLOGLQJZLWKWKHFRQWULEXWLRQVRI$SROORQLRHWDO>@DQG%UXPDQDHW
DO>@WKHLQWHJUDWLRQEHWZHHQ%,0DQG*,6LQWKHUHVHDUFKRI'RUHDQG0XUSK\>@
7KHPHWKRGVRIFRQVXOWLQJWKHGDWDEDVHWKURXJKZHESODWIRUPVDQGDXJPHQWHGUHDOLW\ZHUH
DOVRVWXGLHG>@DQGWKHFRQVWUXFWLRQRIGDWDEDVHVIRUEXLOGLQJPDLQWHQDQFH>@
$VSDUWRIWKHUHVHDUFKDFWLYLW\FDUULHGRXWE\WKH'67YDULRXVW\SHVRIGLDJQRVWLFLQYHVWL
JDWLRQVDUHSHUIRUPHGRQKLVWRULFDOEXLOGLQJVDQGDUWZRUNVJHRUDGDULQYHVWLJDWLRQVVRQLFDQG
XOWUDVRQLFLQYHVWLJDWLRQVYLGHRLQVSHFWLRQV ODERUDWRU\LQYHVWLJDWLRQV RQVWRQHVDQGPRUWDUV
PLFURSHUIRUDWLRQVWKHUPRJUDSKLFLQYHVWLJDWLRQVHWF
,QRUGHUWRRUJDQL]HWKHGDWDFROOHFWHGGXULQJWKHUHVHDUFK'PRGHOVRIWKHFDVHVVWXGLHV
DUHUHDOL]HGWRKLJKOLJKWWKHJHRPHWULFFKDUDFWHULVWLFVDVZHOODVWKHORFDWLRQRIWKHVXUYH\VLQ
WKHLUUHDO'ORFDWLRQDQGWKHUHVXOWVLQDXQLILHGIUDPHZRUN
7KLVZRUNIORZZDVDSSOLHGWRFDVHVWXGLHVVXFKDVWKH5HVXUUHFWLRQ&KULVWE\3LHURGHOOD
)UDQFHVFDLQ6DQVHSROFUR>@WKH*DUGHQRIWKH&DPHOLHDQGWKH%RQD+DOOLQ3DOD]]R3LWWL
>@
)LQDOO\ D EULHI PHQWLRQ RI WKH %,0 OHJLVODWLRQ LQ (XURSH ZKLFK KDV DV LWV UHIHUHQFH WKH
'LUHFWLYHRQSXEOLFSURFXUHPHQWRIWKH(XURSHDQ8QLRQRI)HEUXDU\>@
WKDW LQYLWHV (8 0HPEHU 6WDWHV WR HQFRXUDJH WKH XVH RI %,0 IRU SURMHFWV ZKLOH ,WDO\ KDV
DGRSWHG81,>@ GLYLGHGLQWRSDUWV RSHQLQJWKHGLVFXVVLRQRQWKHXVHRIWKH%,0
PHWKRGRORJ\WRFXOWXUDOKHULWDJH
3. THE ETRUSCAN PEDIMENT OF THE TARANTOLA
7KH7DUDQWRODSHGLPHQWLVDPXUDOSDLQWLQJWDNHQDZD\DVDVROLGZDOOIURPDWRPELQWKH
QHFURSROLV RI 7DUTXLQLD 7KH QHFURSROLV ZDV H[FDYDWHG LQ WKH ORFDO VRIW FDOFDUHQLWH FDOOHG
0DFFRZKLFKUHSUHVHQWVWKHVXSSRUWRIWKHPXUDOSDLQWLQJVWKDWGHFRUDWHWKHZDOOV
6LQFH2FWREHUWKH 3HGLPHQW RIWKH 7DUDQWRODLV EHLQJ UHVWRUHGDW WKH2SLILFLR GHOOH
3LHWUH'XUHDVVXEMHFWRIDWKHVLVE\6$)63)3>@
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3.1

Finding and conservative history

7KHZRUNNQRZQLQVFLHQWLILFOLWHUDWXUHDV³)URQWRQHGHOOD7DUDQWROD´ )LJXUH ZDVSDUW
RIWKHPXUDOGHFRUDWLRQRIDQ(WUXVFDQWRPEZLWKDVLQJOHFKDPEHULWZDVRULJLQDOO\ORFDWHG
LQ WKH7DUTXLQLDDUHDZLWKLQDSURSHUW\FDOOHGWKH7DUDQWRODIXQGEHORQJLQJWR WKH(WUXVFDQ
QHFURSROLVRI0RQWHUR]]L'DWHGDURXQG%&LWZDVIRXQGLQGXULQJVRPHDJ
ULFXOWXUDOZRUNV7KHSLFWRULDOGHFRUDWLRQORFDWHGLQWKHW\PSDQXPRIWKHEDFNZDOOLQVLGHWKH
WRPEZDVGHWDFKHGE\)DEUL]LR/XFDULQL DZHOONQRZQUHVWRUHU RQEHKDOIRIWKH5R\DO$U
FKDHRORJLFDO0XVHXPRI)ORUHQFHZKRERXJKWWKHZRUNIURPWKHRZQHURIWKHODQG>@

)LJXUH7KHSHGLPHQWEHIRUHWKHUHVWRUDWLRQ

7KHSDLQWLQJUHSUHVHQWVDEDQTXHWZLWKIRXUGLQHUV>@ DOOPHQ UHFXPEHQWRQDPDWWUHVV
SODFHGDWJURXQGOHYHODQGDIDLUSUREDEO\DOLRQDSDQWKHURUDSDUWLFXODUVSHFLHVRIGRJ%H
ORZWKHUHDUHDFRQWLQXRXVIULH]HRIEDQGVLQDOWHUQDWLQJFRORUVUHGZKLWHEODFNDQGJUD\
7KHUHDUHPDQ\UHDVRQVRILQWHUHVWIURPWKHKLVWRULFDODUWLVWLFSRLQWRIYLHZDVDWHVWLPRQ\
RIKLJKYDOXHRI(WUXVFDQSDLQWLQJRIWKH$UFKDLFSHULRG HQGRIWKHWKFHQWXU\%& >@
IURPWKHSRLQWRIYLHZRIWKHKLVWRU\RIWKHUHVWRUDWLRQLWUHSUHVHQWVDUDUHWHVWLPRQ\RIVROLG
ZDOO GHWDFKPHQW IUDPHG LQ ZRRG IRU VWUHQJWK DQG WUDQVSRUW >@ DQG YHU\ LPSRUWDQW WKH
ZRRGHQHOHPHQWVXVHGWRGHWDFKLWVWLOOFRQWULEXWHWRWKHFRQVHUYDWLRQRIWKHSURSHUW\DVWKH
GLDJQRVWLFLQYHVWLJDWLRQVKDYHFRQILUPHG)RUWKHGHWDFKPHQWRIWKHSDLQWLQJIURPWKHEXULHG
WRPEDWDGHSWKRIPHWHUVDVROLGWUDQVSRUWZDVFDUULHGRXWZKLFKLQYROYHGWKHUHPRYDORI
ERWKWKHSLFWRULDOGHFRUDWLRQDQGWKHVXSSRUWLQIDFWWRJHWKHUZLWKWKHSLFWRULDOVXUIDFHDERXW
FPRIVWRQHZHUHUHPRYHG,QRUGHUWRVWUHQJWKWKHUHPRYHG0DFFRVODE/XFDULQLDS
SOLHGRQWKHEDFNILUVWDOD\HURIPRUWDU 0DOWD/XFDULQLPDGHZLWK0DFFRVDQG DQGWKHQD
WKLQOD\HURIFRQFUHWH/XFDULQLHQFORVHGWKHIUDJPHQWZLWKLQDFXVSHGZRRGHQIUDPH)RUWKLV
UHDVRQLWFDQEHDVVLPLODWHGWRDSHGLPHQW
6LQFHWKHQZLWKWKHQDPHRI³SHGLPHQW´ )URQWRQH GXHWRLWVWULDQJXODUVKDSHLWKDVEH
FRPHSDUWRIWKHH[KLELWLRQRIWKH1DWLRQDO $UFKDHRORJLFDO 0XVHXPRI)ORUHQFH >@$IWHU
WKHIORRGRIZKHQLWKDGVXIIHUHGQRSDUWLFXODUGDPDJH>@LWZDVILUVWWUDQVIHUUHGWR
WKHZDUHKRXVHVDQGWKHQWRWKHSUHPLVHVRIWKHDUFKDHRORJLFDOUHVWRUDWLRQODERUDWRULHVDQGH[
KLELWHGRQO\GXULQJH[KLELWLRQVRIWHQDEURDG
4. THE INVESTIGATIONS CAMPAING FOR THE DEFINITION OF THE
COGNITIVE FRAMEWORK
7KHIROORZLQJVHFWLRQGHVFULEHVWKHUHVHDUFKDQGDQDO\VLVFDUULHGRXWWRXQGHUVWDQGWKHPD
WHULDOVDQGWKHVWDWHRIFRQVHUYDWLRQRIWKHSHGLPHQW,QWKHQH[WSDUDJUDSKVZLOODQDO\]HWKH
W\SHVRI1'7LQYHVWLJDWLRQVFDUULHGRXWDQGZLOOEHVKRZHGWKHUHVXOWVREWDLQHG
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7KHLQIRUPDWLRQGHULYLQJIURPWKHFRJQLWLYHIUDPHZRUNRXWOLQHGKDVEHHQLQFOXGHGLQWKH
%,0PRGHODVGHVFULEHGLQVHFWLRQ
4.1

GPR survey

7KH *URXQG 3HQHWUDWLQJ 5DGDU *35  LV D 1RQ'HVWUXFWLYH LQYHVWLJDWLRQ WHFKQLTXH WKDW
ZDV GHYHORSHG IRU LQYHVWLJDWLQJ VXEVRLO REMHFWV >@ VXEVHTXHQWO\ LW ZDV XVHG IRU GHILQLQJ
OLWKRORJLFDOFRQWDFWV>@IDXOWV>@DQGIUDFWXUHVLQURFNPDVV>@DQGIRUGHILQLQJ
VRLOXQLWV>@DQGWKHZDWHUWDEOHOHYHOWRR>@
*35KDVEHHQDOVRDSSOLHGLQLQYHVWLJDWLQJWKHFRPSHWHQFHRIFRQFUHWHLQEULGJHVDQGWXQ
QHOVDQGIRUWKHERQGHUGXUDELOLW\5HFHQWO\*35KDVEHHQXVHGIRULQYHVWLJDWHPDVRQU\VWUXF
WXUHDQGDVVHPEODJH>@
7KH*35SULQFLSOHXVHVWKHWZRZD\WUDYHOWLPHEHWZHHQDKLJKIUHTXHQF\HOHFWURPDJQHWLF
LQSXWLQWKHUDGDUUDQJH0+]*+]DQGLWVUHWXUQ )LJXUH 7KHUDGDULQSXWWUDYHOVLQ
WKHPDWHULDODWDYHORFLW\PDLQO\UHODWHGWRWKHPDJQHWLFFRQGXFWLYLW\DQGSHUPHDELOLW\RIWKH
PHGLXP>@

)LJXUH*35RSHUDWLQJRQ7DUDQWRODSHGLPHQWDQGSULQFLSOHDQDQWHQQDLQSXWVDUDGDUVLJQDOLQWKHPHGLXP
WKHERXQGDU\EHWZHHQPDWHULDOVZLWKGLIIHUHQWHOHFWURPDJQHWLFSURSHUWLHVEDFNVFDWWHUVWKHVLJQDOWRWKHUHFHLYHU
GHWHUPLQLQJWKHWZRZD\WUDYHOWLPH

7KH ERXQGDU\ EHWZHHQ PDWHULDOV ZLWK GLIIHUHQW HOHFWURPDJQHWLF SURSHUWLHV SDUWLDOO\
EDFNVFDWWHUWKHVLJQDOWRWKHDQWHQQD7KHHQWLW\RISHQHWUDWLRQRIWKHVLJQDOLQWRWKHPDWHULDOLV
D IXQFWLRQ RI WKH PDWHULDO SURSHUWLHV DQG WKH VLJQDO IUHTXHQF\ ORZHU LV WKH IUHTXHQF\ DQG
KLJKHULVWKHSHQHWUDWLRQEXWOHVVDUHWKHGHWDLOVRIWKHLQYHVWLJDWLRQEHFDXVHWKH\DUHIXQFWLRQ
RIWKHZDYHOHQJWK
7KHNQRZOHGJHRIWKHZDYHYHORFLW\LQWKHPHGLXPRUWKDWRIDGLVWDQFHRIDVXUHVLJQDODUH
FRPSXOVRU\IRUIL[LQJWKHVFDOHRIWKHLQYHVWLJDWLRQDQGWKHUHIRUHIRUFRUUHFWO\SODFHGLQWKH
VXUYH\HGERG\WKHPDWHULDOLQWHUIDFHVYRLGVLQFOXGHG
,Q LQYHVWLJDWLQJ D PDQXIDFW D JRRG SUDFWLFH LV PHDVXULQJ WKH WKLFNQHVV RI WKH ZDOO SOXV
SODFLQJ D VWLOOLURQ SODWH DV UHIHUHQFH WR WKH RSSRVLWH VLGH RI LQYHVWLJDWLRQ IRU KDYLQJ D VXUH
HQGVLJQDORIWKHPDVRQU\LQRUGHUWRIL[WKHVFDOHRIUHVXOWLQJUDGDUJUDP
7KH*HRUDGDUFDPSDLJQ ZDVFDUULHGRXW RQWKH7DUDQWRODSHGLPHQW LQ FROODERUDWLRQZLWK
,'6*HRUDGDU65/ +H[DJRQ*URXS  XQGHUWKH VXSHUYLVLRQ RI'U'DYLG 0RUDQGL XVLQJ
WKH,'6&7KUXHV\VWHPZLWKD*+]DQWHQQD )LJXUH 7KHDFTXLVLWLRQFDPSDLJQFRQVLVW
HGLQWRKRUL]RQWDOVFDQOLQHVVSDFHGRIFPDOODORQJWKHHQWLUHOHQJWKRIWKHSDLQWHG
VXUIDFH7RPRJUDSK\DQDO\VLV ZDV PDGH IRU KDYLQJ LQIRUPDWLRQ UHODWLQJ WR WKH PDWHULDO VHW
WLQJLQVLGHWKHSHGLPHQW
,QRUGHUWRDYRLGGDPDJLQJWKHSDLQWLQJZLWKWKHZKHHOVRIWKHLQVWUXPHQWWKHVXUIDFHZDV
WHPSRUDULO\FRQVROLGDWHG LQ WKHPRVWGHOLFDWHDUHDV 7KH *35VXUYH\V ERWK WKHVLQJOHKRUL
]RQWDO VXUYH\V DQG WKH WRPRJUDSKLF VXUYH\ ZHUH LPSOHPHQWHG LQ WKH ' PRGHO )LJXUHV 
DQG 
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)LJXUH'PRXQWLQJRI*35OLQHDUVXUYH\RQWKH'PRGHO

7KH WRPRJUDSK\ UHVXOWV RXWOLQH WKH 0DFFR EH DIIHFWHG E\ VHYHUDO GLVFRQWLQXLWLHV 2Q WKH
ULJKW VLGHRIWKHSHGLPHQW RIFRQFDYHVKDSHXSWRDGHSWK RI DSSUR[LPDWHO\ FP LV FOHDUO\
YLVLEOHWKDWLVUHIHUUHGWRDSUHYLRXVLQWHJUDWLRQPDGHE\J\SVXP


)LJXUH*HRUDGDUWRPRJUDSK\LQDVHFWLRQDWFPIURPWKHIURQWVXUIDFHPRXQWHGRQWKH'PRGHO

*HRUDGDUDQDO\VLVGRHVQRWUHFRJQL]HWKHLQWHUIDFHEHWZHHQ0DFFRDQG/XFDULQLPRUWDUEH
FDXVHWKHFRPSRVLWLRQRIWKHPRUWDULVYHU\VLPLODUWRWKDWRIWKH0DFFREXWZHOOGHILQHVWKH
LQWHUIDFHZLWKWKHFRQFUHWHDWWKHEDFN
4.2

Sonic test

7KHVRQLFWHVWLVEDVHGRQWKHJHQHUDWLRQRIHODVWLFZDYHVLQWKHIUHTXHQF\UDQJHRIVRXQG
+]N+] E\PHDQVRIPHFKDQLFDOLPSXOVHVJHQHUDWHE\DKDPPHUDQGUHFRUGHGE\D
UHFHLYHU
7KHGDWDDFTXLVLWLRQV\VWHPXVHGZDVD1RYDVRQLF8&6'PRGXOHRI,0*7KHSUR
FHVVLQJVLJQDOFRQVLVWHGRIPHDVXULQJZDYHVWUDYHOWLPHVDVSHFLILFVRIWZDUHDOORZVWKHYLVX
DOL]DWLRQRIWKHWUDQVPLWWHGDQGUHFHLYHGVLJQDOVRQWLPHGRPDLQ>@7KHILUVWDUULYDORIWKH
ZDYHLVREWDLQHGXVLQJDQDXWRPDWLFDOJRULWKPWKDWPD\EHFKHFNHGDQGFRUUHFWHGE\WKHRS
HUDWRUWKURXJKYLVXDODFFHVVDQGPDQXDORSHUDWLRQ
6RQLFSXOVHYHORFLW\WHVWVZHUHFDUULHGRXWRQWKH7DUDQWRODSHGLPHQWIROORZLQJWZRFRQ
ILJXUDWLRQVGLUHFWDQGLQGLUHFW>@ )LJXUH 
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,Q WKH ILUVW KDPPHU DQG DFFHOHURPHWHU DUH SODFHG RQ RSSRVLWH IDFHV DQG WKH ORQJLWXGLQDO
ZDYHV DUH PHDVXUHG LQ WKH VHFRQG KDPPHU DQG DFFHOHURPHWHU DUH SODFHG RQ WKH VDPH IDFH
WKLVPHWKRGLVPRUHXVHGWRDFFHVVWRVXUIDFHZDYHV
7KHSXOVHYHORFLW\ UHSUHVHQWV WKHTXDOLWDWLYHFKDUDFWHULVWLFVRI WKHLQYHVWLJDWHG REMHFW LQ
IOXHQFHGE\FRPSRVLWLRQWKHFRQWDFWEHWZHHQGLIIHUHQWPDWHULDOVDVZHOODVE\WKHSUHVHQFH
RILQKRPRJHQHLWLHVYRLGVFUDFNVSUHVHQFHDQGGHWHULRUDWHGDUHDV>@
D

E

)LJXUH6RQLFYHORFLW\WHVWFRQILJXUDWLRQVD GLUHFWDQGE LQGLUHFW

7KHGLUHFWDFTXLVLWLRQZDVFDUULHGRXWFRQVLGHULQJLPSDFWSRVLWLRQVORFDWHGRQWKHEDFN
RI 7DUDQWROD SHGLPHQW DORQJ YHUWLFDO DOLJQPHQWV ZKLOH WKH UHFHLYH ZDV ORFDWHG LQ WKH IURQW
)LJXUHD )RUHDFKSRLQWWUDYHWLPHVZHUHUHFRUGHGDQGFRQVLGHULQJWKHWKLFNQHVVRI7D
UDQWROD SHGLPHQW DV GLVWDQFH EHWZHHQ WKH KDPPHU DQG WKH UHFHLYHU WKH VRXQG YHORFLW\ ZDV
FRPSXWHG
7KHLQGLUHFWDFTXLVLWLRQZDVFDUULHGRXWFRQVLGHULQJLPSDFWLRQVRQWKHKLJKHVWSRLQWVRI
WKHYHUWLFDODOLJQPHQWVDQGUHFHSWLRQV)RUHDFKSRLQWWUDYHOWLPHVZHUHUHFRUGHGDQG
FRQVLGHULQJ WKH SURJUHVVLYH GLVWDQFH EHWZHHQ WKH KDPPHU DQG WKH DFFHOHURPHWHU WKH VRXQG
YHORFLW\ZDVFRPSXWHG )LJXUHE 
7KHSXQFWXDOPHDVXUHPHQWVZHUHHODERUDWHGXVLQJ(65,$UF*,6VRIWZDUH LQSDUWLFXODU
WKH1DWXUDO1HLJKERULQWHUSRODWLRQWRR>@WRFRPSXWHDVRQLFYHORFLW\GLVWULEXWLRQPDSWKH
UHVXOWVERWKGLUHFWDQGLQGLUHFWZHUHUHSRUWHGRQWKH'PRGHO )LJXUHVDQG RIWKH7D
UDQWRODSHGLPHQW
7KHDYHUDJHYHORFLW\RIWKHWZRFRQILJXUDWLRQVLVWKHVDPHRIDERXWPVWKLVFDQEH
H[SODLQHG ZLWK WKH IDFW WKDW WKH 7DUDQWROD SHGLPHQW LWV FRQVWLWXWHG E\ D FDOFDUHQLWH 0DFFR 
ZLWKDQKLJKSRURVLW\  LQDGGLWLRQVRPHUHVWRUDWLRQVXSSRUWVDVPRUWDUVDQGFRQFUHWH
LQWKHEDFNVLGHDQGJ\SVXPLQIURQWULJKWVLGHDUHSUHVHQW
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)LJXUH6RQLFYHORFLW\IURPLQGLUHFWDFTXLVLWLRQPRXQWHGRQWKH'PRGHO

)LJXUH6RQLFYHORFLW\IURPGLUHFWDFTXLVLWLRQPRXQWHGRQWKH'PRGHO

$OOWKHVHPDWHULDOVOHDGWRDJHQHUDOVORZLQJGRZQRIWKHVRXQGZDYHVLQGHHGWKHLQGLUHFW
WHVWVKRZV DQDYHUDJHYHORFLW\ GLVWULEXWLRQRQZKROHVXUIDFHWKLV LV WKHUHVXOWRIVXSHUILFLDO
YHORFLW\RQWKHEDFNVLGHFRQFUHWHDQGPRUWDUOD\HUVZKLFKLVZHOOGLVWULEXWHGRYHUWKHHQWLUH
SHGLPHQW
2ISDUWLFXODULQWHUHVWDUHWKHUHVXOWRIGLUHFWWHVWRQWKHEDFNOHIWVLGHDKLJKHUVSHHGDUHDLV
SUHVHQWWKLVFRUUHVSRQGVLQWKHIURQWRIDQDUHDZLWKWKHJ\SVXPLQWHJUDWLRQ7KHJ\SVXPLQ
WKLVFDVHLVPRUHKRPRJHQHRXVDQGFRPSDFWDQGKHUHWKH0DFFRLVWKLQQHUDQGWZRGLIIHUHQW
SRURXVPDWHULDOVVXFKDVPRUWDUDQGJ\SVXPDUHLQFRQWDFW
4.3

Thermography campaign

7KHXVHRIWKHUPRJUDSK\RQWKHFXOWXUDOKHULWDJHRQPDVRQU\EXLOGLQJVDOORZVZLWKVSHFLI
LFFRQGLWLRQVWKHYLHZRIWKHLQWHUQDOOD\HUVKLGGHQE\WKHSODVWHULQSDUWLFXODULWVXVHLVVWLOO
KHOSIXOWRGHWHFWWKHVWUXFWXUDOSDUWLQWKHVODEVDQGWRFKHFNWKHWH[WXUHRIYDXOWVDQGPDVRQU\
ZDOOV
7KHUPRJUDSK\ RQ PXUDO RU SDQHO SDLQWLQJV KDV VRPH H[DPSOHV RI XVH WR GHWHFW YDULRXV
W\SHVRIGHIHFWVLQWKHSDLQWLQJOD\HU>@RUVXEOD\HUFRPSRVLWLRQHYDOXDWLRQZLWKWKHKHOSRI
DGDSWHG LPDJH DQG VLJQDO SURFHVVLQJ DOJRULWKPV WR GHWHFW VPDOO GLVFRQWLQXLWLHV LQVLGH VWUXF
WXUHVRUH[WUDFWPDWHULDOFKDUDFWHULVWLFLQIRUPDWLRQ>@
7KHUPRJUDSK\LVDQRFRQWDFWWHVWDQGFDQFRYHUODUJHDUHDV7KHUPRJUDSK\VXPVRQWKH
H[WHUQDOVXUIDFHWKHUHVSRQVHIURPWKHZKLOHPDVRQU\WKHUHIRUHLWLVGLIILFXOWWRGHWHFWWKHLQ
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WHUQDO DQRPDOLHV LQ WKH DUWLIDFW DQG UHVXOWV FDQ EH LQIOXHQFHG E\ FRQGLWLRQV DQG E\ QRQ
KRPRJHQHRXVKHDWLQJ
,QWKHFDVHRIWKHSHGLPHQWWKHH[SHULPHQWDOFDPSDLJQKDVEHHQPDGHXVLQJD)/,57
WKHUPDOFDPHUDDQGZDVFDUULHGRXWLQERWKSDVVLYHDQGDFWLYHFRQGLWLRQVKHDWLQJWKHURRP
HYHQO\ 7KH UHVXOWV RI WKH WKHUPRJUDSKLF FDPSDLJQ ZHUH VXEVHTXHQWO\ LQVHUWHG RQ WKH '
PRGHO )LJXUH 


)LJXUH9LVXDOL]DWLRQRIWKHWKHUPRJUDSKLFPDSLQVLGHWKHPRGHO

,QERWKFDVHVGLIIHUHQFHVLQWHPSHUDWXUHZHUHGHWHFWHGGXHWRWKHSUHVHQFHRIGLIIHUHQWPD
WHULDOVVXFKDVSODVWHUUHSDLUVRQWKHIURQWZKLOHQRLQWHUHVWLQJDQRPDOLHVZHUHIRXQGRQWKH
EDFN
5. THE DEFINITION OF THE INFORMATIVE MODEL
,QRUGHUWRRUJDQL]HWKHGDWDFROOHFWHGGXULQJWKHFDPSDLJQVD'PRGHORIWKHSHGLPHQW
ZDVUHDOL]HGWRKLJKOLJKWWKHVWUXFWXUHDVZHOODVWKHORFDWLRQRIWKHVXUYH\VDQGWKHLUUHVXOWV
LQDXQLILHGIUDPHZRUN
,Q VHFWLRQ  ZLOO GHVFULEH WKH SKDVH RI WKH PHWULF VXUYH\ RI WKH SHGLPHQW E\ PHDQV RI
SKRWRJUDPPHWU\
,QVHFWLRQVDQGZLOOGHVFULEHWKHRSHUDWLRQDOSKDVHFRQVLVWLQJRIPRGHOLQJWKHSHG
LPHQWDQGFUHDWLQJFXVWRPL]HGIDPLOLHVIRUHQWHULQJWKHGDWDRIWKHVXUYH\VFDUULHGRXW,WZLOO
DOVREHSUHVHQWHGKRZWRHQWHUGDWDDQGTXHU\WKHGDWDEDVHXVLQJVSHFLILFPHWKRGV
5.1

The photogrammetric survey

7KH VWDUWLQJ GDWD IRU WKH JHRPHWU\ UHFRQVWUXFWLRQ RI WKH SHGLPHQW FRPH IURP D SKRWR
JUDPPHWULFVXUYH\,WZDVGHFLGHGWRXVHSKRWRJUDPPHWU\GXHWRWKHVSHHGRIGDWDFROOHFWLRQ
DQGREWDLQLQJWKHUHVXOWV
3KRWRJUDPPHWU\ LV D WHFKQRORJ\ WKDW DOORZV VWDUWLQJ IURP WKH DFTXLVLWLRQ RI KLJK
GHILQLWLRQLPDJHVWKHUHFRQVWUXFWLRQRIDWH[WXUHG'PRGHO
,W LV DOUHDG\XVHGIRUDUFKLWHFWXUDO FDUWRJUDSKLFWRSRJUDSKLFDO VXUYH\DQGQRZLWLV DOVR
DSSOLHGWR DUWLVWLFDUWHIDFWV,W DOORZV DUULYLQJ DW D GHWDLOHGNQRZOHGJHRIWKHVXUIDFHV RIWKH
DUWZRUNLQRUGHUWRREWDLQLQIRUPDWLRQIRUFRQVHUYDWLRQDQGYDORUL]DWLRQ
8VLQJD0S[FDPHUDSKRWRJUDSKLFVKRWVZHUHWDNHQWDNLQJFDUHWRPDLQWDLQDQ
DGHTXDWHRYHUODSEHWZHHQGLIIHUHQWIUDPHVDQGNHHSLQJWKHPDFKLQHVHWWLQJVXQFKDQJHG7KH
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LPDJHVZHUHDOLJQHGDQGSURFHVVHGXVLQJSKRWRJUDPPHWULFVRIWZDUHLQRUGHUWRREWDLQDSRLQW
FORXG )LJXUH DQGDWH[WXUHGPRGHO )LJXUH 

)LJXUH7KHSRLQWFORXGGHULYLQJIURPWKHSKRWRJUDPPHWULFVXUYH\

7KHSRLQWFORXGRIWKHSHGLPHQWZDVLPSRUWHGLQWR$XWRGHVN5HYLW $XWRGHVNDFDGHPLF
OLFHQVH IRUPRGHOLQJLQWKH%,0HQYLURQPHQWZKLOHWKHRUWKRSKRWRDQGWH[WXUHVIRUPDSSLQJ
WKH%,0PRGHOZHUHREWDLQHGIURPWKHWH[WXUHGPRGHO
7KHGHQVHSRLQWFORXGREWDLQHGFRQVLVWVRIDSSUR[LPDWHO\SRLQWVZKLFKGXULQJ
WKH SURFHVVLQJ RI WKH PHVK JLYH ULVH WR DSSUR[LPDWHO\  WULDQJXODU IDFHV 7KH KLJK
GHQVLW\ RI WKH SRLQW FORXG DQG WKH GHILQLWLRQ RI WKH PHVK PDGH LW SRVVLEOH WR REWDLQ DQ H[
WUHPHO\GHWDLOHGPRGHO

)LJXUH7KHWH[WXUHGPRGHOGHULYLQJIURPWKHSKRWRJUDPPHWULFVXUYH\

5.2

The modeling phase

7KHGLIILFXOWLHVRIPRGHOLQJFXOWXUDOKHULWDJHREMHFWVLQ%,0HQYLURQPHQWDUHVHYHUDOILUVW
RIDOOWKHYHU\LUUHJXODUVKDSHV+RZHYHULQWKLVFDVHWKHFKRLFHWRRSHUDWHXVLQJ%,0VRIW
ZDUHLVDLPHGDWWHVWLQJWKHSRWHQWLDOIRUPDQDJLQJLQIRUPDWLRQUHODWHGWRFXOWXUDOKHULWDJH
,W VXVHIXOWRUHIHUWRWKH/2'DFKLHYHGLQWKHUHDOL]DWLRQRIPRGHO7KH/2'SURYLGHVWKH
GHJUHHRIUHOLDELOLW\RIWKHJHRPHWU\GHWDLOOHYHODQGLQIRUPDWLRQOHYHO$FFRUGLQJWRWKH%,0
)RUXP/HYHORI'HYHORSPHQW6SHFLILFDWLRQ>@WKHPRGHORIWKHSHGLPHQWFDQEHIUDPHGLQD
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/2',IWKLVOHYHOLVDFFXUDWHJHRPHWULFGDWDFDQEHPHDVXUHGGLUHFWO\RQWKHPRGHODQG
DQ\W\SHRILQIRUPDWLRQ PDWHULDOVGHFD\KLVWRULFDOGDWDHWF FDQEHDGGHGYLDH[WHUQDOUHI
HUHQFHV7KHUHIRUHWKHWKUHHGLPHQVLRQDOPRGHOZHUHPDGHZLWKDWWHQWLRQWRWKHPRGHOOLQJRI
WKHVWUXFWXUHDQGDUFKLYLQJWKHUHVXOWVRIWKHGLDJQRVWLFFDPSDLJQ
7KHSHGLPHQWZDVPRGHOHGWU\LQJWREHWUXHWRLWVVKDSHDQGIHDWXUHVXVLQJ$XWRGHVN5HYLW
VRIWZDUH7KHJUHDWHVWGLIILFXOW\LVGXHWRWKHQRWSHUIHFWO\SODQDUFRQIRUPDWLRQRIWKHZRRGHQ
IUDPHDQGWKHSHGLPHQW6WDUWLQJIURPDUHIHUHQFHOHYHOWKH5HYLWZDOOV\VWHPIDPLOLHVZHUH
XVHGWRPRGHOWKHOD\HUVWKDWPDNHXSWKHDUWZRUNLQSDUWLFXODUWKH0DFFR

)LJXUH$JHQHUDOYLHZRIWKH%,0PRGHO

:DOOREMHFWVZHUHFUHDWHGZLWKFXVWRPL]HGVWUDWLJUDSK\DQGPDWHULDOVWKDWKDGVXLWDEOHWH[
WXUHVWRJXDUDQWHHWKHUHFRJQL]DELOLW\RIWKHGLIIHUHQWVWUXFWXUHV )LJXUHVDQG ,QVWHDG
WKHZRRGHQIUDPHZDVPRGHOHGXVLQJSDUDPHWULFEHDPHOHPHQWV
:HKDYHWULHGWRXVHin placePRGHOLQJDVOLWWOHDVSRVVLEOHZKLFKLVRIWHQQRWUHFRPPHQG
HGDVLWLVDWUDGLWLRQDOPHWKRGRORJ\WKDWJRHVEH\RQGWKHUXOHVRI%,0FUHDWLQJQRQUHXVDEOH
REMHFWV WKDW ZHLJK GRZQ WKH ILOH 7KHUHIRUH HYHU\ REMHFW WKDW FRXOG QRW EH PRGHOHG ZLWK D
V\VWHPIDPLO\VXFKDVWKHEHDPVRIWKHIUDPHZDVLQVHUWHGVWDUWLQJIURPDSDUDPHWHUL]HGDQG
FXVWRPL]HGIDPLO\WKDWFDQEHIXUWKHUHQULFKHGZLWKLQIRUPDWLRQ

)LJXUH([SORGHGYLHZRIWKH%,0PRGHO
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7KHLQFOXVLRQRIWKHVXUYH\VLQWKHPRGHOZDVDGGUHVVHGWKURXJKWKHFUHDWLRQRIVSHFLILF
IDPLOLHVWRZKLFKWKHSDUDPHWHUVGHVFULEHGLQVHFWLRQDUHOLQNHG7KHJHRPHWU\RIWKHRE
MHFWVWKDWUHSUHVHQWWKHVXUYH\VKDVEHHQVWXGLHGDFFRUGLQJWRLWVFKDUDFWHULVWLFV )LJXUHV 
)RU H[DPSOH WKH JHRUDGDU VXUYH\ ZDV PRGHOOHG RQ D SDQHO RI YDULDEOH GLPHQVLRQV 7KLV
PRGHDOORZVD IDVWHUDQGPRUHHIILFLHQWYLVXDOL]DWLRQDQGXQGHUVWDQGLQJRIWKHPRGHO
$OOWKLVOHGWRFUHDWHDIDPLO\OLEUDU\WKDWDOORZHGDUDSLGPRGHOOLQJRIWKHFDVHVWXG\DQG
FDQEHUHXVHGLQIXWXUHZRUNV
7KH %,0 PRGHO ZDV GHVLJQHG WR IDFLOLWDWH WKH XQGHUVWDQGLQJ RI WKH ZDOO VWUXFWXUH RI WKH
SDLQWLQJ WR VWRUH LQIRUPDWLRQ IRXQG GXULQJ WKH GLDJQRVWLF FDPSDLJQ DQG GXULQJ UHVWRUDWLRQ
DQGWRDOORZHDV\YLHZLQJDQGFRQVXOWDWLRQ
5.3

The implementation of the informative model

7KLVZRUNSKDVHLOOXVWUDWHVKRZWKHGDWDZHUHHQWHUHGLQWRWKHPRGHODQGKRZLWZDVDV
VLJQHGWRHDFKREMHFW
)RUHDFKHOHPHQWPRGHOHGLQ'LWLVSRVVLEOHWRFRQQHFWGDWDUHODWLQJWRWKHJHQHUDOFKDU
DFWHULVWLFV RI WKH HOHPHQW WR WKH GLPHQVLRQV WKH UHVXOWV RI WKH LQYHVWLJDWLRQV WKH PDWHULDOV
DQGWKHPRQLWRULQJGDWDHWF,WLVDOVRSRVVLEOHWRDVVRFLDWHOLQNVWRH[WHUQDOILOHVVXFKDVLP
DJHVYLGHRVGRFXPHQWV
(DFKREMHFWZDVFUHDWHGZLWKLQDQDSSURSULDWHFDWHJRU\DQGSUHIHUDEO\DVVRFLDWHGZLWKLQ
VWDQFHSDUDPHWHUV$OOSDUDPHWHUVDUHVKDUHGDQGVXEVHTXHQWO\FRQYHUWHGLQWRSURMHFWSDUDPH
WHUVOLQNLQJWKHPWRWKHUHOHYDQWFDWHJRU\
7KHIDPLOLHVRIWKHVXUYH\VKDYHEHHQDVVRFLDWHGZLWKSDUDPHWHUVWKDWDOORZLQVHUWLQJLQ
IRUPDWLRQVXFKDVWKHGDWHRIH[HFXWLRQWKHGHVFULSWLRQWKHLQVWUXPHQWXVHGDQGWKHUHVXOWV,W
ZDVSRVVLEOHWRFUHDWHSDUDPHWHUVWRLQVHUWOLQNVWRSKRWRVGRFXPHQWVDQGYLGHRV
3DUDPHWHUVVXFKDVGLPHQVLRQVZRRGHVVHQFHGDWLQJZHUHDVVRFLDWHGWRWKHEHDPVRIWKH
IUDPHZKLOHWKHFKDUDFWHULVWLFVRIWKHPDWHULDOV ZHUHDVVRFLDWHGZLWK WKHOD\HUVFRQVWLWXWLQJ
WKH VXSSRUW (DFK REMHFW KDV EHHQ SURYLGHG ZLWK DQ ,' WKDW LGHQWLILHV LW DQG ZKLFK FDQ EH
YLHZHG XVLQJ WKH DSSURSULDWH ODEHO 7KH FUHDWLRQ RI DEDFXV DOORZHG WKH FODVVLILFDWLRQ RI WKH
REMHFWVE\FDWHJRU\DQGWKHLQWHUURJDWLRQRIWKHPRGHO )LJXUH 

)LJXUH7KHLGHQWLILFDWLRQRIWKHVXUYH\VE\ODEHOWKHYLVXDOL]DWLRQRIWKHSDUDPHWHUVFRQQHFWHGWRWKHREMHFW
DQGDQH[DPSOHRIDEDFXVWKDWDOORZPDQDJLQJDOOWKHVXUYH\V
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%\VHOHFWLQJDQHOHPHQWLQVLGHWKHDEDFXV5HYLWDOORZVWRYLHZLWZLWKLQWKHPRGHO)XU
WKHUPRUHWKHREMHFWVLQVLGHWKHVFKHGXOHVFDQEHILOWHUHGDQGVRUWHGDFFRUGLQJWRWKHSDUDPH
WHUVFUHDWHGPDNLQJLWHDV\WRLQWHUURJDWHHYHQYHU\FRPSOH[PRGHOV
5HYLW VRIWZDUH DOVR DOORZV PDQDJLQJ WKH YLVXDOL]DWLRQ RI WKH PRGHO WKURXJK FXVWRPL]HG
YLHZVDQGLQWKH'HQYLURQPHQWWKURXJKG\QDPLFVHFWLRQVDQGH[SORGHGYLHZWKDWIDFLOLWDWH
LQWKHPRGHOLQJSKDVHDQGLQWKHSXEOLFSUHVHQWDWLRQSKDVHRIWKHUHVHDUFKUHVXOWV
7KHFUHDWLRQRIVSHFLILFDEDFXVDOORZHGWKHLQWHUURJDWLRQWKHPRGHO7KHPRGHOZDVVXEVH
TXHQWO\ RUJDQL]HG WKURXJK VSHFLILF YLHZV DLPHG DW GLVSOD\LQJ WKH GLIIHUHQW W\SHV RI LQIRU
PDWLRQWREHKLJKOLJKWHG
7KHUHVXOWREWDLQHGLVDGLJLWDOWZLQRIWKHDUWZRUNZKLFKPDNHVLWSRVVLEOHWRDQDO\]HWKH
UHVXOWV RI WKH LQYHVWLJDWLRQV LQ FORVH UHODWLRQ ZLWK WKH DUHDV LQYHVWLJDWHG DQG WR ORFDWH DQG
PHDVXUHDQ\DQRPDOLHV
6. CONCLUSIONS AND FUTURE DEVELOPMENT
7KHZRUNIORZSUHVHQWHGPDGHLWSRVVLEOHWRWHVWWKHSRVVLELOLWLHVRIGLJLWL]DWLRQDQGDUFKLY
LQJXVLQJWKH%,0PHWKRGRORJ\DSSOLHGWRDYHU\SDUWLFXODUFDVHVWXG\RIFXOWXUDOKHULWDJH
7KHUHVXOWLVDPRGHOWKDWGHVFULEHVZLWKDJRRGOHYHORIGHWDLOWKHFXUUHQWVWDWHRIWKHSHG
LPHQWDQGLWVZDOOVXSSRUWZKLOHWKHLQIRUPDWLRQZDVVWRUHGLQDVLPSOHDQGHDVLO\DFFHVVLEOH
ZD\
(YHQLQWKLVSDUWLFXODUFDVHVWXG\%,0LVDYDOLGWRROIRUPDQDJHPHQWDQGVWRUDJHIRUWKH
VSHHGRIPRGHOLQJWKDQNVWRSDUDPHWHUL]DWLRQ
$PRQJ WKH SUREOHPV HQFRXQWHUHG DUH WKH GLIILFXOW\ RI PRGHOLQJ FRPSOH[ HOHPHQWV ZLWK
QRQVWDQGDUG IRUPV WKH ODFN RI FDWHJRULHV UHODWHG WR WKH UHVWRUDWLRQ DQG GLDJQRVWLF SURFHVV
WKHDEVHQFHRILQIRUPDWLRQFODVVLILFDWLRQSURFHGXUHV DQGWKHODFNRIDVLQJOHV\VWHP WKDWDO
ORZVFRQVXOWDWLRQDQGLPSOHPHQWDWLRQRIWKHPRGHOZLWKRXWXVLQJ%,0VRIWZDUH
7KLV ODVW DVSHFW FDQ EH SDUWLDOO\ VROYHG XVLQJ DQ RQOLQH YLHZHU RU DQ ,)& YLHZHU ZKLFK
KRZHYHUUHPDLQOLPLWHGDQGDOORZFRQVXOWLQJWKHLQIRUPDWLRQEXWGRQRWDOZD\VDOORZWKHYLV
XDOL]DWLRQRIWKHWH[WXUHVDQGPDQ\RWKHUVSUREOHP
7KHQH[WVWHSVRIWKH'67UHVHDUFKDLPWRVWXG\DZD\WRFRQVXOWWKHPRGHODOVRRQPRELOH
GHYLFHVDQGZLWKRXWKDYLQJWRFKRRVHD%,0$XWKRULQJVRIWZDUH
)XWXUHGHYHORSPHQWVIRUHVHHDGRXEOHDVSHFWRQWKHRQHKDQGWKHFUHDWLRQRIFHQWUDOL]HG
PRGHOV ZLWK PXOWLGLVFLSOLQDU\ LQIRUPDWLRQ WKDW FDQ EH XVHG LQ WKH ILHOG RI FRQVHUYDWLRQ DQG
HQKDQFHPHQWRIWKHVLQJOHEXLOGLQJRUDUWZRUNRQWKHRWKHUKDQGFRPSOH[GDWDEDVHVZLOOEH
FUHDWHGIRUPDQDJHPHQWRIPXVHXPVDVFRQWDLQHUVRIDUWZRUNVRUPRUHJHQHUDOO\IRUWKHFXO
WXUDOKHULWDJHRIHQWLUHFLWLHV
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Abstract. A museum, an art collection and a heritage architecture all in one the former Church
of San Bevignate is a 39.5m long masonry building that overlooks the countryside of the Umbria Region in Italy. Part of a Templar complex of the 13th century located in Perugia, it holds
within a precious series of frescoes, depicting the heroic deeds of the temple’s knights across
crossings and borders. The safeguard of historical buildings in seismic hazard-prone Regions,
as in this case, needs speciﬁc measures due, amongst other reasons, to the presence of artistic
assets unmovable precisely as frescoes, valuable plasters/stuccoes or in general wall decorations. Therefore, to deﬁne a correlation of the seismic risks between masonry structural systems
and artworks is a mandatory condition in order to perform safety evaluation and to identify the
proper conditions for possible interventions. The efforts made to increase the level of knowledge
concerning such buildings mainly through Non-Destructive Testing (NDT) are also important
for such purposes. In this context, a non-invasive and contactless method was devised, which integrates the use of the thermal imaging camera with post-processing techniques and calculation
algorithms, aimed at revealing the peculiarities inherent in the walls decorated with frescoes:
a little-known possibility to bring out important factors for the conservation of the frescoes and
also information on the seismic vulnerability of such historical masonry architectures in order
to preserve the artefact from being damaged.
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1

INTRODUCTION

The protection of several types of museum collections against seismic phenomena is increasingly gaining interest among a range of stakeholders: the arts and culture sector, scientists,
people working in local authorities and governments. Such approach takes into account the
observation that in many cases damages to heritage buildings and art goods are irreparable and
parietal art pieces e.g. frescoes, decorations and stuccos, are the example by antonomasia of
such scenario. Indeed, the aftermath of the recent Italian earthquakes (L’Aquila, Amatrice etc.)
in terms of destruction and harms to the historical collections and works was not secondary.
Special programs of earthquake preparedness must be conducted in order to mitigate the expected hazard, especially for earthquake-prone countries, such as the Mediterranean countries
and besides to avoid cultural losses that may have consequences on entire communities [1, 2, 3].
This contribution presents a contemporary approach to the theme of experimental investigations
relating to the protection of heritage masonry buildings and the parietal art goods associated
with it. The article constitutes the last phase of a research path started with laboratory tests
[4, 5, 6] and, with the collaboration of the Municipality of Perugia, applied subsequently to a
case study of value [7] and within the present contribution is examined more closely: the Italian
Templar church of San Bevignate, part of an architectural complex from the 13th century located in the city of Perugia. Especially, this heritage building was selected because pose special
challenges for damage detection and conservation, due to the presence of large parts of frescoed
masonry surfaces. So, this heritage building represents a museum of itself, of its values and its
precious original contents. The diagnostic methodology applied in this work is the passive
thermography by means of an Infra-Red (IR) thermal camera that acquires the frescoes’painted
surface without the emission of artiﬁcial thermal loads to the frescoes themselves backed up
by the implementation of digital imaging processes. The surveys allowed identifying the main
masonry damages like ﬁssures, damages in stone elements, putlog holes, with a peculiar focus
on the masonries’quality and texture. By means the data acquired it has been possible to obtain, starting from the processing of thermographic data on the wall texture and by means of a
homogenization technique, an estimate of the fundamental mechanical properties of the loadbearing structures. Indeed, an adequate knowledge of the masonries’peculiarities assumes great
importance for the estimation, through homogenization techniques, of the mechanical characteristics [8] and collapse conditions [9] of the heritage buildings both in the static and dynamic
ﬁeld [10, 11]. Besides, the in-situ measurement permitted to carry out an evaluation of the actual
state of frescoes concerning other risks connected to their survivals like detachments, delamination or moist areas. So, without harming the wall frescoes, e.g. by taking the traditional essays
or samples, valuable information were obtained concerning the frescoes conservation and at the
same time the seismic safety of this historical former church, now a full-ﬂedged museum site.
2

THERMOGRAPHIC ANALYSIS

An infrared camera is able to record the amount of radiated heat from a body.
The equation of Stefan–Boltzmann provides the relation between emitted radiation and surface temperature:
(1)
E = εσT 4
where ε is the radiation (W/m2 ), T is the absolute temperature (K), σ is the Stefan–Boltzmann
constant (5.67 × 10−8 Wm−2 K−4 ) and  is the emissivity.
It is also necessary to introduce the relation between the wavelength of the maximum radia-
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tion intensity λ (μm) and the temperature
λ=

b
T

(2)

where b is the Wien displacement constant (2897 μmK).
The heat transfer in any material is affected by the presence of subsurface ﬂaws or any other
inconsistency in the material thermal properties. Localized energy gradients on the surface of a
test object are due to the changes in the heat ﬂow and can be measured using an infrared sensor.
For temperatures close to room temperature, the energy is in the infrared domain of the electromagnetic spectrum. In particular, the infrared radiation is the region of the electromagnetic
spectrum located between visible light and microwaves, containing radiation characterized by
wavelengths ranging from 0.75 to 10 μm.
Temperature distributions are obtained by data processing from the measured infrared radiation and then recorded in the form of isotherm plots or thermograms. The electronic sensor of
the instrument acquires the value of energy stored by every single pixel and generate an image,
in greyscale represented by black and white shades or in a combination of levels of false colours,
of the observed object. To experiment the efﬁciency to evaluate, by means of thermographic
images, the texture of masonry walls covered with plaster or frescoes, a research program was
started [4, 5, 6].
In particular, three masonry samples, which differed for the textures (periodic, quasi-periodic
and random) were built. Using UNI solid bricks of dimensions 250 × 120 × 55 mm, either used
as a whole or split in two or four, the periodic texture was constructued with the running bond
scheme and using bricks with the same widths and heights. For the quasi-periodic texture, bricks
with different widths but equal heights were used, avoiding the correspondence of the vertical
mortar joints. In the last case, a random texture, made using bricks with different widths and
heights, was created. The masonry walls, before applying 10 mm-thick plaster, are shown in
Figure 1.
In that research, as well as for the present contribution, the thermographic camera model
885-2 manufactured by the Testo company has been used. This has a sensor of dimension
320 × 240 pixels. All the samples have been exposed to direct sunlight in order to improve the
heat ﬂux through the body.
To derive the masonry texture from thermographic images, the following procedure was
proposed.
Assuming a Tt threshold temperature, that ﬁeld is converted to a binary function, which is a
“black and white image” or material binary image, by
/

bi = bi (x, y) =

0
1

if Ti ≤ Tt
if Ti > Tt

(3)

where the value 1 (black) is associated with mortar pixels, the value 0 (white) with brick/stone pixels, and
Ti = Ti (x, y)

x = 1, 2, ..., N

y = 1, 2, ..., N

(4)

are the temperature data, relating to each thermographic image pixel, that can be reported as a
scalar ﬁeld where N is the image width in pixels (it is assumed that the image has equal width
and height).
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Figure 1: Samples with different masonry texture: (a) periodic, (b) quasi-periodic and (c) random. In the right column identiﬁed texture on random masonry sample: (d) thermographic image, (e) surface temperature as greyscale
values Ti (x, y) , (f) black and white image after thresholding bi (x, y), (g) identiﬁed texture after the application of
erosion and dilation factors, bd (x, y).

However, the ﬁnal obtained binary image requires speciﬁc treatments in order to improve its
quality. At ﬁrst, mortar (black) region of pixels which are surrounded by bricks’pixels (white)
are removed. Then the usage of morphological operators is required. In particular, erosion
and dilation operator, in this sequence, must be used, in order to smooth the contour of the
inclusions which otherwise would be very fragmented, due to the noise which belongs to the
image acquisition phase.
Moreover, it was highlighted that the use of sampling Kantorovich algorithm allows to enhance remarkably the quality of the thermographic images. Furthermore, a sensitivity analysis
was performed considering two sources of uncertainties: the ﬁrst tied to the parameters of the
morphological operator, the second related to the effects of the environmental conditions highlighting the robustness of the proposed procedure.
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Applying the described process, the outcomes shown in Figure 1 were obtained; the comparison with a digital image highlights the robustness of the procedure. In fact, the resultant black
and white image has a consistent separation of phases, i.e. each stone is surrounded by mortar
joints and unrealistic conjunction of inclusions is obliterated as much as possible.
Nevertheless, these results were obtained in laboratory. In order to check the reliability of
the proposed procedure on real cases and underline the effective importance of this tool in the
historical buildings’analysis, a peculiar study on the Templar architecture of San Bevignate has
been started, a former church from the 13th century, whose internal masonry walls are almost
entirely covered with precious frescoes.
3
3.1

THE TEMPLAR ARCHITECTURAL COMPLEX OF SAN BEVIGNATE
History of the Church

In the countryside of the city of Perugia, and more precisely near the monumental cemetery
of Monteluce, stands out for archaeological and architectural relevance the Heritage Templar
asset of San Bevignate. The church, sober and austere in its external appearance with stone
facades (Figure 2), is marked inside by decorations and in particular the pictorial cycles made to
remind the inhabitants of the mission carried out in the Holy Ground by the Militia Templi, a.k.a.
the Templars, the religious-chivalric order created in Jerusalem around 1119 on the initiative of
the French knight Hugues de Payns. This exceptional artefact testiﬁes the presence of the order
in Perugia, indeed in 1256 the city’s Municipality granted the authorization at the Templar
diplomat friar Bonvicino to erect the religious building in place of a small church dedicated
to San Girolamo. Even though the Templars, at the time, were already present in the Umbria
region at the abbey of San Giustino d’Arna, since such seat was decentralized with respect to
the prosperous Perugia they requested a new one For the inhabitants of Perugia - and for the
Templars - devoting the church to the ﬁgure of San Bevignate, whose history is still shrouded
in mystery to this day, was important considering the popularity of its local cult back then [12].
Actually, he was not proclaimed a saint by the church of Rome but it was “laically” canonized
only in 1453 by means of a decree of the Municipality of Perugia. The Templars could not see
the cult of San Bevignate approved as the Congregation of Rites approved the Sanctiﬁcation
only in 1605, despite this they considered him already the ﬁrst Templars’Saint.
In 1262 the building of the Church was ﬁnished and also that of the Romanesque bell tower
with square plan. The construction of the former monastery - now used as a private residence –
is coeval to the one of the octagonal well, still visible in the garden to present day. In 1312, with
the suppression of the Templar Order, the monastery passed to the knights of San Giovanni
of Jerusalem and in 1324 Ricco di Corbolo, a merchant of Perugia, bought the architectural
complex and established a female monastic community there, likewise placed under the rule
of the Order of San Giovanni. In 1517, due to economic problems, the nuns who had dwelt
there were forced to leave the monastery which returned to the fully possession of the Order of
San Giovanni [13]. Since then, the church gradually lost its importance and in 1860, with the
suppression of various religious bodies, became the property of the Municipality of Perugia and
was deconsecrated. In the last century had various uses, a wood storage, a kennel and even a ﬁre
station and such peculiar events permitted to preserve - strikingly - the frescoes because they
have been covered by plaster for decades. After a long and rather complex plan of consolidation
and restoration in response to the 1997 earthquake, in 2009 the monumental site reopened to the
public and the original decorative apparatus have also secured; result of an agreement between
the municipality and the superintendence of ﬁne arts of Perugia. In addition, in 2020 another
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restoration plan concerning the frescoes of the counter-façade and part of the side walls was
also performed, with particular attention to the original tones to the valuable paintings.
3.2

Architectural feature of the Church

The church of San Bevignate is located near the ancient route Spargente that was one of the
ﬁve royal access road axis to Perugia. Such a distinguished monument of Gothic architecture
appears as a architecture of considerable size made of sandstone and with a double sloping facade decorated with a oculus and a single round-arched portal, adorned with a marble frame
with symbols typical of the Templars, while another small entrance door crowned with an ogive
arch is observable on a side. At the extremity of the façade two mighty buttresses are clearly
visible and recall the others located on the perimeter walls. The building ends with a quadrangular apse interrupted by a mullioned window made in travertine. The interior of the single-nave
church is divided by two large spans with an ogival cross-vaulted roof and a ribbed cruise that
covers the apsidal area, raised above the level of the nave. It is one of the most important documented Templar church in the world, since there is no such cycle of frescoes not even in the
Chapelle des templiers de Cressac, a Templar chapel located in southwestern France that shows
a valuable cycle of frescoes of reference on this theme. In addition, it is important to stress that
the presence in the church of the thirteenth-century frescoes constitute the ﬁrst iconographic
documentation of the motion of the ﬂagellants, also known as the disciplined, founded in Perugia in 1260 by the friar Raniero Fasani. In this same year Bonvicino became interested in the
Roman Curia, under the Pope Alessandro IV, for the canonization of San Bevignate, and thus
indirectly his name was linked to homonymous mysterious hermit protagonist of the “Lezenda”
of Raniero Fasani itself. During the experimental campaign, the thermographic acquisitions, in
conjunction with digital photography, were executed on the south wall of the nave since the opposite wall and the apse are in aggregate with other parts of the complex of San Bevignate (not
the ideal environmental conditions under which passive thermal imaging must be performed),
Figure 3. Furthermore, at the time of the surveys, the entrance wall and other areas were covered by scaffoldings, because there was a restoration. Among the aformentioned valuable mural
paintings, the only certainly contemporaneous with the Templar period are actually those of the
counter-façade and those above the apse, all the others belong therefore to other Orders. More
speciﬁcally speaking, the series of the Apostles stands out on the side walls superimposed on the
previous decorations, Figure 4. With reference to the counter-façade above the main entrance,
is observable an unusual iconographic choice arranged in two registers inherent the efforts of
the Templars in defence of the holy sepulchre. Referring to the apse, articulated decorative
themes are observable portraying Biblical scenes and representations of Templar symbology
and of local religious life (e.g., some ﬂagellants can be seen and two efﬁgies of San Bevignate),
Figure 5. Concerning the apse and the decorations of the adjacent spans, geometric bands with
the cornﬂower sign refer to the French origin of the Templar order and the presence of the nine
stars surrounding the Templar cross in the fresco above the apse itself describes the nine Templars who founded the Order. At the top of the main wall of the apse the Virgin and Child are
represented enthroned surrounded by angels; under the windows, there are the symbols of the
four Evangelists and in the centre, immediately behind the altar, the Cruciﬁxion is painted. On
the left wall of the Last Supper is represented and on the right wall, which has no openings
interruptions, the Universal Judgment is portrayed. In these portions, some ﬂagellants can be
seen and this testiﬁes the fact that the monks of San Bevignate did not limit themselves to administering the Templar assets, but they also carried out functions of assistance and apostolate
among the local inhabitants. At the end of the nave that leads to the apse, above a pointed arch
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and within a complex decorative theme, fragments of the story of a miracle attributed to San
Bevignate can be glimpsed, in particular the event in which he revives a child torn to pieces by
a wolf. Behind the altar, a portrait of San Bevignate with a halo merits special mention and in
this scene, as previous described, he receives the blessing of a bishop who seems to grant him
the place in which to erect his church. In conclusion of this section, it behoves to bring up that
at the same time as the restoration works following the ’97 earthquake, valuable Roman ruins
were discovered under the church’s ﬂoorings. The ﬁnds extend for almost the entire width of
the nave above and consist in an ancient fullonica characterized by the presence of ﬁve basins.
The fragment of a mosaic with black and white tesserae, on the other hand, is attributable to a
previous Roman domus dating back to around the second half of 1st century BC. To date, this
archaeological site which also includes the crypt where was probably buried the Saint, apart
from the church, is completely open to the public in a single museum itinerary.

Figure 2: External view of San Bevignate. Image taken from https://www.iluoghidelsilenzio.it/chiesa-di-sanbevignate-perugia/.

Figure 3: Schematization of the plan of the Church, inside the photographic cones of vision chosen for the survey:
in white the settings of thermographic shootings, in grey the digital photography ones.
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Figure 4: Inner view of the church of San Bevignate (see cone of vision 1 in Figure 3).

Figure 5: Picture of the altar, in background the lower register of the apse’frescoes (see cone of vision 2 in Figure 3).

1177

R. Liberotti, F. Cluni, F. Faralli and V. Gusella

4

INFLUENCE OF PLASTER THICKNESS

One of the key factors in assessing the correct texture of the masonry is the plaster thickness.
In particular, since the plaster is made of a material which is very similar to the one the joints
are made of, and it has usually a greater thermal conductivity than the stone, the plaster diffuses
the thermal ﬂux as it crosses the plaster, therefore the thermographic image, which measures
the temperature differences on the surface of the wall, may not represent in detail the actual
texture but could overestimate the presence of the mortar. In order to clarify this aspect, which
is crucial in estimating the mechanical properties of the masonry since usually the mortar is the
weaker phase, a preliminary study based on a numerical procedure using thermal ﬁnite element
analysis has been developed. A masonry wall was realized with bricks having width 250 mm
and height 55 mm, the thickness of the wall was 120 mm. A running bond texture was used,
with mortar joints having thickness 10 mm. Several thickness of plaster were considered, from
5 mm to 15 mm. In Figure 6 the surface temperature read in the outdoor surface of the wall
in steady state when the indoor temperature was 20◦ C and the outdoor temperature was 0◦ C is
shown. The plaster covers only the outdoor surface of the wall.

Figure 6: (a) Simulation of thermal image, (b) binary image, (c) equivalent rectangular blocks.

In the same ﬁgure, the black and white binary images obtained are shown. In order to
simplify the interpretation of the results, the stones were transformed to equivalent rectangular
blocks, as shown in the previous ﬁgure.
In Figure 7 the concentration ratio of the stone, which is the strong phase, is shown and
compared with the reference value.
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Figure 7: Concentration ratio of strong phase for various plaster thicknesses.

As can be appreciated, it seems that even small values of plaster thickness lead to a quite large
decrement of the percentage estimated for the stones, and therefore further studies are necessary in order to fully assess the inﬂuence of plaster thickness when estimating the mechanical
characteristics of the wall.
5

EXECUTION OF THE EXPERIMENTAL CAMPAIGN AND DIGITAL IMAGING

New technologies allow to conduct experimental investigations without harming the architectural quality of constructions, such innovations are exactly ﬁtting with the disciplines inherent the heritage architectures [14, 15]. Among the important factors inﬂuencing the seismic
response of Heritage buildings, the masonry quality and the knowledge of its processes of stratiﬁcation are certainly enclosed. The acquisition of information about the non-visible masonry
texture is the subject of such contribution, under the assumption that the masonry quality is
the basic element to analyse and eventually improve, e.g. regarding the preferable monolithic
behaviour, before to add any reinforcement intervention (metal tie-rods, mortar injections etc.).
During the actual experimental campaign, the experimental measurements were focused on
the north frescoed wall of the nave and the thermographic “pictures” were taken under passive
conditions: the inner wall’s surfaces were analysed without heating them, by exploiting direct
sunlight and observing the thermal transient on them. This results in different responses from
the elements with different thermal capacity, in particular by identifying - as mentioned earlier
- with black pixels the mortar and with the white ones the stone elements.
Referring to the frescoes that decorate the examined wall, rows of overlapping ashlars are
reproduced to imitate an austere wall face made of stone, this is a typical decoration of the
Templar churches aimed to recall the poverty of the holy land. Moreover, the series of the
twelve apostles stand out, distributed also on the other side wall, on the façade and the back
walls of the apse; such pictorial cycles were superimposed on the original decoration during a
second phase between 1283 and 1285. In particular, a ﬁrst tranche of thermographic surveys
covered the mural paintings concerning the apostle’s cycle, Figure 6.
Furthermore, dealing with a real architecture, it was necessary to add to the procedure a new
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phase in order to enhance the quality of the ﬁnal binary image, which is strictly connected to
the sharpness of the starting thermographic image. Indeed, compared to what has been above
described, an adjust contrast tool has been used aiming to improve the black-to-white mapping
of the thermographic greyscale image. In visual perception, the contrast is the difference in
luminance of colours that makes the elements of an image clearly distinguishable within the
same ﬁeld of view. In the light of the above, the thermal images recorded during the surveys
were preliminarily modiﬁed by adjusting contrast so that the differences between black and
white were sharp and the highlights looks brighter and the shadows looks darker, with intensity
values that ﬁll the entire range of intensities [0, 255]. Then, the procedure above described in
Section 2, was applied.
6

MASONRY WALL TEXTURE AND PECULIAR CHARACTERISTICS OF THE
FRESCOES

The approach was to have ﬁrst an overview of the masonry texture and its quality and then to
proceed gradually more and more closely to the wall’s faces. Along with the thermographic images ordinary digital photos have been taken; in addition, reference thermal reﬂective elements
have been placed in front of the frescoes, made by two parallel rigid meter-sticks, in order to
be able to overlay subsequently the photos with the corresponding thermographic images in the
next phase. Considering that in this ﬁrst case the meter-sticks were separated by 2.70 m, by
means of the procedure and its ﬁnal binary images, elaborated by straightening photographic
and measurements digital techniques, it was possible not only to seize the quality of the masonry
texture but also its dimensional features, Figures 9 and 10.

Figure 8: One of the frescoes under investigation, in particular one belonging to the apostle’s cycle. 3.

A quasi-periodic texture made of stone blocks with different widths, ranging from 25 to 60
cm, but similar heights, of about 20 cm, has been observed; such results matches with what was
surveyed in the apse, concerning the areas where the fresco peeled off (see Figure 5) and on the
external façades.
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The beneﬁts offered by the thermal imaging methods, regarding the safeguard of frescoes,
mural paintings and valuable architectonic elements, have been addressed by numerous authors [17, 18, 19, 20, 16]. In addition, it was possible to contextually ascertain that there are no
detachments or inﬁltration phenomena in place that can afﬂict the health of the frescoes. Moreover, recalling the historical researches from which emerged that the frescoes of the Apostles
was superimposed to the pre-existing ones, the mortar distribution (in those areas ) suggests a
trace of the ancient techniques of fresco-makers: the surface of the previous fresco had been
probably “excavated” by the masons, allowing the new fresh plaster to cling to the ancient mortar below, a less smooth and slippery surface than the one of the wall. Then, the presence of
few fragments of mortar out of the joints may show that in order to seat the new murals some
holes were made by hands in the previous frescoes and so their orientation does not follow an
exact pattern [17]. This, therefore, testiﬁes that the proposed thermographic method, thanks to
the possibility to improve the parameters described Section 2, allows to gaininformation, which
must be critically analysed, even about masonries subjected to various superimposed layers of
frescoes.
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Figure 9: (a) Fresco under investigation. (b) Thermal image with improved contrast. (c) Final binary image (see
the cone of vision A in Figure 3). In the right column, a thermal analysis closer to the masonry surface than the
previous one: (d) Portion of the fresco under investigation. (e) Thermal image with improved contrast. (f) Final
binary image (see the cone of vision B in Figure 3).

7

IDENTIFICATION OF DEFICIENCIES AND DISCONTINUITIES

The role of the latter approach in detection and qualiﬁcation of deﬁciencies/discontinuities
in the stonework is an important aspect [21, 22, 23, 24]. Through the analysis of another part
of the same wall, located near the apse and in the proximity of a window, it was possible to
discover the presence of a blind opening in the original masonry, which now is totally bricked
up (Figure 10). In this second case the meter-sticks were placed at a distance of about 1.40 m
leading to deduce a size of 65 × 75 cm for the part walled up with a masonry typology different
from sandstone. Additionally, there was pointed out the different emissivity and the presence of
an architrave made of another material (possibly wood) of about 15 cm thick. Moreover, about
the constructive phases and criteria, the peculiar workmanship, and the different material were
also observable on the abutments of the window.

1182

R. Liberotti, F. Cluni, F. Faralli and V. Gusella

Figure 10: (a) Picture of a fresco near the apse. In the pictures, the reﬂective meter-sticks located as reference
points for the subsequent post-processing are visible. (b) Thermal image with improved contrast in which are
visible the structural peculiarities of the masonry wall, in the right corner is observable the former recess (see the
cones of vision 5 and B in Figure 3). (c) Particular of the fresco under investigation, are observable colours of
different gradation. (d) Thermal image with improved contrast. (e) Final binary image (see the cones of visions 6
and C in Figure 3).

Indeed, a toothing masonry has been realized, characterized by the process of leaving alternate stone ”teeths” for a better adjoining block or brick wall to be started from. Even nowadays,
such technique is used when windows or door openings must be made from an existing wall,
by demolition and cutting of masonry, allowing the adjoining wall to develop without having
to adjust or cut bricks. It is also noteworthy to notice how, already with the naked eye - can
be seen in Figure 10 - portions of the fresco with colours of different gradation are observable,
probably due to varied breathability of the materials making up the masonry. This scenario is
also conﬁrmed by what emerged from a closer thermographic picture: assuming a stratigraphic
interpretation of the wall, arise the construction phases of the ancient site executed by different
bricklayers, made by lower rows of a type of stone (which appears darker) probably of superior quality compared to that of the band between the recess and the window where instead the
masonry is composed of smaller elements thus making the presence of mortar predominant.
Moreover, it is interesting to reamrk that the ﬁlling of the recess does not present any masonry
texture as if it had been ﬁlled entirely with a concretion material. Finally, a thermographic investigation involved a part of the apse wall. This portion of the church was chosen because here
can be found the coexistence of portions of plaster with parts of the masonry emerging, beacuse
of the detachments of the fresco that in past centuries were witnessed by the restorers. From the
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thermographic images, one of them can be seen in Figure 11, it appears that to date there are
no inﬁltrative nor detachment or disruptive phenomena of interest undermining the safeguard
of the decorations under examination.
However, such item will be taken up in the future developments of the research campaign
considering also other portions of the church and to a large extent, with reference to the ongoing works of consolidation, proﬁting from the opportunity to deepen the knowledge about the
architecture and frescoes’manufacturing techniques. Moreover, non-destructive testing (NDT)
techniques can be used in regard to both evaluation of mechanical properties and for characterization of microstructural features such as grain size, texture, nucleation, defects, deformations,
or damages in various contexts, also concerning historical masonries [25, 26, 27]. In particular,
the pictures obtained from thermographic surveys can be used to estimate the elastic characteristics of masonry texture, by means of the method of the test-windows [28]; preliminary results
are reported in [7].

Figure 11: (a) Portion of the fresco under investigation, (b) thermal image where are highlighted in blue the edges
of what remains of the frescoes, (c) thermal image with improved contrast, (d) ﬁnal binary image (see the cones of
vision 7 and D in Figure 3).

8

CONCLUSIONS
• A method to identify and interpret the differences of temperature in wall surfaces was
proposed and applied to a heritage architecture of great value; enabling the evaluation of
the historical masonry texture covered by rare frescoes;
• The outcomes highlighted the reliability of the devised procedures to identify masonry
texture, a necessary information to estimate the masonry mechanical characteristics;
• A preliminary study on the inﬂuence of plaster thickness has been made;
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• Moreover, the thermographic images have been very useful to detect deﬁciencies and
discontinuities in the wall, besides to ﬁnd characteristics of the frescoes in terms of realization criteria and actual conservation conditions;
• Without damaging the decorations by taking essays or samples, it was possible to obtain
information not only on the risk factors concerning the frescoes conservation but also
inherent to the seismic prevention, closely tied to the peculiarities and stratiﬁcations of
masonry;
• From a future perspective, considering that the results are promising, the thermographic
analysis will be extended to other portions of the Church.
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Abstract
The majority of the RC building stock in large cities consist of old buildings where most of them
were designed with codes without any seismic provisions, thus leading, most likely, to important
seismic vulnerabilities. Good knowledge about the building properties and vulnerabilities and,
more importantly, on how to model the behaviour of the most relevant components, is fundamental to help analysts and practitioners in the assessment and strengthening of existing RC
buildings.
This paper focuses on the numerical modelling of strengthening solutions for RC buildings,
with the objective of defining a modelling approach that accurately captures the behaviour of
retrofitted elements. To achieve this goal, retrofitted elements are simulated through distributed
plasticity models and their seismic performance compared with the most recent experimental
data available on this topic.
As a case study, an existing reinforced concrete building with typical properties of non-ductile
buildings in Portugal is modelled and analysed through nonlinear static analysis to determine
the building structural weaknesses. The retrofitting interventions were designed based on code
recommendations.
Keywords: RC structures retrofitting, carbon fibre-reinforced polymer (CFRP), numerical
modelling of strengthening solutions, seismic performance improvement.
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1

INTRODUCTION

A significant number of existing reinforced concrete (RC) buildings in earthquake-prone
locations require seismic retrofitting since the majority of these buildings do not meet the current seismic assessment code requirements. Several deficiencies are commonly found in this
type of buildings, such as poor reinforcement details, lack of adequate transverse reinforcement
and insufficient confinement reinforcement at potential plastic hinges areas. These characteristics decrease the RC members’ strength to shear forces, thus leading to premature brittle failures,
as have been observed on field surveys performed in areas affected by earthquakes [1]–[4].
Among the different strengthening techniques, the use of fibre-reinforced polymer (FRP)
composites has become progressively suitable due to the fast installation, minimal modification
to the existing architecture and satisfactory mechanical properties. Moreover, as a lightweight
material, FRP does not modify the cross sectional properties of elements or the structure mass
[5]. Accordingly, the seismic performance of RC elements retrofitted with FRP has been the
subject of extensive investigation [6]–[13]. The majority of the studies focused on experimental
campaigns carried out on RC elements retrofitted with FRP. Nonetheless, the present study will
give emphasis to the modelling aspects of such type of intervention.
Since it is acknowledged that vulnerable RC buildings require retrofit, it is crucial for practitioners to have the means for modelling, with accuracy, the behaviour of the existing structures,
and, more importantly, to have the tools to correctly model the response of the existing retrofitted structural elements. Therefore, the first part of this paper focuses on the numerical simulation of a RC column using the OpenSees [14] software, with the aim of validating the
modelling approach with experimental data.
The second part of the study consists of the numerical modelling of a structure representative
of the Portuguese building stock in the 1950s, also using OpenSees, before and after the retrofitting intervention. The structure’s capacity is estimated with nonlinear static analysis and its
seismic performance is evaluated through the calculation of the demand/capacity ratios recommend by Part 3 of Eurocode 8 (EC8-3) [15]. The initial assessment indicates brittle and ductile
failure modes in some structural elements (columns and walls). A strengthened solution employing CFRP is designed and numerically implemented in the structural model. Afterwards, a
new seismic evaluation is carried out and the structure’s safety assessed once more. The results
demonstrate the feasibility and effectiveness of the CFRP as a strengthening solution to eliminate brittle and ductile mechanisms.
2

MODELLING APPROACH
This section introduces a numerical modelling approach to simulate the behaviour of FRP in
RC elements using OpenSees, which will be validated through comparison of numerical with
experimental data.
2.1 Experimental data
In order to fulfil the goal of accurately representing the real behaviour of retrofitted RC
elements with FRP, first it was necessary to select a RC element tested experimentally from the
literature. The specimen used in this paper is available in a study performed by Del Zoppo et
al. [16] and consists of a RC column tested under axial load and cyclic lateral loading. The
column was designed to old construction practice in order to be representative of real existing
structures. As such, the specimen is characterized by poor quality concrete, no longitudinal
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reinforcement in the cross-section secondary direction and the transverse reinforcement details
are not compliant with current standards.
The test specimen has a square cross-section 300 x 300 mm2 with six I 18 mm longitudinal
steel rebars and I 8 mm ties spaced 150 mm apart. In the zone of the load application, the
spacing between ties was reduced to avoid localized damages. The column height is 1800 mm,
and the lateral load was applied at a distance of 1500 mm from the foundation block. The average concrete compressive strength for the retrofitted specimen is fc = 14.9 MPa, whilst the average yielding strength of the steel bars in both longitudinal and transverse reinforcement is fy
= 531 MPa.
To what concerns the retrofit solution adopted, the column was wrapped with uniaxial carbon fibre reinforced polymers (CFRP) along 500 mm from the column base, which corresponds
to the location of the plastic hinge development. The geometric properties and the reinforcement details are illustrated in Figure 1. In addition, Erro! A origem da referência não foi
encontrada. shows the mechanical properties of the CFRP.

Figure 1: Specimen geometry and strengthening configuration (adapted from [16]).

Material
CFRP

Number of

Thickness

Elastic modulus

Ultimate strain

plies

(mm)

(GPa)

(%)

1

0.33

230

1.3

Table 1: Carbon fibres material properties[in Del Zoppo et al. [16]].

Regarding the axial load applied, the specimen was subjected to a constant axial load ratio
of 0.1, such that ν = N / Acfc, where N is the axial load, Ac is the concrete gross area and fc is the
mean cylindrical concrete strength.
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2.2 OpenSees modelling
As mentioned before, the modelling of the specimen was conducted using OpenSees,an
open-source software framework developed to simulate the behaviour of structures subjected
seismic actions. There are two models that can be employed in OpenSees to simulate the inelastic response of RC elements: distributed or concentrated plasticity approaches. In this study,
the column was modelled trough a distributed plasticity approach, using the nonlinearBeamColumn command and considering a force-based formulation with four elements, each
with five integrations points.
The element’s cross-section was represented by a fibre section, which in turn was subdivided
into smaller fibre sections. These fibre objects are associated with uniaxial materials that express the stress-strain relationship of concrete, steel and CFRP. The behaviour of both the cover
and core concrete fibres was simulated adopting the model suggested by Popovics [17], (Concrete04 material in OpenSees) whilst the steel was modelled through a uniaxial bilinear hysteretic material object, translated by the command uniaxialMaterial Hysteretic. The stress and
strain values of the steel rebars were input into this command, which also allows for the consideration of the pinching effect. Finally, the contribution of the CFRP was achieved by adding
the effect of the confinement provided by the retrofit intervention.
The effect of the confinement provided by the transverse reinforcement and the CFRP acting
simultaneously was determined through the confinement model proposed in Part 3 of Eurocode
8 (EC8-3) [15]. The strength of confined concrete, fcc, the strain at which the strength takes
place, εcc, and the ultimate strain of the extreme fibre of the compression zone, εcu., are given
by the expressions (1), (2) and (3), respectively.
Ǥ଼

ߙߩ௦௫ ݂௬௪
݂ ൌ ݂ ͳ  ͵Ǥ ቆ
ቇ
݂

(1)

൩

݂
ߝ ൌ ߝଶ ͳ  ͷ ൬ െ ͳ൰൨
݂

(2)

ߙߩ௦௫ ݂௬௪
݂

(3)

ߝ௨ ൌ ͲǤͲͲͶ  ͲǤͷ

In the expressions above, fc is the concrete compressive strength, fyw is the transverse reinforcement yield strength, α is the confinement effectiveness factor, ρsx is the ratio of transverse
reinforcement and εc2 is the strain at which fc takes place of unconfined concrete, taken as 0.002.
The mechanical properties adopted for all materials are shown in Erro! A origem da referência não foi encontrada.. The concrete tensile strength was taken as 10% of the compressive
strength.
Material
Concrete (core)
Concrete (core)
Steel
CFRP

I8//150
I8//50

fc (MPa)
16.7

ɛc (%)
0.32

ɛcu (%)
1.21

21.8
fy (MPa)
531
fc (MPa)
24.6

0.67
fu (MPa)
627
ɛc (%)
8.4

3.5
Es (GPa)
210
ɛcu (%)
4.41
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Table 2: Mechanical properties of the materials used in the modelling.

The adequacy of this modelling approach was evaluated through comparison of the results
from cyclic pushover analysis with the experimental test data. The results obtained are illustrated in Figure 2, where the black dashed line corresponds to the experimental data and the
grey cyclic curves refers to the OpenSees results. As it can be seen, a good agreement between
the experimental data and numerical modelling was achieved, not just in terms global strength
but also in what concerns the ability of the model in simulating the pinching effects. These
results indicate that this type of approach is adequate to model FRP interventions in existing
RC buildings.

Figure 2: Comparison between experimental results and OpenSees.

An example of this FRP modelling approach application into a real existing building is described in the following sections of this paper.
3

CASE STUDY APPLICATION

3.1 Description of the building and structural modelling
The RC building selected is a five-storey wall-frame RC building, built in the 1950s. The
building has a total height of 15.4m with a typical floor heigh of 3.0 m, except for the ground
floor, for which the height is equal to 3.4 m. It has three and five frames in X and Y directions,
respectively. A shear wall is positioned at the middle of the building, oriented in the X direction,
on the first three storeys. The plan and elevation views of the building are shown in Figure 3.
The information about the section geometric properties and reinforcement ratios variation of
the building structural elements is presented in Erro! A origem da referência não foi encontrada..
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Figure 3: Elevation and plan of the selected building.

Element
Dimensions(cm)

Columns
23×25–25×87

Cross Section(cm2)
575–2175
2
Longitudinal rebar (cm ) 0.63–7.29

Beams

Walls

13×31–25×68

250×25
6250
15.78

15

Transversal rebar (cm2)

0.18–0.71

403–1700
T:2.26–29.76
B: 3.93–33.58
1.48

Spacing of stirrups(cm)

5-19

20–50

3.15

Table 3: Sectional geometrical properties and minimum/maximum reinforcement ratios of the structural elements (T and B refer to top and bottom beam reinforcements, respectively).

The building was modelled and analysed with OpenSees. All the structural elements were
modelled using the nonlinearBeamColumn command and considering a force-based formulation considering one element per beam, column and wall. The concrete and steel stress-strain
relationships adopted at the fibre level were the ones mentioned in the previous section. The
mean values of the material properties used in the model are listed in Table 4. The behaviour
of the smooth rebars was modelled by modifying the steel constitutive law, reducing the
Young’s Modulus and maximum strength of the reinforcing steel to simulate the increase in
member flexibility due to strain penetration effects [18].
The torsional stiffness was incorporated in the model by computing the elements torsional
stiffness and assigning it through the section aggregator program command, while the rigid inplane stiffness of the floor slab was modelled considering a rigid diaphragm multi-point constraint, through the program command rigid diaphragm. Second-order effects were accounted
for in the model by adopting a P-Delta geometric transformation for the columns and wall. The
infill panels were also modelled by assuming the two-diagonal truss approach established in
[19]. The mass, which was obtained through the conversion of dead and live loads, was lumped
at the centre of mass at each floor level. The dead loads include the self-weight of the RC
elements, masonry infills and coatings, i.e., 8 kN/m2, while the live loads have been defined
according to Part-1 of Eurocode 8 [20]. The fundamental periods of vibration of the building
are 0.31s and 0.41s in X and Y directions, respectively.
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Concrete
Cover
Core
Steel
Ribbed rebar
Smooth rebar
Masonry
Infills

fc (MPa)
28
28
fy (MPa)
370
222
Gw (GPa)
1240

Ɛc (‰)
2
2
fu (MPa)
360
216
α
0.05

Ɛcu (‰)
4
200
Ɛsu (‰)
240
168
τcr
280

Ec(GPa)
30
30
Es(GPa)
210
126
Ew (GPa)
4092

fc-compressive maximum strength; Ɛc-strain at maximum strength, Ɛcu- concrete ultimate strain, Ec- modulus of
elasticity of the concrete; fy-yielding strength; fu- ultimate strength; Ɛsu- steel ultimate strain; Es- modulus of elasticity of steel; Gw- elastic shear modulus; α- post- capping degrading branch coefficient; τcr – shear cracking
stress; Ew-modulus of elasticity of the masonry.
Table 4: Material properties

A nonlinear static analysis was performed to evaluate the lateral capacity of the structure.
The analysis was performed in both the X and Y directions, with positive and negative signs
and, despite the slight asymmetry in the Y direction of the building, no significant differences
were observed between the positive and the negative orientations. Two load patterns were considered: i) a modal load pattern, proportional to the fundamental mode of vibration, and ii) a
uniform load pattern, proportional to the masses of the floors. Only the results corresponding
to the modal pattern were considered since they correspond to a capacity curve with lower
resistance and, consequently, more restrictive in terms of performance.
3.2 Seismic assessment
The seismic safety of the buildings was evaluated in terms of the demand/capacity ratio
(DCR) for each vertical structural element (columns and walls) following the procedure recommended in EC8-3, which consists of comparing the chord rotation and shear demand with the
capacity values of ultimate chord rotation and shear strength. The target displacement was determined with the N2 method, also as prescribed in EC8-3.
As established in EC8-3, the return periods to consider in the assessment of the existing
buildings are: 73, 308 and 975 years for the damage limitation (DL), the significant damage
(SD) and the near-collapse (NC) limit states, respectively. According to each of the limit states,
the reference ground acceleration (agR) is then multiplied by a coefficient. Only the response
spectrum for the Type 1 seismic action (far-field earthquake) was considered, therefore, the agR
is 0.15g (Lisbon, Zone 1.3). The Portuguese Annex of EC8-3 [21] recommends that, for existing
residential buildings, the assessment should be performed considering only the significant damage (SD) limit state.
Figure 4 shows the pushover curves obtained for the X and Y directions with the indication
of the target displacement attainment at the SD limit state. It can be observed that, in the X
direction, brittle and ductile failures occur almost simultaneously before target displacement is
reached. In the Y direction, the structure exhibits lower capacity, due to the absence of RC walls
oriented in this direction, and also experiences a brittle failure before the target displacement is
reached. In conclusion, the brittle failure was the conditioning mechanism for both directions,
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corresponding to a displacement of 0.0036 m and 0.0079 m for the X and Y direction, respectively. The occurrence of this type of mechanism at early stages of lateral deformation is common in old RC buildings designed to resist gravity loads, as verified by [22].

(a)

(b)

Figure 4: Pushover curves for the (a) X and (b) Y direction with the indication of the target displacement and
failure mechanisms.

Figure 5 illustrates the location and type of damage experienced by the vertical RC elements
when the displacement that corresponds to SD limit state is reached. As it can be seen, in direction X, some elements (columns and wall) are simultaneously affected by brittle and ductile
failures on the first two storeys, while Y direction, the elements are only affected by a brittle
mechanism on the ground storey.

Figure 5: Location and indication of the type of damage on the vertical RC elements.

The columns C5 and C2, located in level 1, were also included in Figure 5 as “Reaching
Brittle Failure” because the value of the demand/capacity ratio (DCR) associated shear failure
assessment was remarkably close to the unit, which means these elements were near to develop
a brittle mechanism.
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4

RETROFITTED BUILDING

4.1 Design and modelling of the retrofitting solution
The initial seismic assessment performed on the case study building indicated the need for
improvement of some elements flexural and shear capacities. As stated before, FRP-wrapping
is widely recognised as an effective strategy for increasing the deformation and shear capacity
of RC elements, without modifying the structure’s stiffness [5], [23].
Following the advantages of this strengthening technique, a CFRP retrofitting strategy was
developed and applied to the case study building to overcome its poor seismic performance.
The design of the CFRP solution was based on the attainment of the target displacement, for
SD limit state, without failure of any vertical member. This means that chord rotation and shear
capacities of the elements identified in Figure 5 need to be enhanced. Erro! A origem da referência não foi encontrada. shows the actual and required capacity values of chord rotation
and shear of those elements.
The determination of the right amount of FRP to comply with the required values of capacity
followed an iterative procedure: i) knowing the required capacity that each element needs to
reach, an initial strengthening solution is adopted and the new chord rotation and shear capacity
of each element is computed; ii) if the capacity values obtained are higher than the values indicated in Erro! A origem da referência não foi encontrada., a solution was achieved and
applied to the structural model; iii) a new assessment is carried out. Otherwise, a new tentative
strengthening solution needs to be considered and the procedure repeated. The new strengthening solution can be achieved by increasing the thickness of the CFRP sheet, the number of
layers or upgrading the chosen FRP material.
Failure
Actual ߠௌ
Required ߠௌ
Actual ܸோ
Required ܸோ
mecha[%]
[%]
[kN]
[Kn]
nism
C3L0_X
Brittle
33.41
38.1
C3L1_X
Brittle
33.0
35.8
X
C6L1_X
Brittle
28.31
30.05
C8L1_X
Brittle
88.5
90.2
W1L1_X
Ductile
1.26
1.33
C2L0_Y
Brittle
111.7
128.3
Y
C3L0_Y
Brittle
111.7
128.6
W1L0_Y
Brittle
78.4
90.7
Table 5: Actual and required capacity values of chord rotation and shear for the damaged elements

Direction

Vertical
element

From the iterative procedure depicted above, one layer of CFRP (with the properties described in Erro! A origem da referência não foi encontrada.) was found to be enough to
provide the desired capacity to retrofit the identified structural elements. Since these elements
are subjected to a constant shear demand, the CFRP sheets were modelled as uniformly applied
through the height of the element [24]. However, due to architectural constraints, the U-shaped
or side bonded striped FRPs are, in some cases, the only possible solution. To avoid the fibres
premature rupture, the corners of the elements were assumed to be rounded, with a radius of 4
cm and, to improve the shear capacity of the elements, the CFRP sheets were considered to be
applied with the fibres aligned along the direction in which enhancement of shear strength is
pursued (i.e. horizontal) [25], [26].
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Fiber thickness ݐ
[mm]

Tensile Strength
݂௨ǡ [MPa]

Tensile Modulus
ܧ [MPa]

Elongation [%]

Ultimate strain
ߝ௨ǡ

0.128

3450

230000

1.5

0.0015

Table 6: Properties of the CFRP [27]

Regarding the modelling of the retrofitted solution, the contribution of the CFRP was considered through the increase of the confinement of the retrofitted elements. The core and cover
materials of these elements were replaced with an equivalent material with the properties calculated by means of Equations (1) and (3). The model of the building remains the same, except
for the retrofitted elements.
4.2 Assessment of the retrofitted building
Finished the design and modelling of the retrofitting solution, a new assessment was performed
to the structure to evaluate the effectiveness of the adopted solution. A pushover analysis was
again carried out to evaluate the lateral capacity of the structure. Figure 6 shows a comparison
between the pushover curves obtained before (pre-retrofit) and after (post- retrofit) applying
the CFRP. As it can be seen, the application of the CFRP contributed to an increase of the lateral
strength of the structure, in both the X and Y directions, without modifying its initial stiffness.
However, the structure’s capacity improvement is significantly higher in the X direction in
comparison with the Y direction. This is due to fact the RC walls, which were strengthened at
the first and second storey levels, are oriented in the X direction.

(a)

(b)

Figure 6: Pushover curves obtained pre and post retrofitting for the (a) X and (b) Y direction.

A safety assessment was also carried out in terms of demand/capacity ratio evaluation (DCR)
for each vertical structural element, as established in EC8-3. Figure 7 shows the pushover
curves obtained for the X and Y directions with the indication of the target displacement that
corresponds to the attainment of the SD limit state. In the X direction, the development of a
mechanism, either brittle or ductile, still occurs but only after the target displacement is reached.
On the other hand, in the Y direction, the columns’ brittle failure is not expected to develop,
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and the ductile mechanism occurs for a top displacement much higher than the target displacement. These results confirm the efficiency of the CFRP and its effect in the improvement of the
structure’s seismic performance.

ȋȌ

ȋȌ

Figure 7: Pushover curves of the retrofitted structure for the (a) X and (b) Y direction with the indication of the
target displacement and failure mechanisms.

5

CONCLUSIONS

This paper focused on the modelling of retrofitting solutions with carbon fibre-reinforced
polymers (CFRP) to improve the seismic performance of RC structures. The first part of this
research consisted of a proposal of a modelling approach to retrofit RC elements with CFRP.
The CFRP was included in the model through the increase of the element’s cross-section confinement.
The core and cover materials of retrofitted element were replaced with an equivalent material,
whose properties were determined using the confinement model proposed in EC8-3. Afterwards,
the modelling approach was validated against experimental data. The results showed a good
agreement between the numerical and experimental data, indicating that the modelling approach is adequate to model FRP interventions in existing RC buildings.
The second part of this investigation focused on the application of the proposed modelling
approach to an existing RC building. The selected structure corresponds to a residential building
built before the introduction of modern codes without appropriate seismic resistance and characterized by (i) low confinement and tie reinforcement in vertical structural elements; (ii) insufficient longitudinal reinforcement in all structural elements; (iii) smooth longitudinal
reinforcement rebars; (iv) variation in height of the vertical structural elements section and v)
absence of masonry infills at the ground level. Non-linear static analyses were carried out and
a seismic evaluation was performed in terms of the demand/capacity ratio (DCR), following
the procedure recommended in EC8-3. This assessment exposed brittle and ductile failures in
some structural elements. A retrofitting solution employing CFRP was designed and implemented numerically in the structure´s model. The comparison between the pre- and post-retrofit
pushover curves showed a clear improvement on the buildings’ lateral strength, mainly on the
X direction due to the retrofitting of the RC walls which control the behaviour of the structure
in this direction. Additionally, the seismic safety of the structure, represented by the attainment
of the target displacement at SD limit state without the occurrence of any failure mechanism,
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highlights the effectiveness not only of the modelling approach but also of the adopted retrofitting solution.
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Abstract
The most of the reinforced concrete frame structures of the European building stock have been
built without attention to the seismic action or according to obsolete code. Before the 1970’s,
in all the Mediterranean area, plain rebars were employed for the longitudinal reinforcement
of structural members. Due to their smooth surface, they are characterized by poor bond capacity; this results in a significant slip of the loaded bar from the surrounding concrete, which
strongly increases the structural deformation capacity compared to modern ribbed rebars.
Whereas the cyclic response of non-conforming reinforced concrete members and structural
sub-assemblies is deeply investigated in literature, a scarce knowledge about anchored plain
bar cyclic behaviour is noticed. In the recent years, detailed non-linear modelling of gravity
load designed structures is widely used for the seismic vulnerability assessment; a deep investigation on full scale anchorage detailing is then fundamental for the correct modelling of such
structures..
In the present paper an experimental investigation on different anchorage solution of plain
rebar embedded in concrete is presented; straight, hook-ended and 45° bent rebar were analysed, monitoring their axial stress versus slip behaviour. A non-linear stress-slip behaviour
was observed for all the anchorage solutions since the lower loading level. Stiffness degradation due to cyclic loading was observed; on the other hand, strength decay was visible only for
straight anchorage length. Hook-end device and bar bent resulted effective in providing a good
anchorage performance, on the other hand their response showed a progressive plasticization.
Keywords:([LVWLQJ5&%XLOGLQJV3ODLQUHLQIRUFHPHQW%DU6OLS([SHULPHQWDO7HVW&\FOLF
EHKDYLRXUUHEDUDQFKRUDJH
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1

INTRODUCTION

7KH5HLQIRUFHG&RQFUHWH 5& VWUXFWXUHVEXLOWIURPWKH:RUOG:DU,,WRWKH¶VDUHVLJ
QLILFDQWO\YXOQHUDEOHDJDLQVWWKHVHLVPLFDFWLRQ>@±>@/DFNLQWKHVWUXFWXUDORUJDQL]DWLRQDQG
LQWKHVHLVPLFGHWDLOLQJGHVLJQDFFRUGLQJWRREVROHWHFRGHVDQGLQWHUDFWLRQZLWKVWUXFWXUDORU
QRQVWUXFWXUDOVWLIIHOHPHQWVDUHWKHPDLQUHDVRQVRIQRWDGHTXDWHVWUXFWXUDOUHVSRQVH0RUHRYHU
VPRRWKEDUVZHUHXVHGXQWLOWKHVHYHQWLHVDVUHLQIRUFHPHQWLQ5&IUDPHPHPEHUV
7KHSRRUERQGFDSDFLWLHVRISODLQUHLQIRUFHPHQWLQIOXHQFHWKHVWUXFWXUDOUHVSRQVHVLQFHWKH\
DUHUHODWHGWRVLJQLILFDQWEDUVOLSIURPWKHFRQFUHWHHPEHGPHQW>@±>@7KHPDLQPHFKDQLVPV
JRYHUQLQJWKHERQGVWUHQJWKDUHL WKHFKHPLFDODGKHVLRQEHWZHHQWKHVPRRWKUHEDUDQGWKH
VXUURXQGLQJ FRQFUHWH DQG LL  WKH PLFURLQWHUORFNLQJ GXH WR FRQFUHWH VPDOO SDUWLFOHV ZHGJLQJ
DFWLRQ>@7KHVHFRQWULEXWLRQVEULQJWRDSHDNERQGVWUHQJWKYDOXHDIWHUZKLFKWKHVOLSWULJJHU
LQJFDXVHVDSURJUHVVLYH GHJUDGDWLRQRIWKHERQGFDSDFLW\>@0LFURLQWHUORFNLQJDQGIULF
WLRQDOUHVRXUFHUHGXFHDOVRXQGHUF\FOLFORDGLQJOLNHFOHDUO\VKRZQE\H[SHULPHQWDOWHVWVRQD
VKRUWDQFKRUDJHOHQJWK>@0RUHRYHUEH\RQGWKHUHLQIRUFHPHQW\LHOGLQJDJUDGXDOUHGXFWLRQ
RIWKHUHEDUWUDQVYHUVDOVHFWLRQ GXHWR3RLVVRQHIIHFW FDXVHVDIXUWKHUORVVRIVWUHQJWK>@>@
5HEDUVWUDLJKWOHQJWKFDQQRWEHHQRXJKWRJXDUDQWHHDQHIIHFWLYHDQFKRUDJHHQGKRRNHGDQGRU
EHQWEDUDUHVRHPSOR\HGWRLPSURYHWKHDQFKRUDJHSHUIRUPDQFH,QWKLVFDVHWKHEDUVOLSGH
SHQGVDOVRRQWKHSODVWLFGHIRUPDWLRQUHODWHGLWVVWUDLJKWHQLQJZKLFKLVUHTXLUHGIRUWKHVOLS
GHYHORSPHQW3XOORXWWHVWVRQVWUDLJKWVPRRWKUHEDUVRIVKRUWDQFKRUDJHOHQJWKDUHDYDLODEOHLQ
WKHOLWHUDWXUH>@>@>@KRZHYHURQO\RQHRIWKHP>@LQYHVWLJDWHVWKHHIIHFWRIDF\FOLF
ORDGLQJ $ FP KROORZ VTXDUH FURVV VHFWLRQ EDU ZDV DOVR WHVWHG XQGHU SXOORXW IRUFH >@
VKRZLQJWKDWERQGVWUHVVSURILOHVLJQLILFDQWO\YDULHVDORQJWKHEDUOHQJWKPRUHLQGHWDLOWKH
SHDNERQGVWUHQJWKLVVKLIWHGLQZDUGXQGHUWKHLQFUHDVHRIWKHD[LDOVWUHVV
,QWKHSUHVHQWZRUNDQH[SHULPHQWDOFDPSDLJQLVGHVFULEHGDLPHGDWFODULI\LQJVRPHRIWKH
FLWHGDVSHFWV6WUDLJKWORQJOHQJWKDQFKRUDJHKRRNHQGDQGEHQWUHEDUVDUHFRQVLGHUHG7KHLU
D[LDOVWUHVVVOLSEHKDYLRXUZDVDQDO\VHGERWKEHIRUHDQGEH\RQGWKHEDU\LHOGLQJ,QWKHIRO
ORZLQJWKHH[SHULPHQWDOFDPSDLJQLVGHVFULEHGZLWKUHIHUHQFHWRWKHGLIIHUHQWVSHFLPHQJH
RPHWU\DQGWRWKHDGRSWHGORDGLQJSURWRFRO7KHH[SHULPHQWDOUHVXOWVDUHWKHQSUHVHQWHGDQG
GLVFXVVHGSD\LQJDWWHQWLRQWRWKHGLIIHUHQWSHUIRUPDQFHVUHODWHGWRWKHLQYHVWLJDWHGDQFKRUDJH
DUUDQJHPHQW7KHDQDO\VLVRIWKHVWUHVVVOLSEHKDYLRXURIVPRRWKUHEDULVIXQGDPHQWDOIRUWKH
DVVHVVPHQWRIWKHGHIRUPDWLRQFDSDFLWLHVRIH[LVWLQJ5&PHPEHULQSUHVHQFHRIVHLVPLFORDGLQJ
,QGHHGSUHYLRXVH[SHULPHQWDOWHVWVRQFROXPQV>@>@±>@EHDPV>@DQGEHDPFROXPQ
MRLQWV>@>@>@>@VKRZHGWKHJUHDWLQIOXHQFHRISODLQUHLQIRUFHPHQWVOLSLQWKHGHILQLWLRQ
RIWKHFUDFNSDWWHUQDQGLQHQVXULQJDVLJQLILFDQWIOH[XUDOGHIRUPDWLRQFDSDFLW\7KHVDPHUHVXOWV
FDQEHDOVR XVHIXO IRUWKHGHILQLWLRQDQGWKHYDOLGDWLRQRIDQDO\WLFDO RUQXPHULFDO PRGHOOLQJ
ZKLFKH[SOLFLWO\DFFRXQWIRUWKHEDUVOLSSKHQRPHQRQ
2

DESCRIPTION OF THE SPECIMENS

7KHUHIHUHQFHVSHFLPHQVDUHVFKHPDWL]HGLQ)LJXUH)RUWHVWLQJFRQYHQLHQFHWKH\DUHRU
JDQL]HGVRDVRQHRUWZRDQFKRUHGUHEDUVDUHHPEHGGHGLQDFRQFUHWHEORFNZKHQWZREDUVDUH
SODFHGLQWKHVDPHEORFNWKH\ZHUHWHVWHGVHSDUDWHO\DQGWKH\ZHUHFDVWHGDWVXIILFLHQWGLVWDQFH
WRDYRLGLQWHUIHUHQFHEHWZHHQWKHWZRWHVWV7KHVDPHFKRLFHDOVRDOORZVWRLQYHVWLJDWHGLIIHUHQW
ERQGFRQGLWLRQVHIIHFWVLQGHHGLWLVSRVVLEOHWRTXDOLWDWLYHO\FRQVLGHUWKHORZHUDQGWKHXSSHU
EDUDVEHLQJLQJRRGDQGEDGERQGFRQGLWLRQUHVSHFWLYHO\1RWUDQVYHUVDOUHLQIRUFHPHQWLVSUR
YLGHGVLQFHSRVVLEOHEULWWOHIDLOXUHVZHUHQRWH[SHFWHGGXHWRWKHDGRSWHGJHRPHWU\
$VWUDLJKWUHEDUZLWKQRHQGVSHFLILFGHWDLOLQJFKDUDFWHUL]HVWKHVRFDOOHG6/VSHFLPHQV
7KH\DUHGHVLJQHGWRDOORZWKHLQYHVWLJDWLRQRIWKHERQGSHUIRUPDQFHRYHUDVLJQLILFDQWUHEDU
OHQJWKRQZKLFKLWLVH[SHFWDQRQFRQVWDQWERQGVWUHVVGLVWULEXWLRQ$WRWDOQXPEHURIIRXU
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VSHFLPHQVZHUHFDVWHGWZRRIWKHPDUHLQVWUXPHQWHGZLWKWKUHHFRXSOHVRIVWUDLQJDXJHZLWK
WKHDLPRIPHDVXULQJWKHD[LDOVWUHVVRQWKHHPEHGGHGOHQJWK$UHGXFHGDGKHUHQWOHQJWKLVWKXV
JXDUDQWHHGLQWKLVFDVHGXHWRWKHLQWURGXFWLRQRIDORFDOFDJHWRSURWHFWWKHVWUDLQJDXJHVDURXQG
WKHEDUDWWKHJDXJHORFDWLRQ7KHVSHFLILFDQFKRUDJHW\SHLVUHSUHVHQWDWLYHRIWKHEDUHPEHG
PHQWLQWRFROXPQRUEHDPOHQJWKV7KHKRRNHQGVSHFLPHQV +W\SH DUHUHSUHVHQWDWLYHRIWKH
7FROXPQEHDP MRLQW UHLQIRUFHPHQW DQFKRUDJH DQG RI FROXPQV UHEDU DQFKRUDJH DW DQ\ FROG
MRLQW)RXURXWRIVL[KRRNHQGHGEDUVSHFLPHQVDUHFKDUDFWHUL]HGE\DGKHUHQWVWUDLJKWOHQJWK
SULRUWRWKHKRRNGHYLFH LQWKHRWKHUWZRERQGLQWKHVDPHOHQJWKLVSUHYHQWHGDSODVWLFSLSH
VXUURXQGLQJWKHEDU)LQDOO\EHQWUHEDUV %W\SH ZHUHWHVWHGWKH\ZHUHIUHTXHQWO\XVHGLQ
FRQVWUXFWLRQSUDFWLFHIRUWKHEHDPUHLQIRUFHPHQWRYHUWKHVXSSRUWV7RPRQLWRUWKHD[LDOVWUHVV
DORQJWKHUHEDUOHQJWKWZREHQWEDUV FDVWHGLQWKHVDPHFRQFUHWHEORFN DUHLQVWUXPHQWHGZLWK
WZRFRXSOHRIVWUDLQJDXJHVUHVSHFWLYHO\SODFHGDWPLGZD\RIWKHLQFOLQHGOHQJWKDQGLQWKH
ODVWVWUDLJKWOHQJWKDVWHHOSODWHLVZHOGHGRQWKHEDUHQGWRDOORZWKHVWUHVVUHDGLQJE\WKHHQG
JDXJHVFRXSOH
2.1

Geometry

PPGLDPHWHUUHLQIRUFLQJEDUVDUHFRQVLGHUHGDPLQLPXPFRQFUHWHFRYHURIPPDQG
DEDUGLVWDQFHRIPPRUPPDUHJXDUDQWHHG UHVSHFWLYHO\IRUWKH+DQG%W\SHV 6/
VDPSOHVDUHPDGHE\DFRQFUHWHEORFNZLWKPPVTXDUHFURVVVHFWLRQDQGDOHQJWKRIPP
LQZKLFKDVLQJOHEDULVHPEHGGHGWZRRXWRIIRXUVSHFLPHQV FDOOHG6/DQG6/LQWKHIRO
ORZLQJ DUHFKDUDFWHUL]HGE\DORZHUPPHPEHGGHGOHQJWKGXHWRVWUDLQJDXJHVDSSOLFDWLRQ
DORQJWKHUHEDUOHQJWK )LJXUH 7KH+VDPSOHEDUJHRPHWU\LVUHIHUUHGWRWKH,WDOLDQ&RGH
LQGLFDWLRQV>@$GLDPHWHU PP VWUDLJKWOHQJWKSUHFHGHVWKHKRRNGHYLFHZKLFKLV
FKDUDFWHUL]HGE\DQLQQHUEHQGLQJRIGLDPHWHUV PP DPSOLWXGHDQGDGLDPHWHUV PP 
ILQDOVWUDLJKWOHQJWK7KHIRXUEDUVZLWKHPEHGGHGVWUDLJKWOHQJWKDUHFDOOHG+DQG+WKH
RWKHUWZR+7KH%VSHFLPHQVDUHFKDUDFWHUL]HGE\DPPORQJHPEHGGHGVWUDLJKWOHQJWKV
DWWKHEDUHQGVWKHLUD[HVGLVWDQFHPPLQWKHYHUWLFDOGLUHFWLRQWKHLQFOLQHGOHQJWKLV
WKXVPPORQJ7KHLQQHUUDGLXVRIWKHEHQGLQJLVHTXDOWRGLDPHWHUV PP 7KHWZR
LQVWUXPHQWHGUHEDUVDUHFDOOHG%
2.2

Load frame

7KH VHOIEDODQFHG VWHHO IUDPH VFKHPDWL]HG LQ )LJXUH  LV XVHG WR LPSRVH WKH EDU VOLS $
PPWKUHDGORDGLQJVFUHZRIPPGLDPHWHUDOORZVDFRQWLQXRXVUHILQHGFRQWURORIWKHGLV
SODFHPHQWLPSRVLWLRQ%RWKWHQVLOHDQGFRPSUHVVLYHORDGFDQEHDSSOLHGWRWKHUHEDUWKDQNVWR
WKHUHDFWLRQJXDUDQWHHGE\WZRVWHHOSDWHVRQHLVLQFRQWDFWZLWKWKHFRQFUHWHEORFNKHDGWKH
RWKHU RQH RQ WKH RSSRVLWH FRQFUHWH EORFN HQG 7KHVH UHDFWLRQ SODWHV DUH FRQQHFWHG E\ IRXU
WKUHDGHGEDUVOLJKWO\SUHVWUHVVHGWRDYRLGUHODWLYHPRYHPHQWV
7KHVPRRWKUHEDUVDPSOHLVDQFKRUHGWRWKHIUDPHE\PHDQVRIDPHFKDQLFDOMRLQWPDGHRI
DQKROORZF\OLQGHULQZKLFKWKUHHKLJKKDUGQHVVVWHHOVFUHZVSXQFKWKHUHEDUVXUIDFH7KHUHEDU
KHDGMRLQWLVIL[HGWRDORDGFHOOWKHODWWHULVWKHQFRQQHFWHGE\DWRUVLRQIUHHMRLQWWRWKHORDGLQJ
VFUHZ7KHIUDPHZHLJKWDQGORDGLQJWRUTXHDUHWUDQVPLWWHGE\WKHVWHHOSODWHVRQH[WHUQDOVXS
SRUWV
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6/6DPSOH

+6DPSOH


%6DPSOH
)LJXUH*HRPHWU\RIWKHWHVWHGVSHFLPHQV


)LJXUH6FKHPDWLFUHSUHVHQWDWLRQRIWKHORDGIUDPH

2.3

Materials

+RWUROOHGUHLQIRUFLQJVWHHORIJUDGH6-5LVFRQVLGHUHG>@<LHOGLQJI\DQGIDLOXUHIX
VWUHVVZHUHLQYHVWLJDWHGE\DWHQVLOHWHVWDFFRUGLQJWR>@WKH\ZHUHVLJQLILFDQWO\GLIIHUHQWIRU
WKHVWUDLJKWOHQJWK 6/VDPSOHV EDUVDQGIRUWKHVKDSHG +DQG%VDPSOHV RQHV$OVRWKHWRWDO
HORQJDWLRQRQDGLDPHWHUUHIHUHQFHOHQJWKDFURVVWKHIDLOXUHVHFWLRQΔ/LVGHILQHG
7KHUHIHUHQFHFRQFUHWHPL[GHVLJQZDVWKHVDPHIRUDOOWKHVDPSOHV6LQFHWKH\ZHUHFDVWHG
LQGLIIHUHQWWLPHVWKHDYHUDJHFRPSUHVVLYHVWUHQJWKIFDQGWKHHODVWLFPRGXOXV(FDUHGHILQHG
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IRUHDFKVSHFLPHQW\SH7KHUHVXOWVDUHUHSRUWHGLQ7DEOHLQWHUPVRIPHDQYDOXHVWKH\DUH
UHSUHVHQWDWLYHRIWKHSURSHUWLHVRIWKHPDWHULDOHPSOR\HGLQWKHUHIHUHQFH5&IUDPHFRQVWUXFWLRQ
6DPSOH
W\SH
6/
+
%

6WHHO
I\>03D@




IX>03D@




Δ/




&RQFUHWH
IF>03D@




(F>03D@




7DEOH0HDQYDOXHVRIWKHPHFKDQLFDOSURSHUWLHVRIWKHHPSOR\HGPDWHULDOV

3
3.1

INSTRUMENTATION AND LOADING PROTOCOL
Instrumentation

/RDGDQGGLVSODFHPHQWWUDQVGXFHUVDUHXVHGWRPHDVXUHWKHEDUD[LDOVWUHVVVOLSEHKDYLRXU
7KUHHGLIIHUHQW/9'7VDUHFRQFHQWULFDOO\SODFHGDURXQGWKHUHEDUKHDGWKH\PHDVXUHWKHGLV
SODFHPHQWEHWZHHQWKHORDGIUDPHKHDGMRLQWDQGWKHFRQFUHWHEORFN$VXSSOHPHQWDO/9'7
PRQLWRUHGWKHVOLSRIWKHEDUWDLOLQ6/VSHFLPHQV7KHORDGFHOOLVSODFHGLQWKHORDGIUDPHDV
LWLVVFKHPDWL]HGLQ)LJXUH
6WUDLQJDXJHV DUH XVHG WR PHDVXUH WKH D[LDO VWUDLQ DORQJ WKH UHEDU HPEHGGHG OHQJWK $Q
PPOHQJWKLVGHDFWLYDWHGDURXQGWKHH[WHQVLPHWHUWRSURWHFWWKHJDXJHVDQGDYRLGERQGLQ
WHUIHUHQFHWKHVLPSOLILHGUHSUHVHQWDWLRQRIWKHDUUDQJHPHQWLVVKRZQLQ)LJXUH2QVWUDLJKW
EDUV 6/DQG6/ WKH\DUHSODFHGZLWKDVSDFLQJRIPPWKHUHIRUHWKUHHGLIIHUHQWFURVV
VHFWLRQDUHPRQLWRUHG2QEHQWUHEDUVWKH\DUHSODFHGDWPLGZD\RIWKHLQFOLQHGOHQJWKDQGLQ
WKHVWUDLJKWWDLOHQG,QWKLVFDVHDPHFKDQLFDODQFKRUDJHLVJXDUDQWHHGDIWHUWKHODVWJDXJHVWR
DOORZDVWUHVV UHDGLQJLQGHHGQRHPEHGGHGOHQJWKLVSUHVHQWEH\RQGWKHJDXJHGHDFWLYDWHG
OHQJWK

)LJXUH'HWDLOLQJRIWKHVWUDLQJDXJHLVRODWLRQIURPWKHVXUURXQGLQJFRQFUHWH

3.2

Loading protocol

7KHVWUDLJKWUHEDUVDUHWHVWHGLQVOLSFRQWUROGXULQJDOOWKHWHVW2QWKHRWKHUKDQGWKHVKDSHG
EDUVDUHORDGFRQWUROOHGEHORZWKH\LHOGLQJSRLQWDQGVOLSFRQWUROOHGEH\RQGLW$VXPPDU\RI
WKHUHIHUHQFHORDGLQJSURWRFROLVYLVLEOHLQ)LJXUH
7KHXQORDGLQJSKDVHZDVDOZD\VFKDUDFWHUL]HGE\WKHUHFRYHULQJRIDOOWKHLPSRVHGVOLS
WKXV DOVR FRPSUHVVLYH ORDGV ZHUH LPSRVHG WR WKH UHEDU )RU WKH + VSHFLPHQV LQ ZKLFK WKH
VWUDLJKWOHQJWKZDVQRWDGKHUHQWWRWKHFRQFUHWHWKHXQORDGLQJLVVWRSSHGDWWKHQXOOIRUFHSRLQW
VLQFHWKHDSSOLFDWLRQRIFRPSUHVVLRQWRWKHUHEDUWULJJHUHGLWVEXFNOLQJ
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)LJXUH/RDGLQJSURWRFROVFKHPDWL]DWLRQIRUVWUDLJKWDQGVKDSHGUHEDUV

4

EXPERIMENTAL RESULTS

4.1

Straight bar

7KHH[SHULPHQWDOUHVXOWVRIWKHIRXUWHVWHGUHEDUVDUHGLYLGHGDFFRUGLQJWRWKHWRWDOHPEHGGHG
OHQJWK )LJXUH 6/DQG6/VDPSOHVDUHDGKHUHQWWRFRQFUHWHDORQJDOOWKHVSHFLPHQOHQJWK
PP RQWKHRWKHUKDQG6/DQG6/VDPSOHVDUHHPEHGGHGIRUPPGXHWRVWUDLQ
JDXJH DSSOLFDWLRQ DORQJ WKHLU OHQJWK 7KH IRUPHU VKRZHG WKH FDSDFLW\ LQ DQFKRULQJ WKH EDU
\LHOGLQJZKHUHDVWKHODWWHUVKRZHGDVWUHQJWKGHFD\DWDIRUFHORZHUWKDQ\LHOGLQJ1HYHUWKHOHVV
WKHVWUHQJWKGHJUDGDWLRQLVREVHUYHGDIWHUWKHWULJJHULQJRIWKHEDUWDLOVOLSLQERWKWKHFDVH$IWHU
WKHUHDFKRIWKHSHDNIRUFHWKHF\FOLFEHKDYLRXULVFRQWUROOHGE\DORZHUVWUHQJWK$UHORDGLQJ
IRUFHFDQEHREVHUYHGH[SORULQJQHZVOLSRIODUJHUDPSOLWXGHF\FOLQJDWDWDUJHWGHIRUPDWLRQ
OHYHODUHVLGXDOORZHUVWUHQJWKLVLQVWHDGQRWLFHG6XEVHTXHQWF\FOHVDQGVOLSDPSOLWXGHZLWKLQ
WKHUDQJHSUHYLRXVO\H[SORUHGVHHPHGQRWWRLQIOXHQFHWKHUHIHUHQFHVWUHQJWKFDSDFLWLHV





)LJXUH6WUHVVVOLSEHKDYLRXURIWKH6/W\SHVSHFLPHQVIXOODQGSDUWLDOHPEHGGHGOHQJWKVDPSOHVUHVSRQVH

4.2

Hook-end bar

,QWKHIROORZLQJWKHERWWRPEDUVRIWKH+VSHFLPHQVDUHTXDOLWDWLYHO\LGHQWLILHGDVEHLQJLQ
JRRGERQGFRQGLWLRQZKHUHDVWKHWRSRQHVDUHFRQVLGHUHGLQEDGERQGFRQGLWLRQV,Q)LJXUH
WKHUHVSRQVHRIWZRGLIIHUHQWFRQFUHWHVSHFLPHQV +DQG+ LVUHSUHVHQWHGXSWRWKHUHDFKRI
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WKHEDU \LHOGLQJ$QRQOLQHDUHODVWLFORDGLQJEUDQFKZDVIROORZHGE\DSODVWLFSODWHDX7KH
F\FOLFEHKDYLRXUZDVFKDUDFWHUL]HGE\DOLQHDUIRUFHVOLSUHODWLRQVKLSVWLIIHUIRUWKHXQORDGLQJ
DQGVHFDQWGXULQJWKHUHORDGLQJ RULHQWHGWRWKHPD[LPXPH[SORUHGVOLSSRLQWDWWKHSUHYLRXV
F\FOH 6LJQLILFDQWGLIIHUHQFHLQWKHHODVWLFVWLIIQHVVLVQRWLFHGZLWKUHVSHFWWRWKHLGHQWLILHGERQG
FRQGLWLRQV7KHXQORDGLQJVWLIIQHVVLVQRWLQIOXHQFHGLQVXEVHTXHQWF\FOHVDQGE\WKHH[SORUHG
GULIWOHYHOLWLVKLJKHUWKDQWKHVHFDQWYDOXHDWWKH\LHOGLQJSRLQW*RRGDQFKRULQJSHUIRUPDQFH
ZDVREVHUYHGDOVRLQSUHVHQFHRIFRPSUHVVLYHORDGVPRUHRYHUDOHVVVWLIIEHKDYLRXULVQRWLFHG
DWWKHORDGUHYHUVDO
,QSUHVHQFHRIXQERQGHGVWUDLJKWOHQJWK +VSHFLPHQV WKHEHKDYLRXUZDVVLPLODU )LJXUH
 KRZHYHUDOHVVVWLIIORDGLQJFDQEHREVHUYHG,QWKLVFDVHWKHERQGFRQGLWLRQVVHHPHGQRW
WRDIIHFWWKHIRUFHVOLSUHODWLRQVKLS,WLVSRVVLEOHWRFRQFOXGHWKDWWKHKRRNGHYLFHDORQHFDQ
SURYLGHWKHEDUDQFKRUDJHLWLVHIIHFWLYHDOVRLQHQVXULQJWKHEDURYHUVWUHQJWK KDUGHQLQJEH
KDYLRXU 7KLVLVFOHDUO\LVYLVLEOHLQ)LJXUHZKHUHWKHFRPSOHWHUHVSRQVHRIWKHXSSHUEDURI
WKHFRQFUHWHEORFN+LVUHSUHVHQWHGXSWRDVOLSPDJQLWXGHRIPP





)LJXUH([SHULPHQWDOUHVSRQVHRI+DQG+VDPSOHVORZHU JRRGERQG DQGXSSHU EDGERQG WHVWHGUHEDU
UHVSRQVHV





)LJXUH&\FOLFUHVSRQVHRI+VDPSOHUHEDUVIRFXVRQWKHHODVWLFF\FOHVDQGFRPSOHWHUHVSRQVHRIWKHXSSHU
EDU
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4.3

Bent rebar

6LQFHWKH%W\SHUHEDUVFURVVWKHFRQFUHWHEORFNIURPWRSWRERWWRPDQGYLFHYHUVDLQWKH
IROORZLQJJRRGRUEDGERQGFRQGLWLRQVUHIHUWRWKHEDUKHDGSRVLWLRQ HQGRQZKLFKWKHORDG
ZDVDSSOLHG 7KHUHVSRQVHRIWKHEHQWUHEDUV )LJXUH ZDVYHU\FORVHWRWKHRQHRIWKHKRRN
HQGHGEDUVHVSHFLDOO\LQJRRGERQGFRQGLWLRQV7KHF\FOHVLQWKHUDQJHRIWKHHODVWLFVWUHVVZHUH
HQYHORSHGE\DQRQOLQHDUVWUHVVVOLSUHODWLRQVKLSDIWHUZKLFKDSODVWLFSODWHDXWRRNSODFH7KH
EHQGLQJRIWKHUHEDUHQVXUHVWKHDQFKRUDJHRIWKHEDUXSWR\LHOGLQJVWUHVVDQGPRUHLQFOXGLQJ
RYHUVWUHQJWK WKHJUDSKVRI)LJXUHDUHFXWDWWKHF\FOHVRI\LHOGLQJ 2QO\WKHLQVWUXPHQWHG
EDU %VDPSOH VKRZHGGLIIHUHQFHVWUHVVVOLSUHVSRQVHEHIRUH\LHOGLQJ EDGERQGFRQGLWLRQ 
LQGHHGLWZDVPRUHGHIRUPDEOH
7KHEDUVLQEDGERQGFRQGLWLRQVVKRZHGDQLQFUHDVLQJVWLIIQHVVJUDGLHQW FRQFDYHVWUHVVVOLS
FXUYH EHIRUH\LHOGLQJ7KLVEHKDYLRXUZDVDVVRFLDWHGZLWKDQLQLWLDOVOLGLQJRIWKHUHEDUZKLFK
ZDVFRQILUPHGE\DVWUDLQUHDGLQJLQERWKWKHVWUDLQJDXJHSODFHGRQWKHLQVWUXPHQWHGUHEDULQ
EDGERQGFRQGLWLRQ





)LJXUH6WUHVVVOLSEHKDYLRXURIEHQWUHEDUVXQGHUF\FOLFORDGLQJXSWRWKH\LHOGLQJSRLQW

5
5.1

RESULTS COMPARISON
Straight length anchorage

7RHYDOXDWHWKHDQFKRUDJHSHUIRUPDQFHRIDVWUDLJKWEDUDQDYHUDJHFRQVWDQWERQGVWUHVV
GLVWULEXWLRQ DORQJ WKH UHEDU HPEHGGHG OHQJWK LV FRQVLGHUHG DV VXJJHVWHG LQ OLWHUDWXUH :LWK
UHIHUHQFHWRH[SHULPHQWDOPHDVXUHRIL SHDNLL UHORDGLQJDQGLLL UHVLGXDOIRUFHVWKHFDOFX
ODWHGERQGFDSDFLWLHVDUHUHSRUWHGLQ7DEOH
7RKHOSWKHFRPSDULVRQRIWKHH[SHULPHQWDOHYLGHQFHVZLWKOLWHUDWXUHDYDLODEOHPRGHOVD
QRUPDOL]DWLRQRIWKHERQGVWUHQJWKɒ RYHUWKHFRQFUHWHFRPSUHVVLYHVWUHQJWKLVWDNHQ


ɒ ൌ ܥඥ݂ 



ZLWK&QRQGLPHQVLRQDOFRHIILFLHQWDQG݂ PHDQF\OLQGULFDOFRQFUHWHFRPSUHVVLYHVWUHQJWK7KH
YDOXHVUHSRUWHGLQ7DEOHDUHORZHUZLWKUHVSHFWWRWKHOLWHUDWXUHDYDLODEOHPRGHOLQWHUPRI
SHDNIRUFH>@±>@>@2QWKHRWKHUKDQGWKHUHORDGLQJDQGUHVLGXDOFDSDFLWLHVZHOOPDWFK
ZLWKWKHDYDLODEOHLQGLFDWLRQV>@>@




1208

$QWKRQ\3DGHUQR6LPRQH3HOXFFRDQG0DUFR3UHWL

6DPSOH
6/
6/
6/
6/
0HDQ

3HDNVWUHQJWK
)RUFH>N1@ %RQG>03D@








%RQG>N1@ 
&


5HORDGLQJVWUHQJWK
)RUFH>N1@ %RQG>03D@








%RQG>N1@ 
&


5HVLGXDOVWUHQJWK
)RUFH>N1@ %RQG>03D@








%RQG>N1@ 
&


7DEOH(VWLPDWLRQRIWKHDQFKRUDJHFDSDFLW\DORQJDVWUDLJKWUHEDULQK\SRWKHVLVRIFRQVWDQWERQGVWUHVV

5.2

Shaped anchorage

7KHGLIIHUHQFHLQVWLIIQHVVEHWZHHQWKHUHVSRQVHRIEDUVDQFKRUHGLQJRRGRUEDGERQGFRQ
GLWLRQVLVFOHDUO\YLVLEOHE\WKHREVHUYDWLRQRIWKHJUDSKVLQ)LJXUH7KHF\FOLFUHVSRQVHEHORZ
WKH\LHOGLQJSRLQWLVSORWIRUDOOWKHVKDSHGDQFKRUHGUHEDUVWHVWHGLWPDNHVH[FHSWLRQWKH+
EORFNEDUVZKRVHUHVSRQVHZDVQRWDIIHFWHGE\ERQGFRQGLWLRQV7KHVWLIIHUEHKDYLRXUVKRZHG
WKHUHDFKRIWKHEDU\LHOGLQJDWDVOLSOHYHOORZHUWKDQPPRQWKHRWKHUKDQGWKHOHVVVWLII
UHVSRQVHVKRZHGWKH\LHOGLQJUHDFKDWDVOLSPDJQLWXGHRIDERXWPP7KHUHIRUHWZRGLI
IHUHQWYDOXHVRIWKHVHFDQWVWLIIQHVVDW\LHOGLQJFDQEHDWWULEXWHGWRWKHEDUVLQJRRGERQGFRQ
GLWLRQV0RUHRYHUWKHUHVSRQVHLQJRRGERQGFRQGLWLRQVLVYHU\VLPLODUERWKIRUKRRNHGRUEHQW
VKDSH2QWKHRWKHUKDQGLQEDGERQGFRQGLWLRQVWKHVWUHVVVOLSUHODWLRQVKLSVRIWKHGLIIHUHQW
DQFKRUDJHVROXWLRQVLVVWURQJQHYHUWKHOHVVWKHVHFDQWVWLIIQHVVDW\LHOGLQJLVVLPLODU





)LJXUH)RFXVRQWKHHODVWLFUHVSRQVHRIKRRNHG JUH\OLQHV DQGEHQW EODFNOLQHV UHEDUV

6

CONCLUSIONS

7KHH[SHULPHQWDOF\FOLFUHVSRQVHRIGLIIHUHQWDQFKRUDJHVROXWLRQVIRUVPRRWKUHEDULVKHUHLQ
LQYHVWLJDWHG/RQJVWUDLJKWDQFKRUDJHOHQJWKKRRNHQGGHYLFHDQGEDUEHQWZHUHWHVWHGLQSUHV
HQFHRIERWKWHQVLOHDQGFRPSUHVVLYHORDGV7KHUHVSRQVHLQWHUPRIIRUFHYHUVXVVOLSUHODWLRQ
VKLSZDVPRQLWRUHGDQGLWLVKHUHLQGLVFXVVHG
7KHVWUDLJKWOHQJWKDQFKRUDJHJDYHHTXLOLEULXPWRGLIIHUHQWDSSOLHGIRUFHYDOXHVGHSHQGLQJ
RQLWV RYHUDOOHPEHGGHGOHQJWKLQ SUHVHQFHRIWKHORZHU DQFKRUDJHOHQJWK PP DSHDN
VWUHQJWKDERXWWKHRIWKHEDU\LHOGLQJVWUHVVZDVUHDFKHG,QDOOWKHFDVHVDWWKHWULJJHULQJ
RIWKHODVWHPEHGGHGVHFWLRQVOLSDIRUFHGHJUDGDWLRQZDVREVHUYHG([SORULQJKLJKHUVOLSOHYHO
DUHORDGLQJERQGVWUHQJWKFDQEHGHILQHGZKLOHF\FOLQJLQWKHVDPHVOLSUDQJH RISUHYLRXVO\
H[SORUHGF\FOHV DORZHUUHVLGXDOVWUHQJWKZDVREVHUYHG+RRNHQGGHYLFHDQGEDUEHQWZHUH
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HIIHFWLYH LQ HQVXULQJ WKH EDU \LHOGLQJ DQG RYHUVWUHQJWK IRUFH 1R IRUFH GHJUDGDWLRQ ZDV RE
VHUYHG DQG WKH UHVSRQVH ZDV VWDEOH DOVR DW WKH KLJKHVW VOLS LPSRVLWLRQ7KH SRVLWLRQ RI WKH
VKDSHGUHEDUZLWKUHVSHFWWRWKHFRQFUHWHEORFNVDPSOHVLJQLILFDQWO\LQIOXHQFHGWKHVWLIIQHVVRI
WKHUHVSRQVHWKHORZHU JRRGERQGFRQGLWLRQ EDUVUHDFKHGWKH\LHOGLQJSRLQWDWVOLSOHYHOORZHU
WKDQPPWKHWRSRQHV EDGERQGFRQGLWLRQ DWDYDOXHRIGHIRUPDWLRQWZLFH7KHXQORDGLQJ
RIWKHVKDSHGDQFKRUDJHVVKRZHGDUHVLGXDOSODVWLFGHIRUPDWLRQDOVRF\FOLQJDWVWUHVVYDOXHV
ORZHUWKDQWKH\LHOGLQJRQH6LQFHDVWUDLJKWHQLQJLVUHTXLUHGIRUWKHEDUSXOORXWXQGHUWHQVLOH
IRUFHSODVWLFGHIRUPDWLRQVDUHH[SHFWHGLQWKHKRRN RUEHQGLQJ OHQJWKPRUHRYHUWKHVDPH
VWUDLJKWHQLQJFDXVHVKLJKORFDOVWUHVVLQWKHVXUURXQGLQJFRQFUHWH7KHGLIIHUHQWFRQFUHWHSRURV
LW\ FDQDIIHFW WKH DQFKRUDJHVOLSGHYHORSPHQWMXVWLI\LQJWKHGLIIHUHQFHKHUHLQ SUHVHQWHGEH
WZHHQWKHDQFKRUDJHUHVSRQVHLQJRRGRUEDGERQGFRQGLWLRQV7KLVDVSHFWZLOOEHFRQVLGHUHG
LQIXWXUHVWXGLHV

ACKNOWLEDGEMENT
7KHH[SHULPHQWDOFDPSDLJQSUHVHQWHGLQWKLVZRUNKDVEHHQVXSSRUWHGZLWKLQWKHIUDPHZRUN
RI'3&5H/8,6SURMHFW:3
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OUT-OF-PLANE TESTING OF MASONRY INFILL WALLS
MADE WITH LIGHTWEIGHT CONCRETE BLOCKS

0$JDQWH $ $)XUWDGR % +5RGULJXHV  $$UrGH & 3)HUQDQGHV  +9DUXP ' 


&216758&7/(6()DFXOGDGHGH(QJHQKDULDGD8QLYHUVLGDGHGR3RUWR
3RUWR3RUWXJDO
HPDLO$±XS#HGXIHXSSW%DIXUWDGR#IHXSSW&DDUHGH#IHXSSWDQG'
KYDUXP#IHXSSW


5,6&28QLYHUVLGDGHGH$YHLUR
$YHLUR3RUWXJDO
KURGULJXHV#XDSW


,QVWLWXWR3ROLWpFQLFRGH/HLULD
/HLULD3RUWXJDO
SDXORIHUQDQGHV#LSOHLULDSW

Abstract
The masonry infill walls are widely spread over the reinforced concrete buildings due to different demands. The buildings' thermal energy efficiency is a top priority nowadays since
many of the existing building stock comprises buildings with low energy performance. The
buildings' external envelope is suffering a transformation with the appearance of the vertical
hollow concrete blocks with high thermal and acoustic demands. However, recent evidence
from a strong earthquake shows that the masonry infill walls are vulnerable to out-of-plane
loadings and were responsible for many casualties, injuries, and economic losses. Based on
that, this work's main objective is to study the out-of-plane (OOP) behaviour of masonry infills made with vertical hollow concrete blocks. The experimental campaign comprises the
OOP testing of three full-scale infill walls made up of these masonry units. One of them was
as-built without previous damage, one with previous damage due to an earlier in-plane test
and the third one retrofitted. All the tests consisted of applying the loading-unloadingreloading history of imposed displacements in the OOP direction through a uniformly distributed load. The results will be presented in terms of OOP force-displacement responses, deformed shapes, damage evolution, energy dissipation capacity and damping. Finally, the test
results are compared to each other to assess the previous damage and the retrofit technique's
effectiveness.
Keywords:0DVRQU\LQILOOZDOOV2XWRISODQHEHKDYLRXUOLJKWZHLJKWFRQFUHWHEORFNV([SHU
LPHQWDOWHVWLQJ
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1

INTRODUCTION

0DVRQU\LQILOOZDOOVDUHZLGHO\VSUHDGRYHUWKHUHLQIRUFHGFRQFUHWH 5& EXLOGLQJVWUXFWXUHV
'LIIHUHQWPDVRQU\XQLWVZHUHGHYHORSHGRYHUWKH\HDUVWREHXVHGWRFRQVWUXFWWKH5&EXLOG
LQJV HQYHORSHV 7KHLU JHRPHWULF WKHUPDO DQG DFRXVWLF FKDUDFWHULVWLFV IROORZHG WKH EXLOGLQJ
FRGH GHPDQGV QHJOHFWLQJ WKH YXOQHUDELOLW\ V DVVHVVPHQW XQGHU RXWRISODQH 223  VHLVPLF
ORDGLQJV $WWKHEHJLQQLQJRI KROORZFOD\KRUL]RQWDOEULFNV ZLWKGLIIHUHQWWKLFNQHVVHV
PP PP PP DQG PP  DQG DW WKH  GHFDGH FOD\ DQG FRQFUHWH YHUWLFDO
WKHUPDOEORFNVZHUHGHYHORSHG7KHLUDFRXVWLFDQGWKHUPDOFKDUDFWHULVWLFVZHUHLPSURYHGWR
EHXVHGLQWKHEXLOGLQJVIDoDGH+RZHYHUH[SHULPHQWDOVWXGLHVRQWKHVHLVPLFEHKDYLRXURI
OLJKWZHLJKWFRQFUHWHEORFNVDUHYHU\VFDUFH
'LIIHUHQW LQYHVWLJDWLRQV ZHUH FDUULHG RXW FRQFHUQLQJ WKH 223 EHKDYLRXU RI PDVRQU\ LQILOO
ZDOOV>@IURPZKLFKLWZDVFRQFOXGHGWKDWWKH223VWUHQJWKUHGXFHVZLWKWKHLQFUHDVLQJ
RIWKHSDQHOVOHQGHUQHVV>@5LFFLHWDO>@SHUIRUPHGDVHULHVRI223WHVWVDVVHVVLQJWKH
HIIHFWRIWKHZDOOVVOHQGHUQHVVLQWKHLU223EHKDYLRXU%HIRUHWKH223WHVWVWKHZDOOVZHUH
VXEMHFWHG WR GLIIHUHQW ,3 GDPDJH OHYHOV /RZ ±  0HGLXP ±  DQG +LJK ±  
+ROORZFOD\KRUL]RQWDOXQLWVZHUHXVHGWRFRQVWUXFWWKHVFDOHGZDOOVZLWKVOHQGHUQHVVHTXDOWR
DQG,WZDVREVHUYHGGXULQJWKHWHVWVDPRUHVLJQLILFDQWGHFUHDVHRIWKH223PD[L
PXPVWUHQJWKDQGLQLWLDOVWLIIQHVVIRUWKHWKLQQHUSDQHOV
'H5LVLHWDO>@FDUULHGRXWDWHVWLQJFDPSDLJQWRVWXG\WKHHIIHFWRIWKHSDQHODVSHFWUDWLR
DQG LQWKHLU223UHVSRQVH7KHDXWKRUVIRXQGWKDWVTXDUHDQGUHFWDQJXODULQILOOVKDYH
YHU\GLIIHUHQWGDPDJHVWDWHV)RUH[DPSOHVWKHUHFWDQJXODUZDOOVVKRZHGPRUHGDPDJHWKDQ
VTXDUHRQHV)RUSDQHOVSUHYLRXVO\VXEMHFWHGWRORZ,3GULIW  WKHVTXDUHSDQHOH[KLELW
HGDVWUHQJWKUHGXFWLRQRIZKLOHWKHUHFWDQJXODUSDQHOUHGXFHGE\DERXW
%DVHGRQWKLVPRWLYDWLRQWKLVUHVHDUFKZRUN VSULPDU\JRDOZDVWRVWXG\WKH223EHKDYLRXU
RI IXOOVFDOH PDVRQU\ LQILOO ZDOOV PDGH ZLWK OLJKWZHLJKW FRQFUHWH EORFNV $Q H[SHULPHQWDO
FDPSDLJQZDVFDUULHGRXWFRPSULVLQJWKUHHIXOOVFDOHVSHFLPHQV7KHILUVWVSHFLPHQZDVWHVW
HGZLWKRXWSUHYLRXVGDPDJHDQGZLWKRXWVWUHQJWKHQLQJ7KHVHFRQGVSHFLPHQZDVWHVWHGZLWK
SULRUGDPDJHFDXVHGE\DSUHYLRXV,3WHVWZLWKDPD[LPXPGULIWRIZLWKRXWVWUHQJWKHQ
LQJ7KHWKLUGZDOOZDVWHVWHGZLWKRXWSUHYLRXVGDPDJHEXWLWZDVVWUHQJWKHQHGZLWKD750
EDVHG VROXWLRQ $OO WKH WHVWV KDYH EHHQ SHUIRUPHG E\ LPSRVLQJ D KDOIF\FOLF ORDGLQJ
XQORDGLQJUHORDGLQJ KLVWRU\RIGLVSODFHPHQWVLQWKH223GLUHFWLRQHPSOR\LQJDXQLIRUPGLV
WULEXWHG ORDG SURYLGHG E\ VPDOO SQHXPDWLF MDFNV 7KH UHVXOWV ZLOO EH SUHVHQWHG LQ WHUPV RI
GDPDJHHYROXWLRQDQG223IRUFHGLVSODFHPHQWUHVSRQVHV
2
2.1

DESCRIPTION OF THE TESTING CAMPAIGN
Specimens characteristics

$IXOOVFDOH5&IUDPHZDVEXLOWLQDODERUDWRU\PORQJDQGPKLJKDQGZDVGHVLJQHG
DFFRUGLQJWR(XURFRGH±3DUW>@IRUPHGLXPGXFWLOLW\FODVV7KHFROXPQVGLPHQVLRQVDUH
[PZLWKORQJLWXGLQDOUHLQIRUFHPHQW¡¡DQGWUDQVYHUVDOUHLQIRUFHPHQWHTXDO
¡P DORQJ WKH SODVWLF KLQJH UHJLRQV DQG ¡P LQ WKH UHPDLQLQJ H[WHQVLRQ RI WKH
FROXPQ5HJDUGLQJWKHEHDPFURVVVHFWLRQGHWDLOLQJLWZDVGHILQHGWREH[PZLWK
V\PPHWULFDO ORQJLWXGLQDO UHLQIRUFHPHQW RI ¡¡ DQG WUDQVYHUVDO UHLQIRUFHPHQW RI
¡PDORQJWKHSODVWLFKLQJHOHQJWKDQG¡PLQWKHUHPDLQLQJEHDPH[WHQVLRQ7KH
GLPHQVLRQVDQGGHWDLOLQJRIWKHIUDPHDUHSUHVHQWHGLQ)LJXUH
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)LJXUH±5&IUDPHGLPHQVLRQVDQGGHWDLOLQJ

7KHPDVRQU\LQILOOZDOOVZHUHFRQVWUXFWHGZLWK YHUWLFDO KROORZFRQFUHWHEORFNV7KHVHOLJKW
OLJKWZHLJKWFRQFUHWHEORFNV )LJXUH RIH[SDQGHGFOD\DJJUHJDWHVKDYHWKHQRPLQDOGLPHQ
VLRQV RI îîPP 7KH WKHUPDO WUDQVPLVVLRQ FRHIILFLHQW 8  LV  :P& DQG
ZHUHVSHFLDOO\GHVLJQHGIRUVLPSOHH[WHULRUZDOOVRULQFRQWDFWZLWKXQKHDWHGDUHDV,WFDQDOVR
EH XVHG LQ SDUWLWLRQV EHWZHHQ ILUHV VWDLUZHOOV DQG HOHYDWRUV 9HUWLFDO FRPSUHVVLYH VWUHQJWK
WHVWVZHUHFDUULHGRXWLQPDVRQU\XQLWVDFFRUGLQJWRWKHVWDQGDUG(1>@

a)

b)

)LJXUH±'HWDLORIWKHPDVRQU\XQLWD JHQHUDORYHUYLHZDQGE JHRPHWULFGHWDLOV XQLWVLQPLOOLPHWUHV 

$OOWKHSDQHOVKDYHWKHVDPHJHRPHWULFDOGLPHQVLRQVERXQGDU\FRQGLWLRQVDQGPDWHULDOV7KH
FRQVWUXFWLRQRIHDFKZDOOVWDUWHGZLWKWKHSODFHPHQWRIDFRQWLQXRXVOD\HURIPRUWDURYHUWKH
HQWLUHZLGWKRIWKHSUHYLRXVO\KXPLGLILHGIUDPH7KHEORFNVZHUHWKHQSODFHGDQGSRVLWLRQHG
7KHPDVRQU\LQILOOZDOOVZHUHDOLJQHGZLWKWKHH[WHUQDOVXUIDFHRIWKH5&IUDPH'XHWRWKDW
DVKRUWSRUWLRQRIWKHPDVRQU\LQILOOZDOOVUHPDLQHGPPIURPWKHIUDPH VEDFNIDFH WKH
WKLFNQHVV RIWKHEORFNLV PPDQGWKHEHDP ZLGWK LV PP  'LVFRQWLQXRXV EHG MRLQWV
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DSSUR[LPDWHO\  PP WKLFN ZHUH SODFHG XVLQJ D PRUWDU ER[ SURYLGHG E\ WKH VXSSOLHU 7KLV
SURFHGXUHZDVUHSHDWHGXQWLOLWZDVLPSRVVLEOHWRILWDQRWKHUURZRIEORFNVOHDYLQJDERXW
PPEHWZHHQWKHSDQHODQGWKHORZHUIDFHRIWKH5&IUDPH VXSSHUEHDPWREHILOOHG,WZDV
GHFLGHGWRFORVHWKHPDVRQU\SDQHOWZRRUWKUHHGD\VDIWHULWVFRQVWUXFWLRQWRJXDUDQWHHVWDEL
OL]DWLRQLQWKHGHIRUPDWLRQRIWKHZDOOGXULQJWKHPRUWDUFXULQJHQVXULQJWKHVHDOLQJEHWZHHQ
WKHXSSHUIDFHRIWKHPDVRQU\DQGWKHXSSHUEHDPRIWKHIUDPH$Q0FODVVPRUWDUZDVXVHG
WREXLOGWKHPDVRQU\LQILOOZDOOV9HUWLFDOEHGMRLQWVZLWKPPWKLFNQHVVZHUHDVVXPHGEH
WZHHQWKHFRQFUHWHPDVRQU\XQLWV
$VPHQWLRQHGEHIRUHWKHVSHFLPHQV /:&B5HI DQG /:&B,3223ZHUH EXLOWZLWKWKHVDPH
FKDUDFWHULVWLFV 7KH WKLUG ZDOO /:&B6 ZDV VWUHQJWKHQHG ZLWK 750 7KH UHLQIRUFLQJ PHVK
ZDVDSSOLHGRQO\RQRQHVLGHRIWKHZDOO7KHVWUHQJWKHQLQJFRQVLVWHGRI XVLQJDJODVVILEUH
WH[WLOHPHVKZLWKDPDWUL[RI[FPDQGDWHQVLOHVWUHQJWKHTXDOWRN1P7KHFRQVWUXFWLRQ
SURFHVVVWDUWHGZLWKWKHILUVWOD\HURISODVWHU FPWKLFN RYHUWKHZKROHSDQHODQGFPLQ
OHQJWKDQGWKH5&HOHPHQWV)RUWKLVSODVWHULWZDVXVHGDQ0PRUWDU$IWHUWKDWWKHWH[WLOH
PHVKZDVSODFHGDQGIL[HGWRWKHSDQHOXVLQJSODVWLFFRQQHFWRUV7KHVHFRQQHFWRUVZHUHVHW
DOORYHUWKHZDOOZLWKDJHRPHWU\GHILQHGLQ)LJXUH$OVRWKHPHVKZDVDQFKRUHGWRWKH5&
HOHPHQWV XVLQJ WKLQ VWHHO SODWHV DQG VWHHO FRQQHFWRUV 0 $FFRUGLQJ WR WKH VXSSOLHU UHFRP
PHQGDWLRQVDWH[WLOHPHVKRYHUODSSLQJZLWKDWRWDOOHQJWKRIPPZDVXVHG7KHLQWHUIDFH
ZDOO5&IUDPHZDVXVHGWROD\HUVRIVWULSHVZLWKDIXOOH[WHQVLRQLQWKHFROXPQVDQGEHDPVRI
PPDQGWKHSDQHORIPPLQDJUHHPHQWZLWKWKHVWDQGDUG$&,5UHFRPPHQGD
WLRQV$IWHUDSSO\LQJWKHWH[WLOHPHVKDVHFRQGOD\HURIPRUWDU FP ZDVDSSOLHG7KHVFKH
PDWLFOD\RXWRIWKH/:&B6VWUHQJWKLQJLVSUHVHQWHGLQ)LJXUH


Panel-frame transition
overlapping

Steel Plate
Steel connector
Plastic connector
Panel-Panel transition
overlapping

)LJXUH±6FKHPDWLFOD\RXWRIWKHVWUHQJWKHQLQJVROXWLRQRIWKHZDOO/:&B6

2.2

Description of the in-plane and out-of-plane test setup

7KHTXDVLVWDWLF,3F\FOLFWHVWFRQVLVWHGRIDSSO\LQJDKRUL]RQWDOIRUFHDWKDOIWKHKHLJKWRIWKH
5&IUDPH VXSSHUEHDPWKURXJKDK\GUDXOLFDFWXDWRUZLWKDFDSDFLW\RIDSSUR[LPDWHO\N1
DQGPPWUDYHO7KHK\GUDXOLFDFWXDWRULVFRQQHFWHGWRDVWHHOUHDFWLRQVWUXFWXUH7KH
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KRUL]RQWDO IRUFH WUDQVPLVVLRQ WR HQVXUH IXOOF\FOH WHVWV ZHUH SHUIRUPHG XVLQJ WZR VWHHO SUR
ILOHV SRVLWLRQHG RQ WKH WRS EHDP V H[WUHPLWLHV OLQNHG WRJHWKHU WKURXJK IRXU G\ZLGDJ SUH
VWUHVVHGEDUV ¡PP  UHVXOWLQJLQ DEHDP FRPSUHVVLRQRIDERXW N1 7KH TXDVLVWDWLF
F\FOLFWHVWVFKHPDWLFOD\RXWLVVKRZQLQ)LJXUH$VWHHOVWUXFWXUHZDVXVHGDWWKHEDFNRIWKH
5&IUDPHOLQNHGLQWZRSRLQWVRIWKHIUDPHWRSEHDP7KHSULPDU\JRDOZDVWRDYRLG223
GLVSODFHPHQWRUURWDWLRQRIWKHVWUXFWXUHGXULQJWKHWHVW 7KHIUDPH VEDVH,3DQG223GLVSODFH
PHQWZHUHUHVWULFWHGXVLQJDVWHHOSURILOHDWWDFKHGWRWKHVWURQJVODE

7KH,3GULIWUDWLRZDVFRPSXWHGXVLQJWKHGLVSODFHPHQWRIWKHWRSEHDPFROXPQMRLQWGLYLGHG
E\WKHGLVWDQFHEHWZHHQWKHERWWRPDQGWRSEHDPFROXPQMRLQWV7KH,3GLVSODFHPHQWRIWKH
ERWWRPEHDPFROXPQMRLQWLVVXEWUDFWHGIURPWKHGLVSODFHPHQWRIWKHWRSEHDPFROXPQMRLQW
WRDYRLGSRVVLEOHIUDPHVOLGLQJHIIHFW
7KHTXDVLVWDWLF,3F\FOLFORDGLQJFRQVLVWHGRIDSSO\LQJDKRUL]RQWDOORDGDWKDOIKHLJKWRIWKH
5&IUDPHXSSHUEHDPLQWKHIRUPRIWDUJHWGLVSODFHPHQWVXQWLODGULIWRI(DFKF\FOH
VWDUWHGZLWKDQLQFUHDVHLQORDGLQJXQWLOUHDFKLQJWKHWDUJHWGLVSODFHPHQWDQGDIWHUXQORDGLQJ
WKH LQYHUVH WDUJHW GLVSODFHPHQW ZDV DSSOLHG HQGLQJ DIWHU XQORDGLQJ 7KUHH WDUJHW GLVSODFH
PHQWV DQG PPZHUHLPSRVHGFRUUHVSRQGLQJWRDQGGULIWUH
VSHFWLYHO\ZLWK WKUHHUHSHWLWLRQF\FOHV IRU HDFK WDUJHW GLVSODFHPHQW WRWDOOLQJQLQHFRPSOHWH
F\FOHV
Steel Reaction
frame
Hydraulic atuator
Steel Profile

Anchorage of RC frame to
the steel support beam

Anchorage of steel support
beam to the strong floor

Steel support beam

Strong floor

a)

)LJXUH±6FKHPDWLFOD\RXWRIWKH,3WHVWVHWXS

7KH223WHVWFRQVLVWHGRIDSSO\LQJDGLVWULEXWHG223ORDGLQJWKURXJKWZHQW\HLJKWSQHXPDW
LFDFWXDWRUVWKDWPRELOL]HWKHHQWLUHLQILOOSDQHOVXUIDFHUHVRUWLQJWRZRRGSODWHV RQHSHUDFWX
DWRU  SODFHG EHWZHHQ WKH DFWXDWRUV DQG WKH SDQHO 7KH PD[LPXP VWUHQJWK FDSDFLW\ RI HDFK
SQHXPDWLFDFWXDWRULVN1DQGDWRWDOGLVSODFHPHQWDPSOLWXGHRIPP7KHV\VWHPKDVD
IXOOVWUHQJWKDELOLW\WRDSSO\DGLVWULEXWHGORDGRIN17KLVWHVWLQJSODWIRUPFDQWHVWLQILOO
SDQHOVZLWKRSHQLQJV ZLWKGLIIHUHQWFRQILJXUDWLRQVDQGGLPHQVLRQV 7KLVWHVWVHWXS DOVRDO
ORZHG SODFLQJ WKH LQVWUXPHQWDWLRQ LQ WKH EDFN RI WKH UHDFWLRQ VWUXFWXUH ZKLFK KHOSV WR SHU
IRUP 223 WHVWV XQWLO WKH SDQHO FROODSVH ZLWKRXW GDPDJLQJ DQ\ HTXLSPHQW ,GHQWLI\LQJ WKH
SDQHOV FUDFNLQJWKURXJKRXW WKH223WHVWV EHFRPHVHDVLHU DV WKHTXDOLW\RIWKHSLFWXUHV DQG
ILOPV UHFRUGLQJ RI HDFK WHVW LPSURYHG VLJQLILFDQWO\ $ VHOIHTXLOLEUDWHG V\VWHP ZDV XVHG
ZKLFKEDODQFHVWKHWUDQVPLVVLRQRIWKH223ORDGLQJVWRWKHUHDFWLRQIUDPHDWWDFKHGWRWKH5&
IUDPH 7KXV WKLV WHVW VHWXS XVHV SQHXPDWLF MDFNV OLQNHG WR IRXU KRUL]RQWDO DOLJQPHQWV SHU
IRUPHG E\ +(% VWHHO SURILOHV ZKLFK UHDFW DJDLQVW ILYH YHUWLFDO DOLJQPHQWV PDGH RI
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+(%VWHHOSURILOHV7KHKRUL]RQWDODOLJQPHQWVDUHFRXSOHGZLWKKLQJHGGHYLFHVWKDWDOORZ
ODWHUDOVOLGLQJ7KHVWHHOVWUXFWXUHLVDWWDFKHGWRWKH5&IUDPHLQWZHOYHSRLQWV LQWKHERW
WRPEHDPLQWKHWRSEHDPDQGLQPLGGOHKHLJKWFROXPQV ZLWKVWHHOEDUVFRXSOHGZLWK
ORDGFHOOVWRPRQLWRUWKH223ORDGLQJV)LJXUHDDQG)LJXUHESUHVHQWWKHVFKHPDWLFOD\RXW
DQGWKHJHQHUDOYLHZRIWKHWHVWVHWXS7KHSQHXPDWLFDFWXDWRUVDSSOLHGWKH223ORDGLQJDQG
WKH WHVW FRQWURO LV HQVXUHG E\ PRQLWRULQJ WKHLU LQWHUQDO SUHVVXUH DQG WKH LPSRVHG 223 GLV
SODFHPHQWVLQDVHOHFWHGFRQWUROSRLQW

b)

a)

)LJXUH±/D\RXWRIWKH223WHVWVHWXSXVLQJSQHXPDWLFDFWXDWRUVD IURQWDQGE QHDUYLHZ

7KHORDGLQJSURWRFROLVEDVHGRQWKHSURWRFROXVHGLQWKHSUHYLRXVWHVWV>@DQGFRQVLVWHGRI
WKH DSSOLFDWLRQ RI VHYHUDO KDOIF\FOLF 223 GLVSODFHPHQWV ORDGLQJXQORDGLQJUHORDGLQJ  WKDW
ZHUH LPSRVHG ZLWK VWHDGLO\ LQFUHDVLQJ GLVSODFHPHQW OHYHOV WDUJHWLQJ WKH IROORZLQJ QRPLQDO
SHDNGLVSODFHPHQWVDWWKHFRQWUROQRGHORFDWHGLQWKHFHQWUHRIWKHSDQHO
    PP DQG WKHQ  E\  PP XS WR D PD[LPXP 223 GLVSODFHPHQW RI  PP
ODUJHVWFDSDFLW\RIWKHSQHXPDWLFDFWXDWRUV 7ZRKDOIF\FOHVZHUHUHSHDWHGIRUHDFKODWHUDO
GHIRUPDWLRQGHPDQGOHYHO1RD[LDOORDGZDVDSSOLHGRQWKHWRSRIWKHDGMDFHQW5&FROXPQV
3
3.1

DISCUSSION OF THE EXPERIMENTAL RESULTS
Individual results

3.1.1. Specimen LWC_Ref
7KHXQGDPDJHGDQGQRVWUHQJWKHQHGVSHFLPHQ/:&B5HIZDVWHVWHGXQGHU223ORDGLQJVDQG

UHDFKHG WKH ILUVW FUDFNLQJ IRU D '5223FUDFN RI  DQG D FRUUHVSRQGLQJ IRUFH HTXDO WR
N17KHFUDFNLQJZDVORFDWHGDWWKHSDQHOFHQWUHDQGLVKRUL]RQWDOZLWKDIXOOOHQJWKH[
WHQVLRQRIP7KHLQLWLDOVWLIIQHVVZDVHVWLPDWHGDWN1P$IWHUWKDWGLDJRQDOFUDFNLQJ
HPHUJHG IURP WKH KRUL]RQWDO ILUVW RQH WR ERWK ERWWRP FRUQHUV RI WKH SDQHO $ YHUWLFDO FUDFN
ZDVDOVRYLVLEOHDWWKHSDQHOPLGGOHOHQJWKIURPWKHKRUL]RQWDOILUVWFUDFNWRWKHSDQHO VWRS
7KLVFUDFNLQJFRQILJXUDWLRQLVVLPLODUWRWULOLQHDUFUDFNLQJZKLFKW\SLFDOO\FRUUHVSRQGVWRD
ZDOO ZLWK WKUHH ERUGHUV FRQVWUDLQHG DQG WKH WRS ERXQGDU\ LV XQUHVWULFWHG RU OHVV UHVWULFWHG
7KLVSKHQRPHQRQLVMXVWLILHGE\WKHTXDOLW\DQGW\SHRIFRQVWUXFWLRQRIWKHZDOOODVWURZ WRS
EHDPSDQHOLQWHUIDFH ZKLFKZDVPRUWDUHG6LPLODUREVHUYDWLRQVZHUHUHSRUWHGLQWKHOLWHUD
WXUHE\RWKHUDXWKRUV>@
$WWKLVVWDJHWKHVSHFLPHQUHDFKHGWKHPD[LPXPSHDNORDGRIDERXWN1IRUD'5223PD[
HTXDOWR:KHQFRPSDUHGZLWKWKHILUVWFUDFNLQJVWDJHLWLVSRVVLEOHWRREVHUYHWKDWWKH
SHDNORDGDQGWKH223GULIWDUHDQGWLPHVKLJKHUUHVSHFWLYHO\$IWHUZDUGVWKHSDQHO
UHGXFHG LWV 223 VWUHQJWK VOLJKWO\ XQWLO UHDFKLQJ WKH 223 GULIW RI  LQ ZKLFK RFFXUUHG D
ODUJH GHWDFKPHQW RI WKH SDQHO IURP WKH WRS EHDP DQG D VOLJKW VHSDUDWLRQ IURP WKH ERWWRP
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EHDP1HZREOLTXHFUDFNVDSSHDUHG+RUL]RQWDODQGYHUWLFDOFUDFNVEHFDPHWKLFNHUDQGFUDFN
GHYHORSHGDWWKHERWWRPSDQHOIUDPHLQWHUIDFHSUHVHQWLQJDFUDFNSDWWHUQPDLQWDLQHGXQWLOWKH
HQGRIWKHWHVW8SRQUHDFKLQJWKH'5223XOWRIZLWKDUHVLGXDOVWUHQJWKRIN17KH
SDQHOH[KLELWHGDQLQFUHDVHRIGHWDFKPHQWFRQFHUQLQJWKHXSSHUDQGORZHUEHDPVRIWKHIUDPH
DQGSUHVHQWHGQHZYHUWLFDOFUDFNVLQWKHSDQHO VFHQWUH%DVHGRQWKHPHDVXUHPHQWVPDGHE\
WKHYHUWLFDOGLVSODFHPHQWORFDWHGDWWKHWRSRIWKHIUDPHVWUXFWXUHDQGEDVHGRQWKLVFUDFNLQJ
SDWWHUQLWFDQEHFRQFOXGHGWKDWWKHDUFKLQJPHFKDQLVPFRQWUROOHGWKHUHVSRQVHRIWKHZDOO
7ZRZD\ EHQGLQJ RFFXUUHG VLPLODUO\ WR D SDQHO WKUHH ERUGHUV FRQVWUDLQHG 7KH WRS SDQHO
IUDPHLQWHUIDFHZDVQRWIXOO\PRUWDUHGGXHWRGLIILFXOWLHVLQWKHZDOOFRQVWUXFWLRQVZKLFKLV
TXLWHFRPPRQLQFRQVWUXFWLQJLQILOOZDOOVDVREVHUYHGLQSUHYLRXVUHVHDUFKZRUNV>@
)LQDOO\LWFDQEHVWDWHGWKDWWKHFRQYHQWLRQDOUXSWXUHRFFXUUHGIRUDQ223GULIWRI7KH
IRUFHGLVSODFHPHQWFXUYHLVSUHVHQWHGLQ )LJXUHD7KHGDPDJHVREVHUYHGDWWKHHQGRIWKH
WHVWDUHVKRZQLQ)LJXUHE

Out-of-plane drift at control node DROOP (%)
0.00
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)LJXUH±6SHFLPHQ/:&B5HID )RUFHGLVSODFHPHQWFXUYH'DPDJHVREVHUYHGDWWKHHQGRIWHVWDQGE )URQW
YLHZ

3.1.2. Specimen LWC_IPOOP
7KHRXWRISODQHORDGZDVDSSOLHGDIWHUWKHLQSODQHWHVWLQDJUHHPHQWZLWKWKHSURWRFROGH
VFULEHGEHIRUH)URPWKHWHVWLWLVZDVREVHUYHGWKDWWKHILUVWFUDFNRFFXUUHGIRUD'5223FUDFN
HTXDOWRDQGDFRUUHVSRQGLQJIRUFHRIN17KHILUVWFUDFNDSSHDUHGKRUL]RQWDOO\
IROORZHGE\WZRREOLTXHFUDFNVXSWRWKHSDQHO VORZHUFRUQHUV7KHLQLWLDOSDQHOVWLIIQHVVZDV
N1P$IWHUWKDWWKHSHDNORDGZDVUHDFKHGIRUDYDOXHHTXDOWRN1DQGDFRUUH
VSRQGLQJ GULIW RI  $ YHUWLFDO FUDFN DSSHDUHG DW WKH WRS RI WKH SDQHO DQG KRUL]RQWDO
FUDFNVGHYHORSLQWKLVVWDJH7KH223VWUHQJWKUHPDLQVDOPRVWFRQVWDQWXQWLOZKHQLW
VWDUWHGWRUHGXFHSURJUHVVLYHO\7KHFRQYHQWLRQDOUXSWXUHZDVUHDFKHGIRUDQ223GULIWHTXDO
WR
$IWHUWKDWWKHSDQHOUXSWXUHRFFXUUHGWKURXJKWKHYHUWLFDOVOLGLQJDQGFUDFNLQJRIWKHFRQFUHWH
EORFNVIURPWKHSDQHOXSSHUSDUW7KHVHSDUDWLRQRIWKHSDQHOLQWRWZRSLHFHVUHVXOWLQJIURP
WKH DUFKLQJ PHFKDQLVP GHYHORSPHQW EHFRPHV PRUH HYLGHQW 7KH WULOLQHDU FUDFNLQJ SDWWHUQ
ZDVREVHUYHGDWWKHWHVWHQGIRUD'5223XOWHTXDOWRDQGDUHVLGXDOIRUFHRIN1
%DVHGRQWKHPHDVXUHPHQWVPDGHE\WKHYHUWLFDOGLVSODFHPHQWORFDWHGDWWKHWRSRIWKHIUDPH
VWUXFWXUHDQGEDVHGRQWKLVFUDFNLQJSDWWHUQLWFDQEHFRQFOXGHGWKDWWKHDUFKLQJPHFKDQLVP
FRQWUROOHG WKH UHVSRQVH RI WKH ZDOO $JDLQ WZRZD\ EHQGLQJ RFFXUUHG VLPLODUO\ WR D SDQHO
WKUHHERUGHUVFRQVWUDLQHGDVREVHUYHGLQSUHYLRXVUHVHDUFKZRUNV>@)LJXUHDVKRZV
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WKH IRUFHGLVSODFHPHQW FXUYH 7KH GDPDJHV REVHUYHG DIWHU WKH HQG RI WKH WHVW DUH VKRZQ LQ
)LJXUHE
Out-of-plane drift at control node DROOP (%)
0.00
300

1.74

3.48

5.22

6.96

250

Out-of-plane force FOOP (kN)

8.70

10.43

Specimen LWC_IPOOP
Previous IP drift: 0.3%
Cracking point
Peak Load
Ultimate stage
Conventional failure
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Out-of-plane displacement at control node dOOP (mm)
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)LJXUH±6SHFLPHQ/:&B,3223223WHVWD )RUFHGLVSODFHPHQWFXUYH'DPDJHVREVHUYHGDWWKHHQGRIWHVW
E IURQWYLHZ

3.1.3. Specimen LWC_S
7KH VWUHQJWKHQHG SDQHO /:&B6 ZDV VXEMHFWHG WR D SXUH 223 WHVW DQG SUHVHQWHG DQ LQLWLDO
VWLIIQHVVHTXDOWRN1P7KHGHYHORSPHQWRIWKHILUVWYLVLEOHKRUL]RQWDOFUDFNVRFFXUUHG
IRU D '5223FUDFN HTXDO WR  IRU D FRUUHVSRQGLQJ IRUFH RI N1 7KH 223 IRUFH LQ
FUHDVHG WRYDOXHV DURXQGN1DQGUHPDLQHG DOPRVW FRQVWDQW XQWLO UHDFKLQJWKHPD[LPXP
YDOXHRIN1IRUDGULIWRI7KHSDQHOGHWDFKHGIURPWKHXSSHUEHDPGXULQJWKLV
SHULRGDQGGHYHORSHGDYHUWLFDOFUDFNLQWKHSDQHO VXSSHUSDUW7KHILUVWGLDJRQDOFUDFNVDS
SHDU7KHYHUWLFDOFUDFNLVPRUHHYLGHQWDWWKHSHDNVWDJHDQGQHZYHUWLFDOFUDFNVRFFXUDWWKH
SDQHO VWRSDQGERWWRP+RUL]RQWDOFUDFNVEHFRPHWKLFNHUDQGFUDFNVGHYHORSDWWKHLQWHUIDFH
EHWZHHQWKHSDQHODQGWKHIUDPH$IWHUWKDWWKHUHLVDVXGGHQUHGXFWLRQRIWKH223IRUFHRI
DERXW  IRU D GULIW RI  7KH GHJUDGDWLRQ RI WKH 223 VWUHQJWK ZDV WKHQ VORZ XQWLO
UHDFKLQJWKHFRQYHQWLRQDOFROODSVHIRUWKHGULIWRI$WWKLVPRPHQWLWRFFXUUHGDJDLQD
UHGXFWLRQRIWKHSDQHOVWUHQJWKRIDERXWIRUDRIGULIW$IWHUWKDWWKHSDQHOVWUHQJWK
ZDVFRQWLQXRXVO\UHGXFLQJXQWLOWKHODVWVWDJHZKHUHLWZDVREVHUYHGWKHVOLGLQJRIWKHJODVV
ILEHUV RI WKH UHLQIRUFHPHQW PHVK IURP WKH VWHHO SODWH 7KH UHVLGXDO SDQHO VWUHQJWK ZDV
N1IRUDGULIWRI%DVHGRQWKHPHDVXUHPHQWVPDGHE\WKHYHUWLFDOGLVSODFHPHQW
ORFDWHGDWWKHWRSRIWKHIUDPHVWUXFWXUHDQGEDVHGRQWKLVFUDFNLQJSDWWHUQLWFDQEHFRQFOXG
HGWKDWWKHDUFKLQJPHFKDQLVPFRQWUROOHGWKHUHVSRQVHRIWKHZDOO $JDLQWZRZD\EHQGLQJ
RFFXUUHGVLPLODUO\WRDSDQHOWKUHHERUGHUVFRQVWUDLQHG7KHIRUFHGLVSODFHPHQWFXUYHLVSORW
WHGLQ)LJXUHD7KHGDPDJHVREVHUYHGDIWHUWKHHQGRIWKHWHVWDUHVKRZQLQ)LJXUHE
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Out-of-plane drift at control node DROOP (%)
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)LJXUH±6SHFLPHQ/:&B6D )RUFHGLVSODFHPHQWFXUYH'DPDJHVREVHUYHGDWWKHHQGRIWKHWHVWE )URQW
YLHZ

3.2

Global results comparison

7KHLQLWLDOVHFDQWVWLIIQHVVN223VHFLQLZDVFDOFXODWHGIRUHDFKVSHFLPHQE\GLYLGLQJWKHSHDN
ORDG RI WKH ILUVW KDOIF\FOH E\ WKH UHVSHFWLYH 223 GLVSODFHPHQW ,W FDQ EH REVHUYHG WKDW WKH
/:&B6 UHDFKHG DV H[SHFWHG WKH KLJKHVW RQH 7KH LQLWLDO VWLIIQHVV RI WKH SDQHO /:&B6 LV
 WLPHV KLJKHU WKDQ /:&B5HI DQG  WKDQ /:&B,3223 6XUSULVLQJO\ /:&B,3223
JRWDQLQLWLDOVWLIIQHVVWLPHVKLJKHUWKDQ/:&B5HI6LQFHWKLVSDQHOZDVGDPDJHGEHIRUH
WKH223WHVWGXHWRWKH,3WHVWLWZDVH[SHFWHGWKDWWKHLQLWLDOVWLIIQHVVZRXOGEHORZHUWKDQ
/:&B5HI%DVHGRQWKLVDQGVLQFHQRRWKHUH[SHULPHQWDOHYLGHQFHFDQMXVWLI\WKLVUHVXOWWKLV
KLJKHULQLWLDOVWLIIQHVVRI/:&B,3223FDQRQO\EHDWWULEXWHGWRH[SHULPHQWDOYDULDELOLW\
5HJDUGLQJ WKH ILUVW FUDFNLQJ GHYHORSPHQW WKH ORZHVW '5RRSFUDFN ZDV  DQG /:&B5HI
UHDFKHGLW7KHKLJKHVW'5RRSFUDFNZDVDFKLHYHGE\WKH/:&B,3223WLPHVKLJK
HUWKDQ/:&B5HI7KHSUHYLRXVGDPDJHZDVWKHUHDVRQWKDWMXVWLILHVWKLVVLJQLILFDQWYDULDWLRQ
7KH FUDFNV GHYHORSHG LQ WKH ,3 WHVW ZLGHQHG DQG WKH RWKHU RQHV RQO\ HPHUJHG IRU D ODUJHU
223GULIWGHPDQG7KH750VWUHQJWKHQLQJLQFUHDVHGWKH'5RRSFUDFNE\DERXW&RQFHUQ
LQJ WKH )RRSFUDFN /:&B,3223 DQG /:&B5HI DJDLQ UHDFKHG WKH KLJKHVW DQG ORZHVW UHVXOW
ZLWK N1 DQG N1 UHVSHFWLYHO\ ([SHULPHQWDO YDULDELOLW\ FDQ MXVWLI\ FDQ WKDW
/:&B,3223'5RRSFUDFN ZDVWLPHVKLJKHUWKDQ/:&B5HI7KHVWUHQJWKHQLQJLQFUHDVHG
WKH)RRSFUDFNDERXWWLPHV
7KHPD[LPXPSHDNORDGZDVUHDFKHGE\WKHVWUHQJWKHQHGVSHFLPHQ/:&B6ZLWKN1
SURYLQJWKHWHFKQLTXH VHIILFLHQF\WRLQFUHDVHWKHZDOOVWUHQJWKFDSDFLW\/:&B5HIDFKLHYHG
WKHORZHVWSHDNORDGZLWKN17KH750VWUHQJWKHQLQJLQFUHDVHGWKHVWUHQJWKFDSDFLW\
DERXWEXWLWRFFXUUHGIRUD'5RRSPD[ORZHU7KHSUHYLRXVO\GDPDJHG/:&B,3223
UHDFKHGD)RRSPD[KLJKHUWKDQWKHUHIHUHQFHRQHGXHWRYDULDELOLW\RIWHQREVHUYHGLQH[SHU
LPHQWDOWHVWV>@7KH'5RRSPD[RIWKHVSHFLPHQ/:&B,3223ZDVORZHUWKDQWKHUHIHU
HQFHVSHFLPHQ
7KH FRQYHQWLRQDO UXSWXUH RFFXUUHG ILUVW IRU WKH VSHFLPHQ /:&B,3223 GRRSFRQY HTXDO WR
 KLJKOLJKWLQJWKHLPSRUWDQFHRISUHYLRXVGDPDJHLQ UHGXFLQJWKH223FDSDFLW\7KH
'5RRSFRQY RI WKH VSHFLPHQ /:&B5() ZDV WZR WLPHV KLJKHU WKDQ /:&B,3223 7KH
VWUHQJWKHQLQJ VROXWLRQ GLG QRW FRQWULEXWH WR WKH LQFUHDVH RI WKH '5RRSFRQY VLQFH WKH SDQHO
/:&B6UHDFKHGWKHFRQYHQWLRQDOUXSWXUHDWORZHUWKDQWKHUHIHUHQFHVSHFLPHQ
+RZHYHUWKHUHVLGXDOVWUHQJWKFDSDFLW\ZDVKLJKHU
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1R UHOLDEOH FRQFOXVLRQV FDQ EH H[WUDFWHG IURP WKH XOWLPDWH VWDJH VLQFH WKH WHVWV ZHUH LQWHU
UXSWHGIRUGLIIHUHQW223GLVSODFHPHQWGHPDQGVGHSHQGLQJRQWKHOHYHORIGDPDJH

7DEOH*OREDOUHVXOWVFRPSDULVRQ
3DUDPHWHUV
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CONCLUSIONS
7KLVPDQXVFULSW VSULPDU\JRDOZDVWRVWXG\WKH 223EHKDYLRXURIIXOOVFDOHPDVRQU\LQILOO
ZDOOV PDGH ZLWK OLJKWZHLJKW FRQFUHWH EORFNV $Q H[SHULPHQWDO FDPSDLJQ ZDV FDUULHG RXW
FRPSULVLQJ WKUHH QRPLQDOO\ LGHQWLFDO IXOOVFDOH VSHFLPHQV ZHUH EXLOW 2QH RI WKHP ZLWKRXW
SUHYLRXVGDPDJHDQGZLWKRXWVWUHQJWKHQLQJ7KHVHFRQGVSHFLPHQZDVWHVWHGZLWKSULRUGDP
DJHFDXVHGE\DSULRU,3WHVWZLWKDPD[LPXPGULIWRIZLWKRXWVWUHQJWKHQLQJ7KHWKLUG
ZDOOZDVWHVWHGZLWKRXWSUHYLRXVGDPDJHEXWLWZDVVWUHQJWKHQHGZLWKD750EDVHGVROXWLRQ
$OO WKH WHVWV KDYH EHHQ SHUIRUPHG E\ LPSRVLQJ D KDOIF\FOLF ORDGLQJXQORDGLQJUHORDGLQJ 
KLVWRU\RIGLVSODFHPHQWVLQWKHRXWRISODQH 223 GLUHFWLRQHPSOR\LQJDXQLIRUPGLVWULEXWHG
ORDG SURYLGHG E\ VPDOO SQHXPDWLF MDFNV )URP WKH WHVWLQJ FDPSDLJQ WKH IROORZLQJ FRQFOX
VLRQVFDQEHGUDZQ
¾ 7KH SUHYLRXV GDPDJH LQFUHDVHG WKH GLVSODFHPHQW FRUUHVSRQGLQJ WR WKH ILUVW FUDFN
GHYHORSPHQW2QWKHRWKHUKDQGWKHVWUHQJWKHQLQJUHGXFHGWKLVFUDFNLQJGLVSODFHPHQW
7KHVDPHSKHQRPHQRQZDVREVHUYHGDWWKHSHDNORDGDQGFRQYHQWLRQDOUXSWXUHVWDJHV
,WVKRXOGEHWDNHQLQWRDFFRXQWWKHYDULDELOLW\RIWHQREVHUYHGLQH[SHULPHQWDOWHVWV
¾ 7KH 223 VWUHQJWK FDSDFLW\ ZDV QRW DIIHFWHG E\ WKH SUHYLRXV GDPDJH ZKLFK FDQ EH
DVVRFLDWHGZLWKH[SHULPHQWDOYDULDELOLW\$PLQRULQFUHDVHRIWKHSDQHOSHDNORDGZDV
DOVR REVHUYHG ZKHQ VWUHQJWKHQHG ZLWK 750 FRPSDUHG ZLWK WKH UHIHUHQFH VSHFLPHQ
*OREDOO\LWFDQEHVWDWHGWKDWWKH,3GDPDJHDQGVWUHQJWKHQLQJDIIHFWWKHGXFWLOLW\LQ
QHJDWLYHDQGSRVLWLYHPDQQHUV2QO\WKUHHWHVWVZHUHFDUULHGRXWWRDVVHVVERWKHIIHFWV
ZKLFKDUHQRWHQRXJKWRGUDZVROLGFRQFOXVLRQV$GGLWLRQDOWHVWVQHHGEHFDUULHGRXW
WRYDOLGDWHWKHILQGLQJVKHUHLQH[WUDFWHG
¾ 7KH 750 VWUHQJWKHQLQJ SURYLGHG QR VLJQLILFDQW LPSURYHPHQW LQ DOO WKH UHVSRQVH
SDUDPHWHUV%HVLGHVWKHXVHRIDWH[WLOHPHVKZLWK KLJKWHQVLOHVWUHQJWK WKHVWUHQJWK
FDSDFLW\ZDVQRWLPSURYHG(YHQWKHVWUHQJWKGHJUDGDWLRQZDVVLPLODUWRWKHUHIHUHQFH
VSHFLPHQ
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SELECTION OF OPTIMAL SEISMIC RETROFITTING FOR EXISTING
SCHOOL BUILDINGS THROUGH MULTI-CRITERIA DECISION
MAKING
Wilson W. Carofilis, Nicholas Clemett, Giammaria Gabbianelli, Gerard O’Reilly,
and Ricardo Monteiro
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6XSHULRUH,8663DYLD
3DOD]]RGHO%UROHWWR3LD]]DGHOOD9LWWRULD3DYLD,WDO\

HPDLO^ZLOVRQFDURILOLVQLFKRODVFOHPHWWJLDPPDULDJDEELDQHOOLJHUDUGRUHLOO\
ULFDUGRPRQWHLUR`#LXVVSDYLDLW

Abstract
The poor performance of school buildings in Italy during past seismic events has underlined
their high vulnerability to earthquakes. To improve their seismic performance, retrofitting
interventions are commonly designed and then evaluated against a range of key decision
criteria. However, more than one intervention may be found to reduce the seismic risk of the
structure but it may not be clear which scheme is the most effective given the diverse evaluation
criteria. In such cases, multi-criteria decision-making procedures are practical tools that can
help to solve this issue, especially when multiple evaluation parameters are considered. This
study conducts a full seismic assessment of two existing RC school buildings located in different
regions of Italy. For both buildings, similar retrofitting interventions are proposed and
designed according to the requirements specified by the Italian building code, NTC 2018. The
retrofitting interventions are assessed through non-linear dynamic analyses to thoroughly
estimate their overall performance and expected losses. The retrofitting interventions are then
comparatively evaluated considering parameters that integrate economic, social,
environmental and technical aspects that have a significant role in the decision-making
process. The preferential rankings of the retrofit alternatives obtained for both buildings are
used to identify the optimal retrofitting solutions for each case and are compared to determine
what parameters influence such optimal solutions according to the different buildings’
characteristics. The outcomes of this study can assist engineers, or general decision-makers,
throughout the evaluation and subsequent selection of retrofit options for existing school
buildings.
Keywords:5&VFKRROEXLOGLQJV0&'0UHWURILWWLQJLQWHUYHQWLRQV17&HYDOXDWLRQ
SDUDPHWHUV
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1

INTRODUCTION

7KHVHLVPLFULVNRIH[LVWLQJVFKRROEXLOGLQJVLVDQLPSRUWDQWWRSLFWKDWKDVEHHQDGGUHVVHG
LQUHFHQW\HDUV)RULQVWDQFH3HUURQHHWDO>@FRQGXFWHGDQH[WHQVLYHSHUIRUPDQFHDVVHVVPHQW
IRU WKUHH VFKRRO EXLOGLQJ W\SRORJLHV DGDSWHG IURP WKH 3URJHWWR 6FXROH GHYHORSHG E\ WKH
(XURSHDQ &HQWUH IRU 7UDLQLQJ DQG 5HVHDUFK LQ (DUWKTXDNH (QJLQHHULQJ (8&(175( 
%XLOGLQJ XSRQ VXFK ZRUN &DURILOLV HW DO >@ SURSRVHG DQG DVVHVVHG GLIIHUHQW UHWURILWWLQJ
WHFKQLTXHV WR UHGXFH WKH VHLVPLF ULVN RI WKH VDPH VFKRRO EXLOGLQJV %HVLGHV HYDOXDWLQJ WKH
VHLVPLF SHUIRUPDQFH &DURILOLV HW DO >@ GHWHUPLQHG WKH HFRQRPLF IHDVLELOLW\ RI WKHVH
DOWHUQDWLYHVWKURXJKDFRVWEHQHILWDQDO\VLV>@+RZHYHUDVIXUWKHUH[SORUHGE\&DURILOLVHWDO
>@ WKH FRQVLGHUDWLRQ RI D GLYHUVH VHW RI GHFLVLRQ YDULDEOHV '9  IRU D VHW RI UHWURILWWLQJ
VWUDWHJLHV PD\ UHVXOW LQ D GLVWLQFW UHWURILWWLQJ SUHIHUHQFH ZKHQ FRPSDUHG WR WUDGLWLRQDO
HFRQRPLF DVVHVVPHQWV 7KHUHIRUH &DURILOLV HW DO >@ VXJJHVWHG WKDW PXOWLFULWHULD GHFLVLRQ
PDNLQJ 0&'0 DQDO\VLVLVPRUHVXLWDEOHWKDQRWKHUPHWKRGRORJLHVZKLFKWHQGVWRIRFXVRQO\
DIHZGHFLVLRQYDULDEOHVIRUVHOHFWLQJWKHPRVWDGYDQWDJHRXVRSWLRQIURPDVHWRIUHWURILWWLQJ
VWUDWHJLHV 6LPLODUO\ 0&'0 KDV EHHQ DGRSWHG LQ RWKHU VWXGLHV IRFXVLQJ RQ WKH UHWURILWWLQJ
DOWHUQDWLYHV IRU UHVLGHQWLDO EXLOGLQJV &DWHULQR HW DO >@  DQG VFKRRO EXLOGLQJV *HQWLOH DQG
*DODVVR>@ ZKHUHWHFKQLFDOVRFLDODQGHFRQRPLFDVSHFWVZHUHHYDOXDWHG
:LWKWKHFXUUHQWIRFXVRQUHGXFLQJLPSDFWWKDWKXPDQVKDYHRQWKHHQYLURQPHQWDERG\RI
UHFHQWUHVHDUFKKDVDOVRIRFXVHGRQDVVHVVLQJWKHHQYLURQPHQWDOLPSDFWVDVVRFLDWHGZLWKWKH
VHLVPLFGDPDJHRIH[LVWLQJEXLOGLQJV5HFHQWO\&DUXVRHWDO>@SURSRVHGDPHWKRGRORJ\IRU
FRQVLGHULQJWKHOLIHF\FOHFRVWVDQGHQYLURQPHQWDOLPSDFWV (,V DVVRFLDWHGZLWKWKHVHLVPLF
DQG HQHUJ\ HIILFLHQF\ UHWURILWWLQJ RI H[LVWLQJ EXLOGLQJV $GGLWLRQDOO\ &DUXVR HW DO >@
LQYHVWLJDWHGKRZWKLVPHWKRGRORJ\FRXOGEHXVHGIRUWKHVHOHFWLRQRIUHWURILWWLQJDOWHUQDWLYHV
6XEVHTXHQWO\ &OHPHWW HW DO >@ FDUULHG RXW D GHWDLOHG DQG FRPSUHKHQVLYH UHYLHZ RI ILYH
GLIIHUHQW PHWULFV WKDW FDQ EH XVHG WR DFFRXQW IRU WKH (, RI UHWURILWWLQJ VWUDWHJLHV ZLWKLQ DQ
0&'0IUDPHZRUN7KH\IRXQGWKDWLQFRUSRUDWLQJWKH(,LQWRWKH0&'0DQDO\VLVLQIOXHQFHG
WKH LGHQWLILFDWLRQ RI WKH LGHDO UHWURILWWLQJ VROXWLRQ DV WKH VHOHFWLRQ RI DQ DSSURSULDWH (, '9
DIIHFWHGWKHSUHIHUHQFHUDQNLQJRIWKHUHWURILWWLQJVROXWLRQV7KHUHIRUHLQWKHVHOHFWLRQRIWKH
PRVWFRQYHQLHQWUHWURILWWLQJVWUDWHJ\IRUDQH[LVWLQJVFKRROEXLOGLQJQRWRQO\WUDGLWLRQDODVSHFWV
LH WHFKQLFDO HFRQRPLF DQG VRFLDO YLHZV  EXW DOVR HQYLURQPHQWDO LPSDFWV VKRXOG EH
FRQVLGHUHG:LWKWKHDERYHDVSHFWVLQPLQGWKLVSDSHUORRNVDWWKHUHWURILWWLQJRIWZRFDVHVWXG\
H[LVWLQJEXLOGLQJVLQ,WDO\ZKHUHVHYHUDOUHWURILWWLQJDOWHUQDWLYHVDUHH[DPLQHGDQGWKHFKRLFH
YLDDQ0&'0IUDPHZRUNFRQVLGHULQJHFRQRPLFVRFLDOHQYLURQPHQWDODQGWHFKQLFDODVSHFWV
LVFDUULHGRXW
2

MULTI-CRITERIA DECISION MAKING (MCDM)

7KH 0&'0 IUDPHZRUN LV DGYDQWDJHRXV ZKHQ FRQVLGHULQJ D QXPEHU RI GLIIHUHQW '9V
FRPSOHPHQWHGE\DQDQDO\WLFDOKLHUDUFK\SURFHVV $+3 >@$GGLWLRQDOO\WKH³WHFKQLTXHIRU
RUGHU SUHIHUHQFH E\ VLPLODULW\ WR LGHDO VROXWLRQ´ 7236,6  >@ FDQ EH DSSOLHG WR UDQN WKH
DVVHVVHGRSWLRQVDFFRUGLQJWRWKHLUUHODWLYHFORVHQHVVWRDQLGHDODOWHUQDWLYHZKLFKFRPSULVHV
DOO RI WKH PRVW FRQYHQLHQW FKDUDFWHULVWLFV HJ EHVW SHUIRUPDQFH ORZHVW FRVW ORZHVW ORVVHV
HWF 1HYHUWKHOHVVWKHFORVHQHVVWRDQLGHDOVROXWLRQGHSHQGVRQWKHLPSRUWDQFHJLYHQWRHDFK
'9E\WKHDQDO\VWDVZHOODVWRWKHLUVSHFLILFYDOXHV
2.1 Description of the method
$WWKHVWDUWRIDQ0&'0DQDO\VLVLWLVQHFHVVDU\WRGHILQHWKHHYDOXDWLRQSDUDPHWHUVRU
'9V 7KHQ WKH LPSRUWDQFH JLYHQ WR HDFK '9 LV DVVLJQHG 7KLV LPSRUWDQFH LV UHSUHVHQWHG
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WKURXJK D ZHLJKW YHFWRU Z  ZKLFK FDQ EH GHILQHG DFFRUGLQJ WR D SUHIHUHQFH PDWUL[ DV
LPSOHPHQWHGE\&DWHULQRHWDO>@RUWKURXJKDVXUYH\DVSHUIRUPHGE\&DURILOLVHWDO>@DQG
*HQWLOHDQG*DODVVR>@7KHYDOXHVRIHDFKUHWURILWWLQJDOWHUQDWLYH DVVRFLDWHGZLWKHDFK'9
FUHDWH WKH GHFLVLRQ PDWUL[ '  ZKLFK DORQJ ZLWK WKH ZHLJKW YHFWRU Z  UHSUHVHQW WKH LQSXW
YDULDEOHV)LJXUHVXPPDUL]HVWKHSURFHVVWRGHYHORSWKH0&'0DQDO\VLV7KHGHFLVLRQPDWUL[
LV QRUPDOL]HG VLQFH HDFK '9 PD\ EH H[SUHVVHG LQ GLIIHUHQW XQLWV 7KH QRUPDOL]HG GHFLVLRQ
PDWUL[5LVGHWHUPLQHGE\DSSO\LQJ(TXDWLRQWRWKHHOHPHQWVRIWKHGHFLVLRQPDWUL[ ' 7KHQ
WKHZHLJKWQRUPDOL]HGGHFLVLRQPDWUL[9LVFDOFXODWHGWKURXJK(TXDWLRQZKHUHULMUHSUHVHQWV
WKHFRPSRQHQWVRIPDWUL[5DQGZMWKHHOHPHQWVRIWKHZHLJKWYHFWRU Z )URPWKHPDWUL[9
WKHPRVWLGHDOVROXWLRQ$ DQGQHJDWLYHLGHDOVROXWLRQ$DUHGHWHUPLQHGUHSUHVHQWLQJWKHPRVW
DQGOHDVWFRQYHQLHQWYDOXHVIRUHDFKFROXPQRIPDWUL[97KHVHSDUDPHWHUVDUHXVHGWRFDOFXODWH
WKHGLVWDQFHV6L DQG6LDVLQGLFDWHGE\(TXDWLRQ$VLOOXVWUDWHGLQ)LJXUHWKHVHGLVWDQFHV
UHSUHVHQWWKHSUR[LPLW\RIHDFKDOWHUQDWLYHWRDILFWLWLRXVLGHDODQGQHJDWLYHLGHDODOWHUQDWLYH
)LQDOO\WKHUHODWLYHFORVHQHVV (TXDWLRQ LVXVHGWRUDQNWKHDOWHUQDWLYHVDQGGHWHUPLQHWKH
PRVWFRQYHQLHQWRQHLHWKH DOWHUQDWLYHZLWK WKHODUJHVWUHODWLYHFORVHQHVV )RU H[DPSOHLQ
)LJXUHLWLVREVHUYHGWKDW$LVFORVHUWRWKHLGHDOILFWLWLRXVDOWHUQDWLYHLQFRPSDULVRQZLWK
$DQG$&RQVHTXHQWO\$ZLOOEHDVVXPHGWKHPRVWIDYRXUDEOHDOWHUQDWLYHVLQFHLWVUHODWLYH
FORVHQHVVZRXOGEHPXFKODUJHUWKDQWKDWRIWKHRWKHUDOWHUQDWLYHV)XUWKHUGHWDLOVRIWKLVPHWKRG
FDQEHIRXQGLQ>@DQG>@


)LJXUH0&'0SURFHGXUH

(1)
vij = rij*wj

(2)
'LVWDQFHV6L DQG6L  
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5HODWLYHFORVHQHVV  



(4)

2.2 Evaluation parameters
7KH '9V VHOHFWHG IRU WKLV VWXG\ ZHUH LQ SDUW FKDUDFWHULVHG WKURXJK DQ DGKRF VXUYH\
GHYLVHGE\&DURILOLVHWDO>@ZKLFKFROOHFWHGLQIRUPDWLRQRQZKLFKHYDOXDWLRQSDUDPHWHUV
DUHFRQVLGHUHGLPSRUWDQWLQWKHDVVHVVPHQWRIUHWURILWWLQJRSWLRQVIRUVFKRROEXLOGLQJV7KHVH
YDULDEOHVDUHUHSRUWHGLQ7DEOHZKHUHLWLVLQGLFDWHGWRZKLFKDVSHFWWKH\DUHUHODWHGDQGKRZ
WKH\DUHHVWLPDWHGIRUHDFKUHWURILWWLQJFRQILJXUDWLRQ6RPHRIWKHVHYDULDEOHVKDYHDOVREHHQ
LQYHVWLJDWHGLQSDVWVWXGLHV>@
/DEHO
&
&
&
&
&
&
&
&

'HFLVLRQ
9DULDEOH

$VSHFW

+RZWKLV'9LVGHWHUPLQHG

7RWDOFRVWRILQVWDOODWLRQFRPSULVLQJUHPRYDO
,QVWDOODWLRQ&RVWV (FRQRPLF GHPROLWLRQDSSOLFDWLRQRIUHWURILWWLQJWHFKQLTXHDQGDOO
RWKHUFRVWDVVRFLDWHGZLWKDSSO\LQJWKHLQWHUYHQWLRQ
0DLQWHQDQFH
(FRQRPLF &RVWRIPDLQWHQDQFHRYHUWKHOLIHWLPHRIWKHVWUXFWXUH
&RVWV
1XPEHURIGD\VQHHGHGWRIXOO\FRPSOHWHWKH
'XUDWLRQRI
(FRQRPLF
LQWHUYHQWLRQDQGVWDUWWKHQRUPDORSHUDWLRQRIWKH
:RUNV
7HFKQLFDO
EXLOGLQJ
$UFKLWHFWXUDO
6RFLDO
4XDOLWDWLYHHYDOXDWHGWKURXJK$+3>@
,PSDFW
1HHGIRU
7HFKQLFDO 4XDOLWDWLYHHYDOXDWHGWKURXJK$+3>@
6SHFLDOL]HG/DERU
)RXQGDWLRQ
(VWLPDWHVRIWKHPD[LPXPD[LDOORDGUDWLREHWZHHQWKH
7HFKQLFDO
,QWHUYHQWLRQ
UHWURILWWLQJLQWHUYHQWLRQWRWKHDVEXLOWFRQILJXUDWLRQ
([SHFWHG$QQXDO
(YDOXDWHGDVWKHH[SHFWHGDQQXDOORVVREWDLQHGIURP
7HFKQLFDO
/RVVHV
WKHORVVDVVHVVPHQWXVLQJ3$&7>@
([SHFWHG$QQXDO 7HFKQLFDO
5HIHUWR6HFWLRQ
(,
6RFLDO


7DEOH(YDOXDWLRQSDUDPHWHUV

2.3 Environmental impact
&OHPHWWHWDO>@KLJKOLJKWHGKRZDQ(,PHWULFWKDWFDSWXUHVWKHHQWLUHOLIHF\FOHLPSDFWV
FDQEHLQFRUSRUDWHGLQWRWKH0&'07KH(,RIDEXLOGLQJFDQEHHVWLPDWHGLQVHYHUDOZD\V
)RULQVWDQFHWKURXJKD3URFHVV/LIH&\FOH$VVHVVPHQW 3/&$ LQYHQWRU\FRQWDLQLQJDOLVWRI
DOOWKHSURFHVVHVWKDWFRQWULEXWHWRWKHOLIHF\FOHRIDEXLOGLQJ3/&$LVJHQHUDOO\FRQVLGHUHGD
PHWLFXORXVDSSURDFKIRUHVWLPDWLQJWKHOLIHF\FOH(,RIDVWUXFWXUHKRZHYHULWLVSDUWLFXODUO\
WLPHFRQVXPLQJWRGHYHORSDIXOOLQYHQWRU\DFFRXQWLQJIRUDOOVRXUFHVRI(,7KHUHIRUH3/&$
LVVXVFHSWLEOHWRWUXQFDWLRQELDV LHRIWKHWRWDOOLIHF\FOHLPSDFWV>@ $QDOWHUQDWLYH
WR3/&$LVWKH(QYLURQPHQWDOO\([WHQGHG,QSXW2XWSXW/LIH&\FOH$VVHVVPHQW ((,2/&$ 
ZKLFKXQOLNH3/&$LVDWRSGRZQPHWKRGEDVHGRQHFRQRPLFLQSXWRXWSXW ,2 PRGHOV>@
7KHVH,2PRGHOVFDSWXUHWKHPRQHWDU\WUDQVDFWLRQVWKDWRFFXUEHWZHHQWKHGLIIHUHQWVHFWRUVRI
WKHHFRQRP\DQGDUHJHQHUDOO\UHSUHVHQWHGDVPDWULFHV>@ )LJXUHSRLQW ,IURZVDQG
FROXPQVDUHLQFOXGHGIRUWKHYDULRXV(,PHWULFVRILQWHUHVWWKHVHWDEOHVFDQEHXVHGWRDVVHVV
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WKH(,RIHDFKLQGXVWULDOVHFWRU7KHYDOXHVIRUHDFKLPSDFWFDWHJRU\DUHJHQHUDOO\SUHVHQWHGLQ
(,V>@7KH(,RIDEXLOGLQJFDQEHFDOFXODWHGE\GLVDJJUHJDWLQJWKHWRWDOFRVWHVWLPDWHRI
WKHVWUXFWXUHLQWRHDFKRIWKHDYDLODEOHLQGXVWULDOVHFWRUVDQGWKHQPXOWLSO\LQJWKHGROODUVVSHQW
LQHDFKVHFWRUE\VHFWRUXQLTXH(,YDOXH


)LJXUH((,2/&$LPSDFWDVVHVVPHQWSURFHGXUHDGDSWHGIURP+XDQJDQG6LPRQHQ>@
1HYHUWKHOHVV LW LV LPSRUWDQW WR QRWH WKDW ((,2/&$ KDV WKUHH SULPDU\ VRXUFHV RI HUURU
DJJUHJDWLRQHUURU LHYDOXHVUHSUHVHQWDZHLJKWHGDYHUDJHRIVHYHUDOVPDOOHUHFRQRPLFVHFWRUV 
WKHKRPRJHQHLW\DVVXPSWLRQ LHDOOSURGXFWVSURGXFHGZLWKLQDVSHFLILFVHFWRUKDYHWKHVDPH
DYHUDJH(, DQGWKHOLQHDULW\DVVXPSWLRQ LH(,VDUHOLQHDUO\FRUUHODWHGZLWKWKHPDUNHWSULFH
PHDQLQJ WKDW D KLJKHU SULFH OHDGV WR KLJKHU HPLVVLRQV  >@ $GGLWLRQDOO\ ((,2/&$ PLJKW
SUHVHQWRWKHUOLPLWDWLRQVDQGSRWHQWLDOVRXUFHVRIXQFHUWDLQW\)RUH[DPSOHWKH86((,2>@
LQYHQWRU\ KDV EHHQ GHYHORSHG XVLQJ 86 HFRQRPLF GDWD VR WKDW (,V GHULYHG IURP LWV XVH DUH
DSSOLFDEOH RQO\ ZLWKLQ WKH 8QLWHG 6WDWHV 7KH DSSOLFDWLRQ RI WKLV LQYHQWRU\ WR FDVH VWXGLHV
RXWVLGH RI WKH 86 ZLOO OLNHO\ LQFUHDVH WKH HUURU RI WKH LPSDFW HVWLPDWH XQOHVV LW FDQ EH
GHPRQVWUDWHGWKDWWKHHFRQRP\RILQWHUHVWKDVWKHVDPHVWUXFWXUHDVWKH86HFRQRP\,QWKLV
VWXG\WKHXVHRIWKH86((,2LQYHQWRU\IRUDFDVHVWXG\EXLOGLQJLQ,WDO\FDQEHMXVWLILHGE\WKH
IDFWWKDWWKHDVVHVVPHQWVSHUIRUPHGDUHIRUFRPSDUDWLYHSXUSRVHVDQGDQ\HUURUUHVXOWLQJIURP
WKHXVHRID86LQYHQWRU\ZLOOOLNHO\KDYHDQHTXDOHIIHFWRQDOORIWKHUHWURILWWHGVWUXFWXUHV
$GGLWLRQDOO\WKH86((,2GDWDEDVH>@GRHV QRW FRQVLGHUDQ\ VRUWRIXQFHUWDLQW\LQ WKH(,
HVWLPDWHVIRUHDFKVHFWRUKRZHYHUXQFHUWDLQW\LQWKHVHYDOXHVLVDFFRXQWHGIRULQWKH3$&7
VRIWZDUH YHUVLRQ   >@ E\ DVVXPLQJ WKDW WKH XQFHUWDLQW\ RI WKH (,V LV UHODWHG WR WKH
XQFHUWDLQW\RIWKHFRVWHVWLPDWH UHIHUWR(TXDWLRQRI&OHPHWWHWDO>@ 
)RUWKLVVWXG\WKH(,GHQRWHG&ZDVHVWLPDWHGXVLQJ((,2/&$ZKLFKUHSUHVHQWVWKH
RQJRLQJ FRVW DVVRFLDWHG ZLWK WKH UHWURILW DOWHUQDWLYHV DQG LV LPSDFWHG E\ WKH VHLVPLF
SHUIRUPDQFH LHWKHHIIHFWLYHQHVV RIWKHUHWURILWDOWHUQDWLYHV>@7KHUHFRQVWUXFWLRQ(,ZDV
FRDUVHO\DSSUR[LPDWHGE\ILUVWFRQYHUWLQJWKHUHFRQVWUXFWLRQFRVWLQ¼WR WKHQ
PXOWLSO\LQJWKHUHFRQVWUXFWLRQFRVWE\WKH(,V¼IDFWRUIRU³VFKRROVDQGYRFDWLRQDOEXLOGLQJV 
IURP WKH 86((,2 GDWDEDVH >@ $Q DGGLWLRQDO  RI WKH UHFRQVWUXFWLRQ (, ZDV DGGHG WR
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DFFRXQWIRUWKHLPSDFWVDVVRFLDWHGZLWKWKHGHPROLWLRQDQGGLVSRVDORIWKHGDPDJHGVWUXFWXUH
>@
3

CASE-STUDY BUILDINGS

7ZRH[LVWLQJUHLQIRUFHGFRQFUHWH 5& VFKRROEXLOGLQJVORFDWHGLQGLIIHUHQWUHJLRQVRI,WDO\
ZLWKPHGLXPKLJKVHLVPLFLW\DUHXVHGDVFDVHVWXG\7KHVHVWUXFWXUHVVKDUHWKHVDPHPRGHOOLQJ
WHFKQLTXHV )LJXUHD  DVZHOODVVWUXFWXUDO GHILFLHQFLHV7KHILUVW EXLOGLQJLV UHIHUUHGWR DV
%XLOGLQJ )LJXUHE DQGLVORFDWHGLQFHQWUDO,WDO\DW,VRODGHO*UDQ6DVVR3DUR]]DQL7KLV
VFKRRO EXLOGLQJFRQVLVWV RIWZRVWRUH\V DQGRQH XQGHUJURXQGSRUWLRQ VWDLUFDVHVHFWLRQ WKH
FRQVWUXFWLRQSHULRGLV HVWLPDWHGDW DURXQG±7KHDUHDRIWKHXQGHUJURXQGOHYHO LV
PDQGIRUWKHVXEVHTXHQWOHYHOVLVP/LNHZLVHWKHLQWHUVWRUH\KHLJKWVDUH
DQGPUHVSHFWLYHO\IRUHDFKOHYHO7KHVHFRQGEXLOGLQJLVGHQRWHGDV%XLOGLQJ )LJXUH
E  DQG LV ORFDWHG RQ ,WDO\¶V $GULDWLF FRDVW LQ $QFRQD ,W LV HVWLPDWHG WKDW WKH FRQVWUXFWLRQ
SHULRG RI WKLV EXLOGLQJ GDWHG EDFN WR WKH V 7KH VWUXFWXUH LV FRPSRVHG RI WKUHH VWRUH\V
LQFOXGLQJDQXQGHUJURXQGOHYHO7KHIORRUDUHDLVDERXWPDQGLQWHUVWRUH\KHLJKWRIP
IRUWKHXQGHUJURXQGOHYHODQGILUVWVWRUH\DQGPIRUWKHVHFRQGVWRUH\
3.1 Structural modelling
7KHVH EXLOGLQJV VKDUH VLPLODULWLHV LQ WKHLU FRQILJXUDWLRQ VL]H PDWHULDO DQG \HDU RI
FRQVWUXFWLRQ7KHUHIRUH WKHVDPHDVVXPSWLRQV ZHUHDGRSWHGIRUWKHQXPHULFDO PRGHOOLQJRI
ERWK EXLOGLQJV ZLWK WKH VRIWZDUH 2SHQ6HHV >@ DV LOOXVWUDWHG LQ )LJXUH  7KH PRGHOOLQJ
WHFKQLTXHV VXJJHVWHG E\ 2¶5HLOO\ DQG 6XOOLYDQ >@ IRU ROG 5& ,WDOLDQ IUDPHV ZHUH
LPSOHPHQWHG )RU H[DPSOH EHDPV DQG FROXPQV ZHUH FUHDWHG WKURXJK IRUFHEDVHG EHDP
FROXPQ HOHPHQWV ZLWK D PRGLILHG 5DGDX SODVWLF KLQJH LQWHJUDWLRQ VFKHPH ZLWK OXPSHG
SODVWLFLW\ 6FRWWDQG)HQYHV>@ (YHQWKRXJKWKHVKHDUEHKDYLRXUZDVDVVXPHGHODVWLFDSRVW
SURFHVVLQJDQDO\VLVZDVFDUULHGRXWWRFRPSDUHWKHVKHDUIRUFHVRIWKHVHIOH[XUDOHOHPHQWVWR
WKHLU PD[LPXP VKHDU FDSDFLW\ GHWHUPLQHG WKURXJK 17&  >@ 2Q WKH RWKHU KDQG WKH
EHDPFROXPQMRLQWVZHUHPRGHOOHGXVLQJD]HUROHQJWKURWDWLRQDOVSULQJWRFDSWXUHDQ\SRWHQWLDO
VKHDU IDLOXUH IRU MRLQWV )XUWKHUPRUH WKH EXLOGLQJV DOVR LQFRUSRUDWH D ULJLG IORRU VODE DQG
FRQVLGHU VHFRQGRUGHU JHRPHWU\ HIIHFWV 3ǻ  5HJDUGLQJ GDPSLQJ D  WDQJHQWVWLIIQHVV
SURSRUWLRQDO5D\OHLJKGDPSLQJPRGHOIRUWKHSHULRGVRIWKHIXQGDPHQWDOPRGHVZDVDGRSWHG
$GGLWLRQDOO\ WKH HIIHFWV RI WKH H[WHULRU PDVRQU\ LQILOOV ZHUH LQFRUSRUDWHG LQWR WKH PRGHO
WKURXJK D V\VWHP RI HTXLYDOHQW GLDJRQDO VWUXWV WKDW UHSUHVHQW WKH EHKDYLRXU RI WKH LQILOOV
IROORZLQJWKHUHFRPPHQGDWLRQVRI6DVVXQHWDO>@7RDFFRXQWIRUWKHLQIOXHQFHRIRSHQLQJV
WKHVWLIIQHVVDQGVWUHQJWKRIWKHVWUXWVZHUHDIIHFWHGE\DUHGXFWLRQIDFWRUSURSRVHGE\'HFDQLQL
HWDO>@7KHVWUXWPRGHOVXVHGLQWKHVHDQDO\VHVDUHRQO\FDSDEOHRIPRGHOOLQJWKHLQSODQH
EHKDYLRXU RI WKH LQILOOV DQG GR QRW FRQVLGHU RXWRISODQH IDLOXUH )XUWKHU GHWDLOV DERXW WKH
EXLOGLQJ FRQILJXUDWLRQ DQG PRGHOOLQJ FDQ EH IRXQG LQ >@ DQG > @ IRU %XLOGLQJ  DQG 
UHVSHFWLYHO\
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D $GRSWHGPRGHOOLQJWHFKQLTXHV





%XLOGLQJ





%XLOGLQJ
E %XLOGLQJVFRQILJXUDWLRQ
)LJXUH6FKHPHVRIFDVHVWXG\VFKRROEXLOGLQJV

3.2 Performance assessment
$SHUIRUPDQFHDVVHVVPHQWZDVGHYHORSHGIRUERWKEXLOGLQJVFDUU\LQJRXWYHULILFDWLRQVRI
GHIRUPDWLRQ DQG VWUHQJWK FDSDFLW\ IRU WKH VHLVPLF GHPDQGV LPSRVHG E\ 17&  >@
DFFRUGLQJ WR WKH VLWH ORFDWLRQ RI HDFK EXLOGLQJ )RU D VFKRRO EXLOGLQJ WKH 17&  >@
VSHFLILHVDGHVLJQOLIHRI\HDUV RFFXSDQF\FODVV,,, DQGUHWXUQSHULRGVDVVRFLDWHGZLWKIRXU
OLPLW VWDWHV 2SHUDWLRQDO OLPLW VWDWH 6/2  \HDUV'DPDJHOLPLWDWLRQ OLPLW VWDWH 6/' 
\HDUV/LIHVDIHW\OLPLWVWDWH 6/9 \HDUVDQG&ROODSVHSUHYHQWLRQOLPLWVWDWH 6/& 
\HDUV)RUWKHVHUYLFHDELOLW\OLPLWVWDWHVWKHFRGHLPSRVHVWZRGULIWOLPLWVDQGIRU
6/2DQG6/'UHVSHFWLYHO\)RUDEXLOGLQJRIRFFXSDQF\FODVV,,,LWLVRQO\QHFHVVDU\WRYHULI\
WKHOLPLWDW6/2KRZHYHULQWKLVVWXG\ERWKOLPLWVZHUHFKHFNHG
7KHUHVXOWVRIWKHSUHOLPLQDU\SHUIRUPDQFHDVVHVVPHQWDUHLOOXVWUDWHGLQ)LJXUH7KH\DUH
H[SUHVVHG LQ WHUPV RI WKH EDVH VKHDU FRHIILFLHQW LH ODWHUDO FDSDFLW\ GLYLGHG E\ WKH VHLVPLF
ZHLJKWRIWKHEXLOGLQJ EXLOGLQJURRIGULIW LHURRIGLVSODFHPHQWGLYLGHGE\WKHWRWDOKHLJKWRI
WKHEXLOGLQJ DQGGULIWSURILOHVUHODWHGWRWKHGLIIHUHQWOLPLWVWDWHV2QWKHRQHKDQGLWLVREVHUYHG
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WKDWWKHFDSDFLW\RIERWKEXLOGLQJVLVFRQWUROOHGE\WKHSUHPDWXUHIDLOXUHRIMRLQWVDQGWKHUHE\
FRQWUROOLQJWKHRWKHUOLPLWVWDWHVDVZHOO,QWKHFDVHRIWKHGULIWSURILOH%XLOGLQJPHHWVWKH
GULIWOLPLWIRUERWKVHUYLFHDELOLW\OLPLWVWDWHVLQERWKGLUHFWLRQV2QWKHRWKHUKDQG%XLOGLQJ
H[FHHGV WKHVH OLPLWV HVSHFLDOO\ IRU WKH < GLUHFWLRQ )RU WKH OLPLW VWDWHV DVVRFLDWHG ZLWK WKH
XOWLPDWHFDSDFLW\ LH6/9DQG6/& ERWKEXLOGLQJVSUHVHQWDVRIWVWRUH\PHFKDQLVPZKLFKLV
GHQRWHGE\WKHGULIWFRQFHQWUDWLRQLQRQHRIWKHLUVWRUH\VQDPHO\VHFRQGVWRUH\IRU%XLOGLQJ
DQGWKLUGVWRUH\IRU%XLOGLQJ

D %XLOGLQJ

E %XLOGLQJ
)LJXUH6FKRROEXLOGLQJVVWUXFWXUDOSHUIRUPDQFH
4





RETROFITTING INTERVENTIONS

)RXUUHWURILWWLQJVWUDWHJLHVZHUHSURSRVHGIRUERWKVFKRROEXLOGLQJV$VLOOXVWUDWHGLQ)LJXUH
 WKHVH VWUDWHJLHV DUH WKH VDPH IRU ERWK EXLOGLQJV DQG FRQVLVW RI $ LQYROYHV FDUERQ ILEHU
UHLQIRUFHGSRO\PHU &)53 ZUDSSLQJRIFROXPQVDORQJZLWK&)53EDUVDVZHOODV&)53VWULSV
SODFHG RQ EHDPFROXPQ MRLQWV $ LPSOHPHQWV H[WHULRU FURVVVWHHO EUDFHV LQ VRPH VWUDWHJLF
ORFDWLRQV RI WKH EXLOGLQJ $ FRPELQHV WKH WZR SUHYLRXV LQWHUYHQWLRQV LH &)53 DQG VWHHO
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EUDFHV  DQG ODVWO\ $ FRPELQHV &)53 DQG YLVFRXV GDPSHUV SODFHG VWUDWHJLFDOO\ LQ WKH
EXLOGLQJ0RUHRYHUWKHLQILOOVWUXWHOHPHQWVZHUHUHPRYHGIURPWKHPRGHOVLQUHVSRQVHWRWKH
VHLVPLFVHSDUDWLRQRIWKHLQILOOVDQGWKHIUDPHV7RDFFRPPRGDWHWKLVDVVXPSWLRQDGGLWLRQDO
FKHFNVZHUHFDUULHGRXWGXULQJWKHQRQOLQHDUDQDO\VHVWRHQVXUHWKDWWKHHVWLPDWHGGULIWVGLG
QRW H[FHHG WKH PP VHLVPLF JDS SURYLGHG )XUWKHU GHWDLOV RI WKH RULJLQDO DQG UHWURILWWHG
FRQILJXUDWLRQVDVZHOODVWKHLUGHVLJQFDQEHIRXQGLQ>@

)LJXUH3URSRVHGUHWURILWWLQJFRQILJXUDWLRQV



4.1 Performance assessment of retrofitting strategies
7KH SHUIRUPDQFH DVVHVVPHQW ZDV DSSOLHG WR WKH UHWURILWWLQJ FRQILJXUDWLRQ DJDLQ WKLV
DVVHVVPHQWLVUHSRUWHGDVGULIWSURILOHV )LJXUH DQGODWHUDOFDSDFLW\ )LJXUH )RU%XLOGLQJ
DOOUHWURILWWLQJLQWHUYHQWLRQVPHHWWKHGULIWOLPLWIRU6/2DQG6/'ZKHUHDVWKH\UHGXFHWKH
GULIWFRQFHQWUDWLRQIRU6/9DQG6/&,QWKHFDVHRI%XLOGLQJDOOVWUDWHJLHVLPSURYHWKHGULIW
GLVWULEXWLRQHVSHFLDOO\IRUWKH<GLUHFWLRQ+RZHYHUVWUDWHJ\$LVVOLJKWO\H[FHHGLQJWKHGULIW
OLPLWDW6/2DQGDW6/'WKHPD[LPXPVWRUH\GULIWFRLQFLGHVZLWKWKHGULIWOLPLW
7KHVWUDWHJLHVLQYROYLQJVWHHOEUDFHV $DQG$ SURYHWREHPRUHHIIHFWLYHLQUHGXFLQJWKH
VWRUH\GULIWLQERWKEXLOGLQJFRQILJXUDWLRQV7KHVWUDWHJ\ZLWKYLVFRXVGDPSHUV $ UHGXFHV
WKHGULIWFRQFHQWUDWLRQDQGWKHRSWLRQZLWK&)53 $ DOVRUHGXFHVWKHGULIWSURILOHVEXWLWV
HIIHFWLVQRWDVVXEVWDQWLDODVWKHRWKHUVWUDWHJLHV
0RUHRYHUWKHODWHUDOFDSDFLW\DVZHOODVSHUIRUPDQFHFDSDFLW\SRLQWVDUHLPSURYHGIRUDOO
VWUDWHJLHVH[FHSWIRU$ VWHHOEUDFHV (YHQWKRXJKWKLVVWUDWHJ\ERRVWVFRQVLGHUDEO\WKHODWHUDO
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FDSDFLW\RIWKHEXLOGLQJVLQWHUPVRIORFDOVWUHQJWKGRHVQRWDFFRXQWIRUDQLPSURYHPHQWVLQFH
WKH VWUHQJWK FDSDFLW\ UHPDLQV XQFKDQJHG DQG WKHUHE\ WKH SUHPDWXUH IDLOXUH RI MRLQWV VWLOO
SHUVLVWV6WUDWHJ\$DOVRERRVWVWKHODWHUDOFDSDFLW\RIWKHEXLOGLQJVWKHDFWLRQRIWKH&)53
LQFUHDVHVWKHORFDOFDSDFLW\RIWKHVWUXFWXUDOHOHPHQWVVRWKDWWKHFDSDFLW\SRLQWVDUHVKLIWHGWR
WKHULJKW LHD]RQHRIEHWWHUSHUIRUPDQFH 7KHVDPHHIIHFWLVREVHUYHGIRU$DQG$ZKLFK
DOVRLQFRUSRUDWH&)53)XUWKHUPRUHDSDUWLFXODUGLIIHUHQFHRIWKHVWHHOEUDFLQJRSWLRQV $
DQG$ LVQRWHGLQWKHODWHUDOFDSDFLW\RIWKHFDVHVWXG\EXLOGLQJV )LJXUHD 7KHFRQWULEXWLRQ
RIWKHEDUHIUDPH GXHWRVHLVPLFVHSDUDWLRQRILQILOOV DQGVWHHOEUDFHVSUHVHQWDORZHULQLWLDO
VWLIIQHVVWKDQWKDWRIWKHDVEXLOWFRQILJXUDWLRQIRU%XLOGLQJ2QWKHRWKHUKDQGLQ%XLOGLQJ
WKLV VDPH FRPELQDWLRQ UHVXOWV LQ D VWLIIHU EXLOGLQJ PHDQLQJ WKDW WKH VWHHO EUDFLQJ V\VWHP
VXUSDVVHVWKHVWLIIQHVVRIWKHLQILOOHGFRQILJXUDWLRQ DVEXLOW 

D %XLOGLQJ
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E %XLOGLQJ
)LJXUH'ULIWSURILOHVRIUHWURILWWLQJLQWHUYHQWLRQV





D %XLOGLQJ




E %XLOGLQJ
)LJXUH/DWHUDOFDSDFLW\RIUHWURILWWLQJLQWHUYHQWLRQV



4.2 Collapse vulnerability and loss estimation
7KHQH[WVWDJHLQWKHSHUIRUPDQFHDVVHVVPHQWZDVWRFRQGXFWUHILQHGQRQOLQHDUWLPHKLVWRU\
DQDO\VLV 1/+$ 7KHUHIRUHWKHIXQGDPHQWDOVSHULRGVRIDOOPRGHOVZHUHGHWHUPLQHG WKH\DUH
UHSRUWHGLQ7DEOHDQG7DEOHIRU%XLOGLQJDQGUHVSHFWLYHO\ 'XHWRWKHSHULRGYDULDELOLW\
RIWKHGLIIHUHQWPRGHOVWKHDYHUDJHVSHFWUDODFFHOHUDWLRQ $YJ6D ZDVFRQVLGHUHGDVLQWHQVLW\
PHDVXUHWRFDUU\RXWDJURXQGPRWLRQUHFRUGVHOHFWLRQVLQFHLWLVDPRUHHIILFLHQWDQGXQELDVHG
TXDQWLILHURIUHVSRQVHLQWKHVHVWUXFWXUDOW\SRORJLHVDVVKRZQE\2¶5HLOO\>@7KHVRIWZDUH
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2SHQ4XDNH>@ZDVXVHGWRFDUU\RXWWKHSUREDELOLVWLFVHLVPLFKD]DUGDQDO\VLV 36+$ DQG
GLVDJJUHJDWLRQDQDO\VHVIRUWKHVLWHORFDWLRQVGHILQHGLQ6HFWLRQ7KH,WDOLDQVHLVPLFVRXUFH
PRGHO0362 0HOHWWLHWDO>@ DQGWKHJURXQGPRWLRQPRGHOE\$NNDU6DQGLNND\DDQG
%RPPHU >@ DQG 6DQGLNND\D $NNDU DQG %DUG >@ ZHUH DGRSWHG 7KH JHRPHWULFDO SHULRG
7JP ZDVGHWHUPLQHGDVWKHVTXDUHURRWRIWKHSURGXFWEHWZHHQWKHWZRIXQGDPHQWDOSHULRGV
7KHSHULRGUDQJHRI7Jí7JZDVXVHGWRSHUIRUPWKH$YJ6DEDVHGVHOHFWLRQDVVXJJHVWHG
E\.RKUDQJLHWDO>@7KHSHULRGUDQJHRIVWRVZDVDGRSWHGIRU%XLOGLQJZKHUHDV
DUDQJHRIVWRVZDVXVHGIRU%XLOGLQJ$VHWRISDLUVRIJURXQGPRWLRQUHFRUGV
LQWZRKRUL]RQWDOFRPSRQHQWVZHUHVHOHFWHGIRUWHQUHWXUQSHULRGV
DQG\HDUV)LJXUHLOOXVWUDWHVWKHKD]DUGFXUYHVIRUWKHWZRVLWHVORFDWLRQV
H[SUHVVHGLQWHUPVRIWKHPHDQDQQXDOIUHTXHQF\RIH[FHHGDQFH 0$)( DQG$YJ6DDVZHOO
DVDVFKHPHRIWKHJURXQGPRWLRQVHOHFWLRQDWDVSHFLILHGLQWHQVLW\
0RGHO
$VEXLOW
$
$
$
$
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7\>V@






7J>V@






7J>V@ 7J>V@
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D +D]DUGFXUYHV





E 6FKHPHRIJURXQGPRWLRQUHFRUGVHOHFWLRQ

)LJXUH+D]DUGFXUYHVDQGJURXQGPRWLRQVVHOHFWHGXVLQJ$YJ6DIRUWKHVLWHORFDWLRQV

1234

:LOVRQ:&DURILOLV1LFKRODV&OHPHWW*LDPPDULD*DEELDQHOOL*HUDUG2¶5HLOO\DQG5LFDUGR0RQWHLUR

0XOWLSOHVWULSH DQDO\VLV 06$  >@ ZDV FRQGXFWHG WR FKDUDFWHUL]H WKH UHVSRQVH RI WKH
VWUXFWXUHVXVLQJWKHUHFRUGVVHOHFWHG7KHUHVXOWVIURPWKH06$ZHUHXVHGWRGHYHORSFROODSVH
IUDJLOLW\ FXUYHV IRU DOO PRGHOV IRU ERWK EXLOGLQJV E\ UHFRUGLQJ DW HDFK LQWHQVLW\ OHYHO WKH
QXPEHURIFROODSVHVREVHUYHG7KHFROODSVHFULWHULDDGRSWHGKHUHZDVEDVHGDVWKHILUVWRIWKH
VKHDUIRUFHGHPDQGH[FHHGVWKHVKHDUUHVLVWDQFHRIRQHRUPRUHRIWKHIOH[XUDOHOHPHQWVWKH
URWDWLRQ RI RQH RU PRUH IOH[XUDO HOHPHQWV H[FHHGV WKH 6/& GHIRUPDWLRQ OLPLWV WKH VKHDU
GHIRUPDWLRQLQRQHRUPRUHRIWKHEHDPFROXPQMRLQWVH[FHHGVUDG>@7KHFXUYHVZHUH
ILWWHG IURP WKH 06$ FROODSVH GDWD XVLQJ D ORJQRUPDO GLVWULEXWLRQ DQG PD[LPXPOLNHOLKRRG
HVWLPDWLRQ>@7KHIUDJLOLW\FXUYHVREWDLQHGIURPWKHILWWLQJSURFHGXUHDFFRXQWIRUWKHUHFRUG
WRUHFRUGYDULDELOLW\RIWKHVHOHFWHGJURXQGPRWLRQV )LJXUH 7RDFFRXQWIRUWKHPRGHOOLQJ
XQFHUWDLQW\ WKH PHGLDQ DQG GLVSHUVLRQ YDOXHV IURP WKH ILWWLQJ SURFHGXUH ZHUH PRGLILHG
IROORZLQJ WKH UHFRPPHQGDWLRQV RI 2¶5HLOO\ DQG 6XOOLYDQ >@ 0RUHRYHU )LJXUH  DOVR
LOOXVWUDWHVWKHH[SHFWHGHFRQRPLFORVVHVZKLFKZHUHGHWHUPLQHGWKURXJKWKHVRIWZDUH3$&7
YHUVLRQ >@
7KHUHWURILWWLQJDOWHUQDWLYHV$DQG$VXEVWDQWLDOO\UHGXFHWKHFROODSVHYXOQHUDELOLW\DQG
H[SHFWHG HFRQRPLF ORVVHV HVSHFLDOO\ IRU %XLOGLQJ  $ LPSURYHV WKH FROODSVH FDSDFLW\ RI
%XLOGLQJDQGH[SHFWHGORVVHVEXWWKLVLPSURYHPHQWLVQRWDVSURPLQHQWDVWKHRQHJLYHQE\
$DQG$2QWKHRWKHUKDQG$DFKLHYHVDVOLJKWHQKDQFHPHQWRIERWKDVSHFWV,QFDVHRI
%XLOGLQJ $KDVDFRQVLGHUDEO\EHWWHUSHUIRUPDQFHLQWHUPVRIFROODSVHYXOQHUDELOLW\DQG
H[SHFWHGHFRQRPLFORVVHV2QWKHRWKHUKDQG$DQG$UHDFKDVLPLODUUHGXFWLRQIRUERWK
DVSHFWVDQGODVWO\$GRHVQRWVHHPWRLPSURYHWKHVHWZRSDUDPHWHUV,QGHHG$KDVDZRUVH
SHUIRUPDQFHFRPSDUHGWRWKHDVEXLOWFRQILJXUDWLRQRI%XLOGLQJ)XUWKHUPRUHIURP)LJXUH
E LW FDQ EH SUHGLFWHG WKDW $ ZRXOG JHQHUDWH KLJKHU IORRU DFFHOHUDWLRQV DV ZHOO DV KLJKHU
ORVVHV DVVRFLDWHG ZLWK WKLV GHPDQG SDUDPHWHU /LNHZLVH WKH SHULRG VKRUWHQLQJ REVHUYHG LQ
7DEOHLQGLFDWHVWKDWWKLVVWUDWHJ\ZLOOEHFRQGLWLRQHGWRODUJHULQHUWLDOIRUFHV$VDUHVXOWWKH
VWUXFWXUDO HOHPHQWV ZLOO EH VXEMHFWHG WR KLJKHU LQWHUQDO IRUFHV ZKLFK OHDGV WR PRUH ORFDO
IDLOXUHV7KHVHVDPHHIIHFWVDUHH[SHFWHGIRU$KRZHYHUWKHFRQWULEXWLRQRI&)53LQFUHDVHV
WKHORFDOVWUHQJWKDQGWKHUHE\GHFUHDVHVWKHQXPEHURIHOHPHQWIDLOXUHV LHFROODSVHFDVHV 

D %XLOGLQJ
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D %XLOGLQJ
)LJXUH&ROODSVHYXOQHUDELOLW\DQGH[SHFWHGHFRQRPLFORVVHV
7DEOHVDQGUHSRUWWKHH[SHFWHGDQQXDOORVVHV ($/ DQGH[SHFWHGDQQXDOHQYLURQPHQWDO
LPSDFWV ($(, IRUDOOFRQILJXUDWLRQVRIERWKEXLOGLQJV7KHVHFDOFXODWLRQVZHUHEDVHGRQWKH
WRWDO UHSODFHPHQW FRVW RI WKH EXLOGLQJV 7KH DYHUDJH FRVWV RI EXLOGLQJ GHPROLWLRQ DQG
UHFRQVWUXFWLRQ ZHUH DVVXPHG DV ¼P DQG ¼P UHVSHFWLYHO\ >@ *LYHQ DQ
DSSUR[LPDWHIORRUDUHDRIPWKHGHPROLWLRQDQGUHFRQVWUXFWLRQFRVWVZHUHHVWLPDWHGWR
EH¼DQG¼UHVSHFWLYHO\ WRWDOUHSODFHPHQWFRVWRI¼ IRU%XLOGLQJ
2QWKHRWKHUKDQGIRU%XLOGLQJZLWKDQDSSUR[LPDWHIORRUDUHDRIPWKHGHPROLWLRQ
DQGUHFRQVWUXFWLRQFRVWUHVXOWHGLQ¼DQG¼UHVSHFWLYHO\ WRWDOUHSODFHPHQW
FRVW RI ¼  )XUWKHUPRUH UHSODFHPHQW (, IRU %XLOGLQJ  LV NJ&2H DQG
NJ&2H IRU %XLOGLQJ  )RU VLPSOLFLW\ WKH WRWDO UHSODFHPHQW FRVW DQG (,V ZHUH
FRQVLGHUHGWREHWKHVDPHIRUDOORIWKHDOWHUQDWLYHVLQHDFKEXLOGLQJFDVH
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5

APPLICATION OF MCDM

5.1 Input variables
7KHLQSXWYDULDEOHV LHZHLJKWYHFWRUZDQGGHFLVLRQPDWUL[' DUHUHSRUWHGLQ7DEOHDQG
 IRU %XLOGLQJ  DQG  UHVSHFWLYHO\ 7KH YDOXHV DVVLJQHG WR WKH GHFLVLRQ PDWUL[ '  ZHUH
GHWHUPLQHG DV GHVFULEHG LQ 6HFWLRQ  ZKHUHDV WKH ZHLJKW YHFWRU Z  ZDV DGRSWHG IURP
&DURILOLVHWDO>@
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5.2 Ranking of retrofitting interventions
7KH UDQN RI HDFK UHWURILWWLQJ DOWHUQDWLYH LV OLVWHG LQ 7DEOH  %XLOGLQJ   DQG 7DEOH 
%XLOGLQJ 7RHYDOXDWHWKHLQIOXHQFHRI(,WZRDQDO\VHVZHUHFDUULHGRXWLHRQHLQFOXGLQJ
(,V DOO'9VRI7DEOH DQGRWKHUZLWKRXWFRQVLGHULQJ(,V H[FOXGLQJ& )RU%XLOGLQJLW
LVREVHUYHGWKDWZKHQ(,LVLQWHJUDWHGLQWRWKH0&'0$UHVXOWVDVWKHPRVWFRQYHQLHQWUHWURILW
DOWHUQDWLYH7KHUHODWLYHFORVHQHVVDPRQJ$$DQG$LVYHU\VLPLODUHVSHFLDOO\EHWZHHQ
$DQG$2QWKHRWKHUKDQGZKHQ(,LVH[FOXGHGIURPWKHDQDO\VLV$LVUDQNHGDVWKHILUVW
RSWLRQ,QWKLVVFHQDULRWKHUHODWLYHFORVHQHVVRI$LVODUJHUWKDQ$DQG$EXWIRU$DQG
$WKLVSDUDPHWHULVFORVHWRRQHDQRWKHU
0RUHRYHUIRU%XLOGLQJWKHLQIOXHQFHRI(,VGRHVQRWDIIHFWWKHUDQNSUHIHUHQFHVRIWKH
UHWURILWWLQJRSWLRQV)RUERWKDQDO\VLVVFHQDULRV$LVVHOHFWHGDVWKHPRVWLGHDOVROXWLRQZLWK
D FRQVLGHUDEO\ ODUJHU UHODWLYH FORVHQHVV FRPSDUHG WR WKH RWKHU VWUDWHJLHV ,QGHHG WKH UDQN
UHPDLQV XQFKDQJHG LH $$$$  +RZHYHU LW LV REVHUYHG WKDW WKH UHODWLYH FORVHQHVV
GHFUHDVHVZKHQ(,VDUHQRWFRQVLGHUHGLQWKH0&'0DQDO\VLV$SRVVLEOHUHDVRQIRUWKLVVDPH
SDWWHUQLVWKDWWKHYDOXHVDVVRFLDWHGZLWK(, & IRU%XLOGLQJDUHYHU\VLPLODUWR($/ & 
7KHUHIRUHWKLVVLPLODULW\GRHVQRWDIIHFWFRQVLGHUDEO\WKHUDQNSUHIHUHQFHHVSHFLDOO\VLQFH&
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LVFRQVLGHUHGVL[WKLQWKHRUGHURISUHIHUHQFHRIWKHZHLJKWYHFWRUZ LHVL[WKODUJHUZHLJKW
 
2QHFRXOGDUJXHWKDW$VKRXOGQRWEHFRQVLGHUHGZLWKLQWKHVHWRIUHWURILWWLQJDOWHUQDWLYHV
IRUERWKEXLOGLQJVJLYHQWKDWHYHQWKRXJKWKHUHVXOWLQJODWHUDOFDSDFLW\LVFRQVLGHUDEO\ODUJHU
WKDQWKDWRIWKHDVEXLOWFRQILJXUDWLRQDQGWKHVWRUH\GULIWVDUHUHGXFHGWKHSHUIRUPDQFHFDSDFLW\
FRQWUROOHGE\MRLQWIDLOXUH UHPDLQVXQFKDQJHG$GGLWLRQDOO\WKHQRQOLQHDUG\QDPLFDQDO\VLV
VKRZHGWKDWWKHFROODSVHYXOQHUDELOLW\DQGH[SHFWHGORVVHVZHUHRQO\VOLJKWO\LPSURYHGRUHYHQ
ZRUVHQHGZLWKUHVSHFWWRWKHRULJLQDOEXLOGLQJ+RZHYHUWKLVGHSHQGVRQWKHDQDO\VLVDQGRU
FRQGLWLRQV RI WKH SURMHFW $GGLWLRQDOO\ LQWHJUDWLRQ RI UHILQHG PHWKRGV RU FRQVHUYDWLYH
DVVHVVPHQWDSSURDFKHVWKDWDUHPRUHFRQVLVWHQWZLWKUHDOLW\PD\QRWEHSRVVLEOHHVSHFLDOO\IRU
UHJLRQVZKHUHSURPSWVROXWLRQVDUHQHHGHG7KHUHIRUHWKH0&'0PD\EHDSSOLHGWRVHOHFWWKH
PRVW DSSURSULDWH VROXWLRQ LQ FRQMXQFWLRQ ZLWK VLPSOLILHG PHWKRGV DV ORQJ DV WKH\ LQFOXGH
UHOHYDQWHYDOXDWLRQSDUDPHWHUVIRUDSDUWLFXODUFDVHVWXG\
&RQVLGHUDWLRQ $OWHUQDWLYHV $
:LWK(,
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6

CONCLUSIONS

7KLVSDSHUORRNHGDWWKHVHLVPLFUHWURILWWLQJRIWZRFDVHVWXG\H[LVWLQJEXLOGLQJVLQ,WDO\
6HYHUDO UHWURILWWLQJ DOWHUQDWLYHV ZHUH H[DPLQHG DQG WKH FKRLFH YLD D PXOWLFULWHULD GHFLVLRQ
PDNLQJ 0&'0  IUDPHZRUN FRQVLGHULQJ HFRQRPLF VRFLDO HQYLURQPHQWDO DQG WHFKQLFDO
DVSHFWVZDVHYDOXDWHG%DVHGRQWKHUHVXOWVREWDLQHGWKHIROORZLQJREVHUYDWLRQVFDQEHPDGH

Ɣ 7KH LQIOXHQFH RI HQYLURQPHQWDO LPSDFWV JUHDWO\ DIIHFWV WKH SUHIHUHQFH RI D UHWURILWWLQJ
VWUDWHJ\DQGFDQDOWHUWKHUDQNRIWKHRSWLRQVLQDPXOWLFULWHULDGHFLVLRQPDNLQJDQDO\VLV
KLJKOLJKWLQJWKHLPSRUWDQFHRIDOVRFRQVLGHULQJWKHHQYLURQPHQWDOLPSDFWVIRUHYDOXDWLQJ
UHWURILWWLQJRSWLRQV
Ɣ 7KHUHWURILWWLQJVWUDWHJ\EDVHGVROHO\RQ&)53ZDVUDQNHGDVWKHOHDVWFRQYHQLHQWVROXWLRQ
LQERWKEXLOGLQJV(YHQWKRXJKWKLVVWUDWHJ\KDVWKHORZHVWDUFKLWHFWXUDOLPSDFWWKHKLJK
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YDOXHVDVVRFLDWHGZLWKLQVWDOODWLRQFRVWPDLQWHQDQFHDQGGXUDWLRQRIZRUNVGLPLQLVKLWV
DWWUDFWLYHQHVV
Ɣ 7KHVWUDWHJ\ZLWKVWHHOEUDFHVDQG&)53LVFRQVLGHUHGDVWKHPRVWFRQYHQLHQWVWUDWHJ\IRU
%XLOGLQJDQGVHFRQGEHVWIRU%XLOGLQJWKLVVWUDWHJ\DFKLHYHVDEDODQFHDPRQJDOOWKH
HYDOXDWLRQSDUDPHWHUVWKDWPDNHLWVWDQGRXWDPRQJWKHRWKHUVWUDWHJLHV
Ɣ 7KH VWUDWHJ\ LQYROYLQJ &)53 DQG YLVFRXV GDPSHUV DFKLHYHG WKH EHVW VWUXFWXUDO
SHUIRUPDQFHDQGZDVVHOHFWHGDVWKHPRVWEHQHILFLDOVWUDWHJ\IRU%XLOGLQJ+RZHYHUWKLV
RSWLRQZDVUDQNHGDVWKHVHFRQGPRVWIDYRXUDEOHVROXWLRQIRU%XLOGLQJ
Ɣ 7KH UHWURILWWLQJ VFKHPH FRPSRVHG RQO\ RI H[WHULRU VWHHO EUDFHV KDG DQ LQVLJQLILFDQW
SHUIRUPDQFHLPSURYHPHQWEXWLWVORZHVWLPSOHPHQWDWLRQFRVWVPDGHLWVWDQGRXWDVWKH
PRVWFRQYHQLHQWVWUDWHJ\IRU%XLOGLQJZKHQHQYLURQPHQWDOLPSDFWVZHUHQRWFRQVLGHUHG
7KLVVWUDWHJ\LVKRZHYHUQRWSUDFWLFDOIRU%XLOGLQJVLQFHLWVSHUIRUPDQFHUHVXOWHGWREH
ZRUVHWKDQWKDWRIWKHDVEXLOWFRQILJXUDWLRQ
/DVWO\ 0&'0 FDQ EH DGRSWHG LQ ODUJH VFDOH VFHQDULRV RU LQ FDVHV ZKHUH WKHUH DUH OLPLWHG
UHVRXUFHV HJ GHYHORSLQJ FRXQWULHV  ZKHUH UHWURILWWLQJ RSWLRQV DUH HYDOXDWHG IRU PDQ\
EXLOGLQJV ,Q VXFK FDVHV VLPSOLILHG PHWKRGV >@ FDQ EH SUDFWLFDO IRU VHOHFWLQJ WKH PRVW
DSSURSULDWHUHWURILWWLQJVWUDWHJ\DVDQDOWHUQDWLYHWRUHILQHGQRQOLQHDUG\QDPLFVDQDO\VLV
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NUMERICAL INVESTIGATIONS ON THE RESIDUAL CAPACITY
AND ECONOMIC LOSSES OF EARTHQUAKE-DAMAGED
REINFORCED CONCRETE WALL STRUCTURES
Cristiana Ceccarelli, Simona Bianchi, Livio Pedone, Stefano Pampanin


6DSLHQ]D8QLYHUVLW\RI5RPH
'HSDUWPHQWRI6WUXFWXUDODQG*HRWHFKQLFDO(QJLQHHULQJ9LD(XGRVVLDQD5RPH,WDO\
FHFFDUHOOL#VWXGHQWLXQLURPDLWVLPRQDELDQFKL#XQLURPDLW
OLYLRSHGRQH#XQLURPDLWVWHIDQRSDPSDQLQ#XQLURPDLW


Abstract
The substantial damage to Reinforced Concrete (RC) structural walls observed from postearthquake reconnaissance has prompted the attention on the need for improved code-based
design provisions for these structural elements as well as for detailed investigations on their
residual capacity, typically neglected in the retrofit/repair evaluation. Although several research works and international guidelines focusing on the seismic performance of damaged
structural walls are available from a state-of-the-art review, a specific methodology to evaluate the earthquake-related damage to structural walls is still missing in literature. Therefore,
this research work investigates the seismic residual capacity of RC walls through parametric
numerical analyses, aiming to provide indications on the assessment methodology to be used
in practical applications. The numerical investigation is initially carried out by implementing
Finite Element Modelling of RC walls with different mechanical properties and expected failure mechanisms. This allows to evaluate and collect stiffness/strength reduction coefficients
to be adopted for different post-earthquake damage conditions. Then, the influence of residual
capacity on the economic seismic losses of wall structures is investigated and discussed. Specifically, a multi-story case-study RC building is selected, and pre- and post-earthquake loss
assessments are carried out considering alternative wall typologies and damage levels. Analytical-based nonlinear analyses highlight that the loss of stiffness and strength can lead to
increasingly higher economic losses depending on the damage level of the structural wall.
Moreover, substantial economic losses can be estimated if residual capacity is taken into account even at low-intensity seismic levels. Therefore, such methodology could provide valuable information to support decisions on the post-earthquake repair/retrofit/demolition.
Keywords:5HVLGXDO&DSDFLW\6HLVPLF$VVHVVPHQW5HLQIRUFHG&RQFUHWH:DOO6WUXFWXUHV
5HSDLU&RVWV
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1

INTRODUCTION

7KHUHFHQWVHLVPLFHYHQWVLQ VHLVPLFSURQHFRXQWULHVKDYHIXUWKHUKLJKOLJKWHGWKHFRQWUR
YHUVLDOLVVXHVUHODWHGWRWKHUHKDELOLWDWLRQRIHDUWKTXDNHGDPDJHGEXLOGLQJV2QRQHKDQGUDS
LG SRVWHDUWKTXDNH VXUYH\V DUH QHHGHG IRU WKH HYDOXDWLRQ RI WKH VDIHW\ OHYHO RI GDPDJHG
EXLOGLQJVDQGWKHLUSRVVLEOHUHRFFXSDQF\>@2QWKHRWKHUKDQGDGHWDLOHGDVVHVVPHQWRIWKH
VHLVPLF UHVLGXDO FDSDFLW\ RI GDPDJHG EXLOGLQJV LQFOXGLQJ ORVV LQYHVWLJDWLRQV LV FULWLFDO WR
VXSSRUWWKHGHFLVLRQPDNLQJSURFHVVRIUHSDLUYVGHPROLWLRQDQGJXLGHLQWKHVHOHFWLRQGHVLJQ
DQGLPSOHPHQWDWLRQRIDSSURSULDWHWHFKQLTXHVDEOHWRµUHVWRUH¶WKHEXLOGLQJWRLWVXQGDPDJHG
FRQGLWLRQV0RUHRYHUWKHFUXFLDOQHHGWRJDLQDEHWWHUXQGHUVWDQGLQJRIWKHUHVLGXDOFDSDFLW\
RIHDUWKTXDNHGDPDJHGEXLOGLQJVUHIHUVWRERWKH[LVWLQJDQGQHZVWUXFWXUHV,QIDFWDFFRUGLQJ
WRWKH³&DSDFLW\'HVLJQ´SKLORVRSK\HYHQPRGHUQEXLOGLQJV DUHRIWHQDIIHFWHGE\H[WHQVLYH
VWUXFWXUDOGDPDJHDIWHUDPDMRUHDUWKTXDNHDVREVHUYHGLQKam et al.>@GXULQJWKH&DQWHU
EXU\(DUWKTXDNH6HTXHQFH
)RFXVLQJ RQ 5HLQIRUFHG &RQFUHWH 5&  VWUXFWXUDO ZDOOV ZLGHO\ XVHG DV SULPDU\ ODWHUDO
IRUFH UHVLVWLQJ V\VWHPV LQ HDUWKTXDNHUHVLVWDQW VWUXFWXUHV WKH VXEVWDQWLDO GDPDJH WR WKHVH
FRPSRQHQWV REVHUYHG IURP SRVWHDUWKTXDNH UHFRQQDLVVDQFH  'DUILHOG DQG  /\WWOH
WRQLQ1HZ=HDODQG>@&KLOH>@)LJXUH KDVSURPSWHGWKHDWWHQWLRQRQWKHQHHGIRU
LPSURYHG FRGHEDVHG GHVLJQ SURYLVLRQV IRU WKHVH VWUXFWXUDO HOHPHQWV DV ZHOO DV IRU GHWDLOHG
LQYHVWLJDWLRQVRQWKHLUUHVLGXDOFDSDFLW\W\SLFDOO\QHJOHFWHGLQWKHUHWURILWUHSDLUHYDOXDWLRQ


D



E



)LJXUH2EVHUYHGGDPDJHWR5&VWUXFWXUDOZDOOVLQ D WKH&KLOHHDUWKTXDNH>@DQGE WKH/\WWOHWRQ
HDUWKTXDNH1HZ=HDODQG>@

'HVSLWH UHVHDUFK ZRUNV DQG LQWHUQDWLRQDO JXLGHOLQHV IRFXVLQJ RQ WKH VHLVPLF SHUIRUPDQFH
RIGDPDJHGVWUXFWXUDOZDOOVDUHDYDLODEOHLQOLWHUDWXUH HJ)(0$>@-%'3$*XLGHOLQH
>@ DVSHFLILFPHWKRGRORJ\WRHYDOXDWHWKHHDUWKTXDNHUHODWHGGDPDJHWRVWUXFWXUDOZDOOVDV
ZHOODVWKHFRQVHTXHQWORVVRIVWLIIQHVVVWUHQJWKDIIHFWLQJWKHFRPSRQHQWFDSDFLW\LVVWLOOPLVV
LQJ )ROORZLQJ WKLV JRDO WKLV SDSHU DLPV WR LQYHVWLJDWH WKH VHLVPLF UHVLGXDO FDSDFLW\ RI 5&
ZDOOV WKURXJK QXPHULFDO PRGHOOLQJ SURYLGLQJ LQGLFDWLRQV RQ ERWK WKH PHWKRGRORJ\ DQG WKH
VWLIIQHVVVWUHQJWK UHGXFWLRQ FRHIILFLHQWV WR EH DGRSWHG IRU GLIIHUHQW SRVWHDUWKTXDNH GDPDJH
OHYHOV$SDUDPHWULFDQDO\VLVLVWKXVGHYHORSHGWRVWXG\WKHUHVLGXDOFDSDFLW\RI5&ZDOOVZLWK
GLIIHUHQW PHFKDQLFDO SURSHUWLHV DQG H[SHFWHG IDLOXUH PHFKDQLVPV IOH[XUDO IOH[XUHVKHDU
VKHDU 7KHVWUXFWXUDOZDOOVDUHDQDO\]HGDGRSWLQJDUHILQHG)(0PRGHOOLQJDSSURDFKEDVHG
RQWKHPRGLILHGFRPSUHVVLRQILHOGWKHRU\XVLQJWKHVWUXFWXUDOVRIWZDUH9HF7RU Vecchio>@ 
)LUVWO\ WKH VHLVPLF EHKDYLRU RI WKH 5& ZDOOV XQGHU UHYHUVHGF\FOLF ORDGV LV LQYHVWLJDWHG WR
VLPXODWH WKH DFKLHYHPHQW RI VSHFLILF GDPDJH VWDWHV DVVHVVLQJ UHVLGXDO FUDFNV DQG UHVLGXDO
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GLVSODFHPHQWVDWHDFKGDPDJHOHYHO7KHQDXQLGLUHFWLRQDOPRQRWRQLFODWHUDOORDGLVDSSOLHG
WRWKHGDPDJHGZDOOWRHYDOXDWHWKHIRUFHGLVSODFHPHQWFDSDFLW\FXUYHIRUHDFKFRQILJXUDWLRQ
+HQFH DFFRUGLQJ WR WKH )(0$  DSSURDFK VWLIIQHVV DQG VWUHQJWK UHGXFWLRQ FRHIILFLHQWV
QDPHO\ȜNDQGȜ4UHVSHFWLYHO\ DVVKRZQLQ)LJXUH DUHGHULYHGE\FRPSDULQJWKHSUHDQG
SRVW HDUWKTXDNH IRUFHGLVSODFHPHQW FXUYHV IRU HDFK GDPDJH VWDWH DQG ZDOO FRQILJXUDWLRQ
/DVWO\WKHLQIOXHQFHRIUHVLGXDOFDSDFLW\RQWKHHVWLPDWLRQRIWKHHFRQRPLFVHLVPLFORVVHVRI
ZDOO VWUXFWXUHV LV DOVR LQYHVWLJDWHG DQG GLVFXVVHG 6SHFLILFDOO\ D 5& FDVHVWXG\ EXLOGLQJ LV
VHOHFWHG DQG ORVV DVVHVVPHQWV DUH LPSOHPHQWHG FRQVLGHULQJ GLIIHUHQW ZDOO W\SRORJLHV DQG
GDPDJH OHYHOV )RU HDFK FRQILJXUDWLRQ WKH HFRQRPLF ORVVHV DUH FRPSXWHG LQ WHUPV RI ERWK
([SHFWHG $QQXDO /RVVHV ($/  DQG 3UREDEOH 0D[LPXP /RVVHV 30/  WR KLJKOLJKWWKH LP
SRUWDQFHRILQFOXGLQJUHVLGXDOFDSDFLW\FRQVLGHUDWLRQVZKHQLPSOHPHQWLQJHFRQRPLFDQDO\VHV
2

EVALUATION OF RESIDUAL CAPACITY

,QWKHSDVWGHFDGHVDVXEVWDQWLDOUHVHDUFKHIIRUWKDVEHHQGHGLFDWHGDWLQWHUQDWLRQDOOHYHOWR
JDLQ D EHWWHU XQGHUVWDQGLQJ RI WKH SRVWHDUWKTXDNH UHVLGXDO FDSDFLW\ RI EXLOGLQJV ,Q 
Holmes >@ GLVFXVVHG WKH FULWLFDO QHHG IRU LPSURYHG VHLVPLF DVVHVVPHQW DFFRXQWLQJ IRU WKH
DFWXDO ODWHUDO ORDG RI EXLOGLQJV DQG FRQVLGHULQJ GLIIHUHQW GDPDJHG OHYHOV )ROORZLQJWKLV UH
VHDUFKOLQHWZRPDLQJXLGHOLQHVZHUHGHYHORSHG )(0$>@LQWKH8QLWHG6WDWHVDQG
 -%'3$*XLGHOLQH>@LQ-DSDQ GHVFULEHGLQ(QJOLVKLQNakano et al.>@RYHUYLHZDYDLOD
EOHLQMaeda et al.>@ %RWKGRFXPHQWVSURSRVHDFRQFHSWXDOO\VLPLODUDSSURDFKEDVHGRQ
WKH GHILQLWLRQ RI FDSDFLW\ UHGXFWLRQ IDFWRUV IRU VWUXFWXUDO PHPEHUV WR VLPXODWH WKH DFKLHYH
PHQWRIDVSHFLILFGDPDJHVWDWH,Q)(0$DPRGLILFDWLRQRISODVWLFKLQJHV¶UHVSRQVHLV
SURSRVHG IRU GDPDJHG HOHPHQWV EDVHG RQ VWLIIQHVV VWUHQJWK DQG GXFWLOLW\ UHGXFWLRQ FRHIIL
FLHQWVQDPHO\ȜNȜ4DQGȜ' )LJXUHD ,QWKH-%'3$*XLGHOLQHDVLQJOHFDSDFLW\UHGXFWLRQ
IDFWRUIRUVWUXFWXUDOPHPEHUVLHȘGHILQHGDVWKHUDWLREHWZHHQUHVLGXDOHQHUJ\GLVVLSDWLRQ
FDSDFLW\DQGRULJLQDOHQHUJ\GLVVLSDWLRQFDSDFLW\LVDGRSWHG )LJXUHE 



D

E

)LJXUHD 6WLIIQHVVVWUHQJWKDQGUHVLGXDOGLVSODFHPHQWUHGXFWLRQFRHIILFLHQWVLQ)(0$>@E FDSDFLW\
UHGXFWLRQIDFWRUIRUVWUXFWXUDOPHPEHUVLQ-%'3$*XLGHOLQH>@

)XUWKHUPRUH)(0$>@UHSRUWVEDFNJURXQGDQGWKHRUHWLFDOLQIRUPDWLRQDVZHOODVDQ
H[DPSOHRIDSSOLFDWLRQRIWKH)(0$SURFHGXUH$FFRUGLQJWR)(0$ ZKRVHSURFH
GXUHLVDGRSWHGZLWKLQWKLVUHVHDUFKZRUN WKHPRVWUHOLDEOHDSSURDFKWRGHWHUPLQHȜUHGXF
WLRQ IDFWRUV ZRXOG FRQVLVW RI SHUIRUPLQJ H[SHULPHQWDO LQYHVWLJDWLRQV RQ WZR LGHQWLFDO
VSHFLPHQVIRUHDFKVWUXFWXUDOFRPSRQHQW2QHVSHFLPHQZRXOGUHSUHVHQWWKHFRPSRQHQWLQLWV
SUHHDUWKTXDNH FRQGLWLRQ ZKLOH WKH RWKHU VSHFLPHQ ZRXOG UHSUHVHQW WKH FRPSRQHQW LQ LWV
SRVWHDUWKTXDNH FRQGLWLRQ LH HDUWKTXDNHGDPDJHG  7KHUHIRUH WKH UHGXFWLRQIDFWRU YDOXHV
ZRXOGEHGHULYHGE\FRPSDULQJWKHIRUFHGLVSODFHPHQWFDSDFLW\FXUYHVRIWKHWZRVSHFLPHQV
+RZHYHU)(0$KLJKOLJKWVWKDWDWWKHGDWHRIWKHGRFXPHQWQRVXFKWHVWFDPSDLJQVRQ
5&ZDOOVZHUHDYDLODEOHLQOLWHUDWXUHWRFDOFXODWHWKHȜIDFWRUV,QWKHDEVHQFHRIWKLVW\SHRI
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WHVWVDQDOWHUQDWLYHDSSURDFKZDVDGRSWHGEDVHGRQLQGLYLGXDOF\FOLFVWDWLFWHVWV$FFRUGLQJ
WRWKLVDSSURDFKWKHFKDQJHLQIRUFHGLVSODFHPHQWUHVSRQVHIURPF\FOHWRF\FOHLVH[DPLQHG
DVWKHGLVSODFHPHQWLQFUHDVHV$VUHSRUWHGLQ)(0$ILUVWO\WKHFRPSRQHQWW\SHDQGEH
KDYLRUPRGH HJIOH[XUDOVKHDUHWF DUHGHILQHGDFFRUGLQJWRWKHVHOHFWHGWHVW7KHFULWLFDO
GDPDJHVWDWHV HJVSDOOLQJFUDFNLQJHWF DUHREVHUYHGGXULQJWKHORDGGLVSODFHPHQWKLVWRU\
RIWKHWHVWDQGDUHFRUUHODWHGZLWKWKHGLVSODFHPHQWGXFWLOLW\DFKLHYHGE\WKHFRPSRQHQW7KHQ
E\FRPSDULQJWKHLQLWLDODQGVXEVHTXHQWF\FOHVλIDFWRUVDUHGHULYHG)LQDOO\ERWKWKHFULWLFDO
GDPDJHLQGLFDWRUVDQGWKHDVVRFLDWHGUHGXFWLRQIDFWRUVDUHGLVFUHWL]HGLQWRVL[GDPDJHVHYHUL
W\OHYHOV IURP³1RQH´WR³([WUHPH´ $QH[DPSOHRI)(0$FRPSRQHQWGDPDJHFODVVL
ILFDWLRQ LV UHSRUWHG LQ )LJXUH D IRU DQ LVRODWHG ZDOO ZLWK GXFWLOH IOH[XUDO EHKDYLRU DQG
³,QVLJQLILFDQW´ GDPDJH OHYHO ,W LV ZRUWK QRWLQJ WKDW HYHQ IRU ³,QVLJQLILFDQW´ GDPDJH OHYHO
VWLIIQHVV UHGXFWLRQ RFFXUV VLQFH WKH FRPSRQHQW VWLIIQHVV LV PRVW VHQVLWLYH WR GDPDJH DV
VKRZQLQ)LJXUHE



D



E

)LJXUHD ([DPSOHRIFRPSRQHQWGDPDJHFODVVLILFDWLRQIRUDQLVRODWHGZDOOZLWKGXFWLOHIOH[XUDOEHKDYLRUE 
JHQHUDOUHODWLRQVKLSEHWZHHQGDPDJHVHYHULW\DQGPRGLILFDWLRQIDFWRUV>@

)ROORZLQJWKH)(0$DSSURDFKVLJQLILFDQWUHVHDUFKHIIRUWKDVEHHQGHGLFDWHG LQ
RUGHUWRGHULYHFRHIILFLHQWUHGXFWLRQIDFWRUVIRUGDPDJHGVWUXFWXUDOHOHPHQWVDVZHOODVWRGH
ILQHDGHWDLOHGJHQHUDOIUDPHZRUNIRUWKHHYDOXDWLRQRIWKHUHVLGXDOFDSDFLW\RI5&EXLOGLQJV
HJ>@ 1HYHUWKHOHVVWKHVHLQYHVWLJDWLRQVPDLQO\IRFXVHGRQIUDPHV\VWHPV HJ>
@ /RRNLQJDWVWUXFWXUDOZDOOVVHYHUDOH[SHULPHQWDODQGQXPHULFDOVWXGLHVFDQEHIRXQGLQ
OLWHUDWXUHKRZHYHUWKHVHUHVHDUFKZRUNVIRFXVHGDWLPSURYLQJWKHXQGHUVWDQGLQJRQWKHVHLV
PLF UHVSRQVH DQG SHUIRUPDQFH RI 5& ZDOOV Dashti et al. >@ GHYHORSHG D ILQLWH HOHPHQW
PRGHOEDVHGRQFXUYHGVKHOOHOHPHQWIRUPXODWLRQWRSUHGLFWWKHQRQOLQHDUEHKDYLRURISODQDU
5&VWUXFWXUDOZDOOVZLWKVSHFLILFIRFXVRQRXWRISODQHLQVWDELOLW\PHFKDQLVPV0RUHRYHUWKH
VDPHDXWKRUVFDUULHGRXW DGHWDLOHGH[SHULPHQWDOLQYHVWLJDWLRQRQWKHRXWRISODQHLQVWDELOLW\
LQUHFWDQJXODU5&ZDOOV>@Shegay et al. >@SHUIRUPHGH[SHULPHQWDOWHVWLQJRQIRXUIOH[
XUDO ZDOOV ZLWK UHFWDQJXODU FURVV VHFWLRQV LQ RUGHU WR LQYHVWLJDWH WKH LPSDFW RI WKH LPSRVHG
D[LDOORDGUDWLRDVZHOODVWKHWUDQVYHUVHUHLQIRUFHPHQWGHWDLOLQJRQWKHLUVHLVPLFSHUIRUPDQFH
Niroomandi et al.>@H[SHULPHQWDOO\LQYHVWLJDWHGWKHHIIHFWVRIWKHELGLUHFWLRQDOORDGLQJRQ
WKHVHLVPLFEHKDYLRURIVOHQGHUUHFWDQJXODU5&ZDOOV $QRYHUYLHZRIFRPSUHKHQVLYHUHVHDUFK
SURJUDPVGHYHORSHGLQ1HZ=HDODQGIROORZLQJWKH&DQWHUEXU\HDUWKTXDNHVDQG
LQFOXGLQJSUDFWLFDOUHFRPPHQGDWLRQVIRUWKHGHVLJQDQGDVVHVVPHQWRI5&ZDOOVLVDYDLODEOH
LQ Shegay et al. >@ Li and Xiang>@ VXJJHVWHG D IRUPXODWLRQIRU DVVHVVLQJ WKH HIIHFWLYH
VWLIIQHVV RI 5& VTXDW VWUXFWXUDO ZDOOV E\ SHUIRUPLQJ D FRPSUHKHQVLYH SDUDPHWULF VWXG\ $
VLPLODUVWXG\ZDVGLVFXVVHGLQSharifi and Shafieian>@ZKRSURSRVHGDIRUPXODWLRQWRGH
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WHUPLQHWKHHIIHFWLYHVWLIIQHVVRIVOHQGHUDQGVTXDWZDOOVEDVHGRQVWDWLVWLFDODQDO\VHVRI
H[LVWLQJ H[SHULPHQWV DYDLODEOH LQ OLWHUDWXUH Kolozvari et al. >@ GHYHORSHG DQ DQDO\WLFDO
PRGHODEOHWRFDSWXUHWKHLQWHUDFWLRQEHWZHHQD[LDOIOH[XUDODQGVKHDUUHVSRQVHVIRU5&ZDOOV
VXEMHFWHGWRUHYHUVHGF\FOLFEDVHGRQDWZRGLPHQVLRQDOILEHUEDVHGPDFURVFRSLFPRGHODQG
WKHH[SHULPHQWDOFDOLEUDWLRQDQGYDOLGDWLRQRIWKLVDQDO\WLFDOZDOOPRGHOZDVDOVRFDUULHGRXW
>@)LQDOO\DVSHFLDOFROOHFWLRQRISDSHUVSUHVHQWLQJUHFHQWDGYDQFHVLQVHLVPLFGHVLJQRI
5HLQIRUFHG&RQFUHWHZDOOVFDQEHIRXQGLQSritharan and Beyer>@+RZHYHUDVPHQWLRQHG
DERYHIXUWKHULQYHVWLJDWLRQVDQGUHVHDUFKHIIRUWVDUHUHTXLUHGWRVWXG\DQGEHWWHUXQGHUVWDQG
WKHSRVWHDUWKTXDNHUHVLGXDOFDSDFLW\RIVWUXFWXUDOZDOOV\VWHPV
3

PARAMETRIC INVESTIGATIONS ON RC WALLS

$SDUDPHWULFDQDO\VLVLVFDUULHGRXWWRLQYHVWLJDWHWKHVHLVPLFUHVLGXDOFDSDFLW\RI5&ZDOOV
$IWHU WKH FROOHFWLRQ RI H[SHULPHQWDO OLWHUDWXUH GDWD RQ VWUXFWXUDO ZDOOV UHILQHG )(0 PRGHOV
DUHLPSOHPHQWHGDQGFDOLEUDWHGE\FRPSDULQJQXPHULFDODQGH[SHULPHQWDOUHVXOWV7KHQDGGL
WLRQDOFDVHVWXG\ZDOOVDUHGHILQHGE\PRGLI\LQJWKHJHRPHWULFDODQGVWUXFWXUDOGHWDLOVRIWKH
VHOHFWHG5&ZDOOV1RQOLQHDUVWDWLFDQDO\VHVDUHWKXVSHUIRUPHGWRDVVHVVWKHVHLVPLFSHUIRU
PDQFHRIWKHZDOOVLQWKHLUXQGDPDJHGDQGGDPDJHGFRQILJXUDWLRQV'LIIHUHQWGDPDJHFRQGL
WLRQVDVZHOODVDVVHVVPHQWPHWKRGVDUHLQGHHGFRQVLGHUHG)LQDOO\IRUHDFKFDVHVWXG\ZDOO
V\VWHP VWUHQJWK DQG VWLIIQHVV UHGXFWLRQ IDFWRUV DUH GHULYHG 'HWDLOHG LQIRUPDWLRQ DERXW WKH
LPSOHPHQWHGPHWKRGRORJ\DQGWKHDQDO\VLVUHVXOWVDUHUHSRUWHGZLWKLQWKLVVHFWLRQ
3.1

RC wall configurations and modelling approach

7KHFDVHVWXG\VWUXFWXUDOZDOOVDUHVHOHFWHGIURPH[SHULPHQWDOWHVWVDYDLODEOHLQOLWHUDWXUH
DQG WDNLQJ LQWR DFFRXQW DOWHUQDWLYH FROODSVH PRGHV LH IOH[XUDO IOH[XUDOVKHDU DQG VKHDU 
6SHFLILFDOO\ VL[ H[SHULPHQWDO WHVWV RQ VWUXFWXUDO ZDOOV DUH VHOHFWHG *HRPHWULFDO GHWDLOV DQG
PDWHULDO SURSHUWLHV RIWKHVH 5& ZDOOV DUH UHSRUWHG LQ7DEOH  0RUH GHWDLOV DERXW WKH VSHFL
PHQVFDQEHIRXQGLQWKHFLWHGSDSHUV

$XWKRU V 
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$5 +ZWZ 665 Ȟ
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1RWH$5 $VSHFW5DWLR+Z ZDOOKHLJKWWZ ZDOOWKLFNQHVV665 6KHDU6SDQ5DWLRȞ D[LDOORDGUDWLRI¶F FRQ
FUHWHFRPSUHVVLRQVWUHQJWKI\ VWHHO\LHOGVWUHVVȡO%( ERXQGDU\HOHPHQWORQJLWXGLQDOUHLQIRUFHPHQWUDWLRȡKZHE ZHE
KRUL]RQWDOUHLQIRUFHPHQWUDWLR

7DEOH*HRPHWULFDOGHWDLOVDQGPDWHULDOSURSHUWLHVRIWKHVHOHFWHGVWUXFWXUDOZDOOV

7KH VWUXFWXUDO ZDOOV DUH DQDO\]HG DGRSWLQJ D UHILQHG )LQLWH (OHPHQW 0RGHOOLQJ DSSURDFK
EDVHG RQ WKH 0RGLILHG &RPSUHVVLRQ )LHOG 7KHRU\ 0&)7 Vecchio and Collins >@  7KH
0&)7LVDQDQDO\WLFDOPRGHOIRUSUHGLFWLQJWKHORDGGHIRUPDWLRQUHVSRQVHRIUHLQIRUFHGFRQ
FUHWHPHPEUDQHHOHPHQWVVXEMHFWHGWRVKHDUDQGQRUPDOVWUHVVHV,WLVEDVHGRQWKUHHVHWVRI
UHODWLRQVKLSV FRPSDWLELOLW\UHODWLRQVKLSVIRUFRQFUHWHDQGUHLQIRUFHPHQWDYHUDJHVWUDLQV 
HTXLOLEULXPUHODWLRQVKLSVLQYROYLQJDYHUDJHVWUHVVHVLQFRQFUHWHDQGUHLQIRUFHPHQW FRQVWL
WXWLYHUHODWLRQVKLSVIRUFUDFNHGFRQFUHWHDQGUHLQIRUFHPHQW>@
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7KHQXPHULFDODQDO\VHVDUHSHUIRUPHGXVLQJWKHVWUXFWXUDOVRIWZDUH9HF7RU>@7KHUHLQ
IRUFHGFRQFUHWHZDOOLVPRGHOOHGE\SODQHVWUHVV UHFWDQJXODUHOHPHQWV6WHHOWUDQVYHUVDOEDUV
DUHPRGHOOHGDVVPHDUHGUHLQIRUFHPHQWLQFRQFUHWHHOHPHQWVZKLOHVWHHOORQJLWXGLQDOEDUVDUH
UHSUHVHQWHGE\PRQRGLPHQVLRQDO³WUXVV´HOHPHQWV7KHPopovics>@VWUHVVVWUDLQUHODWLRQ
VKLSLVDGRSWHGWRPRGHOWKH XQFRQILQHG FRQFUHWHFRYHUZKLOHWKHMander et al. >@EHKDY
LRU LV XVHG IRU WKH FRQILQHG  FRQFUHWH FRUH 7KH VWHHO VWUHVVVWUDLQ UHODWLRQVKLS LV PRGHOHG
DFFRUGLQJWRSeckin>@DOORZLQJWRLQFOXGHWKHVRFDOOHG%DXVFKLQJHUHIIHFW)LJXUHVKRZV
DQH[DPSOHRIVWUXFWXUDOZDOOQXPHULFDOPRGHOLQ9HF7RUDQGWKHUHVXOWVREWDLQHGLQWHUPVRI
FUDFNSDWWHUQV QXPHULFDOYVH[SHULPHQWDO 




D

E F





)LJXUH([DPSOHRID QXPHULFDOPRGHOLQ9HF7RUE FUDFNSDWWHUQVREWDLQHGE\9HF7RUYVF FUDFNSDW
WHUQVREVHUYHGGXULQJWKHH[SHULPHQWDOWHVWVSHUIRUPHGE\Dazio et al>@

)RU DOO WKH VHOHFWHG ZDOOV QXPHULFDO YV H[SHULPHQWDO FRPSDULVRQV LQ WHUPV RI F\FOLF UH
VSRQVHDQGFUDFNSDWWHUQVDUHFDUULHGRXW5HVXOWVKLJKOLJKWDJRRGDJUHHPHQWEHWZHHQQXPHU
LFDODQGH[SHULPHQWDOEHKDYLRUFRQILUPLQJWKHUHOLDELOLW\RIWKHDGRSWHGPRGHOOLQJDSSURDFK
,Q)LJXUHDQH[DPSOHRIFRPSDULVRQLQWHUPVRIF\FOLFUHVSRQVHLVSUHVHQWHGIRUWZRIOH[XU
DOGRPLQDWHGZDOOV IRUWKHZDOOVDIIHFWHGE\VKHDUFROODSVHPHFKDQLVPVRQO\PRQRWRQLFH[
SHULPHQWDOFXUYHVDUHDYDLODEOH 



D


E

)LJXUH([DPSOHRIFRPSDULVRQLQWHUPVRIF\FOLFUHVSRQVHD ([SHULPHQWDOGDWDIURPDazio et al.>@E 
RULJLQDOJUDSKIURPWKHH[SHULPHQWDOWHVWVE\Thomsen and Wallace>@

,QRUGHUWRLQFUHDVHWKHGDWDVHWSDUDPHWULFFRQILJXUDWLRQVRIWKH5&ZDOOVOLVWHGLQWKHSUH
YLRXV 7DEOH  DUH LGHQWLILHG DQG QXPHULFDO DQDO\VHV DUH VLPXODWHG IRU HDFK DGGLWLRQDO FDVH
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VWXG\DGRSWLQJWKHVDPHPRGHOOLQJDSSURDFKSUHYLRXVO\GHVFULEHG6SHFLILFDOO\WKHZDOOVDUH
SDUDPHWHUL]HGLQWHUPVRIJHRPHWULFDOGHWDLOV LHDVSHFWUDWLR DSSOLHGD[LDOORDG Ȟ DQGPD
WHULDOSURSHUWLHV,WLVZRUWKQRWLQJWKDWWKHH[SHFWHGEHKDYLRUFROODSVHPRGHRIWKHZDOO IOH[
XUDORUVKHDURUIOH[XUDOVKHDU FDQWKXVFKDQJHHVSHFLDOO\ZKHQWKHDVSHFWUDWLRLVPRGLILHG
7DEOHVXPPDUL]HVWKHPDLQSURSHUWLHVRIHDFKVWUXFWXUDOZDOOFRQVLGHUHGWRGHYHORSWKHSDU
DPHWULFDQDO\VLV,QWRWDO5&ZDOOVDUHLQYROYHG IRUHDFKFROODSVHPRGH 

&ROODSVH
PRGH
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1RWH$5 $VSHFW5DWLR+Z ZDOOKHLJKWWZ ZDOOWKLFNQHVV665 6KHDU6SDQ5DWLRȞ D[LDOORDGUDWLRI¶ F FRQFUHWH
FRPSUHVVLRQVWUHQJWK I\ VWHHO \LHOGVWUHVV ȡO%( ERXQGDU\ HOHPHQW ORQJLWXGLQDOUHLQIRUFHPHQWUDWLR ȡKZHE  ZHEUHLQ
IRUFHPHQWUDWLR

7DEOH6HOHFWHGFDVHVWXG\ZDOOV
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3.2

Non-linear static analyses

1RQOLQHDUVWDWLFDQDO\VHVDUHSHUIRUPHGWRDVVHVVWKHVHLVPLFSHUIRUPDQFHRIDOOWKHFDVH
VWXG\VWUXFWXUDOZDOOVLQWKHLUSUH XQGDPDJHG DQGSRVWHDUWKTXDNH GDPDJHG FRQGLWLRQV
,QSDUWLFXODUWKUHHSRVWHDUWKTXDNHGDPDJHOHYHOVDUHFRQVLGHUHGQDPHO\'6 OLPLWHGGDP
DJH  '6 PRGHUDWH GDPDJH  DQG '6 VHYHUH GDPDJH  1HYHUWKHOHVV LQ WKH LQWHUQDWLRQDO
FRGHVJXLGHOLQHVSUDFWLFDODQGVSHFLILFPHWKRGVWRLGHQWLI\WKHVHGDPDJHVWDWHVDUHVWLOOXQGHU
GHYHORSPHQWZKLOHRQO\DTXDOLWDWLYHGDPDJHGHVFULSWLRQLVRIWHQUHSRUWHG7KHUHIRUHLQWKLV
SDSHU WKUHH DOWHUQDWLYH PHWKRGV DUH FRQVLGHUHG DQG FRPSDUHG WR LGHQWLI\ WKH WKUHH GDPDJH
OHYHOVIRUHDFKZDOOFRQILJXUDWLRQ

x 7KHILUVW PHWKRG 0  UHIHUV WR WKH )(0$ >@ DSSURDFK 'DPDJH VHYHULW\ OHYHOV
DUHFRUUHODWHGZLWKWKHDFKLHYHPHQWRIGLVSODFHPHQWGXFWLOLW\OHYHOV0RUHGHWDLOVDERXW
WKH)(0$HYDOXDWLRQSURFHGXUHDUHUHSRUWHGLQWKHSUHYLRXVVHFWLRQ
x 7KHVHFRQGPHWKRG 0 UHIHUVWRWKHIUDJLOLW\GDWDEDVHRI)(0$3>@7KHH[LVW
LQJUHSRVLWRU\RIIUDJLOLW\GDWDDOORZVWRLGHQWLI\WKHGDPDJHVWDWHVE\WKHDFKLHYHPHQW
RIVSHFLILFGULIWOHYHOVDQGGDPDJHFRQGLWLRQV HJGLPHQVLRQVRIFUDFNLQJLQFRQFUHWH 
x 7KHWKLUGPHWKRG 0 UHIHUVWR WKHGDPDJHFODVVLILFDWLRQRI)(0$>@6SHFLIL
FDOO\ DV PHQWLRQHG DERYH )(0$  SURYLGHV FUDFN SDWWHUQ LQIRUPDWLRQ DVVRFLDWHG
ZLWK GLIIHUHQW GDPDJH VHYHULW\ OHYHOV DQG WKLV GHVFULSWLRQ FDQ EH XVHG WR LGHQWLI\ GLI
IHUHQWGDPDJHOHYHOV

$XQLGLUHFWLRQDOPRQRWRQLFODWHUDOORDGLVLQLWLDOO\DSSOLHGWRHDFKZDOOLQRUGHUWRHYDOXDWH
WKHIRUFHGLVSODFHPHQWFDSDFLW\FXUYHLQLWVXQGDPDJHGFRQILJXUDWLRQ7KHQDWZRVWHSSUR
FHGXUH LV DGRSWHG   ILUVW UHYHUVHGF\FOLF ORDGV DUH DSSOLHG WR VLPXODWH WKH DFKLHYHPHQW RI
VSHFLILFGDPDJHVWDWHV LH'6'6'6 FRQVLGHULQJWKHLGHQWLILFDWLRQPHWKRGVGHVFULEHG
DERYH LH0YV0YV0  WKHQDXQLGLUHFWLRQDOPRQRWRQLFODWHUDOORDGLVDSSOLHGWR
WKHGDPDJHGZDOOVWRHYDOXDWHWKHIRUFHGLVSODFHPHQWFDSDFLW\FXUYHIRUHDFK GDPDJHGFRQ
ILJXUDWLRQ7KLVDOORZVWRGHULYHVWLIIQHVVDQGVWUHQJWKUHGXFWLRQFRHIILFLHQWV LHȜ.DQGȜ4 
E\FRPSDULQJWKHSUHDQGSRVWHDUWKTXDNHIRUFHGLVSODFHPHQWFXUYHV,WLVZRUWKQRWLQJWKDW
D ELOLQHDUL]DWLRQ RI WKH FDSDFLW\ FXUYHV LV QHHGHGWR FRPSXWH WKHVH UHGXFWLRQIDFWRUV ,Q WKLV
ZRUN WZR GLIIHUHQW ELOLQHDUL]DWLRQ PHWKRGV DUH FRQVLGHUHG DFFRUGLQJ WR WKH SURFHGXUH SUR
SRVHGE\Paulay and Priestley>@DQG)(0$>@ UHIHUUHGWRDV%DQG%UHVSHFWLYH
O\ DQGFRPSDUHG7KHILUVWDSSURDFKSURYLGHVWKHVHFDQWVWLIIQHVVLQWHUVHFWLQJWKHSXVKRYHU
FXUYHDW9XZKHUH9XLVWKHDYHUDJHRIWKHPD[LPXPVKHDUYDOXHVDWWKHEDVHRIWKHZDOO
ZKLOHIRUWKHVHFRQGPHWKRGWKHLQWHUVHFWLRQSRLQWLVLGHQWLILHGDW9\ZKHUH9\LVQRZWKH
ZDOO\LHOGLQJVKHDU
)LJXUHVKRZVDQH[DPSOHRIORDGKLVWRU\DGRSWHGLQWKHWZRVWHSQRQOLQHDUVWDWLFDQDO\
VLVRIGDPDJHGZDOOFRQILJXUDWLRQVDVZHOODVDQH[DPSOHRIDVVHVVPHQWRIUHGXFWLRQIDFWRUV
WKURXJK WKH FDSDFLW\ FXUYHV RI ERWK WKH XQGDPDJHG DQG GDPDJHG ZDOO % ELOLQHDUL]DWLRQ
'6 OHYHO  ,Q VXPPDU\ WKUHH GLIIHUHQW GDPDJHG VWDWHV DUH FRQVLGHUHG IRU HDFK FDVHVWXG\
ZDOOE\DGRSWLQJWKUHHGLIIHUHQWGDPDJHLGHQWLILFDWLRQPHWKRGV 000 0RUHRYHUUH
GXFWLRQ IDFWRUV DUH GHULYHG DFFRUGLQJ WR WZR DOWHUQDWLYH ELOLQHDUL]DWLRQ PHWKRGV % % 
7KLVOHDGVWRDWRWDOQXPEHURIYDOXHVIRUERWKVWUHQJWKDQGVWLIIQHVVUHGXFWLRQIDFWRUV
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)LJXUHD /RDGKLVWRU\IRUWKHQRQOLQHDUVWDWLFDQDO\VLVRIGDPDJHGZDOOVE DVVHVVPHQWRIUHGXFWLRQIDFWRUV
E\FRPSDULQJWKHFDSDFLW\FXUYHVRIWKHXQGDPDJHGDQGGDPDJHGZDOO HJ%ELOLQHDUL]DWLRQ'6OHYHO 

3.3

Reduction coefficients

5HVXOWVLQWHUPVRIVWUHQJWKDQGVWLIIQHVVUHGXFWLRQIDFWRUV DVSHUFHQWDJHYDOXHV>@ DUH
VXPPDUL]HGLQ7DEOH7KHVWUXFWXUDOZDOOVDUHFODVVLILHGDFFRUGLQJWRWKHLUFROODSVHPHFKD
QLVPPRGHDQGIRUHDFKGDPDJHGVWDWH '6'6'6 DQGLGHQWLILFDWLRQPHWKRG 00
0 DVZHOODVELOLQHDUL]DWLRQSURFHGXUH %% DYHUDJHDQGGLVSHUVLRQ VWDQGDUGGHYLDWLRQ 
YDOXHVRIUHGXFWLRQIDFWRUVDUHUHSRUWHG





'6
'6
'6
'6
'6
'6
'6
'6
'6


'6
'6
'6
'6
'6
'6
'6
'6
'6

0HWKRG0
0HWKRG0
0HWKRG0
7\SH%
7\SH%
7\SH%
7\SH%
7\SH%
7\SH%
$YJ 6'HY $YJ 6'HY $YJ 6'HY $YJ 6'HY $YJ 6'HY $YJ 6'HY
>@
>@
>@
>@
>@
>@
>@
>@
>@
>@
>@
>@
Stiffness Reduction Coefficient (λK)
Flexural mechanism
           
           
           
Flexural/Shear mechanism
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5HVXOWVKLJKOLJKWWKDWVWLIIQHVVLVPRUHVHQVLWLYHWRGDPDJHZKHQFRPSDUHGWRVWUHQJWKDQG
WKLVLVLQDJUHHPHQWZLWK)(0$0RUHRYHUWKHREWDLQHGPHDQUHGXFWLRQYDOXHVDUHORZHU
HVSHFLDOO\LQFDVHRIȜ. ZKHQFRPSDUHGWR'6'6'6UHGXFWLRQFRHIILFLHQWVRI
DQGIRUȜ.DQGȜ4UHVSHFWLYHO\SURYLGHGE\)(0$IRUIOH[XUDOZDOOV5HIHU
ULQJWRWKHVHYHUHGDPDJHVWDWH '6 WKHVWUHQJWKORVVREWDLQHGIRUIOH[XUDOGRPLQDWHGZDOOV
LVOHVVWKDQZKLOHLVDURXQGIRUIOH[XUDOVKHDUZDOOVDQGDOPRVWIRUZDOOV
DIIHFWHG E\ VKHDU FROODSVH 2Q WKH RWKHU KDQG UHIHUULQJ WR WKH VDPH GDPDJH OHYHO KLJKHU
VWLIIQHVVORVVHVFDQEHREVHUYHGIRUDOOWKHZDOOW\SRORJLHVHYHQPRUHWKDQDW'67KH
SUHYLRXVWDEOHDOVRVKRZVWKDWZDOOVZLWKVKHDUFROODSVHPHFKDQLVPKDYHKLJKHUGLVSHUVLRQLQ
WKH UHVXOWV DV KLJKOLJKWHG LQ )LJXUH D IRU WKH FDVH RI 0HWKRG 0%LOLQHDUL]DWLRQ % )XU
WKHUPRUHGLIIHUHQFHV OHVVWKDQIRU0ZKLOHOHVVWKDQIRU00 FDQEHKLJK
OLJKWHGZKHQWKHWZRELOLQHDUL]DWLRQPHWKRGV %YV% DUHFRPSDUHG )LJXUH )LQDOO\LW
LVZRUWKQRWLQJWKDWWKHGDPDJHDVVHVVPHQWPHWKRGVVWURQJO\DIIHFWWKHUHVXOWV,QIDFWDGRSW
LQJWKH0PHWKRGWKHORZHVWGLVSHUVLRQLVIRXQGZKLOHWKH0PHWKRGOHDGVWRWKHKLJKHVW
GLVSHUVLRQ YDOXHV 7KLV UHVXOW LV LQ DJUHHPHQW ZLWK WKH H[SHFWDWLRQ VLQFH UHIHUULQJ WR FUDFN
SDWWHUQV 0 PHWKRG  FDQ OHDG WR KLJKHU XQFHUWDLQW\ LQ WKH LGHQWLILFDWLRQ RI GDPDJH VWDWHV
WKDQXVLQJDGLUHFWLQGLFDWRUDVWKHGLVSODFHPHQWGXFWLOLW\ 0PHWKRG 



D

F



E



G



)LJXUHD 0HDQDQGGLVSHUVLRQYDOXHVRIVWLIIQHVVUHGXFWLRQIDFWRUVȜ. IRU0HWKRG0DQG%LOLQHDUL]DWLRQ% 
FRPSDULVRQEHWZHHQWKHȜ. YDOXHVREWDLQHGIURPDOOWKHLPSOHPHQWHGDSSURDFKHVLQFDVHRIE IOH[XUDOIDLOXUHF 
IOH[XUDOVKHDUIDLOXUHG VKHDUIDLOXUH
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4

NUMERICAL ANALYSIS ON A MULTI-STORY RC BUILDING

4.1

Description of the case-study

7KHFDVHVWXG\EXLOGLQJLVDVWRU\UHLQIRUFHGFRQFUHWHVWUXFWXUHZLWKJOREDOGLPHQVLRQV
DQG SODQ JHRPHWU\ DV SUHVHQWHG LQ )LJXUH  7KLV VWUXFWXUH LV VHOHFWHG IURP D SUHYLRXV UH
VHDUFKZRUNGHYHORSHGE\ Bianchi et al.>@7KHVWUXFWXUDOVNHOHWRQFRQVLVWVRIVHLVPLFUH
VLVWDQWIRXUED\IUDPHVLQRQHGLUHFWLRQDQGVHLVPLFUHVLVWDQWZDOOVLQWKHRUWKRJRQDOGLUHFWLRQ
7KH EXLOGLQJ KDV FRPPHUFLDO DQG UHVLGHQWLDO XVH DQG LV ORFDWHG LQ D KLJKVHLVPLFLW\ ,WDOLDQ
]RQH 3*$ RI  J  )RFXVLQJ RQ WKH ZDOO GLUHFWLRQ DOWHUQDWLYH W\SRORJLHV RI VWUXFWXUDO
V\VWHPVDUHGHVLJQHGWRSURYLGHWKHVDPH2YHUWXUQLQJ0RPHQW 270RIN1P RIWKH
LQLWLDO UHIHUHQFH PXOWLVWRU\ EXLOGLQJ QDPHO\   D ILUVW FDVHVWXG\ FRPSULVLQJ IRXU HDUWK
TXDNHUHVLVWDQW GXFWLOH ZDOOV FKDUDFWHUL]HG E\ D IOH[XUDO FROODSVH PHFKDQLVP &DVH     D
VHFRQGFDVHVWXG\FRQVLVWLQJRIWKHVDPHJHRPHWULFDOFRQILJXUDWLRQEXWWKH5&ZDOOVDUHQRZ
DIIHFWHGE\DEULWWOHVKHDUIDLOXUHLHQRKLHUDUFK\RIVWUHQJWKVSULQFLSOHVLVDSSOLHG &DVH 
$OWKRXJKWKHUHIHUHQFHEXLOGLQJLVDQHZVWUXFWXUHWKHVKHDUGRPLQDQWZDOOVDUHGHVLJQHGIRU
WKHSXUSRVHRIWKLVVWXG\RQO\


CASE 1)OH[XUDOIDLOXUHPRGH
CASE
26KHDUIDLOXUHPRGH

E

D





)LJXUHD *OREDOYLHZRIWKHUHIHUHQFHEXLOGLQJ %LDQFKLHWDO>@E QHZJHRPHWULFDOFRQILJXUDWLRQGH
VLJQHGLQWKHZDOOGLUHFWLRQ &DVHIOH[XUDOFROODSVH&DVHVKHDUFROODSVH 

4.2

Numerical analysis

1RQOLQHDU VWDWLF SXVKRYHU  DQDO\VHV DUH SHUIRUPHG IROORZLQJ DQ DQDO\WLFDOEDVHG DS
SURDFKWKHVRFDOOHG6LPSOH/DWHUDO0HFKDQLVP$QDO\VLV 6/D0$ GHVFULEHGLQWKH1=6((
JXLGHOLQHV >@ 7KLV SUDFWLFDO PHWKRGRORJ\ DOORZV WR GHWHUPLQH WKH EDVH VKHDU
GLVSODFHPHQW FDSDFLW\ FXUYHVRIWKHWZRFDVHVWXG\ZDOOV\VWHPVE\VLPSOHDQDO\WLFDOFDOFX
ODWLRQVDFFRXQWLQJIRUWKHFROODSVHPHFKDQLVP IOH[XUHVKHDUIOH[XUHVKHDU GHYHORSLQJZLWK
LQWKHVWUXFWXUDOV\VWHP7KHQIROORZLQJWKHSXVKRYHUEDVHG&DSDFLW\6SHFWUXP0HWKRG>
@WKHEXLOGLQJSHUIRUPDQFHSRLQWVDUHFRPSXWHGDWGLIIHUHQWVHLVPLFLQWHQVLW\OHYHOV QDPH
O\6/26/'6/96/&RU,PPHGLDWH2SHUDWLRQDO'DPDJH&RQWURO/LIH6DIHW\DQG&RO
ODSVH3UHYHQWLRQUHVSHFWLYHO\DVLQGLFDWHGLQWKH17&>@ 
)LJXUH  D F  VKRZV WKH GHPDQG YV FDSDFLW\ UHVXOWV REWDLQHG LQ WKH $FFHOHUDWLRQ
'LVSODFHPHQW5HVSRQVH6SHFWUXP $'56 GRPDLQ7KLVILJXUHKLJKOLJKWVWKHEHWWHUEHKDYLRU
RI WKH GXFWLOH IOH[XUDO ZDOOV HYHQ DOORZLQJ IRU D JUHDWHU GLVVLSDWLRQ DQG FRQVHTXHQWO\ D UH
GXFHGVHLVPLFGHPDQG UHVSRQVHVSHFWUDDW8OWLPDWH/LPLW6WDWHVDUHLQIDFWUHGXFHGFRQVLGHU
LQJ WKH EXLOGLQJ HTXLYDOHQW YLVFRXV GDPSLQJ  ,QVWHDG WKH VKHDUGRPLQDWHG ZDOOV DUH
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FKDUDFWHUL]HGE\DEULWWOHEHKDYLRUOHDGLQJWRDXOWLPDWHFDSDFLW\SRLQWQRWHYHQDFKLHYLQJWKH
/LIH6DIHW\ GHVLJQ VSHFWUXP )LQDOO\ WKH GDPDJHG FRQILJXUDWLRQV IRU WKH WZR FDVHVWXGLHV
&DVH&DVH DUHGHWHUPLQHGDSSO\LQJWKHUHGXFWLRQVWUHQJWKVWLIIQHVVFRHIILFLHQWVDOUHDG\
FRPSXWHGLQWKHSUHYLRXVVHFWLRQ )LJXUHEG 


D



E

F

G





)LJXUH&DSDFLW\FXUYHVRIWKHXQGDPDJHGVWUXFWXUHLQWKH$FFHOHUDWLRQ'LVSODFHPHQW5HVSRQVH6SHFWUXP
$'56 GRPDLQDQGIRUDOOWKHGDPDJHGZDOOFRQILJXUDWLRQV '6'6'6 D E &DVHIOH[XUDOIDLOXUH
PRGHF G &DVHVKHDUIDLOXUHPRGH

4.3

Loss assessment investigations

/RVV DVVHVVPHQW DQDO\VHV DUH ILQDOO\ LPSOHPHQWHG FRQVLGHULQJ DV LQSXW GDWD WKHIORRU DF
FHOHUDWLRQV DQG LQWHUVWRU\ GULIW UDWLRV IURP WKH SHUIRUPDQFH SRLQWV  REWDLQHG DWWKH YDULRXV
VHLVPLFLQWHQVLWLHV7ZRDOWHUQDWLYHORVVDVVHVVPHQWSURFHGXUHVDUHLQYROYHG WKHVLPSOLILHG
DSSURDFK GHVFULEHG LQ WKH '0  >@ WKH ³6HLVPLF%RQXV´ JXLGHOLQHV   WKH ULJRURXV
SUREDELOLVWLFEDVHGSURFHGXUHGHILQHGLQ)(0$3>@
)RFXVLQJRQWKHVLPSOLILHGPHWKRGRORJ\UHVXOWVLQWHUPVRI([SHFWHG$QQXDO/RVVHV ($/ 
FXUYHVDQGYDOXHV H[SUHVVHGDVSHUFHQWDJHRIWKH5HSODFHPHQW&RVW5& DUHVXPPDUL]HGLQ
)LJXUH  UHIHUULQJ WR 0 GDPDJH DVVHVVPHQW PHWKRG DQG % ELOLQHDUL]DWLRQ PHWKRG  IRU
ERWK XQGDPDJHG DQG GDPDJHG ZDOO V\VWHPV 7KH FRPSDULVRQ KLJKOLJKWV WKDW WKH VWUXFWXUDO
V\VWHP FRPSULVLQJ EULWWOH 5& ZDOOV &DVH   OHDGV WR KLJKHU ORVVHV ZKHQ FRPSDUHG WR WKH
VWUXFWXUDO FRQILJXUDWLRQ FRQVLVWLQJ RI GXFWLOH ZDOOV &DVH   )XUWKHUPRUH IRU &DVH  DQG
ORRNLQJDW'6GDPDJHOHYHO DQG'6LQVRPHFDVHV ORZHUHFRQRPLFORVVHVDUHIRXQGZKHQ
FRPSDUHGWRWKHXQGDPDJHGVWUXFWXUH7KLVLVGXHWRWKHVWUXFWXUDOV\VWHP\LHOGLQJEHIRUHWKH
H[SXOVLRQRIWKHH[WHUQDOLQILOOZDOOV H[SHFWHGWREHDFKLHYHGDWGULIWOHYHODVSHU,WDOLDQ
17&FRGH>@ 7KXVWKHFRVWIUHTXHQF\SRLQWDW6/'LVQRZUHSUHVHQWHGE\WKH\LHOG
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LQJRIWKHVWHHOUHEDUVFDXVLQJUHGXFHGUHSDLUFRVWVLQVWHDGRIWKHSUHIL[HGYDOXHLPSRVHGE\
'0>@DW6/'LH5& WKLVYDOXHKDVEHHQGHULYHGIURPWKHUHFRQVWUXFWLRQUHSDLU
FRVWV DIWHU /¶$TXLOD HDUWKTXDNH  White Book, Dolce and Manfredi >@  DOUHDG\ LQFOXGLQJ
WKHFRQWULEXWLRQRIQRQVWUXFWXUDOGDPDJHHVSHFLDOO\PDVRQU\LQILOOZDOOV 


D

E

F

G







)LJXUH($/FXUYHVDQGYDOXHVIRUWKHXQGDPDJHGDQGGDPDJHGZDOOV\VWHPVD E &DVH IOH[XUDOFROODSVH
PRGH F G &DVH VKHDUFROODSVHPRGH 

&RQVHTXHQWO\ORRNLQJDWWKH\LHOGLQJSRLQWDVGDPDJHOLPLWIRU6/'DQGIROORZLQJWKHDQ
DO\WLFDOEDVHGFRGLILHGORVVDVVHVVPHQWDSSURDFKWKHORZHUHODVWLFVWLIIQHVVRIWKHVWUXFWXUHLQ
FDVHRI'6 RU'6 LQKHUHQWO\EULQJVWRORZHUORVVHV )LJXUH 7KHUHIRUHORVVHVDUHQRW
SURSHUO\HYDOXDWHGIRUWKHIOH[XUDOGRPLQDWHGZDOOFRQILJXUDWLRQVDW6/' DQGFRQVHTXHQWO\
DW 6/2  ,Q JHQHUDOWKLV RXWFRPH KLJKOLJKWV WKH OLPLWV RI WKH FXUUHQW FRGHFRPSOLDQW SURFH
GXUH QRW DFFRXQWLQJIRU WKH SRVVLELOLW\ RI DGMXVWLQJ WKH UHSDLU FRVWIUHTXHQF\ YDOXHV ZKHQ D
VSHFLILF GDPDJH FRQGLWLRQ LV DFKLHYHG ,Q WKLV FDVH WKH YHU\ VWLII VWUXFWXUDO ZDOOV EHJLQ WR
GDPDJH DW GULIW OHYHOV ORZHU WKDQ WKH  RU JUHDWHU  YDOXH UHSUHVHQWLQJ WKH GLVSODFHPHQW
FKHFNYHULILFDWLRQ DWORZ VHLVPLF LQWHQVLW\OHYHOVZLWKLQ WKH ,WDOLDQ &RGH >@ 1HYHUWKHOHVV
UHIHUULQJWRLQWHUQDWLRQDOFRGHV DV6($2&9LVLRQ>@1=6>@ XVHIXOLQGL
FDWLRQVFDQEHIRXQGWRHYDOXDWHSURSHUGULIWOLPLWLQJYDOXHVDW'DPDJH&RQWUROOHYHOIRUWKH
FDVHRIZDOOVWUXFWXUDOW\SRORJ\
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)LJXUH&RPSDULVRQEHWZHHQXQGDPDJHGDQGGDPDJHG '6 UHVSRQVHIRU&DVH IOH[XUDOFROODSVH 

,QRUGHUWRREWDLQDPRUHDFFXUDWHHYDOXDWLRQRIWKH($/YDOXHVORVVDVVHVVPHQWDQDO\VHV
DUHDOVRLPSOHPHQWHGXVLQJWKH3$&7 3HUIRUPDQFH$VVHVVPHQW&DOFXODWLRQ7RRO SURYLGHG
E\WKH)(0$3>@7KLVWRRODOORZVWRLQFOXGHDOOWKHFRPSRQHQWIUDJLOLWLHVRIWKHEXLOG
LQJXQGHUFRQVLGHUDWLRQWKXVWKHLVVXHSUHYLRXVO\KLJKOLJKWHGIRUWKHVLPSOLILHGSURFHGXUHLV
DXWRPDWLFDOO\VROYHG,QIDFWWKHPHWKRGRORJ\LVIOH[LEOHDQGRSHQHGWRWKHSRVVLELOLW\RILQ
FOXGLQJQHZIUDJLOLW\IXQFWLRQVDVZHOODVFRQVHTXHQFHIXQFWLRQVGHVFULELQJWKHEHKDYLRURI
VSHFLILF EXLOGLQJ VWUXFWXUDO DQG QRQVWUXFWXUDO HOHPHQWV ,Q WKLV FDVH GXH WR WKH DEVHQFH RI
IUDJLOLW\ FXUYHV UHSUHVHQWLQJ WKH ,WDOLDQ FOD\EULFN PDVRQU\ LQILOO ZDOOV ZLWKLQ WKH DYDLODEOH
IUDJLOLW\GDWDEDVHWKHVHIXQFWLRQVDUHDGGHGE\UHIHUULQJWRWKHGDWDUHSRUWHGLQCardone et al.
>@ 7DEOH  VXPPDUL]HV WKH ($/ YDOXHV REWDLQHG IURP ERWK ORVV DVVHVVPHQW PHWKRGRORJ\
IRUERWK XQGDPDJHG FDVHVWXGLHV,WFDQEHKLJKOLJKWHGWKDWWKHSUREDELOLVWLFSURFHGXUHOHDGV
WR UHGXFHG UHSDLU FRVW YDOXHV DQG FRQVHTXHQWO\ DQ LPSURYHG ULVN FODVV IRU WKH EXLOGLQJ DV
REVHUYHGIRUWKHFDVHRIIOH[XUDOFROODSVHPHFKDQLVP



($/>5&@
5LVNFODVV
&DVHVWXG\
&DVH
&DVH

&ROODSVHPRGH
)OH[XUDO
6KHDU

'0



)(0$3



'0
%
%

)(0$3
$
%

7DEOH($/YDOXHVIRU'0DQG)(0$3ORVVDVVHVVPHQWPHWKRGRORJ\IRUXQGDPDJHGFDVHVWXGLHV

8OWLPDWHO\ DQRWKHU GHFLVLRQ YDULDEOH XVHIXO WR SURYLGH LQGLFDWLRQV RQ WKH VHLVPLF SHUIRU
PDQFHRIDEXLOGLQJV\VWHP DVZHOODVDGGUHVVLQJWKHGHVLJQRIQHZDQGRUUHWURILWWHGEXLOG
LQJV DV GHVFULEHG LQ WKH UHVHDUFK ZRUN E\ Nuzzo et al. >@  LV UHSUHVHQWHG E\ WKH H[SHFWHG
3UREDEOH 0D[LPXP /RVV 30/  7KLV SDUDPHWHU SURYLGHV WKH PD[LPXP SUREDEOH EXLOGLQJ
UHSDLUFRVWDVVRFLDWHGZLWKDVSHFLILFLQWHQVLW\OHYHO)LJXUHSUHVHQWVWKH30/FXUYHV RE
WDLQHG IURP 3$&7 WRRO IRU ERWK FDVHVWXG\ VWUXFWXUHV7KLV JUDSK KLJKOLJKWV KRZ ORVVHV FDQ
EHKLJKHYHQDWORZLQWHQVLW\VHLVPLFOHYHOVDQGWKDWKLJKHUYDOXHVDUHREWDLQHGIRUWKHVWUXF
WXUDO ZDOOV DIIHFWHG E\ VKHDU FROODSVH PHFKDQLVP  PRUH WKDQ WKH IOH[XUDO FDVH ZKHQ
ORRNLQJDWWKHPD[LPXPH[SHFWHGORVVRI)LJXUHD 
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D

E



)LJXUH30/FXUYHVREWDLQHGWKURXJKWKH)(0$3PHWKRGRORJ\D FRPSDULVRQEHWZHHQ&DVH IOH[XUDO
FROODSVHPRGH DQG&DVH VKHDUFROODSVHPRGH E DWYDULRXVGDPDJHOHYHOVIRU&DVH VKHDUFROODSVHPRGH 

7KH)(0$EDVHGORVVDVVHVVPHQWUHVXOWV LQWHUPVRI($/30/YDOXHV DUHSUHVHQWHGIRU
WKHXQGDPDJHGVWUXFWXUDOFRQILJXUDWLRQV &DVH YV&DVH ZLWKWKHDLPRIGHILQLQJPRUH
UHOLDEOHORVVYDOXHVWKURXJKDPRUHDFFXUDWHSUHGLFWLRQRIWKHUHSDLUFRVWV:KHQFRQVLGHULQJ
WKH GDPDJHG FDVHV '6 '6 '6  WKH SUREDELOLVWLFEDVHG SURFHGXUH DV GHYHORSHG ZLWKLQ
WKH 3$&7 WRRO GRHV QRW DOORZ \HW  WR SURSHUO\ FRQVLGHU WKH FXPXODWLYH GDPDJH DVVRFLDWHG
ZLWKWKHZDOOV\VWHPVLHWRHYDOXDWH30/($/UHVXOWVIRUWKHGDPDJHZDOOFRQILJXUDWLRQV
,Q IDFW PRGLILFDWLRQV RI WKH SUREDELOLVWLF IRUPXODWLRQV FRQGLWLRQDO SUREDELOLW\  DV ZHOO DV
FXPXODWLYHEDVHGIUDJLOLW\FRQVHTXHQFHIXQFWLRQVVKRXOGEHFRQVLGHUHG7KHUHIRUHLQRUGHUWR
KLJKOLJKWWKHSRVVLEOHHIIHFWRIWKHGDPDJHVWDWHLQWRWKHORVVDVVHVVPHQWUHVXOWV IURPDFRQ
FHSWXDOSRLQWRIYLHZ )LJXUHESUHVHQWVWKH30/FXUYHV REWDLQHGIRUWKHGDPDJHGVWUXF
WXUDO FDVHV ZKHQ WKH VDPH UHODWLYH GLIIHUHQFH LQ ORVVHV REWDLQHG IURP WKH VLPSOLILHG
DVVHVVPHQWLVDGRSWHG
5

CONCLUSIONS

7KLV SDSHU LQYHVWLJDWHG WKH VHLVPLF UHVLGXDO FDSDFLW\ RI 5& VWUXFWXUDO ZDOOV WKURXJK QX
PHULFDO QRQOLQHDUF\FOLFVWDWLF)(0PDFURPRGHOOLQJ DQDO\VHVDQGORVVDVVHVVPHQWVWXGLHV
7KHUHVHDUFKZRUNDLPHGDWSURYLGLQJLQGLFDWLRQVRQWKHPHWKRGRORJ\WREHIROORZHGLQRUGHU
WR LQFOXGH UHVLGXDO FDSDFLW\ FRQVLGHUDWLRQV LQ SUDFWLFDO DSSOLFDWLRQV 7KHUHIRUH DOWHUQDWLYH
GDPDJHDVVHVVPHQWPHWKRGVZHUHXVHG RUSURSRVHG DQGFRPSDUHGWRGHILQHVSHFLILFGDPDJH
OLPLWVWDWHV '6OLJKW'6PRGHUDWH'6VHYHUH DQGWKHUHODWHGVWLIIQHVVVWUHQJWKUHGXF
WLRQFRHIILFLHQWVIRU5&ZDOOVDIIHFWHGE\HLWKHUDIOH[XUDO DQGRUVKHDUFROODSVHPHFKDQLVP
0RUHRYHU ORVV LQYHVWLJDWLRQV RQ D PXOWLVWRU\ FDVHVWXG\ EXLOGLQJ ZHUH GHYHORSHG WR VWXG\
WKHHIIHFWRIWKHGDPDJHOHYHODQGW\SHRIFROODSVHPHFKDQLVPLQWRWKHUHSDLUFRVWVRIVWUXF
WXUDOZDOOV\VWHPV
7KHPDLQUHVXOWVIURPWKHGHYHORSHGVWXG\DUHKHUHLQGLVFXVVHG

x )(0$  JXLGHOLQHVGRQRWSURYLGHDVWDQGDUGL]HGSURFHGXUHWRLGHQWLI\
WKHGLIIHUHQWGDPDJHVWDWHVOHYHOV '6'6'6 LQ5&VWUXFWXUDOZDOOV HJLQFDVH
RIH[SHULPHQWDOWHVWLQJLQGLFDWLRQVRQWKHVSHFLILFORDGKLVWRU\WREHDGRSWHGDUHPLVV
LQJ &RPSDULQJDOWHUQDWLYHGDPDJHDVVHVVPHQWPHWKRGVOHVVGLVSHUVLRQLQWKHUHVXOWV
LQ WHUPV RI VWLIIQHVVVWUHQJWK UHGXFWLRQ FRHIILFLHQWV LV UHODWHG WR WKH DGRSWLRQ RI WKH
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x

x

)(0$  SURFHGXUH GHVFULELQJ WKH GDPDJH VWDWHV E\ WKH DFKLHYHPHQW RI VSHFLILF
GXFWLOLW\OHYHOV 
/RVVDVVHVVPHQWUHVXOWVLQWHUPVRI($/KLJKOLJKWWKHLPSRUWDQFHRILQFOXGLQJUHVLGX
DOFDSDFLW\FRQVLGHUDWLRQVLQWKHDQDO\VLV7KLVFRXOGSURYLGHYDOXDEOHLQIRUPDWLRQWR
VXSSRUW GHFLVLRQV RQ WKH SRVWHDUWKTXDNH UHSDLUUHWURILWGHPROLWLRQ ,Q IDFW UHVXOWV
KLJKOLJKW WKDW JUHDWHU ORVVHV DUH REWDLQHG HYHQ DW ORZLQWHQVLW\ OHYHOV ZKHQ WKH UH
VSRQVH RI WKH GDPDJHG ZDOO LV FRQVLGHUHG ZKHQ FRPSDUHG WR WKH XQGDPDJHG ZDOO
0RUHRYHUZKHQUHSDLUUHKDELOLWDWLRQDFWLRQVQHHGWREHLPSOHPHQWHGIRUH[LVWLQJZDOO
V\VWHPVKLJKHUDWWHQWLRQVKRXOGEHSDLGLQFDVHRIZDOOVZLWKEULWWOH VKHDUGRPLQDWHG 
EHKDYLRUOHDGLQJWRVXEVWDQWLDOHFRQRPLFORVVHVDWLQFUHDVHGGDPDJHOHYHOV
7KHVLPSOLILHGSURFHGXUHUHSRUWHGLQWKH³6HVPLF%RQXV´LVQRWDEOHWRFRQVLGHUUHDO
LVWLFUHSDLUFRVWVDWORZVHLVPLFLQWHQVLW\OHYHOVLQFDVHRIVWLII5&ZDOOV\VWHPV7KLV
LV GXH WR WKH FRGLILHG DQDO\WLFDO SURFHGXUH EDVHG RQ HFRQRPLF ORVVHV IURP /¶$TXLOD
 HDUWKTXDNH DFFRXQWLQJ IRU DOWHUQDWLYH VWUXFWXUDO W\SRORJLHV DQG QRQVWUXFWXUDO
GDPDJH HVSHFLDOO\XQUHLQIRUFHGPDVRQU\ZDOOV 7KLVLVVXHFRXOGEHVROYHGE\UHIHU
ULQJWRSRVWHDUWKTXDNHUHSRUWVDQGH[WUDSRODWLQJWKHGDWDUHODWHGWRWKH5&EXLOGLQJV
RQO\ DV ZHOO DV PRGLI\LQJ WKH GHILQLWLRQ RI WKH ORZLQWHQVLW\ 6/'  FRVWIUHTXHQF\
SRLQWVIROORZLQJLQWHUQDWLRQDOFRGHVJXLGHOLQHVLQGLFDWLRQV GULIWOLPLWVLQFDVHRIZDOO
V\VWHPV 


1HYHUWKHOHVV WKLV UHVHDUFK ZRUN UHSUHVHQWV D SUHOLPLQDU\ SDUDPHWULF DQDO\VLV DQG LQYHVWLJD
WLRQRQWKHUHVLGXDOFDSDFLW\IRU5&ZDOOV)XUWKHUVWXGLHVDUHQHHGHGWRSURYLGHJHQHUDOLQGL
FDWLRQVRQWKHUHGXFWLRQVWUHQJWKVWLIIQHVVFRHIILFLHQWVWREHXVHGLQSUDFWLFDODSSOLFDWLRQVIRU
VSHFLILFZDOOW\SRORJLHVVWUXFWXUDOUHVSRQVH0RUHRYHUDGGLWLRQDODQGPRUHUHILQHGLQYHVWLJD
WLRQV QXPHULFDOPRGHOOLQJWLPHKLVWRU\DQDO\VLV DUHQHHGHGWRVWXG\WKHUHVLGXDOFDSDFLW\RI
PXOWLVWRU\ ZDOO VWUXFWXUHV DV ZHOO DV WR GHWHUPLQH WKH FRQVHTXHQW VRFLRHFRQRPLF ORVVHV 
HYHQ E\ WKH LPSOHPHQWDWLRQ RI D PRUHUHILQHG SURFHGXUH WDNLQJ LQWR DFFRXQW WKH FXPXODWLYH
GDPDJHZLWKLQWKHEXLOGLQJHOHPHQWV
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Abstract
In this study a dedicated framework for seismic losses estimation in Reinforced Concrete buildings is presented, taking advantage of a simplified analytical structural analysis, a dedicated
drift-based fragility curves and a specific repair cost analysis. To this aim, the mechanically
based “Pushover on Shear Type model” (POST)-method, already know in the literature [1] for
simplified structural analysis, has been integrated herein to obtain expected losses due to earthquakes for infilled RC buildings. On the other hand, the thoroughly cost analysis dedicated to
only masonry infill panels and services (electric and plumbing system, sanitary equipment,
floors, etc.) restoration presented in [2] has been used to develop an integrated formulation for
loss estimation in Reinforced Concrete buildings.
The application to a wide dataset of buildings struck by L’Aquila (Italy) 2009 -earthquake is
used as testbed for large-scale applications. In fact, the comparison with actual damage distribution and repair cost provides a useful validation of the whole framework, from structural
analysis to loss prediction.
Keywords: Seismic risk, infilled RC buildings, mechanical methodology, loss prediction, validation.

1

INTRODUCTION

The unfavorable combination of high exposure of artistic, monumental and residential assets,
together with the high seismic hazard and the high vulnerability of the major part of building
stock makes seismic risk in Italy and, generally in the Mediterranean area, a pivotal issue. Thus,
several methodologies for losses assessment of built inventory have been developed in Italy
VLQFH WKH HQG RI ¶ [3]; [4]; [5]; [6]; [7]), belonging to the first generation of approaches
making use of empirical Damage Probability Matrix (DPMs) and damage factor (DF) to
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determine repair cost as a function of the complete replacement cost. The second generation of
methods ([8]; [9]; [10]) makes use of fragility curves for different building classes ([11]; [12];
[13];[14];[15];[16]) to evaluate seismic risk maps of Italy. The last generation of methods ([17];
[18]; [19]; [20]; [21]; [22]) estimates seismic losses through a component level approaches,
thus requiring the use of specific component fragility functions and consequence data.
In this study, a mechanical method for regional loss estimation is presented, taking advantage
of structural analyses performed through the simplified mechanical method POST ([1]) (PushOver on Shear Type models). POST method originally developed for fragility analysis of building portfolio ([23]; [24]; [25]; [26]), has been slightly adapted to properly determine damage
distribution and resultant losses within a component-based approach for economic (direct) loss
estimation.
To this aim, specific drift-based fragility curves and repair cost analysis have been defined
and used for three damage states (light cracking - DS1, extensive damage - DS2, severe damage
- DS3), describing the evolution of damage to the masonry infills and partitions in a RC building.
The application to a wide dataset of buildings (5095 RC buildings) struck by L’Aquila (Italy)
2009-earthquake is used as testbed for large-scale applications. In fact, the comparison with
actual damage distribution and repair cost provides a useful validation of the whole framework,
from structural analysis to loss prediction.
2

A REGIONAL LOSS ESTIMATION FRAMEWORK VIA POST METHOD

A novel methodology for regional loss estimation at the component-level is presented herein
based on structural analyses performed through the simplified mechanical method “POST” ([1];
[23]; [24]; [25]; [26]) (Push-Over on Shear Type models).
POST method is a simplified mechanical methodology for vulnerability and fragility assessment at regional scale of RC buildings, which can be applied both at single building level ([1];
[23]; [24]; [26]) or at building class level ([25]).
The mechanical framework stated above is used to evaluate repair cost for a given building
considering the contribution of all its N-components:
  



    



The conceptual derivation of the adopted procedure is briefly recalled in Figure 1, which
shows: (i) the evaluation of IM value from ground motion characterization; (ii) the assessment
of spectral displacement and resultant roof displacement through IDA curves; (iii) the consequent interstorey drift ratio (IDR) profile assessment throughout the height of building by
means of pushover analysis results; and (iv) lastly the definition of damage and resultant cost
through their comparison with capacity values related to specific damage levels.
The seismic hazard phase can be done both with results of Probabilistic Seismic Hazard
Analysis (PSHA) or from the results of ShakeMap scenario earthquakes, depending on the objective to be pursued, namely if an unconditional risk analysis (considering the seismic events
could occur in a given area and in a given time interval and their mean annual frequency of
exceedance) or a conditional risk analysis (referred to a specific scenario) should be performed.
The structural response phase is accomplished with the aid of POST method, which allows
to relate an engineering demand parameters (edp), i.e. roof displacement, and a resultant displacement profile, given an intensity measure (IM) value, trough the use of simplified Incremental Dynamic Analysis (IDA) curves within the SPO2IDA framework ([27]). The Static
Pushover (SPO) analysis is carried out in closed form based on a software package on Matlab
code thanks to the simplified assumption of shear-type behaviour for RC frames. In fact, the
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POST method starts generating geometrical and mechanical models of buildings based on a
simulated design procedure, accounting for the technical codes in force at the age of construction and the relevant seismic classification of the site. Then, the nonlinear behaviour of RC
structural components is reproduced by means of a tri-linear response, with two linear ascending branches up to yielding (defined in agreement with [28]) and perfectly plastic thereafter.
Note that eventual shear critical elements are not explicitly modelled (with modified plastic
hinges or explicit shear springs), but their damage due to seismic loading can be detected as
reported in [24].

Figure 1: Flow-chart of the procedure applied in this study for loss assessment

Infills have been explicitly included in the structural models, by means of a four-branch
force-displacement curve ([29]). The influence of the openings on infills’ lateral force-displacement relationship is also considered, by means of the modifying behaviour parameters based
on [30].
The simplified assumption of shear-type behaviour for RC frames allows obtaining a multilinear storey shear -vs-interstorey displacement relationship at each storey by simply adding up
the lateral shear-displacement relationships of all the RC columns and infill panels along longitudinal and transverse direction, separately. In such a way, seismic response via a static pushover curve is obtained in a closed-form procedure, which is force-controlled up to peak response
and displacement-controlled thereafter, once the distribution of lateral forces has been set.
Therefore, the structural response estimation is entirely evaluated via POST method, which
returns the evolution of the lateral displacement profile increasing the IM value through the
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results of static SPO analysis for each main direction of the building. The relation between IM
values and EDPs is given by the IDA curves related to the quadri-linear simplification of SPO
curve.
The damage estimation phase is performed by means of specific component fragility curve,
returning the probability of exceeding a discrete Damage State, DS, given the EDP.
It has to be noted, that due to the peculiarity of the building dataset considere in this work
(see later), resulting to be “lightly damaged” to infills only after the 2009 Abruzzi earthquake,
vertical structures will be neglected from damage and loss computation. Moreover, IDR thresholds and resultant uncertainties for infills/partitions and services have been assumed in this
study from [31]’s proposal, which finds its background in [32]. In fact, the construction practices in Mediterranean region for residential RC buildings entail that services are generally allocated within building enclosure, the latter typically made up of hollow clay bricks. In this
case, cascading effects could occur, such that damage to one, i.e. infills, could cause the fracture
of the other one, i.e. a water or electric distribution pipes or a sanitary equipment. Thus, damage
for both infill panels and services is strictly related to each other due to their firm interaction,
as it will be better shown in the following application.
The comparison between IDR demand and fragility curves allows determining DS for the
considered component. In such a way, the number of components suffering a given DSi can be
determined, thus evaluating its relative extension also considering the possibility of experiencing different co-existing DSs along the building height (namely at different stories).
Finally, the loss estimation phase is fulfilled taking advantage of proper repair cost analysis
reproducing detailed quantity surveying considering a list of elementary actions to be performed
for an area of intervention given DM = dm, through the use of specific unit costs from a price
list (e.g., that for Public Works in Abruzzi Region - [33], as applied in the following section).
Thus, the values of repair costs for infills and services per square meters of storey surface for 3
DSs reported in [2] and [22] (briefly reported in table 1 and table 2) are used.
IP

DS1
2

solid panel (w/o openings)
panel with window
panel with door
interior partition

(€/m )
77.0
73.0
69.2
51.3

IP

IP

DS2
2

(€/m )
105.3
118.76
131.55
73.5

DS3

(€/m2)
285.8
331.4
374.9
199.9

Table 1. Repair costs for double leaf hollow clay bricks for infills/partitions (IP) at each DS per infill panel unit
(from [2] and [22])

All Services

CServices
DS1

CServices
DS2

CServices
DS3

(€/m2)
0.0

(€/m2)
128.8 ± 28.2*

(€/m2)
258.9 ± 32.8*

(*) mean ± standard deviation

Table 2. Repair costs for services at each DS per plan surface unit (from [2] and [22])

Obviously, the damage and loss estimation steps have to be repeatedly calculated for all
building components and for all DSs. Nonetheless, a realistic definition of losses should consider the fact that some activities should be carried out simultaneously for all the components
of a given portion of the building (“minimum area of intervention”) higher than that strictly
necessary for practical or aesthetic reasons which is assumed in this study as the whole storey.
In other words, it is assumed that all the (structural and non-structural) components located in
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a given storey are characterized by the maximum damage therein experienced, thus resultant
losses are consequently evaluated, favoring an intervention that meets practical and aesthetic
criteria.
3

APPLICATION OF REGIONAL LOSS ESTIMATION METHOD TO SLIGTHLY
DAMAGED RC BUILDINGS AFTER L’AQUILA EARTHQUAKE

A large-scale application of the mechanical method for regional loss estimation via POST
method is performed in this section, considering a building stock struck by the L’Aquila (Italy)
earthquake (April 6th, 2009) and damaged to only infills, which incidence represented, for RC
buildings, almost the entirety of actual losses after the most recent earthquakes occurred in Italy
[34].
The main features of the event and of the analysed building stock are completely treated in
previous works and briefly recalled in what follows. For further analysis the reader is referred
to [2].
The seismic event investigated for this application struck the Abruzzi region, with a magnitude Mw equal to 6.3, resulting in IX-X grade of the Mercalli-Cancani-Sieberg scale.
For this application, the IM characterization is fulfilled by means of the shake map of the
seismic event which struck the Abruzzi region on 6th April 2009, with a magnitude Mw equal
to 6.3, resulting in IX-X grade of the Mercalli-Cancani-Sieberg scale. The latter is derived following the procedure reported in [35].
3.1 Building stock description
Building stock characterization is made available from post-earthquake reconnaissance filed
trips carried out in the aftermath of L’Aquila earthquake with the supervision and coordination
of Department of Civil Protection (DPC), and recently made available on the Da.D.O platform
([36]). These inspections collected data for each building about location, typology, geometry,
age of construction, and suffered damage for structural components (including vertical structures, horizontal structures, stairs, roofs and infills) and non-structural components, by means
of the so-called AeDES forms ([37]). Additionally, for each component damage, its severity
and its extent have been recorded.
Overall, out of a total of about 7500 residential RC buildings listed in the Da.D.O. platform,
only a subset of 5095 buildings have been selected, hereinafter defined as “lightly damaged
buildings”, since they are characterized to be damaged only to infills.
Their main geometrical properties (number of stories, Ns, and average plan surface, A), are
thoroughly analyzed in ([2]), where it has been shown that a major part of considered building
stock is characterized by three or four stories (about 75% of the whole database), that 92% of
the building stock has been built after 1972 and that the most common average plan surfaces
range between 70 and 230m2 (about 80% of the building stock).
3.2 Building class definition for loss analysis via POST-method
The case study (large-scale) application is performed through a class-oriented approach to
reduce the computational burden required by the derivation of structural analysis for an extensive (5095 units) building stock. In particular, 15 building classes have been considered herein
as a function of number of storeys, Ns, and average plan area, A, such that their statistical characterization well reproduces data collected from post-earthquake AeDES survey forms. Thus,
for each class of storey (from 1 to 5), three further sub-classes (low, medium and high) of plan
area are defined.
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Moreover, in order to explicitly consider the uncertainties related to seismic risk estimation,
different kind of uncertainties are considered within a Monte Carlo simulation procedure approach, dealing with:
(i) geometrical-typological parameters, i.e. building plan ratio, infills thickness, the type
of opening (no opening; window opening; door opening).
(ii) material properties, i.e. compressive strength of concrete (fc), steel yield strength (fy),
mechanical characteristics of infill panels (shear strength - cr, shear modulus - Gw).
(iii) capacity models, both for the non-linear behaviour of both RC columns and infill panels.
(iv) intensity measure, from INGV ShakeMap in terms of PGA (mean and logarithmic standard deviation values at each site);
(v) record to record variability.
A summary of all the considered random variables (RV) and the parameters for their characterization are briefly reported in Table 3.
Type of R.V.

R.V.

Reference

Distribution

Median value

survey data
uniform
from survey
Building area
Building plan
[1]; [24]
uniform
median([1.0-2.5])
ratio
Geometry
Infill:
[solid; window opening;
discrete
Type of opendoor opening]
ing
[38]
lognormal
25 MPa
fc
Material
fy
[39]
lognormal
Calculated
properties
[40]; [41]
lognormal
[0.23-0.53] MPa**
cr
[28]
lognormal
0.95·Calculated
y
kelastic,infill*
1.09·Calculated
lognormal
Modelling
kpeak,infill*
lognormal
1.63·Calculated
parameters
[29]
Fcr*
lognormal
0.93·Calculated
Fmax*
lognormal
0.93·Calculated
PGA value
http://shakemap.rm.ingv.it
from
PGA
from Shakelognormal
[35]
ShakeMap
Map
Record-toRecord-to-record
[27]
lognormal
Calculated
record variavariability
bility
*
: sampled through the simulated annealing procedure according to (Vorechovský and Novák, 2009)
**
: modified depending on the age of construction

CoV
[-]
31%
Calculated
30%
28%
32%
70%
19%
25%
from
ShakeMap
Eq. (2)

Table 3: Summary of the considered random variables.

4

EVALUATION OF PREDICTED DAMAGE AND LOSSES FROM
STRUCTURAL ANLYSIS

Maximum damage (DSmax) can be easily determined from results of structural analysis as
the most severe DSi suffered in all stories and in both directions. Contrarily, mean damage
gathers information on both severity and damage extension – DEi related to DSi. To this aim,
DEi is evaluated from results of POST method as:
DE =

∑

,

1 ∙ ∑
∑

∑

,

A,

,

+∑

A,

+∑

,

A,

A,

(2)

where 1 is the indicator function which is 1 if infill panels at that storey are characterized
by DSi at least in one (longitudinal or transversal) direction and 0 vice-versa. Previous equation
is derived referring to the minimum area of intervention (the whole storey surface), thus
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assuming that all the (structural and non-structural) components located in a given storey are
characterized by the maximum damage therein (i.e. at that storey) experienced in both (longitudinal and transversal) directions. In Eq.2 A
is the area of jth infill panel in sth- or kthdirection.
Obviously, since the damage distribution of infills can be characterized by the attainment of
different DSs along the height of building, a synthetic information about the co-existing DSi
and its extent is represented by the “mean damage” level (hereinafter referred to as DS), calculated as follows:
DS =

(3)

i ∙ DE

Therefore DS is always lower than or equal to DSmax, and it can range between 0 and 3, since
the maximum possible average damage is achieved when the maximum possible damage state
(DS3) is reached in the whole building (DE3=1).
Finally, the total repair cost for unit surface area (trc) is evaluated for each building as a function of specific repair costs for infills and services reported in Tables 1 and 2:
,

trc =

1 ∙

IP
CDSi

,

A,

+

A,

+C

(4)

The trc is evaluated by summing up the relative repair costs for each storey. The latter is
determined given the maximum DS (DSmax) suffered by at least one infill panel in one of the
two directions and extended to all the remaining one, in addition to services (plumbing systems,
radiators, electrical system, floor/wall tiles), too. This circumstance is given in Eq. (6) through
the indicator function (1i) which is equal to 1 when at least one infill panel suffers DSi at that
storey and 0 vice-versa. Obviously, the repair costs of infills are first multiplied by the panel
area (A
) and then divided by the floor area (A) to obtain the total repair cost for unit surface
area.
5

PREDICTED-TO-OBSERVED COMPARISON OF DAMAGE AND LOSSES

Predicted damage and loss estimation presented in the section 4 are here compared with
damage actually observed for the investigated buildings population (section 5.1) and with repair
costs directly obtained from this damage (section 5.2) (hereinafter referred to as “observed
damage” and “observed losses”, respectively). Note that all details about “observed damage”
and “observed losses” can be found in [2] and [22].
5.1 Comparison between Observed and Predicted damage
The actual data about damage suffered by the collected building stock (“observed damage”)
represents the anchorage to reality against which predicted data should be compared. Such a
comparison will be shown in this section to “validate” the mechanical based procedure presented in this work.
The observed-versus-predicted agreement in terms of maximum achieved DS, reported in
Figure 2, results very satisfying, considering the simplification of the method and its largescale application. A slight underestimation of no-damaged (DSmax=DS0) buildings can be
noted, along with an overestimation of DS3-buildings.
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“Predicted” damage well reproduces the “observed” damage, independently on the number
of stories, as shown in Figure 3, where “predicted” and “observed” DSmax scenarios are reported depending on the number of stories, Ns, for the most frequent classes of Ns, namely
from 1 to 5 stories.
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Figure 2. Comparison between observed and predicted damage scenario in terms of DSmax












  



Figure 3. Comparison between observed and predicted damage scenario in terms of DSmax depending on the
number of stories (Ns)

Figure 4 reports the comparison between observed and predicted mean damage given the
maximum achieved DS, where the 16th, the 50th and the 84th percentiles are also reported. A
quite good agreement between mean “predicted” and “observed” mean damage can be generally observed.
Additionally, when median values of “observed” mean damage are considered, a clear trend
exists depending on the number of stories, as in Figure 5, where buildings are grouped depending on the maximum achieved DS. When DSmax is equal to DS1 or DS2, the average damage
tends to decrease when Ns increases from 1 to 3 stories, then keeping a pseudo-constant value
for taller buildings. At DS3, such a decreasing trend is observed from 1 to 5 stories. The predicted damage successes in reproducing such a trend.
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Figure 4. Predicted (POST)-versus-observed (OBS) comparison: mean damage-versus-maximum achieved DS
(DSmax); 16th, 50th and 84th percentiles.






Figure 5. Predicted (POST)-versus-observed (OBS) comparison, given DSmax: trend of mean damage depending on the number of stories.

5.2 Comparison between Observed and Predicted losses
In this section, the comparison between observed and predicted losses (in terms of trc) is
shown. In Figure 6, the 16th, 50th and 84th percentiles of observed and predicted trc are reported,
showing a very good agreement, on average, especially when DSmax is equal to DS2 (-11%) or
DS3 (-3%). A sligth overestimation of the “observed” losses is obtained at DS1.
In Figure 7, the trends between the trc and Ns, given DSmax, are reported. It can be noted that
both “observed” and “predicted” trc decrease, on average, when Ns varies from 1 to 3 when the
maximum achieved damage is DS1 or DS2, then keeping an almost constant value for higher
Ns. At DS3, a decreasing trend of trc is observed, on average, for Ns varying from 1 to 5, for
both “observed” and “predicted” trc.
As for the “predicted” trc, “observed” trc can be also shown as a function of mean damage
(Figure 8). A clear linear trend exists between the average mean damage and trc, with an increasing slope for increasing maximum damage severity. Obviously, when the average damage
is exactly equal to a given maximum DSi (with i=1,2,3), trc can be very easily computed as the
sum of the repair costs per floor unit related to infills and services at that DS i, equal to respectively: 142.1 €/ m2 for DS1; 352.9 €/ m2 for DS2 and 744.4 €/m2 for DS3. It can be easily
verified that the ratio between trc and average mean damage (=DSi) is very close to the slope
of the linear fitting plotted in Figure 8, for the “observed” trc.
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Figure 6. trc percentiles depending on DSmax: predicted (POST)-versus-observed (OBS) comparison.





Figure 7. Predicted (POST)-versus-observed (OBS) comparison, given DSmax: trend of trc depending on the
number of stories.
DSmax=DS1

DSmax=DS2

DSmax=DS3

(a)

(b)

(c)

Figure 8. Predicted-versus-experimental comparison: trc depending on average damage level. Along x- and yaxis the distributions of mean damage and trc are reported.

6

CONCLUSIONS

In this work provides a regional loss estimation framework via the “Pushover on Shear Type
model” (POST)-method ([1]) for residential Reinforced Concrete (RC) buildings has been
shown. The proposed component-based procedure accounts for the contribution of infills/partitions and services to the buildings seismic repair costs, using dedicated drift-based fragility
curves and specific repair cost analysis for masonry infills and partitions and for three damage
states (DSs) proposed in [31].
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The methodology has been applied to a wide dataset of real buildings, struck by L’Aquila
(Italy) 2009-earthquake and resulted damaged to infills or partitions only, as testbed for its reliability and robustness.
A generally satisfying agreement between observed and predicted results was shown. In fact,
predicted damage successes in well reproducing the general observed trend in terms of maximum achieved DS, also catching their trend with the number of stories, namely, the higher the
number of stories, the higher the percentage of buildings with more severe damage. The mechanical method allowed to well reproduce the damage distribution observed over the buildings,
beyond their maximum value; in fact, the predicted mean damage index – combining damage
severity and its extent –well replicates the “observed” outcomes, along with their trends depending on the number of storeys and on maximum achieved DS. Finally, a good agreement
can be found also between predicted and observed total repair costs, capable of also capturing
the observed trend of loss as a function of number of storeys and mean damage values.
In conclusion, the comparison between numerically predicted and actually observed damage
scenario and seismic losses allowed the validation of the implemented procedure, showing its
potential for large-scale applications.
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Abstract
The seismic assessment and retrofit of non-conforming Reinforced Concrete (RC) buildings still
represent a challenge for researchers and practitioners worldwide due to several aspects. On one
hand, low standards RC buildings typically present some failure typologies very different from newly
designed buildings, and such failure modes should be properly modelled for a reliable seismic
performance assessment. On the other hand, retrofitting strategies should be chosen carefully looking
both at safety at collapse and at seismic capacity at less severe performance levels, considering nonstructural components as well. Masonry infills, typically defined as non-structural components
despite their structural role, significantly affect the seismic behavior of existing RC buildings,
especially at low-medium intensity measures. Therefore, when the seismic performance of as-built or
retrofitted RC buildings is assessed, their contribution should be considered. In this work, a
preliminary analysis of two 4-storey low-standard RC buildings, different for design typology, is
presented, based on static nonlinear analyses. First, case-study buildings, representative of Italian
pre-70 residential buildings, have been assessed in their “bare” configuration (without infills), as
common in design practice, in a code-based approach (according to Italian code). Based on the asbuilt assessment outcomes, their retrofit has been designed by means of two main strategies: (1) the
complete resolution of all the shear failures (in columns or joints), if any; (2) the reduction of the
displacement demand by means of RC column jacketing, when necessary, along with the resolution
of shear failures (as for the previous strategy). Then, both the as-built and retrofitted building
configurations have been modelled and analysed explicitly considering the presence of infills and
shear-critical elements. Fragility curves have been obtained at different Damage States according to
European Macroseismic Scale EMS-98, considering record-to-record variability, and compared to
each other. Remarks about the choice among strengthening strategies are carried out, based on these
outcomes and on a preliminary estimation of the expected mean annual losses for the investigated
buildings.
Keywords: RC buildings; damage states; masonry infills; strengthening; fragility curves; losses.
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1. INTRODUCTION
The seismic assessment and retrofit of non-conforming Reinforced Concrete (RC) buildings still
represent a challenge for researchers and practitioners worldwide, due to several aspects.
On one hand, low standards RC buildings typically present some failure typologies very different
from newly designed buildings [1]-[2], and such failure modes should be properly modelled for a
reliable seismic performance assessment. In existing buildings, columns can likely suffer shear
damage under seismic actions, due to the very poor concrete quality or the insufficient stirrups
mechanical percentage, leading to reduced lateral displacement capacity, especially if shear failures
are expected to occur before the member yielding ([1], [3]-[6]). Additionally, beam-column joints
typically in low-standard buildings have been not designed at all and totally lack of stirrups. This
means that shear failures in those connections could occur before the yielding of the adjacent
members, thus limiting the overall ductility capacity of the whole building [7].
On the other hand, retrofitting strategies should be chosen carefully to comply with current codes,
preventing the structural collapses (e.g. [1]). Nevertheless, in addition, a proper retrofit should also
guarantee an reduction in expected annual seismic losses (e.g. [8]-[11]). To this end, the retrofit
design should look at collapse safety and at seismic capacity at less severe performance levels as well.
Especially at less severe performance levels, i.e. at more frequent seismic events, non-structural
components must be considered. Among them, masonry infills, typically defined as non-structural
components despite their structural role, significantly affect seismic performance and relevant losses
in existing RC buildings, both as-built and retrofitted, as recently demonstrated by ([12]-[14]).
Therefore, when seismic performance of retrofitted RC buildings is assessed, their contribution
should be properly considered in numerical modelling and in damage and loss assessment.
In this work, a preliminary analysis of two case-study low-standard RC buildings, different for design
typology, is presented, based on static nonlinear analyses. The investigated case-study structures are
4-storey buildings representative of Italian pre-70 residential buildings, designed for gravility loads
only (GLD) or according to obsolete seismic design (OSD).
First, they have been assessed in their “bare” configuration (without infills), as typical in design
practice. In such a first-step-assessment only nonlinear flexural response of beams and columns has
been modelled, whereas columns/joints shear failures have been detected in post-processing, based
on the current Italian code [15].
Then, based on the as-built assessment outcomes, the retrofit phase has been designed by means of
two alternative strategies:
1. Strategy “A”: the complete resolution of all the shear failures (in columns or joints), if any
(by means, for example, of localised steel cages, pre-stressed steel strips or wrapping with
Fiber Reinforced Polymers (FRP) fabrics);
2. Strategy “B”: the reduction of the displacement demand by means of RC column jacketings,
when necessary, along with the resolution of shear failures (as for the previous strategy).
These two strategies represent two boundary conditions for the retrofitted buildings since in strategy
“A” no modification in the lateral stifness is produced, whereas strategy “B”, the most invasive one,
necessarily leads to a higher lateral stiffness of the building.
Lastly, both the as-built and retrofitted building configurations have been modelled and re-analysed
explicitly considering the presence of infills, and, in the case of as-built configurations, potential shear
failures in columns/beams and joints. SPO analyses has been carried out and Incremental Dynamic
Analyses (IDAs) curves have been derived by means of SPO2IDA tool [16]. Fragility curves have
been finally obtained at different Damage States (DSs) according to European Macroseismic Scale
EMS-98 [17], considering record-to-record variability, and compared to each other. Remarks about
the choice of the stregnthening strategies are carried out, based on these oucomes and on a preliminar
estimation of the expected mean annual losses for the investiagated buildings.
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2. CASE-STUDY BUILDINGS
In this work, two residential RC buildings are investigated as case-study structures. They have the
same floorplan (see Figure 1a), symmetric in both directions. 4 meters length bays are present in both
directions, except than the central bay, which has a length equal to 3 meters. The interstory height is
3 m. In both cases, in the transverse direction, only two (external) frames are present, as typical for
pre-70 existing buildings in Italy.
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Figure 1: Plan view of the case-study buildings and column labels (a) (measures in centimetres); 3D view (b)

The two buildings differ to each other for the design typology. One building has been designed to
sustain gravity loads only, as typical in Italy before ’70 in most of the country. It will be referred to
as Gravity Loads Designed (GLD) buildings. The other building has been designed according to an
Obsolete Seismic Design (OSD) in force in Italy until the beginning of ’70 and adopted for the (few)
sites classified as seismic zone in that time period, as described later. Therefore, the investigated
buildings are representative of the Italian building stock related to the same time period (between ’50
and the very beginning of ‘70) but located in different sites (with different seismic hazard at the year
of construction), as explained in section 2.1.
2.1 Location and seismic hazard
Both the considered buildings are in medium-high seismic hazard sites in Italy. The GLD building
is located at Morra de Sanctis, in the Southern of Italy. Such location has been classified as a seismicprone site only after the well-known Irpinia earthquake (1980) and, therefore, all the buildings
realized before ’80 have been designed to sustain gravity loads only.
The OSD building is assumed to be located in L’Aquila city (Abbruzi region, Italy), which has been
classified as seismic-prone starting from the very beginning of the last century, and, thus, the major
part of its existing RC buildings has been designed to take into account seismic actions, according to
seismic prescriptions as obsolete as their age of construction.
Figure 2a shows the location of these two sites on the current seismic Italian hazard map by the
National Institute of Geophysics and Vulcanology (INGV) in terms of expected ground acceleration
with a 10% probability of exceedance in 50 years. Additionally, Figure 2b reports a comparison
between the pseudo-accelerations (Sa(T)) of the two selected sites at different return period (TR)
corresponding to four limit states according to Eurocode 8-part 1 [18] and Italian code [15]
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(Immediate Occupancy, TR=30y; Damage Limitation, TR=50y; Life-Safety, TR=475y; Near Collapse,
TR=975y).
In both cases, it is assumed soil type “C” and soil topography “T2” [18] for the definition of the local
seismic amplification effects.

L’Aquila
(OSD)
Morra de Sanctis
(GLD)

(a)

(b)

Figure 2: Buildings locations on the current hazard map by the National Institute of Geophysics and Vulcanology
(INGV) (a); comparisons among pseudo-acceleration (Sa(T)) spectra at different return periods (TR) (b)

2.2 Simulated design
The moment resisting frames (MRFs) system for both the buildings is characterized by 2D
resisting frames in the longitudinal (X) direction, whereas, in the transverse (Z) direction, MRFs are
present only along the exterior perimeter. Floors are 20 cm thick, with 4 cm RC slab. As shown in
Figure 1a, the floor weight is sustained by the longitudinal frames only. Infills differ between the two
directions for the openings presence: the opening percentage ranges from 0 to 15% of the infill total
area, as qualitative shown in Figure 1b. An infill weight (per panel unit surface) equal to 2.00 kN/m2
and 2.36 kN/m2 for longitudinal and transverse direction, respectively, is assumed for exterior frames.
“Maximum allowable stress method” is adopted for the “simulated design” of these buildings [19].
Since all the buildings were “located” in the same time period, the design mechanical properties of
reinforcing steel and concrete are identical for all the buildings. Maximum allowable concrete
strength was assumed equal to 5 MPa or 6 MPa, for purely compressive loads or bending actions,
respectively (according to [21]). A maximum allowable strength equal to 140 MPa has been adopted
for reinforcing bars [21] in the hypothesis that steel typology “AQ42” was used, as typical in the
reference time period in Italy [20]. It is worth noting that plain bars were used as reinforcement
typology, as typical in pre-‘70 RC buildings in Italy ([20], [22]).
Additionally, infill panels are supposed to be identical for both the analysed buildings, and in
particular made up of hollow clay bricks assembled with mortar: the presence of two coupled leaves
is assumed, with 120 mm and 80 mm thickness, respectively, as typical in Italian and Mediterranean
area in the reference time period [23].
GLD buildings have been designed to sustain gravity loads only and to comply code prescriptions
about minimum amount of longitudinal and transverse reinforcement as defined by the Italian R.D.
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[21]. On the contrary, OSD buildings are designed to sustain horizontal loads, too, the latter defined
according to obsolete seismic codes in force in the reference time period ([24]-[25]), which allowed
modelling the seismic actions as horizontal equivalent forces constant along the building height. The
design horizontal acceleration was equal to 0.07 times the gravity acceleration ([24]-[25]).
Additionally, the total design base shear is divided among resisting frames proportionally to the
vertical loads supported by each of them, as typical for the reference time period. This means that
transverse frames should support very low lateral actions, whereas longitudinal interior frames should
sustain the highest horizontal loads. As a result, transverse frames are almost identical between GLD
and OSD buildings; whereas, longitudinal frames generally result in a higher reinforcement amount,
especially at the lowest stories (where columns have the highest longitudinal reinforcement
percentage). The reinforcement percentage values of the first-floor columns significantly decrease at
the upper stories (varying around about 0.7%). Stirrups with 250 mm maximum spacing and 8 mm
diameter have been used in the beams; stirrups with 140 mm spacing and 6 mm diameter have been
used in the columns (in agreement with prescriptions by [21]). All the beams resulted in a 30×50 cm2
cross-section, whereas column sections vary from a minimum of 30×30 cm2 (for most of the columns)
to a maximum of 30×40 cm2 (for central columns). Rectangular columns are always oriented in the
longitudinal direction. Further details can be found in [26].
2.3 Material properties
Lastly, a key issue for the complete assessment and modelling of the case-study structures is the
definition of the strength values used for concrete, steel and infills.
As far as the as-built buildings is concerned, mean values of concrete compressive strength (fc) and
reinforcing yielding strength (fy) have been assumed equal to 20.0 MPa and 322.4 MPa, respectively,
according to suggestions by [27] and [20] for the adopted steel typology and the reference time period.
Infill panels are characterized by a diagonal compressive strength (τcr) equal to 0.27 MPa and a Young
modulus (parallel to the holes) of 3000 MPa. Such values are based on a subset of data collected in
[28] on weak Italian infills characterised by horizontally placed hollow clay bricks with a void
percentage of about 60%, as typical of the investigated case-study buildings. It is worth noting that
the definition of infill mechanical properties is a complex issue, since they are characterised by a very
high variability and they significantly depend on brick typology and strength, mortar mechanical
properties, bricks void percentage, bricks compressive strength. Therefore, a further extension of the
present work should explicitly consider the possible variability of the key infill mechanical properties
and their effect on structural response (e.g. [29]).
3. CODE-BASED ASSESSMENT AND DESIGN OF RETROFIT
This section shows the first-step seismic assessment of the two case-study buildings, performed
according to the current Italian code [15]. A “Normal Knowledge Level” (KL2) ([15], [30]) has been
assumed; therefore, according to [15], the mean values of the mechanical properties of existing
materials used in the capacity calculation have been divided by a confidence factor equal to 1.20.
Two performance levels have been analysed for this code-based assessment: “Damage Limitation”
(DL) and “Life Safety” (LS) limit states, corresponding to seismic actions with a return period of 50
and 475 years, respectively ([15], [30]). The building’s capacity at DL limit state is assumed to be
achieved when for the first time an inter-story drift ratio (IDR) equal to 0.5% is achieved. The LS
limit state is reached when for the first time a member achieves a chord-rotation equal to 3/4 of the
ultimate rotation (θu) (flexural failure) or when a shear failure arises (in beams, columns, or joints),
as explained in this section. Demand-to-capacity peak ground acceleration (PGA) ratio for each
considered limit state represents the building’s safety index (SI) at that limit state. Thus, the design
of retrofit has been carried out based on this index, as explained in detail in the next sub-sections.
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3.1 Modelling assumptions
The seismic response of the investigated case-study buildings has been numerically reproduced in
OpenSees platform [31] and analysed by means of nonlinear static pushover (SPO) analyses in N2
framework [32], according to the modelling assumptions explained herein. In particular, a lumped
plasticity approach has been used for RC members by means of zero-length elements in OpenSees
located at the ends of each beam/column element in series with elastic BeamColumn elements (see
Figure 3).
First of all, for this code-based assessment and the relevant design of retrofit intervention, the
buildings have been modelled as “bare frames”, namely, infills are not included in the numerical
models, unless in the definition of masses and loads, as usual in common practice approaches.
Additionally, the “code-based” numerical models only reproduce the nonlinear flexural response of
the RC members; therefore, static pushover curves are derived in the hypothesis that all the elements
are “ductile” members.
For elements with plain bars, the flexural (bending moment, M – versus – chord rotation, θ) response
of beams and columns has been modelled by means of the (quadri-linear) proposal by [22], calibrated
for RC elements reinforced with plain bars, and implemented in the adopted software with a ZeroLength Elements (Figure 3) characterised by the Pinching4 uniaxial material. The four-point
envelope represents: the yielding point (“y”), the capping point (“cap”), the softening branches’
intersection (“int”), the zero-strength condition (“0”). Such material has been slightly modified by
adding an additional point corresponding to the first cracking (“cr”) point (Figure 3).
Lastly, floors are assumed to be stiff in their own plane.
Elastic BeamColumn

Elastic BeamColumn

M

Pinching4
uniaxial material
(F-elements)

Mcap
My

M
Mcap
My

Mint

Mcr

ModIMKPeakOriented
uniaxial material
(F-elements)

Mcr
M0
θcr θy

θcap

Plain bars

θint

θ0

M0
θ

θcr θy

θcap

θ0

θ

Deformed bars

ZeroLength Element

Figure 3: Schematic view of the modelling adopted for each bay in a code-based approach

In this code-based assessment phase, ductile members reach their capacity at the LS Limit State [18]
when their chord rotation demand reaches ¾ of the ultimate chord rotation capacity (θu), the latter
assessed according to the proposal by [33], as suggested by the Eurocode 8 [18] and the Italian
prescriptions [34].
Nevertheless only the flexural response is modelled, as explained before, eventual shear failures in
columns/beams or joints have been detected by means of a post-processing of the static pushover
results, as common in practice. To this end, the Italian code-prescriptions have been adopted, so that:
- joint shear failure occurs when its principal compressive stress, pc, overcomes 0.5 times the
concrete compressive strength, fc, or if the principal tensile stress, pt, overcomes 0.3 times the
square root of fc [34], based on suggestions by [35] and limiting the joint failure to its shear
cracking (each further strength mechanism beyond the shear cracking is neglected by this code);
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- columns/beams shear failure occurs when the demand shear load overcomes the shear strength,
the latter evaluated according to the model by [36] as suggested by the Eurocode 8 [18] and [34],
and thus depending on the inelastic displacement demand.
3.2 As-built assessment according to Italian (D.M. 2018) code
SPO analyses have been performed separately in longitudinal (X) and transverse (Z) directions.
Two lateral load patterns have been used: (i) (pseudo-)“Uniform” pattern, proportional to the storey
mass distribution, and (ii) “Modal” pattern, proportional to the first-mode deformed shape in the
considered direction, according to Italian prescriptions [15].
Figure 4 shows the resulting SPO curves in terms of top displacement (Δtop) - versus - base shear,
along with the achievement of the first joint cracking, the first shear failure in RC members, the first
“ductile” failure (chord rotation demand reaches 3/4 θu), and the capacity point at the DL limit state,
for GLD and OSD case-study buildings. SPO curves of OSD building generally present in the
longitudinal direction higher base shear values and displacement capacity with respect to GLD
building; conversely, SPO curves in the transverse direction are quite similar to each other, mainly
due to the very low difference in geometry and reinforcement amount in that direction (as a
consequence of the simulated design, as explained in section 2). A global collapse mechanism is
observed in the transverse direction for both the case-study buildings and for both the lateral load
patterns; whereas local mechanisms are observed in the longitudinal direction. In particular, for the
GLD building local first- and second-floor mechanisms are observed applying respectively the
“Uniform” and the “Modal” distributions; for OSLD building a second- and third-floor mechanism
are observed.

(a)

(b)

Figure 4: Static Pushover curves for (a) GLD and (b) OSD case-study buildings

Starting from each SPO curve (SPC), the capacity curve (CC) of the equivalent single-degree-offreedom (SDOF) system [32] can be obtained dividing the abscissa and ordinates of SPO curve by
the first modal participation factor in the considered direction (see Figure 5a). The CC has been bilinearized using an equal-energy approach (according to [15]) thus obtaining an Elastic-PerfectlyPlastic (EPP) curve (whose first elastic branch is characterised by an “effective” period, Teff). The
EPP curve is, then, represented in the Acceleration-Displacement Response Spectrum (ADRS)
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domain, where also the demand spectrum at the considered limit state can be reported (see Figure
5b).

Demand Spectrum
Capacity Spectrum

AS-BUILT

CIN

AS-BUILT

AS-BUILT

CEL

DEL

AS-BUILT

CIN

AS-BUILT

DIN

(a)

(b)

Figure 5: Example of the seismic assessment procedure: from the SPO curve to EPP capacity curve (a); from the EPP
capacity curve to the capacity spectrum (b)

In order to obtain the “capacity spectrum” for a given capacity point, the elastic capacity point (i.e.,
CELAs-built for the as-built configuration) should be detected starting from the corresponding inelastic
capacity point (CINAs-built), using the equal displacement rule, modified for short period systems by
[37]. In particular, in case of long or intermediate effective period of the equivalent SDOF (Teff≥Tc),
the elastic and the inelastic displacements (i.e., the abscissas of CELAs-built and CINAs-built points) match
each other, whereas the ordinate of CELAs-built point can be graphically obtained by intersecting the
vertical line through CINAs-built with the elastic branch of the bi-linearization. The resulting spectrum
passing by CELAs-built is the capacity spectrum at the considered limit state, to be compared with the
demand spectrum at the analysed limit state. In particular, the demand-to-capacity ratio in terms of
PGA is defined herein as the building’s safety index (SI), based on which the design of retrofit has
been carried out.
In Figure 6 the above-explained seismic assessment procedure is shown for the (i) DL limit state, and
the (ii) LS limit states (at the achievement of the first ductile failure (DF)), for GLD and OSD casestudy buildings, separately in longitudinal (X) and transverse (Z) directions.
Quite low SI values have been obtained at DL limit state, especially in the Z direction, being SIDLLS
equal to 0.63 and 0.50, for GLD and OSLD buildings, respectively.
For both the buildings and in both directions, the safety index at LS limit state (SILSLS,DF) is quite
high, if only ductile failures are considered (especially for the OSLD case-study building).
Nevertheless, when shear failures are considered, too, at LS limit state, the SIs values significantly
decrease, as reported in Table 1, which shows also the resulting SIs in terms of PGA at the first joint
cracking and at the first shear failure in RC beams/columns for each direction and for both case-study
buildings. Note that, for the first joint failure, in both directions the same SI is observed, being the
corresponding capacity return periods less than 30 years for both the main directions. Thus, for both
directions, the same “minimum” code-based [15] spectum has been considered as capacity spectrum
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(TR=30y). Based on these outcomes, the retrofit of the two case-study buildings has been designed
by means of two main strategies, as explained in the next sub-section.

SILSLS,DF=0.97

SILSLS,DF=0.87

SIDLLS=0.73

SIDLLS=0.77

(a)

(b)

SILSLS, DF=0.93

SILSLS,DF=0.96

SIDLLS=0.63

SIDLLS=0.50

(c)

(d)

Figure 6: Seismic assessment with reference to Damage Limitation (DL) and Life Safety (LS) limit states for (a; c)
GLD and (b; d) OSD case-study buildings
GLD
1st IDR=0.5%
1st joint failure
1st shear failure
1st ductile failure

X direction
0.77
0.34
0.62
0.87

OSD
Z direction
0.63
0.34
0.52
0.93

Table 1: SIs summary

3.3 Design of retrofit
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0.19
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0.50
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The main aim of the design of the retrofit strategies is to increase the SI towards/beyond the unity,
by adopting one of the available retrofitting techniques or also combining them. Mainly, these
techniques are based on strategies which involve the reduction of the seismic demand or/and the
increase of the building’s capacity. In this work, two main strategies for the retrofit’s design have
been considered:
(A) the complete resolution of all the shear failures (in columns or joints) only, by means, for
example, of localised wrapping with Fiber Reinforced Polymers strips, steel cages, or prestressed steel strips;
(B) the reduction of the displacement demand at DL limit state by means of RC column jacketings,
when necessary, along with the resolution of shear failures (as for the strategy A).
Strategy “A” aims at the resolution of all the shear failures, both in joints and shear-critical columns,
by means localised interventions. According to this strategy (see Figure 7a), any shear failure in the
post-retrofit phase is solved, so that the seismic capacity moves from the first shear failure of joint the minimum one in the as-built configuration - (at JAs-built in Figure 7a) to the first ductile failure (at
CINAs-built). This strategy does not reduce the seismic displacement demand (being TeffAs-built
=TeffRetrofit), but only increases the shear capacity and, in tune, the deformation capacity of the
retrofitted members. As a result, the final SI of the building is not higher or equal to the unity, but it
corresponds to the first ductile failure capacity (which in these cases is always beyond the 80%,
namely already “acceptable” according to current codes [15]). Such strategy could be pursued by
means of FRP fabrics, steel cages or pre-stressed steel strips. However, note that the exact definition
of the tecnique and the material properties to be used to apply this strategy is beyond the scope of this
work.
Conversely, strategy “B” is based on the decrease of the seismic demand of the entire structure by
means of the increase of building’s stiffness. In Figure 7b, the retrofit strategy “B” is graphically
shown, starting from the elastic demand point in the as-built condition (DELAs-built). This point belongs
to the demand spectrum at the considered limit state and can be detected considering the effective
period of the equivalent SDOF (TeffAs-built). The corresponding inelastic demand (DINAs-built) can be
found though the equal displacement rule. Therefore, to achieve SI equal to one, the retrofit
intervention should be able to move the inelastic demand from DINAs-built to CINAs-built, reducing the
effective period of the equivalent SDOF. This strategy may be implemented by using the RC
jacketing, making an additional concrete layer outside the perimeter of the existing members, and
introducing additional longitudinal and transversal reinforcements. For both the buildings, RC
column jacketing are designed by assuming as CINAs-built the capacity at DL limit state, instead than
the first ductile failure at LS limit state. It is worth noting that in a code-based approach, the safety
check at DL limit state is not mandatory [15], but in this study it has been analysed to create an upper
bound for the lateral stiffness that can be reached for these buildings. For both the buildings, the
retrofit’s designed involved the columns belong to the MRFs along the exterior perimeter in Z
direction (see Figure 8). The concrete overlay of the four-sided jacket is at least 100 mm, to guarantee
a sufficient cover for the new reinforcement. In particular, all the jacketed columns resulted in a 50x60
cm2 cross-section (starting from the original 30x30 cm2) for GLD building and in a 50x70 cm2 crosssection (starting from 30x30 cm for the corner’s columns and 40x30 cm for the remaining ones) for
OSD building. The jacket's concrete class and the reinforcement steel type is C25/30 (fck= 25 MPa;
fcm=33 MPa), and B450C (fyk=450, fym=500 MPa) respectively [18]. The longitudinal reinforcement
is 12Φ18 and 12Φ20 (i.e., about 1% of the new cross-section area) for GLD and OSLD buildings,
respectively. Additionally, stirrups with 140 mm spacing and 8 mm diameter have been used in both
buildings; they were designed to guarantee a ductile behaviour for these new columns.
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Demand Spectrum
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Figure 7: Strategies “A” (a) and “B” (b) for buildings’ retrofit in the ADRS domain.

These retrofit solutions allow to increase the safety indexes.
If Strategy “A” is applied, SI at LS limit state increases from 0.34 to 0.87 for the GLD building, and
from 0.19 to 0.93 for the OSD building (see Table 1); the re-analysis of the retrofit buildings is not
necessary since no modification in mass and stiffness are expected to occur if this strategy is applied
[38]. Additionally, DL limit state safety check does not change at all, obviously.
On the contrary, if Strategy “B” is applied, the retrofitted buildings should be re-modelled and reanalysed to prove its effectiveness. In this case, for member with deformed bars, namely only for
columns interested by RC jacketing in the retrofitted buildings, the nonlinear flexural response has
been modelled by means of the proposal by [39]. Note that, for sake of simplicity, and according to
Italian code [15], it is assumed that the “new” jacketed” sections are made up of the new steel and
concrete only, and that the whole new section will sustain the total axial load (including gravity loads
already present in the as-built phase). The “shape” of the moment-rotation relationship of the
nonlinear response used for these elements is similar to that already described for members with plain
bars, except than for the softening phase, as shown in Figure 3. It is worth noting, however, that an
important difference exists between the models used herein for members with plain bars and with
deformed bars: the model by [22] proposes a monotonic backbone that already reproduces the
envelope of the cyclic response of columns subjected to cyclic lateral loading; on the contrary, the
monotonic curve provided by [39]’s model does not account for any cyclic degradation, and some
degrading rules have been suggested explicitly depending on the case-specific loading history. Such
a discrepancy should be necessarily solved in future works, if a comparison based on static pushover
curves has to be performed. With these modelling hypotheses, Figure 9 (a,b) shows the SIs in Z
direction (the direction that conditioned the design of retrofit) for the buildings retrofitted by means
of the Strategy “B”, highlighting a great reduction in the effective period of the equivalent SDOF,
and resulting in SIDLLS very close to the unity for both the buildings.
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Figure 8: RC jacketing defined according to Strategy “B”
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Figure 9: Seismic assessment with reference to Damage Limitation (DL) limit state for as-built and retrofitted (a) GLD
and (b) OSD buildings

4. RE-ASSESSMENT OF AS-BUILT AND RETROFITTED BUILDINGS: ASSUMPTIONS
After the code-based assessment of the as-built buildings and the design of their retrofit, a reassessment of these buildings has been performed, as explained in this section. This further phase of
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assessment is aimed at the evaluation of the “real” seismic capacity of the as-built and retrofitted
buildings, explicitly considering the infills contribution, the beam-column joints nonlinear behaviour,
and the limited displacement capacity of columns potentially subjected to shear failures (see section
4.1). To this end, damage states definition according to EMS-98 macro-seismic scale [17] has been
adopted instead than code-conforming limit states (see section 4.2).
4.1 Modelling assumption
A lumped plasticity approach has been used for RC members by means of zero-length elements in
OpenSees located at the ends of each beam/column element in series with elastic BeamColumn
elements (see Figure 10), as for the “code-based assessment” phase.
For member with plain bars, the flexural (bending moment, M – versus – chord rotation, θ) response
of beams and columns has been modelled by means of the (quadri-linear) proposal by [22], as already
explained in section 3.1. In addition, for the as-built buildings, a pre-classification of each RC member
has been performed to a-priori identify its failure mode (i.e., flexural element, F; flexure-shear
element, FS; purely-shear element, S), by comparing plastic shear load and shear strength, the latter
calculated according to [5]’s shear strength model. When FS or S elements were detected, the relevant
flexural moment-chord rotation relationship shown in Figure 10 has been modified, according to [2],
by limiting the element deformation capacity according to [6]’s proposal for shear critical RC
columns. For the GLD-building, only some interior columns at lower stories resulted to be FSelements. In the case of OSD-building, almost all columns at the first floor (except than column
belonging to the exterior transverse frames) resulted FS-elements. In the retrofitted buildings for both
the adopted possible strategies (“A” and “B”), it is assumed that the shear failures of these elements
have been solved, with a proper technique (e.g., by mean of localized steel cages or FRP fabrics), so
that the shear strength of each element becomes higher than its plastic shear load. In such a hypothesis,
all the elements in the retrofitted buildings have been assumed as “ductile” (“F” failure mode) with
their relevant displacement capacity.
For members with deformed bars, namely for columns interested by RC jacketing (in the case of
Strategy “B”), the nonlinear flexural response is modelled by means of the proposal by [39], as
commented in section 3.1. Since model by [39] is used only for RC jacketed members, no further
modifications are needed to account for any eventual shear failures. In fact, for each jacketed element,
a proper number of stirrups can be used to prevent shear failures and ensure its ductile behavior.
Nonlinear response of beam-column joints has been modelled, too (see Figure 10). A zero-length
rotational spring has been introduced in the numerical modelling at each beam-column centreline and
rigid offset spreading within the joint panel have been modelled at the ends of the beams/columns.
The joint moment (Mj)- shear strain (γj) response depends on the joint typology. The model proposed
by [7] is adopted for exterior joints. For interior joints, the joint shear strain values proposed by [40]
and the joint shear strength proposed by [41] have been used. For further details, see [7]. As for shear
failures in columns, also for joints, it is assumed that, in the retrofitted buildings, the potential shear
failure of these elements will be completely solved by means of proper strategies (e.g., by means of
pre-stressed steel strips or FRP fabric in the joint core) in both the possible strategies (“A” and “B”),
so that the beam-column joints become simple elastic elements.
About infill panels, two diagonal (concentric) compressive-only resisting struts (one per loading
direction, as shown in Figure 10) have been implemented in each bay (with truss element of OpenSees
library). [28]’s (tri-linear) model has been adopted herein: the corresponding axial load-axial strain
(Nw-εw) response have been implemented with a Hysteretic uniaxial material (see Figure 10) for each
truss element. Additionally, [42]’s reduction coefficients of infill lateral strength and stiffness have
been used when openings are present.
Lastly, P-Delta effect are considered.
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Figure 10: Schematic view of the modelling strategy adopted for each bay for the “real” assessment approach

4.2 Damage States definitions
A key issue for the assessment of the “real” seismic capacity is the definition of Damage States (DSs)
for the investigated buildings. Two aspects should be considered for these buildings, in agreement
with [17]’s definition Table 2), namely:
x the damage to infill panels, generally significantly affecting the relevant repair costs in the
aftermath of seismic events ([12]-[14]);
x the damage to RC components (beams/columns and joints).
Therefore, each DS can be achieved due to the achievement of a certain damage level in RC members
or in infill panels. The achievement of DS1, DS2, and DS3 due to infills is defined herein according
to [43], namely when the interstory drift ratio (IDR) reaches the median IDR capacity at each DS (see
Figure 11). In this study, the achievement of DS1, DS2, and, DS3 is also associated to the achievement
of the first cracking, the first yielding and the first peak load, respectively, in one element among
beams, columns and beam-column joints. However, damage to infills, from light cracking to severe
damage, generally condition the achievement of DS1 to DS3 in infilled RC buildings [44], as in the
present applications.
DS

EMS-98 [17]

DS1

Negligible to slight damage

DS2

Moderate damage

DS3

Substantially to heavy damage

DS4

Very heavy damage

DS5

Collapse

Adopted in this study
 ୧୬୧୪୪ୱǡୈୗଵ
 ൜
Ȁ Ȁ  
 ୧୬୧୪୪ୱǡୈୗଶ
 ൜
Ȁ ȀȀ െ 
 ୧୬୧୪୪ୱǡୈୗଷ
 ൜
Ȁ Ȁ
RC beam/column zero-load or beam-column joint
residual strenght
RC beam/column zero-load (if “FS”)
or Vbase=0

Table 2. Adopted DSs definition for infills and RC members and comparison with EMS-98 macro-seismic scale

DS4 and DS5 are achieved due to damage to RC members only, since, at those DSs, infill panels
should be already totally damaged. In this study, in agreement with [44], it is assumed that DS4 is
achieved when a beam or a column completely losses its lateral load capacity or a beam-column joint
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reaches its residual capacity. When this condition occurs in FS-elements, it is assumed that DS5 also
occurs (contemporary to DS4), since, when a shear-critical element losses its lateral load capacity, it
is also characterized by the onset of its axial-load failure, which reasonably leads to the collapse of,
at least, a part of the building. DS5 is anyway reached when the building base shear becomes null. It
is worth noting that the definition of DS4 and DS5 still deserves further investigations in future
research efforts.
DS1

DS2

DS3

Figure 11: Example of damage state evolution for a masonry infilled frame for the experimental test “DIST Unina”
performed at the University of Naples Federico II, adapted by [43].

5. RE-ASSESSMENT OF AS-BUILT AND RETROFITTED BUILDINGS: RESULTS
Based on the assumptions explained in section 4, in this section, the SPO curves of the as-built
and retrofitted buildings are shown (section 5.1), along with the simplified Incremental Dynamic
Analysis (IDA) curves obtained by means of SPO2IDA tool [16] in terms of spectral pseudoacceleration Sa(T) (section 5.2). Starting from Sa(T), and assuming the spectral shape suggested by
[15] for the Italian country, the corresponding PGA capacity values are obtained and fragility curves
in PGA at each DS are finally shown in section 5.3. A preliminary comparison among the as-built
and the retrofitted buildings is also performed in terms of Expected Annual Losses (EAL) (section
5.4).
5.1 SPO curves
SPO analyses have been performed for each case-study building separately in longitudinal (X) and
transverse (Z) direction. Two lateral load distributions have been applied, as already explained in
section 3. Resulting SPO curves – in terms of base shear versus Δtop - and their comparison are shown
in Figure 12, grouped depending on the design typology and loading direction, for the as-built and
the retrofitted buildings.
It can be noted that SPO curves related to the two as-built buildings are quite similar to each other,
even if, as expected, OSD presents higher base shear values and displacement capacity of GLD in the
longitudinal direction, as already highlighted in section 3. It can be noted that the “Uniform”
distribution leads to higher base shear values. Additionally, the most important comparison can be
performed by analysing the SPO curves related to the as-built conditions and Strategy “A” case. It
can be observed that the SPO curves do not significantly change when Strategy “A” is adopted, except
than (slightly) in the softening branch, since FS-elements in the as-built buildings (when involved in
the collapse mechanism) present a stiffer softening branch and a lower displacement capacity than
the “corresponding” F-elements in Strategy “A”. On the contrary, when RC jacketing are used,
obviously, the SPO curves significantly change, incrementing their base shear values and
displacement capacity. A very important increment in ductility capacity is also due to the global
collapse mechanisms that generally characterise these buildings when the Strategy “B” is adopted.
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OSD

Transverse direction

Longitudinal direction

GLD

Figure 12: Comparison of SPO curves

5.2 Simplified IDA curves
SPO curves are obviously related to a multi-degree-of-freedom (MDOF) system. SPO curve’
abscissa and ordinates can be divided by the first mode participation factor (Γ) of the building, in
each considered direction, to obtain the capacity curve (CC) of the equivalent SDOF system [32].
Then, each CC is multi-linearized to take in due account the strength and stiffness contribution of
infill panels. Nevertheless, a zero-strength residual branch is introduced, whereas the softening branch
is defined based on an energy-equivalent approach between the peak load and the zero-lateral load
point on the pushover curve. As a result, four-branch capacity curves are obtained for each analysed
building.
Starting from each quadri-linear CC, the related Incremental Dynamic Analysis (IDA) curve have
been derived thanks to the well-known SPO2IDA tool by [16], which provides the relationship
between the selected engineering demand parameter (edp) and the seismic hazard intensity measure
(IM). To apply the SPO2IDA tool, the CC should be first expressed in terms of ductility (μ) – strength
reduction factor (R). The ductility μ is derived as the ratio between CC abscissas and yielding
displacement. The factor R is the ratio between CC ordinates and yielding acceleration. SPO2IDA
tool finally provides the IDA in terms of edp (spectral displacement) versus IM (spectral acceleration).
Therefore, given a certain capacity edp, the corresponding 16th-, 50th-, and 84th- percentiles of
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capacity IM can be obtained; alternatively, given a certain IM demand, the corresponding 16th-, 50th, and 84th- percentiles of demand edp can be derived. 50th-, 16th- and 84th- percentile IDA curves also
allow quantifying the record-to-record variability, which will be used later for the definition of the
fragility curves “slope”.
Longitudinal direction

Transverse direction

Strategy B

Strategy A

As-built

GLD

Figure 13: GLD-buildings: Multi-linearized CC, simplified IDA curves and capacity at each DS (only results for
“Modal” distribution are reported, for sake of brevity)

Figure 13 and Figure 14 shows the multi-linearized CCs (reported as spectral displacement, Sd, versus
spectral pseudo-acceleration, Sa, relationships) and the related (median, 16th and 84th percentiles) IDA
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curves for the case-study buildings, along with the performance points related to the achievement, for
the first time, of DS1 to DS5 (as defined in section 4).
Longitudinal direction

Transverse direction

Strategy B

Strategy A

As-built

OSD

Figure 14: OSD-buildings: Multi-linearized CC, simplified IDA curves and capacity at each DS (only results from
“Modal” distribution are reported, for sake of brevity)

It is worth noting that the achievement of DSi (with i=1, 2, 3) for infill panels is assumed to occur
when the IDR demand in a panel reaches its median capacity value at that DSi. Additionally, due to
the structural regularity of the case-study buildings and the same adopted capacity thresholds for all
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the panels (for sake of simplicity), the achievement of DSi “contemporary” (namely, at the same top
displacement level) occurs in all the panels in a storey, in a given direction.
It can be noted that, when Strategy “A” is applied, DS1-to-DS3 remain almost unchanged, whereas
displacement capacity at DS4 and DS5 can more significantly increase, especially when their
achievement in the as-built buildings was strongly conditioned by the achievement of a null lateral
load in shear-critical columns involved in the collapse mechanism.
On the contrary, when Strategy “B” is adopted, seismic capacity at all the DSs improves, above all at
DS4 and DS5, but also at less severe DSs. This is mainly due to the increment of lateral stiffness
induced by the RC jacketing and to the design approach chosen for this strategy (since it was designed
to satisfy the DL limit state).
It is so clear that Strategy “A” and Strategy “B” create a range of minimum and maximum variation
of the seismic capacity for these buildings, especially for what concerns the first three DSs, strongly
influenced by the infill panels capacity.

5.3 Fragility curves
In this section, preliminary fragility curves have been obtained in terms of peak ground
acceleration (PGA). To this end, the seismic capacity in terms of Sa has been used for each casestudy, along with the spectral shape defined according to Italian code [[15]] for the sites of interest.
A single fragility curve (for each DS) has been reported here for each case-study since it represents
the minimum capacity between the two main directions and the two selected lateral load distributions
(Uniform or Modal). Minimum values of PGA capacities for each case-study are first shown in Table
3. Fragility curves are finally shown and compared to each other in Figure 15. Only record-to-record
(RtoR) variability is considered in this study. This is the reason why DS1 fragility curve is a “Zshaped” function, since DS1 generally belongs to the first (elastic) branch of the multi-linearized CC,
and no RtoR variability exists in this range of behavior. Further sources of variability should be
introduced in future works.
GLD
DS1
DS2
DS3
DS4
DS5

OSD
DS1
DS2
DS3
DS4
DS5

As-built
PGA
βRtoR
(g)
0
0.05
0.24
0.18
0.47
0.35
0.48
0.43
0.48
0.43
As-built
PGA
βRtoR
(g)
0
0.04
0.27
0.19
0.46
0.34
0.62
0.48
0.62
0.48

βR2R
0
0.24
0.47
0.58
0.58

βRtoR
0
0.28
0.47
0.57
0.57

Strategy “A”
PGA
Retrofitted/
(g)
As-built
0.04
0.90
0.18
1.01
0.36
1.05
0.55
1.26
0.55
1.26
Strategy “A”
PGA
Retrofitted/
(g)
As-built
0.04
0.95
0.19
1.03
0.36
1.04
0.56
1.17
0.56
1.17

Strategy “B”
βRtoR

PGA (g)

0
0.23
0.45
0.62
0.62

0.05
0.28
0.59
1.05
1.05

βRtoR
0
0.23
0.48
0.63
0.63

Retrofitted/
As-built
1.07
1.51
1.72
2.41
2.41

Strategy “B”
PGA
Retrofitted/
(g)
As-built
0.06
1.41
0.30
1.60
0.58
1.70
1.13
2.37
1.13
2.37

Table 3: Summary of median PGA capacity and logarithmic standard deviation due to record-to-record variability
(βRtoR) of fragility curves
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(a)

(b)

(c)

(d)

Figure 15: Comparisons among fragility curves: GLD (a,b) and OSD (c,d) buildings

The main outcomes from Table 3 and Figure 15 can be summarized as follows:
x When Strategy “A” is applied, the seismic capacity at DS1, DS2, and DS3 changes in terms
PGA capacity only slightly (generally very below the 10%);
x When Strategy “A” is applied, slight changes at DS1 can be ascribable to the small differences
in the very first branch of the multi-linearized CC; on the contrary, variation in PGA capacity
at DS3 are generally due to some difference in the softening branches of the multi-linearized
CC;
x When Strategy “A” is applied, only PGA capacity at DS4 and DS5 is more significantly
affected; it can increase from +17% (OSD) to +26% (GLD), mostly due to the capability to
switch off column shear failures (when they resulted shear-critical elements in the as-built
buildings);
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x
x

When Strategy “B” is applied, the maximum increment in PGA capacity at DS1 to DS3 can
be observed, due to the higher lateral stiffness produced by the columns RC jacketing and the
way these jacketings have been designed (namely, to satisfy the DL limit state, see section 3);
When Strategy “B” is applied, the PGA capacity at DS4 and DS5 increases significantly (more
than 100%) also thanks to the global collapse mechanism they produce.

A final comment is about the difference in terms of capacity increment assessment obtained in this
section and that obtained in a code-based approach (section 3). When safety check and retrofit design
are performed in code-based approach, the first joint failure significantly influences the seismic
capacity of the as-built building, limiting it to the first shear cracking in the joint panel in a forcebased approach. When shear-critical elements, like joints as well as columns, are analyzed in a
displacement-based approach, contrary to what the code prescribes, the assessment results are very
different, even in the as-built configurations. Additionally, infill panels are not accounted for in
typically code-conforming practice-oriented analyses. As a result, even if Strategy “A” leads to a
PGA capacity increment higher than 150% for GLD and 350% for OSD (from the first joint shear
failure to the first ductile failure) in a code-based approach (section 3), such a high increment cannot
be found when a displacement-based safety assessment is performed; in this latter case, the capacity
increment ascribable to Strategy “A” is more limited (around +20%), at least for the buildings
analysed in this work.
5.4 Preliminary estimation of EAL
A final comparison among the as-built and the retrofitted buildings is performed here in terms of
mean Expected Annual Losses (EAL), to emphasize the importance of the less severe damage states
– and thus of masonry infills which condition the achievement of those DSs - to the seismic loss
estimation. It is worth remembering that EAL represents the average amount of money (generally
expressed as a percentage of the total reconstruction cost) to be spent per year to repair damage due
to seismic events during the building lifetime.
First, for each DS, the expected seismic losses, expressed as a percentage of the total reconstruction
cost (%CR), should be defined. A clear association between %CR and limit states defined according
to Italian [15] and Eurocode 8 [18] can be found in [44] and in [46]. In this work, such an association
is preliminary based on a previous study by the Authors ([13]-[14]), which considered damage to
infills/partitions and services only for the same DSs adopted herein (in particular from DS1 to DS3).
Therefore, 4%, 15%, and 31% of the building reconstruction cost has been assumed here at DS1,
DS2, and DS3, respectively, only accounting for seismic losses due to infills/partitions and services
allocated in within. DS5 is instead a physical collapse for the building and, therefore, it is associated
herein to 100% of the reconstruction cost.
Additionally, the mean annual frequency of exceeding a certain DS (λ) can be obtained (as the inverse
of the capacity return period at that DS), thus obtaining all the information required to calculate the
EAL, as the area underneath the λ-%CR curves (Figure 16). A maximum threshold for λ (10%) has
been preserved in agreement with [46].
Resulting EAL values are finally reported in Table 4. It can be noted that the EAL related to the asbuilt buildings and that related to the adoption of “Strategy A” are technically identical (about 3% of
reduction). This means that, when seismic capacity increment affects the most severe DSs only, no
benefits can be gained in terms of seismic losses. On the contrary, the increment in lateral stiffness
(produced by Strategy “B”) can reduce the EAL of about 20% for both the case-study buildings.
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As-built
Strategy A
Strategy B

GLD
80

OSD

As-built
Strategy A
Strategy B

80
60

%CR

%CR

60
40

40

20

20
0

0
0

0.025

0.05
λ (-)

0.075

0.1

(a)

0

0.025

0.05
λ (-)

0.075

0.1

(b)

Figure 16: Percentage of the Reconstruction Cost (%CR) depending on the mean annual frequency of exceedance each
DS (λ)
EAL (%)
As-built
Strategy “A”
Strategy “B”

GLD
1.33
1.28 (-3%)
1.06 (-20%)

OSD
1.41
1.36 (-3%)
1.08 (-21%)

Table 4: Expected annual losses, EAL (in grey, its percentage variation with respect to the relevant as-built building).

6. CONCLUSIONS
A preliminary seismic analysis of two case-study low-standard RC buildings has been presented,
based on static nonlinear analyses. The investigated case-study structures are 4-storey buildings
representative of Italian pre-70 residential buildings, designed for gravity loads only (GLD) or
according to obsolete seismic design (OSD). First, they have been assessed in a code-based approach
according to the current Italian code [15], namely without infills (as typical in practice) and modelling
nonlinear flexural response of beams and columns only, whereas columns/joints shear failures have
been detected in post-processing (in a force-based safety check). Then, based on the as-built
assessment outcomes, the retrofit phase has been designed by means of two alternative strategies,
representing two boundary conditions for the lateral stiffness modification of the buildings:
1. Strategy “A”: the complete resolution of all the shear failures (in columns or joints), if any,
at Life Safety limit state;
2. Strategy “B”: the reduction of the displacement demand by means of RC column jacketings,
designed at the Damage Limitation limit state, along with the resolution of shear failures at
LS limit state.
Then, both the as-built and retrofitted building configurations have been modelled and analysed
explicitly considering the presence of infills and shear-critical elements, including beam-column
joints. Fragility curves have been obtained at different Damage States (DSs) according to European
Macroseismic Scale EMS-98, from DS1 to DS5, considering record-to-record variability, and
compared to each other. DSs from 1 to 3 were significantly affected by the infill presence; they were
always achieved due to the achievement of the relevant drift capacity in infill panels.
The following conclusions can be drawn:
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x

when Strategy “A” is applied, the seismic capacity at DS1, DS2, and DS3 changes only
slightly (generally very below the 10% in terms PGA capacity);
x when Strategy “A” is applied, only seismic capacity at DS4-5 is more significantly affected;
PGA capacity at DS4 and DS5 it can increase from +17% (OSD) to +26% (GLD), mostly due
to the capability to switch off column shear failures (when they resulted shear-critical
elements in the as-built buildings);
x when Strategy “B” is applied, the maximum increment in PGA capacity at DS1 to DS3 can
be observed, due to the higher lateral stiffness produced by the columns RC jacketing and the
way these jacketings have been designed (namely, to satisfy the DL limit state);
x when Strategy “B” is applied, the PGA capacity at DS4 and DS5 increases significantly (more
than 100%) also thanks to the global collapse mechanism they produce;
x if mean Expected Annual Losses (EAL) are evaluated, it can be noted that, when seismic
capacity increment affects the most severe DSs only (as for Strategy “A”), no benefits can be
gained in terms of economic losses (only 3% reduction); on the contrary, the increment in
lateral stiffness produced by Strategy “B” can reduce the EAL of about 20% for both the casestudy buildings.
It is worth noting that the present study analyses only two case-studies in a static nonlinear analyses
approach and only considering record-to-record variability to obtain fragility curves. Other casestudies and sources of variability should be considered in future works, also in the context of nonlinear
dynamic analyses. Additionally, the modelling strategies and DSs definition adopted herein will be
deeper investigated, both about a more detailed definition of DS4 and DS5 (a topic still controversial
in the literature), and about the modelling of further key shear-critical phenomena (above all involving
beam-column joints), such as the joint axial load failure in as-built buildings (herein neglected).
Lastly, in this study, infill panels have been considered to be identical in the as-built and in retrofitted
buildings. Nevertheless, such an aspect could be modified in future works to consider the possibility
of a change in infill typology to address energy-efficiency requirements, at least when invasive
strategies (like Strategy “B”) are implemented.
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Abstract
This study investigates the improvement in the seismic performance of an archetype reinforced
concrete (RC) frame due to varying structural retrofit levels. Specifically, the study attempts to
map the increase of the displacement-based global ratio between capacity and life-safety demand (CDRLS) to the reduction of seismic fragility. Such a reduction is characterized by the
shift of the median fragility for different structure-specific damage states (DSs). The considered
structure does not conform to modern seismic design requirements, and it is retrofitted using
various techniques. Advanced nonlinear models are developed for the archetype frame, accounting for potential failure mechanisms, including flexural, joint, and shear failure. Three
common retrofitting techniques are investigated, namely RC jacketing, steel jacketing, and fiber-reinforced polymers (FRP) wrapping of columns and joints. Each technique is specifically
designed and proportioned to achieve predefined performance objectives (i.e., performancetargeted retrofitting), thus generating many retrofit alternatives. The improvement in seismic
performance for the retrofitted frames is first characterized by computing the global CDRLS,
which can be obtained using nonlinear pushover analysis combined with the Capacity Spectrum
Method. Subsequently, cloud-based nonlinear time-history analyses are performed to derive
fragility relationships for the as-built and retrofitted configurations, monitoring the variation
in the median fragility for all DSs. Finally, the global CDRLS increase due to retrofitting is
correlated with the corresponding shift in the median fragility. A linear trend is found, and it is
used accordingly to develop simple models that engineers can implement to provide reasonable
estimates for such shift once the global CDRLS is known.
Keywords: Retrofitting strategies, fragility relationships, nonlinear analysis, reinforced-concrete frames, performance-based assessment.
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1

INTRODUCTION

Many existing reinforced concrete (RC) buildings in earthquake-prone regions do not conform to modern seismic codes as they were mainly designed to resist gravity loads only. These
buildings are vulnerable to severe damage or even collapse under moderate-to-high groundshaking intensity levels [1]. This has led to significant economic and life losses, as demonstrated
by numerous past earthquakes (e.g. [2], [3]).
To mitigate the consequences of earthquake events on such buildings and improve their seismic performance, structural retrofitting is often necessary. Such an approach has become very
popular lately due to the ease of construction and cost-effectiveness compared to other drastic
solutions like demolition and complete replacement.
Generally, retrofitting strategies aim to modify key structural parameters such as strength,
ductility, and stiffness or reduce seismic demand. Several techniques (systems) are widely used
to implement one or more strategies. For instance, adding RC shear walls (e.g. [4], [5]) or bracing (e.g. [6], [7]) to existing buildings improves both stiffness and lateral strength significantly.
On the other hand, base isolation can be implemented to reduce seismic demands by simply
decoupling the horizontal motion of the structure and that of the ground [8].
Many challenges may arise in adopting the above techniques, which are related to the architectural compatibility of the intervention, its invasiveness, the need to modify existing foundations or adding new ones, in addition to the high implementation costs and long duration of the
work. Therefore, less-invasive retrofitting techniques, which represent the main focus of the
current study, are more common and popular. Examples include wrapping structural elements
with fiber-reinforced polymers (FRP), and jacketing columns using either RC or steel jackets.
These local techniques are fundamentally less expensive, and they pose a minimal degree of
invasiveness/business interruption compared to RC shear walls or bracing.
Most of the past research focused on the experimental investigation of different retrofitting
techniques and developing analytical and numerical models to simulate their effect on existing
structural elements and/or systems. For instance, some studies investigated the effects of steel
jackets on RC columns experimentally and developed design procedures (e.g. [9]–[12]), while
others explored FRP retrofitting (e.g. [12]–[15]) and RC jacketing for columns (e.g. [16], [17]).
Retrofitted buildings are expected to perform better against earthquake-induced ground
shaking. However, field observations for those buildings under actual seismic events are still
scarce, indicating the lack of sufficient empirical fragility and vulnerability models in the literature. This demonstrates the need for numerically developing such models considering different
retrofitting techniques and geometric layouts, which are essential for applications related to
seismic risk reduction and increasing resilience of earthquake-prone communities around the
world. This has indeed attracted many research efforts in the past few decades, but a limited
number of studies is available. A detailed review of such studies is outside of the current paper’s
scope, but a few are briefly discussed to provide the reader with some background.
Some studies developed fragility relationships considering FRP, RC jacketing, base isolation,
and adding shear walls (e.g. [18], [19]). However, the fragility models accounted for collapse
only, without considering other damage states (DSs). Moreover, retrofitting was either applied
based on engineering judgment, i.e. without properly accounting for structure-specific seismic
deficiencies or predefined performance objectives [18], or considering only one, rather than
multiple, performance objectives (e.g. [19], [20]). Other studies considered applying different
retrofitting techniques with varying intervention levels to achieve different performance objectives (e.g. [21], [22]), but only collapse fragility relationships were evaluated.
The current study investigates the improvement in seismic performance of an archetype RC
frame located in a high-seismicity zone considering varying levels of retrofitting intervention
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using three different techniques: FRP wrapping, steel jacketing, and RC jacketing. Each one is
designed to achieve multiple predefined performance objectives, resulting in many realizations
of retrofitted buildings. These cases are first assessed by quantifying the displacement-based
global ratio between capacity and life-safety (LS) demand (CDRLS ), or simply capacity-to-demand ratio. This parameter is equivalent to the “Percentage of New Building Standard” introduced first by [23]. Subsequently, fragility relationships are developed accounting for different
structure-specific DSs to investigate the effects of retrofitting on building-level fragility. An
attempt is also made to correlate the CDRLS to the shift of fragility relationships due to retrofitting to derive a simplified model that can be used to estimate the shift in fragility based on
the CDRLS value. A generalization of such a simplified model might be used, among various
possible usages, to analyze and/or design scenario-based retrofit implementation plans at a portfolio level by implementing it in a regional seismic risk model. Although such generalization
is out of scope herein, it is deemed worthy of investigation.
The paper is organized as follows. Section 2 introduces the methodology implemented in the
current study. This includes a description of the geometry and properties/details of the casestudy structure, an introduction to the adopted retrofitting techniques, the nonlinear modeling
strategies for both the as-built and retrofitted case studies, the definition of DSs, and groundmotion selection. Section 3 presents the design of the retrofitted case studies, the initial performance assessment for both as-built and retrofitted cases, followed by fragility analysis. Section
4 addresses the proposed mapping between the capacity-to-demand ratio to seismic fragility
median. Finally, section 5 provides some concluding remarks, highlighting the limitation of the
study and future steps.
2

METHODOLOGY

2.1 Case-study building
An older five-storey, four-bay RC moment-resisting frame with a total height of 15 m and a
uniform bay width of 4.5 m is considered, as shown in Figure 1. This frame is designed to resist
gravity loads only according to the Royal Decree n. 2229 in Italy in 1939, which regulated the
design of RC frames until 1974. Following this decree, simulated design is performed to define
the proportioning and detailing of all the structural elements, using allowable stress design.

Figure 1: Elevation view of the 5-storey case-study frame (cross-sectional dimensions are in cm)
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This frame does not satisfy the main seismic design provisions such as those for capacity
design and strong-column-weak-beam. Beams and columns are poorly confined, and the latter
elements have a very low amount of longitudinal reinforcement (i.e. less than 1%). Moreover,
the joints lack transverse reinforcement, use smooth bars, and improper anchorage [24]–[26].
This makes the frame susceptible to developing brittle failure mechanisms such as joint failure,
soft-storey, and shear failure. Typical average values for the material properties are used, which
are representative of that era. Specifically, the average compressive strength of the concrete
(fୡ୫ ) is 16.5 MPa, in compliance with other studies (e.g. [27], [28]). The average yield strength
(f୷୫ ) of reinforcing steel is 330 MPa [29]–[31].
2.2 Selected retrofitting techniques
Three different retrofitting techniques are investigated in this study: FRP wrapping, steel
jacketing, and RC jacketing. Typical cross-sections for columns retrofitted using these techniques are illustrated in Figure 2.
a)

b)

c)

Figure 2: Typical cross-sections of a column retrofitted using (a) FRP; (b) steel jacketing; and (c) RC jacketing

FRP wrapping is mainly used for joints and columns to prevent brittle shear failure mechanisms. It also provides a high level of confinement for columns, thus improving their ductility
under extreme loading conditions (e.g. [13], [14]). The contribution of FRP wrapping to the
stiffness and flexural strength is minimal as the unidirectional fibers are placed perpendicular
to the longitudinal axis of columns.
Rectangular and elliptical steel jackets are another popular option to prevent shear failure of
columns. They are also able to increase lateral stiffness due to the isotropic properties of steel
[12]. However, only elliptical (or circular) steel jackets are used in the current study because
they are very effective in improving confinement and ductility due to the continuous confining
pressure they provide [9]. This technique also offers some enhancement of flexural strength.
Conversely, experiments demonstrated that rectangular steel jackets lose much of their confinement efficiency (e.g. [9], [16]). A gap of 50 mm is deliberately left between the edges of the
steel jacket and foundations/beams to prevent excessive flexural strength enhancement, which
transfers forces to adjacent members [9].
RC jacketing is the most traditional and common technique in practice as it is characterized
by a low cost and does not require specialized labor. It comprises encasing existing columns
with a cast-in-place RC jacket to improve confinement, ductility, and both shear and flexural
strengths. Continuous column jacketing in two consecutive floors also enhances joint behavior.
The thickness of an RC jacket is controlled by the size of longitudinal and transverse reinforcement to be used, in addition to the minimum cover requirement (e.g. [16], [32]). Compared to
the other two techniques, RC jacketing poses the highest level of invasiveness. It can notably
increase the size of existing columns and might require extending reinforcement through slabs,
foundations, and joints.

1304

Karim Aljawhari, Roberto Gentile and Carmine Galasso

2.3 Design of retrofitting techniques
A trial-and-error design procedure is adopted for the three retrofitting techniques, aiming to
achieve a predefined set of performance objectives, as explained later. For each technique, design iterations might vary with respect to detailing, geometric characteristics, and the number
of retrofitted elements to ensure incremental improvements in seismic performance.
For the FRP technique, laminated pre-cured sheets with high-strength carbon fibers (CFRP)
are wrapped around the full height of existing columns. The elasticity modulus (f ) is equal to
140 GPa, ultimate tensile strength (Ffu ) is 2000 MPa, and rupture strain (ɂfu ) is 1.2% [33],
assuming that each layer has a thickness of 0.5 mm. It is considered that the maximum number
of FRP layers is five to ensure confinement efficiency [34]. It should be noted that the FRP is
also used for joint retrofit in cases where joint failure is observed (mainly external ones).
On the other hand, full-height elliptical/circular steel jackets are used. The space between
the steel jacket and retrofitted column can be filled with either grout material or plain concrete
[9], [12]. The jackets are made of structural steel grade S235 with an average yield strength (f )
of 235 MPa and a minimum thickness of 1.5 mm, which is increased during the iterative design
process. As mentioned earlier, a gap of 50 mm is left between the edges of steel jackets and
column ends to prevent transferring forces to adjacent members [9].
In the case of RC jacketing, a full-height encasement of existing columns is made using castin-situ concrete, with the possibility of extending longitudinal reinforcement through foundations and slabs. RC jackets with a minimum thickness of 50 mm are adopted, with at least 4Φ14
mm for external columns and 4Φ16 mm for internal ones (Φ refers to the diameter). Hoops with
Φ8 mm are used with a spacing not exceeding 150 mm. The reinforcement and/or jacket thickness are increased gradually during the iterative design, as stated earlier. The concrete material
is characterized by fୡ୫ of 33 MPa, while f୷୫ for the reinforcement is equal to 490 MPa.
2.4 Nonlinear modeling strategies
The nonlinear response of the case-study building is simulated by developing 2D numerical
models using OpenSees [35]. Structural components are modeled as beam-column elements
with finite-length plastic hinges to simulate the nonlinear flexural response, which is defined
by performing moment-curvature analysis following the rules defined by [36] and [37]. The
post-capping degrading response for the moment-curvature and the hysteretic parameters are
assigned according to [38]. Additional shear springs are added in series to the beam-column
element to account for potential shear failure modes, as illustrated in Figure 3. The backbone
curve parameters for the shear response are calculated in accordance with [39]–[41].

Figure 3: Modelling strategy for structural components
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As mentioned earlier, joints in older Italian RC frames are characterized by the lack of transverse reinforcement and the use of smooth bars with end-hooks, particularly in external joints
[24]–[26]. Therefore, the early failure of such joints leads the building to develop a brittle failure mechanism. Therefore, an additional spring is added in each beam-column joint zone. The
parameters of the nonlinear material of joints are defined according to [38], which is a mechanics-based approach introduced in many other studies (e.g. [42], [43]).
To account for the effects of FRP on columns, the moment-curvature relationship is modified
considering the confinement provided by this technique. This is achieved by first assuming that
the entire column cross-section is confined rather than the core only since the FRP layers are
wrapped around the external perimeter of the column. Next, the confinement pressure (f୪ ) due
to FRP wrapping is calculated based on [13] and then the compressive strength and ultimate
strain of the confined concrete (fୡୡ and εୡୡ୳) can be estimated based on [44] and [13], respectively. It should be noted that FRP wrapping around rectangular columns is less effective than
circular ones because only inward corner forces provide the confinement in the former case
instead of continuous pressure around the perimeter. Thus, a confinement effectiveness factor
is used to reduce the value of f୪ as per [33]. Moreover, the additional shear strength due to FRP
is calculated and added to the shear strength of the as-built column in accordance with [13].
It should be noted that the unique failure modes pertaining to FRP, such as debonding and
fracture mechanisms, are not explicitly modeled, assuming the FRP retrofitting is designed and
installed appropriately so that the concrete and reinforcement will govern the softening behavior of the retrofitted elements at high levels of deformation (e.g. [22], [45]).
Steel jacketing is treated in a similar manner to FRP. The value of f୪ is estimated as per [9],
whilst fୡୡ and εୡୡ୳ are found based on [44] and [16], respectively. These new values are adopted
to modify the moment-curvature relationship. The additional shear strength due to the steel
jacket is estimated according to [9].
Finally, columns retrofitted with RC jackets are treated as equivalent monolithic members.
This assumption is deemed valid as long as the jackets are well constructed and the surface of
existing columns is adequately treated (e.g. [45], [46]). However, to address the possibility of
a poor bond between the new RC jackets and existing columns, it is recommended to use the
as-built value of fୡ for the entire cross-section and to assume that lateral confinement is provided solely by the hoops of the new RC jacket [16].
2.5 Damage state definition and thresholds mapping
Three structure-specific DSs are adopted in order to characterize different damage conditions,
which reflect the performance level (PL) of the building. Each DS occurs when the structure
attains a specific threshold defined with respect to an engineering demand parameter (EDP).
This study adopts the maximum interstorey drift ratio (MIDR) as an EDP, which is a reliable
and widely-used proxy to quantify global structural and nonstructural damage (at least in the
case of drift-sensitive nonstructural components).
The MIDR thresholds are calibrated by assessing multiple measurable criteria during nonlinear static (i.e. pushover) analysis using a modal-pattern incremental load. These criteria are
adopted from [47] and are also summarized in Table 1. The parameters Ʌ୷ and Ʌ୳ in Table 1
represent the yield and ultimate chord rotations, respectively. The latter parameter is evaluated
according to [48]. It should be noted that the MIDR threshold for each DS is based on the first
occurrence of any criterion among those shown in Table 1 (e.g. [47]).
The three DSs are described as follows: DS1, which accounts for moderate damage levels,
is characterized by moderate structural and nonstructural damages with no significant yielding.
The building here maintains the limited occupancy PL, but minor repairs may be required. DS2,
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which corresponds to significant damage (SD), incorporates severe damages in both structural
and nonstructural components, but buildings still retain some residual strength and stiffness.
The building in DS2 meets the PL of life safety (LS), in which significant repairs are needed,
which might not always be feasible. Finally, DS3 represents here the collapse-prevention PL,
characterized by the full exploitation of strength and ductility. Minimal residual strength and
stiffness remain in DS3, and the building is in a near-collapse condition [49].
Level/DS
Section
Level
Component
Level
Global
Level
General
description

DS1
Reaching yield bending
in a supporting column
Reaching Ʌ୷ in any
supporting column
Reaching the global
yield point of the structure
Moderate structural
and nonstructural damage. No significant
yielding of members

DS2
Max. bending strength
of a column is reached
Reaching 75% of the
Ʌ୳ in any component

DS3
Reaching shear failure
in any element
Reaching the Ʌ୳ in
any component

Reaching the maximum strength

About 20% drop in
the maximum strength

Severe structural and
nonstructural damage.
Some residual strength
and stiffness retained

Full exploitation of
strength and ductility.
Low residual strength
and stiffness

Table 1: Criteria used for mapping of DSs; adopted from [47]

The analytical formulation for Ʌ୳ requires inputting the amount of transverse reinforcement.
This is directly applicable for the existing structural components and those retrofitted using RC
jackets. In the case of FRP or steel jacketing, the concept of equivalent transverse reinforcement
is implemented (e.g. [12], [22], [45]). In this approach, the FRP or steel jacketing can be simply
converted to standard transverse reinforcement that mimics their effect by generating a lateral
confining pressure equal to that produced by either of them.
2.6 Performance-targeted retrofitting
As indicated earlier, varying retrofitting levels are designed and applied to the case-study
structure to meet some predefined performance objectives (i.e. performance-targeted retrofitting). These objectives represent achieving specific PLs (or DSs), either fully or partially, under
a selected level of seismic hazard (e.g. [50]). The selected hazard level in all performance objectives is the one associated with life safety, i.e. corresponding to a mean return period of 475
years (e.g. [48], [50], [51]), as it is the most relevant and widely-used hazard level for the design
and assessment of buildings – and for which hazard maps/curves are readily available.
To investigate whether a retrofitting intervention achieves a particular performance objective,
the displacement-based global ratio between capacity and LS seismic demand, i.e. CDRLS is
considered. The LS displacement demand is calculated by transforming the force-deformation
relationship (i.e. capacity curve) derived from pushover analysis to a capacity spectrum of an
equivalent single-degree-of-freedom (SDoF) system plotted in the acceleration-displacement
response spectra (ADRS) space. Subsequently, the capacity spectrum method (CSM) is applied
in order to obtain a graphical representation of the performance [52]. A summary of the selected
performance objectives is provided in Table 2.
It should be highlighted that the seismic demand used to design and assess different retrofitting cases is characterized by a Type 1 response spectrum according to [53], with a peak ground
acceleration (PGA) of 0.30g and ground type C to account for high-seismicity conditions.
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Performance objective
No-collapse performance
Limited performance
Basic performance
Advanced performance

Description
Achieve the collapse-prevention PL (DS3)
against the LS seismic demand
Partially achieve significant damage PL
(DS2) against LS demand (CDRLS ≈75%)
Achieve the significant-damage PL (DS2)
against LS demand (100% of CDRLS )
Achieve moderate damage (DS1; limited
occupancy) against LS seismic demand

Table 2: Selected performance objectives for seismic retrofitting

2.7 Fragility relationships and selection of ground-motion records
Retrofitting of structures can result in a significant improvement in their seismic fragility.
Fragility relationships characterize the conditional probability of exceeding different buildinglevel, structure-specific DSs given a ground-shaking intensity level (IM), i.e. ܲሺ ܵܦ ݀݅ݏȁܯܫሻ.
It is possible to derive fragility relationships by performing nonlinear time-history analysis
(NLTHA) using a set of unscaled (as-recorded) ground-motion records, i.e. by performing
cloud analysis [54], among other alternative approaches. Hence, clouds of IM vs. EDP are developed and appropriate probabilistic seismic demand models (PSDMs) are fitted via powerlaw regression, which allows deriving fragility relationships using a closed-form solution [55]
as shown in Eq. (1)-(2).
 ܲܦܧൌ ܽܯܫ

(1)

ሺܯܫȀߤሻ
൰
ܲሺ ܵܦ ݀݅ݏȁܯܫሻ ൌ Ȱ ൬
ߚ

(2)

where ܽ and ܾ are the regression parameters, ߤ is the median IM, and ߚ is the dispersion.
The records used for the NLTHA are adopted from the SIMBAD (Selected Input Motions for
displacement-Based Assessment and Design) database developed by [56], which incorporates
467 three-component records related to shallow crustal earthquakes with magnitudes between
5.0 and 7.3 and epicentral distances less than 30 km [56]. To reduce the computational effort
yet maintaining the engineering significance of the analysis, only 150 records are selected following the same criteria defined in [20], [57]. Specifically, the ground motions are ranked with
respect to their PGA, obtained as the geometric mean of the two horizontal components. For
each ground motion, the horizontal component with the highest PGA is kept, and then the 150
records with the highest ranking are selected. Such procedure is compatible with cloud analysis,
and therefore it does not require a site-specific record selection. Moreover, this approach is
deemed appropriate for regional-scale seismic risk assessment of building portfolios, especially
when coupled with optimal IMs.
The IM implemented in this study is the geometric mean of the 5%-damped spectral acceleration over a specific range of vibration periods (avgSa). Such an IM accounts indirectly for
the effects of higher modes, in addition to the period elongation due to the strength and stiffness
degradation as well as the damage of different components (e.g. [58]–[60]). This IM, compared
to other conventional ones like the spectral acceleration at the fundamental period Sa(T1 ), minimizes response variability, and it has a higher relative sufficiency [61].
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The avgSa in this study is calculated considering 10 equally-spaced periods ranging within
0.2T1 and 1.5T1 (e.g. [62]). However, to allow for fragility comparison between the as-built
and the retrofitted case-studies, the same period range is adopted for all of them, which is based
on T1 of the as-built case. This assumption is deemed appropriate as the change in T1 for the
majority of retrofitted cases is not very significant.
3

RESULTS AND DISCUSSION

3.1 Initial assessment for the as-built structure
To understand the response and failure mechanism of the as-built case-study structure, an
initial assessment is carried out using pushover analysis to identify DS thresholds and then
apply the CSM to evaluate the CDRLS before any intervention through retrofitting.
Figure 4(a) shows the pushover curve with the horizontal axis representing the MIDR among
all stories and the vertical axis showing the base shear. The first occurrence of some damage
observations are also illustrated in Figure 4(a), such as first yield for beams and columns, SD
for columns and joints (θSD and ɀୗୈ ), and joint failure (ɀ୳ ); mainly external ones. The MIDR
thresholds for all DSs are also summarized in Table 3.
It can be observed in Figure 4(a) that both DS2 and DS3 are controlled by the limit states of
the joints, which take place before those pertaining to the columns. It is also noticed that the
beams do not reach their θSD and θ despite their yielding. This demonstrates that the nonlinear
deformation is concentrated in the columns and joints, which depicts a non-ductile joint and
column-sway mechanism. Accordingly, retrofitting efforts must be directed towards improving
the key properties (i.e. strength, ductility, stiffness) of these structural components in particular,
which will eventually improve the overall plastic mechanism of the building towards a beamsway one (mainly characterized by beam hinging).
a)

b)

Figure 4: (a) Assessment for the as-built structure using pushover analysis and damage observations; (b) Graphical illustration for the capacity and demand spectra using the CSM

Damage state (DS)

DS1

DS2

DS3

MIDR threshold [%]

0.41

0.93

1.71

Table 3: MIDR thresholds for different DSs derived from pushover analysis
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Figure 4(b) illustrates the idealized capacity spectrum of the equivalent SDoF system and the
demand spectrum, both elastic and inelastic, plotted in the ADRS space. Applying the CSM, it
is found that the inelastic demand spectrum significantly exceeds the capacity of the as-built
structure. In other words, the performance point (PP) cannot intersect the inelastic demand
spectrum, thus indicating a CDRLS less than 1.0. According to Figure 4(b), the maximum capacity corresponds to a spectral displacement (Sd) of 0.07 m only. However, the expected demand displacement identified through the intersection between the secant stiffness line and the
inelastic demand spectrum is nearly 0.167 m. Therefore, the CDRLS of the as-built structure is
very low, i.e. 42%, demonstrating the need for structural retrofitting.
3.2 Designed retrofitting solutions
As mentioned in section 2.3, the as-built structure is retrofitted with varying intervention
levels to achieve the selected performance objectives (see Table 2). This process resulted in 13
retrofitted case studies using FRP wrapping of columns and joints, 15 cases for steel jacketing,
and 18 for RC jacketing. The details, layout, and amount of retrofitted elements using FRP for
all performance objective are listed in Table 4. For the sake of brevity, only one retrofitted casestudy is described for each performance objective; particularly the one that satisfies the objective with the minimum possible amount of intervention.
Achieved
CDRLS

Description of FRP retrofitting

65.4%

1 layer for external columns and joints in
the 1st to 3rd floor and 1 layer for internal
columns in the 1st and 3rd floors

75.5%

Same joint retrofitting as above. 2 layers
for the 3rd floor columns and internal columns of the 1st floor. 1 layer for external
columns in 1st to 2nd floor.

Basic
performance

105.0%

Same joint retrofitting as above. 1 layer for
the 2nd floor columns. 4 layers for the 1st
floor and internal columns in 3rd floor and
5 layers for the 3rd floor external columns.

Advanced
performance

N.A.

N.A.

Performance
objective
No-collapse
performance

Limited
performance

Graphical
illustration

N.A.

Table 4: Description of FRP retrofitting alternatives for different performance objectives

Table 4 demonstrates that the advanced performance objective could not be achieved using
FRP retrofitting. This is because FRP wrapping improves ductility through confinement and
increases shear strength while its contribution to the lateral strength and stiffness is minimal
(less than 10% in the current study). In fact, enhancing these parameters (i.e. stiffness and lateral
strength) is essential with respect to moderate damage PL (or DS1) as the columns will not
yield quickly, especially at low IM levels. It should be noted that the maximum value of CDRLS
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that could be achieved is around 110% since the number of FRP layers that could be applied
for the columns cannot exceed five layers (see section 2.3).
Table 5 provides similar information about the retrofitted case studies using steel jacketing.
It was possible to generate many cases of retrofitted buildings with large values of CDRLS ,
particularly up to 147%. This is related to the high effectiveness of circular/elliptical jackets
with respect to the high and continuous (radial) confinement they provide. This, in turn, significantly improves the ductility of the columns, thus making them capable of sustaining large
levels of inelastic deformation. This also improved the (near) collapse situation, allowing beams
to undergo failure prior to columns. Like the FRP case, all these advantages are insufficient to
make the structure experience moderate damage (DS1) only against the LS demand (i.e. the
advanced performance level) for the same reasons explained previously regarding the FRP.
Achieved
CDRLS

Description of steel jacketing retrofitting

61%

1.5 mm thick jacket mm for the external
columns in 1st to 3rd floor and internal ones
in the 3rd floor. Also retrofit external joints
in 1st to 3rd floors using FRP.

80%

Same joint retrofitting as above. Use 1.5
mm thick jacket for the external columns
in the 1st to 3rd floor and internal ones in the
1st and 3rd floor

Basic
performance

106%

Same joint retrofitting as above. 1.5 mm
thick jacket for the columns of 2nd floor.
2.5 mm thick jackets for the 3rd floor and
external columns of 1st floor. 3 mm jacket
for the internal columns in 1st floor

Advanced
performance

N.A.

N.A.

Performance
objective
No-collapse
performance

Limited
performance

Graphical
illustration

N.A.

Table 5: Description of steel jacketing retrofitting alternatives for different performance objectives

Finally, a summary for the case studies with RC jacketing is provided in Table 6, which
shows that unlike FRP and steel jacketing, the advanced performance objective is achieved.
This is because the RC jacketing provides a significant overall enhancement for the stiffness
and strength, both shear and flexural, and improves the ductility through confinement. These
features can also shift the building mechanism from local (e.g. soft-storey) to global, i.e. beamsway. Therefore, the (frame-level) MIDR threshold of DS1 becomes much higher, and the retrofitted structure will not be easily subjected to yielding and moderate damages, especially at
low IM levels. Nevertheless, as illustrated in Table 6, achieving the advanced performance level
requires retrofitting the entire columns in the frame, thus making a global intervention to the
frame rather than local, which might be expensive and technically challenging.
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Performance
objective
No-collapse
performance

Limited
performance

Basic
performance

Advanced
performance

Achieved
CDRLS

Description of RC jacketing retrofitting

65%

Retrofit external columns in the 1st to 3rd
floor with 50 mm jacket with 4Φ14 mm
bars and 1Φ8/150 mm hoops.

78%

Graphical
illustration

50 mm jackets for the external columns in
the 1st to 3rd floor with 4Φ14 mm bars and
1Φ8/150 mm hoops. 50 mm jackets for the
internal columns of the 3rd floor with 4Φ16
mm bars and 1Φ8/150 mm hoops

105%

50 mm jackets for the external columns in
the 1st to 4th floor with 4Φ14 mm bars and
1Φ8/150 mm hoops. 50 mm jackets for the
internal columns in 1st, 3rd, 4th floors with
4Φ16 mm bars and 1Φ8/150 mm hoops

181%

100 mm jackets with 8Φ16 mm bars and
1Φ8/100 mm hoops for external, and with
12Φ22 mm bars and 1Φ10/80 mm hoops
for the internal columns of 1st floor. 50 mm
jackets with 8Φ20 mm bars and 1Φ8/150
mm hoops for external and with 8Φ22 mm
bars and 1Φ8/150 for the internal columns
of 2nd floor. 50 mm jackets with 8Φ14 mm
bars and 1Φ8/150 mm hoops for the 3rd, 5th
and external columns of 4th floor. Similar
jackets but with 8Φ16 mm bars for internal
columns of the 4th floor

Table 6: Description of RC jacketing retrofitting alternatives for different performance objectives

3.3 Fragility assessment
Upon developing all the case studies, including both the as-built and retrofitted structures,
NLTHA is performed using the selected set of ground-motion records to assess the performance
and derive the corresponding fragility relationships. Figure 5 shows both the IM vs. EDP cloud
along with the fitted PSDM and the derived fragility relationships for the as-built structure. As
demonstrated by Figure 5(a), the following points must be highlighted:
x

The as-built structure remained undamaged only in 19.3% of the analysis cases.

x

Moderate damage (DS1) was experienced by the frame in 23.3% of the cases.

x

The frame was subjected to DS2 in a considerable portion of cases, particularly 21.3%.
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x

The near-collapse condition characterized by DS3 was experienced by the as-built frame
in a significant number of analysis cases, which represents 36%.

a)

b)

Figure 5: (a) IM vs EDP cloud; and (b) fragility relationships for the as-built structure

The poor performance of the as-built structure is reflected in the fragility relationships in
Figure 5(b), which shows that the building is expected to experience high DSs, even at low IM
levels. The fragility parameters including median (Ɋ ) and dispersion (β) are given in Table 7.
DS
DS1
DS2
DS3

Ɋ [g]
0.083
0.180
0.316

β
0.2504

Table 7: Fragility parameters for the as-built structure

Fragility assessment is then carried out considering the retrofitted case studies defined previously. To illustrate the substantial impact of retrofitting, the fragility relationships for the asbuilt structure and the retrofitted cases are depicted in Figure 6. For each retrofitting technique,
the fragility relationships for one retrofitted case only are plotted per performance objective,
particularly the one that satisfied that objective with minimal intervention.
As per Figure 6, a significant improvement can be observed in the fragility relationships of
DS2 and DS3 when the frames are retrofitted until satisfying the basic performance objective
(CDRLS ≈100%), which is represented by the rightward shift. This improvement is very similar
for the three different retrofitting techniques but slightly higher for both steel and RC jacketing.
Figure 6(a),(b) demonstrate that the improvement in the fragility relationships of DS1, unlike
DS2 and DS3, is relatively low when the frames are retrofitted using either FRP wrapping or
steel jacketing. This can be explained by the fact that both techniques are mainly enhancing the
ductility through confinement, in addition to prevention of shear failure, which is beneficial for
DS2 and DS3 as they are associated with the performance of the building under high levels of
inelastic deformation. On the other hand, improving DS1 fragility requires the enhancement of
both lateral strength and stiffness to control the sway mechanism of the building and make it
more difficult to develop moderate damages due to early yielding. However, the contribution
of steel jacketing to the lateral strength and stiffness is minor compared to RC jacketing,
whereas the contribution of FRP is approximately negligible.
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In contrast, RC jacketing can change the mechanism of the building to a full beam-sway one.
It also provides a significant overall improvement for all the aforementioned parameters, which
resulted in a considerable shift in DS1 fragility relationship shown in Figure 6(c). Furthermore,
the advanced performance objective could also be achieved using RC jacketing, which caused
a considerable shift in the fragility relationships of the three DSs.
a)

b)

c)

Figure 6: Fragility relationships for different performance objectives considering (a) FRP wrapping; (b) steel
jacketing; and (c) RC jacketing

Overall, the previous analysis shows that the three techniques are similar with respect to
improving the fragility relationships for the significant damage (DS2) and near collapse (DS3)
conditions. In contrast, the improvement in DS1 fragility relationships is trivial if the FRP or
steel jacketing are used. This indicates that structures retrofitted using these two techniques will
remain highly susceptible to moderate damages, even at low ground-shaking levels.
4

CORRELATION BETWEEN CDR AND FRAGILITY PARAMETERS

The current study also attempts to map the improvement in the seismic performance of the
case-study frame due to the varying retrofitting levels to the corresponding reduction in fragility.
A reasonable approach to address this task is by correlating a simplified performance metric,
which is the CDRLS in this study, to the median of all fragility relationships, i.e. Ɋ . This is
shown in Figure 7. A gradual increase in the values of Ɋ for DS2 and DS3 is observed for all
the retrofitting techniques, which results from the performance improvement characterized by
the CDRLS . A sudden jump in the values of Ɋ can be also noticed in Figure 7(c) for the RC
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jacketing, particularly at a CDRLS close to 90%. This jump represents the case in which the RC
jacketing becomes very effective due to the shift of the failure mechanism to beam sway.
In contrast, the overall increase in Ɋ of DS1 is trivial for both FRP wrapping and steel
jacketing, as demonstrated by Figure 7(a),(b), even at very high levels of CDRLS (see Section
3.3 for the discussion on this result). In fact, only the RC jacketing, with reference to Figure
7(c), is capable of significantly improving the Ɋ values for DS1, indicating that the structure
becomes less susceptible to moderate damage, especially at low IM levels.
It should also be noticed that large values of CDRLS could be reached using either steel or
RC jacketing. After these levels, the retrofitting might become ineffective because the failure
becomes associated with the beams rather than the columns and/or joints. However, the extent
of CDRLS increase in the case of the FRP technique is notably lower since a limited number of
layers can be wrapped around to ensure confinement efficiency, as stated earlier.
a)

b)

c)

Figure 7: Variation of Ɋ against CDRLS for (a) FRP wrapping; (b) steel jacketing; and (c) RC jacketing

A simplified model expressing the variation in Ɋ as a function of CDRLS is defined by the
best-fit line that minimizes the sum of squares of residuals (i.e. least-square approach). It should
be noted that the variation of Ɋ is treated in a normalized fashion, which means that the developed expressions consider the variation in Ɋ resulting from retrofitting as a percentage of
Ɋ of the as-built structure (∆Ɋ ). Figure 8 illustrates the fitted simplified models on the
CDRLS vs. ∆Ɋ space, taking into account all the investigated DSs and retrofitting techniques.
The coefficient of determination values (R2 ) are also shown, which depict a clear linear trend
between the two parameters. It must be noted that the initial CDRLS is assumed equal to 42%.
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Figure 8: Correlation between the normalized variation of Ɋ against the CDRLS for all DSs and techniques

The proposed simplified models can be easily used to provide reasonable estimates for the
shift in fragility relationships of an as-built structure due to retrofitting once the CDRLS is determined by just performing a pushover analysis. The outcome of these simplified models is
directly used to modify the median values of the original fragility relationships to achieve the
desired shift. Such an approach is deemed a quick and reasonable approximation in lieu of
performing computationally expensive NLTHAs to derive new fragility relationships.
Nevertheless, it is important to highlight that the results obtained by the proposed models
are limited by the uncertainties associated with the adopted modeling assumptions, material
properties, geometry, layout, etc. Accordingly, additional research effort is needed to improve
the accuracy of these expressions through incorporating additional case-study structures with
different failure mechanisms, geometric/material properties, and layouts.
5

CONCLUSIONS

This study investigated the mapping between the improvement in seismic performance of a
case-study RC frame and the seismic fragility reduction, which was achieved by designing and
implementing varying structural retrofit levels. This is specifically characterized by correlating
the increase in the CDRLS values resulting from retrofitting to the shift of median parameters
of fragility curves expressed by ∆Ɋ . The considered case study is an older non-ductile RC
bare frame, which is designed to resist gravity loads only.
Three common and widely-used retrofitting techniques were adopted: FRP; steel jacketing,
and RC jacketing. These techniques were designed via trial and error to achieve multiple
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predefined performance objectives and thus generate numerous retrofitted case studies. The
improvement in the seismic performance is initially quantified by applying pushover analysis
in conjunction with the CSM in order to estimate CDRLS for each case study.
The analysis of the as-built structure demonstrated a very poor seismic performance due to
its susceptibility to high DSs, even at low IM levels. In contrast, a substantial improvement
could be achieved through retrofitting. For example, fragility analysis showed that the Ɋ of
DS2 and DS3 increased by at least 125% using any of the three techniques by just achieving
the basic performance objective through retrofitting. However, only the RC jacketing was very
effective in improving the DS1 fragility curves compared to FRP and steel jacketing. This is
attributed to the fact that the latter two techniques improve ductility only, which is necessary
for the DSs associated with high levels of nonlinear deformation, i.e. DS2 and DS3. Conversely,
improving DS1 fragility curve requires enhancing both stiffness and lateral strength in addition
to controlling lateral-sway mechanisms in order to make it difficult to develop early yielding
and experience moderate damages, especially at low IM levels. This was possible to accomplish
only by using the RC jacketing technique.
Finally, simple mathematical models were developed to relate the CDRLS achieved by retrofitting to the ∆Ɋ estimated using fragility analysis accounting for all DSs and retrofitting
techniques. It is worth mentioning that these models are limited to the implemented case-study
structure, modeling choices, and material properties. Therefore, additional research efforts are
required in order to produce more generic models and reduce the uncertainty. After appropriate
generalization, those expressions can be adopted to provide reasonable and quick quantification
of the shift in median fragility parameters by just plugging in the value of CDRLS , which can
be calculated using simple pushover analyses. Such a simplified method can be used to analyze
and/or design scenario-based retrofit implementation plans at a portfolio level, drastically reducing implementation efforts in a regional seismic risk model.
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Abstract
Seismic strengthening of existing adobe masonry (AM) buildings has been recognized as a
critical issue due to the dramatic consequences of recent seismic events occurred especially in
developing countries, where a great part of the population lives in those constructions. Previous studies investigated the effectiveness of different retrofitting techniques by means of experimental programs consisting of either dynamic or static tests on reduced- or full-scale
specimens, representing partial or complete AM dwellings. In this study, the output of diagonal compression tests on adobe masonry panels before and after external strengthening are
presented. Three series of specimens were tested, namely, unreinforced and strengthened wallets with textile reinforced matrix (TRM) systems made of either hemp or glass meshes. Those
tests benefitted from the characterization of the mud mortar that was used for both masonry
joints and matrix, representing typical characteristics of existing Italian AM buildings. Main
testing outcomes obtained for the AM wallets, particularly in terms of observed damage and
response curves, are presented and discussed. In the end, the effectiveness of the applied TRM
systems in the improvement of shear strength and ductility capacity is assessed.
Keywords: Adobe masonry; Experimental tests; Textile reinforced matrix; Shear strength;
Ductility; Hemp fibres; Glass fibres; Mud mortar.
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1

INTRODUCTION

Since ancient times, a large part of civil and historical buildings were realized in adobe
masonry (AM), representing nowadays one of the most widespread structural typology in the
world, especially in developing countries [1-4]. Furthermore, such constructions are not engineered and the recent seismic events showed their vulnerability with dramatic consequences
for residents [5, 6].
In the recent past, seismic strengthening of existing AM buildings has been recognized as a
paramount issue. Indeed, a number of researchers investigated the effectiveness of different
retrofitting techniques via experimental testing. Several studies dealt with dynamic testing on
reduced-scale specimens representative of AM dwellings, strengthened by means of meshreinforcement embedded in mud-mortar [5, 7-10], horizontal low-cost post-tensioning straps
[11-13], systems of internal/external interconnected grids [14], combined mud-grout injection
of cracks and external mesh-reinforcement [15-16]. Such techniques proved to be very promising in reducing seismic vulnerability of AM constructions, even though more detailed and
comprehensive assessments should be carried out.
Few experimental studies focused on the external strengthening of real-scale AM wallets,
most of which based on mesh-reinforced plasters. Specifically, cyclic tests on real-scale AM
walls were described in [17]. The specimens were firstly tested in the as-built configuration,
then, hydraulic lime grout was injected in the cracks and synthetic mesh incorporated in the
plaster was applied. The strengthening system restored the initial stiffness and improved both
lateral strength and ductility. Similar findings were presented in [18]. Finally, Turanli and
Saritas [19] performed diagonal compression tests on AM specimens externally strengthened
with plaster reinforcement mesh placed along mortar bed joints. Despite the increased
strength and energy absorption capacity, such solution appeared to be unfeasible for strengthening existing AM buildings.
Earthen dwellings can also be found in Italy, especially in Sardinia island, where such
structural typology was largely adopted until mid-last century and, currently, represents a
considerable part of existing buildings [20]. Sardinian AM constructions were generally realized with adobe blocks reinforced with straw fibres, according to practice rules without any
seismic design [21]. Within the framework of a comprehensive research program on seismic
assessment and retrofitting of existing Sardinian AM dwellings [6, 21-24], the present study
deals with the results of diagonal compression tests on AM wallets. Specifically, three series
of specimens were tested, namely: unreinforced and strengthened with two different textile
reinforced matrix (TRM) systems, made of hemp and glass meshes, respectively. The hempbased TRM system (HTRM hereinafter) was composed of natural and sustainable hemp fibres,
which however were characterized by considerable variability in mechanical properties due to
production process. Conversely, the glass-based TRM system (GTRM) was produced using a
commercial glass-fibre mesh, which is usually adopted for strengthening of other traditional
masonry structures. Both hemp and glass textiles were embedded in the same mud mortar detected in masonry joints of existing Italian AM buildings.
The following sections describe the experimental campaign, presenting its main outcomes
in terms of observed damage, response curves, and effectiveness of the applied TRM systems
in the improvement of shear strength and ductility capacity for the AM wallets.
2

EXPERIMENTAL CAMPAIGN

Diagonal compression tests were performed on 21 specimens equally divided into three series: unreinforced AM wallets (URM series); HTRM-strengthened AM wallets (HTRM series); and G-TRM-strengthened AM wallets (GTRM series). The adopted on-site
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experimental set-up typology, suggested by relevant technical codes for existing masonry [2527], allowed avoiding the handling of specimens with reduced disturbance before testing.
2.1

Materials and specimens

AM blocks used for specimens’ construction were obtained by pressing a mixture of soil,
water and straw fibres into moulds with grooved internal surfaces, whereas mud mortar with
same composition of AM blocks (except straw fibres) was used for both masonry joints and
TRM matrix, according to traditional Sardinian practice [20]. The experimental characterization of masonry was carried out in [21, 23].
The adopted hemp textile was a bidirectional grid with mesh of 20×20 mm2 and thickness
equal to 4 mm, which was made of three twisted yarns impregnated through epoxy resin according to 70% fraction by volume, in order to preserve its durability. Tensile strength per
unit length of reinforcement was obtained by testing and Young’s modulus was deducted given the value of volumetric resin fraction. More details can be found in [28]. A commercial
glass fibre reinforced biaxial grid was used for strengthening of GTRM specimens. The mesh
was equal to 25×25 mm2, with yarns of thickness equal to 3 mm and 2 mm along weft and
warp directions, respectively. The grid was coated with an acrylic polymer mixture. Material
properties were provided by the supplier.
Main mechanical properties of the materials used for test specimens are summarized in
Table 1. In detail, the mean value and coefficient of variation (CoV) are provided for compressive strength (fc), tensile strength (ft) and Young’s modulus (E). It is noticed that CoV is
not reported for material properties of glass fibre grid, given the lack of data by the supplier,
and tensile strength of the hemp grid is given as force per unit length, due to diameter variability of the cord.
Property
fc (N/mm2)
CoV
ft (N/mm2)
CoV
E (N/mm2)
CoV

AM block
1.08
36%
0.56
36%
143
40%

Mortar
0.50
14%
0.45
20%
49
47%

Hemp grid
20*
15%
6500 - 7000
n.a.

Glass grid
1276
n.a.
72000
n.a.

*

Tensile strength in terms of kN/mm
n.a.: not available data
Table 1: Mechanical properties of the adopted materials.

Adobe blocks used for construction of AM wallets were approximately 200×400×100 mm3
in size. Mud mortar joints were 10 mm thick. Two-leave AM specimens were fabricated with
running bond configuration, reaching a size of 410×1230×1230 mm3. For both HTRM and
GTRM series, the TRM was applied on both sides of the wallets. First, the wallet was externally hydrated. Then, a 10-mm-thick layer of mud mortar was applied. When mortar was still
fresh, the textile was installed. Finally, a covering layer of mortar was applied until a total 25
mm thickness was reached. Special attention was paid to hemp-fibre grids for which an adhoc, on-site fabrication process was implemented. Hemp meshes were realized by means of a
proper wooden frame on which nails were placed with 20 mm spacing. Yarns were arranged
along both warp and weft directions by using the nails as guide, then were impregnated of res-
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in. Finally, square textiles with same specimens’ dimensions were obtained by cutting. Figures 1 and 2 show a schematic view of specimens and details on fabrication of hemp mesh.
Textile

Internal layer

AM block

1230

External layer

1230

460

Figure 1: Layout of reinforced specimen.

Figure 2: Detail of the on-site fabrication of hemp mesh.

2.2

Testing setup and procedure

In order to reduce disturbance on specimens, the diagonal compression tests were performed directly in the manufacturing site by means of the movable system depicted in Figure 3. Specifically, the diagonal load was applied by reaction of a closed system with respect
to the elongation of a hydraulic jack. Steel shoes were installed at both specimen’s corners in
order to distribute compressive stresses. Between such shoes and the specimen, a proper filling with shrinkage-free mortar was realized. All specimens were erected on rigid blocks.
Foam sheets with low density were interposed between AM wallets and support-block, with
the aim to avoid potential friction. After the installation, the loading system was selfsupporting.
Diagonal compression load was applied with displacement control at 0.01 mm/s rate until
failure was observed. The installed monitoring system was able to record diagonal displacements and load. In addition, four linear variable differential transformers (LVDTs) were arranged on both external surfaces of the wallet according to the typical X configuration, as
shown in Figure 3. The gauge length was equal to 400 mm.
The average shear stress (W) was derived from recorded load (F) by applying the formulation suggested by the ASTM E519-15 [29] standard (ASTM hereinafter), which is based on
pure shear assumption as given in Eq. (1) in which A represents the cross-section area of the
specimen (i.e., length × thickness). The average shear strain (J) on each side of the specimen
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was obtained as the sum of the axial strains derived from LVDT displacement recordings
along and perpendicular to the loading direction, respectively, as reported in Eq. (2).
F
A

(1)

Hx  Hy

(2)

W 0.707
J

Figure 3: Picture of the experimental set-up.

3

MECHANICAL RESPONSE AND FAILURE MODE

Shear stress versus shear strain (W-J) curves for series URM, HTRM and GTRM, along
with crack patterns at failure, are depicted in Figure 4. In order to discuss the obtained results,
for each test main mechanical parameters of the wallet were defined: the peak shear stress (Wp),
the elastic limit shear strain (Jcr) corresponding to a shear stress equal to 0.7Wp, the shear strain
at failure (Ju), the latter assumed as associated to a strength drop of 0.2Wp beyond the peak.
Accordingly, the ductility capacity (P) of the wallet was the ratio of ultimate to elastic shear
strain values, as reported in Eq. (3). Such parameters are summarized in Table 2 in terms of
mean and CoV for each specimen series.
P

Ju
J cr

(3)

By observing Figure 4, all the specimens presented a mechanical response characterized by
a first linear elastic branch up to first cracking, then a nonlinear curve up to peak stress and
finally a softening until failure was observed. The recorded response was globally affected by
high dispersion in displacement and force, especially in the post-peak range.
UMR specimens were characterized by shear strength (Wp) equal to 0.107 MPa on average
with small dispersion (CoV = 7%). Conversely, ductility capacity (P) resulted highly dispersed, with CoV = 41% and a mean value of 17.1. Unreinforced wallets showed similar
damage patterns at failure. Large stair-stepping diagonal cracks were observed on the specimens, partially developed in joints and bricks. Shear failure occurred, resulting in quasi-brittle
post-peak response.
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Property
Wp (N/mm2)
CoV
Jcr (-)
CoV

URM
0.107
7%
0.08
15%

Ju (-)
CoV
P (-)
CoV

1.37
52%
17.1
41%

GTRM
0.120
14%
0.06
20%
2.38
23%
38.2
19%

HTRM
0.134
13%
0.13
23%
7.57
13%
61.4
22%

Table 2: Experimental results of diagonal compression tests.

As expected, a higher shear strength was found for GTRM specimens, namely Wp = 0.120
MPa on average, in spite of a larger scatter (CoV = 14%). Generally, a more gradual postpeak softening was observed with respect to the unreinforced specimens, resulting in considerably increased ductility capacity, the mean value of which was 38.2. Failure modes were
characterized by debonding of reinforcing grids after diagonal cracking onset, due to reduced
mechanical compatibility of glass grid with respect to mud matrix.
0.2

HTRM

URM

GTRM

W

0.1

W

W [MPa]

0.15

0.05
0
0

0.02

0.04

0.06

0.08

0

0.02

0.04

J [-]

J[-]

(b)

(a)

0.06

0.08

0

0.02

0.04

0.06

0.08

J [-]

(c)

Figure 4: Experimental W-J curves and observed damage at the end of tests: (a) URM specimens; (b)
HTRM specimens; (c) GTRM specimens.

No premature debonding occurred in the case of HTRM-strengthened wallets. The observed diagonal cracks followed the same profile of the inner unreinforced specimen; therefore, the imposed deformation was transferred to the TRM system up to global failure was
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reached. HTRM-strengthened specimens showed a distinct hardening behaviour due to TRM
up to peak strength, followed by a gradual strength degradation up to failure. The peak stress
(Wp) was equal to 0.134 MPa. Also in this case, significant scatter was recorded. Very high
ductility capacity was obtained on average (P = 61.4) with CoV = 22%.
4

STATISTICAL CONSTITUTIVE CURVES

Experimental testing confirmed a significant dispersion in the mechanical response of AM
specimens. Specifically, high scattered values were recorded in terms of shear strain over all
specimen series (i.e., URM, GTRM, HTRM). Regarding shear strength, considerably lower
dispersion was observed with respect to strain, particularly in the case of URM specimens.
With the aim of assessing the influence of such variability on TRM strengthening efficiency, a
statistical analysis of the experimental results was carried out. Based on the assumption of
normal distribution of the shear stress (considered as random variable) conditioned upon shear
strain, W-J curves of the 16th, 50th (median) and 84th percentiles of conditional shear stresses
were derived for each specimen series. Such curves are compared to each other in Figure 5. It
is noted that diagrams are plotted up to 20% post-peak strength drop, which was assumed as
ultimate limit state.
0.2
URM

GTRM

HTRM

W [MPa]

0.15
0.1
0.05

50th
16th
84th

0

0

0.01

0.02
J[-]

0.03

0.04

Figure 5: Statistical response curves corresponding to 16th, 50th and 84th percentiles of shear stresses.

Given the shear strain, the stress scatter (S) was computed as ratio of the difference between 84th and 16th values to the median value. Accordingly, similar scatter values were derived for URM and GTRM specimens, equal to 26% and 25%, on average, respectively.
Conversely, a larger S-value was obtained for wallets strengthened by means of HTRM system (S = 39%). Such result was partially expected because of the higher variability in hemp
grid production process, as opposed to commercial glass-grid for which stringent qualitycontrol protocols are implemented during manufacturing [30]. By observing the statistical W-J
curves, some general trend can be extrapolated regarding the efficiency of the two considered
TRM strengthening systems. Response curves of URM specimens were characterized by negligible hardening, with peak strength reached in the elastic phase and a subsequent sudden
drop in strength, resulting in a fragile failure mode. On the contrary, W-J diagrams of HTRM
and TTRM series show a large hardening phase with gradual softening, representative of a
more ductile failure. Therefore, in general, both TRM ensured considerable improvement of
shear capacity, although the HTRM solution appeared more effective. In fact, on average, the
increase of shear strength (eW, computed as ratio of the strengthened to unstrengthened peak
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stress) in this latter case was equal to 1.31, whereas the mean increasing ductility factor (eP,
defined as ratio of the strengthened to unstrengthened ductility capacities) was 3.60. By contrast, in the case of GTRM system, mean values of eWand ePwere equal to 1.12 and 2.20, respectively. Average values of stress scatter (S) and efficiency factors (eW and eP are
summarized in Table 3.
Property
S (%)
eW (-)
eP (-)

URM
26
-

GTRM
25
1.12
1.30

HTRM
39
2.20
3.60

Table 3: Stress scatter and efficiency factors.

5

CONCLUSIONS

In this study, the critical issue of the retrofitting of AM buildings has been experimentally
investigated. Specifically, the efficiency of two TRM systems made of glass- and hemp-fibre
meshes, respectively (both embedded in mud-mortar matrix) was assessed by means of diagonal compression tests on AM wallets. Overall, twenty-one specimens were tested and were
equally divided into three groups: unreinforced specimens (URM), specimens strengthened
with glass-based TRM (GTRM), and specimens strengthened with hemp-based TRM
(HTRM).
Experimental shear stress-strain curves derived according to the ASTM E519-15 standard
[29] and observed failure modes allow the following conclusions to be drawn:
x URM specimens failed in diagonal tension with wide cracks along joints and blocks, evidencing negligible pre-peak hardening and a quasi-brittle post-peak behaviour.
x The GTRM strengthening system considerably improved the mechanical behaviour of
AM wallets, producing significant hardening until peak stress was reached and post-peak
softening. Nevertheless, the failure mode was generally detected by the debonding of the
reinforcing glass-fibre grid from the mud-mortar matrix, which limited the ductility capacity. Resulting strength increase with respect to as-built configuration was equal to
10%, on average, whereas the improved ductility was twice.
x Neither debonding nor local failure of the hemp-matrix system was observed on HTRMstrengthened specimens. Their shear behaviour was generally characterized by large
hardening after cracking onset and very gradual softening in the post-peak response. Indeed, the observed diagonal cracks gradually developed until failure, the latter being
caused by tensile fracture of hemp grid. Accordingly, the HTRM system ensured high efficiency, increasing the unreinforced shear strength by about 30% and resulting into a
ductility capacity 3.6 times that of URM wallets.
Definitely, the feasibility of using TRM with the aim to obtain a crucial reduction of the
seismic vulnerability of existing AM structures has been illustrated in this study. Both the
considered TRM strengthening systems ensured considerable retrofitting efficiency with highly improved energy dissipation of AM wallets. The HTRM solution proved to be preferable
due to its major mechanical compatibility with poor mud mortar and adobe blocks. Nevertheless, due to large dispersion of mechanical properties and response, great emphasis should be
given on the improvement of the manufacturing process.
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Abstract
The increasing development of computational power in modern digital devices has spread the use
of structural optimization in design applications of different fields of engineering problems. This
approach exposes engineers to challenging design procedures aimed to optimize all variables to
satisfy the imposed requirements, finding the “optimal” solution. Despite this wide use, the application of optimization algorithms for the design of seismic retrofitting strategies becomes tougher,
due to the difficulties in finding a mathematical expression which includes and combines all the key
variables (i.e., cost, safety, sustainability, design) and the nonlinearity of the analysis. In this paper,
the Genetic Algorithm search method (GA) has been used to optimize the retrofitting, using Buckling-Restrained Braces (BRBs), of a three-storeys RC structure designed to resist only gravity loads.
The optimization aims to ensure the safety level required, minimizing intervention costs and use of
materials, particularly finding the best topology solution for BRB positioning. To this purpose, an
objective function has been applied to the model to minimize retrofit costs intervention using GA.
The procedure has been implemented in Python Programming Language. In particular non-linear
static analysis has been run using OpenSeesPy framework to evaluate the seismic required safety
level at each simulation, while GA has been carried out with a custom design code to provide the
best topology position of BRBs to minimize costs and consequently the use of materials. The method
brought out the real possibility to ensure the required seismic safety level while reducing intervention cost and use of materials with an optimized and structured BRB positioning.

Keywords: Structural optimiziation, Genetic Algorithm, Retrofitting, BRB.
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1

INTRODUCTION

Soft-computing techniques are becoming increasingly common in the field of civil engineering for structural optimization. These methods are widely used for sizing, topology optimization,
and form-finding of new structures and infrastructures [1], but structural optimization is less
commonly used for structural retrofitting of existing structures. Despite the growing interest in
retrofit of existing framed RC structures, it is difficult to find procedures to define the optimal parameters for intervention design. It is also important to note that the displacement demand on existing structures depends on the stiffness, the mass of the structure and the dynamic
characteristics of the system. The introduction of new lateral-resisting components, such as
braces, shear walls, or stiffening frames, alters the force-displacement demands, and the design
of the retrofit cannot be achieved in a closed-form. As a result, retrofitting applications are often
designed without an "engineered process", and often lead to an overestimated retrofit solution. The scientific community has only recently begun to address this issue, and some innovative applications using soft-computing techniques and artificial intelligence have recently been
proposed [2]. In this field, Genetic Algorithms (GAs) have shown to be especially useful for
optimizing design processes. GA is a meta-heuristic algorithm built on Darwin's "evolution of
species" [3], that has been commonly used for optimization problems [4, 5], but only a few
recent applications are available for structural retrofitting. Di Trapani et al. [6] presented a GA
model for designing steel jacket confinement of columns in 3D structures with a typical gravity
load configuration. In the present paper a GA implementation, for structural optimization of
seismic retrofitting interventions in 2D RC frames with BRBs, is presented. The aim is to use
the GA approach to design BRB configurations that provide the necessary level of safety while
minimizing costs. The RC frames are modeled using fiber section beam elements with force
formulation and plastic hinge regions at the extremities, implemented using OpenSeesPy framework [7]. The GA was implemented using a custom code written in Python programming language [8], where a boolean integer design vector is used to assigns the position of the BRB and
its orientation. For each configuration, the algorithm performs a modal and a non-linear static
analysis to check the safety level of the frame according to N2 verification [9]. The fitness of
the solution is evaluated at each iteration combining the retrofit cost and a penalty factor, implemented to penalize infeasible solutions in terms of seismic safety. The opensource environment here proposed (Python-OpenSeesPy) allows finding the optimum BRB configuration for
the frame to retrofit, ensuring seismic safety and minimizing the retrofit cost.
2

CASE OF STUDY AND NUMERICAL MODELLING

A case of study of 2D RC frame retrofitted with BRB elements is here presented, Figure 1.
The chosen case of study replicates a typical situation of framed structures designed in the early
1980s in Europe. The frame has 5 storeys and 4 bays with a rectangular section for all elements,
in particular, some columns are disposed to be stressed on their weak inertia axis and others are
oriented on their principal strong inertia axis.
The design of reinforcing steel of the section was evaluated using elastic calculations, as
usually assumed in old designs approaches, particularly a set of static lateral load was assumed
as a fraction of the axial forces in the columns for each storey. The latter was a usual assumption
in design process according to old codes in Italy during the 1970s.
A process of calculation of uniformly distributed load was done before the implementation
of the model in the algorithm, as result the assumed load on the beams was 33.64 kN/m at first
storey, 32.89 kN/m at intermediate storeys and 15.79 kN/m at last storey. The load value here
assumed are calculated as a combination of seismic loads-i.e. as the sum of dead gravity loads
and a fraction of the live load.
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Figure 1: Studied frame geometry and sections.

The materials properties, Figure 2, of the concrete and the reinforcing steel used for the
model design are reported in Table 1. The steel model used, take into account isotropic hardening of the material and needs the tangent at initial strain hardening (Esh) as parameters. As
regards the concrete material, it was modeled without taking into account the tensile strength.
The depth of the concrete cover was set for all the sections to 25mm.

Figure 2: Fiber section discretization and materials behavior.

Steel
fy = 319 MPa
fsu = 365 MPa
Esu = 210000 MPa
Esh = 31500 MPa
εsu = 0.06

Unconf. Concrete
fc = 18.4 MPa
fcu = 18.4 MPa
Ec = 29444 MPa
εo = 0.002
εu = 0.0035

Conf. Concrete
fc = 18.4 MPa
fcu = 20.26 MPa
Ec = 32544 MPa
εo = 0.0035
εu = 0.005

Table 1: Materials properties.

With regards to the elements section indicated in Figure 1, the geometry details are reported
in the following Table 2.
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Section
A
B
C
D
E
F
G
A50
B50
C50

Dimensions Top reinf. Bottom reinf.
600x300 mm
3ϕ16
2ϕ16
600x300 mm
4ϕ16
2ϕ16
600x300 mm
6ϕ16
2ϕ16
300x600 mm
3ϕ16
3ϕ16
600x300 mm
4ϕ16
4ϕ16
300x500 mm
3ϕ16
3ϕ16
500x300 mm
4ϕ16
4ϕ16
500x300 mm
3ϕ16
2ϕ16
500x300 mm
4ϕ16
2ϕ16
500x300 mm
6ϕ16
6ϕ16

Table 2: Sections and reinforcement adopted.

2.1 Modelling
As mentioned before, the numerical implementation of the considered frame was done using
OpenSeesPy framework, in particular using for RC beams and columns the force-based elements with flexibility formulation. A “BeamWithHinge” element, based on plastic hinge integration [10], was used for the implementation of the beams and columns with a plastic hinge
length equal to half the depth of the section for the columns and the depth of the section for the
beams. The element state is determined using a total of six integration points (two for each
hinge and two for the interior). Two different fiber sections are assigned for each element, one
for the two plastic hinge regions and one for the remaining region of the element. The confined
and unconfined concrete were modeled using Concrete01 uniaxial material, while the constitutive law for the bars was implemented using the ReinforcingSteel uniaxial material (Fig. 2).
As regards the BRB, it is well known that it usually exhibits good capacity in tension and
compression. During compression phase the core plate starts to buckle, but the phenomena is
prevented by the reinforcing case (usually filled with concrete). The constitutive law of the
element was implemented following the model suggested by Upadhyay et al. [11]. The model
adopted used Steel02 material for the steel core and in order to take into account tension and
compression a Pinching4 material is added in parallel to Steel02. At this point, the material
model adopted was calibrated by comparing the results achieved with the experimental data
available in Xu and Pantelides [12], the calibration results are presented in Figure 3. A corotational element truss formulation is used to implement the BRB in the structural model.
The design of BRB features was executed before the implementation in the nonlinear models
of the frame. The dissipative length ( )ܿܮand the elastic end length were calculated following
Gelfi et al. [13] relationship:
 ܿܮൌ

௱್
ఌೠ

ௗ

ൌ ܮ ቀ ೝ ߚ ߚቁ

(1)

Where ߂ is the elongation of BRB,ߝ௨ is the plastic strain, ݀ is the storey displacement,
ܮ is the overall diagonal length of the BRB, ߚ is the inclination of the brace and ݄ is the height
of the considered storey. Two area parameters are set for the BRB and they are fixed in all the
elements: Ac = 5000 mm2 for the core area, while in the elastic zone the section area is equal to
Ae = 64500 mm2.
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The design length core, length end, diagonal length, inclination of the brace and the elastic
modulus of the BRB vary on the basis of the considered bay.

Figure 3: Calibration of BRB constitutive model.

2.2 Analyses and structural safety
The implemented environment provides a modal dynamic and a static non-linear analysis
for each analyzed configuration. Modal analysis was performed to identify the lateral load profile to be applied to the structural nodes, while the NL analysis was performed to evaluate the
capacity curve (force-displacement) of the analyzed configuration. The latter analysis was performed under displacement control with incremental steps of 0.05mm and load profile proportional to the first modal shape. The maximum displacement of 200mm was imposed on all
analyses and the Newton-Raphson algorithm was used with a norm displacement increment
check with tolerance equal to 10-6.
The required seismic action was estimated based on the elastic response spectrum reported
in Figure 4, assuming a high seismicity zone (type 1) and design spectral parameters ground
acceleration on rock soil ag = 0.286g, soil factor S=1.332 and damping correction factor η=1
(corresponding to 5% damping).

Figure 4: Pseudo acceleration response spectrum.

The safety of the structure was checked in compliance with Eurocode 8 [14] by comparing
the required displacement demand with the capacity of the equivalent Single Degree of Freedom (SDOF) system, as expected in N2 method [15]. The SDOF capacity curve was linearized

1337

Giovanni Minafò and Gaetano Camarda

with elastoplastic behavior, by the equivalent energy rule, and the seismic safety was evaluated
by comparing the linearized SDOF response with the Acceleration-Displacement format
(ADRS). Finally, structural safety index was evaluated as the ratio between the displacement
כ
.
capacity and the required displacement ߞ ൌ  ݀௨ כΤ݀ǡ௫
3

IMPLEMENTATION OF THE GA FRAMEWORK

The Genetic Algorithm is a meta-heuristic search method for optimization, based on evolutionary processes in which the algorithm simulates biological mechanisms. The aim of the GA
is to find the optimal solution of a predefined objective function using the solution's fitness
value. In the present work, the fitness of a solution depends on retrofit cost and structural safety,
in particular, retrofit cost has to be minimized.
As mentioned before the environment was implemented on custom code written in Python
programming language, while for the analysis the OpenSeesPy library has been used, so that
all the processes were implemented in one code using opensource tools only.
The first step of the procedure begins generating an initial random population of individuals
(௦௭ ൌ ͷ in the present work), where an individual defines the location and orientation of the
BRB across the frame. Each individual of the population is identified by a design vector Vd ,
Figure 5, with 1 row and a number of columns depending on the number of the bays of the
frame. An integer encoding type is used to enable BRB retrofit using boolean parameters from
0 to 2, where 0 means bare frame, 1 means bay retrofitted with a BRB in the tensile direction
and 2 means bays retrofitted with BRB in compression.

Figure 5: Example of design vector.

Each design vector is decoded in a retrofit BRB topology configuration for the structural
analysis to be executed. At the end of population analysis, the safety index (ߞ), retrofit cost and
fitness of individuals are calculated. The retrofit cost is obtained through the objective function,
while the fitness value of the configuration is calculated as follows:
݂ൌ

ାఋ
ଵ

(2)

Where C represents the retrofit cost, while ߜ is a contribute that penalizes the solution if the
safety index is less than 1. In particular, the latter coefficient is implemented as follows:
ߜ ሺߞ ሻ ൌ ൜

Ͳǡ ߞ  ͳ
ܥ௫   ܥή ݁  ǡ ߞ ൏ ͳ

(3)

Where Cmax is the maximum retrofit cost if all the bays of the frame were reinforced using
BRB. The cost function, hence the objective function to minimize, is calculated as the sum of
two main contributions:
 ܥൌ ܥ  ܥ௦

(4)

ܥ is the manpower and safety cost for each BRB (increased with the BRB number), while
ܥ௦ is the cost that takes into account the scaffolding cost, demolition and rebuilding cost of infill
walls and the cost of BRB. Is important to notice that ܥ௦ not only depends on the BRB geometrical properties but it is strictly related also to the geometrical parameters of the bay’s walls.
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For each population, that identify a generation, a Tournament selection (Fig. 6) is applied to
selects 2 parents individuals used to generate a new possible solution (offspring). This selection
method runs a series of tournaments inside the population pool, where individuals are randomly
selected and the winner is chosen by its fitness value; in the present work lower the fitness and
better is the solution.

Figure 6: Example of tournament selection implemented.

The selected parents are then coupled using the Crossover operator, which is used to generate new offspring that will improve the exploration of the search space. In particular, Singlepoint crossover is implemented, where a random point is evaluated to cut in half the two parents
and the offspring are generated cross-merging the pieces of the two individuals. At this point,
the new offspring could be modified using the Mutation operator, which will randomly change
an integer inside the design vector. In particular, if the chosen position has a value equal to 1,
it can be changed in a random value inside the list (0, 2), and so on for the other cases. The
mutation will happen depending on a mutation rate parameter (mr = 0.2 in this work) defined
by the user.
Is important to notice that the number of offspring is generally higher than population size
(psize), hence before the process could proceed a Survival selection is applied to resize the offspring individuals to the population size. The survival selection will select the first psize individuals with the best fitness to move forward to the next generation and repeat the process, but
before that, a convergence check is executed to evaluate if the optimal solution has been reached.
In this work the convergence is reached when there is no difference between old and new populations for a certain number of generations, depending on the number of bays and storeys of
the frame.
4

RESULTS AND DISCUSSION

Figure 7 shows the optimal retrofit configuration achieved by the Genetic Algorithm. Four
BRB are needed to secure the frame, one per storey disposed along the tensile direction at the
three bottom storeys and along the compressive direction for the fourth storey.

Figure 7: First modal shape and last step of static non-linear analysis of the retrofitted frame.
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The optimal solution is achieved by the algorithm with a safety index ߞ ൌ ͳǤͳ and a retrofit
cost of 28753€, while the total retrofit cost for all the bays of the frame with BRB is estimated
to be 136597€, this means a saving cost of about 79%.
Finally, Figure 8 and 9 shows the verification of the displacement demand on the considered
frame for both the bare (Fig. 8) and retrofitted (Fig. 9) configuration.

Figure 8: N2 verification of bare frame.

Figure 9: N2 verification of retrofitted frame.

As regards the implemented GA, the best fitness values of each generation are plotted in
Figure 10(b), or for each analyzed individual in Figure 10(c), while the color of the points depends on the value of the safety index. It is observed that the solution comes after 50 generations
of 5 individuals and a stable convergence is achieved with a constant value of fitness.
It is also worth noting that the solution cannot be improved, meaning that the number and
disposal of braces is the minimum for ensuring the safety level. Figure 10(d) shows the best
individual fitness of each generation.
Furthermore, the number of unfeasible solutions is a limited part of all the generated configurations (Fig. 10(c)), which confirms that the GA tends to select only possible solutions within
the search space. The convergence of the procedure is reached after 20 generations with 5 individuals, meaning that 100 modal and pushover analyses are needing, as shown in Figure 10(d).
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Figure 10: Results of the proposed procedure for the studied frame.

The efficacy and the stability of the proposed algorithm were assessed by comparing the
results with those of multiple simulations carried out with a Monte Carlo (MC) approach. A
comparison between GA retrofitted configuration, MC configuration and the bare frame is reported in Table 3.
Configuration
Bare frame
Retrofitted (GA)
Retrofitted (MC)

Period T[s]
1.002
0.53
0.44

ߞ
0.585
1.168
1.294

Cost [€]
28753
40439

݀௨[ כm]
0.09
0.05
0.04

כ
݀ǡ௫
[m]
0.146
0.043
0.0287

Table 3: Results comparison between the bare frame, retrofitted (GA) and retrofitted (MC) analysis.

The same number of analyses as GA individuals number was performed on frames with
randomly disposed BRBs. In particular, the design vector was composed by generating a pseudorandom integer number in the range 0 to 2 for each bay with equal probability. The number
of generated configurations was selected to keep the same computational effort in comparison
with the GA and having the same number of overall structural analyses (500 simulations).
Figure 11 shows the comparison between the results obtained through the MC simulation
with those achieved with the proposed GA approach. The graphs show the cost (Figures 11(a)
and 11(b)) and the safety index (Figures 11(c) and 11(d)) associated with each generated configuration, while the red line indicates the moving average for each 5 individuals. It is evident
that the GA quickly converges down to a minimum value of the cost of about 29000€, while
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the distribution of the cost for the MC approach follows the "white noise" distribution, keeping
the average cost on the starting value.
A similar consideration can be made in terms of safety index, which is almost kept constant
by the GA, searching smartly the best configuration on a limited range around 1. It is also
observed as the Coefficient of Variation associated with the distributions of the GA is significantly lower concerning that of the MC analysis, due to the capability of the algorithm in improving the solution progressively.

Figure 11: Comparisons between GA and Monte Carlo simulations.

It is evident that the GA allows achieving safe results with the cheapest solution. It is also to
note that with the same number of analyses, hence the same computational time, the best solution of the MC simulation is more expensive than the solution found by GA of approximately
40.64% with an almost equal safety index.
5

CONCLUSIONS

This paper presented the proposal of a GA framework for designing the optimal configuration of BRBs for the seismic upgrading of plane RC frames. The algorithm allows varying the
position and the direction of the braces, while the mutation and generation operations search
for the most suitable configuration of the retrofitted frame. The GA was implemented in a Python environment while the OpenSeesPy library was adopted for modelling and analyzing the
frames, making up a unique open-source framework for analysis and optimization.
Based on the obtained results and for the range of analyzed variables, the following conclusions can be drawn:
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-

the algorithm proved to be stable, finding the optimal configuration after a number
of generations depending on the deformability of the structure;
the solutions achieved for all the cases ensured the required safety level and proved
to minimize the cost, on the basis of the selected features of the BRB;
the penalty function implemented ensured the safety of the structure while the algorithm minimizes the cost;
comparison with Monte Carlo simulations has shown the intelligence of the Genetic
Algorithm in using previous information data to improve the search inside the solution space;

Further analysis has to be done to assess the algorithm behavior of the algorithm implementing 3D structural analysis and taking into account the possible shear increment at beam-column
nodes.
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Abstract
Shear failure of RC beams strengthened with composite textiles is often affected by the different failure modes characterizing the FRP reinforcement. The most relevant analytical models
for evaluating the shear capacity of RC beams strengthened with FRP take into account these
failure modes by introducing an effectiveness factor “R”, which reduces the ultimate FRP
tensile stress. Moreover, the interaction between stirrups and FRP reinforcement leads to a
reduced efficiency of the transverse steel reinforcement due to the brittle failure of composite
textile which hinders the yielding of all the stirrups involved by critical crack. In this regard,
some analytical models introduce an effectiveness factor “r”, aiming at reducing the yielding
stress of stirrups. The procedures to calculate the above two parameters represent the main
differences characterizing most of analytical models, significantly influencing their results.
For this reason, the present paper focuses on the comparison of the different procedures to
assess the effectiveness factors, proposing a new procedure for each effectiveness factor by
modification of already existing formulations. Influence of the arrangement of composite reinforcement on the efficacy of stirrups, affected by brittle failure of FRP, is considered by
means of the ratio between effective strain of composite to yielding strain of steel. The proposed procedures are employed in a design-oriented analytical model able to calculate the
shear strength of RC beams retrofitted with FRP reinforcement arranged in any direction.
The model is formulated aiming at representing an extension of EN1992 shear model to
beams strengthened with FRP. The efficacy of the proposed procedures is assessed by comparing the experimental results against the predictions obtained via the design-oriented model and the above-mentioned analytical models.
Keywords: Instructions, ECCOMAS Thematic Conference, Structural Dynamics, Earthquake
Engineering, Proceedings.
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1

INTRODUCTION

Over the last years, several research groups have made significant efforts to develop innovative structures, able to significantly reduce structural damage caused by destructive earthquakes [1-6]. Nevertheless, due to different factors (e.g. costs, business disruption, design
limitations), a considerable share of construction market is still devoted to retrofit existing RC
structures, especially those built between 1950s and 1970s, whose seismic performances are
unsatisfactory if compared to recently built structures. To this aim, among the different techniques used, externally bonded Fiber-Reinforced Polymer (EB-FRP) is one of the most employed, thanks to its excellent mechanical performance to density ratio.
During the last two decades, several mechanical models have been developed to assess
flexural capacity and confinement effect of RC members retrofitted with externally wrapped
composite reinforcement (e.g. [7, 8]). On the contrary, it is challenging to develop analytical
models able to accurately account for all the resisting mechanisms influencing shear behavior
of RC members (e.g. aggregate interlock, shear span to depth ratio, size effect, dowel effect,
ductility demand), and the topic is still widely debated in the literature [9-11]. Some shear capacity models (such as [12, 13]) were developed on the basis of the strut-and-tie resisting
scheme, by using an additive approach. However, these models assume that there is no interaction between shear contributions provided by concrete, steel stirrups and FRP reinforcement,
and each contribution is achieved at shear failure. Nevertheless, experimental results showed
that this interaction occurs, and may lead to both a reduced shear contribution provided by
steel stirrups due to brittle failure of FRP which can be achieved before that all stirrups passing through shear critical crack yield, and a reduced shear contribution provided by FRP due
to possible limitation of the ultimate strain [14-16].
Differently from the American codes, those developed in Europe (e.g. [17-20]) evaluate
shear capacity of retrofitted RC members by means of truss mechanism with variable inclination of concrete strut, consistently with that used by [21] for ordinary RC members. However,
uncertainty arises when assessing shear capacity provided by concrete strut, being no common
solution in the selection of the angle of reinforcement to be used in the case of simultaneous
presence of steel stirrups and FRP reinforcement arranged with different inclinations.
In this framework, the present paper focuses on the comparison of the different procedures
to assess the effectiveness factors, proposing new procedures for the effectiveness factors dedicated to FRP and steel stirrups, by modification of already existing formulations. Influence of
the arrangement of composite reinforcement on the efficacy of stirrups, affected by brittle
failure of FRP, is considered by means of the ratio between effective strain of composite to
yielding strain of steel. The proposed procedures are employed in a design-oriented analytical
model able to calculate the shear strength of RC beams retrofitted with FRP reinforcement
arranged in any direction. The model is formulated aiming at representing an extension of
EN1992-1-1 shear model to beams strengthened with FRP. The main advantage of this model
is the capability of simultaneously taking into account the presence, and their mutual influence, of steel stirrups, FRP reinforcement and concrete strut, in assessing shear capacity of
retrofitted members. Closed-form equations are provided, for any amount and arrangement of
shear reinforcement, able to calculate stress acting at failure on steel stirrups, FRP reinforcement and concrete strut, as well as angle of inclination of concrete stress field with respect to
member axis. The accuracy of the proposed procedures is assessed by comparing the experimental results against the predictions obtained via the design-oriented model and the abovementioned analytical models.
Moreover, a modified version of the model suggested by CNR is proposed and validated,
aimed at overcoming the inaccuracy of the original model when assessing shear capacity of
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concrete strut. In fact, in this case CNR model considers the angle of inclination of FRP reinforcement only, neglecting the presence of stirrups. The modified version of CNR, named
CNRm, proposes to calculate an equivalent angle of shear reinforcement included in the evaluation of shear strength of concrete strut, obtained as a weighted average between shear capacity provided by steel stirrups and FRP reinforcement.
2

DESIGN-ORIENTED MODEL

Colajanni et al. [22] proposed a model based on the stress field approach, able to assess the
shear capacity of RC members having transverse reinforcement arranged with two different
inclinations. Here, that model is modified to be applied in the case of RC beams retrofitted
with FRP reinforcement inclined in any direction. The proposed model also represents the extension of a model based on the stress field approach, able to assess shear strength of retrofitted RC beams with vertically-oriented FRP reinforcement only [23]. On the basis of the same
assumption of the models proposed in [22, 24], shear capacity of a strengthened RC beam can
be assessed by means of three different equations, obtained by calculating the vertical equilibrium of beam segments, identified via three different sections parallel to stress field directions
of concrete strut, steel stirrups, and FRP reinforcement, respectively (Figure 1).

Figure 1: Different beam segments identified through three sections parallel to stress field direction of: concrete
strut (a); steel stirrups (b); FRP reinforcement (c).

By doing so, each of the three equilibrium equations, which are given below, depends only
on two stress fields, and can be easily solved:

v

R V fw Z fw cot T  cot D1 sin 2 D1  r Vsw Zsw cot T  cot D 2 sin 2 D 2

(1)

v V cw cot T  cot D 2 sin 2 T  R V fw Z fw cot D1  cot D 2 sin 2 D1

(2)

v V cw cot T  cot D1 sin 2 T  r V sw Zsw cot D 2  cot D1 sin 2 D 2

(3)

In the above equations v is the shear strength made non-dimensional with respect to
V fw V fw / f fu
Vsw V sw / f syw
bw z f cm'
(
bw
section
width),
,
,

Z fw

2 b f t f f fu / bw s f sin D1 f cm'

, and Zsw

Asw f syw / bw sw sin D 2 f cm'

are the non-

dimensional stresses and the mechanical ratios of FRP reinforcement and steel stirrups, respectively, ffu is the nominal rupture stress of the fiber, R the strain and stress “effective” coefficient (effective strain Hfe=Hfu R, effective stress ffe=ffu R=Ef Hfe), and r is the reduction factor
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of the efficiency of the steel stirrups. The values of these efficiency coefficients will be investigated and assessed in the following sections.
The shear capacity of an RC beam is computed via the static theorem of theory of plasticity,
which gives an assessment of the shear capacity as the maximum value among the possible
solutions satisfying both the equilibrium condition (1)-(3) and the following inequalities of
plastic admissibility:
0 d Vcw , V fw d 1

 1 d Vsw d 1

(4)

A plastic admissible condition is obtained by combining (1), (2) and (4), as follows:
0 d V cw

R V fw Z fw sin 2 D1  r V swZsw sin 2 D 2 1  cot 2 T d 1

(5)

The above inequalities clarify the relation between the stress fields of the web concrete,
steel stirrups and FRP reinforcement.
In this paper, only the case of major practical interest is considered, namely D1 and D2 ≤
90°. According to Colajanni et al. (2020), to evaluate the shear strength and cotT initially it is
supposed that, at failure, the stress limit is reached simultaneously in the three stress fields (i.e.
Vcw V fw Vsw 1 ). Thus, on the basis of the upper limit imposed by Eq. (5), the first tentative value of the inclination of the web concrete stress field is obtained as follows:
cot T

R Z fw sin 2 D1  r Zsw sin 2 D 2

1

1

(6)

Based on the results of the above equation, assuming cotTlim = 2.5, three cases are defined:
x 1 ≤ cotT ≤ 2.5: the stress limit is reached simultaneously in the three stress fields, and
shear resistance can be calculated by using Eq.(1) assuming Vcw V fw Vsw 1 ;
x cotT > 2.5: the amount of FRP reinforcement and steel stirrups is not sufficient to induce
attainment of the maximum resistance in the web concrete stress field. Thus, cotT = 2.5 is
assumed, and the shear capacity is computed through Eq. (1), assuming V fw Vsw 1 .
The stress value in the web concrete field can be calculated by using Eq. (5), in which
cotT = 2.5;
x cotT < 1: shear failure is due to attainment of the stress limit in the web concrete stress
field and in one of the two shear reinforcements. Therefore, the other shear reinforcement
is in the elastic range at beam failure. Now it is assumed that D1 < D2. With the aim of determining if the maximum shear is given by Eq. (2) with the FRP reinforcement reaching
the effective strain in tension ( V fw = 1) or (unlikely event) by Eq. (3) with the steel stirrups yielding in compression ( V sw = -1), the following inequality is employed:

R Z fw sin 2 D1 d 0.5  r Zsw sin 2 D 2

(7)

If the inequality is true, then the FRP reinforcement attains its stress limit, and the stress
acting on the steel stirrups is computed as follows:

V sw

0.5  R Z fw sin 2 D1 / r Zsw sin 2 D 2

(8)

Conversely, if the inequality is false, then the steel stirrups yield in compression, and the
stress acting on the FRP reinforcement is calculated as follows:

V fw

0.5  r Zsw sin 2 D 2 / R Z fw sin 2 D1
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3

FRP EFFECTIVENESS FACTOR

Several experimental observations have shown that the failure of shear-strengthened RC
beams with bonded FRP is often associated with achievement of a specific failure mode involving the textile material. The most common FRP failure modes reported in the literature
[25, 26] are the following: failure of the FRP; debonding at the FRP-concrete interface; excessive width of the shear cracks and consequent loss of aggregate interlock; separation of the
concrete cover along a vertical plane (peeling off) (e.g. [27]). To take these effects into account a reduced effective FRP design strength ffe = Ef × Hfe, smaller than its nominal design
strength ffu = Ef × Hfu, was assumed. It was assessed by applying the effectiveness coefficient
R to the nominal ultimate fiber strain. Over the last two decades, several formulations have
been developed in order to estimate the above coefficient. In the proposed model, six different
approaches to assessing the reduced effective FRP design strength are considered, with the
aim of comparing their efficiency when introduced in the proposed model. Two of these six
approaches are reported below, being assembled by using different equations reported in several papers, while the other four approaches are those suggested by ACI [12], CNR [17], fib
[20], and Mofidi and Chaallal [30].
3.1

First approach: Khalifa and Nanni [28, 29] and Pellegrino and Modena [27]

According to the first approach, already used in [23], the value of R is the minimum among
the three effectiveness coefficients Ri (i=1,2,3) proposed in [28, 29] and the fourth R4 reported
in [27], i.e. R min^ R1 , R2 , R3 , R4 ` .
The equations selected to describe the four modes of failure are reported below. The efficiency coefficient R1, which takes into account the tensile failure of the FRP, is computed by
means of the following equation:
R1

0.56 U fw E f

2

 1.22 U fw E f  0.78

(10)

where Ef is the elastic modulus of the fibers. The coefficient R2, representing the debonding phenomenon, is calculated using the following equation:

R2

f ck

2
3

d ft  K Le ª¬738.93  4.06 E f t f º¼
H fu d ft 106

(11)

where Le is the effective length, which is evaluated using the expression provided by ACI
and CSA:
Le

23300 / E f t f

0.58

(12)

K is a parameter that takes into account the anchorage conditions, equal to 1 or 2 if the
shear strengthening is U-shaped or side-only, respectively. The range of validity of Eq. (12) is
20 ≤ Ef tf ≤ 90. In case of complete wrapping or U-shaped strengthening with anchorages able
to prevent a debonding effect, the coefficient R2 is not taken into account. The coefficient R3,
limiting the shear crack width, is set equal to:

R3

6 103 / H fu

(13)

In the case of side-bonding and U-jacketing reinforcement, FRP failure often involves the
separation of the concrete cover along a vertical plane (peeling off). Hence, the coefficient
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proposed in [27] is assumed equal to:
R4

2 f ct Ac cos 2 E bc,v
n f t f L f E f ª¬ h f  Le / h f º¼ b f H fu

(14)

Further details about the parameters involved by Eq. (14) can be found in the abovementioned paper.
3.2

Second approach: Chen and Teng [25, 26]

According to [25, 26] the coefficient of effectiveness is the minimum between two effectiveness coefficients, namely R min ^ R5 , R6 ` . The effectiveness factor R5 takes into account
the tensile rupture of FRP, which usually occurs across the critical crack, correlating it with
non-uniform strain distribution in the FRP along a shear crack. The authors, assuming proportionality of the fiber strain to the width of the shear crack, supposed an approximate strain linear distribution, where the FRP strain increases linearly from a minimum at the crack tip to a
maximum at the lower end. Thus, R5 can be expressed as:
R5

1  (hw  d f ) / z

(15)

2

where df = height of the FRP. Since experimental observations show that this kind of failure mode usually occurs in fully wrapped or U-wrapped RC beams, this coefficient must be
considered only for these arrangements. Instead, the coefficient R6 takes into account failure
through debonding of FRP, which may occur when the bond length is not sufficient. According to [25] the stress in the FRP is variable along the bond length, and its maximum stress
(σf,max) can be evaluated as:

V f ,max

0.427 E w E L

f c'

Ef
tf

d E f H fu

(16)

where βw = coefficient of the FRP-to-concrete width ratio; βL = bond length coefficient.
These values can be calculated by using the following equations:

Ew

EL

2  w f / s f sin E
1  w f / s f sin E

if O t 1
1
°
® SO
°̄sin 2 if O  1

(17)

(18)

where λ = Lmax/Le = normalized maximum bond length; in which the maximum (Lmax) and
the effective bond length (Le) are respectively:

Lmax

 h frp ,e
°
° sin E
®
° h frp ,e
°̄ 2sin E

for U - wrap
(19)

for side bonded
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Le

Ef tf /

f c'

(20)

where hfrp,e is the effective height of the FRP (further details can be found in [25]). Thus,
the effectiveness reduction factor R6 can be expressed as:

R6

V f ,max
E f H fu

SO

° 2 1  cos 2
°
° SO sin SO
®
2
°

S
2
°1 
°̄
SO

4

for O < 1

(21)
for O t 1

STEEL STIRRUPS EFFECTIVENESS FACTOR

As recognized in several studies [14-16] the simultaneous presence of steel stirrups and
FRP reinforcement leads to a reduction in the peak resistance provided by each shear reinforcement. The interaction between the two materials is expressed both in the decrease of the
FRP shear contribution with the increase of the axial rigidity ratio between the internal steel
and the external FRP [27] and in the inability of some or all of the steel stirrups, affected by
critical fracture, to reach the yield strength due to FRP brittle rupture [14-16]. To overcome
these drawbacks many models have been developed, connecting the interaction between the
two reinforcement systems to their rigidities [30], or the shear crack width [31] or simply assuming a fixed reductive coefficient α = 0.75 [15].
On the basis of the parameter proposed by [15], in this paper the r reduction parameter is
defined by means of a bi-linear expression that relates the reduction of the contribution to the
shear strength given by the steel reinforcement to the ratio between the component of FRP
effective strain in the direction of the internal steel reinforcement Hfe,sd and the internal steel
reinforcement yield strain Hsyw:
r

H fe , sd

°0.75
H syw
®
°1
¯

if H fe , sd / H syw d 1.33

(22)

if H fe , sd / H syw ! 1.33

where Hfe,sd = Hfe cosφ with φ equal to the angle between FRP reinforcement direction and
steel stirrups. The reduction coefficient thus defined is able to take into account both that the
strain of the most elongated steel stirrup, at beam failure, can be limited by the effective strain
of the fiber, and that not all the stirrups along the critical crack are able to reach the yield
strain. In particular, when εfe,sd/εsy = 1, only the most elongated stirrup, which intercepts the
shear crack at the point of maximum width, can reach the yield strain (assuming perfect adhesion with concrete). It is also noted that r can take on a value less than 1 even if the ratio
εfe,sd/εsy is greater than 1. This makes it possible to take into account the second effect mentioned above, i.e. the non-uniform distribution of tension in the steel stirrups intercepted by
the shear crack.
As will be seen in the following sections, the modulation of the reduction coefficient α =
0.75 proposed in [15], through the ratio between the deformations of the interacting materials,
makes it possible to minimize the inaccuracy of the proposed models due to overestimation of
the steel resistance contribution.
The above effectiveness factor for steel stirrups is used in conjunction with effectiveness
factors reported in sections 3.1 and 3.2 only. This is due to the fact that the effectiveness fac-
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tor proposed by Mofidi and Chaallal [30] already considers reduction of contribution provided
by steel stirrups, while models proposed by investigated codes do not suggest any effectiveness factor and are used in their original formulation.
5

MODIFIED VERSION OF CNR-DT 200 R1/2013 [17]

Shear capacity model suggested by CNR is developed with the purpose of representing a
direct extension of the model proposed by EN1992-1-1 to evaluate shear capacity of ordinary
RC members. Shear capacity of each element constituting the truss mechanism can be written
in non-dimensional form, as well as shear capacity of retrofitted members, as given below:
vs

Zsw cot T  cot D sin 2 D

vf

Z fw cot T  cot E sin 2 E

vc

cot T  cot\ / 1  cot 2 T

v

(23)

min vs  v f , vc

In the third of (23), the angle D provided by CNR model is substituted with the to-bedetermined angle \. In fact, considering the angle D would consequently neglect the presence,
and its influence, of the other shear reinforcement when assessing shear strength of concrete
strut. For this reason, a simple iterative procedure is proposed below to calculate angle \
According to the suggestion of CNR code, in the original version of CNR model the angle
\ is set equal to angle E, while the inclination of concrete strut is assessed aiming at maximizing shear capacity of retrofitted RC member. Therefore, the sum of the first and second equation of (23) is equated to the third of (23), yielding:
cot 3 T Zsw sin 2 D  Z fw sin 2 E

 cot 2 T Zsw sin 2 D cot D  Z fw sin 2 E cot E

 cot T Zsw sin 2 D  Z fw sin 2 E  1



cot\  Zsw sin 2 D cot D  Z fw sin 2 E cot E

(24)

In the proposed version of CNR model, angle \ contained in (24) is calculated by means of
the following iterative procedure:
x A tentative cotT value is assumed, based on the sum of the mechanical ratios of each
shear reinforcement Zsw+Zfw (alternatively a value of 1.75 can be used, being the average
value of the range of variation of cotT suggested by CNR);
x By means of the first and second equation of (23) are computed shear capacities v’s and
v’f provided by steel stirrups and FRP reinforcement, respectively. These values are employed to calculate a weighted angle \' as \ ' (D v ' s  E v ' f ) / v ' s  v ' f ;
x The angle \' obtained is inserted in (24), yielding a new cotT value.
This procedure can be used iteratively until the difference between two consecutive values
of cotT is negligible. However, numerical analysis performed by means of the above procedure showed that one iteration is sufficient to obtain accurate values of cotT
6

DATABASE DESCRIPTION

With the aim of comparing the accuracy of the model described above, a database containing 158 specimens of RC beams having rectangular or T-shaped cross-sections, strengthened
in shear by means of FRP strips or sheets was collected [14-16, 27, 32-51]. The specimen
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characteristics and the test results are reported in in Table 1. The database contains beams
strengthened with U-jacketing or complete wrapping schemes using carbon or glass fibers.
The effective depth of the cross-section of the beams ranges between 155 and 831 mm, while
the shear span is between 2.3 and 3.8. The transverse internal reinforcement is constituted by
vertical steel stirrups whose maximum geometrical ratio is 0.48%. As regards FRP reinforcement, the ultimate tensile strength ranges between 106 and 4361 MPa, while the elastic modulus is comprised between 8 and 640 GPa. Lastly, the FRP geometrical ratio ranges between
0.04% and 3.00%.
The database was divided into two partial databases: DTB1, consisting of 138 specimens,
in which the FRP reinforcement is arranged at right angles to the longitudinal axis of the
member; DTB2, consisting of 20 specimens, in which the FRP reinforcement is arranged at an
angle β different from 90°.
7

INFLUENCE OF EFFECTIVENESS FACTORS

The effectiveness factors described in previous sections are used to assess accuracy of the
proposed design-oriented model, which is evaluated by means of the ratio between experimental shear capacity νexp and theoretical prediction νthe of tests reported in Table 1. The parameters used to quantify the accuracy and reliability of the model are the average ratio
between experimental and analytical values of shear capacity (Avg) and the Coefficient of
Variation (CoV).
Generally speaking, all the approaches used to calculate effectiveness factor provide satisfactory results, as showed in Figure 2. Nevertheless, significant differences in the average and
scatter values given by the analyzed approaches can be observed, highlighting the paramount
influence of effectiveness factors in assessing shear capacity of RC beams. In fact, effectiveness factor suggested by ACI provides the best average value (0.99), while that of fib gives
the worst one (0.83), overestimating significantly, in average, the shear capacity of beams. On
the contrary, effectiveness factor provided by Mofidi & Chaallal leads to an overall underestimation of the shear capacity, with an average value of 1.12. With regard to effectiveness factors described in sections 3.1 and 3.2, and that suggested by CNR, they provide similar
average values, showing an overall slight overestimation of shear capacity. Concerning CoV
values, it can be observed that FRP effectiveness factor proposed by Chen & Teng combined
with that for steel stirrups proposed in this paper provides the lowest scatter (0.20). Even if
ACI effectiveness factor gives the best average value, it leads to the highest scatter (0.31),
similar to that obtained by using Mofidi & Chaallal equations (0.29). As for effectiveness factor named as “first approach”, as well as those proposed by CNR and fib, scatter values range
between 0.24 and 0.27. All that said, it can be stated that the procedure to calculate effectiveness factors which combines the best average accuracy (Avg value close to 1) and the highest
reliability (low CoV value) is the one named “second approach”, which uses the equations
proposed by Chen & Teng to evaluate effectiveness factor for FRP, and the equations proposed in section 4 to assess effectiveness factor for steel stirrups.
To provide an insight into the above-described differences, in Figure 3 are plotted the effectiveness factor values provided by the above-mentioned procedures for each specimens of
the database. Moreover, power regression in the form y = Ax-B, as well as coefficient of determination R2, are given for each group of effectiveness factors in the case of U-shaped
strengthening configuration. The results showed in Figure 3 help to explain the average and
scatter values plotted in Figure 2. As a matter of fact, fib and Mofidi & Chaallal procedures,
which averagely overestimates and underestimates the shear capacity of beams, respectively,
are characterized by parameters A of power regression equal to 0.20 and 0.08, respectively.
Moreover, the high scatter in shear capacity assessment provided by ACI procedure is
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Figure 2: Experimental vs. theoretical shear capacity by using the proposed design-oriented model calculating
effectiveness factors as suggested by: ACI (a); CNR (b); fib (c); Chen & Teng (second approach, sections 3.2
and 4) (d); Khalifa & Nanni, Pellegrino & Modena (first approach, sections 3.1 and 4) (e); Mofidi & Chaallal (f).

Figure 3: Effectiveness factors for FRP calculated as suggested by: ACI (a); CNR (b); fib (c); Chen & Teng (section 3.2) (d); Khalifa & Nanni, Pellegrino & Modena (section 3.1) (e); Mofidi & Chaallal (f).

confirmed by R2 value, which is the lowest among those given by the analyzed procedures.
With reference to complete wrapping configuration, it can be observed substantial differences
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among the procedures. In fact, equations proposed by fib and Chen & Teng tend to provide R
values higher than those given in the case of U-shaped configuration. On the contrary, equations proposed by CNR, Mofidi & Challal, and those listed in section 3.1, give R values similar to those for U-shaped strengthening scheme. With regard to ACI procedure, no trend can
be noted, the R values being highly scattered.
Once the procedure to calculate effectiveness factors was selected, the proposed designoriented model is validated against analytical results provided by code models suggested by
ACI and CNR, as well as the proposed modified version of CNR, named CNRm.
In Figure 4 and Figure 5 are showed the results of the ratio between the experimental shear
capacity and the theoretical prediction for each specimen belonging to the database and for
each of the above-mentioned models, considering the two partial databases. Regarding results
reported in Figure 4, all the models provide reliable results, even if some substantial difference can be observed. In fact, CNR model provides the best average value (1.00), to which
correspond, however, the worst CoV value (0.24). With reference to the proposed model and
ACI one, they provide similar values, characterized by low scatter and with a slight average
overestimation of shear strength of beams. It is worth recalling that, in the case of FRP reinforcement and steel stirrups arranged with the same inclination, CNRm model gives the same
results of the original CNR one.
Concerning beams having FRP reinforcement arranged with different inclination with respect to that of steel stirrups, the proposed model gives the best results. Although all the models overestimate in average shear capacity of beams, the proposed model gives the closest
average to 1 and the lowest scatter. These results prove the accuracy and reliability of the proposed design-oriented model, and its superior performance in the case for which it was formulated, namely when FRP reinforcement and steel stirrups are oriented with different
inclinations. It should be stressed that, in this latter case, the proposed model is the only one
derived from a consistent physical model.
The results obtained in the two partial databases confirm that the use of an effectiveness
factor that takes into account the strain experienced by FRP reinforcement oriented in any direction, leads to superior performance of the proposed model, which is thus able to account
for the main interactions characterizing the shear resistance of a strengthened RC beam. On
the contrary, model codes consider the brittle failure of FRP reinforcement, but neglect the
interaction of the retrofitting system with both steel stirrups and concrete strut.
With regard to the results provided by CNR model and its modified version, CNRm, in
Figure 5 it can be observed that the proposed calibration of ψ angle, which is the angle used in
the evaluation of shear strength of concrete strut, slightly improves the performance of CNR
model, reducing the scatter from 0.19 to 0.17. However, the proposed version of CNR model
still significantly overestimates shear capacity beams, with an average value of 0.73.
To shed light on how the calibration of ψ angle influences the assessment of concrete strut
inclination, in Figure 6 are illustrated cotT values for specimens having FRP reinforcement
and steel stirrups oriented with different inclinations. It can be noted that, for high amount of
mechanical ratios of shear reinforcements, cotT values are lower when ψ angle is computed
by means of the simple procedure proposed. This contributes to reduce the overestimation of
shear capacity affecting CNR model, increasing its reliability. It is worth noting that the proposed design-oriented model provides cotT values which are equal to 2.5 in most of the analyzed cases. This is due to the different formulation used to calculate effectiveness factor for
FRP, and to the presence of the effectiveness factor for steel stirrups, which reduces the denominator value of Eq. (6).
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Figure 4: Experimental vs. theoretical shear capacity for DTB1: proposed design-oriented model with second
approach (a); ACI (b); CNR (c); CNRm (d).

Figure 5: Experimental vs. theoretical shear capacity for DTB2: proposed design-oriented model with second
approach (a); ACI (b); CNR (c); CNRm (d).
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Figure 6: Inclination of concrete strut cotT vs. sum of mechanical ratios of shear reinforcements Zfw + Zsw for
DTB2: proposed design-oriented model with second approach (a); CNR (b); CNRm (c).

8

PARAMETRIC ANALYSIS

Once the accuracy and reliability of the proposed design-oriented model were proved, in
this section a parametric analysis is carried out, by varying inclination of FRP reinforcement,
with the aim of evaluating its influence on shear capacity of retrofitted RC beams, calculated
by means of the above-mentioned models based on variable inclination of concrete strut.
Among the several parameters influencing evaluation of shear capacity, mechanical ratios
of shear reinforcements (Zfw and Zsw), as well as inclination of steel stirrups (D = 90°), are
assumed, while inclination of FRP reinforcement can vary in the range 45° ≤ E ≤ 90°. To
highlight some peculiar aspects of the proposed model, CNR one and its modified version
CNRm, four different arrangements of shear reinforcement are assumed, considered representative of real applications: the first two, Zfw = 0.15; Zsw = 0.05 and Zfw = 0.15; Zsw = 0.15,
are selected to compare the influence of the increment of steel shear reinforcement having low
amount of FRP shear reinforcement; the other two, Zfw = 0.20; Zsw = 0.40 and Zfw = 0.40; Zsw
= 0.20, are selected to compare shear strength in the case of high amount of steel/FRP shear
reinforcement. In Figure 7 are showed curves of theoretical prediction of shear capacity obtained by means of the above models, calculated by varying angle of inclination of FRP reinforcement.
Generally speaking, the proposed model provides shear capacity values which are in most
cases lower than those given by the two versions of CNR model, confirming the findings of
Figure 5 against experimental results. Moreover, the proposed version of CNR model provides shear capacity values which are close to that of original CNR models for low amount of
steel stirrups, while approach to those of the proposed design-oriented model when increasing
amount of steel stirrups. With the exception of the case with very low amount of steel shear
reinforcement (i.e. Zfw = 0.15; Zsw = 0.05), the difference between shear capacity values given
by CNR and CNRm increases when angle of inclination of FRP approaches to 45°. As already
stated above, this difference is due to the inability of CNR model to properly take into account
the inclination of both steel stirrups and FRP reinforcement when assessing shear strength of
concrete strut. This difference is magnified when contribution to shear capacity provided by
steel stirrups is significant. More precisely, considering only the angle of inclination of FRP
in evaluating shear capacity of concrete strut, CNR model provides shear capacity values of
retrofitted beams closer to those of the other models when contribution given by FRP reinforcement prevails (Zfw = 0.40; Zsw = 0.20), while substantial differences can be noted when
mechanical ratio of steel stirrups is considerably greater than that of FRP (Zfw = 0.20; Zsw =
0.40).
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Figure 7: Shear capacity curves obtained with the proposed design-oriented model (black dotted line), CNR
model (red dashed line), and CNRm model (green dash-dotted line), by varying angle of inclination of FRP reinforcement.

Focusing the attention on the variation of shear capacity by changing angle of inclination
of FRP reinforcement, it can be observed that the optimal angle to obtain maximum shear
strength varies on the basis of mechanical ratios of steel stirrups and FRP reinforcement assumed. For low amount of shear reinforcement, maximum shear strength is obtained for angle
between 65° and 90°, while in the case of high amount of shear reinforcement, shear strength
is maximized when FRP reinforcement is arranged with an angle less than 55°.
9

CONCLUSIONS

In the present paper was carried out a comparison between different procedures able to assess the effectiveness factors used to reduce shear contribution provided by FRP reinforcement when calculating shear capacity of retrofitted RC beams. In this regard, new procedures,
by modification of already existing formulations, were proposed both for FRP reinforcement
and steel stirrups. Concerning the latter, the proposed effectiveness factor aims to limit the
strain of stirrups on the basis of the effective strain of FRP arranged in any direction. The
above procedures were compared, together with those suggested by ACI, CNR, fib, and
Mofidi and Chaallal [30], by calculating theoretical shear capacity of a group of 158 experimental tests, by using a proposed design-oriented model based on stress fields with variable
inclination of concrete strut. This model has the advantage to simultaneously take into account the presence, and their mutual influence, of FRP reinforcement, steel stirrups, and concrete strut, when assessing the shear capacity, as well as the concrete stress field inclination.
The model was formulated in order to accurately take into account FRP reinforcement and
steel stirrups arranged with different inclinations in evaluating shear strength of concrete strut.
In this latter case, other models based on truss mechanism, such as that proposed by CNR, fail
to consider the presence of both FRP reinforcement and steel stirrups when evaluating shear
capacity of concrete strut. For this reason, a new simple formulation developed for CNR
model was proposed, aimed at obtaining an equivalent angle of inclination to be used in evaluation of shear capacity of concrete strut, weighted on the basis of shear contributions provided by FRP reinforcement and steel stirrups. To highlight the improvement given by the
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proposed modification to CNR model, a parametric analysis was carried out, by varying inclination of FRP reinforcement, with the aim of evaluating its influence on shear capacity of retrofitted RC beams, calculated by means of the above-mentioned models based on variable
inclination of concrete strut.
Once the effectiveness factors providing the best results were selected, the proposed model
was compared against models proposed by ACI and CNR, as well as the proposed modified
version of CNR, named CNRm. The main findings are summarized below:
x The procedure to calculate effectiveness factors which combines the best average accuracy (Avg value close to 1) and the highest reliability (low CoV value) is the one named
“second approach”, which uses the equations proposed by Chen & Teng to evaluate effectiveness factor for FRP, and the equations proposed in section 4 to assess effectiveness factor for steel stirrups.
x Concerning beams having FRP reinforcement arranged with different inclination with respect to that of steel stirrups, the proposed model gives the best results. Although all the
models overestimate in average shear capacity of beams, the proposed model gives the
closest average to 1 and the lowest scatter. These results prove the accuracy and reliability of the proposed design-oriented model, and its superior performance in the case for
which it was formulated, namely when FRP reinforcement and steel stirrups are oriented
with different inclinations.
x With regard to the results provided by CNR model and its modified version, CNRm, results showed that the proposed calibration of ψ angle, which is the angle used in the
evaluation of shear strength of concrete strut, slightly improves the performance of CNR
model. However, the proposed version of CNR model still significantly overestimates
shear capacity of RC beams.
x Regarding the parametric analysis, the proposed version of CNR model provides shear
capacity values which are close to those of original CNR models for low amount of steel
stirrups, while approach to that of the proposed design-oriented model when increasing
the amount of steel stirrups.
x Focusing the attention on the variation of shear capacity by changing angle of inclination
of FRP reinforcement, it can be observed that the optimal angle to obtain maximum shear
strength varies on the basis of mechanical ratios of steel stirrups and FRP reinforcement
assumed. For low amount of shear reinforcement, maximum shear strength is obtained
for angle between 65° and 90°, while in the case of high amount of shear reinforcement,
shear strength is maximized when FRP reinforcement is arranged with an angle less than
55°.
10 APPENDIX
fcm
(MPa)

bw × d
(mm)

No.2

35.7

150 × 240

0.42

C

0.11 90 0.15 3480

230

0.39

No.3

35.3

150 × 240

0.42

C

0.11 90 0.15 3480

230

0.46

T6S4-C90

44.1

140 × 528

0.10

50

0.11 90 0.08 3400

230

0.19

T6S4-G90

44.1

140 × 528

0.10

C

1.80 90 2.57

18

0.20

Spec. no.
Sato et al.
(1997) [51]
a/d = 2.5
Esw = 183 GPa
fsyw = 387 MPa
Deniaud &
Cheng (2001)
[38]
a/d = 2.8

ρsw
bf
tf
β ρfw
ffu
Ef
(%) (mm) (mm) (°) (%) (MPa) (GPa)
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fcm
(MPa)

bw × d
(mm)

ρsw
bf
tf
β ρfw
ffu
Ef
(%) (mm) (mm) (°) (%) (MPa) (GPa)

vexp
(-)

T6S2-C90

44.1

140 × 528

0.20

50

0.11 90 0.08 3400

230

0.21

T4S4-G90

30.0

140 × 362

0.10

50

1.80 90 2.57

106

18

0.30

T4S2-G90

30.3

140 × 362

0.20

C

1.80 90 2.57

106

18

0.33

T4S2-C45

29.4

140 × 362

0.20

C

0.70 45 0.50

442

45

0.33

T4S2-Tri

30.4

140 × 362

0.20

C

2.10 60 3.00

124

8

0.35

SB-S1-0.5L

25.0

152 × 356

0.38

C

0.06 90 0.08 3100

243

0.46

SB-S1-1L

25.0

152 × 356

0.38

C

0.11 90 0.14 3100

243

0.42

SB-S1-2L

25.0

152 × 356

0.38

C

0.21 90 0.28 3100

243

0.44

A-U1-C-17
A-U1-C-20
A-U1-S-17
A-U1-S-20
A-U2-C-17
A-U2-C-20
A-U2-S-17
A-U2-S-20
SB-U1
SB-F1
SB-F2
MB-U1
MB-U2
MB-F1
MB-F2
LB-U1
LB-U2
LB-F1
LB-F2
UF90
US60
US45+
US45++
UF45+ A
UF45++ B
UF45++ C
US45+ D
US45++ E
US45++ F
WS45+
USVA
USVA+
B-U1-C-14

41.4
41.4
41.4
41.4
41.4
41.4
41.4
41.4
27.4
27.4
27.4
27.4
27.4
27.4
27.4
27.4
27.4
27.4
27.4
11.0
11.0
11.0
11.0
11.0
11.0
11.0
11.0
11.0
11.0
11.0
10.6
10.6
46.2

150 × 250
150 × 250
150 × 250
150 × 250
150 × 250
150 × 250
150 × 250
150 × 250
75 × 155
75 × 155
75 × 155
150 × 305
150 × 305
150 × 305
150 × 305
300 × 660
300 × 660
300 × 660
300 × 660
250 × 410
250 × 410
250 × 410
250 × 410
250 × 410
250 × 410
250 × 410
250 × 410
250 × 410
250 × 410
250 × 410
250 × 410
250 × 410
150 × 240

0.39
0.34
0.39
0.34
0.39
0.34
0.39
0.34
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.14
0.14
0.14
0.14
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.48

C
C
C
C
C
C
C
C
20
20
20
40
40
40
40
80
80
80
80
C
150
150
50
C
C
C
150
150
150
50
150
150
C

0.17
0.17
0.17
0.17
0.33
0.33
0.33
0.33
0.11
0.11
0.11
0.22
0.22
0.22
0.22
0.44
0.44
0.44
0.44
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.22
0.17

3450
3450
3450
3450
3450
3450
3450
3450
4200
4200
4200
4200
4200
4200
4200
4200
4200
4200
4200
2600
2600
2600
2600
2600
2600
2600
2600
2600
2600
2600
2600
2600
3450

230
230
230
230
230
230
230
230
235
235
235
235
235
235
235
235
235
235
235
390
390
390
390
390
390
390
390
390
390
390
390
390
230

0.34
0.32
0.35
0.34
0.35
0.33
0.31
0.30
0.45
0.46
0.46
0.27
0.28
0.42
0.44
0.23
0.23
0.36
0.36
0.25
0.22
0.25
0.26
0.33
0.34
0.36
0.32
0.32
0.29
0.31
0.25
0.28
0.34

46.2

150 × 240

0.48

C

0.33 90 0.44 3450

230

0.35

46.2

150 × 240

0.39

C

0.17 90 0.22 3450

230

0.32

46.2

150 × 240

0.39

C

0.33 90 0.44 3450

230

0.33

21.0
21.0
21.0

250 × 411
250 × 411
250 × 411

0.10
0.13
0.20

C
C
C

0.19 90 0.15 2600
0.19 90 0.15 2600
0.19 90 0.15 2600

392
392
392

0.26
0.34
0.31

Spec. no.
Esw = 260 GPa
fsyw = 520 MPa
Deniaud &
Cheng (2003)
[39]
a/d = 3.0
Esw = 200 GPa
fsyw = 520 MPa
Bousselham &
Chaallal (2006)
[35]
a/d = 3.0
Esw = 215 GPa
fsyw = 650 MPa
Pellegrino &
Modena (2006)
[27]
a/d = 3.0
Esw = 210 GPa
fsyw = 534 MPa

Leung et al.
(2007) [43]
a/d = 2.9 (SB)
a/d = 3.0 (MB)
a/d = 2.7 (LB)
Esw = 210 GPa
fsyw = 550 MPa

Monti & Liotta
(2007) [14]
a/d = 3.5
Esw = 210 GPa
fsyw = 500 MPa

Pellegrino &
Modena (2008)
B-U2-C-14
[15]
a/d = 3.0
B-U1-C-17
Esw = 210 GPa
fsyw = 534 MPa B-U2-C-17
Grande et al. RS4Wa
(2009) [16]
RS3Wa
a/d = 3.4
RS2Wa
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90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
60
45
45
45
45
45
45
45
45
45
38
38
90

0.22
0.22
0.22
0.22
0.44
0.44
0.44
0.44
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.18
0.08
0.06
0.06
0.18
0.18
0.18
0.08
0.08
0.08
0.06
0.05
0.05
0.22
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fcm
Spec. no. (MPa)
RS4Ub
21.0
RS3Ua
21.0
RS2Ua
21.0
8-NA
20.7
8-DMA
23.8
12-NA
28.9
12-DMA
30.5
12-PC
19.2
12-HS-PC
18.3
U90S5-a(L) 37.0
U90S5-a(S) 37.0
U90S5-b(L) 28.0
U90S5-b(S) 28.0
U90C5-a(L) 24.5
U90C5-a(S) 24.5
U90C5-b(L) 22.6
U90C5-b(S) 22.6
U90S3-a(L) 20.5
U90S3-a(S) 20.5
U90S3-b(L) 22.6
U90S3-b(S) 22.6
U90S3-c(L) 28.0
U90S3-c(S) 28.0
U90C3-a(L) 30.2
U90C3-a(S) 30.2
U90C3-b(L) 30.2
U90C3-b(S) 30.2
U45S5(L)
30.7
U45S5(S)
30.7
U45S3-a(L) 20.5
U45S3-a(S) 20.5
U45S3-b(L) 30.7
U45S3-b(S) 30.7

bw × d
(mm)
250 × 411
250 × 411
250 × 411
457 × 831
457 × 831
457 × 831
457 × 831
457 × 831
457 × 831
250 × 420
250 × 420
250 × 420
250 × 420
250 × 420
250 × 420
250 × 420
250 × 420
250 × 420
250 × 420
250 × 420
250 × 420
250 × 420
250 × 420
250 × 420
250 × 420
250 × 420
250 × 420
250 × 420
250 × 420
250 × 420
250 × 420
250 × 420
250 × 420

ρsw
bf
tf
β ρfw
ffu
Ef
vexp
(%) (mm) (mm) (°) (%) (MPa) (GPa) (-)
0.10 C
0.19 90 0.15 2600 392 0.23
0.13 C
0.19 90 0.15 2600 392 0.28
0.20 C
0.19 90 0.15 2600 392 0.29
0.15 254 0.22 90 0.06 3792 228 0.24
0.15 254 0.22 90 0.06 3792 228 0.23
0.10 254 0.22 90 0.06 3792 228 0.15
0.10 254 0.22 90 0.06 3792 228 0.18
0.10 254 0.22 90 0.06 3792 228 0.29
0.10 254 0.22 90 0.06 3792 228 0.27
0.11 300 0.29 90 0.14 4000 240 0.16
0.11 300 0.29 90 0.14 4000 240 0.14
0.11 300 0.29 90 0.14 4000 240 0.21
0.11 300 0.29 90 0.14 4000 240 0.20
0.11 C
0.29 90 0.23 4000 240 0.22
0.11 C
0.29 90 0.23 4000 240 0.20
0.11 C
0.29 90 0.23 4000 240 0.26
0.29 90 0.23 4000 240 0.24
0.11 C
0.11 300 0.17 90 0.08 3800 240 0.25
0.11 300 0.17 90 0.08 3800 240 0.23
0.11 300 0.17 90 0.08 3800 240 0.22
0.11 300 0.17 90 0.08 3800 240 0.24
0.11 300 0.17 90 0.08 3800 240 0.20
0.11 300 0.17 90 0.08 3800 240 0.16
0.11 C
0.17 90 0.13 3800 240 0.17
0.11 C
0.17 90 0.13 3800 240 0.18
0.11 C
0.17 90 0.13 3800 240 0.16
0.11 C
0.17 90 0.13 3800 240 0.17
0.11 300 0.29 45 0.14 4000 240 0.17
0.11 300 0.29 45 0.14 4000 240 0.18
0.11 300 0.17 45 0.08 3800 240 0.23
0.11 300 0.17 45 0.08 3800 240 0.24
0.11 300 0.17 45 0.08 3800 240 0.17
0.11 300 0.17 45 0.08 3800 240 0.17

S300-U-90

40.4

100 × 230

0.19

C

0.36 90 0.72

160

13

0.22

S300-UA-90

40.4

100 × 230

0.19

C

0.36 90 0.72

160

13

0.23

S200-U-90

42.1

100 × 230

0.28

C

0.36 90 0.72

160

13

0.22

S200-UA-90

42.1

100 × 230

0.28

C

0.36 90 0.72

160

13

0.23

6-G-N
7-PD-G-N
8-PD-G-CA
9-PD-G-GA
S5-US
S5-UA
S5-CS
S2-US
S2-UA
FBwo-C
Ozden et al.
FBw-C
(2014) [48]
PBw-C
a/d = 3.8
FBwo-G
Esw = 200 GPa
FBw-G
fsyw = 249 MPa
PBw-G

50.1
50.1
50.1
50.1
47.6
47.6
47.6
47.5
47.5
12.4
12.4
12.4
12.4
12.4
12.4

150 × 310
150 × 310
150 × 310
150 × 310
400 × 545
400 × 545
400 × 545
400 × 545
400 × 545
120 × 339
120 × 339
120 × 339
120 × 339
120 × 339
120 × 339

0.21
0.21
0.21
0.21
0.07
0.07
0.07
0.14
0.14
0.14
0.14
0.14
0.14
0.14
0.14

100
100
100
100
100
C
100
100
C
20
20
20
20
20
20

0.51
0.51
0.51
0.51
1.00
1.00
1.00
1.00
1.00
0.13
0.13
0.13
0.16
0.16
0.16

575
575
575
575
961
961
961
961
961
4300
4300
4300
3400
3400
3400

26
26
26
26
95
95
95
95
95
238
238
238
73
73
73

0.16
0.15
0.15
0.16
0.11
0.13
0.16
0.13
0.15
0.27
0.36
0.29
0.27
0.34
0.34

Esw = 210 GPa
fsyw = 476 MPa
Belarbi et al.
(2012) [34]
a/d = 3.3
Esw = 200 GPa
fsyw = 276 MPa

Alzate et al.
(2013) [32]
a/d = 3.5
Esw = 200 GPa
fsyw = 500 MPa

Panda et al.
(2013) [49]
a/d = 3.2
Esw = 200 GPa
fsyw = 252 MPa
Baggio et al.
(2014) [33]
a/d = 2.9
Esw = 200 GPa
fsyw = 384 MPa
Colalillo &
Sheikh (2014)
[37]
a/d = 3.1
Esw = 195 GPa
fsyw = 501 MPa
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90
90
90
90
90
90
90
90
90
90
90
90
90
90
90

0.34
0.34
0.34
0.34
0.25
0.50
0.25
0.25
0.50
0.05
0.05
0.05
0.06
0.06
0.06
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Mofidi &
Chaallal (2014)
[44]
a/d = 3.0
Esw = 206 GPa
fsyw = 540 MPa
Mofidi et al.
(2014) [45]
a/d = 3.0
Esw = 205 GPa
fsyw = 650 MPa
El-Saikaly et
al. (2014) [40]
a/d = 3.0
Esw = 200 GPa
fsyw = 580 MPa
Qin et al.
(2015) [50]
a/d = 3.1
Esw = 210 GPa
fsyw = 542 MPa
Chen et al.
(2016) [36]
a/d = 3.0
Esw = 200 GPa
fsyw = 416 MPa
Frederick et al.
(2017) [42]
a/d = 3.2
Esw = 200 GPa
fsyw = 415 MPa

Spec. no.
FBwo-Hi-C
FBw-Hi-C
PBw-Hi-C

fcm
(MPa)
12.4
12.4
12.4

bw × d
(mm)
120 × 339
120 × 339
120 × 339

ρsw
bf
tf
β ρfw
(%) (mm) (mm) (°) (%)
0.14 20
0.14 90 0.05
0.14 20
0.14 90 0.05
0.14 20
0.14 90 0.05

WT-ST-50

31.0

152 × 350

0.38

88

0.11 90 0.07 3450

230

0.33

WT-ST-70

31.0

152 × 350

0.38

88

0.11 90 0.10 3450

230

0.34

WT-SH-100

31.0

152 × 350

0.38

C

0.11 90 0.14 3450

230

0.34

S1-LS-NE

33.7

152 × 350

0.38

40

2.00 90 0.60 1350

90

0.34

S1-LS-PE

33.7

152 × 350

0.38

40

2.00 90 0.60 1350

90

0.37

S1-EB-NA

33.7

152 × 350

0.38

C

0.11 90 0.14 3450

230

0.36

S1-EB
S1-LS
S1-LS-Rope
S3-EB
S3-LS
S3-LS-Rope

28.0
28.0
28.0
28.0
28.0
28.0

152 × 350
152 × 350
152 × 350
152 × 350
152 × 350
152 × 350

0.25
0.25
0.25
0.38
0.38
0.38

C
20
20
C
20
20

0.38
1.40
1.40
0.38
1.40
1.40

0.50
0.21
0.21
0.50
0.21
0.21

894
2250
2250
894
2250
2250

65
120
120
65
120
120

0.32
0.30
0.38
0.38
0.36
0.42

S00

29.6

125 × 295

0.29

C

1.00 90 1.60

986

96

0.37

S8-U

46.1

200 × 320

0.25

50

0.17 90 0.08 4361

226

0.23

S8-UFA1

46.1

200 × 320

0.25

50

0.17 90 0.08 4361

226

0.24

S8-UFA2

46.1

200 × 320

0.25

50

0.17 90 0.08 4361

226

0.28

TB2

27.2

130 × 235

0.17

C

0.15 90 0.23 1400

119

0.37

TB4

27.2

130 × 235

0.17

C

0.15 90 0.23 1400

119

0.42

28.0
28.0
28.0
28.0
28.0
28.0
30.6
30.6
30.6
30.6
30.6
44.4
44.4
44.4
44.4
44.4
58.7
58.7
58.7
58.7
58.7

152 × 350
152 × 350
152 × 350
152 × 350
152 × 350
152 × 350
120 × 406
120 × 406
120 × 406
120 × 406
120 × 406
120 × 406
120 × 406
120 × 406
120 × 406
120 × 406
120 × 406
120 × 406
120 × 406
120 × 406
120 × 406

0.25
0.25
0.25
0.25
0.25
0.25
0.16
0.16
0.16
0.16
0.16
0.16
0.16
0.16
0.16
0.16
0.16
0.16
0.16
0.16
0.16

C
20
C
C
20
20
75
75
C
C
75
75
75
C
C
75
75
75
C
C
75

0.38
2.00
0.38
0.38
2.00
2.00
1.00
1.30
1.30
1.00
2.00
1.00
1.30
1.30
1.00
2.00
1.00
1.30
1.30
1.00
2.00

65
90
65
65
90
90
96
26
26
96
96
96
26
26
96
96
96
26
26
96
96

0.32
0.30
0.37
0.40
0.41
0.38
0.41
0.40
0.43
0.45
0.43
0.32
0.32
0.34
0.36
0.34
0.29
0.27
0.31
0.32
0.30

EBS-NA
EBL-NA
EBS-BL
EBS-ER
EBL-RF
EBL-RW
A1-2.3-C
A1-2.3-G
A1-2.3-G-C.
A1-2.3-C-C.
A2-2.3-C
Nguyen-Minh
B1-2.3-C
et al. (2018)
B1-2.3-G
[46]
B1-2.3-G-C.
a/d = 2.3
B1-2.3-C-C.
Esw = 205 GPa
B2-2.3-C
fsyw = 342 MPa
C1-2.3-C
C1-2.3-G
C1-2.3-G-C.
C1-2.3-C-C.
C2-2.3-C
El-Saikaly et
al. (2017) [41]
a/d = 3.0
Esw = 200 GPa
fsyw = 580 MPa
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90
90
90
90
90
90

90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90

ffu
Ef
vexp
(MPa) (GPa) (-)
2600 640 0.24
2600 640 0.27
2600 640 0.31

0.50 894
0.30 1350
0.50 894
0.50 894
0.30 1350
0.30 1350
0.83 986
1.08 575
2.17 575
1.67 986
1.67 986
0.83 986
1.08 575
2.17 575
1.67 986
1.67 986
0.83 986
1.08 575
2.17 575
1.67 986
1.67 986
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Spec. no.
M1-a
M1-b
M1A
M1B
Oller et al.
M2A
(2019) [47]
M2B
a/d = 3.0
H1-a
Esw = 200 GPa H2-a
fsyw = 646 MPa H2-b
H2A
H2B
H3A
H3B

fcm
(MPa)
42.8
42.8
39.0
38.5
39.0
38.5
44.4
44.4
49.7
44.7
49.6
44.7
49.6

bw × d
(mm)
200 × 493
200 × 493
200 × 493
200 × 493
200 × 493
200 × 493
200 × 493
200 × 493
200 × 493
200 × 493
200 × 493
200 × 493
200 × 493

ρsw
bf
tf
β ρfw
ffu
Ef
vexp
(%) (mm) (mm) (°) (%) (MPa) (GPa) (-)
0.17 90 0.04 2739 263 0.18
0.12 50
0.12 50
0.17 90 0.04 2739 263 0.17
0.12 50
0.17 90 0.04 2739 263 0.19
0.12 50
0.17 90 0.04 2739 263 0.19
0.12 100 0.17 90 0.07 2739 263 0.20
0.12 100 0.17 90 0.07 2739 263 0.19
0.12 50
0.17 90 0.04 2739 263 0.17
0.12 100 0.17 90 0.07 2739 263 0.17
0.12 100 0.17 90 0.07 2739 263 0.15
0.12 100 0.17 90 0.07 2739 263 0.20
0.12 100 0.17 90 0.07 2739 263 0.18
0.17 90 0.17 2739 263 0.19
0.12 C
0.12 C
0.17 90 0.17 2739 263 0.19

Table 1: Characteristics of specimens and experimental results
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Abstract
The paper presents a new specific optimization framework that is directed at minimizing
seismic retrofitting intervention costs of reinforced concrete (RC) frame structures. A genetic
algorithm routine is developed to provide as outputs the individuation of the retrofitted columns (topological optimization) and amount of steel-jacketing reinforcement. The major novelty regards the framework's capacity to perform retrofitting optimization both for RC
structures with ductility-critical and shear-critical RC columns, also considering the additional shear demand due to infill-frame interaction. Modified genetic operators (population
generator, elitism, and mutation) are defined and calibrated to be effective and computationally sustainable. The feasibility of each tentative solution is controlled by a static pushover
analysis in the framework of the N2 method, accomplished by a 3D fiber-section model implemented in OpenSees. It is shown that the proposed procedure is sufficiently general and
robust to handle structural configurations having different structural deficiencies, significantly reducing invasiveness, downtime, and costs.

Keywords: genetic algorithm, structural optimization, seismic retrofitting, existing structures
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1

INTRODUCTION

Steel-jacketing (SJ) is one of the extensively used technique for retrofitting existing reinforced concrete (RC) structure designed prior to the entry into force of seismic guidelines.
The arrangement of a cage made of steel angles and battens provides additional confinement
and transverse reinforcement to the RC elements, also increasing the shear strength.
Even though steel-jacketing is quite effective as a seismic retrofitting technique, its application is invasive because it also involves several related operations, including the demolition
and reconstruction of column-side masonries and plasters. This significantly affects the costs
and the downtime associated with the intervention.
In this context, one of the major issues that structural engineers face in the design of this
kind of interventions regard the determination of the optimal position and arrangement of the
retrofitting system. Nowadays the design of this kind of interventions is mainly based on engineer’s intuition and experience that needs several trial-and-error attempts, requiring noticeable time consumption.
In the last years, the scientific interest on the structural optimization was mainly focused
on sizing and shape optimization of new structures. On the contrary, the issue of the optimization of seismic retrofitting of existing structures has not been investigated many times in the
past, while noticeable interest is emerging in the last years. Available studies have been addressed to the optimization of carbon fibre reinforcement of concrete slabs (Chaves and
Cuhna 2014 [1]) or FRP jackets (Chisari and Bedon 2016 [2], Seo et al. 2018 [3]). Other
applications of seismic engineering optimization are related to fluid viscous dampers (Pollini
et al. 2017 [4]), dissipative bracings (Braga et al. 2019 [5]) or both (Lavan and Dargush
2009 [6]) as seismic retrofitting devices for frame buildings.
More recent studies addressed the issue of pushover-based optimization of seismic retrofitting. Among these, Falcone et al. 2019 [7] proposed a framework implementing the optimization of FRP jacketing and steel X-bracings as possible reinforcements for existing RC
structures. Papavasileiou et al. 2020 [8] faced seismic retrofit optimization of encased steelconcrete composite columns comparing three different retrofitting methods: concrete jacketing, steel jacketing and steel bracing.
Regarding steel-jacketing of standard RC columns, a recent study by Di Trapani et al.
2020 [9] proposed an innovative framework aimed at minimizing seismic retrofitting costs
through genetic algorithm optimization. The framework provided both the optimization of the
position of the reinforced columns and the amount of reinforcement for RC structures presenting ductility deficiencies as major vulnerability, while having adequate capacity against local
shear failures.The current paper provides a significant step forward to the methodology proposed by Di Trapani et al. 2020 [9].
An updated optimization framework with general validity is proposed and tested. Besides
the ductility issues, the new optimization framework can deal with steel-jacketing optimization of potentially shear-critical RC columns, including also shear-induced mechanisms due to
frame-infill interaction. The optimization is carried with a genetic algorithm-based algorithm.
Novel genetic operators (population generator, elitism, and mutation) are defined by modifying the standard MATLAB® GA tool. The optimization framework provides as output the
cheapest seismic retrofitting intervention among the feasible ones, defining the optimal configuration of the steel jacketing reinforcement of columns in terms of reinforcement location
(topological optimization) and spacing between steel battens (sizing optimization). The feasibility of each solution is verified by the results of static pushover analyses in the framework
of the N2 method from the results carried out a 3D fibre-section model, developed in the
OpenSees software (McKenna et al. 2000 [10]).
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2

DESIGN OPTIMIZATION FRAMEWORK

2.1

Problem statement and general operating principles

The proposed optimization framework works by connecting the MATLAB® genetic algorithm (GA) tool with a FE structural model developed with the OpenSees software platform.
The framework aims at minimizing an objective function that computes the steel-jacketing
retrofitting costs as a function of the design variables which define the retrofitting arrangement. These are the position of the retrofitted columns (topological optimization) and the battens spacing (sizing optimization). The feasibility of each tentative solution is assessed by
evaluating the ductility capacity and demand ratio ( [ P Pc / P d ) after performing pushover
analysis of the structure in the framework of N2 method (Fajfar 2000 [11]). An adaptive penalty function applied in the cases of unfeasible solutions.
The overall structure of the framework reflects the one proposed by Di Trapani et al. 2020
[9], for the optimization of the steel-jacketing retrofitting in case of structures with flexural
ductility-related lacks. However, a strong review of the algorithm has been provided to redefine the genetic operators to generalize the framework for both flexural ductility-critical and
shear-critical RC structures. The reason behind the need to update the framework is that, differently from RC structures with flexural ductility lacks, for shear-critical structures, a significant number of columns may need to be retrofitted. This is typical when the base shear
demand exceeds the shear capacity of a storey. If the number of columns needing retrofitting
is a high percentage of those included in the design space, a standard random selection of the
individuals defining the population may have reduced probability to find feasible solutions.
This condition may lead a GA to stall or to find a local minimum solution even in the unfeasible space (Fig. 1). The first remedy that could be thought to avoid this drawback is the expansion of the population of individuals (P) belonging to the design space to have a major chance
to include feasible individuals. However, increasing the individuals means increasing the
number on nonlinear static analyses and this very easily brings to a huge computational effort.
Therefore, keeping a reduced population and a possibly restricted design space is fundamental
to get an effective and affordable optimization through a genetic algorithm associated with to
nonlinear structural analyses.

(a)

(b)

Figure 1: Possible optimization outcomes in case of: (a) design space with prevalence of feasible solutions; (b)
design space with prevalence of unfeasible solutions.
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2.2

Encoding of the design vector

As mentioned in the previous sections, the design optimization variables are the position of
the retrofitted columns and the battens spacing (sb), assuming that:
i) The angles are constituted by L-shaped steel profiles having fixed lateral length (la) and
thickness (ta) for all the retrofitted columns.
ii) The battens are constituted by rectangular plates having fixed thickness (tb) and width
(wb) for all the retrofitted columns.
iii) Battens spacing is the same for all the retrofitted columns.
iv) The design space can be restricted to a reduced number of columns (e.g. those belonging to the lower storeys).
A schematic representation of the design variables is illustrated in Fig. 2.

(a)

(b)

Figure 2: Representation of the optimization variables: (a) Generic column retrofitting configuration for an
RC structure; (b) Typical retrofitting arrangement for a column with generic batten spacing (sb).

The design vector collecting the design variable is formalized as follows:

§s ·
b ¨ b¸
© p¹

(1)

where sb is a natural discrete number that represent the battens spacing (Fig. 4b), belonging to the interval:
sb  S

¬ª sb ,min

sb ,max ¼º

(2)

where sb ,min and sb ,max are the respectively the minimum and maximum battens spacing allowed. The element p is the vector so defined:
p

ª¬} } cij }º¼

T

(3)

in which the generic element cij , is a binary number assuming the value 1 if a column is
retrofitted and 0 if not. The subscript i denotes the position of a column in plan and j the
storey. In this way, each individual (namely a model) generated by the GA is univocally defined by the b vector, which characterizes position and battens spacing of the retrofitted columns.
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2.3

Definition of objective function and penalty function

The objective function evaluates retrofitting cost intended as the material cost and the
manpower cost to realize columns steel jacketing ( CSJ ) and necessary works for demolition
and reconstruction of plasters and masonry ( CM ). The general expression of the objective
function is therefore:
CM  CSJ

C

(4)

The cost CM is estimated considering a fixed amount ( cm ) of 2000€ per column. Assuming nc as the number of retrofitted columns and all the potentially retrofitted columns have
the same cross-section dimension, one obtains:

nc  cm
ncWs cs

 CM
®
¯CSJ

(5)

where Ws ,i is the total weight of steel used to arrange a steel jacketing cage, cs is the manpower and material cost per unit weight, which is estimated as 4.5€ / kg and Ws is the weight
of each steel jacketing cage. The latter can be computed as:

J s  (VA  VB )

Ws

(6)

in which J s is the specific weight of steel ( 78.5kN / m3 ), VA is the total weight of the steel
angles applied at the corners of a columns and VB is the total volume of the battens belonging
to a cage (on the assumption of column of square cross section), that are:

VA
°
®
°VB
¯

8  la  ta  lc
§l ·
2  tb  lb  b  h  2  la  ¨ c ¸
© sb ¹

(7)

where la , ta are the width and the thickness of an angle, lb , tb are the width and the thickness
of the batten, b , h are the dimension of the cross section of the column and lc is the length of
a column.
The feasibility of a solution is known by the evaluation of the capacity/demand ratio ( [ P ).
To effectively manage unfeasible cases a dynamic penalty approach is developed by summing
to the objective function ( C ) above defined the penalty function (3) into the new objective
function ( F ) so defined:

C 3

F

(8)

where 3 is defined as:

3

0

°
°
§ 1
®
°Cmax  ¨¨
°
© [P
¯

if [ P t 1
·
¸¸
¹

3

if [ P  1

(9)

in which Cmax is the maximum possible retrofitting cost evaluated by considering retrofitting
all the columns included in the design space with the minimum battens spacing. In this way, if
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a solution is not feasible, the current cost is fictitiously increased by Cmax multiplied by the
3
factor (1/ [ P ) which takes into account the distance of the current solution from the feasibility

condition ( [ P
3

1 ).

DEFINITION OF THE GENETIC OPERATORS

3.1 Population generator and elitism
The control of the population in terms of the selection of individuals is essential to the
optimization effectiveness. As defined in Eq. 1, the genotype of each individual is a vector
composed of one natural number representing the battens spacing sb, and a sub-vector (p) collecting a number of binary variables which represent the retrofitted columns. In the selection
phase, the parameter sb is randomly selected by the S interval, which includes all possible
spacing values as a multiple of a fixed minimum spacing variation 'sb.
As mentioned in previous sections, and depicted in Fig. 1, in case of structures having
shear-related deficiencies, the number of unfeasible solutions belonging to the design space
can be relevant. In order to avoid algorithm stall into unfeasible design subspace, the population generator operator has been modified by introducing two subspaces in the definition of
initial population (Fig. 3). The first subspace (prand space) collects randomly created individual. The second subspace ( pPr space) is defined by a specified percentage ( pPr ) of individuals
having an assigned probability of retrofitting (Pr). The percentage of randomly selected individuals ( prand ) is the complement to 100%. The probability Pr is typically high (e.g. 90%),
this means that an individual included the pPr space is an individual with a high number of
retrofitted column. The introduction of the pPr space within the initial population increases
from the beginning the number of feasible solutions. This allows reducing population dimension and increasing the exploration efficiency of the algorithm.

Figure 3: Definition of the population (population generator).

To further improve the algorithm performance, the elitism function is used. This genetic
operator involves copying a small number of the fittest candidates, unchanged, into the next
generation. In fact, the fittest individuals of a population can be lost during the crossover operations of consecutive generation analysis. Then, the use of the elitism function allows not
losing good genetic heritage and consequently speeds up convergence.
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3.2

Mutation and crossover

The crossover operator is employed to improve the genes of the individuals at the end of
each generation. This is done by mixing chromosomes from parent better individuals. A uniform scatter crossover function is used in the proposed framework. The operating principle
provides randomly selection of pairs of parent individuals from the previous generation. Their
genomes are mixed with the generation of a random binary string of the same dimension of
the parents. Base on the binary value (0 or 1) associated with each position, the gene is transferred to the child from the parent 1 or 2 (Fig. 4a).
The crossover function here used has a standard form, while modifications are made in the
mutation operator. Mutation is used to bring about random changes in the population.
The standard MATLAB® mutation operator cannot handle heterogeneous vectors (e.g.
vectors made of natural numbers and binaries as the vector b), and this made necessary the
definition of a new mutation function. The latter works by fixing first a suitable mutation ratio
(Pm). Then a real number u ( u [0,1]   ) is randomly selected for each gene. If u ≥ Pm the
gene is maintained unchanged, otherwise if u < Pm the gene is mutated. For the Boolean variables included in the design vector, the mutation of a gene is simply a switch from 0 to 1 or
vice-versa. For the natural variables (the battens spacing sb) the same procedure is applied, but
in the cases in which a gene has to change (u < Pm) a further random number v ( v[0,1]   )
is chosen in order to decide if mutation will increase or decrease the battens spacing.
The new random temporary parameter v leads the mutation toward an increase or decrease
of sb if v  0.5 or v t 0.5 respectively. Increases and decreases of sb have the magnitude of
the minimum spacing variation ('sb). A flow-chart example of the proposed mutation function is illustrated in Fig. 4b.
The application to the current case, in which a limited dimension of the population is used,
require to increase the mutation to values which are larger than 1%. The relatively high value
of mutation ratio helps in avoiding the stall of the analysis into local optimal solution.

(a)
(b)
Figure 4: Example flow-charts of the: (a) uniform scatter crossover function; (b) proposed mutation function.

4

REFERENCE STRUCTURAL MODEL

The proposed optimization framework can work with any finite element program handling
nonlinear static analysis. Tests and application presented in the current study are carried out
using the OpenSees software platform and the structural modelling assumptions below described.
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4.1

Modelling of RC elements with and without steel-jacketing

Frame elements are modelled adopting distributed plasticity force-based elements with
five Gauss-Lobatto integration points available in OpenSees (Fig. 5). Fiber-section elements
are modelled using a Concrete02 uniaxial material model for the cross-section fibers. It is assumed that the effect of confinement is extended to the whole cross-section (Fig. 5) both for
the cases of columns with and without steel jacketing reinforcement. This simplified assumption allows a formal consistency with the confinement model in the case of concrete confined
by stirrups and steel jacketing (Campione et al. 2017 [12]) which provides uniform confinement over the cross-section. In order to simulate the crushing of the cross-section fibers, Concrete02 material is combined with MinMax material. For the current case, it is assumed that
crushing of fibers occurs in correspondence of the compressive strain (Hcr) attained at a 30%
reduction of the peak strength (Fig. 8).

Figure 5: Definition of the frame fiber-section elements with and without steel-jacketing reinforcement.

Confined concrete for RC elements confined only by stirrups will be characterized by parameters fc0, fcu, Hc0, Hcu (Fig. 5), while these parameters are changed into fcc0, fccu, Hcc0, Hccu for
RC elements confined by stirrups and steel jacketing (Fig. 5). Confined concrete parameters
for the RC elements confined only by stirrups are evaluated using the stress-strain model by
Razvi and Saatcioglu 1992 [13]. As for the columns with steel jacketing retrofitting, confined concrete parameters are obtained using the procedure already presented by Di Trapani
et al. 2020 [9], which is based on the model by Campione et al. 2017 [12].
Steel rebars are modelled using the Steel02 (Giuffrè-Menegotto-Pinto) material model
(elasto-plastic with linear strain hardening). Finally, rigid diaphragm behaviour is imposed at
the floor nodes.
4.2 Modelling of masonry infills
Masonry infills (if any) are modelled as equivalent diagonal struts resisting only in compression. The equivalent strut model by Di Trapani et al. 2018 [14] is used for the fibersection struts. The model provides a concrete-type compression-only stress–strain relationship
defined by the four parameters, peak stress ( f md 0 ), ultimate stress ( f mdu ), peak strain ( H md 0 )
and ultimate strain ( H mdu ) obtained by empirical equations. The infill is supposed to collapse
in correspondence of the axial strain H mdc

2  H mdu .
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5

STRUCTURAL ANALYSIS AND POSTPROCESSING

5.1

Pushover curve post-processing for feasibility assessment

The feasibility of each solution is assessment by a pushover analysis of the individual.
Pushover analysis is carried out in the framework of the N2 method (Fajfar 2000 [11]), also
provided by Eurocode 8 [15]. The feasibility of each solution is assessed by evaluating the
ductility capacity / demand ratios defined by:

[P

Pc
Pd

(10)

Where the ductility capacity (Pc) is obtained as the ratio between the ultimate displacement
capacity ( d u* ) and the yielding displacement ( d *y ) of the single degree of freedom bilinear
equivalent curve (Fig. 6), while the ductility demand ( P d ) of an inelastic SDOF system is
evaluated as:
T

q*  1 c*  1 if T * d Tc
° Pd
T
®
*
°
if T * ! Tc
P
q
¯ d

(11)

where T* is the period of the equivalent SDOF system having mass m*, and stiffness k* and
reduction factor q* evaluated as:
*
*
*
(12)
m* * Fy * Sae( T )m
*
q
T 2S * ; k
;
k
d *y
Fy*
The coefficient [ P is the final output of the processing of pushover curves and is used as a
discriminating factor in the optimization process in order to establish the feasibility of each a
single individual ( [ P t 1 ).

(a)

(b)

Figure 6: Typical equivalent SDOF capacity curve and bilinear equivalent curve for: (a) shear-resistant structure;
(b) shear-critical structure.

5.2 Shear verification of RC elements with and without steel-jacketing
Shear verification of columns is carried out in the post-processing phase in terms of
strength. The ultimate displacement capacity of assumed for the SDOF system is the one associated with the first shear failure of a column. Therefore, if shear failure of a column occurs,
the capacity curve is cut in correspondence of that event (Fig. 6b). Shear verifications are
carried out according to the model by Biskinis et al. 2004 [16], also included in Eurocode 8
[15] and in the Italian Technical Code [17] for the evaluation of shear strength of element

1376

Antonio P. Sberna, Fabio Di Trapani and Giuseppe C. Marano

subjected to seismic loads. Still according to Italian Technical Code [17], the contribution of
the steel-jacketing to the shear strength is evaluated.
5.3

Additional shear demand caused by infill-frame interaction

Masonry infills induce significant increase of shear in adjacent columns. In case of single
concentric strut, the additional shear demand due to infills ( VC ,inf ) can be estimated as (Di
Trapani and Malavisi 2019 [18]):
VC ,inf

Pstr  cos D  P  Pstr  sin D

(13)

where, referring to the Fig. 9, Pstr is the current value of the axial force acting on the equivalent strut, D is the angle of inclination of the strut with respect to horizontal direction, and P
the friction coefficient associated with the infill-mortar-frame interface and assumed as 0.7 in
absence of more detailed evaluations. The total shear demand on a column of the frame adjacent to and infill (VD) will be the evaluated as the sum of shear force currently acting on the
column (VC,fr) and the additional shear demand (VC,inf) so that:

VD
6

VC , fr  VC ,inf

(14)

TEST OF THE PROPOSED FRAMEWORK

As illustrated in previous sections, modified genetic operators have been introduced in the
optimization framework. Their effectiveness is here tested in comparison with the standard
ones, also providing some remarks on the most suitable calibration of parameters. The tests
are carried out on a reference reinforced concrete frame case study structure having column
with shear deficiencies in a high seismic hazard zone.
6.1

Details of the reference structure

The case study building consists of a five-storey reinforced concrete structure designed to
resist only gravity loads. The building is supposed being located in Cosenza (Italy), soil type
C. The reference nominal life (VN) is of 100 years. The resulting return period is TR=975
years. The structure (Fig. 7) has double symmetry in plan and is regular in elevation. Modelling assumptions are those illustrated in Section 4. Reinforced concrete elements are supposed to be made of concrete having average unconfined strength fc 0 20 MPa and steel
rebars with nominal average yielding strength f y 455MPa . Reinforcement details of beams
and columns are shown in Fig. 12b and Table 1.
RC
members
Beams
Columns

b x h (mm)
400 x 500
500 x 500

Longitudinal reinforcement
4+4 I18
12 I18

Transverse reinforcement
I6 / 200 mm
I6 / 200 mm

Table 1: Reinforcement details of beams and columns.
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(a)

(b)

Figure 7: Geometrical dimensions of the case study structure: (a) 3D frame view; (b) dimensions in plan.

Vertical loads are modelled as point loads applied to the top node of each column as function
of the respective tributary areas in plan. Pushover analyses are carried out by considering only
a uniform profile for lateral loads acting along the softer direction of the structure.
A regards steel-jacketing retrofitting, it is supposed that angles and battens are made of
steel having nominal yielding strength f yb 275 MPa and the same dimension for angles and
battens (Table 2), while the battens spacing (sb) range of optimization is 150-400 mm.
Angles

Battens
Thickness
wa (mm)
5

Lateral length la
(mm)

Columns

Width
wb (mm)
50

Thickness
tb (mm)


Spacing
sb (mm)


Table 2: Steel-jacketing arrangement details.

Moreover, to reduce the computational effort the following restriction have been applied to
the design space:
i) Retrofitted columns can be only located within the first the second floor.
ii) Battens spacing optimization can vary with a minimum step size 'sb of 50 mm
6.2

Case study structural configurations description

An application of the proposed framework is carried out for a case study structure supposing two different configurations of the infills. The reference reinforced concrete frame structure is the same as the one described in the previous section. Infills are supposed made clay
hollow masonry having thickness t 250 mm , elastic modulus Em 6400 MPa compressive
strength f m 8.6 MPa and shear strength f vm 1.07 MPa . Equivalent strut properties defined
according to the model by Di Trapani et al. 2018 [14] are reported in Table 3.
t

w

fmd0

fmd0

(mm)

(mm)

(MPa)

(MPa)

250

1053

1.88



Hmd0

Hmdu

(-)

(-)



0.073

Table 3: Geometric and mechanical details of the equivalent struts.
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In the first infilled frame configuration (IFC-1), infills are located on the side frames with
symmetric arrangement (Fig. 8a). In this configuration, infills are not provided on the ground
floor. In the second configuration (IFC-2), infills are provided only in one of the external side
frames and extended to the ground floor (Fig. 8b). The reason for the choice of these two infills configurations is related to the fact that they tend to induce a significantly different seismic demand to structures in terms of shear and ductility. Furthermore, the optimization of the
two structures is carried out supposing the RC frame columns being shear-critical (SC) or
shear-resistant (SR). In the first case, shear reinforcement of columns is supposed to be as described in Table 1. In the second case, columns are supposed to have adequate shear resistance to carry seismic loads. This further test allows examining the general efficacy of the
proposed algorithm to work with both the typologies of structures.
Moreover, to reduce the computational burden, the design space of retrofitted columns is
limited to the first two floors (24 columns), where the maximum seismic demand is expected
in terms of shear and ductility. Optimization tests are carried out considering a pushover analysis with a uniform distribution of lateral forces along z direction.
The adopted settings for the GA optimization framework are summarized in Table 4.

Infills
position

Infills
position

z
x

z

(a)

x

(b)

Figure 8: Case study structures: (a) IFC 1: symmetric positioning of infills with pilotis storey; (b) IFC2:
asymmetric positioning of infills.
Dimension of the
design vector

Population
size

Dimension of
the pPr space

Prob. of retrofitting of an
element in the pPr space

Probability of
mutation

No. of indiv. subject
to Elitism per gen.

dim (b)

P

pPr

Pr

Pm

E

25

80

50%

90%

10

5%

Table 4: GA framework settings used for the case studies.

6.3

Optimization results and discussion

As previously mentioned, four optimization tests have been carried out with the aim of assessing first the responsiveness of the proposed framework in finding optimal retrofitting solution under different potential damage scenarios (IFC-1 and IFC-2 configurations). Secondly,
the general validity of the framework, and in particular of the modified genetic operators, has
been tested by considering both shear-critical (SC) and shear resistant (SR) configurations for
the columns. This allows understanding the algorithm performance as a function of the variety
of the population.
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(a)
Figure 9: Convergence history for: (a) IFC1 structure; (b) IFC2 structure.

(b)

The convergence histories of the tests are depicted in Figs. 9. As it can be observed, the
proposed framework is able to pinpoint an optimal solution for each examined cases efficiently. The performances of the optimal retrofitting configurations in terms of capacity curves are
displayed in Figs. 10.
The consistency of the optimal retrofitting arrangements with the expected structural deficiencies is very clear from Figs. 11, showing the structural deformed shapes under z+ pushover loads and depicting in red the retrofitted columns. In fact, for both IFC-1 and
IFC-2 shear resistant structures, retrofitting was provided for central columns that have reduced ductility because of the significant axial force, and leeward columns subjected to axial
force increases because of the base moment. The significant amount of retrofitted columns for
the IFC-1.SR configuration is related to the more severe damage mechanism (soft storey) induced by lateral loads. For what concerns shear-critical configurations IFC-1.SC and IFC2.SC, more retrofitted columns were found. The shear deficiency of columns and the associated retrofitting demand is more evident observing Figs. 11b, 11d. This highlights that the additional shear demand due to the pushing action of infills plays a relevant role. In fact,
retrofitting was requested to every leeward column adjected to the equivalent struts.
For all the retrofitting configurations low battens spacing was found (sb=150÷200 mm).
This can be justified considering that fixed costs influenced more than steel cage related costs.
Therefore, the framework tends to prefer solutions providing the minimum possible number
of columns even with reducing the spacing of battens.

(a)

(b)

(c)

(d)

Figure 10: Optimal solutions capacity curves for: (a) IFC1.SR; (b) IFC1.SC; (c) IFC2.SR; (d) IFC2.SC
Retrofitted columns

x

z

x

z

z

x

z

x
(a)
(b)
(c)
(d)
Figure 11: Optimal retrofitting arrangements for: (a) IFC1.SR; (b) IFC1.SC; (c) IFC2.SR; (d) IFC2.SC

1380

Antonio P. Sberna, Fabio Di Trapani and Giuseppe C. Marano

Results of the optimization test in terms of cost, performance and arrangement are summarized in Table 5. Based on the previously discussed results the proposed framework has
demonstrated to be sufficiently robust against the heterogeneity of the populations.
The advantages in terms of economical cost savings can certainly justify the application of
a retrofitting optimization framework in the current practice. Of course, this is even more true
for larger reinforced concrete frames structures, where retrofitting and downtime costs become a crucial issue.

7

Structural
configuration

sb

nc

C

Pd

Pc

[P

(mm)

(-)

(€)

(-)

(-)

(-)

IFC1.SR
IFC1.SC
IFC2.SR
IFC2.SC

150
150
200
150

4.63
3.90
4.86
3.93

1.179
1.419
1.065
1.244

7
21 171
3.92
16
47 402
2.75
5
14 239
4.56
13
38 823
3.15
Table 5: Results of the optimization.

CONCLUSIONS

The paper presented a new genetic algorithm-based framework aimed at the optimization
of steel-jacketing retrofitting interventions costs in reinforced concrete frame structures subjected to seismic loads. The proposed optimization framework can effectively handle both in
the cases of shear resistance and flexural ductility lacks, providing as output the retrofitted
columns' position and the amount of reinforcement associated with the minimum cost.
The development of the optimization framework was based on the MATLAB® GA tool,
addressing special effort in revising the standard genetic operators (population generator, elitism, and mutation) to effectively handle retrofitting optimization of RC frame structures in the
cases of lacks in ductility, shear or combined shear and ductility.
The proposed framework has been tested with a reference structure with different infills
configurations and assuming the columns to be shear-critical or shear-resistant. Results have
shown that the optimization algorithm is sufficiently general and robust both for the cases of
shear-deficient or ductility-deficient structures. Economic and downtime gains are not clearly
evident for structures with reduced size (as the ones examined in the paper); however substantial savings can be expected for larger RC structures with a noticeable number of columns.
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Abstract
The paper proposes a new genetic algorithm-based framework aimed at efficiently design multiple seismic retrofitting interventions for reinforced concrete (RC) frame structures minimizing
the costs of intervention. The feasibility of each tentative solution is assessed by considering in
indirect way the expected annual loss (EAL). EAL evaluation is performed referring to different
limit states whose repairing costs are expressed as a percentage of reconstruction costs and
evaluating the respective mean annual frequency of exceedance. To effectively engage both
serviceability and ultimate limit states, the compresence of two different retrofitting systems is
considered. Steel bracings are used to increase the global stiffness of the structure and improve
operational and damage limit states performance. FRP wrapping of columns is used to manage
the life safety and collapse limit state demands. The optimization carried out by the novel AIbased framework implementing a genetic algorithm (GA). For both the retrofitting systems,
their position within the structure (topological optimization) and their sizing are provided as
output. Results will show that seismic retrofitting can be effectively optimized to minimize costs
controlling the expected annual loss.

Keywords:VWUXFWXUDORSWLPL]DWLRQJHQHWLFDOJRULWKPVHLVPLFUHWURILWWLQJH[SHFWHGDQQXDO
ORVV)53EUDFLQJ

ͳ

INTRODUCTION

7KHSUHVVLQJQHFHVVLW\RIUHGXFLQJWKHVHLVPLFYXOQHUDELOLW\RIH[LVWLQJVWUXFWXUHVORFDWHGLQ
HDUWKTXDNHSURQH UHJLRQV KDV PRWLYDWHG WKH ODVW GHFDGH RI UHVHDUFK DFWLYLWLHV WR DGGUHVV WKH
VHLVPLFUHWURILWWLQJWHFKQLTXHV'HVSLWHWKHODUJHDYDLODELOLW\RIUHWURILWWLQJVROXWLRQVZLWKGLI
IHUHQWPDWHULDOVDQGDUUDQJHPHQWWHFKQLTXHVQRZDGD\VWKHUHDUHQRIRUPDOPHWKRGVIRUGH
VLJQLQJ WKLV NLQG RI LQWHUYHQWLRQV VLPXOWDQHRXVO\ FRQWUROOLQJ WKH UHVXOWLQJ RYHUDOO VHLVPLF
SHUIRUPDQFH 7KHUHIRUH LQ PRVW FDVHV WKH FKRLFH RI UHWURILWWLQJ SRVLWLRQ DQG DPRXQW DUH
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H[FOXVLYHO\HQWUXVWHGWRWKHH[SHULHQFHDQGLQWXLWLRQRIWKHGHVLJQHU$ILUVWFRQVHTXHQFHRIWKLV
HPSLULFDODSSURDFKLVWKDWVHYHUDOWULDODQGHUURUDWWHPSWVDUHUHTXLUHGWRILQGDIHDVLEOHUHWUR
ILWWLQJVROXWLRQ7KLVDOVRUHTXLUHVFRQVLGHUDEOHWLPHFRQVXPSWLRQWRJHWDVXIILFLHQWFRPSUR
PLVHEHWZHHQVDIHW\DQGFRVWV6HFRQGO\UHVXOWVVRREWDLQHGDUHQRWFRQWUROOHGLQFRVWRULQ
SHUIRUPDQFHWKHUHIRUHREWDLQHGUHWURILWWLQJVROXWLRQVDUHIHDVLEOHGRQRWHQVXUHPD[LPXPH[
SORLWDWLRQRUWKHUHWURILWWLQJZLWKDFRQVHTXHQWLQFUHDVHRILQWHUYHQWLRQFRVWVLQYDVLYHQHVVDQG
GRZQWLPH
,QWKHODVW\HDUVWKHVFLHQWLILFLQWHUHVWLQVWUXFWXUDORSWLPL]DWLRQZDVPDLQO\IRFXVHGRQVL]
LQJDQGVKDSHRSWLPL]DWLRQRIQHZVWUXFWXUHV2QWKHFRQWUDU\WKHRSWLPL]DWLRQRIVHLVPLFUHW
URILWWLQJRIH[LVWLQJVWUXFWXUHVKDVQRWEHHQLQYHVWLJDWHGPDQ\WLPHVZKLOHQRWLFHDEOHLQWHUHVW
LVHPHUJLQJLQWKHODVW\HDUV)HZUHVHDUFKHUVKDYHDGGUHVVHGWKHSUREOHPRIWKHRSWLPL]DWLRQ
RI)53MDFNHWV &KLVDULDQG%HGRQ>@6HRHWDO>@ RURWKHUDSSOLFDWLRQVRIVHLVPLF
UHWURILWWLQJGHYLFHVIRU5&EXLOGLQJVE\XVLQJIOXLGYLVFRXVGDPSHUV 3ROOLQLHWDO>@ 
GLVVLSDWLYHEUDFLQJV %UDJDHWDO>@ RUERWK /DYDQDQG'DUJXVK>@ 0RUHUHFHQW
VWXGLHVDGGUHVVHGWKHLVVXHRIRSWLPL]DWLRQRIVHLVPLFUHWURILWWLQJFRVWV$PRQJWKHVH)DOFRQH
HWDO>@ SURSRVHGDIUDPHZRUNIRURSWLPL]LQJWKHUHDOL]DWLRQFRVWVRI)53MDFNHWLQJDQG
VWHHOEUDFLQJVIRUH[LVWLQJ5&IUDPHVWUXFWXUHVWKURXJKJHQHWLFDOJRULWKPRSWLPL]DWLRQ3DSD
YDVLOHLRXHWDO >@IDFHGUHWURILWWLQJRSWLPL]DWLRQRIHQFDVHGVWHHOFRQFUHWHFRPSRVLWHFRO
XPQV FRPSDULQJ WKUHH GLIIHUHQW UHWURILWWLQJ PHWKRGV FRQFUHWH MDFNHWLQJ VWHHO MDFNHWLQJ DQG
VWHHOEUDFLQJ$VLPLODUDSSURDFKZDVIROORZHGE\'L7UDSDQLHWDO>@ZKRSURSRVHGDQ
LQQRYDWLYHIUDPHZRUNEDVHGRQJHQHWLFDOJRULWKPDLPHGDWPLQLPL]LQJVWHHOMDFNHWLQJVHLVPLF
UHWURILWWLQJFRVWVIRUGXFWLOLW\GHILFLHQW5&VWUXFWXUHV7KHVHYHU\UHFHQWUHVHDUFKDFWLYLWLHVDG
GUHVVHGWKHLUHIIRUWVLQGHILQLQJQHZHIIHFWLYHDOJRULWKPVIRFXVHGRQWKHRSWLPL]DWLRQRIWKH
UHWURILWWLQJ LQWHUYHQWLRQV WR PLQLPL]H WKHLU FRVW7KLV SURYLGHG DQ DQVZHU WR WKH LVVXH UDLVHG
DERYHWKDWLVJHWWLQJWKHFRQWURORIWKHGHVLJQWRDFKLHYHDQRXWSXWJRDO$PRUHJHQHUDOL]HG
YLHZRIWKLVSUREOHPLVIDFHGLQWKLVSDSHUZKRVHSXUSRVHLVWKHGHYHORSPHQWRIDQHZRSWLPL
]DWLRQIUDPHZRUNDLPHGDWRSWLPL]LQJVHUYLFHOLIHFRVWVRIVWUXFWXUHVVXEMHFWWRUHWURILWWLQJLQ
WHUYHQWLRQVZKLWVSHFLDOUHJDUGWR5&IUDPHVWUXFWXUHV7KHH[SHFWHGDQQXDOORVV ($/ KDV
EHHQSURYHGDVYDOLGWRROWRFRPSDUHVWUXFWXUHVHLVPLFSHUIRUPDQFHGXULQJWKHLUVHUYLFHOLIH
&DOYL   >@ ,W HVWLPDWHV WKH RYHUDOO EHKDYLRXU RI WKH FRQVWUXFWLRQ LQ WHUPV RI H[SHFWHG
HFRQRPLFDQQXDOORVVHVDVVRFLDWHGZLWKVHLVPLFHYHQWVWKDWFRXOGWDNHSODFHGXULQJWKHUHIHU
HQFHVHUYLFHOLIH
7KHJRDORIWKHSURSRVHGIUDPHZRUNLVWRGHWHUPLQHIRUDQRQVHLVPLFDOO\FRQIRUPLQJ5&
EXLOGLQJWKHEHVWUHWURILWWLQJFRQILJXUDWLRQLQWHUPVRISRVLWLRQ WRSRORJLFDORSWLPL]DWLRQ DQG
DPRXQWRIUHLQIRUFHPHQW VL]LQJRSWLPL]DWLRQ 2SWLPL]DWLRQIRFXVHVRQWKHPLQLPL]DWLRQRI
UHWURILWWLQJFRVWVFRQVLGHULQJLQDQLQGLUHFWZD\WKHUHVXOWLQJ($/YDOXH
6LQFH($/DVVHVVPHQWLQYROYHVGLIIHUHQWOLPLWVWDWHVVDWLVIDFWLRQWKHSURSRVHGIUDPHZRUN
FRQVLGHUVPXOWLSOHUHWURILWWLQJLQWHUYHQWLRQV,QSDUWLFXODUWKHFDVHVWXG\RID'PXOWLVWRUH\
5&EXLOGLQJLVFRQVLGHUHGVXSSRVLQJ)53MDFNHWLQJRI5&FROXPQV WRLQFUHDVHGXFWLOLW\ DQG
VWHHOEUDFLQJV WRUHGXFHODWHUDOGHIRUPDELOLW\ DVUHWURILWWLQJLQWHUYHQWLRQVWRRSWLPL]H
7KHRSWLPL]DWLRQSURFHVVLVFDUULHGRXWE\DJHQHWLFDOJRULWKP *$ GHYHORSHGLQ0DW/DE
7KHVWUXFWXUDOSHUIRUPDQFHRIHDFKVROXWLRQLVDVVHVVHGIURPWKHUHVXOWVRIVWDWLFSXVKRYHUDQDO
\VHVLQWKHIUDPHZRUNRIWKH1PHWKRG7KHYDOLGLW\DQGHIILFLHQF\RIWKHSURSRVHGPHWKRGLV
SURYHGE\LPSOHPHQWLQJLWRQDFDVHVWXG\VWUXFWXUH(YHQWXDOO\WKHUHVXOWVDUHFRPSDUHGZLWK
WKHRXWFRPHVRIDFRVWRSWLPL]DWLRQWKDWGRHVQRWFRQVLGHU($/FRQWURO7KHSUHVHQWHGPHWK
RGRORJ\LVVWLOOXQGHUGHYHORSPHQWEXWLWFRQVWLWXWHVDQRYHOFRQWULEXWLRQWRZDUGVWKHXVHRI
DUWLILFLDOLQWHOOLJHQFHWHFKQLTXHVWRLPSURYHGHVLJQHIIHFWLYHQHVVDQGVXVWDLQDELOLW\
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ʹ

OPTIMIZATION FRAMEWORK

7KHRSWLPL]DWLRQIUDPHZRUNKHUHLQSURSRVHGLVEDVHGRQDJHQHWLFDOJRULWKP *$ RSWLPL
]DWLRQURXWLQHGHYHORSHGLQ0DW/DE7KHRSWLPL]DWLRQDOJRULWKPUHODWHVDVWUXFWXUDOPRGHO
GHYHORSHGZLWKWKHOpenSeesVRIWZDUHSODWIRUP 0F.HQQDHWDO>@ ZLWKWKH*$SUR
FHVV  7KH JHQHWLF DOJRULWKP LV DQ HYROXWLRQDU\ DOJRULWKP LQVSLUHG E\ WKH HYROXWLRQ WKHRU\
WKHUHIRUHLVJHQHUDWHVDpopulationRIindividualsUHSUHVHQWLQJGLIIHUHQWWHQWDWLYHUHWURILWWLQJ
DUUDQJHPHQWV(DFKLQGLYLGXDOKDQGOHGE\DOJRULWKPLVFKDUDFWHUL]HGE\Ddesign vectorFRO
OHFWLQJDOOWKHGHFLVLRQYDULDEOHWREHRSWLPL]HG(DFKGHVLJQYHFWRULVDVVRFLDWHGZLWKDSRWHQ
WLDO UHWURILWWLQJ FRQILJXUDWLRQ 7KH RSWLPL]DWLRQ LQYROYHV WKH GHILQLWLRQ RI D SURSHU objective
functionWDNLQJLQWRDFFRXQWERWKWKHIHDVLELOLW\RIDVROXWLRQ QDPHO\WKHSDVVLQJVDIHW\FKHFNV 
DQG FRVW DVVRFLDWHG WR WKH UHWURILWWLQJ LQWHUYHQWLRQ $ VFKHPDWLF IORZFKDUW RI WKH SURSRVHG
IUDPHZRUNLVGHSLFWHGLQ)LJZKLFKVWUXFWXUHLVGLVFXVVHGLQGHWDLOLQWKHIROORZLQJVHFWLRQV

)LJXUH)ORZFKDUWRIWKHRSWLPL]DWLRQIUDPHZRUN

2.1 Definition of the EAL
7KHH[SHFWHGDQQXDOORVVUHSUHVHQWVSHUFHQWDJHDQQXDOORVVRIHFRQRPLFYDOXHRIDVWUXFWXUH
LQLWVUHIHUHQFHOLIHWDNLQJLQWRDFFRXQWWKHDVVRFLDWHGVHLVPLFULVNZKLFKEDVLFDOO\GHSHQGVRQ
WKHVLWHKD]DUGDQGRQWKHVWUXFWXUHVHLVPLFYXOQHUDELOLW\7KHGHWHUPLQDWLRQRIWKH($/UHTXLUHV
WKHUHIRUHWKHDVVHVVPHQWRIWKHSHUIRUPDQFHRIWKHVWUXFWXUHWRGLIIHUHQWOLPLWVWDWHVDVVRFLDWHG
ZLWKWKHUHVSHFWLYHUHWXUQSHULRGVTr,LSDQGDQQXDOUDWHVRIIDLOXUHH[SUHVVHGDVWKHLQYHUVHRI
WKHUHWXUQSHULRGV ȜLS = 1/Tr,LS 7KHDFKLHYHPHQWRIDOLPLWVWDWHLVDVVRFLDWHGZLWKDVSHFLILF
UHSDLUFRVW7KH($/FXUYHFRQQHFWVWKHDQQXDOUDWHRIIDLOXUHRIHDFKOLPLWVWDWHZLWKWKHUH
VSHFWLYHUHSDLULQJFRVW$VLPSOLILHGPHWKRGWRFRPSXWH($/KDVEHHQSURSRVHGE\&RVHQ]D
HWDO  >@$FFRUGLQJWRWKLVDSSURDFKUHSDLUFRVWVDUHH[SUHVVHGDVSHUFHQWDJHVRIWKH
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UHSDLU FRVWV 5& ZLWKUHVSHFWWRWKH UHFRQVWUXFWLRQFRVW UHFRQVWUXFWLRQOLPLWVWDWH 5/6 
DQGDUHIL[HGIRUHDFKOLPLWVWDWH )LJD 

D
E
)LJXUH([SHFWHG$QQXDO/RVVFXUYH D IRUPDO($/GHWHUPLQDWLRQ E FRGHFRPSOLDQWEXLOGLQJ($/FXUYH
DQGJHQHULF($/FXUYHIRUDEXLOGLQJ

$FFRUGLQJWR&RVHQ]DHWDO  >@HLJKWOLPLWVWDWHVDUHLGHQWLILHGE\UHFRQVWUXFWLRQ
OLPLWVWDWH 5/6 DQGFROODSVHOLPLWVWDWH &/6 ZKLFKDUHDVVRFLDWHGZLWKUHSDLUFRVW 5& 
HTXDOWRDQGUHVSHFWLYHO\0RUHRYHUWKH5&IRUWKHOLIHVDIHW\OLPLWVWDWH /6/6 
LVVHWWR6HUYLFHOLPLWVWDWHVDUHWKHGDPDJHOLPLWDWLRQOLPLWVWDWH '//6 DQGWKHRSHUD
WLRQDOOLPLWVWDWH 2/6 7KHVHWZRIRUPHUOLPLWVWDWHVKDYHD5&RIDQGUHVSHFWLYHO\
7KHLQLWLDOGDPDJHOLPLWVWDWH ,'/6 LVFKDUDFWHUL]HGE\UHSDLUFRVWVHTXDOWR]HURDQGDPHDQ
DQQXDOIUHTXHQF\RIH[FHHGDQFHWKDWLVFRQYHQWLRQDOO\DVVXPHGDV λIDLS =  )RU DFRGH
FRPSOLDQW VWUXFWXUH QDPHO\ D VWUXFWXUH KDYLQJ IRU HDFK OLPLW VWDWH D FDSDFLW\ WKDW LV H[DFWO\
HTXLYDOHQWWRWKHGHPDQGWKHDQQXDOUDWHVRIH[FHHGDQFHRIHDFKOLPLWVWDWHVIRUWKHDVVRFLDWHG
IL[HG UHFRQVWUXFWLRQFRVWVDQGDUHWKRVHUHSRUWHGLQ7DEOH&RQVLGHULQJYDOXHVLQ7DEOH
WKH($/RIWKHFRGHFRPSOLDQWEXLOGLQJLV
Limit state

%RC

5/6
&/6
/6/6
'//6
2/6
,'/6








Tr,LS
>\HDUV@
∞






λLS=1/Tr,LS
>@







EALcc



7DEOH0HDQDQQXDOIUHTXHQF\RIH[FHHGDQFH Ȝ DQGUHSDLUFRVWV 5& DVVRFLDWHGZLWKHDFK/6IRUDFRGH
FRPSOLDQWEXLOGLQJ

)RUPDOO\WKH($/LVHYDOXDWHGDVWKHDUHDXQGHUWKHFXUYHWKDWFRQQHFWWKHSRLQWV Ȝ5&
IRUHDFKOLPLWVWDWH )LJD VRWKDW


EAL = ¦ ª¬λLS
= 

i −

= λLS i º¼ ⋅ ª¬ RCLS

i

=  RCLS

i −

º¼   + λCLS ⋅  RCRLS



)RUWKHFRGHFRPSOLDQWEXLOGLQJ(TUHVXOWVLQ($/ 7KHHYDOXDWLRQRIWKH($/
IRU D JHQHULF VWUXFWXUH FDQ EH FDUULHG RXW SHUIRUPLQJ D SXVKRYHU UHVXOWV WR GHWHUPLQH UHWXUQ
SHULRG DVVRFLDWHG ZLWK RFFXUUHQFH RI HDFK OLPLW VWDWH TrC LS  $ VLPSOLILHG H[SUHVVLRQ >@
EDVHGRQWKHGHWHUPLQDWLRQRIWKHVDIHW\IDFWRU ζ E  LS FDQEHXVHGWRHYDOXDWHFDSDFLW\UHWXUQ
SHULRGIRUHDFKOLPLWVWDWHDVIROORZV
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TrC  LS = TrD  LS ⋅ (ζ E /6 )

η



ZKHUHWKHSDUDPHWHU η FDQEHDSSUR[LPDWHGWR η =    DQGWKHVDIHW\IDFWRUVFDQEHFDO
FXODWHGIRUWKHGDPDJHOLPLWDWLRQOLPLWVWDWH '//6 DQGOLIHVDIHW\OLPLWVWDWH /6/6 DV

PGAc  LSLS

° ζ E  LSLS = PGA
d  LSLS
°
®
d max  DLLS
°ζ
E  DLLS =
°
Sde '//6 T 
¯



( )

ZKHUH PGAd /6/6 LVWKHSHDNJURXQGDFFHOHUDWLRQGHPDQGDQG PGAc /6/6 LVWKHSHDNJURXQG
DFFHOHUDWLRQFDSDFLW\WKDWLVWKHRQHDVVRFLDWHG ZLWKWKHHDUWKTXDNHLQGXFLQJ/6OLPLWVWDWH
7KHODWWHUFDQEHHYDOXDWHGIURPWKHUHVXOWVRIDSXVKRYHUDQDO\VLVLQWKHIUDPHZRUNRIWKH1
PHWKRG )DMIDU>@ ,Q(T S de '//6 T  LVWKHGLVSODFHPHQWGHPDQGDVVRFLDWHGZLWK

( )

HODVWLF'//6VSHFWUXPDQG d

max '//6

LVWKHWRSGLVSODFHPHQWDVVRFLDWHGZLWKWKHDFKLHYHPHQW

RIWKH'//6FRQGLWLRQ7KLVFDQEHDVVHVVHGE\HYDOXDWLQJWKHPD[LPXPLQWHUVWRU\GULIW)RU
LQVWDQFHWKHYDOXHRI d max '//6 FDQEHHQHYDOXDWHGDVWKHWRSGLVSODFHPHQWRIWKHVWUXFWXUHDW
ZKLFKWKHODUJHULQWHUVWRU\GULIWH[FHHGVDOLPLWGULIW δ i PD[ 
7KHFRUUHVSRQGLQJDQQXDOUDWHVRIIDLOXUHDUHWKHQREWDLQHGDV ȜLS = 1/TrC,LS$FFRUGLQJWR
[11]WKHDQQXDOUDWHVRIIDLOXUHIRUWKHRSHUDWLRQDODQGFROODSVHOLPLWVWDWHVDUHREWDLQHGDVD
IXQFWLRQRIWKRVHHYDOXDWHGIRU'/DQG/6OLPLWVWDWHVRWKDW

λOLS =  ⋅ λDLLS
®
¯ λCLS =  ⋅ λLSLS



7KHUHIRUH($/LVNQRZQRQFHREWDLQHGȜ'//6DQGȜ/6/6

2.2 Definition of the design vector
7KHIUDPHZRUNDLPVDWRSWLPL]LQJWKHLQWHUYHQWLRQFRVWRIWZRGLIIHUHQWUHWURILWWLQJV\VWHPV
)53ZUDSSLQJVRIFROXPQVDQGFRQFHQWULFVWHHOEUDFLQJV7KHGHFLVLRQYDULDEOHVWKDWHQFRGH
WKHSRVLWLRQDQGVL]LQJRIERWKUHWURILWDUHFROOHFWHGWRJHWKHULQWRDVRFDOOHGGHVLJQYHFWRU:LWK
UHIHUHQFHWR)LJWKHVHOHFWHGGHVLJQYDULDEOHVDUHWKHQXPEHURIEUDFHGIUDPHILHOGV nbr WKH
GLDPHWHURIEUDFHV φbr WKHQXPEHURIOD\HUVRI)53 nFRP DQGWKHSRVLWLRQRIWKHFROXPQV
UHWURILWWHGE\WKH)53'HVLJQYDULDEOHVDUHJDWKHUHGLQWKHGHVLJQYHFWRUbVRGHILQHG

b = ( nbr

φbr

nFRP

p) 
T



LQZKLFKWKHWHUPpLVDQDUUD\RIELQDU\QXPEHUVUHSUHVHQWLQJWKHSRVLWLRQRIWKH)53UHW
URILWWHGFROXPQVGHILQHGDV

p = ª¬… … cij …º¼

7



LQZKLFKWKHJHQHULFHOHPHQW cijLVD%RROHDQQXPEHUDVVXPLQJWKHYDOXHLIDFROXPQLV
UHWURILWWHGDQGLIQRW7KHVXEVFULSWiLQGLFDWHVWKHSRVLWLRQRIDFROXPQLQSODQDQGjWKHVWRUH\
7KHWHUP nFRPLQVWHDGLVDQDWXUDOYDOXHWKDWUHSUHVHQWVWKHQXPEHURIRYHUODSSLQJOD\HUVRI
)53RQHDFKFROXPQEHORQJLQJWRWKHLQWHUYDO
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n)53 ∈ ª¬ n)53PD[ º¼



ZKHUHnFRP,maxLVWKHPD[LPXPQXPEHURI)53OD\HUVDOORZHG

lf

Ŷ&ZW

lf

D



 E  
F
)LJXUH5HSUHVHQWDWLRQRIWKHGHVLJQYDULDEOHV D *HQHULF)53DQGEUDFLQJUHWURILWWLQJFRQILJXUDWLRQIRUD
5&IUDPHVWUXFWXUH E 8VXDOFLUFXODUVWHHOEUDFLQJVLQVWDOODWLRQZLWKJHQHULFGLDPHWHU EU  F 7\SLFDO)53
DUUDQJHPHQWIRUGXFWLOLW\UHDVRQVZLWKDJHQHULFQXPEHURIIDEULFOD\HUV Q)53 

7RSUHYHQWSUHPDWXUHFROODSVHRIFROXPQVWKDWDUHDGMRLQLQJWRWKHEUDFLQJV\VWHPVGXHWR
WKHDGGLWLRQDOVKHDUGHPDQGLWLVSURYLGHGWKDWWKH\DUHUHLQIRUFHGZLWKDWOHDVWRQHOD\HURI
)537RLQWURGXFHWKLVORFDOUHLQIRUFHPHQWLQWRWKHGHVLJQYHFWRU LIQRWDOUHDG\SUHVHQWLQWKH
UHWURILWWLQJFRQILJXUDWLRQ DKHXULVWLFUHSDLUWHFKQLTXHLVHPSOR\HG%\FRQWUROOLQJWKHSRVLWLRQ
RIWKHEUDFLQJVWKHDOJRULWKPDGMXVWVWKHYHFWRU p VRWKDWWKHFROXPQVDGMDFHQWWRWKHEUDFLQJV
DUHUHLQIRUFHGZLWK)53
7RUHGXFHWKHFRPSXWDWLRQDOHIIRUWWKHIROORZLQJVLPSOLI\LQJK\SRWKHVHVDUHLQWURGXFHGIRU
WKHUHWURILWWLQJV\VWHP
Ȍ )53IDEULFVKDYHIL[HGKHLJKW hf DQGWKLFNQHVV tf,1 
Ȍ &RQILQHPHQWRIFROXPQVLVUHDOLVHGE\DSSO\LQJWKH)53IRUDOHQJWK lf DWERWKWHUPLQDO
SDUWRIWKHFROXPQZKHUHWKHPD[LPXPGXFWLOLW\GHPDQGLVH[SHFWHG
Ȍ 7KHQXPEHURI)53OD\HUVLVFRQVWDQWIRUDOOWKHUHWURILWWHGFROXPQV
Ȍ %UDFLQJVDUHUHDOLVHGZLWKFLUFXODUFURVVVHFWLRQVWHHOHOHPHQWV7KHLUFKDUDFWHULVWLFVDUH
FRQVWDQWIRUHYHU\IUDPH

2.3 Definition of the objective function
7KHREMHFWLYHIXQFWLRQLVDLPHGDWWKHPLQLPL]DWLRQWKHUHWURILWWLQJLQWHUYHQWLRQFRQVLGHULQJ
WKHUHDOL]DWLRQRIWKHWZRUHWURILWWLQJV\VWHPVDV
F = CEU + C)53



ZKHUH CEU LVWKHFRVWUHODWHGWRWKHDUUDQJHPHQWRIEUDFLQJVDQG C)53 LVWKHRQHIRUWKHUHDOL]D
WLRQRIWKH)53ZUDSSLQJRIWKHFROXPQV%RWKWHUPVFRQVLGHUWKHPDWHULDODQGPDQSRZHUFRVWV
DQGWKHQHFHVVDU\ZRUNVIRUWKHGHPROLWLRQDQGUHVWRUDWLRQRIDGMRLQLQJSODVWHUDQGPDVRQU\
7KHILUVWRQHFDQEHHYDOXDWHGDV
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nbr

CEU = ¦ (WEUi ⋅ cEU ) + nEU ⋅ cEUP



i =

ZKHUH cEU LVWKHPDQSRZHUDQGPDWHULDOFRVWSHUXQLWZHLJKW HVWLPDWHGLQ cEU =  ¼NJ  cEUP
LVWKHIL[HGFRVWUHODWHGWRWKHGHPROLWLRQDQGUHFRQVWUXFWLRQRIPDVRQU\ ¼HYHU\EUDFHG
IUDPHILHOGV DQG WEUL LVWKHZHLJKWRIWKHEUDFLQJVLQWKHLWKIUDPHILHOGWKDWFDQEHHYDOXDWHG
DV


§φ ·
WEU =  ⋅ LEU ⋅ ¨ EU ¸ ⋅ π ⋅ γ s
©  ¹
 
LQ ZKLFK LEU LV WKH OHQJWK RI RQH EUDFLQJ DQG γ s LV WKH VSHFLILF ZHLJKW RI WKH VWHHO
 N1  P 
$VUHJDUGV)53UHWURILWWLQJWKHFRVWLVFRPSXWHGDVIROORZV C)53 LVFRPSXWHGDV
nF

C)53 = ¦ ( A)53L ⋅ c)53 ) + nc ⋅ c)53P

 

i =

ZKHUHnc LVWKHQXPEHURIUHWURILWWHGFROXPQVWDNLQJLQWRDFFRXQWDOVRWKHORFDOUHLQIRUFH
PHQWRIWKHFROXPQVDGMRLQLQJWKHVWHHOEUDFLQJVV\VWHPVDVSUHVHQWHGLQWKHSUHYLRXVVHFWLRQ
c)53 LVWKHXQLWFRVWRIWKH)53 HVWLPDWHGLQ c)53 =  ¼P  c)53P LVWKHFRVWSHUFROXPQIRU
WKHGHPROLWLRQDQGUHFRQVWUXFWLRQRIDGMDFHQWPDVRQULHVDQGSODVWHUVDQG A)53 LVWKHDUHDRIWKH
)53IDEULFXVHGWRUHWURILWWKHJHQHULFFROXPQ7KHODWWHUFDQEHFRPSXWHGVWDUWLQJIURPWKH
JHRPHWULFGLPHQVLRQVRIHDFKFROXPQFURVVVHFWLRQ b DQG h VXSSRVLQJWKDWWKHHGJHVRIWKH
FROXPQVDUHURXQGHGZLWKD rc UDGLXVDQGWKHIDEULFVDUHDSSOLHGIRUDOHQJWK l f DWERWKHQGRI
WKHFROXPQV
A)53 = ª¬  ⋅ ( b + h ) − (  − π ) ⋅ rc º¼ ⋅ l f

 

$VSUHVHQWHGLQWKHSUHYLRXVVHFWLRQWKH($/DVVHVVPHQWLVUXOHGRQO\E\WKHHYDOXDWLRQRI
Ȝ'//6DQGȜ/6/6WKXVWKHIHDVLELOLW\RIHDFKVROXWLRQLVUHVWUDLQHGE\WKHVLPXOWDQHRXVYHULILFD
WLRQWKDW

λt

'//6

≤ λccb'//6

λt

/6/6

≤ λccb/6/6

 

ZKLFKLPSOLHV

EAL ≤ EALcc

 

$ QRQSHQDOW\ DSSURDFK LV GHYHORSHG WR WDNH LQWR DFFRXQW WKH IHDVLELOLW\ RU QRW  RI HDFK
WHQWDWLYHVROXWLRQDVH[SODLQHGLQWKHIROORZLQJVHFWLRQ

2.4 Optimization algorithm subroutines
7KHVHDUFKIRUWKHRSWLPDOVROXWLRQWKURXJKWKHXVHRI*$DOJRULWKPVSURFHHGVJHQHUDWLQJD
ILUVW SRSXODWLRQ E\ UDQGRPO\ FUHDWLQJ D VHULHV RI LQGLYLGXDOV HQFRGHG E\ GHVLJQ YHFWRUV DV
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SUHVHQWHGLQWKHSUHYLRXVVHFWLRQ$QDO\VLQJHDFKRIWKHSRSXODWLRQ VWHQWDWLYHVROXWLRQVWKH
YDOXHRIILWQHVVDQGWKHQXPEHURIYLRODWHGFRQVWUDLQWVLVHVWLPDWHG
7ZRGLIIHUHQWJHQHWLFRSHUDWRUVDUHHPSOR\HGWRLPSURYHWKHJHQHVRIWKHLQGLYLGXDOVDWWKH
HQGRIHDFKJHQHUDWLRQWKHFURVVRYHUZKLFKPL[HVWKHJHQRPHVRIWKHEHVWLQGLYLGXDOVDQGWKH
PXWDWLRQSUHYHQWLQJORFDORSWLPDVWXFNE\LQWURGXFLQJUDQGRPVOLJKWFKDQJHV7KHIUDPHZRUN
SURFHHGVXQWLORQHRIWKHVWRSSLQJFULWHULDLVDFKLHYHG)RUWKHFXUUHQWFDVHVRQO\WZRVWRSSLQJ
FULWHULDRQPD[LPXPQXPEHURIJHQHUDWLRQVDQGVWDOODUHLPSRVHG,QWKHHQVXLQJ)LJXUHD
VFKHPDWLFIORZFKDUWRIWKHVXEURXWLQHVLVGHSLFWHG
Generation of new population

Mutation
Initial random
population

Parent
selection

Survival
selection
Crossover

)LJXUH6FKHPDWLFIORZFKDUWRIWKHJHQHWLFDOJRULWKPSURFHVV

2.4.1. Parent selection
3DUHQWVHOHFWLRQLVWKHVXEURXWLQHHQWUXVWHGZLWKVHOHFWLQJLQGLYLGXDOVWKDWKDYHWREHKDQGOHG
E\RWKHUJHQHWLFRSHUDWRUV PXWDWLRQDQGFURVVRYHU )RUWKHFXUUHQWDSSOLFDWLRQUDQGRPWRXU
QDPHQWVHOHFWLRQLVHPSOR\HG,WLVEDVHGRQDGLUHFWFRPSDULVRQRILQGLYLGXDO¶VSHUIRUPDQFH
:LWKLQ WKH LQGLYLGXDOV RI WKH JHQHUDWLRQ k LQGLYLGXDOV DUH UDQGRPO\ VHOHFWHG ZKHUH k LV
FDOOHG tournament size  DPRQJ WKHP WKH EHVW LQGLYLGXDO LV FKRVHQ DV SDUHQW IRU WKH HQVXLQJ
PDWLQJSURFHVV7KHFRPSDULVRQLVFDUULHGRXWILUVWO\E\FKHFNLQJWKHQXPEHURIYLRODWHGFRQ
VWUDLQWVDQGWKHQZLWKUHVSHFWWRWKHILWQHVVYDOXH,QWKLVZD\LQGLYLGXDOVZLWKWKHORZHVWQXP
EHURIFRQVWUDLQWVYLRODWHGDUHSUHIHUUHG,IWKHLQGLYLGXDOVKDYHWKHVDPHQXPEHURIFRQVWUDLQW
YLRODWLRQVWKHLQGLYLGXDOZLWKWKHEHVWILWQHVVLVFKRVHQ

2.4.2. Crossover and mutation
&URVVRYHUDQGPXWDWLRQRSHUDWRUVDUHHPSOR\HGWRLPSURYHWKHFKURPRVRPHVDWHDFKJHQ
HUDWLRQ:KLOHWKHIRUPHUZRUNVE\PL[LQJFKURPRVRPHVVHOHFWHGE\WKHSDUHQWVHOHFWLRQWKH
ODWWHULVWKHJHQHWLFRSHUDWRUZKRLVPDLQO\HQWUXVWHGZLWKLQWURGXFLQJWKHUDQGRPFRPSRQHQW
LQFUHDWLQJRIIVSULQJ
$VLQJOHSRLQWPXWDWLRQIXQFWLRQLVHPSOR\HGLQWKHSURSRVHG*$IUDPHZRUN,WZRUNVE\
VHOHFWLQJRQHUDQGRPSRVLWLRQDORQJWKHGHVLJQYHFWRUDQGFKDQJLQJWKHYDOXHRIWKDWGHVLJQ
YDULDEOH)RU%RROHDQYDULDEOHVLQFOXGHGLQWKH p VXEYHFWRU (T WKHPXWDWLRQRIDJHQHLV
VLPSO\DVZLWFKIURPWRRUYLFHYHUVD,QFDVHWKHPXWDWLRQKD
VWREHDFKLHYHGRQWKHGLVFUHWHYDOXHVRIWKHGHVLJQYHFWRUDQHZUDQGRPQXPEHUDPRQJ
WKHSRVVLEOHRQHVLVFKRVHQ
)RUWKHFURVVRYHUVXEURXWLQHDQHZVSHFLILFSURFHGXUHKDVEHHQGHILQHGWRFRUUHFWO\KDQGOH
KHWHURJHQHRXVJHQRPHVVXFKDVWKRVHRIWKHSURSRVHGIUDPHZRUN)RUWKHELQDU\VWULQJ p D
VLQJOHSRLQWFURVVRYHULVHPSOR\HG )LJ 7KHRSHUDWLQJSULQFLSOHSURYLGHVWKHUDQGRPVHOHF
WLRQRIDORFXVDORQJWKHVWULQJFDOOHGFURVVRYHUSRLQW7KHFKLOGLQGLYLGXDOLVFRQVWUXFWHGE\
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SLFNLQJIURPWKHEHJLQQLQJRIWKHFKURPRVRPHWRWKHFURVVRYHUSRLQWIURPRQHSDUHQWWKHUHVW
LVFRSLHGIURPWKHVHFRQGRQH
7KHFURVVRYHURIWKHQDWXUDOGHFLVLRQYDULDEOHVLVFRQGXFWHGE\UDQGRPO\FKRRVLQJDQHZ
YDOXHDPRQJWKHFRUUHVSRQGLQJYDOXHVRIWKHSDUHQWV7KLVQHZFURVVRYHUIXQFWLRQZKLFKFDQ
EHFDOOHG random intermediate value crossoverLVLPSOHPHQWHGWRVPRRWKO\PL[WKHSDUHQWV
FKURPRVRPHV$QH[DPSOHRIWKHSURSRVHGFURVVRYHUSURFHGXUHLVGHSLFWHGLQ)LJ
/ŶƚĞƌŵĞĚŝĂƚĞǀĂůƵĞĐƌŽƐƐŽǀĞƌ

^ŝŶŐůĞͲƉŽŝŶƚĐƌŽƐƐŽǀĞƌ
ƌŽƐƐŽǀĞƌƉŽŝŶƚ
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)LJXUH ([DPSOHRIWKHSURSRVHGFURVVRYHUSURFHGXUH

2.4.3. Survival selection

7KHVHOHFWLRQRIWKHEHVWLQGLYLGXDOVDWWKHHQGRIHDFKJHQHUDWLRQLVDIXQGDPHQWDOVWHSIRU
RSWLPL]DWLRQSURFHVVVXFFHVV7KHIXQFWLRQHQWUXVWHGZLWKWKLVWDVNKDVWRUHMHFWWKHLQGLYLGXDOV
ZLWK ORZ ILWQHVV WR DOORZ WKH EHVW LQGLYLGXDOV WR VSUHDG WKHLU JHQRPH 0RUHRYHU DV GHILQHG
LQ(TWKHILWQHVVHYDOXDWLRQGRHVQRWFRQVLGHUWKHIHDVLELOLW\RIWHQWDWLYHVROXWLRQVKHQFHWKH
VHOHFWLRQIXQFWLRQLVUHVSRQVLEOHIRUPDQDJLQJWKHWZRFRQVWUDLQWV (T 
$QHZVXUYLYDOVHOHFWLRQIXQFWLRQLVGHYHORSHGWRKDQGOHERWKLQGLYLGXDO VILWQHVVDQGIHDVL
ELOLW\FRQVWUDLQWVHIILFDFLRXVO\7KHRSHUDWLQJSULQFLSOHSURYLGHVDGRXEOHVRUWLQJSURFHVVILUVW
RUGHULQJWKHLQGLYLGXDOVZLWKUHVSHFWWRWKHQXPEHURIYLRODWHGFRQVWUDLQWVDQGWKHQDPRQJWKH
LQGLYLGXDOVZLWKWKHVDPHQXPEHURIFRQVWUDLQWYLRODWLRQIRUWKHILWQHVVYDOXH
(YHQWXDOO\RQO\WKHEHVWLQGLYLGXDOVDUHWDNHQIRUWKHQH[WJHQHUDWLRQ7KLVQHZIXQFWLRQ
WKDWFDQEHFDOOHGsorting and truncation selectionÜKDVSURYHGDYDOLGRSHUDWRUWRPDQDJHFRQ
VWUDLQHGRSWLPL]DWLRQSUREOHPVZLWKRXWUHTXLULQJSHQDOW\DSSURDFKHV

͵

REFERENCE STRUCTURAL MODEL

7KHSURSRVHGIUDPHZRUNLVLQWHUIDFHGZLWKD)(VRIWZDUHWRH[HFXWHVWUXFWXUDODQDO\VLV)RU
WKHFXUUHQWDSSOLFDWLRQWKH OpenSees VRIWZDUHSODWIRUP0RGHOOLQJDVVXPSWLRQVDUHGHVFULEHG
LQGHWDLOLQWKLVVHFWLRQ
3.1 Modelling of reinforced concrete elements with and without FRP and of steel braces

)UDPHHOHPHQWVDUHPRGHOOHGDGRSWLQJGLVWULEXWHGSODVWLFLW\IRUFHEDVHGHOHPHQWVZLWKILYH
*DXVV/REDWWRLQWHJUDWLRQSRLQWVSUHVHQWLQ2SHQ6HHV )LJ 
&RQFUHWHHOHPHQWVDUHPRGHOOHGXVLQJD Concrete01XQLD[LDOPDWHULDOPRGHOIRUWKHFURVV
VHFWLRQILEHUV,QRUGHUWRVLPXODWHWKHFUXVKLQJRIWKHFURVVVHFWLRQILEHUV&RQFUHWHPDWHULDO
LVFRPELQHGZLWKMinMaxPDWHULDOZKLFKUHPRYHVWKHFRQWULEXWLRQRIDILEHUZKHQDVSHFLILHG
VWUDLQWKUHVKROGLVDFKLHYHG6WHHOUHEDUV DUHPRGHOOHGXVLQJWKH Steel02*LXIIUq0HQHJRWWR
3LQWRPDWHULDOPRGHO HODVWRSODVWLFZLWKOLQHDUVWUDLQKDUGHQLQJ 
7KHFRQILQHGFRQFUHWHPRGHODGRSWHGIRU5&HOHPHQWVZLWKDQGZLWKRXWUHWURILWWLQJLVWKH
VWDQGDUG FRQILQHG SDUDERODUHFWDQJOH $FFRUGLQJ WR WKH ,WDOLDQ 7HFKQLFDO &RGH >@ DQG
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(XURFRGH>@ WKLVPRGHOFDQEHDGRSWHGIRUFRQFUHWHHOHPHQWVFRQILQHGE\VWLUUXSVRQO\RU
VWLUUXSVDQG)53ZUDSSLQJ

)LJXUH 'HILQLWLRQRIWKHILEHUVHFWLRQHOHPHQWVLQ2SHQ6HHVFRQFUHWHHOHPHQWVZLWKDQGZLWKRXW)53ZUDS
SLQJDQGVWHHOEUDFLQJV

)RUWKHVDNHRIEUHYLW\WKHIRUPXODWLRQRIWKHPRGHOLVKHUHEULHIO\UHFDOOHGRQO\IRUWKH5&
HOHPHQWVZUDSSHGE\)53,QGHWDLOWKHFRQILQHGSHDNVWUHVVLVREWDLQHGDV
§
§ f
f FFG = f FG ⋅ ¨ +  ⋅ ¨ OHII
¨
© f FG
©

··
¸ ¸¸
¹¹

 

ZKHUH f cd LV WKH SHDN VWUHVV RI WKH FRQFUHWH FRQILQHG E\ VWLUUXSV DQG f l HII LV WKH HIIHFWLYH
ODWHUDOFRQILQHPHQWSUHVVXUHWKDWFDQEHHYDOXDWHGDV
f l HII = kHII ⋅ f l

 

ZKHUH f l LVWKHFRQILQHPHQWSUHVVXUHH[HUWHGE\WKH)53WKDWFDQEHFDOFXODWHGDV
fl =


⋅ ρ f ⋅ E f ⋅ ε fd UHG


 

LQZKLFK E f LVWKHHODVWLFPRGXOXVRIWKH)53 DORQJWKHILEHUGLUHFWLRQ  ε fd UHG LVWKHUH
GXFHG)53SHDNVWUDLQWKDWLQFDVHRIGXFWLOLW\HYDOXDWLRQVFDQEHREWDLQHGDV

ε IGUHG = ηa ⋅

ε fk
≤  ⋅ ε fk
γI

 

ZKHUH ε fk LVWKHGHVLJQUXSWXUHVWUDLQRI)53UHLQIRUFHPHQW ηa LVWKHHQYLURQPHQWDOUHGXF
WLRQIDFWRUDQG γ I LVWKHSDUWLDOIDFWRURI)53PDWHULDOV,Q(T ρ f LVWKHJHRPHWULFUHLQ
IRUFHPHQW SHUFHQWDJH WKDW LQ FDVH RI UHFWDQJXODU FURVVVHFWLRQ DQG FRQWLQXRXV FRQILQHPHQW
)53LVQRWDSSOLHGLQVWULSV FDQEHFDOFXODWHGDV
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ρf =

 ⋅ t f ⋅ (b + h )

 

(b + h)

ZKHUH b DQG h DUHWKHFURVVVHFWLRQGLPHQVLRQVDQG t f LVWKHWKLFNQHVVRI)53ZUDSSLQJ
7KHODWWHULVFDOFXODWHGDVWKHQXPEHURIOD\HUV n)53 HQFRGHGLQWRWKHGHVLJQYHFWRU (T 
WKDWPXOWLSOHWKHWKLFNQHVVRIWKH)53IDEULF t f = n)53 ⋅ t f  

D

E

)LJXUH&RQILJXUDWLRQRIWKHFURVVVHFWLRQRIFROXPQVUHWURILWWHGE\)53ZUDSSLQJ D HIIHFWLYHO\FRQILQHG
DUHDE\VWLUUXSVDQG)53 E JHRPHWULFGLPHQVLRQV

,Q(TWKHFRHIILFLHQW keff UHSUHVHQWVWKHFRQILQLQJHIILFLHQF\WKDWFDQEHFDOFXODWHGDVWKH
SURGXFWRIWKUHHGLIIHUHQWIDFWRUV
kHII = kv ⋅ kα ⋅ kh

 

ZKHUH kv LVWKHYHUWLFDOFRQILQLQJHIILFLHQF\ kα LVUHODWHGWRWKHIDEULFWLOWDQG kh LVWKH
FRHIILFLHQWWKDWUHSUHVHQWWKHFRQILQLQJHIIHFWRQWKHFURVVVHFWLRQ7KH\FDQEHFDOFXODWHGLQ
DFFRUGDQFHZLWK(XURFRGH>@IRUDUHFWDQJXODUFURVVVHFWLRQDV


§
·
p′ f
( b − rc ) + ( h − rc )

 kα =


kv = ¨  −
k
=
−
¸
h

¨  ⋅ min {b h} ¸
⋅b ⋅ h
 + ( WDQ α f )
©
¹




 

,QWKHSUHYLRXVHTXDWLRQV p′ f LVWKHGLVWDQFHEHWZHHQ)53VWULSV α f LVWKHWLOWDQJOHZLWK
UHVSHFWWKHKRUL]RQWDOD[LV rc LVWKHUDGLXVRIWKHURXQGHGFRUQHU
7KHFRQILQHGSHDNVWUDLQ ε FF DQGWKHFRQILQHGXOWLPDWHVWUDLQ ε FFX FDQEHHYDOXDWHGDV


§ f ·
ε FF = ε F ⋅ ¨ FFG ¸  ε FFX =  +  ⋅
© f FG ¹

f OHII
f FG

 

ZKHUH ε F LVWKHSHDNVWUDLQRIWKHFRQFUHWHFRQILQHGE\WKHVWLUUXSV7KH)53UHLQIRUFHPHQW
LVVXSSRVHGWREHDSSOLHGDWERWKHQGRIWKHFROXPQVIRUDOHQJWK l f  )LJD 7KLVDUUDQJHPHQW
LVDLPHGDWFRQFHQWUDWLQJWKHFRQILQHPHQWHIIHFWRIUHWURILWWLQJV\VWHPLQWKHSRUWLRQRIHOHPHQW
ZKHUHWKHPDMRUGXFWLOLW\LVUHTXLUHG
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7KH HIIHFW RI )53 UHWURILWWLQJ LV LQWURGXFHG LQWR UHLQIRUFHG FRQFUHWH HOHPHQWV E\ VLPSO\
PRGLI\LQJWKHFRQVWLWXWLYHPRGHORIFRQFUHWHILEHUV)RUVDNHRIVLPSOLFLW\JLYHQWKDWWKHFRQ
ILQLQJHIIHFWH[HUWHGE\WKH)53ZUDSSLQJLVSUHYDLOLQJWKHPRGHOFRQVLGHUVRQO\RQHVLQJOH
FRQFUHWHFRQVWLWXWLYHODZIRUWKHZKROHVHFWLRQ
0RUHRYHULWLVDVVXPHGWKDWWKHHIIHFWRIFRQILQHPHQWLVH[WHQGHGWRWKHHQWLUHFURVVVHFWLRQ
ERWKIRUWKHFDVHVRIFROXPQVZLWKDQGZLWKRXWVWHHOMDFNHWLQJUHLQIRUFHPHQW6DPSOHVRIWKH
UHVXOWLQJVWUHVV±VWUDLQUHVSRQVHLQFRPSUHVVLRQIRUDUHIHUHQFHFROXPQFURVVVHFWLRQILEHUDUH
UHSRUWHGLQ)LJEFRQVLGHULQJGLIIHUHQW)53OD\HUV
)53
ZUDSSLQJ

 E
 D 
)LJXUH'HWDLOVRI)53UHLQIRUFHPHQWRIFRQFUHWHHOHPHQWV D 7\SLFDO)53DUUDQJHPHQWIRUDFROXPQZLWK
JHQHULFFRQILQHGKHLJKW OD  E 6DPSOHVRIFRQILQHGFRQFUHWHVWUHVV±VWUDLQUHVSRQVHVE\YDU\LQJWKHQXPEHURI
)53OD\HUV

3.2 Modelling of steel braces
6WHHOEUDFLQJVDUHPRGHOOHGXVLQJWUXVVHOHPHQWVDYDLODEOHLQ2SHQ6HHV7KHVWHHOLVPRG
HOOHGDGRSWLQJSteel02HODVWLFSODVWLFZLWKLVRWURSLFVWUDLQKDUGHQLQJ *LXIIUq0HQHJRWWR3LQWR
PDWHULDOPRGHO 7KHPRGHOSURYLGHVHODVWLFOLQHDUEHKDYLRXUDQGVWUDLQKDUGHQLQJGHILQHGE\
WKH\LHOGLQJVWUHVVDQGVWUDLQ UHVSHFWLYHO\ f yb DQG ε yb VWUDLQKDUGHQLQJIDFWRU k DQGXOWL
PDWHVWUDLQ ε ub 6WHHOHOHPHQWVDUHDVVXPHGWRKDYHDFLUFXODUFURVVVHFWLRQZKRVHGLDPHWHU
LVGHILQHGE\WKHGHFLVLRQYDULDEOH φbr 

)LJXUH7\SLFDODUUDQJHPHQWRIWKHFRQFHQWULFVWHHOEUDFLQJV

*LYHQWKDWWKHFRQVWLWXWLYHODZXVHGSURYLGHVVWUDLQKDUGHQLQJVRLQRUGHUWROLPLWWKHVWUDLQ
YDOXHRIHOHPHQWVSteel02LVFRPELQHGZLWKMinMaxPDWHULDO7KHEUDFLQJVHOHPHQWVDUHPRG
HOHGXVLQJWKH2SHQ6HHVtrussSectionFRPPDQG,Q)LJXUHWKHW\SLFDODUUDQJHPHQWRIEUDFLQJ
LVUHSRUWHGWRJHWKHUZLWKWKHUHSUHVHQWDWLRQRIWKHFRQVWLWXWLYHODZRIWKHPDWHULDO
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Ͷ

CASE-STUDY TEST OF THE OPTIMIZATION FRAMEWORK
4.1 Details of the reference structural and performance of the as-built structure

7KHHIIHFWLYHQHVVRIWKHSURSRVHGIUDPHZRUNLVWHVWHGE\SHUIRUPLQJWKHUHWURILWWLQJRSWLPL
]DWLRQIRUD5&VWUXFWXUHKDYLQJVWUXFWXUDOFRQILJXUDWLRQW\SLFDORIEXLOGLQJVGHVLJQHGSULRUWR
WKHHQWU\LQWRIRUFHRIVHLVPLFJXLGHOLQHV,QGHWDLOWKHEXLOGLQJFRQVLVWVRIDILYHVWRUH\UHLQ
IRUFHGFRQFUHWHIUDPHVVWUXFWXUHSUHVHQWLQJXQLGLUHFWLRQDOIUDPHV )LJ 5HLQIRUFHPHQWGH
WDLOVRIEHDPVDQGFROXPQVDUHUHSRUWHGLQ7DEOH
RC members

b
PP 

h
PP

Longitudinal
reinforcement

Transverse
reinforcement

%HDPV







PP

&ROXPQV







PP

7DEOH*HRPHWULFDOGLPHQVLRQVDQGUHLQIRUFHPHQWGHWDLOVRI5&HOHPHQWV

5HLQIRUFHGFRQFUHWHHOHPHQWVDUHDVVXPHGWREHPDGHRISRRUUHVLVWDQFHFRQFUHWHKDYLQJ
DYHUDJH XQFRQILQHG VWUHQJWK IF   03D DQG VWHHO UHEDUV ZLWK QRPLQDO DYHUDJH \LHOGLQJ
VWUHQJWKI\ 03DDQGVWUDLQKDUGHQLQJUDWLRLVDVVXPHGHTXDOWRȘ 
$VUHJDUGVVHLVPLFKD]DUGVWKHEXLOGLQJLVVXSSRVHGWREHORFDWHGLQ&RVHQ]D ,WDO\ VRLO
W\SH&WKHQRPLQDOOLIH 91 LV\HDUV7KHUHVXOWLQJUHWXUQSHULRGLV75 \HDUV7KH
VWUXFWXUHKDVGRXEOHV\PPHWU\LQSODQDQGLWLVUHJXODULQHOHYDWLRQ9HUWLFDOORDGVDUHPRGHOOHG
DVSRLQWORDGVDSSOLHGWRWKHWRSQRGHRIHDFKFROXPQDVIXQFWLRQRIWKHUHVSHFWLYHWULEXWDU\
DUHDVLQSODQ5LJLGGLDSKUDJPEHKDYLRXULVLPSRVHGDWHYHU\IORRU
7KHPD[LPXPLQWHUVWRU\GULIWUDWLRDWZKLFKWKH'//6FRQGLWLRQLVDFKLHYHGLVVHWWRįLPD[
,QWHUVWRU\GULIWVDUHPRQLWRUHGDWHDFKVWHSRISXVKRYHUDQDO\VLVVRWKDWWKHGDPDJH
OLPLWDWLRQOLPLWVWDWHLVDVVRFLDWHGZLWKWRSGLVSODFHPHQWRIWKHVWUXFWXUHZKLFKFRUUHVSRQGVWR
WKHILUVWH[FHHGLQJRIįLPD[

D






E
)LJXUH*HRPHWULFDOGLPHQVLRQRIWKHUHIHUHQFHVWUXFWXUDOPRGHO D 'IUDPHYLHZ E LQSODQHGLPHQVLRQV

$SUHOLPLQDU\DVVHVVPHQWRIWKHDVEXLOWVWUXFWXUHKDVEHHQFDUULHGRXWWRWHVWLWVSHUIRUPDQFH
DJDLQVWWKHUHIHUHQFHHDUWKTXDNHORDGV)RUWKHVDNHRIVLPSOLFLW\SXVKRYHUDQDO\VLVLVFDUULHG
RXWE\FRQVLGHULQJRQO\DXQLIRUPSURILOHIRUODWHUDOORDGVDFWLQJDORQJWKH]GLUHFWLRQRIWKH
VWUXFWXUHZKLFKLVVXSSRVHGEHLQJWKHPRVWYXOQHUDEOHWRVHLVPLFDFWLRQV$VFDQEHVHHQIURP
)LJGHSLFWLQJWKHSXVKRYHUFXUYHLQWKH$'56SODQHWRJHWKHUZLWKDQG($/FXUYHFRP
SDUHGWRWKHRQHDVVRFLDWHGWRFRGHFRPSOLDQWEXLOGLQJWKHVWUXFWXUHVKRZVERWKUHGXFHGGXF
WLOLW\DQGSURSHQVLRQWREHYXOQHUDEOHDJDLQVWGDPDJHOLPLWVWDWHV
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ζ E '//6

ζ E /6/6

λ'//6

λ/6/6

($/











7DEOH*$DQDO\VLVSDUDPHWHUVVHWXSIRUWKHFDVHVWXG\

5HVXOWVDUHDOVRVKRZQLQWKH7DEOHVKRZLQJWKHDVEXLOWFRQILJXUDWLRQVDIHW\IDFWRUVUH
ODWHGWR'//6DQG/6/6VPDOOHUWKDQXQLW\ ζ E '//6 =  DQG ζ E '//6 =  7KLVOHDGVWRD
($/YDOXHWKDWLVHTXDOWR6HLVPLFUHWURILWWLQJLQWHUYHQWLRQVDUHWKHUHIRUHQHHGHG

>^>^ƐƉĞĐƚƌƵŵ



ŽŶƐƚĂŶƚĚƵĐƚŝůŝƚǇ
>^>^ƐƉĞĐƚƌƵŵ
>>^ƐƉĞĐƚƌƵŵ
^K&ĐĂƉĂĐŝƚǇĐƵƌǀĞ




ŝůŝŶĞĂƌĐƵƌǀĞ
>^>^WĞƌĨ͘ƉŽŝŶƚ
>>^ůŝŵŝƚƐƚĂƚĞ











     
6GH >PP@

D
E
)LJXUH$VEXLOWSUHOLPLQDU\WHVW D SXVKRYHUFXUYHLQ$'56SODQH E ($/FXUYHFRPSDUHGZLWKWKH
FXUYHUHODWHGWRFRGHFRPSOLDQWEXLOGLQJ

4.2 Retrofitting system and hypotheses on the design space
7KHUHWURILWWLQJV\VWHPLVFRPSRVHGRI)53ZUDSSLQJRIFROXPQVDQGFRQFHQWULFVWHHOEUDF
LQJV,QRUGHUWRUHGXFHWKHFRPSXWDWLRQDOHIIRUWRIWKHDQDO\VLVWKHIROORZLQJUHVWULFWLRQVDUH
DSSOLHG6LQFHWKHVWUXFWXUHKDVDGRXEOHV\PPHWU\LQSODQHWKHEUDFLQJVDUHGHILQHGV\PPHW
ULFDOO\RQWKHWZRH[WHUQDOWUDQVYHUVDOIUDPHV,QWKLVZD\WKHQEULVWKHQXPEHURIIORRUVZKHUH
WKHEUDFLQJV\VWHPVDUHGHILQHGVWDUWLQJIURPWKHJURXQGIORRUDQGEULVWKHGLDPHWHURIWKH
EUDFLQJVRWKDW

°nEU ∈ ª¬ nIORRUPD[ º¼
®
°̄φEU ∈ [φPLQ  φPD[ ]

 

ZKHUH nIORRUPD[ LVWKHPD[LPXPQXPEHURIIORRUVRIWKHVWUXFWXUHWREHSRWHQWLDOO\UHWURILWWHG
IRUWKHFXUUHQWFDVH nIORRUPD[ =  PLQDQGPD[DUHWKHPLQLPXPDQGPD[LPXPEUDFLQJGL
DPHWHUVDOORZHGUHVSHFWLYHO\
7KH)53VKHHWVDKDYHDWKLFNQHVVRI t f  =  mm SHUOD\HUHODVWLFPRGXOXVEf 
*3DXOWLPDWHVWUHVVUHIHUUHGWRQHWDUHDRIWKHILEHUVIILEN 03DDQGXOWLPDWHVWUDLQİILE
)RUWKHLPSOHPHQWDWLRQRI)53ZUDSSLQJLWLVDVVXPHGWKDWDURXQGLQJRIWKHFROXPQ
HGJHVZLWKDUDGLXVHTXDOWR rc =  PP LVFDUULHGRXW7KHEUDFLQJVDUHVXSSRVHGWREHPDGH
RI6VWUXFWXUDOVWHHOZLWK f yb = 03D DQGHODVWLFPRGXOXV EVE =  *3D 
7RGHFUHDVHWKHGHVLJQVSDFHGLPHQVLRQWKHDQDO\VLVKDVEHHQFRQVWUDLQHGWRDOLPLWHGQXP
EHURIFROXPQVIRUWKHFRQILQHPHQWV\VWHPVDQGWRDUHVWULFWHGQXPEHURIIUDPHVIRUWKHEUDF
LQJV7KHIROORZLQJK\SRWKHVHVDUHEHLQJSODFHG
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Ȍ 7KHRSWLPL]DWLRQVSDFHIRUUHWURILWWHGFROXPQVE\)53MDFNHWLQJLVOLPLWHGWRWKHILUVW
WZRIORRUV UHGDUHD)LJ 
Ȍ 7KHPD[LPXPQXPEHURI)53OD\HUVLV
Ȍ 7KHGHVLJQVSDFHIRUWKHEUDFLQJVLVUHVWULFWHGWRWKHFHQWUDOWUDQVYHUVDOIUDPHV EOXHDUHD
)LJ 
Ȍ %UDFLQJGLDPHWHUUDQJHRIRSWLPL]DWLRQLVPPDQGLWYDU\ZLWKDPLQLPXPVWHS
VL]HΔEURIPP
7KHUHVXOWLQJVL]HRIWKHGHVLJQVSDFHLVWKHQRILQWHJHUVWKDWHQFRGHWKHQXPEHURIIORRUV
ZKHUH WKH EUDFLQJV DUH GHILQHG nEU   GLVFUHWH QDWXUDO YDULDEOHV IRU WKH EUDFLQJV GLDPHWHU
EU QDWXUDOVHQFRGLQJWKHQXPEHURI)53OD\HUV n)53 DQG%RROHDQYDULDEOHVIRUWKH
)53SRVLWLRQ p 7KHUHIRUHWKHUHVHDUFKVSDFHFRQVLVWVRI  × GLIIHUHQWVROXWLRQV
'HVLJQ
VSDFH
IRU EUDFLQJV

'HVLJQ
VSDFH
IRU)53

z
x
)LJXUH'HVLJQVSDFHUHSUHVHQWDWLRQRQWKHFDVHVWXG\VWUXFWXUH

4.3 Optimization results
7KH DQDO\VLV ZDV FDUULHG RXW VWDUWLQJ IURP D ILUVW JHQHUDWLRQ RI  UDQGRPO\ JHQHUDWHG
,QGLYLGXDOV7KHDOJRULWKPSURFHHGVE\FUHDWLQJQHZFKLOGHYHU\JHQHUDWLRQVHOHFWLQJWKH
SDUHQWVIURPDWRXUQDPHQWVHOHFWLRQRQWKUHHUDQGRPO\VHOHFWHGSDUHQWV,QWKHIROORZLQJ7DEOH
DVXPPDU\RIWKH*$IUDPHZRUNSDUDPHWHUVHWWLQJVLVUHSRUWHG
*HQHUDWLRQ
GLPHQVLRQ


1XPEHURIRII
VSULQJ


7RXUQDPHQW
VL]Hk


0D[
JHQHUDWLRQV


0D[VWDOO


7DEOH *$DQDO\VLVSDUDPHWHUVVHWXSIRUWKHFDVHVWXG\

7KH FRQYHUJHQFH KLVWRU\ RI WKH RSWLPL]DWLRQ LV DOVR VKRZQ LQ )LJ  ZKHUH WKH RSWLPDO
VROXWLRQLVIRXQGLQFRUUHVSRQGHQFHRIWKHHLJKWHHQWKJHQHUDWLRQZLWKDVWDJQDWLRQHTXDOWRWZR
$VVKRZQLQWKHFRQYHUJHQFH)LJDWKHSURSHUGHILQLWLRQRIWKHJHQHWLFRSHUDWRUVDOORZVD
JUDGXDOWUDQVLWLRQEHWZHHQWKHH[SORUDWLRQDQGH[SORLWDWLRQSKDVHV
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*HQHUDWLRQV

 E 

)LJXUH*$DQDO\VLVSHUIRUPDQFHUHVXOWV D &RQYHUJHQFHKLVWRU\ E 3URJUHVVLYHRSWLPDOUHVXOWVVWDOO

7KHRSWLPDOVROXWLRQREWDLQHGLVUHSUHVHQWHGLQ)LJ,WFDQEHREVHUYHGWKDWWKHODWWHULV
FKDUDFWHUL]HGE\RQO\VWHHOEUDFLQJUHWURILWWLQJRQWKHH[WHUQDOIUDPHVIRUWKHILUVWWZRIORRUV
ZKLOHQRVSHFLILF)53LQWHUYHQWLRQVZHUHUHTXLUHGH[FHSWIURPORFDOUHLQIRUFHPHQWRIEUDFHG
IUDPH FROXPQV 7KH RSWLPDO FRQILJXUDWLRQ EUDFLQJV KDG D GLDPHWHU EU   PP ZKLFK LV
HTXLYDOHQWWRDFURVVVHFWLRQDUHDRI AEU =  FP  7KHRYHUDOOFRVWRIWKLVLQWHUYHQWLRQZDV
¼
%UDFLQJVZHUHEDVLFDOO\LQWURGXFHGWRUHGXFHODWHUDOGHIRUPDELOLW\RIWKHIUDPHVHVSHFLDOO\
LQDORQJz GLUHFWLRQDQGSUHYHQW'//6+RZHYHUEUDFLQJVDOVRSURYLGHDGGLWLRQDOVWUHQJWKDQG
GHIRUPDWLRQFDSDFLW\VRWKHLUFRQWULEXWLRQLVDOVRUHIOHFWHGRQWKH/6/67KLVGRXEOHHIIHFW
FRPELQHGZLWKWKHRYHUDOOORZHUFRVWRIEUDFLQJVZLWKUHVSHFWWR)53ZUDSSLQJKDVOHGWKH
DOJRULWKPWRLQGLYLGXDWHRQO\VWHHOEUDFLQJV DVLQ)LJ DVWKHPLQLPXPFRVWVROXWLRQ
)53ZUDSSLQJ

x

z

)LJXUH5HWURILWWLQJFRQILJXUDWLRQRIWKHRSWLPDOVROXWLRQ GHIRUPHGVKDSH 

7KHSHUIRUPDQFHRIWKHRSWLPDOVROXWLRQLVVKRZQLQ)LJXUHLQWHUPVRISXVKRYHUDQG
($/FXUYHV7KHLQFUHDVHLQVWLIIQHVVGXHWRWKHUHWURILWWLQJV\VWHPOHDGHGWRDUHGXFHGGLV
SODFHPHQWGHPDQGZKLFKFRPELQHGZLWKWKHDGGLWLRQDOUHVLVWDQFHDQGGXFWLOLW\SURYLGHGE\
WKHVWHHOEUDFLQJDOORZHGVDWLVI\LQJERWK/6DQG'/OLPLWVWDWHV$VUHSRUWHGLQ7DEOHVDIHW\
IDFWRUUHODWHGWRGDPDJHOLPLWVWDWHLVEDUHO\FORVHWRWKHXQLW\ ζ ('//6 =  ZKHUHDVWKH
VDIHW\IDFWRUUHODWHGWR/6/6LV ζ (/6/6 =  
7KH($/FXUYHGLVSOD\HGLQ)LJEVKRZVDQRWHZRUWK\UHGXFWLRQZLWKUHVSHFWWRDVEXLOW
FRQILJXUDWLRQ($/UHVXOWLQJLQ($/ *LYHQWKDWWKHREMHFWLYHIXQFWLRQGRHVQRWGL
UHFWO\FRQVLGHUWKHYDOXHRIWKH($/DVVRFLDWHGZLWKHDFKWHQWDWLYHVROXWLRQ RQO\WKHFRVWLV
PLQLPL]HG WKHRSWLPDOFRQILJXUDWLRQGRHVQRWOHDGWR($/YDOXHWKDWLVRSWLPL]HGZLWKUHVSHFW
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WRWKHFRGHFRPSOLDQWEXLOGLQJ+RZHYHUWKHSURSRVHGIUDPHZRUNLPSURYHVWKHTXDOLW\RIWKH
UHWURILWWLQJGHVLJQE\SURYLGLQJDFRVWRSWLPL]HGLQWHUYHQWLRQZLWKDFRQWURORQWKH($/

D



E

)LJXUH2SWLPDOVROXWLRQ D SXVKRYHUFXUYHLQ$'56SODQH E ($/FXUYH
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nbr





Øbr
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Cost
(€)


7DEOH2SWLPL]DWLRQDQDO\VLVUHVXOWV

ͷ

CONCLUSIONS

7KHSDSHUKDVSUHVHQWHGDQRYHORSWLPL]DWLRQIUDPHZRUNDLPVWRPLQLPL]HFRVWVUHODWHGWR
UHWURILWWLQJLQWHUYHQWLRQRQ5&IUDPHVWUXFWXUHV7KHIUDPHZRUNLVEDVHGRQJHQHWLFDOJRULWKP
GHYHORSHGLQ0DW/DEZKLFKLQWHUIDFHVZLWKD'ILEHUVHFWLRQPRGHOUHDOL]HGLQ2SHQ6((6
7ZRGLIIHUHQWW\SRORJ\RIUHWURILWWLQJV\VWHPDUHFRQVLGHUHG )53MDFNHWLQJRIFROXPQVDQG
VWHHOEUDFLQJV
7KHPDLQWDUJHWRIWKHDOJRULWKPLVWRVHHNWKHUHWURILWWLQJFRQILJXUDWLRQWKDWRSWLPL]HWKH
LQWHUYHQWLRQFRVWVWDNLQJLQWRDFFRXQWLQLQGLUHFWZD\RIWKHH[SHFWHGDQQXDOORVVYDOXHUHIHUULQJ
WRWKDWUHTXHVWHGE\WKHUHIHUHQFHWHFKQLFDOFRGH7KHSHUIRUPDQFHRIHDFKWHQWDWLYHVROXWLRQLV
HYDOXDWHGVWDUWLQJIURPWKHUHVXOWVRIQRQOLQHDUVWDWLFDQDO\VLVLQWKHIUDPHZRUNRI1PHWKRG
7KURXJKDFDVHVWXG\LPSOHPHQWDWLRQLWKDVEHHQVKRZQWKDWWKHSURSRVHGIUDPHZRUNFDQSLQ
SRLQWRSWLPDOUHWURILWWLQJDUUDQJHPHQWLQHIILFLHQWZD\(YHQWXDOO\WKHUHVXOWVREWDLQHGKDYH
EHHQFRPSDUHGZLWKWKHRXWFRPHVRIDQRSWLPL]DWLRQSURFHGXUHWKDWQHJOHFWWKH($/DVVHVV
PHQW
$QH[WHQVLYHO\XVDJHRIWKHIUDPHZRUNZLOODOORZLPSURYLQJWKHPDQDJHPHQWRIWKHIXQGV
DOORFDWHGWRVHLVPLFUHWURILWWLQJRIH[LVWLQJVWUXFWXUHVHQKDQFLQJWKHRYHUDOOVWUXFWXUDOVDIHW\RI
EXLOGLQJKHULWDJH
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THE ROLE OF THE SUSTAINED LOADS ON THE BEARING
CAPACITY OF REINFORCED CONCRETE COLUMNS
RETROFITTED BY STEEL JACKETS
Marco Filippo Ferrotto, Bharat Pradhan and Liborio Cavaleri
University of Palermo
Viale delle Scienze, Palermo, Italy
{marcofilippo.ferrotto, bharat.pradhan, liborio.cavaleri}@unipa.it

Abstract
Strengthening of reinforced concrete structures by steel jackets is a common retrofitting technique widely used in engineering practice. In most cases, reinforced concrete columns are
strengthened under service loads while the columns are subjected to a certain amount of
compressive stress caused by gravitational loads. In such cases, the bearing capacity for
strengthened columns can be different from that obtained without existing stresses. In this paper, the effect of sustained loads in the prediction of the bearing capacity for strengthened
columns is assessed by experimental, numerical, and analytical approaches. The results of the
investigation revealed that the level of sustained loads at the moment of strengthening reduces the bearing capacity of columns, influencing the overall performances of retrofitted structures.
Keywords: Steel Jacketing, Confined Concrete, Sustained Loads, Preloading, Retrofitting.

1401

Marco F. Ferrotto, Bharat Pradhan and Liborio Cavaleri

1

INTRODUCTION

Retrofitting of existing RC frame structures by strengthening members such as beams and
columns is among the commonly adopted strategies to improve the seismic capacity of existing buildings subjected to seismic actions [1-3]. Different approaches are available nowadays
and each method provides different capacity improvement depending on the mechanical behavior of the confining device [3]. For example, Fiber Reinforced Polymers (FRP) sheets
provide to the columns passive confining mechanism [4-9], and steel jackets provide semiactive or active confinement [8-15]. Other techniques can be used to increase the crosssection of the existing columns i.e. reinforced concrete jackets [18,19].
Most of the available analytical and mechanical models are provided without considering
the effect of existing sustained loads on the members during the strengthening, that is a common situation for reinforced concrete structures. The consequence is that, when these formulations are used for the assessment of buildings, it is not possible to consider whether the
elements are already in a stressed/strained state able to change the effectiveness of the adding
reinforcement [8,17].
In the last years, few studies dealt with the modification of the capacity of strengthened
members while loaded. In the case of FRP jacketing, the findings do not always lead to the
same conclusions. Some authors state that there is no significant capacity modification [7],
other authors state that there is a capacity reduction depending on the level of stress/strain acting on the columns at the moment of strengthening [20]. In the case of steel jackets, it was
demonstrated that there is a reduction of the capacity depending on the level of sustained
loads in the columns when the reinforcement is applied [17]. An important role belongs also
to the time-dependent effects to consider the modification of the compressive strength of the
concrete.
This paper focuses on the evaluation of the compressive behavior of columns strengthened
by means of external steel cages considering the effect of the presence of service loads, and
how this effect can change the compressive capacity with respect to the commonly known
compressive behavior of confined members without preload.
A numerical model is assessed by the finite element software Abaqus CAE to realistically
reproduce the physical process. Results by a recent experimental investigation are used for the
calibration and the validation of the FE model, demonstrating the reliability of the proposed
procedure.
2

THEORETICAL FRAMEWORK

Retrofitting by strengthening on existing structures is usually performed under serviceability loads (gravitational loads from beams and slabs with no live loads): the consequence is
that the concrete columns are subjected to a certain stress-strain level when become strengthened. The ratio between the acting stress V H and the compressive concrete strength f c 0 can
identify the preloading level as follows [6,17]:

np

P
Pmax

V H
fc 0

for 0 d n p d 1

(1)

After the strengthening, the column became confined only if further increasing of loads are
applied, changing the behavior from plain concrete to confined concrete. This differs from the
case of columns strengthened without preload and different results in terms of load-carrying
capacity were found to be depending on the preloading level acting while the columns are
strengthened.
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In the following sections, the physical problem is faced by means of the finite element
modeling software package Simulia Abaqus CAE, reproducing the pre-loading, the confinement, and the failure compressive tests. The plasticity parameters for the concrete as well as
the constitutive material modeling of steel and concrete are discussed also considering the influence of the time-dependent effects due to the concrete subjected to sustained stresses. The
finite element model was calibrated on the basis of a previous experimental investigation carried out by the authors. A further validation has been made with further new experimental
tests presented in the second part of the paper, demonstrating the reliability of the findings
and the suitability of the realistic prediction of the process carried out by numerical approach.
It is worth stating that the authors assessed this numerical procedure in the case of FRPconfined concrete cylinders subjected to preload [6].
3

NUMERICAL MODEL

The finite element software ABAQUS CAE version 6.13 [21] was used to build a FE model of reinforced concrete columns externally confined with steel angles and plates according
to the study of Ferrotto et al. [16].
The column and the steel cage were modeled with C3D8-R elements (8-node linear brick,
reduced integration, hourglass control). Mesh convergence studies were carried out to observe
the influence of the aspect ratio of the C3D8-R elements on the global response and to determine optimal FE mesh that provides a relatively accurate solution with low computational efforts. Elements with aspect ratio not higher than 1.5 resulted to be optimal for the numerical
simulations.
Concrete prismatic specimen having dimensions of 200x200x750 mm and compressive
strength of 25 MPa was used. The steel cage was composed by steel angles and strips with
yielding stress of 275 MPa, having dimensions of 50/50/5 (mm) and 40/4 (mm) respectively.
Details of the specimen are shown in Fig. 1.

Figure 1: Geometrical configuration of the strengthened specimen.
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3.1

Boundary conditions and interactions

Two rigid bodies at the top and the bottom of the specimen with the translational degrees
of freedom restrained for the ends except for the vertical displacement (direction of loading)
were defined. “Tie-constrain” interactions were used to define the contact properties between
the steel battens and the steel angles to simulate the welding of the steel so that there was no
relative motion between them. The same interactions were defined also between the concrete
column and the steel angles. The latter assumption allows to define a perfect contact between
steel angles and concrete (avoiding potential convergence problems due to other types of contact modeling) provided that an adequate material constitutive law is defined for the steel angles.
3.2

Material modeling of steel

According to Ferrotto et al. [16], during compression tests, RC Steel Jacketed columns can
be loaded in two different ways, that are applying the load both to the steel angles and the
concrete (angles fully-loaded) or to the concrete column only (angles indirectly-loaded).
Buckling or frictional effects need to be considered in the constitutive modeling of the steel if
tie-constrain interaction is used.
To take into account tangential stresses along the contact surfaces between steel angles and
concrete (in the case of angles indirectly-loaded), Mohr-Coulomb criterion was adopted according to Campione et al. [15] and Ferrotto et. al. [16, 17]. If 0.5 is used as a friction coefficient P, the equivalent normal stress in the angles (fictitious yielding stress corresponding to
the concrete-angles sliding) can be expressed as follows:

f y*

2  na  l1  l0  P  flmax
na  t1  L1  t 1

l1  l0  flmax
t1  L1  t 1

(2)

in which na is the number of the angles, L1 and l1 are the external and the internal sides of the
angles in contact with the concrete column respectively, l0 is the overall vertical length along
the columns and t1 is the thickness of the angles. For more details, please refer to the original
treatment of the authors.
In the case of angles fully loaded, the model allows the evaluation of the critical stress taking into account possible buckling by the following equations:

Vc

1
1

sb  lt  t 2H s  H s 2
N u*

2
 ªl 2 t  f
Nu º
sb2 ½
° t
°
yb
«
»
 ®2

 2 fle  lt ¾
16 f yb  t »
4°
« 4
°
¼
¯ ¬
¿

H s  2  lt  t  Es d 2  lt  t  f yb

(3)
(4)

with sb being the spacing of the horizontal steel battens, lt the transversal width of the angles, t
the thickness of the angles, and εs the axial strain in the angle.
3.3

Material modeling of concrete

Material modeling of concrete has been performed according to Ferrotto et. al. [16] by using Concrete Damaged Plasticity (CDP) model available in the software package, by considering modifications for the plasticity parameters to overcome problems related to the triaxial
stress state of concrete under high confining stresses. In detail, modification to the yield criterion, the hardening/softening rule and the flow rule are provided by adequate laws for:
- the dilation angle ψ that defines the plastic flow potential;
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-

the ratio between the compressive strength under biaxial loading and uni-axial compressive strength fb0/fc0;
- the ratio Kc between the second stress invariant on the tensile meridian and that on the
compressive meridian for the yield function.
In the present work, CDP model was used to perform simulation in the case of confinement
under monotonic loads only, therefore the damage variables were not defined.
The parameter Kc is evaluated according to Ozbakkaloglu et al. [22] depending on the ratio
fb0/fc0 as follows:
fb 0
fc 0

1.57  f c 0 0.09

(5)

Kc

0.71  f c 0 0.025

(6)

The dilation angle is evaluated depending on the external transverse mechanical confinement ratio Zst.

Zst Zst , x  Zst , y
\

§ Ast , x Ast , x · f yb

¨
¸
© h  sb b  sb ¹ f c 0

(7)

56.3e 0.594Zst

(8)

In Eqs. (7) Ast,x and Ast,y are the area of the transverse steel bars along x and y direction respectively, b and h are the dimensions of the concrete cross-section, sb and fyb are the spacing
of the horizontal steel battens and the yielding stress, fc0 is the unconfined concrete strength.
A three-stage stress-strain relationship for the plain concrete is therefore used to take into
account the modification proposal by Ferrotto et al. [16] depending on the external transverse
mechanical confinement ratio Zst as well as the dilation angle.
 x1  J 1
° J  1  x J1
1
°° 1
1
®
° x J
2
2
°
J
°̄ J 2  1  x2 2

fc H
fc0

J1

Ec
Ec 

fc 0

H c0

H c1
H c0

, J2

Ec
Ec 

fc 0

H c1

0 d H d H c0

H c 0 d H d H c1

(9)

H t H c1
, x1

H
,x
H c0 2

0.2107  ln Zst + 1.6455

H
H c1

(10)

(11)

In the above equations, H c 0 is the unconfined concrete peak strain, H c 1 is the increasing
peak strain affected by the confinement, and E c is the modulus of elasticity of the plain concrete.
3.4

Simulation of the preloading

Differently to the case of strengthening of columns without preload, in the presence of
loads (a situation that reflects several cases of reinforcement of existing buildings), the con-
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fining element gives its contribution starting from a certain stress/strain level. The external
reinforcement should be modeled/activated as soon as the concrete reaches the state of stress
at the moment of the application of the reinforcement.
The problem is solved by using the deactivation/reactivation elements technique identified
in the software by the “model change interactions”. It is thus possible to define the assembled
system in such a way to activate the wrapping contribution only when desired.
The simulation of the preload conditions is obtained by articulating the analysis into two
steps: i) force applied to the top section of the specimen according to the fixed preload level,
ii) the external steel cage is activated and the load test continues until the failure of element.
Specifically, simulations under preload conditions require that in the first step a
force/displacement is applied to the non-confined element (with the reinforcement device deactivated) and the stress/strain state at the end of the analysis corresponds to the tensional
state relative to the preload level. In the second step, the confinement device becomes active
in deformed conditions, characterized by the congruence of the nodal displacements of the
concrete meshes, but with zero stress/strain state.
Axial stresses, lateral stresses and axial total strains corresponding to the middle section
were recorded during the analysis.
The time analysis-stress and the stress-strain response are plotted in Fig. 2 for the case of
compression test with no preload and with two different levels of preloading i.e. np 0.7 and
0.9. It is possible to see that, coupled with the strain lag activation of the steel cage (and therefore the providing of the lateral confinement pressure), the strength decreases as the imposed
preload level increases (Fig. 2).
In Fig. 3 the stress and strain distributions in the specimen confined with steel jackets are
shown for three significant steps of the numerical process:
- The end of the first step (Fig. 3 a-b) in which the unconfined concrete reached the preload without any contribution of the jacket;
- The beginning of the second step at increment 0 (Fig. 3 c-d) in which the concrete
keeps the same stress/strain configuration of the previous step and the jacket becomes
“active” in a virgin stress/strain state but having the same shape of the column;
- A certain increment of the second step (Fig. 3 e-f) in which the steel jackets contribute
to the global response. In this phase, the strain compatibility is still given by “tie constrains interaction” and the strains in the jackets are lower than the cylinders because
they are computed in the analysis before the preloading step.

Figure 2: FE computational process (a) and Axial stress-strain behavior and lateral pressure evolution (b).
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 3: Stresses and strains distribution in the model (case 2) during: end of first step (a and b); second step at
increment 0 (c and d) and increment 7 (e and f)

4

EXPERIMENTAL TESTING

In the following, a brief description of an experimental investigation previously carried out
by the authors is provided. For more details, please refer to the original paper by Ferrotto et al.
[17]. It has to be pointed out that, in the frame of the present paper, additional tests carried out
for different concrete age specimens are presented to improve the number of data and the reliability of the findings.
The experimental program consisted of compression tests on columns strengthened by
means of steel cages under different load conditions. Tests on unreinforced, reinforced before
any loading and reinforced after axial loading at a fixed rate of the capacity were performed
for low, medium and high level of the preload.
Fifteen compressive tests were performed. Among the total number of tests, ten columns
were tested with an average concrete age of 146 days, while five additional columns were
tested with an average concrete age of 530 days. The reason was to observe the effect of the
aging of the concrete on the compressive capacity including sustained loads.
The external steel cages used for the strengthening were defined according to Fig. 1, connecting angles and battens by welding. For both angles and battens, no mortar was uses at the
contact surfaces with the concrete columns.
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The steps of the tests of the preloaded specimens are listed hereinafter:
- Preloading: during this stage, the measuring of the shortening in the middle height of
the specimens allowed to identify the stress-strain behavior of the unconfined concrete.
Once the target preload was reached, stabilization of the load and acquisition of creep
strains were performed;
- Strengthening: After preloading, digital transducers were removed from the concrete
specimens and steel jackets were applied by welding;
- Unloading: specimens were unloaded and transferred to the load testing machine,
strain gauges were applied to the steel cages and the digital transducers to the concrete
specimens as in the case of the preload tests. Moreover, long digital transducers were
assembled at the four corners of the specimens;
- Collapse test: the specimens were loaded up to collapse, recording axial strains of the
columns and axial and lateral strains on the steel jackets.
Preloading was applied in a three-dimensional steel testing frame system composed by
three rigid steel beams and four steel bars (diameter of 80 mm) fixed to the lower floor structure. Hydraulic jack and a load cell were placed between the central steel beam and the concrete specimen to apply the compressive force monitored by a digital data acquisition system.
The welding of the steel cages was done while specimens were under a certain assigned
stress/strain state. The apparatus for the preloading is shown in Fig. 4 coupled with a picture
of a specimen reinforced under sustained loads.

(a)

(b)

Figure 4: Preloading frame device (a); Strengthening of a specimen under sustained load.

Axial strains on the column specimens were measured by using two systems of digital
transducers. Four of these had a gauge length equal to the internal length of the specimen (750
mm) and were placed at the corners. Four other transducers were placed on the lateral faces of
the column at the middle height, with a gauge length of 220 mm. The double system of transducers allowed the recognition of strain concentration in the middle of the specimens. Strains
on the steel cages were also recorded by means of “linear type” strain gauges with a gauge
length of 13 mm. Horizontal and vertical strain gauges were bonded to the steel battens in correspondence of the middle height of the column and on the external surface of the steel angles
at the top, middle and bottom respectively. This measurement layout allowed to obtain average strains and stresses of the battens (controlling, therefore, the evolution of the lateral pres-
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sure) and average strains and stresses of the angles (obtaining the axial load carried out by the
angles). Details of the measurement setup are reported in Fig. 5.

Figure 5: Arrangement of the measurement system.

4.1

Testing under sustained loads

The target strength for the concrete was 20 MPa. Concrete mixture was composed by CEM
I 32.5 R, water, sand and aggregate with size varying from 0 to 20 mm, having proportion in
weight 1:1.51:0.384:0.353. Concrete cubes having size of 150 mm were made during the concrete casting, for testing the compression strength after 28 days. The tests were performed according to UNI EN 12390 Standards. Test results provided for the plain concrete a cubic
compressive strength of 19.99 MPa (and therefore, a cylinder compressive strength of 16.59
MPa), while the target strength fc0 was considered equal to 16.75 MPa based on the average
from cubes and two full-scale plain concrete specimens (633.94 kN and 715.27 kN with average max load and stress of 674.58 kN and 16.86 MPa respectively).
Specimens were labeled depending on the type of preload (P#), the type of reinforcement
(S) and the number of the specimen #. For example, specimen P0S1 referred to 0 preload
force, specimen strengthened with steel jackets (S), specimen n1, while P60S2 refers to a preload force nominally equal to the 60% of the strength, specimen strengthened with steel jackets, specimen n 2. Table 1 lists the details of each test.

Preloaded and confined

Preload level (%)
and force (kN)
/
/
/
40 / 270

Preloaded and confined

60 / 402

Preloaded and confined

70 / 483

Preloaded and confined

80 / 530

Preloaded and confined

90 / 603

Specimen

Type of test

NC1-2
P0S1-2
P0S3
P40S1
P60S1-2
P60S3
P70S1
P70S2
P80S1-2
P80S3
P90S1

Plain concrete
Confined
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Average concrete
age (days)
146
146
146
146
146
530
146
530
146
530
530

Marco F. Ferrotto, Bharat Pradhan and Liborio Cavaleri
Table 1: Type of tests.

Preload tests had variable duration depending on the evolution of creep strains after the
maximum load was reached. The time of preloading for each specimen was: specimen P40S1,
10 hours, P60S1-3, 11, 10 and 12 hours respectively, P70S1-2 6.5 and 8 hours respectively,
P80S1-3 7.5, 5 and 8 hours respectively, and P90S1 7 hours.
In the case of low preload levels, i.e. for preloaded specimens at 40% and 60% of the
strength, creep strains evolution was restricted and stable. Otherwise, for high preload forces
(i.e. 70-90%), higher creep strains evolution was observed followed by smeared cracking of
the specimens.
During the last stage of the preloading, specimens were strengthened by the steel jackets;
then, after the unloading and the transferring to the load testing machine, specimens were
equipped with digital transducers and strain gauges before the final collapse tests. For more
details, please refer to the original treatment of the authors [17].
4.2

Failure compressive tests

Compressive load-strain response of the strengthened specimens was characterized by load
increasing behavior up to the maximum load capacity, followed by a strain-softening behavior.
Compression tests were terminated in correspondence to a reduction of 85% of the maximum
load. In some cases, a premature failure of the confinement device occurred by the failure of
the welding between steel angle and strip causing a high loss of load (as for specimen P0S2).
Some pictures of strengthened specimens at failure are shown in Fig. 6.
The results showed a significant increase in load and deformational capacity compared to
the compression response of unconfined specimens. It is important to note that this increase in
the load capacity was due to the global contribution provided by the response of the confined
concrete and the angles.
Compression tests of preloaded specimens showed differences with respect to the nonpreloaded ones. Load-strain curves were affected by a reduction of the maximum load-bearing
capacity and a significant reduction in the secant stiffness. This effect was caused by the
strain-lag (lower confinement lateral pressure for a given value of axial strain with respect to
the non-preloaded specimens) directly proportional to the applied preload level as for the load
carried out by the angles. These reductions can be observed in Table 2 that summarizes the
experimental results (and subsequently the comparisons with the FE predictions).

Figure 6: Strengthened specimens at failure.
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5

COMPARISONS BETWEEN EXPERIMENTAL RESULTS AND FE
PREDICTIONS

The comparisons between experimental results and FE predictions are presented hereinafter. The plasticity parameters of the concrete for the numerical model were calculated by using Eqs. (5-9), while the steel angles equivalent yielding stress was calculated by using Eq.
(2). An equivalent elasticity modulus has been assigned to the steel angles to consider indirectly the sliding between the steel and concrete contact surfaces according to Ferrotto et al.
[17].
The effect of the sustained loads on the compressive strength of concrete need to be considered for the modification of the compressive response of the plain concrete depending on:
i) the level of sustained load applied before strengthening (preloading): this aspect modifies, according to the statements presented in section 3.4, the load-strain response
of the confined concrete because of the strain-lag effects;
ii) the modification of the plain concrete strength due to high sustained stresses: this aspect was considered according to the findings of Rüsch [23] and Tasevski et al.
[24].
The first aspect was assessed by a modification of the hardening/softening function to consider the reduction of the confinement effects due to the strain-lag. This causes a lower equivalent compressive peak strain compared to confined concrete without preload. Besides, this
effect resulted in much higher strain as the preload level increases. Differently from Eq. (11),
in the frame of this study, a new equation (Eq. 12) is proposed based on non-linear regression
of the numerical results depending on the mechanical confinement ratio and the preloading
level. The proposed equation considers the increasing of the concrete peak strain due to the
confinement and, at the same time, the reduction of the latter due to the preloading effects by
the parameter k(np). It is remarked that, by using Eq. (12), in the case of columns without any
external reinforcement and no preload, the behavior of the plain concrete is obtained.

H c1
H c0

k( n p )  (1+1.6877  Zst )

k( n p )

1  0.0785  n p  0.4695  n

(12)
2
p

The second aspect is assessed by a simplified analytical equation to predict the compressive strength of concrete influenced by high sustained loads according to Tasevski et al. [24].
The proposed equation is selected in the present study to be used for the assessment of the
numerical model.

f c np
f c np

1 f c 0
1.6  0.8  n p  f c 0

if

n p d 0.75

if

n p t 0.75

(13)

As a result, in Fig. 7 a-b, the reduction parameter k(np) and the uni-axial stress-plastic strain
laws used for the analyses are shown for the different preloading levels according to the experimental tests. The others plasticity parameters as well as the plain concrete strengths used
for the numerical analyses are shown in Table 3. Finally, the experimental-numerical comparisons in terms of load-strain response are shown in Fig. 8, highlighting the suitability of the
FE model to reproduce the compressive behavior of the strengthened columns under the different levels of preload.
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Specimen
P0S1
P0S2
P0S3
P40S1
P60S1
P60S2
P60S3
P70S1
P70S2
P80S1
P80S2
P80S3
P90S1

Pmax -Exp
(kN)
1364.80
1402.97
1341.60
1297.30
1274.14
1237.31
1214.10
1179.80
1224.59
1203.01
1323.13
1141.30
1153.24

FE
(kN)
1317.88
1295.00
1271.40
1222.48
1182.37
1120.00

FE/ Pmax -Exp
0.97
0.94
0.98
1.00
1.00
1.03
1.05
1.04
1.00
0.98
0.89
1.04
0.97

Table 2: Experimental and numerical results.

Figure 7: Reduction parameter k(np) (a); uni-axial stress-plastic strain laws used for the analyses (b).

Specimen
P0S
P40S
P60S
P70S
P80S
P90S

Concrete
strength (MPa)
16.75
16.75
16.75
16.75
16.08
14.74

Dilation
angle
42.45
42.45
42.45
42.45
41.89
40.85

Kc

fb0/fc0

H c1

0.736
0.736
0.736
0.736
0.736
0.738

1.21
1.21
1.21
1.21
1.22
1.23

0.00362
0.00350
0.00320
0.00289
0.00275
0.00257

Table 3: Plasticity parameters for the different case analyses.
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Figure 8: Experimental-numerical comparisons.

6

CONCLUSIONS

In this paper, the evaluation of the compressive behavior of columns strengthened by
means of external steel cages considering the effect of the preload at the moment of strengthening was investigated by experimental and numerical approaches. Compared to the loadbearing capacity of columns strengthened without preload, it was observed that there is a reduction of the capacity because of the preload depending on:
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x

A reduction of the compressive strength of the concrete induced by high sustained
loading;
x The strain-lag effects of the confining device due to the preload.
Moreover, the above-mentioned effects are more significant with the increasing of the levels
of preload.
A numerical FE model was assessed and used for the experimental-numerical comparisons,
showing its reliability on the realistic prediction of the physical process and the results. The
FE model can be used for subsequent accurate predictive scenarios including different mechanical properties for the concrete and the steel cages.
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Abstract. One of the main usages for a digital twin is the centralization and utilization of numerical, physics, and experimental based data. While there has been a large amount of research
in the deﬁnition and utilization of computer simulations, there exists a gap in research in the
interaction between experimental setups and digital twins. This work focuses on an example
of how an experimental setup can interact with a digital twin via an operational platform. The
experimental setup for this work is a scaled 3 storey building excited with a 6-DOF ground
shaker under various controlled environmental conditions. For the digital twin, a server-based
operational platform is used to allow for interactions with the digital twin from any remote operation site. The work in this paper gives an example of how the digital twin and experimental
setup interacts and explores the added beneﬁts of using a digital twin in experimental research.
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1

Introduction

In the current state-of-the-art, digital twins are typically comprised of purely experimental
(pre-digital twins), or physics (numerical twins) based models [1]. It is currently rare for digital
twins to incorporate both types of models in a meaningful capacity. This has lead to a greater
desire in research to incorporate both experimental results and physics based simulations into
a single digital twin to be useful for an analyst. The research presented in this paper is a case
study for the centralization of experimental and numerical models into a digital twin.
The concept of “twinning”, the art of using a one-to-one surrogate for generating diagnostic/predictive information, dates back to the NASA Apollo missions used for training astronauts
and diagnostic testing [2]. However, recently there has been a greater focus on the development of digital twins that allows easy access to both accurate physics based simulations and
experimental data performed. This will lead to the utilization for decision making, such as
determining a maintenance schedule [3].
Some initial work has been done in the combination of experimental data and numerical
simulations, such as the work done in [3, 4, 5]. The majority of this work is focused on what is
termed “grey-box modelling” that uses a combination of physics based models and experimental
data to create a surrogate model. While this work is important for the use in digital twins, the
work presented in this paper focuses on how the information is passed between the experimental
data, physics based models, and the analyst via an operational platform.
The Digital Twin Operational Platform (DTOP) is the interface that an analyst uses to create
models, investigates numerical and experimental results, and create predictions based on the
available information. There are multiple methods researchers and companies have used to
develop operational platforms. Currently, a majority of available digital twins are operated via
an executable that can interact with a database or live sensor data. This, although designed as
such, limits both the number of people and whom can interact with the digital twin. Using an
executable is useful if only a small number of analysts are expected to use it, for example in
a power generating facility, however researchers tend to have a larger number of analysts at
various locations. In order to aide researchers in using a digital twin, this work focuses on an
web based platform that is accessible to any approved analyst with internet access.
With a web based platform, there is greater access to the DTOP, even at remote locations
such as test sites. However, there are connectivity issues between local hardware and the DTOP.
This work will demonstrate a case study for one method to combine the local hardware used
in experimental testing with the web based DTOP. Section 2 will describe the hardware setup
and testing conditions tested on the demonstration system discussed in Section 2.1. To discuss
the web based DTOP, Section 3 shows the generated digital twin for the demonstration system
and discusses some of the selected options used for the demonstration system and alternatives
for each option. Section 4 discusses the interactions between the DTOP and experimental setup
and demonstrates some of the added beneﬁts to using a digital twin with experimental systems
in Section 4.1. Some concluding remarks are presented in Section 5.
2

Experimental Setup

The main purpose of these experiments are to characterize the combined effects of environmental temperature and added masses on a civil structure. More information about this system
is given in Section 2.1. To test this combined effects, the advanced facilities at the Laboratory
for Veriﬁcation and Validation (LVV) at the University of Shefﬁeld. The LVV is equipped with
multiple environmental chambers with one speciﬁcally designed for shaker based vibration test-
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ing. This speciﬁc chamber is able to operate from −50 to 50oC with a shaker able to exert a
maximum acceleration of 3g.
To study the combined effects on this structure, a suite of tests are performed at multiple
temperatures with various added masses. For each temperature, the four values of added mass
are 0.0,5.72,11.44, and 18.2 Kg. Relative to the structure mass, this is 0%,4.0%,8.0%, and
12.7% respectively. These proportions are thought of as a high percentage, but still realistic
for civil structures. The temperature range of interest is based on yearly range in a seismically
active region. Speciﬁcally, northern Japan is used that has a typical range between −10 and
30oC, so the testing is performed on a slightly expanded range of −15 to 35oC.
For each combinations of temperature and added mass, a swept sine excitation is applied
via the 6 degree of freedom shaker. This excitation was applied in a single direction with
frequencies ranging from 3 to 30 Hz with a linear rate of 0.1 Hz/s and an amplitude of 0.8 m/s2 .
This range is based on the ﬁrst three bending modes obtained by preliminary tap tests where the
third natural frequency is near 25 Hz. Although this paper focuses on the connectivity between
the experiment and DTOP, these tests are also used for other work that focuses more on the
grey-box modelling.
2.1

Demonstration System

The experimental system tested in this work is a scaled 3 storey building. This is constructed
using extruded T-slot aluminium that is mounted to the shaker table. The general dimensions
of this building are 2.42 m tall with a cross-section of 930x820 mm. A photo of the test system
mounted to the shaker table within the environmental chamber is seen in Figure 1.

Figure 1: 3 storey building
One aspect of the experimental system is the sensor layout. For these tests, there are two
single-axis accelerometers for each pillar on each ﬂoor with a total of 24 accelerometers. In
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addition to these 24, there is also a baseline accelerometer on the shaker table to measure the
input and additional sensors on a single pillar at the half ﬂoors to identify if there are any local
modes in the support pillars experienced for this system in the range of interest. As a validation
for this system, a calibrated beam model is generated. This model has an adjusted Young’s
modulus because the exact heat treatment of the aluminium is unknown, to match the ﬁrst three
bending frequencies that was obtained through some preliminary impact hammer testing. The
accuracy of the calibrated model for the ﬁrst three natural frequencies are within 1.5%.
3

Digital Twin Operational Platform

The most import aspect of communication between a user of the digital twin, the stored information, and the experimental system is the Digital Twin Operational Platform (DTOP). Using
a DTOP is a useful method to inspecting information for the digital twin, with an emphasis on
the ease-of-use. The main goals of a DTOP is to perform six main operations.
1. Access the collection of simulation, experimental, and historical results to aid in decision
making
2. Provide access to approved users
3. Maintain data security and redundancy
4. Schedule/perform novel simulations for the digital twin
5. Access real-time data from live sensors
6. Interact directly with the physical twin
These six goals of a DTOP represent all the needs expressed for the operational platform
aspect of the digital twin. While there is currently a large amount of work being done in order
to ensure that the digital and physical twins perfectly correlate, this work focuses on the access
to information and the user experience (the so-called human-computer interaction). For this
particular work, a large focus is placed on the ﬁrst two operations listed above.
While discussing the access to digital twins via a DTOP, it is import to denote some of the
different frameworks available. One of the most important frameworks is the accessibility of
the DTOP to users. To discuss how a user can access a digital twin, Figure 2 shows the 3 main
methods to access a digital twin via a DTOP. There are both advantages and disadvantages for
each method.
The ﬁrst method to access a DTOP is based on being stand-alone. This method is where
a local version of the digital twin is accessed, typically through an executable. All the information from experiments, simulations, and sensors are all stored on a single machine. This
provides maximum information security, however, it greatly limits the amount of work that can
be performed. A common use for a stand-alone DTOP is in an energy producing plant. This
example is more focused on the daily operation and predicting the needed controls under various circumstances. These types of use-cases require extremely high security and doesn’t have
a large number of simultaneous users.
The second method to access a DTOP is through a Local Area Network (LAN). This method
is an expansion of the stand-alone by allowing access to the DTOP for multiple users on the
same network. In addition to having multiple users, the LAN method also allows the utilization
of distributed computing. If the site has a local high performance computer, this method can
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Figure 2: Different methods to access digital twins via a DTOP
utilise it in making predictions and other calculations. This method is an expected use case for
the design and operation of complex systems. One example would be an aircraft, where there are
multiple aspects being evaluated simultaneously, such as structural and electrical design/repair.
While there is the ability for multiple users, this method also has high data security by only
allowing people physically on the network to access this information.
The ﬁnal method is the web-based DTOP. This greatly expands the number of possible users
to anyone allowed access and internet access. Having this large accessibility encourages collaborative work and greatly expands the possibilities available. One such possibility is the ability
to easily have remote sensors and monitoring a system after deployment. This method is particularly of interest for research systems, civil structures such as bridges, and large scale designs
to incorporate multiple facilities at various locations.
4

Connectivity Example of Digital Twin and Experimental System

In order to demonstrate the connectivity aspects of a DTOP, an example DTOP is created
using the demonstration system. This DTOP utilizes the web-based method since the testing
and analysis are performed at separate locations due to social distancing requirements. To
structure the web-based framework, two actions are performed. The ﬁrst action is the utilization
of the python code FLASK to create a webpage template to act as the user interface. FLASK
uses python as a programming framework and HTML/CSS for visualization and navigation.
This framework using FLASK can be used for any of the previously mentioned access methods
(stand-alone, LAN, or web-based).
It is simple to utilise FLASK for a stand-alone or LAN version, but to use it as a web-based
DTOP, a hosting service is required. This hosting can be done through a supporting organization, such as an University, or via a private host. For the second action of this example DTOP, a
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service called Heroku is used to host the DTOP. Heroku was chosen for a few reasons including
a free tier of hosting for demonstration purposes, virtual computations, and database hosting,
but there are many other possible hosting services available that may ﬁt other applications better.
There are two main simulations currently implemented in this DTOP, the ﬁrst being a parametric beam ﬁnite element model. This simulation produces an ABAQUS run script then calls
ABAQUS to run the simulation. The other simulation, and the main focus of this paper, is for
post-processing the raw experimental data. A PostgreSQL database is utilized to store the raw
experimental data and is implemented using the Heroku service.
To demonstrate this example DTOP, the main navigation page is displayed in Figure 3. This
contains two main sections; The ﬁrst section on the left side is a selection of the implemented
simulations. This section allows the user to select which simulation they wish to perform. The
other section on the right is an interactive visualization for the system of interest. This gives
an “as-designed“ geometric understanding of the system. One interesting aspect is that the
extruded aluminium portions of the system are given directly from the manufacturer.

Figure 3: Main Navigation Page of DTOP
In the current implementation, there is no live streaming of the sensor information. This
is primarily due to some of the proprietary software associated with controlling the environmental chamber and shaker. A prototype of streaming the sensor information is currently in
development but is not the focus of this work. Instead, the data from the sensors is recorded
then uploaded to the digital twin database. This upload is possible to implement within the
DTOP, but currently is not to ensure a consistent data-structure. Currently, a separate python
script is run that gathers the correct meta-data and stores that information and sensor data to the
database.
For the post-processing aspect of the DTOP, there are two steps to perform this analysis. The
ﬁrst step is the selection of what experimental data to process. To aid the user with this selection,
the DTOP queries the database to produce a list of available experimental tests that the user can
select via a drop-down menu option. Once a test is selected, the next step is performing the
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post-processing and visualization. This visualization is displayed to the user with an example
shown in Figure 4. The results shown are for a test at 25oC with no added mass.

Figure 4: Post-processing page of DTOP
There are ﬁve main parts to the screen in Figure 4. The ﬁrst part is an expression of the
meta-data. This part gives users the testing parameters such as temperature and added mass,
along with the testing date and name. Part 2 gives the scalar post-processing values. These
values are the natural frequency and damping ratio for each of the three bending modes. The
natural frequency is calculated via a peak picking routine and the damping is determined by a
half-power method. Part 2 shows the values for these quantities by averaging all the excitation
direction sensor results for the 3 repeated tests per conﬁguration. Both of these are shown in
greater details in Figure 5.
Part 4 allows for downloading the database entry onto the local drive, and can be seen in
more detail in Figure 5c This saves 6 pieces of information in a dictionary that is saved via a
.npy ﬁle. These are lists containing the sensor names, time history, and PSDs. Additionally
it also saves the meta-data and vectors containing the time and frequency for the time history
and PSD information. Part 3 of Figure 4, with a closer view in Figure 6, shows the auto Power
Spectrum Density (PSD) for a number of the sensors to denote some of the differences between
sensors and tests. Since there are a large amount of sensors, this part is categorized based on the
sensor location. In the current implementation, these sensors are categorized based on which
ﬂoor they measure. The user can select which ﬂoor to visualize via the drop-down menu.
The ﬁnal part is a measure of the variability for the calculated scalar post-processing values,
speciﬁcally the natural frequencies. This shows a histogram of the calculated frequencies used
in part 2 and a ﬁtted Gaussian distribution to the same data. The ﬁrst natural frequency is shown
in Figure 7 with the histogram in blue and the ﬁtted Gaussian distribution in red. This plot takes
a total of 54 sensor readings to create this histogram.
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(a) Part 1 - Testing parameters

(b) Part 2 - Average scalar post-processing values

(c) Part 4 - Local save option

Figure 5: Text-based reported post-processing
4.1

Added Beneﬁts

Using a DTOP with an experimental system provides several beneﬁts to both the testing
engineer and the analyst. One of the greatest beneﬁts is the data storage and access. In a
traditional approach, the data is stored locally in a variety of formats depending on the software
used and engineering preference. After the data is collected, it is then transferred to the analyst
either via email or physical transfer such as with an USB removable drive. This requires the
analyst to understand the format used by the test engineer and be able to transform it into a
usable format for the analysis.
For a large amount of cases, the data is too large to send via email and the analyst is typically
not at the testing location. In some cases, the analyst might be in a different country where the
delivering of a physical transfer would introduce large amount of wasted time. Using a DTOP
centralizes the data and allows access to an analyst at any location in an easy to understand
format. This only requires the testing engineer to submit the test results to the database, and the
analyst can investigate the results via the DTOP. After investigating the results, the analyst can
ensure the accuracy of the tests, suggest additional testing conﬁgurations, and perform advanced
calculations/predictions in a timely manner.
In addition to the efﬁciency increase, using a DTOP also greatly increases the collaborative
nature of projects and increases visibility of the project for marketing purposes. Because the
data is stored virtually, access can be granted to any collaborators regardless of physical location. In the same sense, the DTOP can be used for demonstrating the project potential, show
preliminary results without the need to transfer information, and to give a live demonstration of
the digital twin.
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Figure 6: Part 3 - Power spectrum densities

Figure 7: Part 5 - Histogram of fundamental frequency
5

Conclusions/Remarks

This work demonstrates a case study of how an operational platform can beneﬁt experimental
operations through increased connectivity to analysts and simulations. The connectivity is based
on the use of a web-based digital twin operational platform. This allows the experimentalist to
upload experimental results and for an analyst to access this information via an easy to use
interface with high time efﬁciency due to the reduced data transfer time.
This paper presents an example operational platform that gathers the experimental data from
the database and performs post-processing on it from any device that has an internet connection.
These calculations are performed virtually so there are no hardware requirements to view the
data. This is particularly useful for demonstration purposes to present results without the need
to ensure correct data transfer.
The operational platform also highly encourages collaborative works where researchers from
different universities or companies are able to access and supplement all the collected simulation and experimental data. With all of these beneﬁts, an operational platform, particularly for
digital twin purposes, provides a useful user-interface for the collected data, perform additional
simulations, directly interact with the physical system, and promote collaboration and efﬁciency
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with both local and global partners.
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Abstract. Performance-based earthquake engineering is becoming ever-more popular due to
its capability to deliver structures that rationally meet society’s need for a safe built environment. An important barrier to the application of this approach is the high computational demand required for providing detailed and accurate response characterization through nonlinear
time history analysis. In this paper, an efﬁcient adaptive fast nonlinear analysis (AFNA) algorithm is proposed to address this issue. This novel step-by-step integration scheme adaptively
updates all solver conﬁgurations in real-time, including number of pseudo modes considered
in the analysis, time step size, and potential nonlinear elements, in order to efﬁciently evaluate
the nonlinear dynamic responses. In particular, in modeling potential inelasticity, a distributed
plasticity model is considered to allow inelasticity to distribute along the length and height of
the elements. The practicality and potential of the proposed algorithm are illustrated on a full
scale archetype building subject to stochastic seismic excitations. The proposed algorithm is
shown to be around an order of magnitude faster than traditional direct integration schemes
while achieving a remarkable accuracy in both global response time histories and local hysteretic responses, therefore enabling efﬁcient application of probabilistic performance-based
design frameworks that often require repeated evaluation of nonlinear dynamic systems.
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1

INTRODUCTION

Performance-based earthquake engineering (PBEE) has gained immense interest in the past
decades [1, 2, 3, 4, 5], and has recently been extended to wind engineering[6, 7, 8, 9, 10, 11,
12, 13, 14]. The popularity of PBEE can be traced back to its ability to meet society’s desire
for a safe built environment at reasonable economic cost. One of the key difﬁculties in the
applications of PBEE in practice is the potentially signiﬁcant computational demand associated
with evaluating nonlinear responses of structural systems subject to extreme seismic events
through nonlinear analysis. This computational demand can become intractable in the case
of probabilistic PBEE based on stochastic simulation as such approaches generally require the
repeated evaluation of the system. The most straightforward solution for this issue is to improve
analysis efﬁciency by replacing traditional time consuming nonlinear time history analysis with
computationally tractable alternatives. While approaches such as pushover analysis can meet
the efﬁciency requirement, these approaches are generally incapable of capturing cumulative
damage mechanisms or effects of higher modes [15, 16, 11], nor are they able to provide full
time history responses.
Fast nonlinear analysis (FNA) [17] is a promising nonlinear time history analysis approach
to overcome the aforementioned limitations. This approach keeps the concept of modal coordinate transformation and truncation, as in linear elastic analysis, which not only allows the
equations of motion to be partially decoupled, such that more accurate and efﬁcient piece-wise
exact solutions can be used, but also enables the possibility to exclude unnecessary modes to
lower the dimensionality of the problem for better efﬁciency. Based on a pre-designated set of
elements that are expected to be nonlinear, this approach only considers these elements during
the solution process, and thus enjoys signiﬁcant gains in computational efﬁciency. However, the
need to pre-designate elements that will experience inelasticity greatly reduces the general applicability of the FNA approach. In this work, an adaptive FNA (AFNA) is developed to address
this limitation, while preserving almost all the advantages of the FNA approach. The resulting
approach provides remarkably accurate full time history results at a fraction of the computational demand required by state-of-the-art direct integration schemes. The proposed approach
adjusts the solver conﬁgurations, e.g. number of pseudo modes, time step size, and potential
nonlinear elements, in real-time based on the state of the system, such that unnecessary computations and the need of a pre-designated set of potential nonlinear elements are eliminated. In
modeling inelasticity, a distributed plasticity model is considered in this work, allowing inelasticity to distribute along the length and depth of the elements. A full scale archetype building
subject to stochastic seismic excitations is presented to illustrate the efﬁciency and potential of
the proposed approach.
2

PROBLEM SETUP

A structural system subject to dynamic load effects can in general be modeled as a multidegree-of-freedom (MDOF) system subject to stochastic excitations:
M ü(t) + C u̇(t) + f nl (t) = F (t)

(1)

where M , C are respectively the structural mass and damping matrices; u(t) is the displacement vector while u̇(t) and ü(t) are its ﬁrst and second derivatives with respect to time, i.e.
the velocity and acceleration vectors; F (t) is the external force vector while, considering a
ﬁber-based discretization, f nl (t) is the following nonlinear force vector:
f nl (t) = B T W σ(t)
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where B is the compatibility matrix transforming responses at global degree of freedoms (DOF)
to ﬁber responses; W is a diagonal matrix collecting multiplication factors to perform numerical integration for each of the ﬁber stress, typically obtained from the integration weights,
ﬁber areas, as well as element lengths; and σ(t) is the vector that collects the ﬁber stress at all
integration points of ﬁnite element discretization.
3

The adaptive fast nonlinear analysis method

In this section, the AFNA method is developed by making the solver conﬁgurations, including time step size, number of pseudo modes, and set of potential nonlinear elements, of the FNA
approach adaptive in time. This eliminates the requirement of a pre-designated set of potential
nonlinear elements. Methods are outlined to this end that do not compromise the original merits
of the FNA approach.
3.1

The fast nonlinear analysis method

By moving the nonlinear force vector f nl (t) to the right hand side, and introducing an pseudo
positive deﬁnite stiffness matrix K e to prevent singularity, Equation (1) can be rewritten as:
M ü(t) + C u̇(t) + K e u(t) = F (t) + K e u(t) − f nl (t)

(3)

It should be noted that, despite how the pseudo stiffness matrix K e can be any arbitrary positive deﬁnite matrix, it is recommended to be taken as the initial elastic stiffness matrix of the
structural system. The P-Delta effect can be further taken into account by considering a reduced
stiffness matrix [17, 18].
By denoting f nlc (t) = K e u(t) − f nl (t) as the nonlinear correction force, Equation (3) can
be decoupled on the left hand side using the modal approach, as follows:
Θq̈(t) + Λq̇(t) + Ωq(t) = F̂ (t) + f̂ nlc (t)

(4)

where q(t) is the modal displacements while q̇(t) and q̈(t) are its ﬁrst and second derivatives
with respect to time; Θ = ΦT M Φ, Λ = ΦT CΦ, and Ω = ΦT K e Φ are respectively the diagonal generalized mass, damping and stiffness matrices; Φ is the pseudo mode matrix consisting
of the generalized eigenvectors of M and K e . It is worth noting that the generalized masses
representing inertial effects can be non-zero or zero, which correspond to dynamic or static
modes respectively. In practice, higher order dynamic modes can be considered as static modes
by ignoring their inertial effects in order to enhance both the efﬁciency and stability of dynamic
solvers. In Equation (3), F̂ (t) = ΦT F (t) is the generalized force vector; f̂ nlc (t) = ΦT f nlc (t)
is the generalized nonlinear correction force vector, which can be evaluated as:
f̂ nlc (t) = ΨT W [σ e (t) − σ(t)]

(5)

where Ψ = BΦ is the modal strain matrix; σ e (t) is the ﬁber stress elastic predictor for all ﬁbers
evaluated with the elastic modulus and ﬁber strains (t) as:
(t) = Ψq(t)

(6)

It can be noted that when a ﬁber stress is in the linear elastic range, it does not contribute to
f̂ nlc (t), and thus can be ignored. In practice, the FNA only considers a pre-designated set
of potential nonlinear elements, such that Equation (5) can be evaluated with much higher
efﬁciency if only a portion of the elements are potentially nonlinear.
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The FNA solves Equation (3) in a step by step manner, with a step size of Δt, and starts with
an initial guess solution at each of the time step through the Taylor expansion:
Δt2
q̈(t)
q (t + Δt) = q(t) + Δtq̇(t) +
2
q̇ (0) (t + Δt) = q̇(t) + Δtq̈(t)
(0)

(7)

where the superscripts on the left hand side indicates the number of iterations. At the kth iteration, q (k) (t + Δt) and q̇ (k) (t + Δt) will be used to determine ﬁber strains and subsequently
(k)

ﬁber stresses σ e (t) and σ(t) through the ﬁber material constitutive law. Finally, f̂ nlc (t) can
be estimated through integration. The solution at the next iteration, i.e. q (k+1) (t + Δt) and
q̇ (k+1) (t + Δt), is obtained by the piece-wise exact solution [19] with the external loads con(k)

sidered as F̂ (t) + f̂ nlc (t). This iterative process continues until convergence is reached. The
algorithm performs the process described above for each time step over the time range of interest to provide response time histories.
3.2

The adaptive solution procedure

The main limitation of the FNA approach is the requirement of a pre-designated set of potential nonlinear elements. The AFNA presented in this section addresses this issue by determining
the potential nonlinear elements during analyses in real-time. This feature allows AFNA to detect the existence of nonlinear elements, and further enables AFNA to shift between linear
elastic and nonlinear solvers with different time steps and number of pseudo modes.
In the implementation, modes with natural frequencies greater than a threshold of interest,
fst , will be considered as static by ignoring their generalized mass or inertial effect, while the
reaming modes are considered as dynamic. In solving the response time histories, the algorithm
ﬁrst assumes that the structural system is linear elastic and moves ahead with a relatively large
time step ΔL t while considering only the dynamic modes. At the end of each time step ΔL t,
ﬁber strains and stresses are determined based on the estimated solutions q(t + ΔL t) and q̇(t +
ΔL t) for the assumed linear elastic step. The algorithm will proceed to the next time step if all
ﬁbers remain in their linear elastic loading/unloading/reloading range. Otherwise, the algorithm
moves back to the previous time step t and solves until reaching the time t+ΔL t using a smaller
time step ΔS t = ΔL t/η, in which η is an integer such that the ΔS t is not greater than half the
natural period of the highest dynamic mode Tmin , i.e. ΔS t ≤ Tmin /2, to ensure stability of the
approach. In general, the choice of eta = 4 will provide a good balance between accuracy
and efﬁciency. Within each small time step ΔS t the algorithm ﬁrst forms a list of potential
nonlinear elements by checking the ﬁber strains or stresses based on the predicted solutions of
Equation (7). The solution process then enters the iterative scheme as in the FNA with all modes
considered, if the list of potential nonlinear elements is not empty. Otherwise, it proceeds to
the next small time step using the piece-wise exact solution considering the dynamic modes of
the larger time step phase without iteration. Within this context, when the algorithm reaches
t + ΔL t, the solution process then proceeds to the next time step considering the initial step size
ΔL t and starts another adaptive process if necessary. The entire process is then terminated when
reaching the end of the time sequence, providing a full range of inelastic response histories for
structures subject to dynamic external loads. The overall solution process is illustrated in the
ﬂow chart of Figure 1.
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Figure 1: Flowchart illustrating the steps of the AFNA algorithm.
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4

CASE STUDY

A 37-story 6 span steel moment resisting frame assumed to be located in downtown San
Francisco is considered in this case study. The width of each span is 5 m while the story height
is 6 m for the ﬁrst ﬂoor and 4 m for the remaining ﬂoors, leading to a total height of 150 m. Box
sections and W24 sections are considered respectively for columns and beams, with section
sizes summarized in Table 1. The elastic modulus and the yield stress are respectively taken as
Es = 200 GPa and σy = 355 MPa. The structural mass is modeled to be lumped at each ﬂoor
considering combined self and carried mass of 100 kg/m3 , and super dead load of 23.5 kN/m.
Floor
Beams
Columns*
1-20 W 24×192
502 ×2.5
21-30 W 24×103
402 ×2.0
31-40 W 24×103
352 ×1.8
*(outer side size)2 ×(wall thickness)
Table 1: Sections with dimensions in (cm).

D

E

Figure 2: The two synthetic ground motion samples used in the case study: (a) GM1 (b) GM2.

The structure is assumed to be subjected to a 10% exceedance probability in 50-year seismic hazard. Synthetic ground motions are generated via the model proposed by Rezaeian and
Der kiureghian [20], with the ﬁlter frequency and damping optimized to ﬁt the target spectrum
constructed from the USGS uniﬁed hazard tool [21] for the building site, with the rest of the
parameters chosen to be consistent with Loma Prieta records (Moment magnitude = 6.93, Rupture distance = 18.3 km). The two representative synthetic ground motion (GM) samples used
in this work are shown in Figure 2. For comparison, nonlinear time history analyses based on
the GM samples was carried out by direct integration in OpenSees. Elements experiencing inelasticity subject to the two GM samples are marked in red in Figure 3. It can be seen that for
the two cases (GM1 and GM2) the structure experiences, respectively, moderate and signiﬁcant
nonlinearity.
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Figure 3: Elements experiencing nonlinearity (in red): (a) GM1 (b) GM2.

All results were estimated using a machine with Intel(R) Core(TM) i7-8750H CPU @ 2.20GHz
processor and 16 GB RAM. The comparison in terms of computational times is reported in Table 2. It is seen that the AFNA is around an order of magnitude faster than the state-of-the-art
nonlinear analysis approach used in OpenSees for GM1, i.e. for moderate nonlinearity. Despite
how a lower gain in efﬁciency is achieved for GM2 (signiﬁcant nonlinearity), the AFNA is still
notably faster. It should also be noted that the AFNA approach was programmed in Matlab and,
unlike the OpenSees solvers, was not fully optimized for computational efﬁciency. Thus, based
on the results, the AFNA algorithm is expected to be around an order of magnitude faster than
the direct integration even in the case of signiﬁcant nonlinearity.
The comparison between the displacements under GM1 and GM2 at the 10th, 20th, and
37th ﬂoor obtained from direct integration and the AFNA approaches are reported in Figure 4.
A perfect correspondence can be observed over the entire time history. In addition, Figure 5
reports the comparison between the ﬁber strain and stress time histories and hysteretic curves
for an extreme ﬁber of the exterior ﬁrst ﬂoor column for the two ground motions. It is seen that
the AFNA approach still achieves remarkable accuracy, even for highly localized responses,
e.g. nonlinear ﬁber strains or stresses, which are generally challenging to compute accurately
and efﬁciently due to the potentially large number of modes involved. Lastly, it is worth noting
that, despite how an elastic perfectly plastic (EPP) material was considered in the case study,
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Figure 4: Comparison of displacements obtained by direct integration and AFNA for: GM1 at (a) the 10th ﬂoor,
(b) the 20th ﬂoor (c), the 37th ﬂoor; and for GM2 at (d) the 10th ﬂoor, (e) the 20th ﬂoor, (f) and the 37th ﬂoor.
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Figure 5: Extreme ﬁber responses for the exterior ﬁrst ﬂoor column. Comparison between direct integration and
AFNA: (a) strain time history for GM1; (b) stress time history for GM1; (c) hysteretic curve for GM1; (d) strain
time history for GM2; (e) stress time history for GM2; (f) hysteretic curve for GM2.
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Ground motions
Computational time: Direct integration (s)
Computational time: AFNA (s)

GM1
64.58
7.03

GM2
63.90
15.10

Table 2: Computational time for the nonlinear time history analyses.

the proposed algorithm can be used for materials with general constitutive relations.
5

CONCLUSION

In this work, a highly efﬁcient adaptive fast nonlinear analysis (AFNA) algorithm was developed, as a computational efﬁcient alternative to the direct integration approach to provide full
time history responses for computationally intensive engineering applications, e.g. performancebased earthquake engineering. The algorithm implements the modal analysis concept that partially decouples the equation of motions, such that piece-wise linear solutions are applicable.
Meanwhile, the algorithm updates the potential nonlinear elements, time step size, as well as the
number of pseudo modes to be considered in real-time during the solution process. In particular, in deﬁning the structural model, ﬁber-based distributed plasticity models were considered.
The results show that the AFNA algorithm is capable of accurately estimating both the global
response time histories and local hysteretic behaviors with around an order of magnitude less
computational time as compered to state-of-the-art direct integration approaches. Finally, it is
worth noting that even though only seismic input was considered in the case study, the proposed
algorithm can also be directly applied to cases subject to stochastic wind loads. In this case,
the algorithm is expected to provide even greater time savings, as typically less nonlinearity
is experienced by structures subject to winds. Overall, the notable efﬁciency and accuracy of
the proposed AFNA approach illustrates its potential in computationally intensive applications,
such as probabilistic performance-based design frameworks, that require repeated evaluation of
nonlinear dynamic systems.
6
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Abstract
The increasing availability of strong motion records makes the use of real accelerograms an
attractive option for a proper definition of the input motions in the dynamic analysis of structural and geotechnical systems. Despite different real accelerograms selection procedures have
been proposed in the literature, there are situations in which it may be impossible to select a
suitable code-required number of accelerograms without applying large scale factors which
distort the actual characteristics of selected motions leading to unrealistic input. In these situations, the use of artificial accelerograms could represent a possible alternative.
A novel procedure for generating fully non-stationary spectrum compatible artificial accelerograms, is presented in this paper.
Depending on the aim to be achieved, it is possible to obtain the spectrum-compatibility between the generated samples and the target action in terms of response spectrum or Fourier
spectrum, using two different corrective Power Spectral density function terms.
A numerical application shows the validity of the generation procedure and the accuracy of the
model in reproducing realizations with statistical characteristics similar to those of the target
motion.
Keywords: Artificial accelerograms, Fully non-stationary stochastic process, Real ground motion records, Spectrum-Compatibility.
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1

INTRODUCTION

The worldwide increasing availability of strong motion records makes the use of actual acceleration time-histories an attractive option to properly define the input motions for dynamic
analysis of both structural and geotechnical (S&G) systems [1,2].
The characteristics of the expected ground motion at a given site are strongly affected by the
possible coupling between the frequency content of the input ground motion and the frequencies
of vibration of the soil deposit which, in turn, depend on the non-linear behaviour exhibited by
soils when subjected to cyclic and dynamic loadings. Consequently, soil mechanical properties
considerably influence the site response to the motion imposed by an earthquake at the bedrock
level and, thus, should be properly accounted for in the definition of the interval of periods of
interest for the accelerogram selection [3].
In this vein and with reference to one dimensional site response analysis problems, a method
for the selection of proper sets of input ground motions accounting for most of these relevant
issues has been proposed in Ref. [4]; Refs[5] and [6] showed that the soil heterogeneity in terms
of shear wave velocity profile and the soil non-linear behaviour under cyclic loading significantly affect: i ) the interval of vibration periods relevant for the accelerogram selection; ii) the
characteristics of the selected input motions. However, despite the availability of earthquake
records, frequently it is not possible to find sets of time histories that satisfy the compatibility
criteria between the selected records and a target code-prescribed response spectrum, without
applying large scale factors to each record of the set [7]. For this reason, different numerical
procedures capable to generate artificial accelerograms with energy and frequency content consistent with those of actual acceleration records have been proposed in literature.
In [8], the authors proposed a deterministic modification method based on the harmonic
wavelet transform, aimed at matching the elastic response spectrum of a given accelerogram to
a target code-prescribed elastic response spectrum, while in [9], a novel formulation based on
the wavelet transform has been used for the stochastic generation of fully non-stationary spectrum-compatible accelerograms. In [10] the evolutionary power spectra of seismic accelerograms, estimated using the method of separation, have been used to produce artificial
accelerograms compatible with given recordings while, an iterative procedure based on the
spectral representation of stochastic processes in which the ground motion is constituted by two
waveforms, a real record and an artificial accelerogram, has been proposed in [11].
A new method for generating fully non-stationary spectrum compatible artificial accelerograms, that requires only the knowledge of the numbers of peaks, zero level up-crossings and
the value of the total energy of the target signal, is presented in this paper.
Depending on the aim to be achieved, it is possible to obtain the spectrum-compatibility
between the generated samples and the target action in terms of response spectrum or Fourier
spectrum, using two different corrective Power Spectral density function (PSD) terms.
The proposed procedure requires the following steps: i) subdivide a selected target accelerogram in many contiguous time intervals in which appropriate unimodal Power Spectral density
functions and polynomial form of modulating function have been chosen to obtain the same
energy and frequency content of real accelerograms expected at the site of interest, applying
the stochastic generation method recently proposed in [12]; ii) evaluate the mean elastic response spectrum and the Fourier spectrum of a set of generated fully non-stationary accelerograms samples; iii) satisfy the compatibility of so determined spectra to target ones by means
of an iterative procedure.
A numerical application shows the validity of the spectrum-compatible generation procedure
and the accuracy of the proposed model in reproducing realizations with statistical characteristics similar to those of the target motion both in time and frequency domain.
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2

EVOLUTIONARY POWER SPECTRAL DENSITY FUNCTION METHOD FOR
MODELLING SEISMIC ACTION

The procedure for generating a set of fully non-stationary artificial accelerograms compatible
with a target spectrum and having the same characteristics of an earthquake induced ground
motion U g , consist of the following four steps:

0 y TD of the analysed accelerogram U g , in n contiguous time
tk  tk 1 (k 1, 2, , n) , in each of which a uniformly modulated

1) divide the time duration

intervals of amplitude 'Tk
process is introduced as the product of a deterministic modulating function, a (t ) , times a stationary zero-mean Gaussian sub-process

X k (t ) , whose power spectral density (PSD) function

GX k Z is filtered by two Butterworth filters:
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where E k is a coefficient, given in closed form solution in [12], that makes unitary the variance
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being Pk and N 0,k respectively the number of maxima and of zero-level up-crossings of each
k-th part in which the target accelerogram is subdivided;
2) evaluate the modulating function a (t ) by least-square fitting the cumulative expected energy function of the stochastic process to the cumulative energy function EU (t ) of the target


g

accelerogram subdivided in three-time intervals, according to [12]:
2

a (t )

¦ a j (t )
j 1
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(t j 1 , t j )
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(t2 , t3 ).

(t  t j )  (t  t j 1 ) the window function and

(t ) the unit step function;
i

3) generate the ith fully non-stationary sample of the stochastic process F0 (t ) via the formula:

ª n mN
F0 (t ) a(t ) 2'Z «¦¦
¬k 1 r 1
i

(tk 1, tk ))sin r 'Z t +T r i

º

GX k r 'Z »
¼

(4)

T r i being the random phase angles, uniformly distributed over the interval [0, 2S ] and mN
being the number of parts in which the k-th PSD function GX k Z is discretized with a 'Z
frequency sampling interval;
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4) obtain the spectrum-compatibility reducing the gap between the mean spectrum of the
generated samples S

j 1

(T )
(Z , ] 0 ) and the target one S (Z, ] 0 ) , through the introduction of a

corrective iterative PSD function GXjk (Z ) :

G (Z ) G
j
Xk

j 1
Xk

S (T ) (Z, ] 0 )2
(Z ) j 1
S
(Z, ] 0 )2

(5)

being GX0k (Z ) 1 [14] and ] 0 the viscous damping.
According to the formulation described in [13], the generic spectrum-compatible sample
can be generated as:

ª n mN
F (t ) a(t ) 2'Z «¦¦
¬k 1 r 1
(i )
0

(tk 1, tk ))sin r 'Z t +T r i

º

GXjk (r 'Z )GX k r 'Z » .
¼

(6)

2.1 Spectrum-compatibility
Depending on the purposes of the accelerogram generation procedure, the spectrum
compatibility can be checked against the following targets:
i)

the pseudo acceleration response spectrum

SR(T ) (Z , ] 0 ) of the target accelerogram;

SF(T ) (Z ) of the target accelerogram;
(T )
iii) the code-prescribed elastic response spectrum SC (Z , ] 0 ) .

ii) the Fourier spectrum

To achieve the Fourier-spectrum compatibility

S (T ) (Z , ] 0 ) SF(T ) (Z) , the corrective

iterative PSD function GXjk (Z ) term can be particularized as follows:
j 1

GXjk (Z ) GX k (Z )
being
3

SV(T ) (Z ,0)2
j 1
SV (Z ,0)2

(7)

SV(T ) (Z,0) and SV j 1 (Z ,0) the velocity response spectra for ] 0 =0.

NUMERICAL APPLICATION

In this section, in order to verify the accuracy of the proposed method, two different sets of one
hundred artificial accelerograms spectrum-compatible with the pseudo acceleration response
spectrum and the Fourier spectrum of the target accelerogram, have been generated.
3.1 Target accelerogram
The North-South component of the time history recorded at Vasquez Rocks Park
(RJB = 23.1 km [15]) during the Mw = 6.7 1994 Northridge earthquake has been used as target
accelerogram.
The selected accelerogram, having an overall duration TD = 36.6 s and a sampling interval
Δt = 0.02 s, has been recorded by a station with an average shear wave velocity in the upper
30 m equal to Vs,30 = 996 m/s.
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The target ground motion is characterized by a peak ground acceleration PGA = 0.132 g, a
total intensity equal to I0 = 1.9 m2/s3, a significant strong motion duration (i.e. interval of time
elapsed between the 5% and 95% of I0) SMD = 7.3 s and a total number of zero-level upcrossings and of peaks equal to N0+= 196 and P0 =212, respectively.
As highlighted in [12], to obtain accurate results, the analysed accelerogram must be
subdivided into n time intervals, each of which containing a number of zero level up crossings
at least equal to one; consequently, in this application, the target accelerogram is subdivided in
73-time intervals with a constant time step of 0.5 s.
Further details about the parameters used to characterize the modulating function ɑ(t) and the
PSD function GX k Z associated with each time interval, have been detailed in [13].
3.2 Spectrum compatibility
According to the procedure described in Section 2, a set of one hundred artificial accelerograms
has been generated by using Eq. (4).
Then, to satisfy the spectrum compatibility in terms of pseudo acceleration response spectrum (RSC) or Fourier Spectrum (FSC), the iterative procedure has been applied four times and
two different sets of one hundred accelerograms, have been obtained by Eq. (6).
Figure 1 shows a comparison between the time history of the target accelerogram and the i(i )

th generated sample F0 (t ) , after 4 iterations, using the pseudo acceleration response spectrum
compatibility (RSC) model (a) and the Fourier spectrum-compatibility (FSC) model (b). In both
cases the variation in amplitude of the generated samples appears to be preserved in the time
domain.
In Figure 2, the mean value of the cumulative energy function

I 0 (t ) and the cumulative zero



level up crossing function N0 (t ) of the generated samples applying the pseudo acceleration
response spectrum compatibility (RSC) model or the Fourier spectrum compatibility (FSC)
model, after 4-th iterations, have been compared with the trend of the target functions.
In Figure 3 and 4 the average acceleration response spectrum Sa(T ) and the average Fourier
spectrum module | F [ U g (t ) ] | of the two sets of artificial accelerograms, generated after 4
iterations by the RSC and FSC model, are compared with the corresponding target spectrum,
respectively.

Figure 1: Comparison among the selected accelerogram (black line) and the corresponding i-th generated sample
by the proposed fully non-stationary spectrum-compatible model, after 4 iterations: a) pseudo acceleration
response spectrum-compatibility (RSC) model, b) Fourier spectrum-compatibility (FSC) model.
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Figure 2: Comparison among the cumulative energy function (a) or cumulative zero level up crossing function
(b) between the target accelerogram and the corresponding mean cumulative functions of the 100 samples,
evaluated using RSC model and the FSC model, after 4-th iterations.

Figure 3: Comparison between the pseudo acceleration response spectrum and the mean response spectra of the
100 samples, evaluated using the RSC model and FSC model after 4-th iterations.

Figure 4: Comparison among the Fourier spectrum module of the selected accelerogram and the mean Fourier
spectrum module of the generated sample, evaluated after 4 iterations by the: a) RSC model, b) FSC model.
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From the observation of the numerical results obtained in the time and frequency domain, it
emerges that:
• the use of the pseudo acceleration response spectrum-compatibility (RSC) model leads to
outcomes statistically closer to those of the target one in terms of cumulative energy function

I 0 (t ) and pseudo-acceleration response spectrum Sa(T ) respect to the trends obtained by
the application of the FSC model;
• the application of the Fourier-compatibility (FSC) model allows to obtain samples having


an average zero level up crossing function N0 (t ) and Fourier spectrum closer to target one
trend respect to those evaluated though the RSC model.
4

CONCLUSIONS

In this paper, a new procedure for generating fully non-stationary artificial spectrumcompatible artificial accelerograms, has been presented.
Firstly, the target accelerogram is subdivided in many contiguous time intervals in which the
modulating and the unimodal Power Spectral density functions have been evaluated to obtain
an average trend of the cumulative energy function

I 0 (t ) and zero-level up crossing function

N0 (t ) very close to the ones of the target accelerogram.
Then, depending on the type of spectrum compatibility to be achieved (response spectrum
compatibility or Fourier spectrum compatibility), an iterative procedure based on the use of
different corrective iterative PSD function terms, has been implemented.
The numerical results show that using the acceleration response spectrum compatible (RSC)
model, the generated samples have been characterized by an average cumulative energy
function and pseudo-acceleration response spectrum very close to those of the target one, while
the use of the Fourier spectrum model (FRC) leads to samples having an average zero level up
crossing function and Fourier spectrum in good agreement with the target one.
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Abstract
This paper presents an extension of the Proper Orthogonal Decomposition method (POD) to
nonlinear dynamic analysis of reinforced concrete multistory frame structure where the
material nonlinearity is modeled by the multi-fiber section. To test the effectiveness of this
approach, we first perform a nonlinear dynamic analysis under a seismic excitation using a
direct implicit time integration scheme. Then, based on structural response observations, POD
modes were extracted and used to reduce the structural system subjected to different
earthquakes. A comparison was made between full model and reduced model analysis in order
to assess the effectiveness of this technique.
Keywords: Reinforced concrete beam, Material nonlinearity, Multi-fiber section, Dynamic
analysis, Reduced model, Proper Orthogonal Decomposition.
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1

INTRODUCTION

This paper presents an extension of the Proper Orthogonal Decomposition method (POD) to
nonlinear dynamic analysis of reinforced concrete multistory frame structure where the material
nonlinearity is modeled by the multi-fiber section.
The multi-fiber section model consists in dividing the structural element cross section into a
set of longitudinal fibers. Each fiber is made up of a single material and has the potential to
undergo nonlinear inelastic longitudinal deformation according to the uniaxial stress-strain
behavior of its corresponding material [1-4]. The layered shell element consists in dividing the
2D structural element into layers along its thickness. Each layer is made up of a single material
and can behave nonlinearly in 2D [5-7]. When dealing with nonlinearities, nonlinear solving
techniques should be adopted. The classical and most used nonlinear solvers are the NewtonRaphson method and its derivatives, displacement control approach and the arc length
technique.
Dynamic excitations in structures are usually studied using direct integration time history
analysis. In this approach, temporal discretization is considered and the direct time integration
is conducted using implicit methods like Newmark-ߚ [8], Wilson ߠ [9], HHT-ߙ [10] or explicit
methods like central difference and Runge-Kutta. The main concern in using the direct time
integration analysis for linear and nonlinear models is its high computational cost especially
when applied in structural seismic analysis. In fact for seismic analysis, the structure is
subjected to dynamic excitations at its base. These excitations are generally based on the
accelerograms of previously recorded quakes in the region. In order to cover all probable
scenarios, the structure should be subjected to multiple accelerograms vibrating in all different
directions which greatly increases the time cost of this analysis technique.
Due to this setback, several model reduction techniques have been proposed to decrease the
time cost of the dynamic time history analysis. For linear systems, modal truncation can be used
to define the most influential mode shapes of the structure and then this truncated modal base
is used to reduce the dynamic equation of the structural system [11-12]. For nonlinear
structures, research based on the work of [13] has been conducted to determine an analogy
between nonlinear normal modes and linear ones. However, this nonlinear modal analysis is
not widely used due to the limitation when non-smooth nonlinearities are present in the structure
[14].
The Proper Orthogonal Decomposition (POD) is a data driven method based on the statistical
Principal Component Analysis (PCA) of observations dataset. In other words, data obtained
from observations at different time intervals (snapshots) are analyzed to determine the optimal
subspace that can be used to recreate the entire dataset with minimum errors. This subspace is
later used to reduce the model under consideration in calculation. The POD method dates back
to the 1930’s and today is applied in fluid mechanics for model reduction of turbulent flow,
model reduction of structural dynamics, damage detection, reduction of dynamic models for
microelectromechanical systems and in lots of other domains.
Seismic analysis considering nonlinear material behavior of reinforced concrete structures
is classically conducted by two approaches. The first one is the pushover analysis which is a
static nonlinear approach that tries mimicking the dynamic behavior of the structure by
considering it to respond dynamically according to its fundamental mode shape only.
Horizontal loads are distributed on the structure proportionally to this fundamental mode shape
vector and are increased progressively while nonlinear material behavior is taken into account.
This approach is limited to structures where the fundamental mode shape is the dominant mode
of vibration and thus limiting it to regular low-rise buildings where no response in function of
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time is required (only maximum values are provided). For other cases, the previously mentioned
direct integration nonlinear time history analysis is used.
According to the authors’ knowledge, the POD method was never used for reducing the
direct integration nonlinear time history analysis of a Reinforced Concrete (RC) structure where
material nonlinearity is modelled by the multi-fiber section approach. This paper presents a
nonlinear multi-fiber RC multistory frame structure subjected to seismic excitations at its base
and the POD is used to reduce the direct integration time history analysis cost. Section 2
presents the modeling of material nonlinear behavior for a RC beam element using the multifiber section approach. Section 3 is dedicated to the dynamic analysis of a RC element with
material nonlinearities using classical and reduced POD procedures. Section 4 presents an
application of the POD reduction method to the multistory frame structure under consideration
while comparing the results with full model analysis. Section 5 summarizes the conclusions and
future perspectives.
2

MULTI-FIBER BEAM MODEL

The concentrated (lumped) plasticity is the simplest and most popular approach to model
material nonlinearity in structural elements. However, this technique is based on the assumption
that nonlinear material behavior occurs only at specified concentrated points of the structural
member (which is a major simplification). In addition, interaction between bending moments
and varying axial forces at the plastic hinge is not taken into account. Moreover, the plastic
hinges behavior is defined by characteristic curves (Moment versus Rotation or Force versus
Displacement) provided by the seismic codes. These curves are based on rough estimations and
assumptions which reduce their accuracy. On the other hand and as we will detail in this section,
the multi-fiber beam model assures the distribution of nonlinear material behavior all along the
structural element length and all over its cross section (distributed plasticity approach). In
addition, this technique takes into account the interaction between bending moments and axial
loads and can be applied to elements having non-typical cross sections. The fiber model
approach is more computationally demanding than the concentrated plastic hinge technique
however it remains efficient and very beneficial especially for wall elements modeled by the
equivalent beam approach.
Since 2D finite elements are not addressed in this paper, the multi-fiber beam approach is
adopted in this work to model the nonlinear material in 1D finite elements (beams, columns,
equivalent beam model for walls) while considering the Euler-Bernoulli hypothesis (planar
sections before deformation remain planar and perpendicular to the element’s center line after
deformation).
As already mentioned, the multi-fiber beam approach consists in dividing the structural
element cross section into a set of longitudinal fibers. As a consequence, using this modeling
technique requires a 3-level analysis.
Fibers are the fundamental level of analysis. Each fiber is made up of only one single
material: for reinforced concrete members, the fibers can be made of steel reinforcements,
confined or unconfined concrete. The fiber axial stress ߪ and the longitudinal tangent
Young modulus ்ܧ are determined as a function of the longitudinal fiber axial strain ߝ .
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Figure 1. Multi-fiber reinforced concrete section

The element’s cross section is the second level of analysis. Applying the Euler-Bernoulli
hypothesis will result in perfect bond conditions between fibers (no sliding of a fiber with
respect to another is allowed). In 2D structural analysis, for a fiber having its centroid located
at the ordinate y in the section reference, the axial longitudinal strain in the fiber ߝሺݕሻ can be
determined as a function of the section’s uniform axial strain along x axis ߝ௫ and the section’s
curvature along z axis ߶௭
ߝ௫
ߝሺݕሻ ൌ ߝ௫ െ ߶ݕ௭ ൌ ሼͳ െݕሽ ቄ߶ ቅ
(1)
௭
since in nonlinear analysis the calculation is done by increments, we get:
οߝሺݕሻ ൌ οߝ௫ െ ݕο߶௭ ൌ ሼͳ െݕሽ ൜

οߝ௫
ൠ
ο߶௭

(2)

this axial strain increment of the fiber οߝሺݕሻ causes an increment in the section’s internal axial
force οܰ and bending moment along  ݖaxis οܯ௭ .
οܰ ൌ ்ܧ ܣ οߝሺݕሻ

(3.a)

οܯ௭ ൌ െݕοܰ ൌ െ்ܧݕ ܣ οߝሺݕሻ

(3.b)

for a single fiber, the resulting increment of internal forces in the section is
ሼȟܨௌ௧ ሽ ൌ ൜

ͳ
οܰ
ൠ ൌ ்ܧ ܣ 
οܯ௭
െݕ

െ ݕοߝ௫
൨൜
ൠ
 ݕଶ ο߶௭

(4)

for all the fibers, the entire resulting increment of internal forces in the section is
ሼȟܨௌ௧ ሽ ൌ ൜

ͳ
െݕ οߝ௫
್ೝ
οܰ
ൠ ൌ σୀଵ
்ܧ ܣ 
൨൜
ൠ
οܯ௭
െݕ ݕ ଶ ο߶௭
ᇣᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇤᇧᇧᇧᇧᇧᇧᇧᇧᇧᇧᇥ

(5)

ሾ ሿ

where ݊ is the total number of fibers in the section and ሾ ்ܭሿ is the section’s tangent stiffness
matrix.
The entire element is the third level of analysis. Linear shape functions are considered for
longitudinal translation and Hermite cubic shape functions are used for bending. Applying the
principle of virtual work we get
ሼܨ௧ ሽ ൌ ሾܤሺݔሻሿ் ൜

ͳ
ሺݔǡ ݕሻܸ݀
ൠߪ
െ ݕ
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ሾ ்ܭሿ ൌ ሾܤሺݔሻሿ் ൜

ͳ
ൠܧ
ሺݔǡ ݕሻሼͳ െݕሽሾܤሺݔሻሿܸ݀
െ் ݕ

(6)

where ሼܨ௧ ሽ is the internal nodal force vector of the element, ሾ ்ܭሿ is the element’s tangent
stiffness matrix and ሾܤሺݔሻሿ is the gradient operator containing the derivatives of shape
functions.
The volume integral required for the calculation of ሼܨ௧ ሽ and ሾ ்ܭሿ is split into a surface
integral on the cross section and a 1D integral along the longitudinal axis of the element. Since
the element’s cross section is already divided into fibers, we substitute the surface integration
by the summation of fiber areas. Next, the longitudinal 1D integration is done by Gauss points.
3

FULL AND REDUCED DYNAMIC MODELS

As already mentioned, the classical time costly approach for capturing the nonlinear seismic
response of a structure in function of time is the full model implicit direct integration nonlinear
time history analysis. The Newmark-ߚ method [8] is one of the famous implicit direct
integration techniques used for linear and nonlinear time history analysis. For this method,
knowing the structural system state at instant ݐ (displacement, velocity and acceleration
vectors) and assuming a variation pattern for acceleration between instants ݐ and ݐାଵ (i.e.
constant average acceleration) makes it possible to express the dynamic equation of the
structural system at instant ݐାଵ with only one unknown (the displacement vector at instant ݐାଵ )
and thus solving easily the system.
The proper orthogonal decomposition POD also known as the Principal Component
Analysis PCA and the Karhunen-Loève Decomposition KLD is a statistical analysis of
observation data. Let’s consider a data matrix ሾܺሿ containing ݊ observation vectors ሾܺሿ ൌ
ሾሼܺଵ ሽ  ڮሼܺ ሽሿ and each observation vector is made of m dimension
ݔଵଵ ǥ ݔଵ
ڰ
 ڭ൩
ሾܺሿ ൌ ሾሼܺଵ ሽ  ڮሼܺ ሽሿ ൌ  ڭ
(7)
ݔଵ ǥ ݔ
ሼܵ ሽ ൌ ሼݔଵ ݔ ڮ ሽ is row ݅ in matrix ሾܺሿ and represents all the data collected on
dimension ݅. If data set ሼܵ ሽ ݅has a zero mean, the variance of ሼܵ ሽ becomes
ߪ ଶ ሺሼܵ ሽሻ ൌ

ଶ

ଵ

ൈ σୀଵ൫ݔ െ ݉݁ܽ݊ሺሼܵ ሽሻ൯ ൌ
ିଵ

ଵ
ିଵ

ଵ

ൈ σୀଵሺݔ ሻଶ ൌ ିଵ ሼܵ ሽሼܵ ሽ்

(8)

and the covariance of ሼܵ ሽ and ൛ܵ ൟ becomes
ܸܱܥ൫ሼܵ ሽǡ ൛ܵ ൟ൯ ൌ

ଵ
ିଵ

ൈ σୀଵ൫ݔ െ ݉݁ܽ݊ሺሼܵ ሽሻ൯ ቀݔ െ ݉݁ܽ݊൫൛ܵ ൟ൯ቁ

ܸܱܥ൫ሼܵ ሽǡ ൛ܵ ൟ൯ ൌ

ଵ

ଵ

ൈ σୀଵሺݔ ሻ൫ݔ ൯ ൌ ିଵ ሼܵ ሽ൛ܵ ൟ
ିଵ

்

(9.a)
(9.b)

High value of ߪ ଶ ሺሼܵ ሽሻ indicates high action on dimension ݅ and vice versa. High value of
ܸܱܥ൫ሼܵ ሽǡ ൛ܵ ൟ൯ indicates high similarity between the actions on dimension ݅ and dimension ݆.
On the other hand, ܸܱܥ൫ሼܵ ሽǡ ൛ܵ ൟ൯ ൌ Ͳ indicates zero resemblance (total independence)
between the actions on dimension ݅ and dimension ݆.
If data set ሼܵ ሽ ݅has a zero mean, the covariance of matrix ሾܺሿ becomes
ܸܱܥሺሾܺሿሻ ൌ

ଵ
ିଵ
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ߪ ଶ ሺሼܵଵ ሽሻ
ܸܱܥሺሼܵଵ ሽǡ ሼܵଶ ሽሻ ܸܱܥ ڮሺሼܵଵ ሽǡ ሼܵ ሽሻ
ۍ
ې
ଶ ሺሼܵ ሽሻ
ሽǡ
ሼܵ
ሽሻ
ሽǡ
ሼܵ
ሽሻ
ߪ
ڮ
ܸܱܥሺሼܵ
ܸܱܥሺሼܵ
ଶ
ଵ
ଶ
ଶ

ۑ
ܸܱܥሺሾܺሿሻ ൌ ێ
ڭ
ڭ
ڰ
ڭ
ێ
ۑ
ߪ ଶ ሺሼܵ ሽሻ ے
ܸܱܥۏሺሼܵ ሽǡ ሼܵଵ ሽሻ ܸܱܥሺሼܵ ሽǡ ሼܵଶ ሽሻ ڮ

(10.b)

Determining the principal components of data matrix ሾܺሿ starts by finding a new
orthonormal reference ሾܰሿ. The initial data matrix ሾܺሿ is expressed in this new reference as
ሾܺԢሿ ൌ ሾܰሿ் ሾܺሿ. For ሾܰሿ to be containing the principal components of the data observation,
ܸܱܥሺሾܺԢሿሻ should be a diagonal matrix. In other words, we have zero similarity between
actions on different new dimensions in reference ሾܰሿ (ܸܱܥ൫ሼܵԢ ሽǡ ൛ܵԢ ൟ൯ ൌ Ͳ݂݆ ് ݅ݎሻ.
Since ܸܱܥሺሾܺሿሻ is made up of ሾܺሿሾܺሿ் it is a symmetrical matrix and thus has real
eigenvalues.
ሾܺሿሾܺሿ் ሾሿ ൌ ሾሿሾߣሿ

(11)

where ሾሿ is the eigenvectors matrix and ሾߣሿ is the diagonal matrix containing the eigenvalues.
Eigenvectors are orthonormal vectors and we can demonstrate that the new reference ሾܰሿ we
were talking about in the previous paragraph is in fact the eigenvectors matrix (ሾܰሿ ൌ ሾሿ) of
ሾܺሿሾܺሿ் . In fact for ሾܺԢሿ ൌ ሾሿ் ሾܺሿ we get
ܸܱܥሺሾܺԢሿሻ ൌ

ଵ
ିଵ

ଵ

் ሾሿ
ሾܺԢሿሾܺԢሿ் ൌ
ሾሿ் ᇣᇧ
ሾܺሿሾܺሿ
ᇧᇤᇧ
ᇧᇥ ൌ ሾߣሿ
ିଵ

(12)

ሾሿሾఒሿ

ܸܱܥሺሾܺԢሿሻ is a diagonal matrix and ߪ ଶ ሺሼܵԢ ሽሻ ൌ ߣ . We notice that the higher ߣ is the more
we have actions on dimension ݅ in the eigenvectors reference. As a conclusion, principal
components of the data set ሾܺሿ are the eigenvectors of ሾܺሿሾܺሿ் and modes with high eigenvalues
are the most influential in representing ሾܺሿ.
The orthogonal eigenvectors obtained are called POD modes and the corresponding
eigenvalues are called proper orthogonal values. The POD modes can be used to reconstruct
the initial data matrix ሾܺሿ. The higher the eigenvalue of a POD mode is, the more essential this
mode is in recreating ሾܺሿ.
By considering the most important  ݏPOD modes ( ݏ൏ ݉ሻ and placing them in ሾܶሿ  אԹൈ௦ ,
the ሼܺ௧ ሽ snapshot vector previously expressed in ݉ dimensions can now be approximated in
the lower  ݏdimensions
ሼܺ
ด ሼܳ
ถ
ถ
௧ ሽ ؆ ሾܶሿ
௧ሽ
אԹൈభ

אԹൈೞ

(13)

אԹೞൈభ

where ሼܳ௧ ሽ contains the coordinates of the snapshot vector in the new reference ሾܶሿ. The choice
of the number  ݏof POD modes to consider in the reduced new reference should satisfy 2
conditions:
1- The representation in the new reference should be accurate so the error should be minimal.
The higher  ݏis, the more accurate the approximation is.
݁ ݎݎݎൌ σୀଵฮ൛ܺ௧ ൟ െ ሾܶሿ൛ܳ௧ ൟฮ

(14)

2- For the dimensions reduction to be efficient, the number of chosen POD modes  ݏshould
be relatively small.
In order to balance between accuracy and efficiency, an energy criterion is considered to
determine the optimal value of ݏ. The Proper Orthogonal Value of a mode gives an indication
on the energy carried by this mode. Generally, the first  ݏPOD modes carrying at least 99% of
the total system energy are considered for the new reduced reference.
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σ
ೕసభ ఒೕ

(15)

 ͻͻΨ

In structural dynamics, the POD reduction can be applied to the direct integration time
history analysis for linear or nonlinear structures. In order to get the observation data required
for the POD, we initially do a classical implicit direct integration time history analysis of the
full structural finite element model subjected to a specific base excitation. Let’s consider a
nonlinear structural system with ݉ degrees of freedom and ݊ snapshots were taken. We
calculate the POD modes and proper orthogonal values of the data matrix ሾܺሿ and then choose
the subspace ሾܶሿ  אԹൈ௦ containing the first  ݏPOD modes satisfying the 99% energy criterion.
The dynamic equation of the system is
ሾܯሿ൛ܺሷሺݐሻൟ  ሾܥሿ൛ܺሶሺݐሻൟ  ܴሺሼܺሺݐሻሽሻ ൌ ሼܨሺݐሻሽ

(16)

By replacing ሼܺሺݐሻሽ and its derivatives by ሾܶሿሼܳሺݐሻሽ and multiplying both sides of the
dynamic equation by ሾܶሿ் we get
் ሾܯሿሾܶሿ
் ሾܥሿሾܶሿ
்
் ሼܨሺݐሻሽ
ሾܶሿᇧᇤᇧ
ሾܶሿᇧᇤᇧ
ܴሺሾܶሿሼܳሺݐሻሽሻ ൌ ᇣᇧ
ᇧᇥ ൛ܳሷ ሺݐሻൟ  ሾܶሿ
ᇧᇥ ൛ܳሶ ሺݐሻൟ  ሾܶሿ
ᇣᇧ
ᇣᇧᇧᇤᇧ
ᇣᇧᇧᇧᇧᇤᇧᇧᇧᇧᇥ
ᇧᇥ
ሾெೝ

ሿאԹೞൈೞ

ሾೝ

ሿאԹೞൈೞ

ோೝ

ሺሾ்ሿሼொሺ௧ሻሽሻאԹೞൈభ

ሼிೝ

(17)

ሺ௧ሻሽאԹೞൈభ

The previously ݉ degrees of freedom dynamic system is reduced to  ݏdegrees of freedom.
However, the nonlinear restoring force ܴሺሾܶሿሼܳሺݐሻሽሻ cannot be reduced and always needs to
be calculated in the full coordinate model which makes this step the most time consuming part
of the entire process. In this case, the most effective direct time integration technique to adopt
will be the one with the least recurrence for the expensive nonlinear restoring force calculation.
Implicit direct time integration techniques are usually used in conjunction with the NewtonRaphson approach for solving nonlinear systems. In order to reach convergence with this
approach, multiple iterations are required at each time step and for every iteration we need to
calculate the tangent stiffness matrix, its inverse and the nonlinear restoring force which are all
time costly. Using the constant stiffness Newton-Raphson approach will save us the need for
the tangent stiffness calculation and its inverse but will increase the number of iterations
required for convergence.
On the other hand and for explicit direct time integration techniques, the popular central
difference method requires only one iteration per time step and no expensive calculation of the
tangent stiffness matrix and its inverse are needed (only the nonlinear restoring force is
required). However, the central difference approach is conditionally stable and needs to satisfy
the following stability condition
ο ݐ൏

ଶ
ఠೌೣ

(18)

where ο ݐis the time step and ߱௫ is the largest natural pulsation of the system. Generally, the
full model of the structure has a relatively large number of degrees of freedom and will result
in high natural pulsations (for high modes) hence requiring small time steps to maintain
calculation stability and consequently increasing the computational cost. Nevertheless, when
working with a reduced structural model, significantly fewer number of degrees of freedom are
considered and thus the reduced system will have smaller natural pulsations which makes it
possible to use larger time steps while maintaining numerical stability. For this reason, in this
work the central difference method is considered to be the most effective direct time integration
technique for reduced models.
Various applications of this POD nonlinear dynamic model reduction are possible. As
already mentioned for the dynamic seismic analysis, the structure is studied for a range of
possible earthquakes and is analyzed and checked for each excitation (earthquake record)
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separately. Since we need to conduct an analysis for each excitation, we start with the classic
full model implicit direct integration nonlinear time history analysis for the first excitation. By
collecting snapshots from this initial analysis, we can determine the essential POD modes and
use them to reduce the dynamic model in the analysis of the remaining excitations. [15]
proposed this approach and applied it on a small scale steel frame in addition to using it for
studying seismic base isolators. In the current article, we will use this approach and extend it
on a reinforced concrete multistory frame structure while the material nonlinearity is modeled
by the multi-fiber section technique.
4

APPLICATION

At first we need to consider the base vibrations to use. The following 4 earthquake recordings
obtained from the Center of Engineering for Strong Motion Data CESMD
(www.strongmotioncenter.org) were considered (refer to Table 1).
Earthquake

Location

Northridge

Los
Angeles, 01/17/1994
USA

Date

Magnitude
6.4 ML

Measurement Vibration
Total Time
station
direction duration step
Newhall LA
county fire
station

0°

60s

20ms

Elcentro

California,
05/18/1940 6.9 Mw
USA

Elcentro

0°

53.74s

20ms

L’Aquila

L’Aquila,
04/06/2009 6.3 Mw
Italy

L'Aquila
V.Aterno
Centro Valle

90°

60s

20ms

Constitucion
city

90°

120s

20ms

Chile

Off the
coast of
central
Chile

02/27/2010 8.8 Mw

Table 1: Considered earthquakes.

Figure 2. Earthquakes accelerograms
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The structure is a 2D Reinforced Concrete (RC) multistory frame made up of 10 stories and
5 spans with a 3 m story height, a 5 m span length, a 4 t/m linear load is considered on beams
and the structural self-weight is neglected (refer to Figure 3). All concrete columns and beams
are divided into 1 m length finite elements and considered to have the same square cross section
40x40 cm with four 20 mm High Bond HB reinforcing bars at both top and bottom sides (refer
to Figure 5). The cross section is divided into 4 concrete fibers and 2 steel fibers. Rayleigh
damping was used to get a 5% damping ratio for the first two eigenmodes (more than 90% of
the total mass is participating in the first two eigenmodes). The energy criteria for POD modes
selection is set to 99.9% (higher than 99% due to the complexity of reinforced concrete
elements).
Material nonlinearity is considered to occur in the elements near the beam column
connections at the first 5 stories (refer to Figure 4). The steel rebar is considered to have a
bilinear backbone curve (initially linear elastic then plastic with strain hardening) with a
yielding stress of 400 MPa, a yielding strain of 2‰, an elastic Young modulus of 200 GPa, an
ultimate stress of 420 MPa and an ultimate strain of 2.5%. Under cyclic loading, if nonlinearity
is reached, the steel material will undergo a kinematic hysteresis behavior (refer to Figure 6).
Concrete is considered to be unconfined and modeled according to a simplified version of
Mander model [16] that takes into account the damaging phenomena. The maximum concrete
compressive strength is 25 MPa at a corresponding strain of 2‰, the ultimate compressive
strain is 4‰, the maximum tensile strength is considered 2.5 MPa (10% of the compressive
strength) at a corresponding strain of 0.1‰ and the elastic Young modulus is 25 GPa (refer to
Figure 7).

Figure 4. Position of nonlinear elements in RC frame

Figure 3. RC frame geometry and loading
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Figure 5. RC element multi-fiber section

Figure 7. concrete axial stress-strain curve

Figure 6. Steel reinforcement axial stress-strain curve

Northridge earthquake is considered as the initial vibration. Full Model (FM) implicit
nonlinear time history analysis with a 20 ms time step was carried out for this earthquake. 50
snapshots were taken for the resulting displacement vector during the first 15 seconds of the
vibration (where most of the powerful excitation occurs) and at equally spaced time intervals.
POD modes were extracted from the snapshot matrix and the dynamic system was reduced
based on Northridge earthquake results. Then, Reduced Model (RM) explicit nonlinear time
history analysis with a 20 ms time step was carried out for the remaining earthquakes (Elcentro,
L’Aquila and Chile).
It should be noted that for comparison purpose, FM implicit nonlinear time history analysis
was conducted separately for Elcentro, L’Aquila and Chile earthquakes in order to have a base
reference. Also RM analysis was performed for the Northridge earthquake for comparison with
the initially calculated full dynamic model.
For this structure, the reduced base is made of the first 4 POD modes since they represent
more than 99.9% of the system’s energy. As a result, this structure with initially 1140 degrees
of freedom is reduced to only 4.
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Figure 8. Classic structural eigenmodes Vs POD modes

By comparing the POD modes with the classical eigenmodes of the structure, we can clearly
see the nonlinearity effect in the POD modes at the first 5 stories of the structure especially for
modes 2 and 3.

Figure 9. Structural top left corner horizontal displacement in function of time for Full Models (FM) and
Reduced Models (RM)

As we can see in Figure 9 the reduced models results are very close to the full models and
at a fraction of the time cost, for further details refer to the following table 2.
Earthquake

FM time

Northridge
Elcentro
L’Aquila
Chile

795.73 s
687.03 s
774.31 s
1661.06 s

Time
Average Max horiz
Speedup
saving
error
displacement
47.80 s 93.99% 16.6
0.28 cm
45.06 cm
44.51 s 93.52% 15.4
0.36 cm
23.96 cm
47.94 s 93.81% 16.2
0.79 cm
15.85 cm
106.57 s 93.58% 15.6
2.71 cm
27.24 cm

RM time

Table 2: Accuracy and time saving of the Reduced Model (RM) with respect to the Full Model (FM).
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We can clearly see the time saving benefits of the POD modes in reducing the nonlinear
structural system. In addition, the POD modes extracted from the Full Model (FM) analysis of
Northridge earthquake are working well in the reduction of the structural model subjected to
other excitations (Elcentro, L’Aquila and Chile Earthquake).
5

CONCLUSIONS AND PERSPECTIVES

In this paper we extended the application of the Proper Orthogonal Decomposition to reduce
nonlinear dynamic analysis of reinforced concrete multistory frame structure where the material
nonlinearity was modeled by the multifiber section approach. We succeeded in reducing a 1140
degrees of freedom system to only 4 degrees while achieving a speedup of around 16 (the
reduced model calculation is 16 times faster than the full model) and maintaining an acceptable
accuracy level. It was also shown that POD modes obtained from the analysis of a full structural
model subjected to a certain base vibration were also convenient for reducing the same model
when subjected to different base excitations. The key point here is having a well representative
snapshot matrix of the dynamic system.
As perspectives for future work, we are looking forward for increasing the time saving,
results accuracy and applying this approach on 2D reinforced concrete structural elements
(plates, shells and membranes) by using the layered 2D element model.
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Abstract
A Multi-resolution wavelet-based numerical method is developed for the fast prediction of
transient response in elastic homogeneous and heterogeneous rods and beams. The method
takes advantage of the remarkable mathematical properties of Daubechies wavelet and scaling functions as basis functions for the spatial approximation of state variables. The Multiresolution capability of the Daubechies wavelet family, provides the hierarchical computational framework that incorporates both scaling and wavelet functions. An uncoupled solution
system between each resolution is formulated, using an explicit time integration scheme. The
first level of analysis provides the coarse solution, while finer approximations are sequentially calculated and superimposed on the coarse solution, until the desired level of accuracy is
achieved, without discarding the previous results obtained at coarser resolutions. Additionally, due to the orthogonality and compact support of Daubechies wavelet family, the decoupled
mass matrices of each resolution are diagonal, or block diagonal and the stiffness matrices
are banded. The proposed method uses a uniform grid which remains practically unchanged
when increasing the order of interpolation (p-method), owing to its meshless character. Numerical results for the simulation of high-frequency wave propagation in isotropic and orthotropic rods and beams are presented and compared against confirmed models, demonstrating
substantial reduction in computational effort. Furthermore, additional benefits of the proposed method are shown, such as the localization capabilities of the fine solutions, which exhibit high sensitivity in detecting discontinuities resulted from material inhomogeneity.
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1

INTRODUCTION

The transient dynamic response of isotropic and composite materials and structures is attracting intensive research over the last decade, as it is central to classical problems and applications. For instance, the design of passive and active Structural Health Monitoring (SHM)
systems based on linear guided waves is an emerging technology, which requires rapid and
robust simulation tools for ultrasonic wave propagation in healthy and damaged structures.
However, the modeling of wave propagation in light-weight structures is computationally
demanding, because of the high frequencies and wavenumbers involved in SHM applications.
In addition, the anisotropy and inhomogeneity of composite light-weight structures, adds further complexity and makes the analysis of such problems even more challenging. Traditional
methods, such as the Finite Element (FE) and Finite Difference Method, require very fine spatial and temporal discretization, mandated by the small wavelengths and the high frequencies.
Remeshing techniques are implemented for the increase of the results accuracy, but using the
h- or p-refinement method requires the introduction of intermediate nodes which render the
simulation of Lamb or guided waves practically intractable in terms of required computation
time. Computational efficiency is further deteriorated in damage detection applications, where
most of the widely used detection methods have been developed independently, without sharing common features and synergies with numerical methods.
A powerful and multifunctional mathematical tool, which is mainly used in signal processing, pattern recognition and data compression, is wavelet analysis. During the past three
decades, various researchers have studied the use of wavelets to solve partial differential
equations (PDEs) [1]. Also, numerous works have investigated the application of several
wavelets in computational mechanics and structural analysis. Patton and Marks [2] created a
wavelet-based rod element for static and free vibration problems. Ma et al. [3] constructed a
beam element based on Daubechies scaling functions, that exhibited great results in static
analyses. Diaz et al. [4] have also developed a Daubechies wavelet-based Euler-Bernoulli
beam element and a Mindlin-Reisner plate element for static problems. Except from
Daubechies wavelets, Deslauries-Dubuc interpolating wavelets, known as interpolets, have
been employed for the construction of beam elements for static [5] and wave propagation
analysis [6]. Ko, Kurdila and Pilant [7] have developed a class of finite elements based on orthonormal compactly supported wavelets, and used Daubechies wavelets to solve a second
order Neumann problem. In a different direction, wavelets have been used in dynamic problems for the reduction of PDEs to ODEs [8],[9] and for the development of wavelet-based
time integration schemes [10]. Furthermore, B-spline wavelets have been studied for the construction of rod, beam, and plate elements for static and dynamic problems
[11],[12],[13],[14],[15]. Moreover, Hermitian interpolation wavelets have been exploited for
the simulation of wave propagation in isotropic structures [16]. Nastos et al. have implemented the Daubechies scaling functions and introduced the Finite Wavelet Domain (FWD) method for the simulation of wave propagation problems in rods, beams, membranes and plates
[17],[18],[19]. Due to the orthogonality of Daubechies scaling functions, diagonal or block
diagonal consistent mass matrices are created, and the equivalent wavelet domain algebraic
system is rapidly solved using explicit time integration, evincing high accuracy and convergence rates. The FWD method incorporated first order shear and higher order layerwise theories either for beam or for plate structures, to achieve rapid and efficient simulation of
symmetric and antisymmetric guided waves in thin and thick laminated composites.
All the forenamed wavelet-based methods are confined to the utilization of the scaling
functions of each wavelet family; hence they can be termed as single-resolution (SR) approaches. However, the most distinct property of many wavelet families is the Multi-
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resolution (MR) property. This property has mainly been investigated by numerous scientists
in the fields of image and signal processing, feature extraction, data compression and denoising, et cetera [20],[21]. During the last decade, many researchers implemented the MR
approximation in the field of computational mechanics. Quraishi and Sandeep [22] have created customized second generation wavelets that lead to a scale-decoupled system for the hierarchical static analysis of beams and plates, because of the stiffness decoupling. Jang et al.
[23] used hat interpolation wavelets to solve Neumann and Dirichlet boundary value problems.
Liu et al. [24] have developed a wavelet MR interpolation Galerkin method for the targeted
enrichment of the solution of plane elastic problems. Also, several research works in the field
of fracture mechanics using wavelet MR approaches have also been reported [25],[26],[27].
Additionally, Shen, Li and Ou [28] have studied the wave dispersion characteristics of 2D
elastic waves using multiscale B-spline wavelets on interval (BSWI) method.
The present work takes advantage of the MR property of Daubechies wavelet family, to
develop a hierarchical computational method as an expansion of the FWD method. The proposed method is termed as Multi-resolution Finite Wavelet Domain method (MR-FWD) and
employs both Daubechies wavelet and scaling functions as basis functions for the generalized
displacement field approximation. Due to the orthogonality and the MR property of
Daubechies wavelet family, the solution system is uncoupled for each resolution in the wavelet space. In the present paper, the concept of the MR-FWD method is introduced for 1D cases, and its performance and functionalities are evaluated towards the simulation of
longitudinal and guided waves in rods and beams.
In the following sections, the concept of the MR analysis and the mathematical properties
of Daubechies scaling functions (SF) and wavelet functions (WF) are introduced. Then, the
development of the MR-FWD approximation for rods and beams is described and the hierarchical solution scheme is formulated using explicit time integration. The final physical solution consists of the coarse resolution component and the superposition of sequential finer
resolution components that incrementally improve the accuracy of the analysis. Finally, numerical results for transient dynamic analysis in homogeneous and inhomogeneous rod and
beam structures are presented and evaluated.
2

MATHEMATICAL PROPERTIES OF DAUBECHIES WAVELET FAMILY

Daubechies scaling functions have been employed as basis functions for the FWD and other methods, owing to their remarkable mathematical properties [21],[29]. The Daubechies
wavelet family consists of compactly supported orthogonal scaling functions φ(x) and wavelet
functions ψ(x). Both SF (also called father wavelet) and WF (also called mother wavelet) are
needed to form the Multi-resolution approximation. Also, both SF, WF and their derivatives
are algorithmically constructed and do not have analytical expressions [30]. Many researchers
have studied the computation of wavelet integrals, also termed as connection coefficients,
which is a challenging task because of the highly oscillatory and noisy nature of many SF and
WF [7],[31],[32]. The basic mathematical properties of Daubechies SF and WF are summarized below.
Compact Support. Both SF and WF are bounded within an interval, which spans over a
compact support domain of grid points [0, 2L − 1], where L is the order of the SF/WF. For the
sake of conciseness, Daubechies WF/SF of order L are termed as DBL. This can be visualized
in Figure 1. The values of SF and WF beyond their support are zero by definition. So, the influence of each SF/WF is limited within their support domain, that depends on the order L.
Also, SF/WF of order L can be defined in the wavelet domain, either by translating the parent
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SF/WF at other integer points j, thus creating new SF/WF I ( x  j ), \ ( x  j ) , or by shrinking/dilating the parent functions to form new ones I (2 j x),\ (2 j x) .
Orthogonality. The integer translates of the SF/WF are orthogonal to each other, hence,
they form an orthogonal basis in the functional space,
f

³ M ( x  i)M ( x  j)dx

Gi j

(1)

Gi j

(2)

0

(3)

f
f

³ \ ( x  i)\ ( x  j)dx

f

f

³ M ( x  i)\ ( x  j )

f

Vanishing moments. The number of vanishing moments signifies the maximum degree of
polynomial that can be exactly approximated by SF/WF. Daubechies SF/WF of order L have
L vanishing moments, which are the highest amongst first generation wavelets. It should be
noted, that a SF/WF with L vanishing moments can exactly represent polynomials up to L-1
order.
Two scale relation/ Dilation property. Provided by the dilation equations,

M (2 j x)

2 L 1

2  ¦ hk  M (2 j 1 x  k )

(4)

k 0

\ (2 j x)

2 L 1

2 ¦ (1) k h2 L  k 1  M (2 j 1 x  k )

(5)

k 0

where hk is the set of 2L filter coefficients, and j is the resolution or scale. The dilation property constitutes the basis for the MR analysis since it mathematically connects the scaling and
the wavelet function. Also, SF and WF can be calculated at dyadic points from the dilation
equations.

Figure 1: Example of Daubechies scaling φ(x) and wavelet ψ(x) functions of order L=6 (DB6).
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3

THE 1D MULTI-RESOLUTION FINITE WAVELET DOMAIN METHOD

In the present section, the basic concepts of the MR-FWD method for 1D problems and the
construction of MR wavelet-based elements for rods and beams are presented. Besides that,
the MR hierarchical procedure using explicit time integration scheme and the achievement of
effective resolution decoupling are described.
3.1

Generalized approximation of field variables

For a generalized 1D problem, Figure 2 depicts a rod or beam structure that is subdivided
into 2 segments, using a uniform grid of 3 grid points. Additional 2L-2 nodes (where L is the
order of the SF/WF) are introduced at the left side of the physical domain, and so the wavelet
domain is formed. The case of DB3 discretization is shown in Figure 2, so the additional
nodes are 4. The approximation of the generalized displacements u(x,t) in the segment between 2 grid points, also called a wavelet-based element, for R resolutions can be expressed as:
0

u ( x, t )

¦

n  (2 L  2)

0
uˆCn
(t )M ([  n) 

0

R

¦ {¦ uˆ

n  (2 L  2) S 0

S
Fn

(t )\ (2 s [  n)}

(6)

0
are the coarse wavelet coefficients of generwhere L is the order of Daubechies SF/WF, uˆCn
S
are the fine wavelet coefficients of generalized
alized displacements at resolution 0, and uˆFn
displacements at resolution S. Also, apart from the global coordinate system, a normalized
local coordinate system is associated with each element, as shown in Figure 2. The local dimensionless coordinate variable ξ is given in terms of the global coordinate variable x as:

[

x  xi
xi 1  xi

x  xi
le

(7)

so, in Equation (6) the spatial variables x and ξ are limited to the ranges 0 d x d le and
0 d [ d 1 , respectively. Also, le is the elemental length.

Figure 2: Discretization of the wavelet domain for 2 DB3 MR wavelet-based elements.

3.2

MR-FWD Rod-Beam element

The aforementioned MR approximation is implemented for the construction of Timoshenko beam elements. It should be noted, that the rod element is basically included in the beam
element, since the rod kinematics are comprehended in the first shear deformation theory
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(FSDT). Specifically, the proposed wavelet-based shear beam element encompasses transverse displacement and rotational degrees of freedom, except from axial displacement. According to the FSDT, the axial and transverse displacement, u and w respectively are
expressed by the following equations:

u( x, z, t ) u 0 ( x, t )  E x ( x, t )  z
w( x, z, t )

(8)

w0 ( x, t )

(9)

where u0 and w0 are the axial and transverse displacement at the beam midplane, respectively,
and βx is the rotation of the neutral line. The axial and shear strain, εx and εxz, respectively, are
calculated as:

in which H x0

u,0x , k x

H x ( x, z, t ) H x0 ( x, t )  kx ( x, t )  z

(10)

H xz ( x, z, t ) H xz0 ( x, t )

(11)

E x , x and H xz0

 Nx ½
° °
® N xz ¾
°M °
¯ x¿

ª A11
«B
« 11
¬« 0

E x  w,0x . The generalized Hooke’s law takes the form:
B11
A55
0

0 º  H x0 ½
° °
0 »» ®H xz0 ¾  V gen
D11 ¼» °¯ k x °¿

[ ABD]H gen

(12)

where Nx, Nxz and Mx are the axial force, shear force and bending moment, and A11, A55, B11
and D11 are the extensional, shear, coupling and flexural stiffness terms, respectively. As
shown in Eq. (12) the generalized Hooke’s law can take compact form, introducing the generalized stress V ge n [ N x , N x z , M x ]T , the generalized strain H g e n [H x0 , H xz0 , k x ]T and the wellknown [ ABD] matrix of the beam. The Principle of Virtual Work provides the variational
form of the equation of motion for the FSDT beam:
l

l

0

0

..

T

T
³ GH gen
 V gen dx  ³ G uTgen  Ut ot al  u gen dx  ³ G u gen W dS
S

0

(13)

[u 0 , w0 , E x ]T are the generalized displacements, Utotal

diag[ U A , U A , U D ] is the
diagonal total density matrix of the beam, in which ρA is the linear density and ρD is the rotational inertia, and overbar variables are tractions and displacement on the boundary S. The
approximation of generalized displacements of a MR-FWD shear beam element for R resolutions is:
where u gen

u0 ½
° 0°
®w ¾
°E °
¯ x¿

0

¦

n  2 L2

 uˆ 0 ½
R
°° Cn
°
0 °
® wˆ Cn ¾  M [  n  ¦
S 0n
°ˆ °
¯° E xC n ¿°

0

¦

 2 L2

 uˆ 0, S ½
°° Fn
°
0, S °
S
® wˆ Fn ¾ \ 2 [  n
° ˆ 0, S °
¯° E xF n ¿°

(14)

and the generalized strains for resolution R, are expressed as:
 H x0 ½
° 0°
®H xz ¾
°k °
¯ x¿

0

¦

n  2 L2

 uˆ 0 ½
°° Cn
° R
>), x @  ® wˆ Cn0 ¾°  ¦
° ˆ ° S 0n
¯° E x Cn ¿°
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where matrix ) ,x is the coarse strain shape function matrix:

[) , x ]

ªM ,[ [  n
1«
0
le «
«
0
¬

0

º
»
le  M [  n »
M ,[ [  n »¼
0

M ,[ [  n
0

(16)

and matrix <,x is the fine strain shape function matrix for resolution R:

[<, x ]

ª\ ,[ 2S [  n
1 ««
0
le «
«
0
¬

0

\ ,[ 2S [  n
0

º
»
S
le \ 2 [  n »
»
S
\ ,[ 2 [  n »¼
0

(17)

The implementation of Eqs. (14), (15), (16) and (17) to Eq. (13) yields the MR stiffness and
mass matrices of the shear beam element. For simplicity, the hierarchical MR process for resolution 1 will be presented, considering that the generalized displacement field is termed as u
in the physical space.
Resolution 1 (C0+F0). Following the hierarchical MR scheme, the fine approximation at resolution 0 (F0) needs to be calculated and added to the coarse solution at resolution 0 (C0) in order to obtain C1 solution. The MR discretized solution system is:
ª M CC
« 0
¬

0 º °uˆC (t ) ½° ª K CC
®
¾
M FF »¼ ¯°uˆ F (t ) ¿° «¬ K FC

K CF º uˆC (t ) ½
®
¾
K FF »¼ ¯uˆ F (t ) ¿

ª FC (t ) º
«
»
¬ FF (t ) ¼

(18)

where uˆ F are the generalized fine wavelet coefficients and uˆC are the generalized coarse
wavelet coefficients of the coupled equations of motion for resolution 1. The coarse solution
at resolution 0 (C0) is obtained assuming that uˆF 0 . In that way, this single-resolution
coarse solution, termed as uˆCC , is basically the same solution that the FWD method provides,
employing only the Daubechies SF φ(x). It is important to point out that uˆC is not equal to
uˆCC , because of the coupling between the coarse and fine equations of motion. That coupling
emanates from the coupling stiffness matrices [ KCF ] and [ K FC ] that are nonzero in opposition to [ M CF ] and [ M FC ] that are equal to zero because of the orthogonality between φ(x) and
ψ(x). Also, [ K FF ] and [ M FF ] are the fine resolution stiffness and mass matrices, respectively,
and FF is the fine resolution load vector. More specifically, all the aforementioned MR stiffness and mass matrices are calculated as:

e
ª¬ K CC
º¼

ª A11 11
* kl
«
« le
«
«
«
«
« (S )
¬

B11 11
* kl
le
A55 11
* kl
le
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ª A11 11
*1kl
«
l
e
«
«
«
«
«
« (S )
¬

e
¬ª K CF ¼º

B11 11
*1kl
le
A55 11
*1kl
le

e
ª¬ K FC
º¼

ª¬ K Fe F º¼

ª A11 11
* 2kl
«
l
e
«
«
«
«
«
« (S )
¬

e
ª¬ KCF
º¼

B11 11
* 2kl
le
A55 11
* 2kl
le

ª¬ M Ce C º¼
e
ª¬ M FF
º¼

º
»
»
»
A55*101
»
kl
»
D11 11 »
A55le *100

*1kl »
kl
le
¼
0

(20)

T

(21)

º
»
»
»
A55* 201
»
kl
»
»
D
11
11
A55le * 200
2

*
kl
kl »
le
¼
0

(22)

Utotal  le  *00
kl

(23)

Utotal  le  *200
kl

(24)

where *iklj , *1iklj , *2ijkl in which i, j 1, 2 , determine the order of the derivation of the SF and
WF, are the so called connection coefficients [17]. The computation of the connection coefficients is a challenging numerical procedure that is rigorously explained on [31],[32],[7]. Considering the previous equations, the wavelet integrals are given as:

³
³
³

1
0

M

(i )

[  k M ( j ) [  l d[

Γijkl

1
0

M

(i )

[  k \ ( j ) [  l d[

Γ1ijkl

\

(i )

[  k \ ( j ) [  l d[

Γ 2ijkl

1
0

(25)

Due to the orthogonality of SF and WF, there are no coupling mass matrices because:
ª Me º
«¬ CF »¼

ª Me ºT
«¬ FC »¼

Utotal le ³ 01M [  k  \ [  l d[

0

(26)

The mass decoupling and the fact that the mass matrices are consistent and diagonal, leads to
crucial computational benefits in the transient dynamic structural analysis. The mass decoupling feature is further discussed in section 3.3 for the hierarchical MR procedure using explicit time integration.
Another important feature of the novel MR-FWD method, is that when the traditional prefinement method is utilized, the mesh remains practically unchanged [17]. Due to the meshless character of the proposed method, increasing the order of Daubechies SF/WF only leads
to an increase in the additional grid points to the left side of the physical domain (Figure 2)
and the rest of the mesh remains intact.
Moreover, the hierarchical MR solution system that is shown in Eq. (18) can be generalized for S+1 resolutions. The S+1 resolution stiffness matrices, mass matrices, generalized
displacement vectors and load vectors are formed as:
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s
ª K CC
« s
¬ K FC

s 1
ª¬ K CC
º¼

s
º
KCF
s 1
º¼
, ª M CC
s » ¬
K FF ¼

s
ª M CC
«
¬ 0

0 º
, ª F s 1 º
s » ¬ C ¼
M FF ¼

ª FCs º
s 1
« s » , ª¬uˆCC º¼
¬ FF ¼

ªuˆCs º
« s»
¬uˆF ¼

(27)

It should be noted, that the MR procedure that is presented for the FSDT beam case in Eq. (18)
is the same for the rod case, and so is the generalized form of the MR matrices and vectors in
Eq. (27).
3.3

Hierarchical MR process using Explicit time integration scheme

The hierarchical MR process is shown in Eq. (18) for resolution 1. Essentially, the solution
at resolution S+1 is the superposition of two different solutions (coarse and fine) at resolution
S, that are obtained in two independent steps. The first step is always the SR solution that
provides the coarse component approximation. For generality, the MR procedure will be described for resolution S+1. Considering Eq. (27), the following mass uncoupled MR solution
system, that involves both coarse and fine approximation is obtained at resolution S+1:
s
ª M CC
«
¬ 0

s ,t
s
0 º °uˆC ½° ª K CC

« s
s » ® s ,t ¾
M FF
¼ ¯°uˆF ¿° ¬ K FC

s
º uˆCs ,t ½
K CF
s » ® s ,t ¾
K FF
¼ ¯uˆ F ¿

ª FCs ,t º
« s ,t »
¬ FF ¼

(28)

The component uˆCs is set as:

uˆCs

s
'uˆ s  uˆCC

(29)

s
where uˆCC
is the already calculated single-resolution coarse approximation, and 'uˆ s is the
s
residual between uˆCs and uˆCC
, called correction component. It is already mentioned that the

multi-resolution coarse component uˆCs is not equal to the single-resolution coarse component
s
because of the stiffness coupling terms. Combining Eqs. (28) and (29), leads to:
uˆCC
s
ª M CC
«
¬ 0

s ,t
s
0 º °'uˆ °½ ª K CC

« s
s » ® s ,t ¾
M FF
¼ °¯ uˆF °¿ ¬ K FC

s
º 'uˆ s ,t ½
K CF
¾
»®
K Fs F ¼ ¯ uˆ Fs ,t ¿

0
ª
º
« F s ,t  K s uˆ s ,t »
FC CC ¼
¬ F

(30)

The diagonality of the total MR mass matrix of Eq. (30) results in two uncoupled equations
for the prediction of 'uˆ s and uˆ Fs , using the central differences explicit time integration
scheme. Those are calculated as:
'uˆ s ,t 1

uˆ

s ,t 1
F

s
s
s
ª¬ M CC
º¼ a2 'uˆ s ,t  a0 'uˆ s ,t 1  ª¬ K CC
º¼ 'uˆ s ,t  ª¬ K CF
º¼ uˆFs ,t
s
º¼
a0 ª¬ M CC

s
s
s ,t
s
º¼ a2uˆFs ,t  a0uˆFs ,t 1  ª¬ K FC
º¼ uˆCC
º¼ uˆFs ,t
FFs ,t  ª¬ M FF
 'uˆ s ,t  ª¬ K FF
s
º¼
a0 ª¬ M FF

(31)

(32)

where a0 1/ 't 2 and a2

2 / 't 2 , in which Δt is the time step for the explicit dynamic solver.
s
The superposition of the three components uˆCC
, 'uˆ s and uˆ Fs at resolution S, forms the coarse
approximation of the next resolution S+1, as:
s 1,t 1
uˆCC

s ,t 1
uˆCC
 'uˆ s ,t 1  uˆFs ,t 1
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4

NUMERICAL RESULTS

The efficiency and the functionalities of the MR-FWD method are evaluated towards the
simulation of longitudinal and guided waves in homogeneous and heterogeneous aluminum
rods and laminated carbon/epoxy beams. The mechanical properties of the involved materials
are shown in Table 1.
E11 (GPa)
Aluminum
70
Damaged Aluminum
7
Carbon/Epoxy
120
Damaged Carbon/Epoxy
114

E22=E33 (GPa)
70
7
7.9
7.505

G12=G23=G13 (GPa)
26.923
2.6923
5.5
5.225

v12=v13=v23 ρ (kg/m3)
0.3
2700
0.3
2700
0.3
1580
0.3
1580

Table 1: Material properties.

4.1

Homogeneous Aluminum Rod

An aluminum rod with length l=4m, cross section A=10-4m2 and mechanical properties that
are shown in Table 1, is modeled. The rod is clamped at its left edge and it is excited at its
center ( x 2m ), by a 5-cycle tone burst with 25 kHz central frequency. The analysis duration
is 0.3 milliseconds (ms). The effectiveness of the MR hierarchical procedure is investigated
for resolution up to 2, for DB3 wavelet-based elements. A converged 3-node FE analysis with
401 nodes is considered the reference solution. It is worth mentioning that both the 3-node FE
and the DB3 wavelet-based elements, are quadratic approximation elements. The hierarchical
process is shown in Figure 3, following top-down sequence.
The first step of the analysis is the SR approximation (C0) that involves 54 grid points. It is
0
diverges a lot from the reference solution. Moving to
obvious that this coarse solution uˆCC
0
, using the
resolution 1, the components 'û 0 and uˆ F0 are calculated and superimposed to uˆCC
1
same grid points. In that way, the coarse solution at resolution 1 (C ) is obtained, and it is
shown that crucial correction is provided by 'û 0 and uˆ F0 . The same procedure is repeated for
resolution 2, but the shrinking of the DB3 WF requires the use of 104 grid points, for the calculation of 'û1 and uˆ1F . The total summation of the above 5 components

( uˆC0C , 'uˆ 0 , uˆF0 , 'uˆ1 , uˆ1F ) provides the overall solution at resolution 2 (C2), which has converged
to the reference solution. It can be concluded, that the components 'uˆ s mainly improve the
frequency and the time of flight of the wave packets, whereas the components uˆ Fs provide a
small correction on the amplitude of the wave packets. The functionalities of the fine components will be extensively assessed at the inhomogeneous cases.
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Figure 3: Predicted axial displacement field of the aluminum rod. The MR hierarchical procedure is shown from
resolution 0 to resolution 2 (top-down sequence).

The MR hierarchical process demonstrates substantial reduction in the computational effort,
because not only the required grid points for a converged solution are much fewer compared
to the 3-node FE, but also the mass diagonality permits the initial 2 N u 2 N algebraic system
(Eq. (28)) to be solved as two N u N algebraic systems (Eq. (31) and (32)), using explicit
time integration. Considering the computational cost in terms of floating-point operations
(flops), a matrix inversion using LU decomposition requires approximately 2n3 / 3 flops. So,
inverting two N u N matrices requires approximately 75% less flops in comparison with inverting a 2 N u 2 N matrix. In that way, additional computational benefits arise from the hierarchical MR procedure, apart from the exploitation of the already calculated coarse solution.
4.2

Laminated Composite Beam

A 1m long unidirectional [0]8 carbon/epoxy beam with cross section A=10-4m2 and mechanical properties shown in Table 1, is modeled. The beam is clamped at its left edge and it
is transversely excited at its center ( x 0.5m ), by a 5-cycle tone burst with 50 kHz central
frequency. The analysis duration is 0.15 ms. The simulation of antisymmetric guided waves is
more challenging than the simulation of pressure waves, owing to the smaller wavelengths
and the dispersive nature of the antisymmetric mode. In this case, the effectiveness of the pmethod for resolution 1 solutions (C1) is demonstrated. As shown in Figure 4, MR-FWD
models with DB3, DB6, DB8 and DB11 wavelet-based elements are used to predict the transverse displacement field of the composite beam. The reference solution is a converged and
validated FWD analysis (C0) that employs DB3 elements with 434 grid points.
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Figure 4: Predicted transverse displacement of the right half of the laminated beam. Minimum number of nodes
required for a converged solution are illustrated for each discretization case inside the parentheses.

The superiority of the high order MR DB elements is depicted in Figure 4, where it is obvious that higher order MR models require substantially fewer nodes to obtain an accurate
solution. Moreover, observing the case of DB3 discretization, the MR hierarchical method
demonstrates remarkable precision and critically decreases the already decreased computational effort required by the single-resolution FWD method. Considering the grid points needed for a converged solution, there is a reduction of almost 50% for the C1 DB3 case and up to
82% for the C1 DB11 case, compared to the C0 DB3 analysis. Finally, it should be noted that
the wavelet-based FSDT beam elements do not exhibit shear locking effects, which is another
significant advantage compared to traditional shear beam FE [17].
4.3

Inhomogeneous Aluminum Rod

An inhomogeneous aluminum rod with length l=4m and cross section A=10-4m2 is modeled. The rod consists of two different materials, aluminum, and damaged aluminum, and
their mechanical properties are shown in Table 1. The damaged area spans from
2m d x d 2.2m , as depicted with dark grey in Figure 5a. The rod is clamped at the left edge
and it is excited at its right free end ( x 4m ), by a 5-cycle tone burst with 25 kHz central frequency. The duration of the simulation is 0.8 ms. The reference solution is a converged SR
analysis of 800 DB3 elements. Figure 5b depicts the axial displacement of the MR process,
for 200 DB3 elements and resolutions from 0 to 2.
It is obvious that the initial scale of analysis (C0) exhibits substantial error compared to the
reference solution. Moving up to the C1 there is crucial correction of the predicted displacement field, but there is still divergence from the reference solution. Finally, the C2 solution
shows excellent agreement with the reference solution. The examination of the fine components introduces certain critical results and reveals some of their extraordinary benefits.
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(a)

2m
2.2m

4m

(b)

Figure 5: (a) Wave propagation in damaged rod structure. (b) Axial displacement field of the inhomogeneous rod
for resolutions 0, 1 and 2.

Figure 6: Contribution of the fine components of resolutions 0 (left) and 1 (right), in which the inhomogeneity is
precisely detected and also the higher wavenumber inside the damaged area is accurately predicted.
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As shown in Figure 6, the fine components uˆF0 , uˆ1F exactly localize the span of the damage
and capture the higher wavenumbers inside the inhomogeneity due to the high frequency na0
, but
ture of Daubechies WF. In particular, the uˆ F0 component uses the same nodes as the uˆCC
efficiently approaches the smaller wavelengths that arise from the lower Young modulus of
the damaged region. Apparently, the uˆ1F component that uses double nodes in comparison
0
solution, precisely predicts the higher wavenumbers inside the inhomogeneity.
with the uˆCC
Thus, besides the critical benefits of the MR-FWD method in terms of accuracy and computational effectiveness, there are additional gains concerning the fine components, which are extremely sensitive in detecting discontinuities and can numerically simulate steep gradients,
even at coarse discretization cases.

4.4

Damaged Composite Beam

A 1m long cross-ply [0/90/0/90]S carbon/epoxy beam with cross section A=10-4m2 is modeled. The beam consists of two different regions, the pristine carbon/epoxy, and the damaged
carbon/epoxy region. The mechanical properties of those materials are shown in Table 1. The
damage is assumed to induce 5% degradation to all the elastic moduli. The damaged area
ranges from 0.75m d x d 0.8m , as illustrated with dark grey in Figure 7a. The beam is
clamped at its left edge and it is excited at its center ( x 0.5m ), by a 5-cycle tone burst with
50 kHz central frequency. The analysis duration is 0.2 ms. The efficiency of the MR hierarchical scheme is highlighted in the previous sections. In this section, the sensitivity of the fine
components is exhibited. A converged discretization of 314 grid points of DB8 elements is
used for resolution up to 1.
Figure 7b depicts the predicted deflection of the beam for the converged solutions C0, C1
and the fine component wF0 . The objective of this analysis is not to emphasize the computational gains of the MR-FWD method in terms of the required grid points, since C0 and C1 approximations are in excellent agreement. Hence, moving up to resolution 1 does not offer any
correction at the C0 solution. Nevertheless, the existence of the damaged area is not perceptible at C0 or C1 solution, even though the right wave packet passes through the heterogeneity
at t 2ms . The fine component wF0 provides precise detection of the interfaces between the
damaged and the pristine composite beam despite the small degradation of its mechanical
properties by 5%. In this case, the fine component does not capture a dissimilar wavenumber
inside the heterogeneity, because of the insignificant difference among the material properties
of the damaged and the pristine carbon/epoxy. Also, wF0 does not practically participate in the
total solution in quantitative terms, since the C0 solution is meticulous due to the dense discretization. However, the fine solution can exactly localize the boundaries between the two
materials, introducing a pioneering additional property of the proposed numerical method.
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(a)

0.75m
0.8m
1m

(b)

Figure 7: (a) Wave propagation in damaged composite beam. (b) C0 and C1 solutions are converged (left) but the
inhomogeneity is not visible. The fine component accurately delimits the damage span (right).

5

CONCLUSIONS

A novel Multi-resolution hierarchical wavelet-based method for the efficient simulation of
transient dynamic response of rods and beams, is presented. Taking advantage of the remarkable mathematical properties and the unique MR capability of Daubechies wavelet and scaling functions, the proposed 1D MR-FWD method has been developed, as an expansion of the
single-resolution FWD method. The MR approximation includes two types of variables, the
coarse and fine wavelet coefficients of each resolution. The implementation of the MR approximation at the equations of motion, yields a MR solution system that involves both coarse
and fine resolution degrees of freedom. The hierarchical process starts with the coarse solution (C0), which basically is the FWD method, and then a fine approximation (F0) is calculated and superimposed on the coarse solution, forming the 1st improved solution (C1). This
procedure can be continued until the desired level of accuracy is achieved. Therefore, the proposed MR-FWD method exploits the non-converged solutions that are obtained at coarser
resolutions, compared to traditional numerical methods that discard them. Due to the orthogonality of the Daubechies wavelet and scaling functions, the consistent mass matrices of each
resolution are diagonal or at least block diagonal. Also, the mass diagonality results in decoupling of the discretized dynamic equations with the use of explicit time integration scheme. It
should be emphasized, that the approximation C1 provides a much more accurate prediction
than C0, using the same grid points as the approximation C0. Additionally, it should be noted,
that performing p-refinement to the proposed method, leaves the mesh practically unaffected.
The precision and computational efficiency of the developed method were evaluated by com-
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paring the predicted longitudinal and guided wave responses of homogeneous and heterogeneous rods and beams, with validated FE and single-resolution FWD models.
The numerical results demonstrated 4 key advantages of the MR-FWD method: (1) the MR
property of Daubechies wavelets leads to a hierarchical MR set of dynamic equations, that
introduce a new type of refinement which utilizes the solution of an already obtained coarser
analysis; (2) the hierarchical MR procedure in synergy with the advantageous use of the classical p-method, enables the exact solution of demanding transient dynamic problems, using
smaller size algebraic systems compared to the single-resolution FWD method; (3) the consistent diagonal mass matrices of each resolution in conjunction with the mass decoupling,
lead to faster analyses with the use of explicit time integration; and (4) the fine components of
the MR analysis introduce additional benefits to the MR-FWD method, such as the efficient
capture of the higher wavenumbers and the exact localization of inhomogeneities and interfaces. Future work may focus on the inclusion of a higher order layerwise theory to the proposed MR-FWD method, for the accurate simulation of both symmetric and antisymmetric
modes in thick composites and sandwich structures.
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Abstract
Time history analysis using a time integration method is a powerful broadly accepted tool for
structural dynamic analysis. In practical areas, such as earthquake engineering, computations based on time history analysis might be computationally very expensive. In 2008, a technique was proposed to considerably reduce the computational effort by reducing the data in
the earthquake record. This technique, which is recently named as a SEB THAAT, is reviewed
in this paper. After a brief review on the formulation and implementation, the positive points,
the limitations, and the challenges facing versatile implementation of the SEB THAAT are addressed, and a future perspective is presented.
Keywords: Time History Analysis, Earthquake Engineering, Computational Effort, SEB
THAAT, Existing Challenges, Future Perspective.
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1

INTRODUCTION

The true behavior of structural systems is nonlinear and dynamic. Time history analysis using a time integration method is a versatile tool to study structures’ nonlinear dynamic behavior. The analysis process is briefly reviewed in Fig. 1. Evidently, the analysis leads to
approximate responses and is computationally expensive. Specifically, the run-time may be
considerable in many real analyses. The significance of these features highlights in earthquake
engineering, where seismic codes require structures’ time history analysis considering several
ground acceleration records. Also there exist advanced seismic computations such as IDA
Integration step 't

Integration station
Starting
procedure

Simple algebraic equations +
Nonlinearity iterations (if needed)
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t
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u
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f int
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Figure 1: Brief description of the process of time history analysis using a time integration method [1].

(Incremental Dynamic Analysis) [2], for which many time history analyses are essential and
the computational effort can be very high. Some main approaches to lessen the computational
effort are: (1) reducing the structural systems by replacing the structures finite element models
with models with less degrees of freedom [3, 4], (2) reducing the number of essential earthquake records, e.g. see [5-7], (3) reducing the number of oscillatory modes [8, 9], and (4) using higher order time integration methods [10-12]. Meanwhile, in the last two decades,
approaches are developed to reduce the computational effort by reducing the earthquake records’ data [13-15].
The semi-discretized equation of motion can be expressed as [1, 11, 16-19]:
 t  f int t
Mu

0 d t d t end

f t

Initial Conditions :

u t 0
u t 0
f int t

0

u0
u 0

(1)

f int 0

Additional Constraints : Q

where, t and t end imply the time and the duration of the dynamic behavior; M is the mass ma t ,
trix; f int and f t stand for the vectors of internal force and excitation; u t , u t , and u
denote the vectors of displacement, velocity, and acceleration; u 0 , u 0 , and f int 0 , define the
initial status of the model ( f int 0 is essential in presence of material nonlinearity; see [20]); and
finally, Q represents restricting conditions, e.g., additional constraints in problems involved
in impact or elastic-plastic behavior [21, 22].
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For time history analysis of Eq. (1), using a time integration method, the broadly recommended integration-step [1, 23-26] is as follows:
't

·
§T
Min ¨¨ , 't cr , f 't ¸¸
©F
¹

(2)

where, T is the smallest oscillatory period with worthwhile contribution in the response [26],
't cr stands for the largest integration step leading to numerically stable responses [10, 11, 23],
f 't is the step by which the excitation is digitized [13, 25], and as addressed in [1, 23-26],

F

when the behavior is linear
 10
°
® 100 when the behavior is nonlinear and there is no impact
°1000 when the behavior is nonlinear and there is impact
¯

(3)

In view of Eqs. (1)-(3), there are techniques [14] that replace the earthquake digitized record
and specifically replace tend with tend new , such that: (1) after an ordinary time integration
analysis, the main features of the response remain almost unchanged, and (2)
t end

new

 t end

(4)

There are also techniques [13, 15] that replace the excitation record, such that: (1) the main
features of the response, e.g. peak response and frequency content, are almost preserved, and
(2) the integration-step 't , can be replaced with 't new , satisfying
't

new

! 't

(5)

The purpose of both of these groups of techniques is to reduce the number of integration steps,
and accordingly, lessen the computational run-time and effort; also see [1].
With attention to the following features of a technique in the second group, i.e. the SEB
THAAT (Step-Enlargement-Based Time History Analysis Acceleration Technique) [13, 27]:
1. Significant reduction in computational effort; see Table 1,
2. Simple implementation; see [1, 13, 28]
3. Good accuracy for the time history of the response [28]
4. Versatility (see Table 1) [1, 28, 31-34],
5. Having a mathematical basis [13].
the objective of this paper is to review the SEB THAAT, address the existing challenges, and
present a perspective of the future.

2

THE SEB THAAT AND ITS PAST

The SEB THAAT is developed, based on two mathematical statements, a broadly accepted
convention, and a realistic assumption, such that to preserve convergence and its order, for
responses obtained from time integration. The two statements are:
1.

Consider analysis of Eq. (1) by a time integration method of order q. Consider an approximation of the f t in Eq. (1), i.e. f new t , which converges to f t with respect
to the integration step, with an order q' satisfying qc t q . Analysis of Eq. (1) by that
integration method, after replacing f t with f new t , would lead to responses converging with order q (see [13, 35]).
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System

Effort reduced in the price
of negligible change in
accuracy (%)

Details

Shear frames

60-80

A few linear shear frames subjected to different
excitations

Residential buildings

50-90

More than 200 buildings structures with linear
and nonlinear behavior and regularity and irregularity in plan or height subjected to different excitations

A thirty-storey building

50

A thirty-storey steel three-dimensional frame
subjected to two different excitations

Bridges

30-80

About 20 real bridges with linear and nonlinear
behaviors, some with pre-stressed elements, subjected to different excitations

Power station, Cooling
tower, Space structure,
Silo

>50

One or two of each special structure, considering
linear and nonlinear behavior and different nearfield and far-field excitations and different integration schemes

Earth dams

<80

Several earth dams each subjected to many
earthquake records

Milad
telecommunication tower

50-70

Considering linear and nonlinear behavior, nearfield and far-field excitations, and different integration schemes

Structural systems
damped non-classically

30-90

Considering linear and nonlinear behavior, and
different integration schemes

Table 1: A summary of the tests carried out on the SEB THAAT [1, 27-30].

2.

In view of the Taylor series expansion [36], for an arbitrary continuous function of x ,
i.e. H x ,
H x  'x  H x  'x

2 H x  O 'x 2

(6)

The convention is the second order of accuracy of majority of time integration methods [1, 10,
11]. An extension of the SEB THAAT disregarding this convention is addressed in [13], the
numerical tests are however few; see [37]. And finally, the realistic assumption is:
The f t in the right hand side of Eq. (1), though is available in digitized format, can be considered originally continuous with respect to time.
Provided these considerations, implementation of the SEB THAAT means ordinary time
integration analysis after replacing the f t in Eq. (1), digitized in step f 't , with a new excitation f new t , digitized in step

f

't

new

,
f

't

n

new

n f 't

2, 3, 4, 

where, n stands for the enlargement scale of the digitization-step (see also Fig. 2), and
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Figure 2: Typical changes in the f t in Eq. (1) because of implementation of the SEB THAAT:
(a) Digitization stations, (b) Digitized data.
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(13)

and extension of Eqs. (8-13) to fractional/real values of n (see Eq. (7.2)), is discussed in [1, 38,
39]. Evidently, in view of Eq. (2), the SEB THAAT is effective and may reduce the run-time,
only when
f

§T
·
't  Min ¨¨ , 'tcr ¸¸
©F
¹

(14)

and more, in view of Eqs. (8-13), the effort needed for computing f new t is negligible compared to that of the time history analysis. Accordingly, the enlargement scale n implies reduction in run-time for linear analyses, where no additional computation is needed to model the
nonlinearities. Furthermore, in view of Fig. 1 and notion of computational effort [40, 41], the
reductions in run-time and computational effort because of the SEB THAAT are identical, for
linear analyses.
There is no guarantee about sufficiency of the accuracy of the results of the SEB THAAT
when using arbitrary value of n. The reason is that convergence (and its rate) is the only accuracy-related basis of the SEB THAAT. Furthermore, when the SEB THAAT is successful for
some value of n, upper-bounds will exist on n. Considering this and some different theoretical
questions, research on the SEB THAAT has been followed in two directions. In one direction,
to study the performance of the SEB THAAT, many cases are studied, considering changes of
structural system, time integration method, digitized excitation (e.g. far- and near-field earthquakes), etc.. For each case, responses are investigated for the following three questions:
(1) Does

f

't governs Eq. (2), for the case under study (see Eq. (14))?

(2) For cases with f 't as the governing term of Eq. (2), can, for some value of n, implementation of the SEB THAAT cause no notable loss of accuracy, i.e. is the following
statement correct?
 n ! 1 : R new # R

(15)

where, R new and R are the responses obtained from time integration with and without
implementation of the SEB THAAT, respectively.
(3) For cases, where f 't governs Eq. (2), is the largest value of n satisfying Eq. (15) ( nmax )
consistent with Eq. (2), i.e. is the following statement correct?
n

R new # R :  nmax #

§T
·
1
Min ¨¨ , 't cr ¸¸ : 1  n d nmax
©F
¹
f 't
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The consequence was positive responses in almost all cases [1, 27-30, 37-39, 42-56]. Specifically, a very interesting numerical observation, for two cases reported in [42, 43], was the
more accuracy after implementation of the SEB THAAT (compared to that of the ordinary
analysis). This leads to the fact that the inaccuracy because of the SEB THAAT can be added
or subtracted from the inaccuracy originated in the approximate time integration, and accordingly,
 Cases :

R new  R exact  R  R exact

(17)

where, R exact stands for the exact response and . represents arbitrary norm [57]. Finally, it

Reduction
in Run-time (%)

is worth noting that the reduction in run-time because of the SEB THAAT is generally considerable, as addressed in Table 1 and Fig. 3. And, as already stated, for linear analyses, the
reduction in run-time is equal to the reduction in computational effort.

100
80
60
40
20
0
0

5

10

n

15

20

Figure 3: Reduction in the run-time with respect to the enlargement scale n, for linear analyses accelerated by
the SEB THAAT.

In the other direction, some theoretical studies were carried out. First, enlarging the digitization step, without changing the record at the non-eliminated time stations (see Fig. 4),
which is implemented as a simple approach for faster analysis since decades e.g. [58], was
studied. It was demonstrated that though in some cases the simple approach leads to good accuracy and reduced computational effort compared to the ordinary analysis, the efficiency is
in all cases better, when using the SEB THAAT [59]. Specially, cases were observed, where
the result of the simple approach was totally erroneous, while the corresponding result of the
SEB THAAT was satisfactory [59].

Original excitation

Excitation after using
the simple approach

Excitation after using
the SEB THAAT

time
Figure 4: Typical comparison between excitation records in implementation of the SEB THAAT and the traditional simple step enlargement approach considering n 2 .

1482

Aram Soroushian

It is then studied whether the inaccuracy because of the SEB THAAT can lead to instability, or in other words, whether the SEB THAAT may negatively affect the responses stability.
The response was negative [1, 60], i.e. when Eq. (2) is satisfied the responses are numerically
stable regardless of implementation of the SEB THAAT. The main reasons are the convergence basis of the SEB THAAT and the relation between convergence and numerical stability
in time integration analyses [61-63]. In the next step, selecting values for a and b in Eq. (8.2),
different from those stated in Eqs. (11), and subjected to (see [13]):
nc

1
2

¦ bk
k 1

(18)

was studied [64]. As the result, though in some examples Eqs. (11) did not present the best
alternative, the overall best selection can e considered as stated in Eqs. (11). Another question
was on how to consider non-integer values as the enlargement scale n. This is essential especially with attention to Fig. 3 and when the nmax available from Eq. (16) satisfies:
1  nmax  2

(19)

Two simple approaches to extend the SEB THAAT to:
n, nmax

p
q

,

p, q  Z 

(20)

and
n, n max  R  ( R  stands for the set of positive real numbers)

(21)

can be found in [38, 39].
The effect of nonlinear behavior on the performance of the SEB THAAT was another area
for theoretical study. The carried out brief study led to the good performance of the SEB
THAAT, when adequate values are assigned to the nonlinearity parameters [49, 65]. Further
study seems essential.
Meanwhile, in response to a question, after a conference presentation, it was demonstrated
that the T in Eq. (2) should be related to the response, the accuracy of which, is under study
[66]. Some initial study was also carried out on the frequency content of the inaccuracies because of the SEB THAAT [67].
And finally, the most recent study was on the performance of the SEB THAAT when the
structural viscous damping is non-classical. The study had a numerical/theoretical nature. As
the consequence, for majority of integration methods, the performances of the SEB THAAT
in application to classically and non-classically damped analyses are conceptually similar [27].
For other integration methods, the case may be the same as well, though can not be guaranteed before the analysis [27].

3

THE EXISTING CHALLENGES

As implied in the previous sections and specifically in Table 1 and Fig. 3, the reduction in
computational effort because of implementation of the SEB THAAT can be considerable.
Considering this, the simplicity and versatility of the SEB THAAT, the comparisons made
between the SEB THAAT and other analysis acceleration methods [1, 68], the importance of
computational effort in practical structural analyses, and the fact that structural systems become larger and more complicated every new day, the SEB THAAT can be considered a successful analysis acceleration technique in need of further research for broad practical
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implementation. Accordingly, special attention should be paid to the challenges facing the
SEB THAAT. Some of the most important challenges are as follows:
The first challenge relates to the T in Eqs. (2), (14) and (16). The T is not only vague, because of the expression “worthwhile contribution” in its definition (see the definition just after
Eq. (2)), but also is not computable prior to the analysis. The consequence is a serious problem in determination of nmax and n; see Eq. (16). Practical implementation of the SEB
THAAT will hence be significantly affected and indeed becomes complicated, the least; i.e.
what is the value to be assigned to step enlargement scale n resulting in the determination of
the f 't new and f new t ? Recently, efforts for overcoming this problem are reported (see
[31]). These efforts make use of a convergence-based conventional error-control method [23,
69, 70] and the practical suggestions stated in seismic standards [25, 71]. According to these
efforts, the analysis is carried out via sequential time history analyses, each throughout
c @ using a special enlargement scale. The repetitive analyses are continued, till two se>0 tend
quential responses are sufficiently close. The resulting analysis seems powerful and versatile,
in the limits of structural dynamics problems, but not restricted to satisfaction of Eq. (14).
More study on this effort and analyzing problems in real need of run-time reduction are essential.
The second challenge relates to the true nature of many oscillatory behaviors, which is a
combination of inertial (structural dynamics) behavior and wave propagation. As implied in
Eqs. (1) and (2) and Table 1, the SEB THAAT is mostly applied to analysis of structural dynamic problems. Study on application of the SEB THAAT in analysis of wave propagation
problems is complicated, especially because of the CFL condition [72] (this condition upperbounds the time integration step by a coefficient of the element sizes in spatial discretization
by finite elements). Despite, successful numerical efforts presented in this regard [29, 30, 48],
further detailed study is essential, both in theory, as well as in application. The relaxation
method recently proposed for the CFL condition [73, 74] seems a good starting point.
The third challenge returns to the purpose of the SEB THAAT, i.e. reduction of the computational effort in time integration analysis of structural systems against digitized excitations.
As implied in Eqs. (2) and (14), the SEB THAAT cannot reduce the analysis computational
effort, when the excitation digitization step f 't does not dominate Eq. (2), i.e.
§T
·
Min¨¨ , 't cr ¸¸d f 't
©F
¹

(22)

Overcoming this restriction is a main challenge facing the SEB THAAT for highly oscillatory
and highly nonlinear problems, for which T can be sufficiently small to satisfy Eq. (22).
Though the ongoing efforts on the first challenge seem effective in easing this challenge, direct efforts to cancel this restriction would be instructive and reasonable. No such effort is reported yet. Enhancement in the accuracy or order of accuracy of the integration scheme and/or
the SEB THAAT seems an appropriate solution.
A fourth challenge is implementation of the SEB THAAT in analysis of structural systems
subjected simultaneously to several excitations digitized in completely different step-sizes.
Considering that many important structural systems, e.g. offshore or super-tall structures, are
in this group, overcoming this challenge is of high practical importance. No special effort is
reported yet.
And finally, for practical implementation of the SEB THAAT, besides clear determination
of the enlargement scale (n) discussed as the first challenge, it is important to have an idea
about the resulting reduction in computational effort. Figure 3 clarifies this ambiguity for lin-
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ear analyses. The case is however different for nonlinear analyses, and even there is yet no
theoretical guarantee for the reduction of the run-time and computational effort. Especially the
method of nonlinearity iteration and the related parameters can significantly affect the reductions. Though in many nonlinear analyses, the reduction in run-time is less than that reported
in Fig. 3, the opposite can be correct, as well; see [42, 43, 75]. Considering that nowadays
structural dynamic analyses are generally nonlinear, without overcoming this challenge, implementation of the SEB THAAT would hardly be accepted in practice. Yet, no effort is reported.

4

A LOOK AT THE FUTURE

In view of the discussions presented in Sections 1-3, the SEB THAAT can be considered
as a successful analysis acceleration technique in need of further research. Nevertheless, especially to manage and access the research resources, it is important to have a perspective of the
future of the SEB THAAT and the probable needs to this technique.
With attention to Section 3, the SEB THAAT seems in progress in both numerical experiments’ direction, as well as the theoretical aspects’ direction. The growing sizes of structural
models, and complicatedness of analysis requirements from different points of view, e.g. material and excitation, highlight the significance of analysis acceleration. In addition, the seismic recording instrumentation is in progress towards smaller digitization step f 't [76].
Besides, because of the everyday advancement in structural design optimization and the growing popularity of the optimization, the T in Eq. (2) will likely become larger in future. These
lead to more chance for f 't to be the governing term in Eq. (2). The consequence is more
need to the SEB THAAT, in near- and mid-future. Accordingly, it is reasonable to anticipate
efforts to overcome the first challenge addressed in Section 3, i.e. clear determination of the
enlargement scale n, in near future. The study reported in [31] implies an initial step that
should be established, after which extending the SEB THAAT to wave propagation problems
can be anticipated for future studies. The next step can be plugging the SEB THAAT in a
commercial soft ware, e.g. seismo-struct [77]. With an analysis soft ware equipped with the
SEB THAAT, many different numerical tests, considering different structural materials, such
as wood, aluminum, epoxy glass composites, different nonlinear behaviors, interaction with
completely different behaviors, subjected to different earthquake records, temperature
changes, soil-structure-interaction, etc. can be simply carried out. Specifically, efforts on the
fourth challenge addressed in Section 3 can be carried out much simpler. In mid- and farfuture, it will be reasonable to try for improving the SEB THAAT, especially to overcome the
third challenge addressed in Section 3. This seems possible, either directly with attention to
the very details of the technique [1], the integration methods, or even by combining the SEB
THAAT with other techniques, such as those proposed in [5-7, 14].
Furthermore, and in view of the mathematical basis of the SEB THAAT [1, 13], this technique can be tested in non-seismic problems, where the excitation is not originated in earthquakes. First steps in this area are already taken; see [32, 78]. Even more, the digitization
might be limited to some part or some components of the f t in Eq. (1), or more, to terms of
Eq. (1) other than the excitation. Some related studies are already reported [33, 34]. In far future, the SEB THAAT seems having the potential to be accepted as a general tool for data
simplification for arbitrary numerical computation. The most important pre-requisite is however to overcome the first challenge addressed in Section 3.
Meanwhile, no anticipation is possible for the future of the fifth challenge, addressed in
Section 3. The reason is the same ambiguity for ordinary time history analysis, persisting
since decades. A unique solution can however be anticipated for both ambiguities.
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5

CONCLUDING REMARKS

As a technique for accelerating time history analysis, by enlarging the excitation records’
digitization steps ( f 't ),
1. The SEB THAAT can be considered a successful analysis acceleration technique, in
need of further research.
2. For practical implementation in real problems, there are still challenges to be overcome;
the most important challenges can be summarized as:
(a) clear determination of the enlargement scale (n),
(b) providing the capability to successfully implement the SEB THAAT in analysis
of wave propagation problems,
(c) providing the capability to successfully implement the SEB THAAT in analysis
of highly oscillatory/nonlinear problems,
(d) providing the capability to successfully implement the SEB THAAT in analysis
of problems with several excitations completely different in digitization step
and time length,
(e) clarifying the amount of run-time and computational effort reduction in nonlinear analyses prior to the analyses.
3. The future of the SEB THAAT is promising, especially considering the improvements
in the recording instrumentation.
4. Besides, the challenges addressed in the Point 2 above, some areas for further research
are:
(a) Combination of the SEB THAAT, with other analysis acceleration techniques.
(b) Plugging the SEB THAAT in commercial structural analysis soft ware, and application of the SEB THAAT to different time history analyses.
(c) Applying the SEB THAAT to computations other than those in structural and
earthquake engineering.
(d) Study on the details of the SEB THAAT, to improve the results accuracies.
Finally, the author anticipates that the SEB THAAT will eventually be extended to a data
simplification technique.
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Abstract
In recent years, the numerous seismic events occurred have pointed out the need for a prompt
classification of the built heritage in terms of seismic vulnerability. the concept of vulnerability
is closely linked to the definition of the capacity curve, requiring sophisticated numerical
procedures to be perferomed, such as the inelastic incremental analysis.
Therefore, the simplified method herein proposed requires use of only analytically simple analyses such as the elastic analysis and the rigid-plastic analysis. For this reason, this method can
be used in the immediate aftermath of an earthquake and also for a large-scale classification
of the buildings. The proposed methodology has been set up by a wide parametric analysis,
carried out on 420 frames designed according to 3 different approaches: the first one is linked
to the Theory of Plastic Mechanism Control (TPMC), assuring the design of structures showing
global collapse mechanism (GMRFs), the second is based on the Eurocode 8 requirements
(SMRFs) while the third is a non-seismic design, based on vertical loads (OMRFs).
Keywords: Pushovers, Capacity, Performances, Vulnerability, Simplified methods.
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1

INTRODUCTION

The evaluation of seismic performances of existing buildings has gained, in recent years, an
increasingly interest in seismic and structural engineering [1]-[11]. In particular, the setting up
of design rules based on the so-called hierarchy criteria has changed the designer approach to
let building able to withstand seismic events with an adequate level of reliability [12]-[22]. In
the safeguard of the built heritage the knowledge of the seismic response of the structures plays
a fundamental role [24]-[25]. Therefore, any seismic retrofitting or improvement of an existing
building should be preceded by a strength evaluation phase before the intervention. The evolution of codes, numerical methods and calculation tools has provided designers the access to
advanced methodologies of seismic assessment [26]. The seismic performances of buildings
are evaluated by comparing the capacity of dissipating incoming seismic energy with the seismic demand. The main difficulties that arise from developing a performance checking procedure, are linked to the definition of damage levels corresponding to predetermined performance
levels, in a methodology that can be applied in everyday practice [27]-[30]. Resorting to nonlinear static analysis, through a structural analysis programme, is conditioned by the precision
of the structural model, having to be adequately accurate to catch the non-linear behaviour. The
whole process is not easy to standardise and for this reason a simplified methodology, able to
define the capacity curve analytically, has been defined. This model shows a full inclination to
code liability not requiring complicated analyses and being uniquely defined. To this scope,
several parametric analyses, in terms of pushover, on 420 frames, designed according to three
different approaches, were made and their results in terms of capacity curves were analysed. In
particular, each capacity curve has been simplified by defining 3 branches: the elastic response
curve, the maximum horizontal forces multiplier curve and the mechanism equilibrium curve.
In this evaluation, the role of the beam-to-column joints has not been considered considering
that the beam ends are equipped with full strength-full stiff joints [31]-[38].
2

TRILINEAR MODEL OF THE CAPACITY CURVE

2.1 Definition of the three branches
One of the most common tools adopted to assess the capacity of a structure is the pushover
analysis. The simplified method herein proposed only requires use of common analyses such
as the elastic structural analysis and the rigid-plastic analysis. For this reason, it lends itself well
to be used in the immediate aftermath of an earthquake, not requiring any static or dynamic
non-linear analyses. Therefore, the user can quickly obtain the capacity curve through the intersection of three linear branches (Fig. 1), computed by means of simple equations reported in
the following. The shape of the capacity curve, for a given structure, is affected by the occurring
collapse mechanism. The first branch is affected by the elastic behavior of the structure. The
knee depends on the plastic capacity distribution, appearing sharper as more as the plastic
hinges develop simultaneously while the slope of softening branch is linked to the second-order
effects.
Referring to the trilinear model proposed, the first branch of the curve can be approximated
by the elastic response curve; the horizontal one is provided by the maximum load bearing
capacity, while, the softening branch is given by the collapse mechanism equilibrium curve of
the structure, influenced by the second order effects. The definition of the third branch, is linked
to the concept of mechanism equilibrium curve [40], [41]. Therefore, the mechanism equilibrium curve is a straight line, expressed in the following form:
ߙ ൌ ߙ െ ߛ௦ ߜ
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Figure 1: Trilinear model of the capacity curve.

where α0 is the kinematically admissible multiplier of horizontal forces due to first-order rigidplastic analysis and γs is the slope of the mechanism equilibrium curve [42]-[51]. Providing
input data about mechanical and geometric properties of structural members, acting forces [52][54] and the potential collapse configurations, both α0 and γs can be computed for each type of
possible collapse mechanism. According to the extension of the kinematic theorem of plastic
collapse to the concept of mechanism equilibrium curve, the triggering mechanism will be the
one characterized by the curve located below the others into a given displacement range compatible with the local ductility supply.
2.2 Parametric analysis
The definition of the horizontal branch of the trilinear curve and the plastic rotation demand
corresponding to the collapse condition was achieved through a wide parametric analysis on
moment resisting steel frames (MRFs) and calibrated by regression analysis according to the
results obtained by the pushovers performed on MRFs.
The parametric analysis has been carried out with reference to three categories of frames:


GMRFs (Global moment resisting frames) designed according to TPMC procedure
(showing global collapse mechanisms);



SMRFs (Special moment resisting frames) designed according to hierarchy criterion as
suggested by Eurocode 8 [53], able to avoid “soft storey” collapse mechanisms;



OMRFs (Ordinary moment resisting frames) designed without any requirement aimed
at the control of the collapse mechanism and usually showing “soft storey” collapse
mechanism.

The parametric analysis regarded 140 geometrical schemes of low-rise frames by varying
the number of bays, nb from 2 to 6, the number of storeys, ns from 2 to 8, the bay span, equal to
3,00 m, 4.50 m, 6.00 m, 7.50m and the three different design approaches for a total number of
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420 designed structures. All the combinations were analysed considering dead loads ሺܩ ሻ equal
to 3.5݇ܰȀ݉ଶ , live loads ሺܳ ሻ equal to 3݇ܰȀ݉ଶ and interstorey height of 3.5m [54].
2.3 Calibration of maximum multiplier formula
To define the horizontal branch of the trilinear curve and the point corresponding to the
collapse condition, wide parametric and regression analyses on moment resisting steel frames
(MRFs) have been carried out. In particular, MRFs are analysed through pushover analyses [56] in order to check the correspondence between their results and the aforementioned trilinear
model. The maximum multiplier corresponding to the maximum bearing capacity is derived by
the Merchant-Rankine formula [57] as a combination of the collapse multiplier obtained by the
rigid-plastic analysis ߙ and the critical collapse multiplier for vertical loads. Introducing a calibration factor, useful to ensure a large application of the method, the relation has been rearranged as:
Ƚ ൌ Ƚ Ǧɀୱ Ɂ

(2)

Ƚ ൌ Ƚ Ǧɀୱ Ɂ

(3)

Ƚ ൌ Ƚ Ǧɀୱ Ɂ

(4)

where:

Ib and Lb are the inertia and the length of the beam, respectively; Ic e Lc are the inertia and
the height of the column; E is the elastic modulus; a and b are the regression coefficients. The
parameter ߦ is calculated with reference to the first storey members.
The coefficient Ψ can be computed according to the following relation, which guarantees an
accurate evaluation of the ߙ௫ as Figure 2 testifies:
Ƚ ൌ Ƚ Ǧɀୱ Ɂ

Figure 2: Regression analysis for the maximum multiplier formula.
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2.4 Characteristic points of the trilinear model
Starting from the trilinear approximation model, four characteristic points of the simplified
capacity curve (points A, B, C, D of Fig. (3)) have been identified. These points are associated
to limit states with the meaning of identifying a target performance [58]-[61].

Figure 3: Characteristic points of the trilinear capacity curve



Point A

This point corresponds to the minimum value between the maximum storey displacement under
serviceability conditions and the multiplier of the horizontal forces corresponding to the formation of the first plastic hinge. It is associated with the "Fully Operational" limit state.
The multiplier corresponding to point A, will be calculated as follows:
(6)

Ƚ ൌ Ƚ Ǧɀୱ Ɂ


Point B

Point B corresponds to the development of the maximum bearing capacity of the structure and
to the elastic limit of the structure and is associated with the "Operational" limit state. To locate
point B, the maximum multiplier ሺߙ௫ ൌ ߙ ሻ has to be computed, by means of the MerchantRankine formula (Eq. (2)).
Therefore, it can be stated that:
ଵ

ߙ௫ ൌ ߙ ൌ ఋ ߜ
భ

(7)

where the unknown is the top sway displacement ߜ


Point C

Point C corresponds to the development of the collapse mechanism and is associated with
the "Life Safety" limit state.
The corresponding top sway displacement ߜ can be derived as follows:
ߜ ൌ ߜ ൌ


ఈబ ିఈೌೣ

Point D
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Point D corresponds to the overcoming, at least in one member, of the local ductility supplies
and is associated with the "Near Collapse" limit state. This is the case of very rare seismic
events in which considerable local ductility is required.
The corresponding top sway displacementߜ ൌ ߜ௨ , is calculated as follows:
ߜ ൌ ߜ  ൫ߴǤ௨ െ ߴǤ ൯ܪ

(9)

where ߴǤ௨ is the plastic hinge rotation assumed equal to 8.0 ߴ௬ according to Eurocode 8 [60],
ߴǤ is the plastic hinge rotation corresponding to the formation of the collapse mechanism,
ܪ is the total height of storeys involved into the collapse mechanism.
For the evaluation of plastic rotations occurring in the critical members, an analytical formulation is proposed, based on a simplified Grinter’s (shear type) single storey portal in which
it is assumed that the plastic moments are different at the top and at the base of the columns, to
represent the plastic redistribution capacity characterizing frames with more storeys and bays.
The relationships for the evaluation of the plastic rotation corresponding to the development of
the collapse mechanism are proposed as follows:
ఏǤ ுబ
ೞ ఋ
ఏǤ ுబ
ೞ ఋ

అ

ఈೌೣ

ൌ అభ ߖଷ ൬
మ

అᇱ

ఈೌೣ

ൌ అᇱభ ߖଷ ൬
మ

ఈ

ఈ

అర

െ ͳ൰
అᇱర

െ ͳ൰

ଵିఅఱ ఊೞ
ଵିఅల ఊೞ
ଵିఅᇱఱ ఊೞ
ଵିఅᇱల ఊೞ

(10)
(11)

where ܪ is the total height of storeys involved into the collapse mechanism, ns is the number
of storeys, ߙ௬ is the multiplier of the horizontal forces corresponding to the formation of the
first plastic hinge, ߜ௬ is the displacement corresponding to the formation of the first plastic
hinge. The ߖ coefficients, determined by regression analyses, are given by:
ߖଵ  ൌ  ܽଵ   ܾଵ ݊ 

ߖǯଵ  ൌ  ܽǯଵ    ܾǯଵ ݊

(12)

ߖଶ ൌ  ܽଶ    ܾଶ ݊௦ 

ߖǯଶ ൌ  ܽǯଶ    ܾǯଶ ݊௦

(13)

ߖ ൌ  ܽ   ܾ ߦ݅ ൌ ͵ǡ ǥ ǡ

ߖǯ ൌ  ܽǯ    ܾǯ ߦ݅ ൌ ͵ǡ ǥ ǡ

The results of linear regression on GMRFs and SMRFs, are reported in Figs. (4-7).

Figure 4: Regression analysis GMRFs - θp.mec, 1st yielded element.
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Figure 5: Regression analysis GMRFs - θp.mec, critical column.

Figure 6: Regression analysis SMRFs - θp.mec, 1st yielded element.

Figure 7: Regression analysis SMRFs - θp.mec, critical column.
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3

ASSESSMENT PROCEDURES IN TERMS OF SPECTRAL ACCELERATIONS

3.1 ADRS spectrum approach
According to the ADRS spectrum approach, for each limit state, the spectrum ܵ െ ܵ will
be be defined by means of the relationship ܵ ሺܶሻ ൌ ܵ ሺܶሻሺܶΤʹߨሻଶ. For the definition of the
capacity it is necessary to represent the characteristic points of the trilinear curve of the structure,
כ
in the ADRS plane through the abscissa, that is the displacement ݀ௌ
ൌ  ݀ௌ Τ߁ .
כ
כ
It is necessary to distinguish between the cases   େ e ܶ ൏ ܶ . If   כ େ . The capacity
in terms of spectral acceleration, for a specific limit state, can be obtained through the following
relationship:
כ
߱ כଶ
ܵௌ ൌ ݀ௌ

(15)

The demand is represented by the spectral acceleration provided by the code, for the specific
limit state, considering the equivalent period of vibration T*.
For the assessment procedure, the inequality ܵ௦  ܵ ሺܶ  כሻhas to be satisfied.
If ܶ  כ൏ ܶ and q>1, according to equality of energy criteria, there is a different procedure
to evaluate the capacity that leads to the anelastic spectrum:
ܨ௦ כൌ

 כௌೌ ሺ்  כሻ

(16)

ೞ
்כ

ݍ௦ ൌ ͳ  ሺߤ௦ െ ͳሻ
்



ிכ

ܵௌ ൌ ݍ௦ ೞכ


(17)
(18)

3.2 Nassar & Krawinkler approach
The proposed approach overcomes the limits of the verification methodology proposed by
the current seismic codes. In addition, it accounts for second-order effects, occurring when the
collapse mechanism is fully developed.
In the framework of capacity-demand checking procedure, the MDOF actual system is replaced by an equivalent SDOF system an equivalent SDOF system introducing the modal participation factor Γ. Multiplying the multiplier of horizontal forces α with the design base shear
the capacity curve is reported in a ܨ - ݀ plane (base shear force-top-sway displacement).
The capacity curve must be reduced through the modal participation factor and represented
in a F* - d* plane through the relations  כ ܨൌ  ܨ Τ߁ , ݀  כൌ  ݀ Τ߁ .
The demand can be estimated through the period T* and the equivalent mass m*. In the
following, the verification procedure for each characteristic point of the capacity curve approximated with trilinear model is reported.
 Point A (Fully operational)
The capacity in terms of spectral acceleration for the point A is given as follows:
כ
ൌ ݉ܵ כிை ሺܶ  כሻ
ܨிை



Point B (Operational)

The capacity in terms of spectral acceleration for the point B is given as follows:
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ܵை ሺܶ  כሻ ൌ


ிೀכ

(20)

כ

Point C (Life Safe)

The capacity in terms of spectral acceleration for the point C is given as follows:
ܵௌ ሺܶ  כሻ ൌ

כ
ிಽೄ

כ

(21)

ݍௌ

ݍௌ ൌ ݍ ሺߤǡ ܶǡ ߛୀ ሻ ൌ ሾܿሺߤௌ െ ͳሻ  ͳሿ
where ܿ ൌ

்כ
ଵା் כ



Ǥସଶ
்כ

and ߤௌ ൌ

ௗಽೄ

כ

ௗೀ כ

ଵൗ


(22)

.

In the case of point C (and point D), the structure draws on its own plastic resources to
dissipate incoming seismic energy. Consequently, the q structure factor comes into play, expressed according to the formulation of Nassar and Krawinkler [30], as a function of the ductility ߤௌ .
 Point D (Near Collapse)
The capacity in terms of spectral acceleration for the point D is given as follows:
ܵே ሺܶ  כሻ ൌ
ݍே ൌ

כ
ிಿ

כ
బ

(23)

ݍே

(24)

ఝ

To take these into account, the coefficient M which is a function of the ductility P and the
slope of the equilibrium curve J (expressing the sensitivity of the structure to second-order effects), has been introduced:
ݍ ሺߤǡ ܶǡ ߛୀ ሻ ൌ ሾܿሺߤே െ ͳሻ  ͳሿ
where ܿ ൌ

்כ
ଵା் כ



Ǥସଶ
்כ

and ߤே ൌ

ௗಿ

(25)

כ

ௗೀ כ

߮ൌ
4

ଵൗ


ଵାǤଶሺఓಿ ିଵሻభǤరఱ ఊ
ሺଵିఊሻ

(26)

CONCLUSIONS

In conclusion, the proposed methodology opens-up new scenarios regarding the seismic
classification of the built heritage. An analytical methodology allows to evaluate uniquely the
seismic vulnerability of buildings without passing through complex analyses not manageable
by means of codes and prescriptions. The trilinear model seems to be the right compromise
between accuracy in analysis and computational speed and fits well in all the major seismic
codes. The assessment of structure performances, in terms of comparison capacity-demand, has
been performed by means of the Nassar & Krawinkler approach, characterized by a wide generality because it does not discriminate between high and low periods of vibration and accounts
for second-order effects by means of the stability coefficient ߮. Finally, it is important to note
that discretization in characteristic points of the capacity curve makes easy the comparison capacity-demand and already shows inclination towards the generality of the application of the
method, being associated with behavioural characteristics of structures that are independent of
the structural type.
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Abstract
Existing steel moment-resisting frames in several seismic regions worldwide are often characterised by high vulnerability to earthquakes due to insufficient local and/or global ductility.
Nowadays, it is of paramount importance to assess their response under strong motions and
provide cost-effective retrofitting strategies. Amongst others, the seismic behaviour of these
frames is often strongly affected by the presence of masonry infills which, from one side, if
adequately distributed, beneficially contribute to the seismic resistance of the structure providing stiffness and strength to the frame, from the other side often experience a brittle behaviour
and are very vulnerable to seismic actions. To this end, the H2020-INFRAIA-SERA project
HITFRAMES (i.e., HybrId Testing of an Existing Steel Frame with Infills under Multiple EarthquakeS) experimentally evaluated a case study building representative of non-seismically designed European steel frames with masonry infills and investigated a possible retrofit strategy.
This paper takes advantage of the experimental results of the HITFRAMES project to calibrate
numerical models in OpenSees of a case study building which is analysed as bare, infilled and
retrofitted frame with buckling-restrained braces (BRBs). The impact of masonry infills and
BRB-retrofit is investigated by comparing the response of models with different configurations.
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The numerical results provide some insights on the ability of BRB-retrofit option in protecting
not only the steel frames from experiencing critical damage during earthquakes but also the
masonry infills and on the importance of using appropriate models for the masonry infills in
the assessment procedures.
Keywords: Existing steel frames, Retrofitting, Buckling-restrained braces, Masonry infills,
Seismic response, Numerical Simulations.
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1

INTRODUCTION

Many existing steel structures worldwide were built before the introduction of modern seismic design provisions and may exhibit high seismic vulnerability due to lack of proper lateral
resisting systems and detailing, as well as inadequate energy dissipation capacity [1,2]. Among
others, Di Sarno et al. [3] investigated the failure patterns of an existing steel moment resisting
frames (MRFs) located in Amatrice and damaged by the 2016 Central Italy earthquakes. The
case study structure was characterised by large residual lateral drifts with significant yielding
at beam-column connections and soft storey mechanisms. Severe damage was also noted in
non-structural components, including in-plane and out-of-plane failure of masonry infill walls.
This damage is consistent with damage reported in previous earthquakes (e.g., [4–6]). Although
masonry infills can significantly contribute to the overall strength and stiffness of a steel MRF
[7–9], their structural properties easily degrade with strong or long ground motions (GMs), as
well as with cumulative demands, such as foreshock-mainshock-aftershock sequences, as in the
case of the 2016 Central Italy Earthquake [10–13].
In this context, the H2020-SERA project HITFRAMES (Hybrid Testing of an Existing Steel
Frame with Infills under Multiple Earthquakes) is aimed on assessing the seismic performance
of existing steel frames with masonry infills under multiple earthquakes and the feasibility of
retrofitting with buckling restrained braces (BRBs) [14–18]. Among others, the objectives of
the HITFRAMES project include: (1) to experimentally assess the seismic performance of nonseismically designed steel frames with masonry infills under earthquake sequences, including
the effects of cumulative damage; (2) to evaluate the existing masonry infill models and to
develop new calibrated models aimed at describing the behaviour of masonry panels within
infilled steel MRFs; and (3) to experimentally evaluate the contribution and effectiveness of
BRB-based retrofitting strategies in steel MRFs.
Figure 1 shows the set-up of the experimental test carried out as part of the HITFRAMES
project. It consists of a 75% scaled, two-storey steel MRF, designed primarily for gravity loads
with insufficient seismic detailing [19,20]. The test was conducted at the Structures Laboratory
(STRULAB) of the University of Patras, Greece, and it included a pseudo-dynamic (PsD) testing procedure. The prototype building was designed to be a representative of non-seismically
designed steel frames based on the characteristics observed in the Amatrice building [3]. The
specimen was subjected to GM sequences, based on GMs recorded at Norcia (NRC) station, in
Central Italy, and summarised in Table 1.
The present paper proposes a preliminary numerical study of the seismic response of the
steel building tested during the HITFRAMES experimental campaign. First, a preliminary calibrated masonry strut model is developed, based on the observations of the HITFRAMES experiment. This model is compared with three widely used single strut masonry models available
in literature, through time history analysis and by considering GM1. Then, the numerical model
is retrofitted by means of BRBs, in order to evaluate the effectiveness of the devices when
interacting with the masonry panels. Finally, conclusions are drawn highlighting the relevance
of accurately modelling the masonry infills while assessing the performance of the retrofitted
structure.
Event

Date & time

Mw

Repi [ km ]

PGA [ g ]

GM1
GM2
GM3

24/08/2016 1:36
30/10/2016 6:40
26/10/2016 17:10

6.0
6.5
5.4

15.3
4.6
9.4

0.35
0.48
0.3

Table 1: Main characteristics of the GMs used during the HITFRAMES experimental campaign.
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B2

A2

B1

A1

(a)

(b)

Figure 1: Experiment set-up: (a) 3D model of lab specimen; (b) constructed lab specimen.

2

EVALUATION OF EXISTING MASONRY INFILL MODELS

For the present paper, a non-linear OpenSees numerical model [21] is developed. Columns
are modelled with a distributed plasticity approach (Steel01), while the beams are modelled by
considering a lumped plasticity approach. In the latter approach, plastic hinges are modelled by
considering the formulation by Lignos and Krawinkler [22] and modified according to Zareian
and Medina [23]. Material properties are consistent with the characterisation tests performed
on the steel members after the experiments.
Masonry panels are included by considering a macro-modelling approach, which consists of
one simple compression-only diagonal strut on each direction (i.e. in X shape). The behaviour
of the masonry infills is represented by using a pinching4 OpenSees material.
2.1 Calibration of masonry infill struts based on experimental results
The calibration of masonry struts is carried out by reproducing the deformation history imposed during the PsD testing in an OpenSees numerical model. The full GM sequence comprises six records in the following order: GM1, GM1, GM2, GM3, GM1 and GM2, with the
last two upscaled to 300% in the acceleration axis. As the 75% scaling rules followed for the
lab specimen consider constant stress, the time axis in the accelerogram is also multiplied by
0.751/2 = 0.87 in all GMs.
The masonry strut displacement values (δn) are directly obtained from the horizontal floor
deformation (Δn), assuming negligible vertical deformation and by considering a simple geometric transformation, as follows
Ɂ୬ ൌ ୬ െ  ൌ ට ଶ  ʹο୬  ο୬ ଶ െ 

(1)

where d0 is the undeformed diagonal length, dn is the deformed diagonal length at step n, and L
is the span length of the frame. Forces are estimated under the assumption that the MRF system
works in parallel with the masonry strut, which effectively creates a truss-like mechanism with
the steel frame (i.e., the infill-frame interaction does not modify the frame deformation pattern),
therefore, the forces assigned to the masonry strut in the numerical model are simply a subtraction of the total storey shear minus the storey shear exhibited by the bare frame at the same
level of storey drift.
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For this purpose, the elastic and modal properties of the bare frame OpenSees model are
validated by comparing the results of the lab characterisation tests (i.e., material testing, snapback test) [13] with the numerical model. The validated numerical model of the bare frame is
then subjected to the storey displacement history observed during the PsD testing in a displacement-controlled manner, with the resulting storey shear values (Vn) recorded. The resulting
horizontal shear values at each storey (Vn) are approximated to diagonal equivalent forces (Fn),
as follows
୬ ඥଶ  ሺο୬  ሻଶ
(2)
୬ ൌ
ο୬  
where h is the inter storey height.
Figure 2 shows the forces and deformations attributed to one masonry panel (i.e., one compression-only strut on each direction) in comparison with the calibrated model. Four masonry
panels per storey are considered in the numerical model (i.e., two double layer walls), therefore,
the struts shown in Figure 2 only withstand one quarter of the total load. The masonry struts are
calibrated on the pinching4 material in OpenSees, and their properties are summarised in Table
2.

Figure 2: Hysteretic behaviour of the masonry struts during the HITFRAMES experiments, in comparison with
the calibrated model. The calibrated pinching parameters are rDisp = 0.5, rForce = 0.2, uForce = 0.05. The calibrated degradation parameters are gK1 = 0.15, gD1 = 0.15, while all the others keep their default values.

2.2 Comparison of existing masonry infill models with experimental results
Several masonry strut models have been proposed in literature, nonetheless, most of them
have been calibrated for reinforced concrete (RC) frames and their application to steel frames
is not yet validated. Some of these models comprise complex strut configurations (e.g., multiple
struts, additional shear springs, etc.), nonetheless, the most common ones are based on a single
strut approach.
Panagiotakos and Fardis (PF) [7,24] proposed a single-strut constitutive model to represent
the behaviour of solid (i.e., with no openings) masonry infills in RC frames. This model is
characterised by four stress states: (1) initial elastic behaviour of the uncracked masonry infill;
(2) post-elastic linear response, characterised by a reduced stiffness; (3) softening of the masonry panel after the maximum force; and, (4) residual axial strength region. The strut resistance
is calculated based on the area of the masonry strut, which is the product of the wall thickness
and the theoretical width of the strut. This measure depends not only on the properties of the
masonry wall, but also on the surrounding frame. Dolšek and Fajfar (DF) [8] proposed a similar
model whose main difference is to have a strut resistance implicitly calculated in the capacity
formulations. In addition, this model considers that the masonry strut possesses no residual
capacity. Decanini and Fantin [25] proposed a model, successively updated by Liberatore and

1510

F. Gutiérrez-Urzúa, F. Freddi, L. Di Sarno, J. Wu, M. D’Aniello, R. Landolfo, and S. Bousias

Decanini (LD) [26], for the evaluation of the seismic response of high-rise RC buildings designed as bare frames but with significant infill contribution. This model considers empirical
relationships to define the horizontal capacity and stiffness of the struts.
A comparison of the calibrated masonry strut model is made with the aforementioned models
proposed in literature and is shown in Figure 3. The basic material properties of the masonry
were obtained from material characterisation tests: compressive strength, σw0 = 2.85 MPa; shear
strength, τw0 = 0.653 MPa. The elastic modulus was estimated by using the relationship proposed by FEMA 356 [27], Ew0 = 550σw0, while the shear modulus is considered to be Gw0 =
0.4Ew0. The following observations can be made from the comparison with the calibrated masonry struts: (1) the calibrated model for the bottom storey seems to have more similarities in
terms of forces with the PF model and the DF model; (2) the LD model tends to underestimate
the force capacity and to overestimate the deformation capacity; regardless of the similar interstorey heights, the top masonry strut exhibits lower capacity; and (4) the calibrated model exhibits lower initial and post-yielding stiffness than any of the models available in literature. A
comparison of the backbone properties for each model is detailed in Table 2.
Figure 4 shows a comparison of the storey shear response obtained during the GM1 of the
displacement-based test, by considering the LD and the calibrated models. As observed, the LD
shows larger force at low values of displacement, in comparison with the calibrated model. On
the other hand, forces are larger in the calibrated model at large displacement values. These
observations are consistent with the larger initial stiffness and lower maximum force capacity
of the LD model.
Properties
Storey [ kN, m ]
1
Fy (eNf1)
Fm (eNf2)
Fu (eNf3)
k1
k2
k3
δy (eNd1)
δm (eNd2)
δu (eNd3)
2
Fy (eNf1)
Fm (eNf2)
Fu (eNf3)
k1
k2
k3
δy (eNd1)
δm (eNd2)
δu (eNd3)

Calibrated
-100
-155
-15.5
45455
5340
-1594
-0.0022
-0.0125
-0.1
-70
-130
-13
41176
7229
-1671
-0.0017
-0.01
-0.08

PF
-132.6
-172.3
-13.3
60273
14704
-2972
-0.0022
-0.0049
-0.0584
-132.6
-172.3
-13.3
60273
14704
-2972
-0.0022
-0.0049
-0.0584

DF
-88.9
-148.2
0
59267
21179
-2976
-0.0015
-0.0043
-0.0541
-88.9
-148.2
0
59267
21179
-2976
-0.0015
-0.0043
-0.0541

LD
-75.5
-94.4
-32.6
94375
4974
-415
-0.0008
-0.0046
-0.1535
-78.2
-97.7
-33.6
86889
4875
-400
-0.0009
-0.0049
-0.1653

Table 2: Comparison among the parameters of the masonry strut calibrated model and the models of Panagiotakos and Fardis (PF) [7,24], Dolšek and Fajfar (DF) [8] and Liberatore and Decanini (LD) [26].
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Figure 3. Comparison among the force-displacement curves of the masonry strut calibrated model and the models of Panagiotakos and Fardis (PF) [7,24], Dolšek and Fajfar (DF) [8] and Liberatore and Decanini (LD) [26].

Figure 4. Storey shear output during GM1, considering the frame with the masonry strut calibrated model and
the Liberatore and Decanini (LD) [26] model subjected to a displacement-controlled test.
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3

ASSESSMENT OF THE RETROFITTED STRUCTURE

The frame with calibrated masonry struts is retrofitted by including diagonal steel braces
equipped with BRBs. The sizing of the device is carried out by a simplified code-based design
approach. For this matter, the structure is considered to be located in Central Italy and the design
of the retrofitting was done in accordance with the recommendations of the Eurocode 8 Part 1
(EC8-1) [28] and Eurocode 3 Part 1-1 (EC3-1-1) [29]. The design is performed for the Ultimate
Limit State (i.e., probability of exceedance of 10% in 50 years), considering a Type 1 spectrum,
with soil Type B, and Peak Ground Acceleration (PGA) equal to 0.25g. The structure is designed by considering a basic behaviour factor q0 = 3. The design requirements are paired with
a commercial catalogue of BRB devices, and result on a device with an initial yielding force
Fy0-BRB = 143 kN. The device is included in the numerical model by using the SteelBRB model
[30] in OpenSees. The monotonic and hysteretic properties of the device are validated with a
characterisation test made by the manufacturer. The hysteretic behaviour of the BRB model is
shown in Figure 5. The length of the BRB is 1.535m, therefore, the device is connected in series
to a steel tubular section (Ø = 0.16m, t = 0.01m) which completes the diagonal length. The full
BRB and elastic brace system is pinned at the ends.

Figure 5. BRB model in OpenSees by using the SteelBRB material. Fy0-BRB = 143 kN; F1-BRB-C = 178 kN; F1-BRB-T
= 151 kN.

Time history analyses based on GM1 were performed on the unretrofitted and retrofitted
structures, by considering the calibrated masonry strut model and the LD model. Figure 6 shows
the spectrum of GM1 and the comparison of the spectral accelerations (Sa) corresponding to the
fundamental period of each structure. The period of the unretrofitted calibrated structure
matches the observed fundamental period during the characterisation test of the lab specimen.
The addition of the BRBs further reduces its fundamental period to 0.11 s. While considering
the LD model, the fundamental period is shorter in the unretrofitted structure due to the higher
initial stiffness of the struts and reaches a value of 0.09 s with the addition of BRBs. As observed
in Figure 6, for the considered GM, the retrofitted structures benefit from a slight reduction on
the demand due to the increased stiffness.
Figure 7, Figure 8, Figure 9 show the inter-storey deformation and storey shear demands
during the time history analysis of GM1, for the calibrated and LD masonry strut models, considering the unretrofitted and retrofitted conditions. The deformation in the struts is compared
with their own cracking deformation (δy), as suggested by the ASCE 41-17 [31] as a limit for
the Immediate Occupancy Performance Level. When comparing the unretrofitted cases, the LD
model exhibits lower deformation and force values than the calibrated model, as it avoids the
strut deformation to reach significant levels of cracking. Nonetheless, the calibrated model (as
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well as the lab specimen during the testing) exhibited extensive cracking in the struts. When
comparing the retrofitted models, the addition of BRBs significantly reduce the demands on the
masonry infills of the calibrated model. Nonetheless, the improvement is not as noticeable in
the case of the LD model.
These observations highlight the sensitivity of considering higher values of initial stiffness
in the masonry strut model. On one side, the larger stiffness underestimates the damage that the
masonry panel could experience in the unretrofitted case. On the other side, it underestimates
the capacity of the BRBs in protecting the masonry infills from damage in moderate intensity
earthquakes.
Therefore, when the masonry strut properties are properly accounted for, the BRBs can protect the case-study structure from damage at lower and moderate intensity earthquakes, while
they simultaneously increase the energy dissipation capacity of the structure at higher levels of
demands.

Figure 6. Response spectrum for GM1, considering 3.3% damping, along with the fundamental period of the infilled frame model considering (a) the calibrated strut model and (b) the Liberatore and Decanini strut model
[26].

Figure 7. Hysteretic behaviour of masonry struts in the first storey during GM1 considering the (a) calibrated
strut model and (b) Liberatore and Decanini strut model [26].
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Figure 8. Inter-storey drift and storey shear comparison between the unretrofitted and retrofitted structures when
considering the calibrated model for masonry struts.

Figure 9. Inter-storey drift and storey shear comparison between the unretrofitted and retrofitted structures when
considering the Liberatore and Decanini [26] model for masonry struts.
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4

CONCLUSIONS

The present paper investigates the interaction of masonry infills and buckling restrained
braces (BRBs) when these are used as a retrofit measure in existing steel moment resisting
frames (MRFs). The study takes advantage of the experimental results of the HITFRAMES
project to calibrate numerical models in OpenSees for a case study steel MRF which has been
analysed as bare, infilled and retrofitted frame with BRBs. The impact of masonry infills and
BRB-retrofit is investigated by comparing the response of different infills models. The numerical results provide some insights on the ability of BRB-retrofit option in protecting not only
the steel frames from experiencing critical damage during earthquakes but also the masonry
infills and on the importance of using appropriate modelling strategies for the masonry infills
during the assessment procedures. The following conclusions can be drawn:
x All of the considered masonry strut models exhibited larger values of initial stiffness, in
comparison with the calibrated model. The Panagiotakos and Fardis (PF) model, and the
Dolšek and Fajfar (DF) model, exhibited larger force capacity but lower deformation
capacity than the calibrated model. The Liberatore and Decanini (LD) model exhibited
lower force capacity but higher deformation capacity than the calibrated model.
x Large values of initial stiffness were translated in an underestimation of the seismic demands (for GM1) and an overestimation of the capacity. This could lead to larger than
expected levels of damage in masonry panels. The calibrated model is able to capture the
cracking observed during GM1 in the pseudo-dynamic testing carried out on the lab
specimen.
x The addition of BRBs as a retrofit measure for masonry infilled steel MRFs can reduce
the damage in the masonry infills at low and moderate seismic demands. Nonetheless, it
is necessary to consider a more accurate masonry strut model in the numerical analysis,
as the relative stiffness between the masonry and BRB system will dictate the capacity
of the BRB to protect the infills.
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Abstract
It is now widely recognised that masonry infill plays an essential role in the seismic behaviour of existing steel buildings; however, there is still a lack of clear guidance on the modelling of masonry infill in the current Eurocode 8-Part 3. Several methods for the numerical
modelling of masonry infills have been proposed in literature over the past few decades,
which either adopt a detailed approach (micro-model) or a simplified approach (macromodel). In the former case, bricks are individually modelled, taking into account the brickmortar cohesive interface, which is able to provide detailed insights of the behaviour of masonry infills and the frame-wall interaction but usually at a high computational cost. On the
other hand, a simplified model can be easily built within finite element software, most of
which replace the infill wall panel with one or more equivalent struts in the diagonal direction. It has been demonstrated that the strut models can simulate RC infilled structures’ global response with acceptable accuracy; however, there are still no adequate recommendations
for their modelling within steel frames. Besides, these models are generally incapable of capturing the interactions between the infills and the frame members. To this end, the present paper numerically investigates an Abaqus macro-model of the infilled steel frame, which was
experimentally tested as part of the recent SERA HITFRAMES project. The preliminary re-
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sults shows that the different detailing of steel frames could lead to different damage patterns
in the infill walls when compared to RC frames. In particular, instead of a single diagonal
strut, at most three struts were observed in this study. The results also suggested that the
number and geometry of struts could change with increasing displacement demands, hence it
might not be appropriate to use the same strut model for infill walls on different floors.
Keywords: Seismic Behaviour, Masonry Infill, Existing Steel Frame, Experimental Test
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1

INTRODUCTION

Masonry infill walls were widely used in existing steel frame structures as exterior walls
mainly for insulation and aesthetic purposes; hence in the code-based assessment procedures
of existing buildings, e.g., Eurocode 8-Part 3 [1], they are typically considered as nonstructural components. As a consequence, only the self-weight of infill walls is usually considered during the assessment, while their effects on the structural behaviour under lateral
load are often neglected. However, it has been widely recognised that masonry infill can significantly affect the seismic response of structures, as they considerably influence the lateral
stiffness and strength of structures (and their distribution), as well as the energy dissipation
capacity under seismic loading [2-8]. In addition, the strut action of infill wall panels may also
exert concentrated force to beams, columns and beam-column joints, increasing local seismic
demands. Besides, in the case of infill walls not uniformly distributed, e.g., non-infilled
ground floor, severe soft-storey mechanisms can also be triggered [9-11], leading to complete
failure of the non-infilled storey.
Currently, a considerable number of studies focused on the behaviour of masonry infills
within reinforced concrete (RC) frames, while the current knowledge level on the behaviour
of infilled steel frames is still inadequate. Although the masonry infill confined by RC and
steel frames share some commons in their seismic response, the different characteristics of
steel frames may significantly alter masonry infill response. Steel frames are usually more
flexible and more ductile and have different features and detailing compared to RC members,
such as the aspect ratio of the frames and the geometries of steel beams and columns. Moreover, when involved in the infill-frame interactions, some local details typical of steel structures, e.g., stiffener plates and connections, may cause local stress concentration in the wall
and, consequently, lead to a different response and failure mode of the masonry infills. Despite some experimental tests investigated the behaviour of infilled steel frame over the past
few decades [e.g., 6, 12, 13], and a few simplified models have been proposed [e.g., 14, 15],
further research is still of great necessity for the development of simplified models that can be
used in practice for the assessment of infilled steel buildings. In addition, within the European
context, there is an urgent need for additional and detailed rules and recommendations for the
assessment of existing steel structures [e.g., 16] to be implemented within an updated version
of the Eurocode 8-Part 3. These should include and consider the interaction with the masonry
infills, thus promoting reliable assessment procedures.
Finite element modelling of masonry infill can be classified into two groups, namely micro- and macro-modelling. Detailed micro-modelling approaches usually include a detailed
description of brick units and mortar as continuum elements and the brick-mortar interfaces to
simulate the cohesive behaviour between brick units and mortar. Such models are able to reproduce the basic mechanisms of the masonry unit, hence are more likely to capture the complex damage patterns of masonry infill accurately. However, the high computational cost of
detailed micro-models usually constrains their application to small structures. To this end,
simplified micro-models were proposed as an alternative to detailed micro-models, which
usually neglect the geometry of mortar and utilise expanded brick units to account for the
thickness of mortar [17-19]. Subsequently, the material properties are often defined based on
masonry samples, and the interactions between expanded brick units are simulated through
cohesive elements or surface-based cohesive behaviour. The simplified micro-modelling can
effectively reduce the computational cost but may lead to less accurate results. On the other
hand, macro-modelling approaches consider the masonry infill as homogeneous isotropic material, whose mechanical properties can be defined based on various material tests of masonry
triplets [11, 20, 21]. As a cost-effective computational strategy, macro-models are usually
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adopted while investigating the global response of infilled frames and/or to perform preliminary analyses of the stress distribution in the infill wall panel.
The present paper investigates the behaviour of infilled steel moment frames through the
macro-modelling approach. The finite element models are validated based on the results of
large-scale experimental tests conducted on a one-bay two-storey infilled steel frame as part
of the HITFRAMES SERA project. The steel frame was designed to be representative of typical existing steel frames with inadequate sesimic detailing at joints. A pushover analysis is
carried out, providing insights into the response of masonry infills. In particular, the change of
number and geometry of struts formed in the infill walls were investigated considering increasing displacement demands.
2
2.1

EXPERIMENTAL TEST
Description of the steel frame

A two-storey single-bay 3:4 scaled steel frame was experimentally tested to investigate the
behaviour of masonry infill confined by steel members. The test frame had a storey height of
2.5 m, and span of 3.5 and 6.5 m in the transverse (X) and longitudinal (Y) direction, respectively. A sketch of the steel frame is shown in Figure 1. The columns, primary and secondary
beams profiles were HE 180A, IPE 200 and IPE 140, respectively. The test was performed in
the X-direction with the columns placed along with their weak axis; beam-to-column joints
were made through full penetration welds with stiffeners installed to increase joints’ rigidity,
while beam-to-beam connections, for the primary beams, were placed at a distance of 400 mm
with respect to the column axis. Besides, the columns’ bases were welded to 30 mm-thick
steel plates with stiffeners to ensure their rigidity. The stiffened beam-column joints, the
beam-to-beam connection and column bases are shown in Figure 2.

Figure 1: Plan and side view of the steel frame experimentally tested in the laboratory.

Figure 2: Detailing at the beam-column joints (left) and column base (right) of the test frame.
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The test frame included a composite slab at both storeys, consisting of 150 mm-thick concrete slabs poured on a 1.25 mm-thick corrugated steel sheet. Shear studs were implemented
on both external and internal beams to ensure the transfer of applied horizontal loads to the
steel frame through the slab. However, shear studs were omitted in the 0.5-m-wide regions
around the columns to avoid the development of composite actions in the joints. Finally, only
the masonry infill in the transverse direction of the steel frame were included in the experimental test, each consisting of two layers of 58 mm-thick perforated bricks of size 58 u 83 u
190 mm.
2.2

Experimental setup

The test frame is shown in Figure 3 and was built in the laboratory, according to standard
European constructional practice. The steel members were prepared in the workshop and fully
assembled in the lab. Two parallel tubular beams were placed on top of each steel base plates
and anchored to the strong floor in order to increase the rigidity of the base restraints of the
test frame. Besides, the composite slab was built following the assembly of the bare steel
frame, where the corrugated steel sheets were installed on the beams and fixed with the shear
connectors, with the concrete slab subsequently cast and poured on-site.

Figure 3: Experimental setup and positions of the actuators.

As shown in Figure 3, two actuators were placed at each storey of the test frame and connected to the reaction wall. Additionally, pre-cast concrete blocks were placed on the slab of
each storey to simulate the gravity loads imposed on the structure, which would influence
beams and columns’ behaviour. It is noteworthy that additional concrete blocks were used to
represent the mass of infill walls in the preliminary dynamic characterisation tests and were
successively removed upon the installation of infill walls.
2.3

Experimental test scheme

A snap-back test was performed to capture the frame’s modal properties for both the bare
and infilled configurations. The initial displacement imposed on the frame also allowed the
definition of the test frame’s lateral stiffness. Both stiffness and modal properties were used
for the numerical models’ calibration.
After the modal characterisation test, pseudo-dynamic (PsD) displacements’ control tests
were performed to investigate the infilled frame’s behaviour subjected to an earthquake sequence. Three ground motions, recorded during the 2016 Central Italy earthquakes, were selected to define the earthquake sequence used in the PsD tests. The time-history of
accelerations of the earthquake sequence is shown in Figure 4. Two scaling factors (SF) of the
earthquake sequence, SF = 1.0 and 3.0, were used during the PsD tests. The scaling factors
were decided based on comparisons of the response spectra of selected ground motions with
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the code-based elastic response spectrum, where the use of unit scaling factor was to investigate the behaviour of the test frame subjected to real earthquakes, while the scaling factor of
3.0 was adopted to ensure the failure of the test frame, i.e., the collapse of infill walls and severe yielding of steel members.

Figure 4: Accelerogram of the selected earthquake sequence.

2.4

Experimental results

The response of the infilled steel frame recorded during the entire PsD test, i.e., top storey
displacement against base shear, is shown in Figure 5(a). Aside from the response curve, envelopes are also presented individually for the positive and negative direction. Subsequently,
the corresponding backbone curve could also be derived based on the envelopes, which was
assumed to be symmetric in the positive and negative direction.

(a)

(b)

Figure 5: Response of the infilled steel frame with backbone curves: a) global response; b) first storey displacement against base shear.

As shown in Figure 5(a), the first significant change of the frame’s lateral stiffness corresponds to a 10 mm top storey displacement. Then the steel frame reached the maximum base
shear of around 650 kN when the lateral displacement at the top storey was approximately 25
mm. This also marked the onset of negative stiffness in the backbone curve of the steel frame.
In addition, degradation of strength was also noticed at 100 mm of top floor displacement,
where the capacity of base shear dropped by about 8% to 600 kN. Lastly, the largest top storey displacement experienced during the PsD test corresponds to 140 mm, when the collapse
of infill occurred, and the test was terminated.
The pushover numerical analysis requires the knowledge of the forces and displacements’
distribution at both storeys. To this end, the response history at the first storey was determined
and is shown in Figure 5(b). This also included the envelopes for the definition of the corre-

1524

L. Di Sarno, J.-R. Wu, F. Freddi, M. D’Aniello, S. Bousias, F. Gutiérrez-Urzúa, R. Landolfo and N. Stathas

sponding backbone curve. The comparison of the backbone curves for both storeys is shown
in Figure 6, and six points were selected for the determination of displacement ratios of the
top storey to the first storey, as also summarised in Table 1. It can be concluded that initially
the displacement ratio was around 1.5, however, when the displacements were increased, the
ratio was slightly reduced to 1.34 at point D and 1.20 at point E, which was attributed to the
concentrated damage at the first storey. Consequently, it can be anticipated that soft storey
mechanism might be triggered at some point beyond 140 mm top floor displacement.

Figure 6: Comparison of backbone curves for the first and top storey of the steel frame (symmetric in the positive and negative directions). See Table 1 for more details.

Top storey, d2
First storey, d1
d2/d1

A
6.61
4.36
1.52

B
11.09
7.27
1.53

C
26.39
13.01
2.03

D
35.31
25.60
1.34

E
99.37
82.78
1.20

F
139.25
92.06
1.51

Table 1: Distribution of displacement demands along with the height of the steel frame.

3
3.1

NUMERICAL STUDY
Finite element modelling of masonry infill and steel frame

Finite element models of the bare and infilled steel frame were built in Abaqus [22]. Only
half of the 3D steel frame was modelled due to symmetry conditions and to reduce the computational cost. Meanwhile, all the internal secondary beams were excluded from the model as
their contribution to the lateral resistance of the steel frame were considered negligible. All
steel and masonry components were modelled using the solid element C3D8R. Figure 7
shows an overview of the Abaqus model.
The material properties were defined based on the results of material tests when possible.
For parameters that could not be obtained from the tests conducted, typical values recommended in literature were adopted. The yield and ultimate strength of steel were defined to be
433 and 575 MPa, respectively, while the Young’s modulus was assumed to be 210,000 MPa.
On the other hand, as the masonry infill walls were modelled using macro-modelling approaches, the Young’s modulus of masonry was manually adjusted to be about 3,000 MPa
based on model calibration.
The concrete damaged plasticity model was used to simulate the inelastic behaviour of masonry. This model is characterised by five parameters: 1) dilation angle (ȥ); 2) the flow potential eccentricity (H); 3) the ratio between initial equibiaxial compressive yield stress to initial

1525

L. Di Sarno, J.-R. Wu, F. Freddi, M. D’Aniello, S. Bousias, F. Gutiérrez-Urzúa, R. Landolfo and N. Stathas

uniaxial compressive yield stress (fb0/fc0); 4) the ratio between second stress invariant on the
tensile meridian to that on the compressive meridian at initial yield (K), and 5) the viscosity
parameter (ȝ). Values recommended by D’Altri et al. [19], reported in Table 2 were adopted
in this study as typical assumptions for masonry infill. Besides, the compressive and tensile
strength of masonry were defined to be 5.70 and 1.30 MPa, respectively. Furthermore, the
composite slabs were modelled as rigid bodies to simulate the rigid diaphragm behaviour and
ensure a smooth transfer of load to the steel frame. Lastly, a 75 mm-thick concrete block was
included in the model as the base of ground floor masonry infill. Since no damage was observed on this concrete base during the experimental test, it was assumed to behave in the
elastic range with a Young’s modulus of 35,000 MPa.

Figure 7: Numerical models of the steel frame in Abaqus using macro-model of masonry infill.

ȥ
10°

H
0.1

fb0/fc0
1.16

K
0.667

ȝ
0.0005

Table 2: Parameter to define the inelastic behaviour of masonry infill using concrete damaged plasticity
model in Abaqus [21].

Beam-to-column joints, stiffeners, and cover plates of the beam-to-beam connections were
modelled through tie constraint. Appropriate boundary conditions were applied at the end of
the transverse beams to simulate the structure’s symmetric condition. Besides, in the region
with shear connectors, a tie constraint was used to simulate the slab-beam interaction. Conversely, for the region without shear studs, a surface-to-surface contact interaction was defined between the slab and the beam with ‘Hard’ normal behaviour and a friction coefficient
of 0.7 for the tangential behaviour. Lastly, a surface-to-surface contact (with the same properties as above) was also introduced to simulate the masonry infill and steel frame interaction.
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3.2

Model validation

The numerical models’ validation was performed with respect to the stiffness and dynamic
properties observed during the snap-back tests. During this test, lateral loads of 13 and 31 kN
were imposed on the top storey of the bare and infilled frame, respectively. The comparisons
of the numerical and experimental lateral displacement profiles are shown in Figure 8 and reported in Table 3.
As shown in Figure 8, both the bare and infilled frame models achieved a ‘good’ match of
lateral displacements with the test mockup, and the discrepancies were all within 10%. In both
cases, the comparison of the numerical and experimental results show a nearly identical initial
lateral stiffness at the first storey. Conversely, the top storey’s lateral stiffness was slightly
underestimated in the bare frame and slightly overestimated when the masonry infills were
present.

Figure 8: Comparisons of lateral displacement profile of the bare frame (left) and the infilled frame (right) during
the modal characterisation test.

Test
Bare
Infilled

First floor
5.25
0.34

Abaqus
First floor
5.28
+0.57%
0.34
0.00%

Top floor
13.97
0.75

Top floor
14.78
+5.80%
0.70
-6.67%

Table 3: Comparisons of the lateral displacements of the steel frame obtained numerically and experimentally.

3.3

Pushover analysis

The results of the pushover analysis is presented hereafter. The numerical model was
pushed up to 140 mm at the top storey, which was the maximum lateral displacement measured during the test. The pushover analysis was done assuming three displacement ratios of
top storey to first storey (d2/d1). When the top storey displacement was less than 30 mm, the
ratio d2/d1 was assumed to be 1.5. Then when the top storey displacement was between 30 and
100 mm, the ratio d2/d1 reduced linearly from 1.5 to 1.2. Eventually, when the top storey displacement was larger than 100, the ratio d2/d1 was equal to 1.2. Figure 9 presents the comparison between the pushover curve, i.e., the top storey displacement-base shear relation, and the
structural response of the steel frame measured during the experimental test, while Figure 10
shows the evolution of stress distribution in the infill walls during the pushover analysis.
It can be seen that in general the numerical model were in good agreement with the test results when the displacement was smaller than 30 mm. However, the numerical model failed to
capture the deterioration of strength which took place beyond 30 mm top storey displacement.
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This is because that firstly a bi-linear relation was assumed for the mechanical property of
masonry, which did not account for the strength degradation. Besides, the simplified modelling approach adopted was unable to simulate the falling of crushed bricks at the top corners.
Consequently, the base shear of the numerical model continued to increase beyond the actual
point of the onset of strength and stiffness degradation.

Figure 9: Pushover curve of infilled steel frame.

(a)

(b)

(c)

(d)

(e)

(f)

Figure 10: Stress contour of the masonry infill walls during the pushover analysis (See Figure 9): a) Point 1; b)
Point 2; c) Point 3; d) Point 4; e) Point 5; f) Point 6.

As can be seen in Figure 10(a), initially when the model was within the elastic range, stress
concentration was noticed at both storeys surrounding the beam splice connections before any
struts were formed in the infill walls. This illustrated the occurrence of cracks at the top corners of each infill wall, which were due to the interlock between the bolts of beam splice connections and the top layer of bricks. When the displacement demand was increased, an
inclined strut was formed within the lower storey infill wall, as can be seen in Figure 10(b).
Successively, when the top floor displacement was approaching 30 mm (Point 3 in Figure 9),
the previous strut was split into a diagonal strut and an off-diagonal strut, as shown in Figure
10(c), and the diagonal strut appeared to be wider than the off-diagonal strut. In the meantime,
an inclined strut started to form in the top floor infill wall as well, which had a similar shape
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to the one previously formed in the lower storey infill wall. When the displacements at both
storeys of the infilled steel frame were further increased, as shown in Figure 10(d) to (f), the
contact length between the infill and the surrounding steel members remained almost unchanged, and the diagonal strut in the lower storey infill wall was further split into two smaller struts. It is clear that the upper strut connected the top corner and the end of contact length
over the other column, while the middle strut connected the bottom corner and the mid-point
of the contact length over the other column. Figure 10(f) also shows the tendency that with
increasing lateral displacement, the upper strut would become wider, and the middle and lower struts might eventually become one single strut that has approximately the same width as
the upper strut. It was also noticed that despite the infill wall on the top floor exhibited the
same behaviour as that on the lower floor, the two infill walls contained different numbers
and geometried of struts at the same step of pushover, which indicated that it might not be appropriate to use the same simplified strut model to represent the infill walls on different floors.
4

CONCLUSIONS

This paper presented numerical modelling of infilled steel frame using a macro-model of
masonry infill. It was concluded that the steel joints that were in contact with masonry infill
caused local stress concentration in the part of infill wall adjacent to the joints. Besides, a single inclined strut was noticed at small displacement, when the overall structural was within
the elastic range. Subsequently, when the displacements at both storeys became larger, the
single strut was firstly split into two struts and eventually became three struts. The width of
struts was also found to be changing during the pushover analysis. Moreover, the contact
length over beams and columns were also observed, which initially increased with increasing
displacement and then remained approximately constant. Lastly, it was also concluded that
the masonry infill on different floors could form different numbers of struts with varying geometries, which should be taken into consideration when developing simplified strut models.
Future studies should be conducted using a more detailed micro-model of masonry infill to
investigate the development of cracks in the infill walls and achieve more accurate observation of infill-frame interactions.
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Abstract
As widely investigated in literature, the local behavior of the joints strongly influences the
whole performance of the steel structures; thus, both in the design and assessment of the moment resisting frame (MRF) the joint performance should be properly accounted for. The present work is focused on local assessment and retrofit the beam-to-column joints of an existing
non-conforming steel building. Therefore, the monotonic and cyclic behaviors of internal beamto-column joints are investigated by means of finite element analyses (FEAs). The main peculiarities of these joints are the continuity of beams and hollow square columns interrupted at
each level and connected both by bolts and fillet welds to the tapered flanges of the beams. Onsite surveys allowed fully characterizing the geometry of the joints. The joint assemblies were
sub-structured from the moment resisting frames and analyzed against both the vertical loads
and seismic actions. The results showed that these types of joints exhibit very poor seismic
behavior, concentering most of the damage within the welds. Therefore, different local strengthening interventions were designed and numerically checked. The comparison between the response of the unreinforced and the various strengthening joints is described, and the best
solutions in terms of both cyclic behavior and technological feasibility are subsequently identified.
Keywords: Existing structures, Beam-to-column joints, Seismic retrofit, ductile behavior, finite element model.
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1

INTRODUCTION

Nowadays many studies investigated the behavior of the steel structures in seismic areas [112], with the aim to obtain ductile structures that could resist to the earthquake action without
showing any brittle behavior; however, in many cases, these studies and innovative solutions
could be applied not only to the new structures but could represent a viable solution also for the
existing structures.
The existing steel buildings are characterized by a great variability in terms of structural
conception, typology and distribution of resisting systems, and details adopted for the connections. Moreover, old steel buildings were often designed without considering any seismic action
or, even when some lateral loads were considered, no hierarchy criteria between structural
members were adopted. Thus, in the assessment of the existing steel building particular attention should be given to the joint’s details; indeed, as deeply investigated in literature for the
new structures [13-22], also in the analyses of the existing buildings the joint could influence
the global structural behavior.
In this framework, an existing steel multi-storey building located in Naples has been selected
as a case study due to its structural peculiarities. The design was carried out in accordance to
the Italian provisions that were in force during the 1960 as reported in [23]; therefore, only
gravity and wind loads were considered at that time. The P-Delta effects were also completely
neglected despite of the height of the building (22.5 m). The structure was conceived and manufactured not in conformity with the majority of similar contemporary buildings.
The main aim of this research is to investigate the local behavior of the moment resisting
joints and to investigate the efficiency of some local intervention to strengthen and improve the
joint behavior. The paper is divided in four main parts; initially the structural feature of the
building is described; then the main aspects of the finite element model (FEM) are presented.
The third part is mainly focused on the results of beam-to-column joints under both vertical and
horizontal action. Finally, the efficiency of four possible retrofitting solutions is presented.
2

DESCRIPTION OF THE STRUCTURE

2.1 History and general features
The multi-storey building serves for offices and depository of documents. The structure was
built between 1960 and 1961 to replace a former two-storeys masonry construction used as
public office. The V-shape of the original plan of the building was preserved (see Figure 1),
with a footprint of about 1400 m2. The design was carried out in accordance to the Italian provisions that were in force during the 1960; therefore, only gravity and wind loads were considered. MRFs were adopted on the longitudinal axes of the construction, while various types of
concentric braces (X and Y shaped) were located in the transverse direction.

Figure 1: Planar view of the building.
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2.2 History and general features
The columns of the MRF systems have a hollow squared tubes cross section, with a constant
external size along the height of the building (140x140 mm), but the thickness of the tubes
varies from 18 to 6 mm from the bottom to the top. The main beams are made with IPN 320
profiles at all storeys. Floors were made using corrugated steel sheets filled with concrete for a
total height of 55 mm. Geometrical features of MRF joints are summarised in Fig. 2.
According to the design report [23], all members are made with Aq 42 Steel, with an allowable stress of 1600 kg/cm2, with the only exception of the tubes, which are manufactured with
Aq 55 Steel, with an allowable stress of 2000 kg/cm2. High-strength bolts (8.8) has been considered.
A total of six beam-to-column joints (one for each floor) have been investigated under both
vertical and horizontal actions. Therefore, a specified nomenclature was introduced to identify
each investigated joint in function of the floor (“Fx”) and the load scenario (vertical or seismic).
3

MODELING ASSUMPTIONS

The finite element models (FEMs) were developed using ABAQUS 6.14 [24]. The modelling assumptions are the same as described by the Authors in previous publications [25-26].
Therefore, only the main features of the models are summarized in the following for the sake
of brevity.
The beam-to-column joints were modelled considering a sub-assemblage of the whole structure, which is obtained by extracting both the columns and the beams at the inflection points of
the bending moment diagram induced by gravity and horizontal loads on the MRF. All elements
were discretized using C3D8R solid element type. The characteristic dimension of mesh was
set equal to 5 mm for bolts, welds and plates, and 20 mm for the beams and the columns.
According to the design report, a yield stress of 240 MPa was assigned to all the existing
members, with the only exception of the columns, for which the yield stress was set to 300 MPa.

Figure 2: Detail of investigated MRF beam-to-column joints.

Steel yielding was modelled using the Von Mises criterion. The kinematic and isotropic
hardening were implemented. The constitutive law for high-strength bolts (class 8.8) was modelled according to D'Aniello et al. [27]. The weld steel was modelled with the Ramberg-Osgood
constitutive law; in absence of more detailed information from the design report, the yielding
strength of existing welds was assumed to be equal to the highest between the existing members
(300 MPa). Finally, an European S355 steel grade was used for all strengthening elements.
Displacement histories were applied at the tip of the beams in the sub-assemblages, reaching
a maximum chord rotation of 0.06 rad. AISC 341 [28] protocol was adopted for cyclic analyses.
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4

RESULTS FROM FINITE ELEMENT ANALYSES

4.1 Behavior of MRF beam-to column joints under vertical loads
The behaviour of MRF beam-to-column joints under vertical loads was investigated imposing maximum vertical displacements at the beam tips equal to 120 mm.
As expected, the internal beam-to column joints showed a good overall response, with the
activation of plastic hinges at the extremity of the beams with basically no involvement of the
column that remains in elastic range (see Fig. 3). Plastic hinges start to develop nearby the
continuity restraint, while increasing the vertical displacements also the activation other two
plastic hinges at the beam extremity can be observed. Moreover, since the beam profiles do not
change among the different floors, the response in terms of bending resistance is almost the
same for all the investigated joints, as shown in Fig. 3a.
However, a very small difference in terms of elastic stiffness can be observed owing to the
variation of the column bending stiffness at each floor.

(a)
(b)
Figure 3: Results of MRF joints at 3rd floor under vertical loads in terms of moment-rotation curve (a)
and PEEQ distribution of joint (b).

(a)
(b)
Figure 4: Results of MRF joints at 3rd floor under seismic loads in terms of moment-rotation curve (a)
and PEEQ distribution of joint (b).

4.2 Seismic behavior of MRF beam-to column joints
The seismic behaviour of MRF beam-to-column joints is depicted in Fig. 4 in terms of moment-rotation curves and distribution of equivalent plastic strains (PEEQ); in Fig. 4b it can be
notice that all plastic deformations are concentrated in the columns and in the fillet welds. The
beams always remain in an elastic range; the same type of failure mode can be observed at each
floor of the building. The maximum bending resistance is showed by the joint at the first floor,
as shown in Fig. 4a; indeed, due to the variation of the column thickness a reduction of the
resistance along the structural height can be observed.
In Table 2 results from each scenario are reported in terms of maximum bending moments.
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a) RS1
b) RS2
c) RS3
Figure 5: Different retrofitting solutions for the beam-to-column joint: weld collar (a), 65 mm high ribs (b),
150 mm high ribs (c)

Floor
Floor 1
Floor 2
Floor 3
Floor 4
Floor 5
Floor 6

Vertical [kNm]
356.1
355.4
355.0
354.3
353.9
351.9

Seismic [kNm]
102.8
101.4
94.8
85.2
72.2
56.5

Table 2: Results from numerical analyses in terms of maximum bending moments.

4.3 Strengthening solutions
The results of the numerical analyses showed that MRF joints have a good behaviour under
gravity loads while exhibit a poor ductile response, with a large plastic concentration in the
column’s tip and in the adjacent fillet welds (see Fig. 4b). Therefore, three different strengthening interventions have been designed and numerically tested to improve the seismic performance of the joints by preventing welds brittle failure. For sake of brevity only results of the
joint at the third floor (with the medium value of column thickness) are reported hereinafter.
The main geometrical features of the interventions (see Fig. 5) are summarised as follows:
1. Complete replacement of the fillet welds with a continuous weld collar made with stronger
material (e.g. yielding stress equal to 450 MPa), see Fig. 5a (RS1).
2. Replacement of the welds and introduction of four 65x10 mm rib stiffeners made with steel
S355, two on each side of the column, shaped with an angle of 40°, see Fig. 5b (RS2).
3. Replacement of the welds and introduction of four 150x10 mm rib stiffeners made with
steel S355, two on each side of the column, see Fig.5c (RS3).
The results of monotonic analysis for each RS scenario are depicted in Fig. 6. Maximum
bending moments and the relative increment with respect to unreinforced joint response are
also reported in Table 3. As it can be observed, the retrofitting solutions provide a large variation of both resistance and elastic stiffness; indeed, with the only exception of RS1, that only
implies the change of the welds, the introduction of the rib stiffeners increases the assembly
stiffness and the resistance. The maximum increase of the bending capacity is not very high
(RS3, 17% with respect to the unreinforced joint) but the real benefit of the presence of the ribs
is to obtain a more ductile mechanism moving the failure from the weld to the column allowing
a larger rotational capacity. This aspect can be better observed in case of cyclic analyses (see
Fig. 7).
Thus, comparing the unreinforced solution with the RS3 (the one with two ribs) it can be
observed that the first case a large concentration of plastic deformation appears in the welds
and at the column tip. Contrariwise, the reinforced solution provides a slightly larger resistance
and a more stable energy dissipation without pinching. In this case plastic strains are concentrated in the columns, leaving the welds in elastic range.
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Figure 6: Moment – rotation curves for all different strengthening solutions.

Intervention
RS0 (Unreinforced)
RS1 (Replaced Welds)
RS2 (Ribs 65 mm)
RS3 (Ribs 150 mm)

Mj,Max [kNm]
94.8
99.2
104.5
110.2

Resistance increment [%]
+5%
+10%
+16%

Table 3: Comparison between different scenarios in terms of bending moments.

(a)
(b)
(c)
Figure 7: Moment-rotation curves for the unreinforced column and the RS3 proposal (a) and distribution
of equivalent plastic strains under cyclical horizontal actions for the same cases (b-c).

5

CONCLUSIONS

An existing non-code conforming six-storey steel building has been investigated. Particular
attention was paid on both vertical and lateral behaviour of the MRF beam-to-column joints.
From the results of FEAs the following observations can be pointed out:
x Moment resisting joints are able to support the vertical loads showing only the activation of
the plastic hinges at very large value of chord rotation.
x Lateral loads induce stress concentration in the welds around the columns, which represent
a brittle component. Therefore, local interventions have been designed to retrofit joints.
x The first retrofitting intervention (RS1) involves the replacement of the original welds; results show that the increment of weld resistance is not enough to change the failure mode.
x The second (RS2) and third (RS3) interventions consist in the use of rib stiffeners to increase the resistance of the connection. The numerical results show that both under monotonic and cyclic action the introduction of rib stiffeners allows to reduce the plastic demand
within the welds. Therefore, the local ductility of the joints is preserved despite additional
consideration should be done form a global point of view.
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Abstract. In this contribution, the dynamic response of two railway bridges, represented by
a viscoelastically supported Euler-Bernoulli model, subjected to high-speed trains is analyzed
and discussed. Different types of high-speed trains are considered, which are modeled as
moving mass-spring-damper (MSD) system. The structural response is determined by a dynamic
substructuring approach, in which the equation of motion of the beam bridge model and the
equations of motion of the MSD system, both written in state space, are coupled using a
generalized corresponding assumption. The coupled set of equations of motion representing
the dynamic soil-structure-vehicle interaction model are solved by time history analysis. The
utilized approach captures all essential features of dynamic soil-structure-vehicle interaction and
allows for a numerically efﬁcient evaluation of the dynamic responses of the structure. Particular
attention is paid to the inﬂuence of the MSD system on the beam bridge during approach and after
departure. The structural response of the considered beam bridges is compared and discussed
for the different types of high-speed trains and different subsoil conditions.
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1

INTRODUCTION

The increasing operational speed along train lines involves new challenges on the design of
railway bridges and on the assessment of existing bridges. At certain train speeds, especially
short-to-medium span railway bridges are excited to resonance, which leads to a signiﬁcant
structural acceleration response at the deck level [1]. Resonance effects can lead to destabilization
of the ballast, to increased wearing of the rails which is associated with increased maintenance
costs of the line, and in extreme cases even to the hazard of train derailment. These aspects
demand a detailed dynamic analysis of the response behavior within the framework of a reliability
assessment of bridge structures for trains with high-speed. In common computational models
the subsoil of the bridge is assumed to be rigid and only a few studies deal with the inﬂuence
of SSI on the dynamic response behavior of the bridge (e.g. [2, 3, 4, 5]). However, dynamic
soil-structure interaction (SSI) effects may have a signiﬁcant inﬂuence on the structural response
of high-speed railway bridges and therefore should to be taken into account when performing a
reliability analysis.
The most general modeling approach for the prediction of the structural response including
SSI is provided by three-dimensional (3D) ﬁnite element (FE) models [4, 6, 7]. A 3D FE bridge
model offers the possibility of taking the full coupling between the track and the soil into account,
the geometry of the bridge can be modeled in detail, and in a time domain formulation nonlinear
constitutive behavior can be implemented [3]. In a numerically more efﬁcient but more elaborate
approach, an FE model of the bridge is coupled with a boundary element (BE) model of the
subsoil [3, 5, 8]. For instance, [5] investigated the inﬂuence of SSI on the structural responses
of a single-span railway bridge subjected to moving trains at different speeds. In this study, a
mass-spring-damper (MSD) train model is coupled with a 3D FE track and bridge model in
combination with the BE soil model. The prediction of the structural bridge response using FE or
BE-FE formulations involves a signiﬁcant computational effort, and in the context of reliability
assessment, where many limit state function evaluations are required, it is not feasible to use such
complex and computationally expensive models. For this reason, the authors of this paper have
recently developed a numerically efﬁcient dynamic soil-structure and bridge-train interaction
model [9] that allows for a large number of computations in the context of a reliability analysis.
In this contribution, this model is utilized to determine the structural response of beam bridges
subjected to moving high-speed trains. The trains are modeled as a planar MSD system, and the
bridges as an Euler-Bernoulli beam resting at both ends on spring-damper elements that capture
the effect of the subsoil. A dynamic substructuring approach is used to determine the system
response, in which the equation of motion of the beam bridge model and the equations of motion
of the MSD system are written separately in state space and then coupled via a generalized
corresponding assumption. Particular emphasis is paid to the inﬂuence of the MSD system on the
bridge response during approach and after departure of the bridge. In two application examples,
the structural response of two existing bridge structures subjected to three different German
high-speed InterCity Express (ICE) trains is assessed.
2
2.1

DYNAMIC SOIL-BRIDGE-TRAIN INTERACTION MODEL
Dynamic substructuring approach

The response of the coupled bridge-MSD system is found by a dynamic substructuring
technique [9]. In this approach, the equations of motion of the two subsystems (i.e., the bridge
and the MSD system) are derived separately and then coupled utilizing a coupling condition
at the interfaces of the subsystems. The beam bridge is subjected to a planar viscoelastic
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MSD system representing the moving train at constant speed v (see Figure 1). To account
for soil-structure interaction effects, the bridge is modeled as an Euler-Bernoulli beam with
spring-dashpot elements at both ends, which is thus non-classically damped. In addition, the
rotational springs consider the bending stiffness of the rails and the lumped masses account for
the mass of the foundation (see Figure 1).
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Figure 1: Viscoelastically supported Euler-Bernoulli beam model and planar MSD model, modiﬁed from [9]

The procedure described in [9] is based on a complex modal series representation of the beam
bridge displacement w(x, t) and the acceleration ẅ(x, t),
/N
0
/N
0
Φ
Φ


(1)
Φr (x)yr (t) , ẅ(x, t) ≈ 2R
Φr (x)sr ẏr (t)
w(x, t) ≈ 2R
r=1

r=1

with Φr (x) denoting the r-th complex eigenfunction of the non-classically damped beam and sr
is the corresponding complex natural frequency. The modal equations of motion in state space
for the ﬁrst NΦ modes of the Euler-Bernoulli beam read [9]
Ab ẏ + Bb y = fb

(2)

where y is the vector of the complex modal coordinates yr , r = 1, ..., NΦ , and their conjugate
complex counterparts ȳr , matrix Ab contains the coefﬁcients of the decoupled ﬁrst order differential equations related with ẏ, matrix Bb the coefﬁcients related with y, and fb denotes the vector
of the modal interaction forces fr and f¯r , r = 1, ..., NΦ , between the bridge and the train model,
y = [y1 , . . . , yr , . . . , yNΦ , ȳ1 , . . . , ȳr , . . . , ȳNΦ ]T ,
Ab = diag[a1 , . . . , ar , . . . , aNΦ , ā1 , . . . , ār , . . . , āNΦ ] ,
Bb = diag[b1 , . . . , br , . . . , bNΦ , b̄1 , . . . , b̄r , . . . , b̄NΦ ] ,
fb = [f1 , . . . , fr , . . . , fN , f¯1 , . . . , f¯r , . . . , f¯N ]T
Φ
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The MSD train system is composed of rigid bodies with mass representing the passenger
stage, two bogies, and four wheel pairs connected with spring-dashpot elements, as shown in
Figure 1 [10, 11]. The equations of motion of this MSD system with 10 degrees of freedom
(DOFs) in state space representation are given as [11, 12],
Ac ḋc (t) + Bc dc (t) = fc (t)

(4)

with the matrices Ac , Bc , and vector fc


 


C c Mc
Kc 0
Fc
Ac =
, Bc =
, fc =
Ic 0
0
0 −Ic

(5)

composed of the mass matrix Mc , the damping matrix Cc , the stiffness matrix Kc , the vector Fc
(1)
(j)
(N )
comprising the axle forces, and the identity matrix Ic . The vector dc = {uc , . . . , uc , . . . , uc c ,
(1)
(j)
(N )
u̇c , . . . , u̇c , . . . , u̇c c }T contains all DOFs of the MSD system and their ﬁrst derivative in
time of the DOFs.
The equation of motions of beam and MSD system are coupled with the so-called generalized
corresponding assumption [9, 13], where it is assumed that the displacement in the vertical
direction of the beam and the MSD system at the contact point are equal. Consequently, lift-off
of the wheels is not possible, see Figure 2. The generalized corresponding assumption yields the
(i)
following expression for the vertical displacement uw of the i-th wheel, which is at time t at
position ξi (t), together with Eq. (1) [9],
(i)
(ξi )
uw

= w(ξi , t) ≈

NΦ


Φr (ξi )yr (t) +

r=1

 

NΦ


Φ̄r (ξi )ȳr (t)

(6)

r=1

    

 
  


  




   



Figure 2: Generalized corresponding assumption for beam and wheel contact at position ξi (t) [9]

Finally, the resulting coupled set of equations of motion in state space reads as [9, 13]
A∗ (t)ẋ∗ (t) + B∗ (t)x∗ (t) = f ∗ (t)

(7)

with the time-dependent system matrices


A∗ (t) = ΓT1 (t) AΓ1 (t) + AΓ̇2 (t) + AΓ2 (t)S + BΓ2 (t) ,


B∗ (t) = ΓT1 (t) AΓ̇1 (t) + BΓ1 (t)
and

∗

f (t) =

ΓT1 (t)



f (t) − AΥ̇(t) − BΥ(t)
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The time-dependent transformation matrices Γ1 (t), Γ2 (t) include terms that consider the interaction between the subsystems. This system of equations is solved for the vector x∗ utilizing the
4-th order numerical Runge-Kutta time-step integration scheme of the explicit form of Eq. (7),
i.e. ẋ∗ (t) = A∗ (t)−1 (f ∗ (t) − B∗ (t)x∗ (t)). A detailed derivation of the equations of motions of
the beam bridge model and the MSD system can be found in [9, 13].
2.2

Modeling of the approach and departure phase of the train

When the train approaches the bridge, the bridge is lowered slightly due to the ﬂexibility
of the subsoil. This lowering must be taken into account in the mechanical model to avoid a
physically unreasonable acceleration jump in the calculation. The same applies accordingly
after the train has left the bridge. As described in [14], in the mechanical model the lowering
of the bridge in the approach and departure phases is achieved by two ﬁctitious massless rigid
beams placed before and after the bridge, respectively, as shown in Figure 1. The effect of Nw
axle loads of the MSD system in the approach phase on the ﬁrst massless beam and in further
consequence on the bridge model can be simply described by a force on the left support F0 (t)
(at x = 0) that increases linearly in this phase [14],
F0 (t) =

Nw



(i)
Fb (t)

i=1

vt − li
1+
La


(A)

(B)

δ(x)Π(t, ti , ti )

(10)

where the Dirac delta function δ(x) indicates the position of F0 (t) at x = 0, i.e. at the left beam
(i)
(A)
support. The i-th force Fb is activated at time ti = (li − La )/v by the Heaviside function
(A)
(B)
H(t − ti ) when it enters the ﬁctitious rigid beam, and at time ti = li /v deactivated by the
(B)
(i)
(A) (B)
Heaviside function H(t − ti ) when Fb runs onto the ﬂexible support, i.e., Π(t, ti , ti ) =
(A)
(B)
H(t − ti ) − H(t − ti ). Accordingly, a single force FL (t) on the right support (at x = L)
captures the movement of the train away from the bridge [9],
FL (t) =

Nw



(i)
Fb (t)

i=1

vt − li − L
1−
Ld


(C)

(D)

δ(x − L)Π(t, ti , ti )

(11)

(C)

At time ti = (li + L)/v the i-th force of the MSD system leaves the beam bridge, and at
(D)
time ti = (li + L + Ld )/v it leaves the ﬁctitious rigid beam of length Ld , consequently,
(C) (D)
(C)
(D)
Π(t, ti , ti ) = H(t − ti ) − H(t − ti ).
The r-th modal form of these forces read as [9]

vt − li
(A) (B)
=
1+
δ(x)Π(t, ti , ti )Φr (x)dx =
L
a
L i=1


Nw

vt − li
(i)
(A) (B)
Fb
1+
Π(t, ti , ti )Φr (0)
L
a
i=1


Nw

vt − li − L
(r)
(i)
(E) (F )
fL (t) =
1−
δ(x − L)Π(t, ti , ti )Φr (x)dx =
Fb
L
d
L i=1


Nw

vt − li − L
(i)
(E) (F )
Fb
Π(t, ti , ti )Φr (L)
1−
Ld
i=1

(r)
f0 (t)

Nw




(i)
Fb
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(r)

(r)

(r)

(r)

Consequently, the r-th modal load in Eq. (3) is given as fr = f0 + fb + fL , where fb (t) =
) 1Nw (i)
1Nw (i)
(B) (C)
(B) (C)
i=1 Fb (t)δ(x − ξi )Π(t, ti , ti )Φr (x)dx =
i=1 Fb (t)Π(t, ti , ti )Φr (ξi ) accounts
L
for the modal form of the series of Nw moving single forces crossing the beam bridge. During
the approach and departure phase of the MSD system the dynamic interaction between the beam
and the MSD system is explicitly considered in the transformation matrices Γ1 (t), Γ2 (t), see
[9, 13].
3

Application

This dynamic substructuring approach is used to efﬁciently evaluate the acceleration response
of two example bridges subjected to the German InterCity Express trains ICE 2, ICE 3, and ICE 4.
In the considered conﬁguration, the ICE 2 train with a maximum train speed of vmax = 77.8 m/s
(280 km/h) and a total length of Ltrain = 205.4 m is composed of one power car followed by
seven passenger cars. The UIC axle classiﬁcation [15] of this train with in total 32 axles thus
reads Bo Bo + 2 2 + 2 2 + 2 2 + 2 2 + 2 2 + 2 2 + 2 2 , with Bo representing one pair of
axles of the power car and 2 representing one pair of axles of the passenger car. The considered
ICE 3 train contains four power cars and four passenger cars with an UIC axle classiﬁcation
of Bo Bo + 2 2 + Bo Bo + 2 2 + 2 2 + Bo Bo + 2 2 + Bo Bo . The length of this train
with 32 axles and a maximum speed of vmax = 91.4 m/s (330 km/h) is Ltrain = 200.8 m. The
considered ICE 4 train with a maximum speed of vmax = 69.4 m/s (250 km/h) has 3 power
cars and 4 passenger cars, which add up to 28 axles and a total length of Ltrain = 202 m. The
corresponding UIC axle classiﬁcation is 2 2 + Bo Bo + 2 2 + Bo Bo + Bo Bo + 2 2 + 2 2 .
The parameters of the MSD model of the ICE 2 and ICE 3 can be found in [16, 17], and of the
ICE 4 train in [18].
In general, the maximum acceleration of the bridge deck is decisive for the assessment of the
reliability of the railway bridge exposed to high-speed trains [19]. Therefore, the acceleration
response of the two beam bridges subjected to the MSD system representing the considered
trains is computed for ﬁve different subsoil conditions. In this study, the time history of
the beam bridge response at closely spaced beam locations x is analyzed for a given speed
v of the train models in the observation period T = (l1 + Ltrain + La + L + Ld )/v, and
subsequently the absolute value of the peak response is recorded, i.e. the peak acceleration
a(v) = max {|ẅ(x, t, v)| : 0 ≤ x ≤ L, 0 ≤ t ≤ T }. The modal expansions are approximated
by seven modes, i.e. NΦ = 7. Structural modal damping of ζr = 0.25 % (r = 1, ..., NΦ ) is taken
into account and the surface of the beam is assumed to be perfectly smooth.
The properties of the soil under the bridge foundation are varied, representing a range from
moderately soft to stiff soils. Five homogeneous soils with different stiffness are considered,
whose soil parameters (constrained modulus Es , Poisson’s ratio ν, mass density ρ) are summarized in Table 1 [13, 20]. Soil 1 with the lowest stiffness corresponds to a medium stiff soil and
soil 5 to a stiff soil (rock). Since the required contact area A0 of the foundations depends on the
soil stiffness (i.e. the stiffer the soil the smaller the required area), the product of the base area of
the foundation A0 and the root
√ modulus of the soil Es is kept constant when
√ of the constrained
4
determining k and c, i.e., A0 Es = 2.289 · 10 Nm [14]. It is assumed that the foundation has
the same mass for all soils considered: m = 1.5 · 105 kg.

1555

Benjamin Hirzinger and Christoph Adam

1
2
3
4
5

Es
[MN/m2 ]
200
250
300
400
500

ν
[-]
0,30
0,28
0,26
0,25
0,25

ρ
[kg/m3 ]
2263
2300
2333
2367
2400

k
[N/m]
5,895·108
7,662·108
9,495·108
1,284·109
1,605·109

c
[kg/s]
1,089·106
1,098·106
1,106·106
1,114·106
1,121·106

Table 1: Soil parameters and corresponding parameters of the spring-dashpot elements [13]

3.1

Example bridge 1

Example bridge 1 models an existing single-span ballasted steel railway bridge located in
Austria with a span length of L = 16.8 m. Its bending stiffness is EI = 3.262 · 1010 Nm2 and its
mass per unit length ρA = 1.220 · 104 kg/m. Table 2 presents the ﬁrst four natural frequencies
fr (= I(sr )/2π = Ωr /2π), r = 1, ..., 4, and equivalent damping coefﬁcients ζr + ζr for the
beam model on viscoelastic supports representing various subsoil conditions, and for the simply
supported beam bridge model (i.e., in this case the subsoil is rigid). In this context, it should be
noted that higher modes, associated with higher frequencies, are less critical for bridge failure
[13].
Table 2: First four natural frequencies and damping coefﬁcients of bridge model 1 resting on soils 1 to 5 and on
rigid soil

f1 [Hz]
f2 [Hz]
f3 [Hz]
f4 [Hz]
ζ1 + ζ1 [%]
ζ2 + ζ2 [%]
ζ3 + ζ3 [%]
ζ4 + ζ4 [%]

soil no. 1

soil no. 2

soil no. 3

soil no. 4

soil no. 5

simply supported beam

6.59
8.96
12.96
38.80
2.71
5.41
2.94
0.42

7.12
10.19
13.68
38.85
1.96
4.79
3.17
0.43

7.49
11.34
14.45
38.89
1.46
4.35
3.20
0.44

7.94
13.16
15.87
38.99
0.94
3.77
3.18
0.45

8.19
14.68
17.19
39.08
0.69
3.39
3.08
0.46

9.10
36.39
81.90
145.60
0.25
0.25
0.25
0.25

Figure 3 shows the maximum acceleration response a(v) of example bridge 1 subjected (a) to
the ICE 2 train and (b) to the ICE 3 train as a function of the train speed v. The local response
peaks of these so-called response spectra are referred to as resonance peaks, and the associated
train speeds are known as critical speeds or resonance speeds. At such a critical train speed,
(r)
deﬁned as vj = dfr /j , j = 1, 2, 3, ..., the r-th natural bridge frequency is excited to a state of
resonance due to the repetitive axle loads with constant distance d [21].
When the beam is rigidly supported, the ICE 2 train induces a maximum bridge deck acceler(1)
ation a = 6.6 m/s2 at speed v = 79.5 m/s (which is close to the resonance speed v3 = 80.1 m/s,
based on the wagon length of the ICE 2 train d = 26.4 m). For the beam resting on soil 5, the
maximum acceleration a = 3.6 m/s2 occurs at the train speed v = 71 m/s, which is close to the
(1)
resonance speed v3 = 72.1 m/s. Soil 4 and soil 3 lead to the acceleration maxima a = 2.9 m/s2
and a = 1.9 m/s2 at the train speeds v = 68.8 m/s, v = 66.7 m/s, respectively. Due to the
considerable geometric damping at soil 1 and soil 2, no pronounced resonance peak is visible in
these cases. These results show that SSI reduces the peak accelerations at resonance compared to
the rigidly supported beam bridge model. Simultaneously, the corresponding critical train speeds
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also decrease, which could be of concern because these speeds are below the maximum train
speed (cf. Figure 3(a)).
The overall response behavior of this example bridge is very similar when subjected to the
ICE 3 train, see Figure 3. In the rigidly supported beam bridge model, the global acceleration
(1)
maximum at v = 74.6 m/s is a = 10.3 m/s2 , which is close to the resonance speed v3 =
75.2 m/s, based on the ICE 3 wagon length d = 24.8 m. The global resonance peak of the bridge
(1)
resting on soil 5 is a = 5.7 m/s2 at v = 66.7 m/s (close to resonance speed v3 = 67.6 m/s).
The structure in combination with soil 4 yields the maximum acceleration a = 4.1 m/s2 at
v = 64.7 m/s, and in combination with soil 3 a = 2.6 m/s2 at v = 60.4 m/s. As in the case of the
ICE 2 train, no distinct acceleration peaks can be observed for the structure resting on soil 1 and
soil 2.

Figure 3: Maximum bridge acceleration of example bridge 1 subjected (a) to the ICE 2 train and (b) to the ICE 3
train as a function of the train speed for different soil conditions.

Figure 4 presents the maximum acceleration response of example bridge 1 subjected to the
MSD system of the ICE 4 train. As before, the rigidly supported beam bridge model exhibits the
largest bridge deck acceleration a = 12.6 m/s2 at v = 86.4 m/s (close to the resonance speed
(1)
v3 = 87.7 m/s; wagon length d = 28.9 m). Likewise, the maximum bridge acceleration and
the associated resonant speed decrease with decreasing base stiffness (soil 5: a = 7.9 m/s2 at
v = 77.7 m/s; soil 4: a = 6.7 m/s2 at v = 74.5 m/s; soil 3: a = 4.9 m/s2 at v = 70.7 m/s; soils 1
and 2: no pronounced response peaks).
Comparison of Figures 3 and 4 reveals that at bridge 1 on rigid soil the ICE 3 train leads to
the dominant resonance peak at the lowest speed, while the ICE 2 train induces the lowest bridge
accelerations. On the other hand, the ICE 4 train excites the bridge to the largest accelerations,
however, at the largest resonance speed compared to the other train models.
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Figure 4: Maximum bridge acceleration of example bridge 1 subjected to the ICE 4 as a function of the train speed
for different soil conditions.

3.2

Example bridge 2

With L = 21 m, the span length of example bridge 2, which is also the model of an existing
single-span ballasted steel railway bridge, is larger than that of bridge 1. The ﬂexural stiffness
is EI = 2.6 · 1010 Nm2 and the mass per unit length ρA = 7083 · 104 kg/m. The ﬁrst four
natural frequencies of example bridge 2 fr , r = 1, ..., 4, and corresponding equivalent damping
coefﬁcients ζr + ζr depending on the subsoil conditions are compiled in Table 3.
Table 3: First four natural frequencies and damping coefﬁcients of bridge model 2 resting on soils 1 to 5 and on
rigid soil

f1 [Hz]
f2 [Hz]
f3 [Hz]
f4 [Hz]
ζ1 + ζ1 [%]
ζ2 + ζ2 [%]
ζ3 + ζ3 [%]
ζ4 + ζ4 [%]

soil no. 1

soil no. 2

soil no. 3

soil no. 4

soil no. 5

simply supported beam

5.96
9.18
10.88
28.62
1.40
5.52
4.46
0.45

6.19
10.45
11.95
28.67
0.91
4.88
4.34
0.47

6.33
11.61
13.01
28.73
0.67
4.4
4.15
0.49

6.47
13.44
14.79
28.85
0.46
3.79
3.79
0.52

6.55
14.96
16.35
28.99
0.38
3.37
3.50
0.56

6.80
27.20
61.20
108.80
0.25
0.25
0.25
0.25

Figures 5(a),(b) and 6 show the peak acceleration response of this structure subjected to the
ICE 2, ICE 3 and ICE 4 train models. In all cases, the maximum peak acceleration occurs at
the rigidly supported beam. The ICE 2 train induces large responses of the bridge resting on
soil 1 (smallest stiffness) compared to structure on the stiffer soils 5, 4, 3, and 2, as can be seen
from Figure 5(a). However, in general the ICE 2 train does not cause signiﬁcant acceleration
responses of this structure. Another observation is that the peak acceleration of bridge 2 on soil 3
induced by the ICE 3 train is larger than for the bridge on soils 5 and 4, cf. Figure 5(b). Clearly,
the ICE 4 train yields the largest bridge accelerations, as can be seen from Figure 6. For instance,
the rigidly supported beam bridge model exhibits the largest acceleration a = 17.4 m/s2 at
(1)
v = 64.7 m/s, which is close to the resonance speed v3 = 65.5 m/s. The peak acceleration and
the corresponding resonance speed for the bridge on ﬂexible soil decrease with decreasing soil
(1)
stiffness. Soil 5: a = 13.2 m/s2 at v = 62 m/s (close to v3 = 63.1 m/s); soil 4: a = 12.2 m/s2
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at v = 61.3 m/s; soil 3: a = 10.1 m/s2 at v = 59.8 m/s; soil 2: a = 8.2 m/s2 at v = 58.5 m/s;
soil 1: a = 5.9 m/s2 at v = 56.4 m/s.

Figure 5: Maximum bridge acceleration of example bridge 2 subjected (a) to the ICE 2 train and (b) to the ICE 3
train as a function of the train speed for different soil conditions.

Figure 6: Maximum bridge acceleration of example bridge 2 subjected to the ICE 4 as a function of the train speed
for different soil conditions.

4

CONCLUSIONS

In this study, a soil-bridge-train interaction model recently developed by the authors was used
to efﬁciently evaluate the structural response of two example bridges subjected to the German
high-speed trains ICE 2, ICE 3 and ICE 4. This model is based on a dynamic substructuring
approach in which the bridge is modeled as a beam and the train as a mass-spring-damper system.
To obtain physically meaningful results, the arrival and departure phases of the train were
considered. Train-bridge interaction was explicitly considered in the approach and departure
phases.
The inﬂuence of the soil-structure interaction and the bridge-train interaction on the response
of the example bridges subjected to the three different train types was shown. When the soilstructure interaction is considered, the maximum acceleration at resonance is reduced due to the
additional damping of the system, but simultaneously also the resonance peaks are shifted to
lower train speeds. This trend is visible for the two example bridges and all three train types
considered.
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3RVWGRFWRUDO5HVHDUFKHU6FKRRORI&LYLO(QJLQHHULQJ$ULVWRWOH8QLYHUVLW\RI7KHVVDORQLNL
7KHVVDORQLNL*UHHFH
HPDLOVVRWLULD#FLYLODXWKJU



3RVWGRFWRUDO5HVHDUFKHU6FKRRORI0HFKDQLFDO(QJLQHHULQJ$ULVWRWOH8QLYHUVLW\RI7KHVVDORQLNL
7KHVVDORQLNL*UHHFH
HPDLOHDSFLYLO#JPDLOFRP

$EVWUDFW
Based on past earthquake events, bridges are the most critical and usually the most vulnerable component of road and rail transport systems, while bridge damage is related to substantial direct and indirect losses. For the case of railway bridges, the estimation of seismic
fragility is a rather complex and computationally demanding procedure due to the real-time
interaction of the train movement and the bridge and the different failure modes of subsystems. Several methodologies are available in the literature to estimate train-bridge systems'
seismic fragility, ignoring the nonlinear behavior of the bridge during earthquake loading
and the different failure modes of critical components. The scope of this research paper is to
propose a component-based methodology for the estimation of bridge fragility curves, considering all critical components and failure modes of subsystems. The coupled VBI (vehicle
bridge interaction) is solved in a software platform using the co-simulation approach, based
on a force-displacement coupling technique and a Gauss-Seidel communication pattern. The
co-simulation implementation, i.e., the orchestrator and the functional mockup units (FMUs),
were developed in the environment of PyFMI. The vehicle-rail system is solved using a C++
tailor-made code based on a novel mathematical formulation of constrained dynamical systems with a set of pure ordinary differential equations and is wrapped in an independent
FMU. The inelastic bridge model is developed and solved using OpenSees.py, which is
wrapped in an independent FMU. Also, an ad-hoc software for implementing the probabilistic
framework and the derivation of fragility curves is developed in Python. The methodology and
the software developed are described and applied to a case study bridge of the Greek railway
network, and the fragility curves are provided and discussed.
.H\ZRUGV5DLOZD\EULGJHVYHKLFOHEULGJHLQWHUDFWLRQ 9%, &RVLPXODWLRQIUDJLOLW\FXUYHV
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 ,1752'8&7,21
5RDGZD\ DQG UDLOZD\ EULGJHV DUH FRQVLGHUHG WKH PRVW FULWLFDO LQIUDVWUXFWXUH RI UHOHYDQW
QHWZRUNVH[SRVHGWRPXOWLSOHKD]DUGVZKLOHGDPDJHDWWKHLUFULWLFDOFRPSRQHQWVLVUHODWHGWR
VXEVWDQWLDO GLUHFW DQG LQGLUHFW ORVVHV )XUWKHUPRUH GHFLVLRQPDNLQJ IRU XSJUDGH DQG H[SDQ
VLRQRIH[LVWLQJURDGZD\DQGUDLOZD\QHWZRUNVVKRXOGEHEDVHGRQGHWDLOHGWHFKQLFDOVWXGLHV
DFFRXQWLQJIRUYDULRXVVRFLDODQGHFRQRPLFSDUDPHWHUVLQIUDVWUXFWXUHUREXVWQHVVDQGUHOLDELO
LW\GDWD,QWKLVFRQWH[WDUREXVWDQGUHOLDEOHDVVHVVPHQWRIUDLOZD\EULGJHVLVDYDOXDEOHWRRO
IRU ERWK UHWURILW SULRULWL]DWLRQ DQG LQYHVWPHQW SODQQLQJ 6HYHUDO PHWKRGRORJLHV IRU VHLVPLF
IUDJLOLW\DVVHVVPHQWRIUDLOZD\EULGJHVDUHDYDLODEOHKRZHYHUDGHWDLOHGIUDPHZRUNFRQVLGHU
LQJ ERWK WKH YHKLFOH EULGJHLQWHUDFWLRQ DQG WKH FRXSOHG V\VWHP¶V OLPLW VWDWHV LQFRUSRUDWHG
ZLWKLQ D IXOO\ SDUDPHWHUL]HG WDLORUPDGH VRIWZDUH IRU WKH GHULYDWLRQ RI IUDJLOLW\ FXUYHV KDV
QRW\HWEHHQSURSRVHG
7KHG\QDPLFEHKDYLRURIDWUDLQEULGJHV\VWHPLVDFRXSOHGDQGFRPSOH[PRGHOFRQVLVWLQJ
RIWZRPDLQVXEV\VWHPVWKHWUDLQDQGWKHEULGJH7KHWUDLQVXEV\VWHPFDQEHGHVFULEHGDVD
PXOWLERG\DVVHPEO\DQGWKHEULGJHVXEV\VWHPFDQEHPRGHOHGXVLQJFODVVLFDOVWUXFWXUDOILQLWH
HOHPHQWIRUPXODWLRQV7KHVXEV\VWHPVLQWHUDFWWKURXJKIRUFHVEHWZHHQWKHYHKLFOHZKHHOVDQG
WKHUDLORQWKHEULGJHGHFN6HYHUDOUHVHDUFKHUVZRUOGZLGHKDYHZRUNHGRQWUDLQEULGJHLQWHU
DFWLRQSUREOHPVLQWHJUDWLQJWKHWUDLQWUDFNDQGEULGJHDVDVLQJOHV\VWHP>@9HKLFOHUDLO
EULGJH 95%, PRGHOVKDYHEHHQLQWURGXFHGWRDQDO\]HG\QDPLFLQWHUDFWLRQEHWZHHQPRYLQJ
WUDLQVDQGUDLOZD\EULGJHVEDVHGRQWKHG\QDPLFLQWHJUDWLRQPHWKRGV>@'XHWRWKH
QRQOLQHDULQWHUDFWLRQRIVXEV\VWHPVLWLVZLGHO\DFFHSWHGWKDWWKHG\QDPLFDQDO\VLVRIWUDLQ
EULGJH V\VWHP GXULQJ HDUWKTXDNHV FDQQRW EH D VLPSOH FRPELQDWLRQ RI EULGJH VHLVPLF GHVLJQ
DQG WUDLQEULGJH LQWHUDFWLRQ FDOFXODWLRQ 7KHUHIRUH VHYHUDO VWXGLHV KDYH LQYHVWLJDWHG WKH UH
VSRQVHRIFRXSOHGV\VWHPVXQGHUG\QDPLF HDUWKTXDNH ORDGLQJ>@DVZHOODVWKHVHLVPLFSHU
IRUPDQFHIRUGLIIHUHQWOHYHOVRIHDUWKTXDNHLQWHQVLW\ IUDJLOLW\DQDO\VLV >@
%DVHGRQWKHDERYHWKHVFRSHRIWKLVSDSHULVWRSURSRVHDQGGHYHORSDQRYHOPHWKRGROR
J\IRUWKHPRGHOLQJDQGDQDO\VLVRIWKHFRXSOHGWUDLQUDLOZD\EULGJHV\VWHPFRQVLGHULQJDQ
DSSURSULDWHQXPHULFDOGLVFUHWL]DWLRQVFKHPHDQGDVROXWLRQVWUDWHJ\EDVHGRQDFRVLPXODWLRQ
DSSURDFK (IILFLHQW PRGHOLQJ RI WKH YHKLFOH PXOWLERG\ DVVHPEO\ LV SURSRVHG XVLQJ D WDLORU
PDGH & FRGH ZKLOH WKH QRQOLQHDU EULGJH PRGHO LV GHYHORSHG DQG DQDO\]HG XVLQJ RSHQ
VRXUFHVRIWZDUH,QWHUDFWLRQEHWZHHQWKHYHKLFOHDQGWKHEULGJHLVSURSRVHGYLDDQLQWHJUDWHG
DSSURDFK WKDW HPSOR\V FRVLPXODWLRQ WHFKQLTXHV DQG )0, IXQFWLRQDO PRFNXS LQWHUIDFH  IRU
WKHFRPPXQLFDWLRQDQGMRLQWVROXWLRQRIVXEV\VWHPVLQWKHWLPHGRPDLQFRQVLGHULQJGLIIHUHQW
WLPHVWHSVIRUDQDO\VLVDQGVHOHFWLQJ*DXVV6HLGHOFRPPXQLFDWLRQSDWWHUQ$OOWKHDERYHDUH
LQFRUSRUDWHGLQWRDKROLVWLFPHWKRGRORJ\SURSRVHGKHUHLQIRUVHLVPLFIUDJLOLW\DQDO\VLVRIWKH
FRXSOHG WUDLQEULGJH V\VWHP FRQVLGHULQJ 9%, PXOWLSOH FULWLFDO FRPSRQHQWV DQG DSSURSULDWH
OLPLWVWDWHVWKDWDFFRXQWIRUWKHUXQQLQJVDIHW\RIKLJKVSHHGWUDLQVDORQJZLWKWKHSRVVLELOLW\
IRUGHUDLOPHQW7KHQRYHOPHWKRGRORJ\IRUIUDJLOLW\DQDO\VLVDQGWKHUHOHYDQWVRIWZDUHGHYHO
RSHGDUHDSSOLHGWRDUHSUHVHQWDWLYHEULGJHRIWKH*UHHNUDLOZD\QHWZRUNSURYLGLQJWKHVXE
V\VWHPV¶ DQG FRXSOHG V\VWHPV¶ IUDJLOLW\ FXUYHV 7KH UHVXOWV DUH GLVFXVVHG DQG DVVHVVHG
SURYLGLQJLQVLJKWUHJDUGLQJVHLVPLFIUDJLOLW\DQDO\VLVRIFRXSOHGWUDLQEULGJHV\VWHPVDQGWKH
FRPSXWDWLRQDOIUDPHZRUNUHTXLUHGIRUWKHLUHVWLPDWLRQ
 9(+,&/(%5,'*(6<67(0,17(5$&7,21 9%, 


'HVFULSWLRQRIYHKLFOHPRGHOLQJ

$W\SLFDOUDLOZD\YHKLFOHFRQVLVWVRIFDUERGLHVERJLHVZKHHOVHWVDQGVSULQJGDPSHUSUL
PDU\DQGVHFRQGDU\VXVSHQVLRQV$FDUERG\LVFRQQHFWHGWRWKHERJLHIUDPHWKURXJKWKHVHF
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RQGDU\VXVSHQVLRQV\VWHPZKHUHDVWKHERJLHLVFRQQHFWHGWRWKHZKHHOVHWVWKURXJKWKHSULPD
U\VXVSHQVLRQV\VWHP>@7KHYHKLFOHV\VWHPFDQEHVHHQDVDQDVVHPEO\RIULJLGDQGIOH[L
EOH SDUWV VXEMHFWHG WR D VHW RI NLQHPDWLF FRQVWUDLQWV DQG FRQQHFWHG WKURXJK VSULQJV DQG
GDPSHUV 7KLV DVVHPEO\ FRQVWLWXWHV D PXOWLERG\ V\VWHP ZLWK ERGLHV WKDW FDQ XQGHUJR ODUJH
URWDWLRQVPRYHDWKLJKVSHHGDQGLQWHUDFWZLWKHDFKRWKHULQGXFLQJODUJHIRUFHVDQGPRPHQWV
7KHWDUJHWLVWRVWXG\WKHG\QDPLFDOV\QHUJ\EHWZHHQDPRYLQJWUDLQDQGDUDLOZKHQWKHODWWHU
LV DWWDFKHG WR WKH EULGJH DQG PD\ EH VXEMHFWHGWR VHLVPLFORDGV DQGRU KLJK ODWHUDO ZLQGV 
5HDOLVWLFPRGHOLQJRIGHUDLOPHQWFRQVWLWXWHVDFUXFLDOVWHSIRUHYDOXDWLQJWUDLQUXQQLQJVDIHW\
DQGVKRXOGEHDFFRUGLQJO\FRQVLGHUHG
(DFK YHKLFOH RI WKH KLJKVSHHGWUDLQFRQVLVWVRIWZRERJLHVXEV\VWHPVFRQQHFWHGWRWKH
FDUERG\ YLD DQ LQOLQH MRLQW DQG VSULQJGDPSHU HOHPHQWV 63'3  7KH ODWWHU FRQVWLWXWHV WKH
YHUWLFDODQGODWHUDOVHFRQGDU\VXVSHQVLRQV\VWHP$WWKHORZHUSDUWRIHDFKERJLHWZRZKHHO
VHWVDUHSODFHGFRQQHFWHGWRWKHERJLHYLDWKHD[OHER[HV7KHD[OHER[HVDUHFRQQHFWHGWRWKH
ERJLHZLWKYHUWLFDODQGODWHUDOVSULQJGDPSHUHOHPHQWVIRUPLQJWKHSULPDU\VXVSHQVLRQV\V
WHP7KHUHLVDUHYROXWHMRLQWOLQNLQJWKHWZRD[OHER[HVWRWKHZKHHOVHWDWERWKHQGVRIWKH
ZKHHOVHW7KHUHYROXWHMRLQWVDOORZWKHZKHHOVHWVWRURWDWHIUHHO\WRWKHD[OHER[HVDQGYLFH
YHUVD7KHGLUHFWLRQRIURWDWLRQLVWKHZKHHOVHW¶VFHQWHUOLQHDQGWKHZKHHOVHWD[OHER[HVV\V
WHPKDVHLJKWGHJUHHVRIIUHHGRP6L[RIWKRVH'2)VLQFOXGHLWVULJLGERG\PRWLRQZKLOHWKH
ODVW WZR OHDYH WKH UHODWLYH URWDWLRQ IUHH EHWZHHQ WKH D[OH ER[HV DQG WKH ERJLH EULQJLQJ WKH
IXQFWLRQDOLW\ RI WKH SULPDU\ VXVSHQVLRQ V\VWHP7KHUHIRUH HDFK YHKLFOHFRQVLVWV RI ULJLG
ERGLHV7KHJHRPHWULFFXELFVSOLQHVRIWKHZKHHODQGUDLOSURILOHVDQGWKDWRIWKHWUDFNFHQWHU
OLQHJHQHUDWHWKHZKHHODQGUDLOVXUIDFHV7RIRUPWKHHQWLUHKLJKVSHHGWUDLQDVSHFLILFQXP
EHU RI YHKLFOHV DUH FRQVLGHUHG SODFHG DW D SUHGHILQHG GLVWDQFH IURP HDFK RWKHU FRQQHFWHG
WKURXJKDVHOHFWHGW\SHRIFRQVWUDLQWMRLQWǹSUDFWLFDOVHOHFWLRQLVWKDWRIWKHVSKHULFDOMRLQW
OHDYLQJDOOWKUHHURWDWLRQDOGHJUHHVRIIUHHGRPIUHHZKLOHWKHUHPDLQLQJWKUHHWUDQVODWLRQDODUH
XQFRQVWUDLQHG )LQDOO\ WKH IURQW YHKLFOH KDV WKH FRQVWUDLQW RI FRQVWDQW OLQHDU YHORFLW\ DORQJ
WKHGLUHFWLRQRIWKHWUDLQPRYHPHQWVLPXODWLQJWKHGULYLQJPRWLRQRIWKHHQWLUHWUDLQDVVHPEO\
7KHUHVXOWDQWFRQWDFWIRUFHEHWZHHQWKHZKHHODQGWKHUDLOFDQEHGHFRPSRVHGLQWZRFRPSR
QHQWIRUFHV7KHILUVWLVWKHQRUPDOFRQWDFWIRUFHZKLFKLVDOZD\VSHUSHQGLFXODUWRWKHFRP
PRQ WDQJHQW SODQH RI WKH WZR VXUIDFHV DW WKH FRQWDFW SRLQW 7KH VHFRQG FRPSRQHQW LV WKH
IULFWLRQ IRUFH DFWLQJ LQ WKH WDQJHQW SODQH 7KLV IULFWLRQ IRUFHLV GHVFULEHG E\ .DONHU¶V OLQHDU
WKHRU\
7KH DQDO\VLV GHVFULEHG DERYH LV EDVHG RQ WKH DVVXPSWLRQ WKDW WKH QRUPDO GLUHFWLRQ n LV
NQRZQȀQRZLQJWKHSRVLWLRQDQGRULHQWDWLRQRIWKHZKHHOVHWDORQJZLWKWKHDQDO\WLFDOIRUPV
RIWKHVXUIDFHVIRUWKHZKHHODQGUDLODPLQLPL]DWLRQSUREOHPFDQEHIRUPXODWHGWRGHWHUPLQH
n 7KHPLQLPL]DWLRQIXQFWLRQLVGHILQHGLQWKHIRUPRIWKHVTXDUHRIWKH(XFOLGLDQGLVWDQFH
EHWZHHQ D SRLQW RQ WKH ZKHHO DQG D SRLQW RQ WKH UDLO 7KH ORFDO PLQLPXP GHWHUPLQHV WKH
SRLQWVRQWKHWZRVXUIDFHVZLWKWKHVKRUWHVWGLVWDQFH7KHXQLWYHFWRUDORQJWKHOLQHFRQQHFWLQJ
WKHVHWZRSRLQWVSURYLGHVWKHFRQWDFWQRUPDOGLUHFWLRQ7KLVLVWKHGLUHFWLRQXVHGWRFDOFXODWH
WKH YDOXH RI WKH FRQWDFW FRQVWUDLQW QHHGHG IRU WKH QXPHULFDO LQWHJUDWLRQ RI WKH HTXDWLRQV RI
PRWLRQ
$GXOO\WDLORUHGVRIWZDUHLQ&LVGHYHORSHGWRDSSO\WKHPHWKRGRORJ\GHVFULEHGDERYH
IRU WKH YHKLFOH DQDO\VLV 7KH QXPHULFDO DOJRULWKP IRU WKH VROXWLRQ RI WKH FRQVWUDLQHG PXOWL
ERG\V\VWHPLVEDVHGRQWKHPHWKRGRJ\GHYHORSHGLQ>@DQG>@7KHVRIWZDUHLVZUDSSHG
LQDQ)08DQGLVXVHGZLWKLQWKHSURSRVHGFRVLPXODWLRQIUDPHZRUNIRUWKHDQDO\VLVRIWKH
FRXSOHGYHKLFOHDQGEULGJHV\VWHPIRUHDUWKTXDNHORDGLQJ
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'HVFULSWLRQRIEULGJHPRGHOLQJ

7KH EULGJH VWUXFWXUH LV PRGHOHG XVLQJ DQ RSHQVRXUFH )(0 SURJUDP 2SHQ6HHVS\ >@
7KHGHWDLOHGLQHODVWLFPRGHORIWKHEULGJHV\VWHPLVGHYHORSHGFRQVLGHULQJDOOFULWLFDOSDUDP
HWHUV DQG ERXQGDU\ FRQGLWLRQV 7KH GHFN LV FRPPRQO\ SUHVWUHVVHG DQG LQWHQGHG WR UHPDLQ
HODVWLF GXULQJ HDUWKTXDNH ORDGLQJ WKHUHIRUHLWLVPRGHOHGXVLQJHODVWLFEHDPHOHPHQWVZLWK
WKH UHOHYDQW SURSHUWLHV %ULGJH SLHUV DUH PRGHOHG XVLQJ LQHODVWLF EHDPFROXP HOHPHQWV FRQ
VLGHULQJFRQFHQWUDWHGSODVWLFKLQJHVDWSLHUERWWRPIRUWKHFDVHRIFDQWLOHYHUSLHUVDQGDWSLHU
WRSDQGERWWRPIRUPXOWLFROXPQSLHUVRUSLHUVZLWKPRQROLWKLFSLHUWRGHFNFRQQHFWLRQ%DVHG
RQWKHUHVXOWVRIPRPHQWFXUYDWXUHDQDO\VLVWKHVHFDQWVWLIIQHVVRIWKHIXOO\FUDFNHGVHFWLRQDW
\LHOG (,HII 0\ĳ\ LVHVWLPDWHGDQGXVHGIRUWKHFRQVLGHUDWLRQRIFUDFNHGHODVWLFSLHUVHFWLRQ
5HJDUGLQJ EHDULQJV RI UDLOZD\ EULGJHV LW LV QRWHG WKDW HODVWRPHULF EHDULQJV DUH FRPPRQO\
XVHG IRU WKH VXSSRUW RI EULGJH GHFN RQ SLHUV DQG VHDWW\SH DEXWPHQWV ZKLOH WKH XVH RI SRW
EHDULQJV DQG VWRSSHUV OHDG UXEEHU EHDULQJV ZLWK LQFUHDVHG GDPSLQJ  DQG LVRODWLRQ GHYLFHV
DUHDOVRFRPPRQ)RUWKHPRGHOLQJRIEHDULQJVHLWKHUWKHOLQHDUHIIHFWLYHVWLIIQHVVRUWKHQRQ
OLQHDUK\VWHUHWLFEHKDYLRUPD\EHFRQVLGHUHGZLWKWKHSDUDPHWHUVFDOFXODWHGEDVHGRQOLWHUD
WXUH UHFRPPHQGDWLRQV >@ >@ HWF 5HJDUGLQJ SLHU VKDOORZ RU SLOH IRXQGDWLRQ OLQHDU RU
QRQOLQHDUVSULQJVDUHXVHGIRUWKHPRGHOLQJRIVRLOVWUXFWXUHLQWHUDFWLRQ 66, SOD\LQJDQLP
SRUWDQWUROHLQERWKFRPSRQHQWDQGV\VWHPVHLVPLFSHUIRUPDQFHDQGIUDJLOLW\DVPHQWLRQHGLQ
>@3LOHVDUHPRGHOHGXVLQJHODVWLFEHDPFROXPQHOHPHQWVZKLOHYHUWLFDO IULFWLRQ DQGKRU
L]RQWDO S\  VSULQJV DUH FDOFXODWHG FRQVLGHULQJ 66, 0RGHOLQJ RI ERXQGDU\ FRQGLWLRQV DW
DEXWPHQWORFDWLRQLVFUXFLDOWKHUHIRUHERWKWKHJDSLQWKHORQJLWXGLQDOGLUHFWLRQDQGWKHLQH
ODVWLF DEXWPHQWHPEDQNPHQW V\VWHP EHKDYLRU GHVFULEHG LQ GHWDLO LQ >@ DUH PRGHOHG ,W
VKRXOGEHKLJKOLJKWHGWKDWIRUWKHFDVHRIUDLOZD\EULGJHVWKHUHLVQRJDSLQWKHWUDQVYHUVHGL
UHFWLRQLQRUGHUWRSUHYHQWGHUDLOPHQWSKHQRPHQD5HVSRQVHKLVWRU\DQDO\VLVRIWKHLQHODVWLF
EULGJHPRGHOLVSHUIRUPHGXVLQJ2SHQ6HHVS\LQRUGHUWRFDOFXODWHLQHODVWLFEULGJHUHVSRQVHV
DQGEULGJHIUDJLOLW\
 ($57+48$.( $1$/<6,6 &216,'(5,1* 9%, 352326,1* $ &2
6,08/$7,21$3352$&+
&RXSOHGVLPXODWLRQRUFRVLPXODWLRQKDVEHHQSURSRVHGDVDVROXWLRQWRRYHUFRPHWKHFKDO
OHQJHVHPHUJLQJLQFRPSOH[FRXSOHGHQJLQHHULQJV\VWHPV7KHKROLVWLFSUREOHPLVEHLQJEUR
NHQ GRZQ LQWR WZR RU PRUH LQGLYLGXDO VXEV\VWHPV DQG WKH FRXSOLQJ YDULDEOHV EHWZHHQ WKH
VXEV\VWHPV FRXOG EH HLWKHU LQ IRUFH WHUPV DSSOLHGIRUFH FRXSOLQJ  RU LQ IRUFHNLQHPDWLF
WHUPV GLVSODFHPHQWGLVSODFHPHQW ;;  DQG GLVSODFHPHQWIRUFH ;7  UHVSHFWLYHO\  >@
7KHFRVLPXODWLRQSURFHVVLVEHLQJFDUULHGRXWE\DWKLUGVLPXODWRUQDPHGRUFKHVWUDWRUWKDWLV
UHVSRQVLEOH IRU WKH LQWHJUDWLRQ FRXSOLQJ DQG FRPPXQLFDWLRQ EHWZHHQ VXEV\VWHPV 7KH RU
FKHVWUDWRUOHDGVHDFKFRVLPXODWLRQVWHS FRPPXQLFDWLRQLQWHUYDO H[FKDQJHVYDULDEOHVZLWK
WKHVXEV\VWHPVVLPXODWRUVDQGFKHFNVWKHFRXSOLQJFRQGLWLRQV FRQYHUJHQFH 
5HJDUGLQJWKHFRPPXQLFDWLRQVFKHPHWKH*DXVV6HLGHO VHULDO FRPPXQLFDWLRQVFKHPH
LVSURSRVHGIRUWKHVROXWLRQRIWKHYHKLFOH WUDLQ EULGJHV\VWHPLQWKHWLPHGRPDLQ$SSO\LQJ
DQLWHUDWLYH*DXVV6HLGHODSSURDFKWKHYHKLFOHVXEGRPDLQLVILUVWVROYHGIRUWKHFRPPXQLFD
WLRQLQWHUYDO+ VWDUWLQJSRLQW71 WWU DVVXPLQJDNQRZQVROXWLRQIRUWKHEULGJHVXEGRPDLQ
7KHYHKLFOHVXEGRPDLQLVLQWHJUDWHGXQWLOWKHQH[WFRPPXQLFDWLRQVWHSLH71 WWU$WWKLV
WLPHSRLQWWKHRXWSXWYDULDEOHVRIWKHYHKLFOHVXEGRPDLQDUHEHLQJXVHGE\WKHRUFKHVWUDWRULQ
RUGHUWRFDOFXODWHQHZLQSXWVIRUWKHEULGJHVXEGRPDLQ7KHEULGJHVXEGRPDLQLVVROYHGXQWLO
71 WEU VWDUWLQJSRLQW71 WWU 7KHSURFHVVGHVFULEHGDERYHLVUHSHDWHGXQWLOWKHFRXSOLQJ
FRQGLWLRQVDUHVDWLVILHG FRQYHUJHQFH DQGWKHFRVLPXODWLRQFDQSURFHHGWRWKHQH[WFRPPX
QLFDWLRQSRLQW7KHYHKLFOHVXEGRPDLQLVVROYHGXVLQJDPXOWLERG\G\QDPLFVPHWKRGGHYHO
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RSHG DW WKH /DERUDWRU\ RI 0DFKLQH '\QDPLFV $87K  ZKHUHDV WKH EULGJH VXEGRPDLQ LV
VROYHGYLD2SHQVHHVDJHQHUDO)(0RSHQVRXUFHFRGH7KHFRXSOHGYHKLFOHEULGJHV\VWHPV¶
DQDO\VLVSURFHGXUHLVGHVFULEHGLQ)LJXUHH[SODLQLQJWKHDQDO\VLVRIHYHU\VXEV\VWHPDWHYH
U\GLVWLQFWVWHSDQGWKHFRPPXQLFDWLRQSDWWHUQ

)LJXUH2XWOLQHRIWKHPHWKRGRORJ\IRUG\QDPLFKLJKVSHHGWUDLQEULGJHLQWHUDFWLRQ

 6(,60,&)5$*,/,7<$1$/<6,62)&283/('5$,/:$<%5,'*(
6<67(06&216,'(5,1*9%,
7KHIUDPHZRUNSURSRVHGIRUVHLVPLFIUDJLOLW\DQDO\VLVRIEULGJHVLVEDVHGRQDQDO\VLVUH
VXOWVRIWKHFRXSOHGYHKLFOHEULGJHV\VWHPIRUGLIIHUHQWOHYHOVRIHDUWKTXDNHLQWHQVLW\HVWLPDW
LQJWKHSUREDELOLW\RIGDPDJHRIFULWLFDOEULGJHFRPSRQHQWVDQGWKHYHKLFOHIRUYDULRXVOLPLW
VWDWHV PLQRUGDPDJHWRFROODSVH >@7KHPHWKRGRORJ\SURSRVHGLVRXWOLQHGLQ)LJXUH
)RU WKH HVWLPDWLRQ RI vehicle subsystem IUDJLOLW\ VHUYLFHDELOLW\ DQG XOWLPDWH OLPLW VWDWH
WKUHVKROGVDUHGHILQHGEDVHGRQWKHUHFRPPHQGDWLRQVRI(1SU$11(;$  DQG
%6(1  DVGHVFULEHGLQ7DEOH7KHYHKLFOHOLPLWVWDWHVSURSRVHGFRQVLGHUYH
KLFOHVWDELOLW\ /6 WKHG\QDPLFSHUIRUPDQFHRIWKHEULGJH /6 DQGYHKLFOHVDIHW\ GHUDLO
PHQW/6   7DEOH 7KHvehicle subsystemSURSHUWLHV LHQXPEHURIERRJLHV VSHHG
DQGWLPHVWHSWKDWWKHYHKLFOHHQWHUVWKHEULGJHDUHLQLWLDOO\GHILQHGDQGDQDO\VLVRIWKHVXE
V\VWHP LV SHUIRUPHG FRQVLGHULQJ UHDOWLPHYHKLFOHEULGJHLQWHUDFWLRQYLDFRVLPXODWLRQWHFK
QLTXHV 7KH WKUHVKROG YDOXHV DUH FRPSDUHG WR WKH RQHV PRQLWRUHG DW WKH YHKLFOH GXULQJ WKH
FRXSOHGV\VWHPDQDO\VLVIRUWKHVHOHFWHGHDUWKTXDNHJURXQGPRWLRQVWRHVWLPDWHWKHSUREDELO
LW\RIH[FHHGDQFHDQGSORWWKHUHOHYDQWIUDJLOLW\FXUYHV )LJXUH 
5HJDUGLQJWKHrailway bridge subsystemIUDJLOLW\HVWLPDWLRQWKHHQJLQHHULQJGHPDQGSD
UDPHWHUVDQGWKHLUWKUHVKROGYDOXHVDUHLQLWLDOO\GHILQHGDWFRPSRQHQWOHYHOIRUGLIIHUHQWOLPLW
VWDWHV DV GHVFULEHG LQ GHWDLO LQ >@ 7KH VWUXFWXUDO W\SH RI WKH UDLOZD\ EULGJH LV VHOHFWHG
DORQJ ZLWK YDU\LQJ SURSHUWLHV UDQGRP YDULDEOHV VHOHFWLRQ  IRU SUREDELOLVWLF WUHDWPHQW DQG
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GHULYDWLRQRIEULGJHVDPSOHVXVLQJ/DWLQ+\SHUFXEH6DPSOLQJ /+6 7KHEULGJHVDPSOHVDUH
DQDO\VHGFRQVLGHULQJUHDOWLPHWUDLQEULGJHLQWHUDFWLRQIRUDFFHOHURJUDPVRIYDU\LQJLQWHQVLW\
aJ  VHOHFWHG DSSO\LQJ 0XOWLSOH 6WULSH $QDO\VLV GHWDLOV IRU 0XOWLSOH 6WLSH $QDO\VLV
DQGDFFHOHURJUDPVHOHFWLRQDUHDYDLODEOHLQ>@ 7KHHQJLQHHULQJGHPDQGSDUDPHWHUVYDOXHV
DWFRPSRQHQWFRQWUROSRLQWVDUHPRQLWRUHGWRHVWLPDWHWKHSUREDELOLW\RIOLPLWVWDWHWKUHVKROG
H[FHHGDQFHDQGSORWIUDJLOLW\FXUYHVDWFRPSRQHQWDQGV\VWHPOHYHO%DVHGRQWKHDERYHIUD
JLOLW\ FXUYHV IRU WKH VXEV\VWHPV DQG WKH FRXSOHG V\VWHP DUH SURSRVHG DFFRXQWLQJ IRU VHULHV
FRQQHFWLRQDQGFRPSOHWHFRUUHODWLRQRIFULWLFDOFRPSRQHQWV
&ULWHULDIRUEULGJHG\QDPLF
SHUIRUPDQFH



/DWHUDO
DFFHO
ERRJLH 

/DWHUDO
DFFHO
YHKERG\ 

9HUWLFDO
DFFHO
YHKERG\ 

$FFHO
HUDWLRQ

7UDQVYHUVHGHIRU
PDWLRQ YLEUDWLRQ
RIGHFN

3DUDPHWHU

&ULWHULDIRUWUDLQUXQQLQJVWDELO
LW\

$FFHO
PV 

$FFHO
PV 

$FFHO
PV 

$FFHO
HUDWLRQ
PV

&XUYDWXUH P 
[r=l2/8Âįh]

/LPLW
9DOXHV



PV
± PW 

PV



J
PV
IRU
EDOODVW
HGWUDFN



&ULWHULDIRUWUDLQUXQQLQJ
VDIHW\
2YHUWXUQ
&RHIILFLHQW

2YHUWXUQ
&ULWHULRQ

¦Q  ¦Q
jA

Speed range
(km h-1)
9
9
9!

Limits




D PGPVW

N

boogie

¦Q  ¦Q
jA

boogie

 IRUDOO
ZKHHOVDW
WKHVDPH
WLPH

jB

boogie

jB

boogie





7DEOH/LPLWYDOXHVIRUYHKLFOHDQGIUDJLOLW\DQDO\VLVRIWKHFRXSOHGWUDLQEULGJHV\VWHP

)RUWKHHVWLPDWLRQRIWKHFRXSOHGV\VWHPV¶IUDJLOLW\FXUYHVVHLVPLFDQDO\VLVRIWKHFRXSOHG
V\VWHPLVSHUIRUPHGFRQVLGHULQJHDUWKTXDNHORDGLQJRIYDU\LQJLQWHQVLW\ aJ 7KHDQDO\
VLV UHVXOWV DUH UHFRUGHG DW WKH YHKLFOH DQG WKH EULGJH FRQWURO SRLQWV IRU WKH DOO WKH FRXSOHG
WUDLQEULGJH V\VWHPVDPSOHV7KHYDOXHVDUHFRPSDUHGWRWKHOLPLWVWDWHWKUHVKROGVRIHDFK
VXEV\VWHP DQGFRPSRQHQW DQGVWDWLVWLFDODQDO\VLVRIWKHUHVXOWVLVSHUIRUPHGHVWLPDWLQJWKH
PHDQDQGVWDQGDUGGHYLDWLRQRIFDSDFLW\RYHUGHPDQGH[FHHGDQFHDQGHYHQWXDOO\WKHVHLVPLF
IUDJLOLW\FXUYHVRIWKHYHKLFOHDQGEULGJHVXEV\VWHP)RUWKHHVWLPDWLRQRIXQFHUWDLQW\LQFD
SDFLW\DQGGHPDQGWKHPHWKRGRORJ\GHVFULEHGLQ>@LVIROORZHG7KHIUDJLOLW\FXUYHVRIWKH
FRXSOHG V\VWHP DUH FDOFXODWHG DVVXPLQJ VHULHV FRQQHFWLRQ EHWZHHQ VXEV\VWHPV YHKLFOH DQG
EULGJH DFFRUGLQJWR(T XSSHUDQGORZHUERXQG=KDQJ +XR  
n

S

i 

i 

PD[>3 )i @ d P Fsystem d    >  P Fi @





7KHORZHUERXQGFRUUHVSRQGVWRFRPSOHWHO\FRUUHODWHGFRPSRQHQWVZKLOHWKHXSSHUERXQG
DVVXPHV QR FRUUHODWLRQ EHWZHHQ FRPSRQHQWV 7KHUHIRUH WKH FRXSOHG V\VWHP¶V IUDJLOLW\ OLHV
ZLWKLQWKHVHWZRERXQGVDQGWKHH[DFWYDOXHLVGHSHQGHQWRQWKHFRUUHODWLRQRIWKHFRPSRQHQW
UHVSRQVH
 $33/,&$7,2172$&$6(678'<5$,/:$<%5,'*()257+(
(67,0$7,212)6(,60,&)5$*,/,7<2)7+(&283/('6<67(0
7KHPHWKRGRORJ\SUHVHQWHGDERYHLVDSSOLHGWRDUHSUHVHQWDWLYHEULGJHRIWKH*UHHNUDLO
ZD\QHWZRUNZLWKVLPSO\VXSSRUWHGGHFNXVLQJWKHVRIWZDUHGHYHORSHGIRUUHDOWLPHEULGJH
YHKLFOH DQDO\VLV $ ILYH ERRJLHV 9HKLFOH LV FRQVLGHUHG WR FURVV WKH EULGJH GXULQJ WKH HDUWK
TXDNH7KHYHKLFOHLVHQWHULQJWKHEULGJHDERXW>VHF@EHIRUHWKHHDUWKTXDNHSHDN%DVHGRQ
WKH FRXSOHG V\VWHP DQDO\VLV UHVXOWV IUDJLOLW\ DQDO\VLV LV SHUIRUPHG DQG IUDJLOLW\ FXUYHV DUH
SURYLGHGIRUDOOWKHFULWLFDOEULGJHFRPSRQHQWVWKHEULGJHVXEV\VWHPWKHYHKLFOHVXEV\VWHP
DQGWKHFRXSOHGV\VWHP7KHHIIHFWRI9%,FRQVLGHUDWLRQRQVHLVPLFIUDJLOLW\RIFULWLFDOEULGJH
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FRPSRQHQWV SLHUV DQGDEXWPHQWV VLQFHSRWEHDULQJVDUHXVHGLQFRPELQDWLRQ ZLWKVWRSSHUV
UHQGHULQJ WKH EHDULQJV D QRQFULWLFDO FRPSRQHQW  LV HYDOXDWHG SURYLGLQJ UHOHYDQW IUDJLOLW\
FXUYHVIRUWKHFDVHVRIHDUWKTXDNHRQO\DQDO\VLVDQGHDUWKTXDNHDQDO\VLVDFFRXQWLQJIRU9%,
0RUHRYHUWKHVHLVPLFIUDJLOLW\FXUYHVRIWKHEULGJHVXEV\VWHPZLWKDQGZLWKRXW9%,FRQVLG
HUDWLRQDUHSURYLGHGIRUERWKORQJLWXGLQDODQGWUDQVYHUVHGLUHFWLRQKLJKOLJKWLQJWKHHIIHFWRI
9%,RQWKHVXEV\VWHP¶VIUDJLOLW\7KHVHLVPLFIUDJLOLW\RIWKHYHKLFOHVXEV\VWHPLVDOVRSUR
YLGHGIRUERWKGLUHFWLRQVDORQJZLWKWKHIUDJLOLW\FXUYHVRIWKHFRXSOHG YHKLFOHDQGEULGJH 
V\VWHPEDVHGRQVHULHVFRQQHFWLRQDVVXPSWLRQ7KHHIIHFWRIWKHFRQVLGHUDWLRQRULJQRUDQFHRI
YHKLFOH VXEV\VWHP OLPLW VWDWHV DQG IUDJLOLW\ LH WKH FRQVLGHUDWLRQ RI WKH FRXSOHG V\VWHP LQ
VWHDGRIWKHEULGJHV\VWHPVROHO\LVHYDOXDWHGDQGGLVFXVVHG


)LJXUH2XWOLQHRIWKHPHWKRGRORJ\IRUG\QDPLFKLJKVSHHGWUDLQWUDFNEULGJHLQWHUDFWLRQ

7KH 7LURWKHD  'RPRNRV EULGJH LV D WZRZD\ UDLOZD\ EULGJH RI WKH $WKHQV7KHVVDORQLNL
UDLOZD\QHWZRUNORFDWHGDW&HQWUDO*UHHFHQHDU/DPLD )LJXUH 5HVSRQVLEOHIRUWKHPDQ
DJHPHQWRIWKHSURMHFWLV(5*26(6$*UHHFH7KHEULGJHLVGHVLJQHGIRUWUDLQVSHHGHTXDO
WRYNPKDQG3*$HTXDOWRJZKLOHLWVKRXOGEHRXWOLQHGWKDWLWLVORFDWHGDWDP
GLVWDQFHIURPWKHVHLVPLFDOO\DFWLYH$WDODQWLIDXOWWKHUHIRUHWKHSUREDELOLW\RIWKHRFFXUUHQFH
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RIDQHDUWKTXDNHHYHQWZKHQWKHWUDLQFURVVLQJWKHEULGJHLVUHODWLYHO\KLJKHU7KH7LURWKHD
'RPRNRVEULGJHKDVDWRWDOOHQJWKRI P DQGILIWHHQ  VSDQV DSSUR[POHQJWK
HDFK  FRQVLVWLQJ RI SUHFDVWSUHVWUHVVHG EHDPV VLPSO\ VXSSRUWHG RQ VLQJOH DQG PXOWLFROXPQ
SLHUVZLWKKHLJKWVUDQJLQJIURP P WR P $OOPXOWLFROXPQSLHUVFRQVLVWRIWZRF\
OLQGULFDOSLHUVVXSSRUWLQJWKHWZRGHFNVWKURXJKSRWEHDULQJVDQGVWRSSHUV7KHILUVWILYHSDLUV
RI SLHUV DUH VLQJOH FROXPQ F\OLQGULFDO RU UHFWDQJXODU  SLHUV )LJ   VXSSRUWLQJ WKH GHFN
WKURXJKSRWEHDULQJVDQGVWRSSHUV7KHDEXWPHQWVDUHVHDWW\SHWKHVHLVPLFJDSLVFRQVLGHUHG
DORQJWKHORQJLWXGLQDOGLUHFWLRQEXWQRWWKHWUDQVYHUVHRQHWRSUHYHQWGHUDLOPHQW7KHEULGJHLV
PRGHOOHGXVLQJOLQHDUDQGQRQOLQHDUHOHPHQWVDQGPDWHULDOODZVDVGHVFULEHGDWWKHUHOHYDQW
VHFWLRQDERYHDQGGHSLFWHGLQ)LJ








)LJXUH'HVFULSWLRQRI7LURWKHD'RPRNRVUDLOZD\EULGJHDQGGHWDLOVRIWKHVWUXFWXUDOPRGHO

5HJDUGLQJWKHHIIHFWRI9%,FRQVLGHUDWLRQRQWKHVHLVPLFIUDJLOLW\RIFULWLFDOEULGJHFRP
SRQHQWVLWLVREYLRXVIURP)LJWKDWWKHFRPSRQHQWVHLVPLFIUDJLOLW\ LHWKHSUREDELOLW\RI
GDPDJHIRUGLIIHUHQWOHYHOVRIHDUWKTXDNHLQWHQVLW\ LVGHFUHDVHGPDLQO\IRUKLJKHUOLPLWVWDWHV
LQFDVHWKDWWKHWUDLQLVFRQVLGHUHGWRPRYHRQWKHEULGJHGXULQJWKHHDUWKTXDNHDQGYHKLFOH
EULGJHLQWHUDFWLRQLVDFFRXQWHGIRU7KHODWWHULVDWWULEXWHGWRWKHIDFWWKDWWKHFRQVLGHUDWLRQRI
WKHYHKLFOHGXULQJDQDO\VLVGLIIHUHQWLDWHVWKHG\QDPLFFKDUDFWHULVWLFVRIWKHEULGJHUHVXOWLQJLQ
D GLIIHUHQW HDUWKTXDNH UHVSRQVH WKDW LV DGGLWLRQDOO\ UHODWHG WR WKH VWUXFWXUDO V\VWHP DQG WKH
SURSHUWLHV GXFWLOLW\LQHODVWLFSHUIRUPDQFHHWF RIWKHFRPSRQHQWV
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&RPSRQHQW3,(56(DUWKTXDNH$QDO\VLV
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&RPSRQHQW$%870(176(DUWKTXDNH$QDO\VLV

/6
/6

/6
/6

)LJXUH6HLVPLFIUDJLOLW\FXUYHVRIWKHFULWLFDOFRPSRQHQWVRIWKHEULGJHVXEV\VWHPZLWK D DQGZLWKRXW E 9%,
FRQVLGHUDWLRQIRUWKH7LURWKHD'RPRNRV5DLOZD\%ULGJHDQG[GLUHFWLRQ
9(+,&/(6<67(0 ($57+48$.( 9%,$1$/<6,6
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)LJXUH6HLVPLFIUDJLOLW\FXUYHVRIWKHYHKLFOHVXEV\VWHPIRUWKH7LURWKHD'RPRNRV5DLOZD\%ULGJH [DQG\
GLUHFWLRQ 
Fragility Curves (X-direction) – Bridge System & Coupled Bridge-Vehicle System
%5,'*(6<67(0 ($57+48$.($1$/<6,6
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Fragility Curves (Y-direction) – Bridge System & Coupled Bridge-Vehicle System
%5,'*(6<67(0 ($57+48$.($1$/<6,6
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)LJXUH6HLVPLFIUDJLOLW\FXUYHVRIWKHEULGJHVXEV\VWHPZLWKDQGZLWKRXW9%,FRQVLGHUDWLRQ DE DQGRIWKH
FRXSOHGWUDLQEULGJHV\VWHPZLWK9%,FRQVLGHUDWLRQIRUWKH7LURWKHD'RPRNRV5DLOZD\%ULGJH [DQG\GLUHF
WLRQ 

5HVSHFWLYHO\ 9%, FRQVLGHUDWLRQ ZDV IRXQG WR UHGXFH WKH VHLVPLF IUDJLOLW\ RI WKH EULGJH
V\VWHP DQGERWK WKH ORQJLWXGLQDO DQGWUDQVYHUVHGLUHFWLRQFRPSDUHGWRWKHUHOHYDQWZLWKRXW
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WKHWUDLQPRYHPHQWDQG9%,FRQVLGHUDWLRQ7KHUHGXFWLRQLVJUHDWHUIRUWKHKLJKHUOLPLWVWDWHV
DQGWKHWUDQVYHUVHGLUHFWLRQRIWKHEULGJHDQGLVFRQVLVWHQWZLWKWKHSUHYLRXVFRPPHQWUHJDUG
LQJ WKH HIIHFW RI 9%, RQ WKH VHLVPLF IUDJLOLW\ RI FRPSRQHQWV VLQFH VHULHV FRQQHFWLRQ LV DV
VXPHGIRUWKHHVWLPDWLRQRIWKHEULGJHV\VWHP¶VIUDJLOLW\
7KHVHLVPLFIUDJLOLW\RIWKHYHKLFOHVXEV\VWHPLHWKHSUREDELOLW\RIGDPDJHUHODWHGWRWKH
H[FHHGDQFHRIWKHOLPLWVWDWHGHILQHGIRUUXQQLQJVWDELOLW\G\QDPLFEULGJHSHUIRUPDQFHDQG
UXQQLQJVDIHW\DUHSUHVHQWHGIRU/6WR/6 VDPHZLWK/6 LQ)LJXUH7KHFRQVLGHUDWLRQ
RIWKHDIRUHPHQWLRQHGOLPLWVWDWHVLQWKHIUDPHRIWKHFRXSOHGV\VWHPDQDO\VLVDQGWKHGHULYD
WLRQRIUHOHYDQWIUDJLOLW\FXUYHVLVREYLRXVO\FULWLFDOEDVHGRQ)LJ F 7KHVHLVPLFIUDJLOLW\
RIWKHFRXSOHGYHKLFOHEULGJHV\VWHPIRUERWKWKHORQJLWXGLQDODQGWUDQVYHUVHGLUHFWLRQLVRE
YLRXVO\ KLJKHU IRU DOO WKH GDPDJH VWDWHV ZKHQ WKH OLPLW VWDWHV UHODWHG WR WKH YHKLFOH SHUIRU
PDQFH DUH FRQVLGHUHG LQ WKH IUDPH RI IUDJLOLW\ DQDO\VLV DFFRXQWLQJ IRU VHULHV FRQQHFWLRQ
EHWZHHQVXEV\VWHPV 7KHUHIRUHLWZDVIRXQGFUXFLDOWRDFFRXQWIRU9%,DQGIRUOLPLWVWDWHV
UHODWHG WR WKH YHKLFOH SHUIRUPDQFH IRU WKH HVWLPDWLRQ RIWKHFRXSOHGV\VWHPV¶ IUDJLOLW\ VLQFH
WKH V\VWHP LV SUDFWLFDOO\ FRXSOHG DQG WKH WUDLQ VDIHW\ VWDELOLW\ HWF DIIHFWV WKH WRWDO SHUIRU
PDQFH+RZHYHUIRUUHVLOLHQFHUHVWRUDWLRQDQGORVVDVVHVVPHQWDOOWKHVXEV\VWHPDQGFRP
SRQHQWIUDJLOLW\FXUYHVVKRXOGEHFRQVLGHUHG


 &21&/86,216
$QRYHOPHWKRGRORJ\IRUIUDJLOLW\DQDO\VLVRIWKHFRXSOHGYHKLFOHEULGJHV\VWHPLVSUHVHQW
HG KHUHLQ DFFRXQWLQJ IRU WKH IUDJLOLW\ RI VXEV\VWHPV YHKLFOH DQG EULGJH  /LPLW VWDWH
WKUHVKROGVDUHGHILQHGDWFRPSRQHQWDQGVXEV\VWHPOHYHODQGWKHSUREDELOLVWLFIUDPHZRUNLV
DSSOLHGDQDO\]LQJWKHFRXSOHGV\VWHPRQWKHEDVLVRIDFRVLPXODWLRQWHFKQLTXH$IXOO\SD
UDPHWHUL]HG VRIWZDUH LV GHYHORSHG LQFOXGLQJ D WDLORUPDGH PRGXOH IRU YHKLFOH DQDO\VLV
PXOWLERG\V\VWHP  WKH XVH RI DQ RSHQVRXUFHVRIWZDUHIRUEULGJHDQDO\VLVDQGDPRGXOH
GHYHORSHG IRU IUDJLOLW\ DQDO\VLV EDVHG RQ WKH SURSRVHG IUDPHZRUN 7KH PHWKRGRORJ\ DQG
IUDPHZRUNSURSRVHGDUHDSSOLHGWRDUHSUHVHQWDWLYHVLPSO\VXSSRUWHGEULGJHRIWKH*UHHN
UDLOZD\QHWZRUNSURYLGLQJWKHFRXSOHGV\VWHPV¶IUDJLOLW\FXUYHV7KHPRVWLPSRUWDQWFRQ
FOXVLRQVIURPWKHDSSOLFDWLRQRIWKHPHWKRGRORJ\WRWKHFDVHVWXG\EULGJHDUHVXPPDUL]HG
EHORZ
x 7KHVHLVPLFIUDJLOLW\RIFULWLFDOEULGJHcomponentsLVGHFUHDVHGIRUWKHFDVHWKDW9%,LV
FRQVLGHUHGPDLQO\IRUKLJKHUOLPLWVWDWHV7KHODWWHULVDWWULEXWHGWRWKHGLIIHUHQWLDWLRQRI
WKHG\QDPLFFKDUDFWHULVWLFVRIWKHEULGJHGXHWR9%,UHVXOWLQJLQDGLIIHUHQWHDUWKTXDNH
UHVSRQVHDOVRUHODWHGWRWKHVWUXFWXUDOV\VWHPDQGWKHSURSHUWLHV GXFWLOLW\LQHODVWLFSHU
IRUPDQFHHWF RIWKHFRPSRQHQWV
x 9%, FRQVLGHUDWLRQ ZDV IRXQG WR UHGXFH WKH VHLVPLF IUDJLOLW\ RI WKH bridge system DQG
ERWKWKHORQJLWXGLQDODQGWUDQVYHUVHGLUHFWLRQFRPSDUHGWRWKHUHOHYDQWZLWKRXWWKHWUDLQ
PRYHPHQWDQG9%,FRQVLGHUDWLRQ7KHUHGXFWLRQLVJUHDWHUIRUWKHKLJKHUOLPLWVWDWHVDQG
WKHWUDQVYHUVHGLUHFWLRQRIWKHEULGJH
x 7KHVHLVPLFIUDJLOLW\RIWKHFRXSOHGYHKLFOHEULGJHV\VWHPIRUERWKWKHORQJLWXGLQDODQG
WUDQVYHUVHGLUHFWLRQLVKLJKHUIRUDOOWKHGDPDJHVWDWHVZKHQWKHOLPLWVWDWHVUHODWHGWRWKH
YHKLFOHSHUIRUPDQFHDUHFRQVLGHUHG7KHUHIRUHLWZDVIRXQGFUXFLDOWRDFFRXQWIRU9%,
DQGIRUOLPLWVWDWHVUHODWHGWRWKHYHKLFOHSHUIRUPDQFHIRUWKHHVWLPDWLRQRIWKHFRXSOHG
V\VWHPV¶IUDJLOLW\

1571

6RWLULD36WHIDQLGRXDQG(OLDV$3DUDVNHYRSRXORV

$&.12:/('*(0(176
7KHDXWKRUVZRXOGOLNHWRWKDQN(5*26(6$ 0(7(6(,606$IRUSURYLGLQJDFFHVVWRWKH
GDWD GUDZLQJVWHFKQLFDOUHSRUWV RIWKHFDVHVWXG\EULGJHV
7KLVSURMHFWKDVUHFHLYHGIXQGLQJIURPWKH+HOOHQLF)RXQGDWLRQIRU5HVHDUFKDQG,QQRYDWLRQ
+)5, DQGWKH*HQHUDO6HFUHWHULDWIRU5HVHDUFKDQG,QQRYDWLRQ *657 XQGHUJUDQWDJUHH
PHQW1R´

5()(5(1&(6
>@ + ;LD 1 =KDQJ 1 :: *XR Dynamic Interaction of Train-Bridge Systems in
High-Speed Railways6SULQJHU9HUODJ
>@ $$ 6KDEDQD .( =DD]DD + 6XJL\DPD Railroad Vehicle Dynamics: A Computational Approach. Flexible Multibody Dynamics&5&3UHVV
>@ 4 =HQJ DQG (* 'LPLWUDNRSRXORV 9HKLFOHEULGJH LQWHUDFWLRQ DQDO\VLV PRGHOLQJ GH
UDLOPHQWGXULQJHDUWKTXDNHVNonlinear Dynamics
>@ 4=HQJ&'6WRXUD(*'LPLWUDNRSRXORV$ORFDOL]HGODJUDQJHPXOWLSOLHUVDSSURDFK
IRUWKHSUREOHPRIYHKLFOHEULGJHLQWHUDFWLRQEngineering Structures
>@ <( :X <% <DQJ -' <DX 7KUHH'LPHQVLRQDO $QDO\VLV RI 7UDLQ5DLO%ULGJH ,Q
WHUDFWLRQ3UREOHPVVehicle System Dynamics
>@ ;</HLHigh Speed Railway Track Dynamics. Models, Algorithms and Applications
6SULQJHU9HUODJ
>@ & ' 6WRXUD ( 3DUDVNHYRSRXORV (* 'LPLWUDNRSRXORV  6 1DWVLDYDV $ '\QDPLF
3DUWLWLRQLQJ 0HWKRG WR VROYH WKH YHKLFOHEULGJH LQWHUDFWLRQ SUREOHP Computers and
Structures
>@ 76 3DUDVNHYD (* 'LPLWUDNRSRXORV 4 =HQJ '\QDPLF YHKLFOHEULGJH LQWHUDFWLRQ
XQGHU VLPXOWDQHRXV YHUWLFDO HDUWKTXDNH H[FLWDWLRQ Bull. Earthquake Eng,  

>@ <)0HFKPHW&2%DUODV6HLVPLFDVVHVVPHQWRIDPXOWLVSDQVWHHOUDLOZD\EULGJHLQ
7XUNH\EDVHGLQQRQOLQHDUWLPHKLVWRU\Nat. Hazards Earth Syst. Sci
>@ (3DUDVNHYRSRXORV66WHIDQLGRX61DWVLDYDV  $QRYHODSSURDFKIRUWKHDQDO
\VLV RI D FRXSOHG WUDLQUDLOZD\ EULGJH V\VWHP %DVLF 3ULQFLSOHV DQG 0HWKRGRORJ\ WK
(&&20$67KHPDWLF&RQIRQ&RPSXWDWLRQDO0HWKRGV&203'<1-XQH
&UHWH*UHHFH
>@ (3DUDVNHYRSRXORV61DWVLDYDV2QDSSOLFDWLRQVRI1HZWRQ VODZWRPHFKDQLFDOV\V
WHPVZLWKPRWLRQFRQVWUDLQWVNonlinear Dynamics  
>@ 6
1DWVLDYDV
(
3DUDVNHYRSRXORV
$
VHW
RI
RUGLQDU\
GL
HUHQWLDOHTXDWLRQVRIPRWLRQIRUFRQVWUDLQHGPHFKDQLFDOV\VWHPVNonlinear Dynamics
  

1572

6RWLULD36WHIDQLGRXDQG(OLDV$3DUDVNHYRSRXORV

>@ 0 =KX ) 0F.HQQD  0 + 6FRWW 2SHQ6HHV3\ 3\WKRQ OLEUDU\ IRU WKH 2SHQ6HHV
ILQLWHHOHPHQWIUDPHZRUNSoftwareX7±
>@ ) 1DHLP  - 0 .HOO\ Design of Seismic Isolated Structures -RKQ :LOH\  6RQV
,1&86$
>@ =KDQJ- +XR<(YDOXDWLQJHIIHFWLYHQHVVDQGRSWLPXPGHVLJQRILVRODWLRQGHYLFHV
IRUKLJKZD\EULGJHVXVLQJWKHIUDJLOLW\IXQFWLRQPHWKRGEngineering Structures31  
±
>@ 6WHIDQLGRX636H[WRV$*.RWVRJORX$1/HVJLGLV1 .DSSRV$-6RLO
VWUXFWXUHLQWHUDFWLRQHIIHFWVLQDQDO\VLVRIVHLVPLFIUDJLOLW\RIEULGJHVXVLQJDQLQWHQVLW\
EDVHGJURXQGPRWLRQVHOHFWLRQSURFHGXUHEngineering Structures
>@ 6WHIDQLGRX63 .DSSRV$-0HWKRGRORJ\IRUWKHGHYHORSPHQWRIEULGJHVSHFLILF
IUDJLOLW\FXUYHVEarthquake Engineering & Structural Dynamics±
>@ 2OLYLHU % 9HUOLQGHQ 2  .RXURXVVLV * (IIHFW RI DSSOLHG IRUFH FRVLPXODWLRQ
VFKHPHVRQUHFRXSOHGYHKLFOHWUDFNSUREOHPVMultibody System Dynamics50  ±


1573

&203'<1
WK(&&20$67KHPDWLF&RQIHUHQFHRQ
&RPSXWDWLRQDO0HWKRGVLQ6WUXFWXUDO'\QDPLFVDQG(DUWKTXDNH(QJLQHHULQJ
03DSDGUDNDNLV0)UDJLDGDNLV HGV 
6WUHDPHGIURP$WKHQV*UHHFH-XQH

REDUCTION OF LOCAL DAMAGES IN PRECAST POST-TENSIONED
SEGMENTAL BRIDGE PIERS
Parya Ahmadi1, Ehsan Ahmadi2, and Mohammad M. Kashani3
1

2

3

MSc, University of Mohaghegh Ardabili, Ardabil, Iran
Ahmadii.Parya@gmail.com

Lecturer, Birmingham City University, Birmingham, UK
Ehsan.Ahmadi@bcu.ac.uk

Associate Professor, University of Southampton, Southampton, UK
Mehdi.Kashani@soton.ac.uk

Abstract
The application of precast post-tensioned segmental (PPS) bridge piers is growing in order to
reduce global damages through rocking motion of the segments when subject to lateral excitations. However, local damages still exist in form of concrete spalling and crushing at the
compression zones when one segment rocks on top of the underlying segment. Hence, this
work will address reduction of these local damages in PPS piers through confinement of concrete segments by glass-fibre reinforced polymer (GFRP) tubes and use of elastic layers between segments at the joints. To achieve this goal, a robust Finite Element (FE) model is first
developed in ABAQUS software, and is experimentally validated using the existing literature.
The cyclic behaviour of the experimentally-validated FE model is then determined. It was
found that the GFRP tubes and elastic layers significantly reduce local damages of PPS piers
at the joints.
Keywords: Precast Post-Tensioned Segmental Piers, Glass-Fibre Reinforced Polymer, Finite
Element Model, Elastic Layer, Cyclic Loading.
1 INTRODUCTION
Bridges are one of the crucial components of any transport network and any small disruption in their functionality can result in enormous economic damages and life losses. In particular, lateral excitations such as earthquake, can cause severe damages in bridge structures.
Conventional cast-in-place (CIP) reinforced concrete (RC) piers are constructed monolithically with the bridge deck, and experience permanent damages in form of plastic hinges during
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severe earthquake loadings. One of the most effective solutions to avoid any plastic hinge,
widely considered by researchers in accelerated bridge construction (ABC) [1], is precast
post-tensioned segmental (PPS) piers [2]. In ABC, the concrete segments are manufactured
offsite with higher quality, and then transferred to the construction site to be assembled. Additionally, the construction process is expedited, and environmental pollution is reduced. The
rocking mechanism of the segments and self-centering effect of the post-tensioned tendon decrease the residual deformation of the PPS piers [3].
On the other hand, application of fibre reinforced polymer (FRP) material is growing in
concrete piers due to its high stiffness and resistance against corrosion, weathering, and chemical attacks [4,5]. Using FRP around concrete piers enhances their performance by adding extra confinement to the concrete. In existing piers, FRP tubes are used to strengthen the pier,
and in design of new piers, FRP tubes increase axial loading capacity of the pier [4]. FRP
tubes also prevent the cover concrete from spalling, and significantly increase the ductility
and lateral strength of the pier subject to seismic loading events [6].The FRP tubes have larger
flexural strength and higher strength-to-weight ratio compared to steel tubes, and reduce the
creep strain of the confined concrete [7,8].
In moderate- and high-seismicity regions, each segment of the PPS piers may still experience local damages at the contact interfaces (e.g. compression zones at the joints) in form of
concrete spalling and crushing [4]. This is because of high stress concentration at the joints
due to high compressive stresses [9]. To reduce or even eliminate concrete spalling and crushing at the joints, the segments were confined with steel jackets [10,11,12]. However, the steel
jackets yield, and thus induce permanent residual deformations in the pier. Therefore, this
study adopts a new approach in order to reduce the local damages and a damage-free PPS pier.
The current study numerically investigates PPS piers confined with glass fibre reinforced polymer (GFRP) tubes, where elastic layers are used between the segments. To achieve this aim,
a robust FE model is first developed and validated. Then, cyclic behavior of the pier is studied
to investigate the effects of GFRP tubes around the segments and elastic layers between the
segments.
2 NUMERICAL MODELLING
Four PPS specimens are modelled: (1) PPS pier without GFRP tube and elastic layer, P, (2)
PPS pier with GFRP tubes, PT, (3) PPS pier with elastic layers, PL, and (4) PPS pier with
GFRP tubes and elastic layers, PTL. To study the effects of the flexibility of the elastic layers
between the segments, three values of Young’s modulus are considered for the elastic layers:
05, 10 and 15 GPa. All the PPS specimens are summarized in Table1, and the FE models of
the PPS piers are shown in Figure 1.
Pier Name

Pier Description

GFRP Tube

Elastic Layer ( Elayer )

P
PT
PL05
PL10
PL15
PTL05
PTL10
PTL15

Without GFRP tube and elastic layer
With GFRP tubes

ض
ض
ض
ض

( ض05 GPa)
( ض10 GPa)
( ض15 GPa)
( ض05 GPa)
( ض10 GPa)
( ض15 GPa)

With elastic layers

With GFRP tubes and elastic layers

Table 1: PPS specimens with different configurations of GFRP tubes and elastic layers.
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Figure 1 compares all the PPS pier specimens considered in this study. A 3D FE modelling
of the PPS pier is developed in ABAQUS [13]. Figure 2 shows geometric details of the PPS
piers. The 3D FE model of the piers is defined with n segments (n = 6), of width B (B = 0.5 m)
and height h (h = 0.5 m). To provide the self-centering mechanism under a lateral cyclic loading, an unbounded post-tensioned tendon passes through a duct in the segments, and is fixed
to the top of the pier and the bottom of the foundation. The duct has a diameter of 80 mm, and
the post-tensioned tendon area is considered 20 % of the segment area [14]. The elastic layers
of height of hL (hL = 5 cm) are used between the segments.
The segments, foundation, and tendon are modelled using eight-node 3D brick elements
(C3D8R). The segments, layers, and tendons are deformable solids while the foundation is a
discrete rigid element. The GFRP tubes are modelled as shell elements around the concrete
segments. To model the joints, the surface-to-surface contact elements are adopted. The tangential friction between the surfaces is taken 0.5 [15]. To model the normal contact between
the surfaces, the hard contact is used. To model the unboundedness of the tendon, the frictionless surface-to-surface contact element is adopted between the tendon and the inside face of
the ducts, through the segments and layers. The unbounded tendon is embedded in a load stub
at the top of the pier and in the foundation.
Figure 1: The FE models of: (a) P, without GFRP tubes and elastic layer, (b) PT, with GFRP tubes, (c) PL,
with elastic layers, and (d) PTL, with GFRP tubes and elastic layers.

Figure 2: Geometric details of the piers: (a) P and PT, and (b) PL, and PTL.

To define concrete material of the segments, there are two models in ABAQUS: (i)
smeared cracking model, and (ii) damaged plasticity model. The concrete damage plasticity is
recommended for concrete piers subject to monotonic, cyclic and dynamic loading as used in
this study [13,16]. Figure 3a shows the stress-strain of concrete for both confined (with GFRP
tubes) and unconfined (without GFRP tubes) concrete [17]. The concrete’s modulus of elasticity, Poisson’s ratio, and density are 34.6 GPa. 0.2, and 22 kN/m3, respectively. To simulate
the opening between the joints, tension strength of concrete is taken zero. The post-tensioning
tendon is modelled by a bilinear elastic-plastic model, shown in Figure 3b. The initial posttensioning of the tendon is T0 = αfy, where α is the yield force ratio of the tendon, 0.2, and fy is
yield stress of the tendon. The tendon’s modulus of elasticity, yielding stress, Poisson’s ratio,
and density, 200 GPa, 2000 MPa, 0.3, and 78.4 kN/m3, respectively. To model the GFRP
tubes, the elastic behavior of Lamina type is used [13]. To develop the material properties,
five constants are required: three shear moduli (G12; G13; G23) and two Young’s moduli
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(E11; E22). Each shear modulus is taken 3 MN/m2, and each Young’s modulus is considered
65 GN/m2.

Figure 3: Stress-Strain models of: (a) concrete, and (b) steel.

The axial load subject to the pier is a fraction of the axial capacity of the concrete section,
N = βfc’Ag, where β is axial load ratio, 0.2; fc’ is compressive strength of concrete, and Ag is the
segment area. A gravity analysis is performed first, followed by a cyclic analysis. Displacement-control method is used to apply a cyclic loading pattern to the control node located at
the top node of the topmost segment. Figure 4 shows the cyclic loading pattern considered.
Figure 4: Cyclic loading pattern.
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3 VALIDATION
The modelling approach, explained in Section 2, is validated through comparing with the
experimental results by Palermo et al. [16,18]. The tested pier is composed of one concrete
segment of height 1.6 m, and width 0.35 cm without any elastic layer or GFRP tubes. The
model has two M12.7 mm tendons, which pass through a pair of ducts in the segment and are
fixed to a load stub at the top of the pier and a foundation at the bottom of the pier, as shown
in Figure 5. The post-tensioning force ratio, α, is 0.3, and the compressive strength of concrete,
fc’, is 54.1 MPa. The yield stress, fy, and ultimate stress, fu, of the post-tensioned tendons are
assumed 1600 MPa and 1870 MPa, respectively. All the details of the modelling and loading
are the same with those in the Palermo’s test [16]. As Figure 6 shows, the lateral force-drift of
the FE model and the test are very compatible, which demonstrates the robustness of the FE
model in capturing lateral behavior of post-tensioned rocking piers. This comparison validates
the reliable simulating of the models to study the behavior of the PPS piers.
Figure 5: Geometric details of the tested pier.

Figure 6: Comparison of FE modelling and test pushover curves.

4 ANALYSIS AND RESULT
In this section, the cyclic behaviors of the eight piers, summarized in Table 1, are compared. Figure 7 demonstrates hysteretic response curves of the piers: the base shear, V, versus
drift, Δ/H ; Δ is the tip displacement of the pier, and H is the total height of the pier. The results demonstrate different cyclic behavior for each pier. The pier, P, without any tube and
layer, demonstrates a sudden reduction in its stiffness as the slope of the hysteretic loops suddenly drops after a few cycles at small drift ratios, less than 1% (Figure 7a). This stiffness re-
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duction is due to the concrete spalling and crushing at small drift ratios at the toe of the segments (see Figure 3a). Adding GFRP tubes around the pier’s segment, enhances the strength
and slightly the ductility of the pier (Figure 7b). However, significant residual drifts are seen,
particularly for the last cycles of the loading. Adding elastic layers between the segments
slightly affects the strength of the pier, and gives zero-residual drift for the pier (Figure 7c).
The simultaneous use of elastic layers and GFRP tubes increases ultimate strength of the pier,
and results in zero-residual drift. This is very desirable in a PPS pier as it is intended to be a
damage-free pier (zero-residual drifts).
Figure 7: Hysteretic response curves of the piers: (a) P, (b) PT, (c) PL15, and (d) PTL15.

Figure 8 shows hysteretic response curves of the piers with different values of Young’s
modulus for the elastic layer. It is seen that the models with both GFRP tubes and elastic layers reach higher lateral strength. For the piers, PL and PTL, (Figures 8a and 8b), larger
Young’s modulus of the elastic layers gives higher lateral strength; The maximum value of
base shear for Young’s modulus of 15 GPa are 200 and 273.8 kN, for the piers PL and PTL,
respectively.
Figure 8: The effect of Young’s modulus of the layer on the hysteretic response curves of the piers: (a) PL,
and (b) PTL.
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Figure 9 shows the stress at the toe of the bottommost joint (base joint), located between
the bottom segment and the foundation, for the piers P, PT, PL15, and PTL15. For the pier P,
after a few cycles of loading, the concrete crushes at the toe subject to high value of strain
(see Figure 3a), and consequently, an abrupt drop is seen in the compressive stress at very
small drifts, less than 1% (Figure 9a). Using GFRP tubes around the segments delays the
stress drop by adding confinement to the concrete (Figure 9b). Adding elastic layers to the
pier eliminates the sudden drop in the compressive strength of concrete (Figure 9c). The pier
with both GFRP tubes and elastic layers (Figure 9d) reaches to higher compressive strength
for higher values of drift compared to when using elastic layers only (Figure 9c). Figures 10
and 11 show the stress at the topmost, second bottom, and bottommost joints of the piers, PL
and PLT. For both piers, the bottommost joint experiences the highest stress and local damage
at their toes. The maximum values of stress is obtained for the models with Young’s modulus
of 15 GPa (PL15 and PTL15).
Figure 9: Compressive stress at the toe of the bottommost joint for the piers: (a) P, (b) PT, (c) PL15, and (d)
PTL15.

(MPa)

(MPa)
Stress on Toe,

Stress on Toe,

(MPa)
Stress on Toe,

Figure 10: The effect of Young’s modulus of the layer on the stress at: (a) the topmost joint, (b) the second
bottom joint, and (c) the bottommost joint of the pier PL.
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(MPa)

(MPa)
Stress on Toe,

Stress on Toe,

(MPa)
Stress on Toe,

Figure 11: The effect of Young’s modulus of the layer on the stress at: (a) the topmost joint, (b) the second
bottom joint, and (c) the bottommost joint of the pier PLT.

5 CONCLUSIONS
In this study, the effects of GFRP tubes and elastic layers on local damage of PPS piers
were investigated. Hence, an FE model including GFRP tubes around segments and elastic
layers in joints between segments were modelled using ABAQUS software.
It is found that elastic layers significantly reduce local damages at the joints, and GFRP
tubes improve the results for large drifts. The results also show that GFRP tubes increase
strength of the PPS piers, and both elastic layers and GFRP tubes give a zero-residual drift
for the pier. These conclusions are very promising in designing a damage-free PPS pier.
Hence, elastic layers need to be designed, and experimental tests need to be conducted for
further investigation and validation of the proposed strategy.
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Abstract. This paper compares the efﬁciency of two active control systems based on the same
control algorithm in protecting rigid block-like structures from overturning. The control algorithm is the Pole Placement Method that is aimed at transforming the rest position of a rigid
block into a stable equilibrium point. The two control systems differ in the position of the actuator driven by the active control algorithm. In the ﬁrst case, the block is placed on a horizontally
translating support that is connected to the ground by an actuator able to provide a controlled
displacement. In the second case, a small mass able to run at the top of the block is driven by an
actuator capable of applying a controlled displacement. This kind of protection system is commonly called Active Mass Damper. The effectiveness of the two control systems is analysed by
comparing the overturning spectra that represent the amplitude of the harmonic excitation able
to overturn the block versus its circular frequency. Several simulations have been conducted
using different recorded earthquakes to evaluate the performances of the two control methods
in the reduction of the rocking angle and the protection from the overturning of the block. The
results show the excellent performance of both the considered control systems.
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1

INTRODUCTION

The protection of rigid block-like elements such as obelisks, statues, storage boxes, transformers, cabinets, and racks for both civil and industrial use is a challenging topic for civil
engineers. The most common failure of such elements is the overturning caused by base excitation. Different techniques have been proposed to prevent such overturning. The majority of the
researchers proposed protection techniques that are based on passive control systems.
For example, in [1, 2], the authors studied the effectiveness of base anchorages. Some papers investigated the efﬁciency of base isolated systems [3, 4, 5, 6, 7]. Several authors used
mass-dampers that have been modeled either in the shape of a pendulum [8, 9, 10, 11] or as a
single degree of freedom mass running on the top of the rigid block [12, 13, 14]. Some papers
presented the coupling of rigid bodies with inerter devices [15, 16]. Lately, some researchers
studied the use of semi-active anchorages [17, 18], and active control techniques [19, 20, 21] to
increase the amplitude of base excitation required to topple a rigid block.
This paper compares the efﬁciency of two active control systems based on the same control
algorithm in protecting rigid block-like structures from overturning. The control algorithm is
the Pole Placement Method that is aimed at transforming the rest position of a rigid block into
a stable equilibrium point. In fact, in the classical rocking equations of rigid blocks based on
Housners model [22], the rest position is not an equilibrium point. The two control systems
differ in the position of the actuator driven by the active control algorithm. In the ﬁrst control
system, the block is placed on a horizontally translating support. Such support has a mass that
is negligible compared to the mass of the block and it is connected to the ground by an actuator
able to provide a controlled displacement. This protection system was already studied in [20].
In the second control system, a small mass able to run at the top of the block is driven by an
actuator capable of applying a controlled displacement. This protection system is commonly
called Active Mass Damper (AMD).
For both methods, the linearized rocking equations are used to derive the control laws. The
optimal coefﬁcients of the control laws are selected assuming the overshoot as the key parameter. Both the control systems exhibit a low sensitivity to the geometrical characteristics of
the rigid block so that the same optimized control coefﬁcients can be used for a wide class of
rigid blocks. The robustness of the two control systems is also investigated by considering the
limitations of the control forces and different sampling and delay times.
The effectiveness of the two control systems is analyzed by comparing the overturning spectra that are obtained with and without control. Such overturning spectra provide the amplitude
of the harmonic excitation able to overturn the block versus its circular frequency. Several
simulations have also been conducted using different recorded earthquakes to evaluate the performances of the two control methods in the reduction of the rocking angle and the protection
from the overturning of the block under seismic excitation.
The results show the excellent performance of both the considered control systems. Consequently, since the performances of the control systems are comparable for all the working
conditions considered, the choice between the two methods is dictated by the technical and
technological aspects of each speciﬁc application.
2

ACTIVE CONTROL METHODS

In both the control methods the mechanical system is a rigid block in the shape of a parallelepiped with a height 2h and a base 2b (Fig. 1). The base dimension orthogonal to the rocking
plane has unitary length. The mass of the block is M = ρ × 2b × 2h × 1.0, where the mass den-
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sity ρ = 1800kg/m3 . The block cannot slide, so its motion is described by only the Lagrangian
parameter θ(t) that is the rocking angle. In the ﬁrst control method, the block is placed on a
horizontally translating support. Such support has a mass that is negligible compared to the
mass of the block and it is connected to the ground by an actuator able to provide the controlled
displacement uB (t) (Fig. 1a). In the second control scheme, a small mass m, able to run at the
top of the block, is driven by an actuator capable of applying the controlled displacement uT (t)
(Fig. 1b).
The control algorithm used in this paper is the Pole Placement Method (PPM) that is aimed
at transforming the rest position of a rigid block into a stable equilibrium point. It is worth
observing that, the two rocking equations describing the motion around the two base pivots of
a stand-alone rigid block, do not admit the rest position (θ(t) = 0) as an equilibrium point. The
PPM algorithm makes the rest position a stable equilibrium point in both the rocking equations.
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Figure 1: Active control systems: (a) Base Active Control (BAC); (b) Top Active Control (TAC) or active mass
damper.

2.1

Base active control system

Since the active control system applied to the base of the rigid block and based on the Pole
Placement Method was already studied in [20], in this subsection only the main governing
equations are reported. The system shown in Fig. 1a can be described by the same equations of
a stand-alone block with an additional term due to the control device. The control displacement
uB (t) applies an acceleration üB (t) at the base of the block that works as the external excitation.
Hence, it appears in the equations of motion as a contribution added to external acceleration ẍg .
The equations of motion read




(JG + M R2 ) θ̈(t) + gM R sin (αcr − θ(t)) − M R cos (αcr − θ(t)) ẍg (t) + üB (t) = 0


(JG + M R2 ) θ̈(t) − gM R sin (αcr + θ(t)) − M R cos (αcr + θ(t)) ẍg (t) + üB (t) = 0
(1)
where g is the gravity acceleration; JG is the polar momentum evaluated with respect to the
mass centre G; αcr is the value of θ(t) in which the vertical projection of the mass centre G
passes through the base rocking corner; R is the distance between the mass centre G and the
base rocking corner.
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The control algorithm is obtained by linearising the equations of rocking motion with respect
to θ(t). This assumption leads to an excellent approximation in the case where θ(t) is very small.
This fact occurs in sufﬁciently tall blocks where θ has to be smaller than the critical angle αcr .
The Pole Placement Method has two main objectives: (i) to vanish the external excitation at
each instant and (ii) to make the rest position of the block a stable point. The ﬁrst objective is
achieved by providing a control force opposite to the external one to the system. For the second
objective, the rest position of the block can be considered a stable point if the Jacobian matrix
is modiﬁed in such a way that the eigenvalues have negative real part. The control law üB (t),
representing the control acceleration that the actuator has to apply to the system at each time t
reads

1
g
2
(2)
4 + q22
ϑ(t) − q22 ϑ̇(t)
4
ωo
where q22 is a control coefﬁcient that has to be determined. The sign (−) refers to the rocking
motion around the left corner, whereas the sign (+) refers to rocking motion around the right
corner.

üB (t) = ±gαcr − ẍg (t) −

2.2

Active mass damper system

The equations of motion of the controlled system in Fig. 1b are obtained via a Lagrangian
approach
2
+ u(t)) + h2m + 8hh
0.25 [θ (t)(4b2 (m + M ) + m(4u(t)(2b

 m ) + 4h (4m + M ))+
4m(2bθ̇(t)u̇(t) + u(t) g cos(θ(t)) + 2θ̇(t)u̇(t) − 2hü(t))+
4ẍg (t)(− sin(θ(t))(b(m + M ) + mu(t)) − h(2m + M ) cos(θ(t)))−
2mhm (g sin(θ(t)) + ü(t) + cos(θ(t))ẍg (t))]+
bg(m + M ) cos(θ(t)) − gh(2m + M ) sin(θ(t)) + JG θ̈(t) = 0

(3)
0.25 [θ̈(t)(4b (m + M ) + m(4u(t)(u(t) − 2b) +
+ 8hhm ) + 4h (4m + M ))−
2m(4bθ̇(t)u̇(t) + ghm sin(θ(t)) − 2gu(t) cos(θ(t)) + (hm + 4h) ü(t)−
4u(t)θ̇(t)u̇(t)) + 2ẍg (t)(2 sin(θ(t))(b(m + M ) − mu(t))−
(2h(2m + M ) + mhm ) cos(θ(t)))]−
bg(m + M ) cos(θ(t)) − gh(2m + M ) sin(θ(t)) + JG θ̈(t) = 0
2

h2m

2

where hm /2 is the vertical distance between the centre of the small mass m and the top of
the block (see Fig. 1b.) Also in this case the control algorithm is obtained by linearising the
equations of rocking motion with respect to the variables θ(t) as
Ż(t) = A1 (t)Z(t) + A2 + A3 ẍg (t) + A4 üT (t)
where Z(t) =
A4 read

2

θ(t) ϑ̇(t)

3T



A1 (t) =

(4)

is the state variables vector and the matrices A1 , A2 , A3 , and

0
1
2bm T
2
ω0 ∓ JA,B u̇ (t)
/

A3 =

0
ω02
g



0

/

; A2 =
⎧
⎨

; A4 = ⎩
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where ω02 = (hM + (2h + hm /2)m) g/JA,B is the linear frequency associated to the motion of
the block and JA = JB is the total polar momentum evaluated with respect to one of the base
rocking corners. The following control law is assumed:
A4 üT (t) = −A2 − A3 ẍg (t) − Q(t)Z(t)

(6)

where Q(t) is a weighting matrix


Q(t) =

0
1
u̇T (t)
ω02 q12 ω0 q22 ∓ J2bm
A,B



(7)

By introducing Eq. 6 into the linearised equations Eq. 4, the linearised controlled system becomes
Ż(t) = (A1 (t) − Q(t)) Z(t)

(8)

where the Jacobian matrix of the controlled system A1 (t) − Q(t) does not depend on time.
The linearised system Eq. 8 admits the rest position θ(t) = 0 as stable equilibrium point if the
eigenvalues of the linearised Jacobian matrix are real, negative, and coincident. This fact occurs
2
).
for the control coefﬁcient q12 = 1/4(4 + q22
By expanding Eq. 6, it is possible to observe that the control displacement uT (t) has to satisfy
the following differential equation:
üT (t) ∓ cu (θ̇)u̇T (t) ∓ c0 + cg (ẍg ) + cθ (θ) + cθ̇ (θ̇) = 0

(9)

where the coefﬁcients in the equation are
cu (θ̇) =
cθ (θ)
2.3

2bmg
θ̇; c0
JA,B −hM g
JA,B gω02
= 14 JA,B
(4
−hM g

=
−

J
ω02
bg 2 (M +m)
; cg (ẍg ) = JA,BA,B
ẍ
JA,B −hM g
−hM g g
JA,B gω0
2
q22
)θ; cθ̇ (θ̇) = 14 JA,B
q θ̇
−hM g 22

(10)

Ideal and real controlled system

The real working conditions of the controlled system differ from the ideal case because
(i) the control accelerations üB,T have to be limited to a threshold value that depend on the
characteristics of the actuator, (ii) the control device applies the accelerations üB,T with a delay
that depends on the characteristics of the control system, and (iii) the control algorithm is
obtained from the linearised equations of motion, hence it works sufﬁciently well with the
nonlinear mechanical system if the smallness of the rocking angle θ can be considered a valid
approximation.
It is considered that the actuators can reach the maximum acceleration üB
max = 0.2g and
üTmax = 2.0g, respectively for the base and the top active control system. Therefore, by taking
the moving mass of Fig. 1b m = γM , with γ = 0.1, it follows that the maximum control forces
B
T
= M 0.2g and Fmax
= m2.0g = γM 2.0g are equal. In the simulations performed in the
Fmax
paper, it is always considered this threshold value of the controlled accelerations.
As it is known, real control systems suffer of time-delays between the real time and the
application of the control displacement. One of the delays is the so-called sampling time δtc ,
which measures the time-step between two successive data acquisitions of the state variables
necessary to evaluate the control displacement. The other type of delay is the time-delay δtd ,
which is related to the speed of the control system and of the actuator to evaluate and to apply
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the control displacement to the system. An analysis to evaluate the robustness of the control
systems to a variation of the time-delays is performed below.
Both active control systems depend only on the coefﬁcient q22 (Eq. 2 and Eqs. 9-10). The
search of the optimal value of such coefﬁcient can be usually performed in terms of step response of the system ([23]). In a rigid block system the step input cannot assume any value
because the block overturns over a threshold of the base acceleration. Hence, a small constant
base acceleration, capable of uplifting the block but not sufﬁcient to overturn it, is considered.
The efﬁciency of the control system can be measured by evaluating the so called overshoot.
Under a step excitation, the block uplifts, reaches the overshoot, that is the maximum rocking
amplitude, and comes back to the rest position, thanks to the control apparatus. A parametric
analysis is performed in order to evaluate the overshoot as a function of the sole control coefﬁcient q22 , in both the considered control systems. Such parametric analysis provide the same
value of the control coefﬁcient q22 = 7 for both control systems.
3

UPLIFT AND IMPACT CONDITIONS

In order to correctly describe the behaviour of the system, the knowledge of the transition
conditions among the different possible phases of motion is needed. The system at hand presents
two transition conditions: uplift and impact.
The uplift condition provides the minimum base acceleration aup capable of uplifting the
block. It is assumed that the control system works after the beginning of the rocking motion.
The minimum value of the horizontal acceleration able to uplift the block can be obtained from
the balance between the resisting moment (due to the weight of the block) and the overturning
moment (due to the inertial forces).
During the rocking motion, when the rotation θ(t) approaches to zero, an impact between
the block and the support occurs. Consequently, the pivot of the rocking motion changes and it
is necessary to evaluate the angular velocity of the block after the impact. Post-impact conditions of the rocking motion can be found assuming that the impact happens instantly, the block
position remains unchanged, and the conservation of the angular momentum is imposed.
3.1

Base Active Control system

Since the control system works only after the beginning of rocking motion, the uplift and
impact conditions are the same as those of a stand-alone rigid block. The uplift condition reads
g
(11)
λ
where λ = h/b is the slenderness of the block. An uplift occurs around the left (right) base
corner when aup > 0 (aup < 0).
The impact condition provides the following restitution coefﬁcient
|aup | ≥

(JO − 2bSy )
ϑ̇+
=
(12)
μ=
−
JO
ϑ̇
where JO is the polar inertia of the block with respect one of the two base corners; Sy = ±M b
(sign minus in case of re-uplift around the left base corner, sign plus in case of re-uplift around
the right corner) is the static moment of the block with respect to a vertical axis passing through
one of the two base corners and superscript (·)− and superscript (·)+ denote pre- and post-impact
quantities respectively.
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3.2

Top Active Control system

The acceleration able to uplift the system can be found from the balance between the resisting
and the overturning momenta as
|aup | ≥

(M + m)bg


M h + m 2h +

hm
2



(13)

An uplift occurs around the left (right) base corner when aup > 0 (aup < 0). By imposing the
conservation of the angular momentum before and after an impact, both evaluated respect to the
re-uplifting corner, the following restitution coefﬁcient is obtained:






4 JO − 2bSy + m −b2 + 4h2 + u(t)2 + mh2m + 8hmhm
ϑ̇+


μ=
= 
ϑ̇−
4 JO + m b2 + 2bu(t) + 4h2 + u(t)2 + mh2m + 8hmhm

(14)

It is worth observing that, if m = 0 the uplift and the impact conditions given by Eq. 13 and
Eq. 14 becomes the same as those of a stand-alone rigid block.
4

PARAMETRIC ANALYSIS

4.1

Harmonic excitation

An harmonic base excitation is ﬁrst considered. It reads
ẍg (t) = As sin (Ωt)

0 ≤ t ≤ tmax

(15)

where Ω = 2π/Ts is the circular frequency of the excitation, Ts is the period of the harmonic
cycle, As is its amplitude, and tmax = 10s is the maximum time used in the numerical integrations. The assessment of the efﬁciency of the two control algorithms in protecting the block
from the overturning is performed by comparing the results obtained with those of the uncontrolled system. A parametric analysis is performed to obtain overturning spectra, where the
overturning amplitude As of the excitation is plotted versus the frequency Ω. The single overturning spectrum is obtained for blocks with ﬁxed base 2b, ﬁxed slenderness λ, and ﬁxed upper
B
T
= Fmax
(as explained in Subsection 2.3).
limit of the control forces Fmax
The overturning spectra referring to two blocks with different geometrical characteristics are
shown in Fig. 2. Speciﬁcally, the spectra in the ﬁrst row of the ﬁgure refer to a block with
2b = 0.4 m and λ = 5, whereas the spectra in the second row refer to a block with 2b = 0.6 m
and λ = 7. Figure 2a shows the spectra of both the blocks obtained for three different couples of
time delays and where the Base Active Control (BAC) is used. As can be observed, the spectra
obtained for different time-delays are very close to each other. This means that the BAC system
manifest a good robustness to time-delays. In Figure 2b the spectra of both blocks with the Top
Active Control (TAC) and different time-delays are reported. The results show that the TAC
system is more sensible to time-delays than the BAC system. This means that the TAC does not
manifest a good robustness to time-delays. However, when the time-delays increase (from the
dashed curve to the dotted curve), the distance among the spectra reduces.
Finally, the comparison among overturning spectra with the BAC system, the TAC system,
and with No Active Control (NAC) are shown in Fig. 2c. These spectra refer to a ﬁxed couple
of time-delays (δtc = 0.1s and δtd = 0.05s), that refer to a control apparatus of mean characteristics as in [17] and [18]. As can be observed, both the control systems exhibit a better
performance than the case without active control. Nevertheless, the TAC system assures the
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best performances in reducing the overturning of the block, since for each frequency Ω of the
harmonic excitation the overturning of the block occurs for higher amplitude As of the excitation.
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Figure 2: Overturning spectra: (a) spectra of the Base Active Control (BAC) system obtained for different timedelays; (b) spectra of the Top Active Control (TAC) system obtained for different time-delays; (c) comparison
B
T
B
T
among spectra for ﬁxed time-delays (Fmax
= Fmax
, Fmax
= 0.2M g, Fmax
= 2.0mg, m = γM , γ = 0.1).

4.2

Seismic excitation

Two earthquake records are used as seismic input. The earthquake records are
• Kobe, Takarazuka-000 station, ground motion recorded during the 1995 Japan earthquake;
• Parkﬁeld, CO2-065 ground motion recorded during the California earthquake 1966.
Figure 3 shows the time-histories (left graphs) and the pseudo-acceleration elastic spectra
(right graphs) of the two earthquake records. The results of the parametric analyses are shown
by means of rocking maps that represent the contour plots (for a single seismic record) of the
maximum rocking angle in the parameter plane (2b − λ). The regions where the block overturns
(i.e., where the maximum rocking angle is θmax = π/2) are colored in dark grey; the regions
where the block does not overturn are colored in light grey, and the contour levels represent the
maximum values of θ(t). For each earthquake, the rocking maps of the two control systems and
the map obtained without active control are compared. In the analysis, the sampling time and
time-delay are assumed as δtc = 0.1s δtd = 0.05s, respectively, as in ([17] and [18]).
In Fig. 4 the rocking maps are organized in matrix form. Along the two columns there are the
maps of the earthquake records (Kobe and Pacoima), whereas the rows refer to NAC, BAC, and
TAC. As can be observed, the active control systems drastically reduce the overturning regions
(dark grey regions) with respect to the case without active control. However, the TAC appears to
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Figure 3: Time-histories (left graphs) and pseudo-acceleration elastic spectra (right graphs) of the earthquakes
analysed: (a) Kobe; (b) Parkﬁeld.

be able to extend the safety region (i.e., the regions where no overturning occurs) to the whole
parameter (2b − λ) plane. In fact, the BAC is not able to protect the block from overturning in
the whole parameter plane under Kobe earthquake, as done by the TAC (see maps of the second
row in Fig. 4).
Fig. 5 shows sections of the rocking maps that help to understand the efﬁciency of the control
systems in reducing θmax . The sections are identiﬁed by paths I and II in Fig. 4. Speciﬁcally,
Fig. 5a shows the two section along path I, referring to Kobe earthquake, obtained for the Base
and the Top Active Control systems. Instead, Fig. 5b shows the two section along path II,
referring to Parkﬁeld earthquake, obtained for the BAC and the TAC systems. As can be can
be observed, the use of the TAC system generally leads to values of θmax smaller than those
obtained by using the BAC system.
5

CONCLUSIONS

The performances in protecting rigid blocks from the overturning of two different active control systems, both based on the same active control algorithm (i.e., the Pole Placement Method),
were investigated and compared. In the ﬁrst control system, the block is placed on a horizontally
translating support that is connected to the ground by an actuator able to provide a controlled
displacement. In the second control system, a small mass able to run on the top of the block
is driven by an actuator capable of applying a controlled displacement. The control algorithm
based on the Pole Placement Method acts both vanishing the external excitation at each instant
by imposing a control force opposite to the external one and making the rest position of the
block a stable point by suitably modifying the Jacobian matrix of the system and its eigenvalues. A preliminary analysis that considers the overshoot as key parameter was performed to
evaluate the optimal coefﬁcients of the control law for the two systems. The optimal value of
such coefﬁcients weakly depends on the parameters characterizing the mechanical system and
is the same for the two different control systems.
The effectiveness of the two control systems was analysed by comparing the overturning
spectra that represent the amplitude of the harmonic excitation able to overturn the block versus its circular frequency. Results showed that both control systems signiﬁcanlty improve the
behaviour of the rigid block with respect to the case without control. Nevertheless, if on the
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Figure 4: Rocking maps for two different earthquakes (Kobe e Parkﬁeld) and three different conﬁgurations: No
Active Control (NAC), Base Active Control (BAC), and Top Active Control (TAC).

one hand, the Top Active Control system manifests better performances than the Base Active
Control system, on the other hand, this last exhibits an higher robustness to time-delays. Other
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Figure 5: Sections of rocking maps for two different earthquakes (Kobe e Parkﬁeld) and two different conﬁgurations: Base Active Control (BAC), and Top Active Control (TAC); (2b = 0.6 m).

simulations were also conducted using two recorded earthquakes to evaluate the performances
of the control methods in the reduction of the rocking angle and the protection from the overturning of the block. The results showed the excellent performance of both the considered
control systems. To conclude, since the performances of the control systems are comparable for
all the working conditions considered, the choice between the two methods is dictated by the
technical and technological aspects of each speciﬁc application.
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Abstract
This paper presents uniform risk spectra for negative stiffness systems that do not exhibit
hysteretic damping, named Negative Stiffness Bilinear Elastic (NSBE) systems. The NSBE oscillator can be used to describe the dynamics of deformable rocking systems with or without
restraining systems flexible enough to lead to an overall negative stiffness. It can also be used
to describe rocking systems equipped with curved extensions at their base. It has been shown
that the response of an NSBE system can be well predicted using the response of a Zero Stiffness Bilinear Elastic (ZSBE) system, which is a bilinear system of constant restoring force.
The ZSBE system is a single parameter system; therefore it is simple to construct design spectra for it.
For a wide range of ZSBE system strength values, this paper employs Incremental Dynamic Analysis using 105 ordinary (non-pulse-like, non-long-duration) ground motions to obtain
the fragility functions for predefined limit-states of the ZSBE seismic response. Fragility functions per limit-state are convolved with the seismic hazard to compute the Mean Annual Frequency of exceedance (MAF). For this study, the seismic hazard curve for a site at Athens
Greece is used as it is obtained via probabilistic seismic hazard analysis. Finally, uniform
risk spectra per limit-state are obtained by computing the MAF for all the ZSBE oscillators.
These spectra can be used for the design of NSBE systems, including rocking oscillators.
Keywords: Uniform Risk Spectra, nonlinear dynamics, negative stiffness, rocking, rocking spectra
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1

INTRODUCTION

Rocking has been proposed as an alternative design method in seismic prone regions because it reduces foundation moments and results in resilient structures [1-19]. Differently
from structures designed to yield, rocking systems present negative lateral stiffness after uplift.
The negative stiffness value of the free-standing block is defined by its geometry (Fig. 1).
Its negative stiffness, however, can be modified by the introduction of restrainers flexible
enough to keep the post-uplift stiffness negative (Fig. 2a) [3, 5, 13, 20-22], or by equipping
the blocks with extended curved ends (Fig. 2b) [14, 15]. These solutions increase the maximum displacement the rocking system can achieve before overturning, without affecting its
uplifting force. The flexible restrainers also act as a redundant mechanism for the rocking
structures, a desired mechanism by practicing engineers.

Figure 1. Free-standing rigid rocking block.

Figure 2. (a) Restrained rigid rocking block, and (b) Curved-base rigid rocking block.

Seismic codes adopt the uniform hazard spectrum concept. The spectrum is constructed using a probabilistic framework and provides seismic actions with a given probability of exceedance. Recently, Luco et al. [23] proposed the Uniform Risk Spectra (URS), which
provides seismic actions that results in structures with uniform risk of damage and/or collapse,
an indicator much more meaningful for decision makers and users of the designed structure.
Both the uniform hazard spectrum and uniform risk spectrum are useful tools that allow
engineers to design structures by only estimating its fundamental period and damping ratio.
The elastic spectra, however, cannot be used for designing rocking structures [24]. The inherent negative stiffness of rocking systems would oblige engineers to carry out time-consuming
time history analyses when designing such structures.
Reggiani Manzo and Vassiliou [25, 26] have observed that rocking systems having the
same uplift force and being far from their failure point will exhibit roughly equal displace-
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ment demand, independently of their post uplift stiffness. Therefore, the displacement of rocking structures of uplift force fup can be computed using as a proxy the displacement of a bilinear oscillator of uplift force fup and infinite displacement capacity (Zero Stiffness Bilinear
Elastic (ZSBE) oscillators). This simplification allows the construction of spectra for a range
of negative stiffness systems: free-standing rocking frames, restrained rocking frames, or
rocking frames with curved ends. Therefore, the design of negative stiffness systems can be
accomplished using a spectrum and avoiding time history analysis.
In an attempt to propose a simplified design methodology for negative stiffness systems
that also introduces the uncertainty of seismic action, this paper presents uniform risk spectra
for rocking structures, using the ZSBE oscillator proxy.
Previous studies have presented fragility curves for rocking structures [27-37], which also
consider the random characteristic of seismic actions. Theses curves, however, were constructed using complex models, or in other cases, considering the classical description of the
motion of rocking blocks by its tilt angle. Neither approach allows the construction of a single
rocking spectrum that covers all range of systems with negative post-uplift stiffness. On the
other hand, the uniform risk spectra proposed herein can be used for any system that presents
negative post-uplift stiffness and does not present hysteretic damping.
2

THE ZERO STIFFNESS BILINEAR ELASTIC SYSTEM (ZSBE) AS PROXY
FOR NEGATIVE STIFFNESS BILINEAR ELASTIC SYSTEMS (NSBE)

2.1

The Negative Stiffness Bilinear Elastic System

The Negative Stiffness Bilinear Elastic (NSBE) system can describe the dynamics of freestanding (Fig.1), restrained (Fig.2a), and curved-based (Fig.2b) rocking structures, or any other deformable system that presents negative post-uplift stiffness and does not exhibit hysteretic damping.
Fig.3 presents the NSBE oscillator, and its displacement-restoring force relationship. Up
until uplift, the system behaves linearly with a positive stiffness (kpos), representing any deformability the system might present before uplifting. After uplifting, the tangent stiffness becomes negative (kneg). The displacement capacity (ucap) is defined not by material failure, but
by the displacement where the restoring force becomes negative. Therefore, for an unrestrained rocking column, the displacement capacity is equal to its width.

Figure 3. (a,b) NSBE system; and (c) its displacement-restoring force relationship.

Based on its displacement-force relationship (Fig.3c), the oscillator’s equation of motion is:

m  u(t )  fup 

u (t )
uup

m  ug (t ) , u (t ) d uup
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§ ucap  u (t ) ·
m  u(t ) r fup  ¨
¸
© ucap  uup ¹

m  ug (t ) , u (t ) ! uup

(2)

The upper sign in Eq.2 corresponds to positive displacements, and the lower sign to negative displacements.
Impact damping is the only source of energy dissipation, implying that the ends of the
rocking element are protected from damage [38]. When the system’s displacement equals to
the uplift displacement (uup), the integration is halted, and its post-impact velocity is calculated by a coefficient of restitution (rc):
rc

u postimpact

(3)

u preimpact

Herein, a coefficient of restitution equal to 0.95 is assumed, corresponding to relatively
slender structures.
2.2

The Zero Stiffness Bilinear Elastic System

Fig. 4 presents the displacement-force relationship of the Zero Stiffness Bilinear Elastic
(ZSBE) system. The system presents the same equation of motion and assumptions of the
NSBE system when its displacement capacity tends to infinity, resulting in a system with zero
post-uplift stiffness (kneg = 0).
The ZSBE can be used as a proxy for the prediction of the response of the NSBE [25,26].
Hence, studying the response of a ZSBE of a given fup and uup suffices for the description of
the response of all NSBE of the same fup and uup, independently of their ucap. Therefore, spectra providing umax of the ZSBE as a function of fup for a given uup can be used for the design of
NSBE systems. Fig. 5 presents such a spectrum, extracted from Reggiani Manzo and Vassiliou [26]. It refers to uup=0.0005m and it gives the median response for a set of ground motions
selected and scaled as discussed in [26].

Figure 4. Displacement-restoring force relationship of the ZSBE systems.

2.3

Equal Displacement and Equal Energy Rules for Negative Stiffness Systems

Reggiani Manzo and Vassiliou [25, 26] proposed that the displacement demand of NSBE
and ZSBE systems can be related by two different rules: the Equal Displacement rule and the
Equal Energy rule.
The Equal Displacement rule assumes that the NSBE and ZSBE system will experience the
same displacement demand (Fig. 6a):
udem , NS

udem , ZS o J ED
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Figure 5. Design spectrum for negative stiffness systems.

In which, ȖED is the ratio of the displacement demand of the NSBE system (udem,NS) to the displacement demand of the ZSBE system (udem,ZS).
The Equal Energy rule assumes that the displacement-force curves of both systems produce the same work. In other words, it assumes that the shaded areas of Fig. 6b are equal.
Therefore, the ratio (ȖEE) of udem,NS to udem,ZS is:

J EE

udem, NS

ucap

udem, ZS

udem, ZS



ucap  uup
udem, ZS



ucap  2  udem , ZS  uup
udem, ZS

(5)

Figure 6. (a) Equal Displacement rule; and (b) Equal Energy rule.

3

PROBABILISTIC FRAMEWORK

Using the ZSBE proxy, the uniform risk spectrum for negative stiffness systems is a plot of
the displacement demand of the system as a function of its normalized strength, in which all
ordinates of the plot present the same mean annual frequency (MAF) of exceedance (Fig. 7b).
It can also be interpreted as an iso-MAF contour plot of the seismic risk surface, which is a
3D plot of the probability of exceeding a displacement demand for a range of systems with
different normalized strengths (Fig. 7a).
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Figure 7. (a) Seismic risk surface with an iso-MAF contour plot highlighted; (b) Uniform risk spectrum.

The calculation of the probability of exceedance, also known as risk assessment, can be
performed using the risk integral, the same framing equation of PBEE (Performance Based
Earthquake Engineering) framework [39]:

OLS

O EDP ! EDPC

³P

EDP ! EDPC | IM  d O IM

(6)

In Eq. 6, ȜLS is the mean annual frequency (MAF) of exceeding (i.e., violating) a limit state
(LS). P(EDP > EDPC | IM) is the fragility function, which represents the probability that the
engineering demand parameter (EDP) exceeds the capacity threshold of EDPC associated with
LS for any given level of the ground motion intensity measure (IM), and Ȝ(IM) is the MAF of
exceeding a given value of IM, which can be retrieved from the site-specific seismic hazard
curve.
In this paper, the maximum horizontal displacement of the system, or as mentioned before,
the displacement demand, was adopted as EDP. Note that Eq.6 gives a single-point of the
seismic risk surface. To construct the complete surface, the equation had to be evaluated for
several limit states and a range of systems with different normalized uplifting strength. Herein,
the probability of exceedance was calculated for 3001 limit states, ranging from 0 to 3m, in
steps of 0.001m; and 301 different systems with a normalized strength varying from 0.1 to 1.0,
in steps of 0.05.
Based on Eq.6, ȜLS combines the structural response and the seismic hazard at the site. The
fragility function, or vulnerability analysis, gives us information about the structural response
of the system, connecting the EDP to the IM. Given that all results are conditioned on the IM,
the IM has to be carefully chosen [40]. The adequate IM for rocking structures, however, is
still an open discussion in the engineering community [27–30, 36]. Herein, the peak ground
velocity (PGV) was adopted as IM, with further studies pending.
Incremental dynamic analyses (IDA) [41] were carried out to obtain the fragility functions
for each predefined limit state and different system. A set of 105 ordinary (non-pulse-like,
non-long-duration) ground motions was used in each incremental dynamic analysis. The
ground motions were gradually scaled so that their PGV is equal to
PGV > 1: 0.5 : 20 , 25 : 5 : 200 @ cm/s , in which PGV is the geometric mean of the PGV
of the two horizontal components x and y of the individual ground motion:
PGV

PGVx  PGVy

(7)

The model considers only planar response. Therefore, the nonlinear dynamic analysis was
carried out only for one of the components of each ground motion (arbitrary component); the
component was once chosen randomly, and then used for all analyses. After carrying out the
analyses for all different scales and ground motions, the fragility function for each limit state
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and system can be easily obtained on an EDP-basis or an IM-basis approach [40]. Here, the
first was employed where for each IM-step value (stripe) the probability of exceeding the deterministic EDP capacity threshold is calculated as:
P EDP ! EDPC | IM

number of records with EDP ! EDPC
total number of records

(8)

The second curve necessary for the convolution represented by Eq.6 is the site-specific
seismic hazard curve. In this study, a seismic hazard curve for a site at Athens, Greece was
assessed via the open source platform OpenQuake [42]. The 2013 European seismic source
model [43] was used for the calculations. The site-specific seismic hazard curve for the PGV
is presented in Fig. 8.

Figure 8. Site-specific seismic hazard curve for PGV in Athens, Greece.

At last, after carrying out the vulnerability analysis for all desired systems and limit states,
the uniform risk spectrum for a given MAF can be obtained as a cross-section of the seismic
risk surface.
4

RISK ASSESSMENT

Herein, uniform risk spectra for quasi-rigid ZSBE systems (uup = 0.0005 m), computed using the probabilistic framework of the previous section, is presented.
4.1

Fragility Curves

As the first step of the vulnerability analysis, fragility curves were computed for the different limit states and systems. As mentioned before, the ground motions were gradually scaled
in stripes of PGV > 1: 0.5 : 20 , 25 : 5 : 200 @ cm/s . A finer discretization for smaller values
of PGV was necessary because low PGV ground motions might have small overturning potential, but they have large probability of occurrence resulting in significant contribution to
the convolution of Equation 6.
Fig. 9 presents the fragility curve obtained using a coarse mesh (ranging from 1 to 100
cm/s, in steps of 5 cm/s) and using the finer mesh for a system with normalized strength
fup/(mg) = 0.15 and limit state of 9.0 cm. Because the fragility curve is created by a linear interpolation between the values for which the probability was calculated, the coarse mesh cannot capture the peaks and troughs as accurately as the finer mesh. If the risk quantity is
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calculated using both fragility curves presented in Fig.9, the one with the coarse mesh overestimates the risk by 12%.

Figure 9. Fragility curves obtained for coarse and fine mesh.

4.2

Uniform Risk Spectra

Fig. 10 presents the uniform risk spectra for negative stiffness systems with 2%, 10%, and
50% probability of exceedance in 50 years, for a site in Athens, Greece. These probabilities
correspond to a MAF of 0.0004, 0.0021, and 0.0139 per year, as given by Eq. 9, in which p is
the probability of exceedance and T, the number of years considered.
MAF

 ln(1  p )
T

(9)

It can be observed that the spectrum with smaller probability of exceedance (2% in 50
years) predicts larger displacement demands, while the spectrum with larger probability of
exceedance (50% in 50 years) predicts smaller displacement demands.
The figure also depicts an interesting characteristic: if the curves were scaled by two distinct factors at x- and y-axes, they would collapse into a unique curve. This a very remarkable
characteristic that might allow negative stiffness systems to be designed for different performance scenarios using a unique curve.

Figure 10. Uniform risk spectra for negative stiffness systems with 2%, 10%, and 50% probability of exceedance
in 50 years, for a site in Athens, Greece.
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5

CONCLUSIONS

This paper presented uniform risk spectra for negative stiffness systems, using the ZSBE
proxy. It explains in detail the probabilistic framework necessary to construct such spectra,
highlighting possible source of errors. It presents uniform risk spectra for three probabilities
of exceedance: 2%, 10%, and 50% in 50 years. The uniform risk spectrum, however, can be
computed for any given MAF and site, following the framework presented herein.
Interestingly, it seems that the uniform risk spectra for different MAF can be scaled in the
x- and y-axes, collapsing to a unique curve. This characteristic would make the design of negative stiffness systems even simpler: one “master” curve could be use to design negative stiffness systems with different displacement capacities for different performance scenarios.
Further studies are still necessary on which is the adequate intensity measure to be adopted
for these spectra.
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Abstract
Free-standing multidrum stone columns are widespread elements in archaeological areas. The
present study aims at investigating the behavior of these elements under seismic excitations. The
dynamic behavior of free-standing multidrum columns is greatly affected by geometrical properties,
constitutive materials, state of preservation, and amplitude and frequency of the seismic action. The
first step of the research involved a wide and detailed survey for the definition of the mean
geometrical properties affecting the seismic behavior of these columns in the archeological Pompei
site. To this end, a wide range of grey-tuff columns (103 elements) from four different areas of the
site involving private and public areas, were investigated. Then, numerical analyses were carried out
based on the Finite Element Method (FEM) to investigate the seismic behavior of such elements. A
column from the tetrastyle atrium of Casa del Fauno was selected for the analysis. The house is one
of the largest and most visited private buildings at the Pompeii archeological site. The selected
column presented deep degradation and needed specific and urgent attention for its assessment. In
the following, the detailed survey and the modeling phases of the investigated element are described
and the outcomes of the numerical analysis are reported and discussed.
Keywords
Pompeii archaeological site; cultural heritage; multidrum stone columns; geometrical properties;
seismic assessment
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1 INTRODUCTION
Understanding the seismic behavior of typical ancient structures is crucial for the conservation of
historical and archaeological assets. In particular, many important Greek and Roman archaeological
sites are located in the Mediterranean area which is characterized by a notable seismic activity.
Columns are typical elements of ancient Greek and Roman architecture. In many cases, they were
built with dry-overlapped stone pieces, namely the drums, placed above a stylobate, and typically
carrying the load transmitted by a stone architrave or a wooden beam. Nowadays, multidrum stone
columns are often free-standing elements, i.e. with no axial load except for their self-weight.
When subjected to a seismic motion, the single drums can rock and slide independently or in
groups, resulting in a complex and highly non-linear behavior of the whole column. The first
systematic and landmark study on the analysis of the rocking response of a single rigid block was
proposed by Housner in 1963 [1]. From then, numerous investigations focused on the analysis of the
dynamic response of free-standing multidrum columns, by following analytical [2–5], experimental
[6,7], or more recent numerical approaches [8–11]. The main findings of these studies can be
summarized in the following points: i) when subjected to seismic excitation, multidrum columns
show many patterns of the rocking motion, whose number increase with the number of constituent
blocks, and continuously move from one of them to another, thus natural modes of vibration in the
classical meaning cannot be defined [12]; ii) the dynamic behavior of these elements is extremely
sensitive to even trivial changes of the parameters of the structure or seismic input; iii) the slenderness
and size of the columns affect their stability, with the higher slenderness, the higher the probability
of collapse, and the higher size, for the same slenderness, the higher the stability; iv) low-frequency
earthquakes are generally more dangerous than high-frequency ones [2,4,11,13]. Moreover, it was
found that this type of structure, if well-preserved, is generally able to sustain notable seismic inputs
[8,12]. However, typical forms of degradation can significantly affect the state of preservation and
the stability of these elements. These are: material degradation; the presence of cracks; missing
portions; deterioration of the contact surfaces among the drums; uneven profile of the column;
misplaced drums after their re-erection; permanent relative displacements among the drums caused
by past seismic events.
This paper presents a part of a wide study aimed at the investigation of the seismic vulnerability
of free-standing multidrum tuff columns at the Pompeii archaeological site. This was a part of a
scientific collaboration between the Archaeological Pompeii Park (PAP) and the Department of
Structures for Engineering and Architecture (DiSt) of the University of Naples Federico II aimed to
support the monitoring of the state of preservation of the columns at the site and the development of
programs of interventions. The investigation included 103 columns from four different areas of the
site. The first phase of the research involved detailed surveys, archival researches and visual
inspections to define the main geometrical properties of the columns and the most common forms of
degradation and damage, that may affect their seismic behavior. After that, an analysis of the seismic
behavior of such structures was implemented with a column from one of the largest and most visited
private buildings at the site, Casa del Fauno. Indeed, when the investigation has been started, the
selected column presented deep degradation and needed specific and urgent attention for its
assessment. The study was carried out based on the Finite Element Method (FEM). Eight seismic
records were selected for the analyses, to investigate the influence of different frequencies and
amplitudes of the seismic input. The following sections firstly focus on the main geometric
characteristics and common forms of degradation of the Pompeian multidrum tuff columns; then
discuss the modeling phases of the investigated element and the outcomes of the numerical analyses.
2 FREE-STANDING MULTIDRUM TUFF COLUMNS
According to the results of previous studies, the main geometrical properties and the state of
preservation of multidrum columns significantly affect their seismic response [1,12]. Therefore, the
following sections present the results of a systematic and detailed survey of a wide number of
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multidrum stone columns representative of a typical typology at the Pompeii archaeological site. In
particular, free-standing Corinthian and Doric tuff columns were studied.
2.1. Localization of the columns
This part of the investigation involved structures from four different private and public areas of
the site: a private house at Regio VI, Casa del Fauno (CF) and public areas at Regio VIII,
Quadriportico dei Teatri (Q), Palestra Sannitica (PS), and Foro Triangolare (FT) (Figure 1). Note
that the picture related to the Tetrastyle atrium of Casa del Fauno predates the recent restoration
intervention (January 2021), that allowed removing the lateral supporting props shown in the picture.

Tetrastyle atrium, Casa del Fauno (CF), Regio
VI, Insula 12.

Quadriportico dei teatri (Q), Regio VIII,
Insula 7.

Palestra Sannitica (PS), Regio VIII, Insula 7.

Foro triangolare (FT), Regio VIII, Insula 7.

Figure 1: Research areas.

As shown in Figure 1 several columns are incomplete and in a state of ruins. This was probably
related to the fact that throughout the excavation and/or the execution of later interventions certain
parts were significantly damaged. In detail, 55 out of 103 columns were complete, i.e. all the parts
from the base to the capital stand today, while the other 48 columns were incomplete, i.e. had missing
parts. One incomplete column was found at the tetrastyle atrium of the Casa del Fauno, for which
only the capital was missing. Table 1 reports the total number of investigated columns for each area
and the relative numbers of complete and incomplete elements.
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Table 1: Number of investigated columns for each area and complete and incomplete elements.

number of free-standing columns
number of complete columns
number of incomplete columns

CF
4
3
1

Q
54
28
26

PS
19
13
6

FT
26
11
15

Total
103
55
48

2.2. Geometry and state of preservation
The slenderness and the size of a column greatly affect its dynamic response [1,12,13]. The number
of constituting drums is also relevant because it affects the energy dissipation due to friction.
Literature studies showed that, on hard soil, it is possible to observe the effect of higher stability for
a higher number of drums [8,10].
Table 2 summarizes the mean geometric parameters and mass of the investigated complete
columns. In particular, Table 2 reports: the total height, H; the diameter at the base, d; the aspect ratio,
Η/d, which is a measure of the column slenderness; the quote of the center of mass, yCM; the distance
from the center of mass of the column to the circumference at the base, R, which is a measure of the
column size; the number of drums; the volume; the mass.
Table 2: Main overall characteristics of the complete columns.

Total height, H [m]
Diameter at the base, d [m]
Aspect ratio, Η/d [-]
Quote of the center of mass, yCM [m]
Distance center of mass - base perimeter, R [m]
Number of drums
Volume, V [m3]
Mass, Μ [kg]

CF
5.74
0.71
8.09
2.79
2.82
6
1.70
4407

Q
3.56
0.49
7.27
1.70
1.72
5
0.63
1634

PS
3.30
0.39
8.53
1.58
1.59
5
0.37
972

FT
3.99
0.53
7.50
1.88
1.90
5
0.85
2214

The presence of material degradation and damage must be also taken into account for structural
modeling since they can significantly alter the dynamic response of a multidrum column. Common
forms of degradation and damage were found among the investigated columns at the Pompeii site:
the presence of cracks; missing portions; contact surface between the drums reduced by weathering,
the presence of invasive and incompatible interventions (see Figure 2).
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(a)

(b)

(c)

(d)

Figure 2: Most common imperfections, damage and deterioration forms in the columns: the presence of cracks,
missing portions, reduced contact surface between the drums (a), (b), (c), invasive and incompatible interventions (b),
and (d).

3 INVESTIGATION OF THE SEISMIC RESPONSE OF MULTIDRUM COLUMNS
3.1. Description of the model
The analyses herein presented refer to one column at the Casa del Fauno. The analyses were
carried out with finite element modeling (FEM), by using the software Abaqus/CAE. Therefore, the
column was modeled as an assembly of overlapping deformable blocks, i.e. the drums. The geometric
characteristics used in the model are listed in Table 3.
Table 3: Geometrical parameters used in the model.

Free-standing multidrum column at the Casa del Fauno
h [m]
dinf [m]
dsup [m]
drum 1
0.55
0.73
drum 2
0.99
drum 3
0.11
drum 4
0.76
drum 5
0.17
0.66
capital
0.67
0.66
0.66
column
5.72
0.73
0.66
Each drum was modeled as an isotropic and elastic semi-conical solid (Figure 3 (a)) with material
properties defined based on information from the technical archive of the Pompeii archeological site
(Table 4).
Table 4: Material parameters used in the model.

Grey tuff
Bulk density, ρ [kg/m3]
1230
Elastic modulus, E [GPa] 4.5
Poisson ratio, ν
0.25
Coefficient of friction, μ
0.5
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The discretization of each drum was performed with 8-node hexahedra elements (Figure 3 (c)).
Each drum was partitioned into eight portions, to obtain a regular and correct formation of the meshes
(Figure 3 (b)).

(a)

(b)

(c)

Figure 3: The geometric model of a drum: semi-conical solid (a), partition in eight parts (b), and mesh configuration
(c).

The contact interaction between two consecutive drums was considered as governed by friction.
Thus, it was modeled by adopting the Mohr-Coulomb criterion for the tangential stress along the
surfaces, with dynamic coefficient friction equal to the static one (i.e. 0.5). This was consistent with
the assumption made in other literature studies showing that the value of the dynamic coefficient
friction has a negligible role in the analyses to capture columns seismic behavior [8,13]. Moreover,
the hard contact behavior was set for the interaction between the drums in the normal direction, with
compressive stress developed on the contact surface between two drums and zero stress when the
drums are not in contact. Finally, the interactions between consecutive drums and between the first
drum and the base of the column were defined by a “master” surface and a “slave” surface. A
boundary condition of fully fixed connection was applied at the base of the column as well as the
input seismic signals. Figure 4 shows the geometric assembly of the entire column; the defined
interactions between adjacent surfaces; the boundary condition of fully fixed connection at the base;
the application of a seismic input at the base; the final numerical model of the column with meshes.

(a)

(b)

(c)

(d)

(e)

Figure 4: Phases of the modeling process: assembling of the single parts of the column (a); definition of the
interactions between adjacent surfaces (b); definition of the boundary condition at the base (c); application of the
seismic input at the base (d); final numerical model of the column with meshes (e).
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Each analysis involved two steps: the assignment of the geometrical and material properties,
interactions and the acceleration of gravity; and the seismic input signal applied at the base of the
column. The analyses were performed according to the dynamic implicit method, with the time of
each step set equal to 0.005s. This latter was equal to the time step of the selected seismic records.
3.2. Seismic input motions
Eight seismic records with different frequencies and amplitudes were selected for the analyses: i)
Irpinia, Italy (1980), recorded at Sturno, close to the epicenter and ii) Irpinia, Italy (1980), recorded
at Torre del Greco, about 15km from Pompeii; iii); Molise, Italy (2002), recorded at San Severo,
about 50 km from the epicenter; L’Aquila, Italy (2009), recorded at v. Aterno – Centro Valle, close
to the epicenter; Kalamata, Greece (1986), recorded at Kalamata; Edessa, Greece (1990), recorded at
Edessa; Aigio (1995), recorded at Aigio; Athens, Greece (1999), recorded at Athens. Table 5 reports
the intensity measures and frequency content indicator of the seismic input motions selected for the
analysis. In particular, the intensity measures PHA, PHV and PHD represent the maximum vector
sums of the accelerations, velocities and displacements, respectively, in the two horizontal directions
of the seismic records. The predominant period, Tg, was evaluated as the period corresponding to the
maximum ordinate of the 5% damped pseudo-velocity spectrum.
Table 5: Intensity measures and frequency content indicator of the seismic input motions selected for the analysis.

PGA
PGV
PGD PHA* PHV* PHD*
Tg [s]**
[g]
[cm/s] [cm]
[g]
[cm/s]
[cm]
E-W N-S
Irpinia_Str
0.32
70.0
27.8
0.33
72.2
27.8
3.00 3.20
Irpinia_TdG
0.06
8.1
6.1
0.06
8.8
7.1
6.49 0.67
L’Aquila
0.66
42.7
6.8
0.77
46.7
6.8
0.67 0.50
Molise
0.06
2.1
0.3
0.06
2.4
0.3
0.50 0.38
Kalamata
0.27
31.7
6.5
0.35
38.5
6.7
0.67 0.55
Edessa
0.10
11.2
1.1
0.11
12.0
1.2
0.67 0.70
Aigio
0.52
51.3
8.3
0.53
51.3
8.6
0.55 0.55
Athens
0.31
16.9
2.1
0.38
16.3
2.9
0.65 0.22
*The maximum vector sum of the two relative components
**Predominant period corresponding to the maximum ordinate of the 5% damped relative
velocity spectrum
Seismic record

mean
3.10
3.58
0.58
0.44
0.61
0.68
0.55
0.44

4 RESULTS AND DISCUSSION
The model of the column of Casa del Fauno was excited with the eight selected seismic records.
To define the maxim ground acceleration sustained by the column for each seismic input without
collapsing, a specific parametric analysis was performed by progressively increasing a scale factor
applied to the intensities of the seismic records. Indeed, for each seismic input, the minimum value
of the scaling factor leading to the collapse of the column was determined. Table 6 summarizes the
outcomes of the analyses in terms of parameters of the seismic input motions leading to the collapse
of the column and the number of collapsed drums beside the capital.
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Table 6: Parameters of the seismic input motions leading to the collapse of the column.

Seismic record

Scaling factor

Irpinia_Str
Irpinia_TdG
L’Aquila
Molise
Kalamata
Edessa
Aigio
Athens

0.5
4
1.5
16.8
1.1
3.45
1.05
3.3

PHA
[g]
0.17
0.24
1.16
1.01
0.38
0.38
0.55
1.24

PHV
[cm/s]
36
35
70
41
42
41
54
54

PHD
[cm]
13.9
28.2
10.2
5.6
7.4
4.2
9.0
9.5

Collapsed parts
Capital and 2 drums
Capital and 4 drums
Capital and 2 drums
Capital and 2 drums
Capital and 3 drums
Capital and 2 drums
Capital and 2 drums
Capital and 1 drum

The studied column showed different dynamic responses for the different input motions. Seismic
motions with the higher predominant periods were found to be more dangerous, leading to the
collapse with lower values of PHA, and confirming fundamental conclusions found in previous
numerical and experimental studies [11,12]. Indeed, two records of the Irpinia earthquake,
characterized by a high value of Tg, led to the collapse with the lowest intensities. Moreover,
according to Italian territorial classification [14], the Pompeii site falls in a seismic zone whose
acceleration with a probability of exceeding equal to 10% in 50 years ranges between 0.15g and 0.25g.
Therefore, considering the maximum vectorial sum, PHA, ranging between 0.21g and 0.35g, only the
two records of the Irpinia earthquakes produced PHA at the collapse falling in this range or below it.
Figure 5 plots the value of the PHA that produced the collapse of the column for each seismic record,
represented by the value of its predominant period, and the range of expected PHA derived by Italian
seismic classification.
1.5

PHAc [g]
Athens

1.2

L'Aquila

0.9

Molise
IrpiniaTorre del
Greco

Aigio

0.6

Edessa

IrpiniaStrurno

0.3
Kalamata

Tg

0
0

1

2

3

4

5

Figure 5: PHA that produced the collapse of the column for each value of the predominant period corresponding to
the different seismic inputs and range of expected PHA derived by Italian seismic classification.

The responses were characterized by different combinations of relative sliding and rocking among
the drums. As assessed by previous studies [11], low-frequency earthquakes led to prevalent rocking,
while high-frequency earthquakes led to significant sliding. Indeed, as an example, Figure 6 shows
the displacements and velocities at the capital and base of the column under the Iprinia-Sturno and
Edessa records. Figure 7 shows the failure process of the column within the last four seconds until
the collapse. Both the records led to the collapse of the capital and two drums. However, the IrpiniaSturno record initially induced the rocking of the entire column as a single block, then the failure
process involved the rocking of the last two drums and the capital without permanent displacements
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in the standing part of the column. The second input (i.e. Edessa) induced relative sliding between
the drums, other than rocking. Unlike the first case, permanent relative displacements were produced.
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Figure 6: Displacements and velocities at the capital and base of the column under the Irpinia-Struno (a) and Edessa
(b) input motions.

t = 24 s

t = 25 s

t = 26 s
(a)
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t = 27 s

t = 22 s

t = 23 s

t = 24 s

t = 25 s

(b)
Figure 7: Failure process of the column under the Irpinia-Struno (a) and Edessa (b) input motions.

5 CONCLUSIONS
This paper presents a part of a wide study focused on the investigation of the seismic stability of
multidrum free-standing tuff columns at the Pompeii archeological site. The study involved, at first,
extensive surveys and visual inspection aimed at the knowledge of the main geometrical properties
and most common forms of degradation of such structures at the site. The study involved 103 greytuff columns from four different areas of the site in private and public areas, selected as representative
of typical column-type at the site. A study of the seismic behavior of one column from the tetrastyle
atrium of Casa del Fauno was performed. This structure was selected for the analyses since it showed
a high level of degradation and needed specific and urgent actions. The study was carried out based
on the Finite Element Method (FEM). The performed investigations led to the following main
conclusions:
x A considerable number of the surveyed columns were incomplete with missing parts, while 55
out of 103 columns were completely preserved;
x The main geometrical parameters of complete columns, affecting their seismic behavior ranged
between: mean aspect ratio, Η/d, 7.27m -8.53m; mean distance from the center of mass of the
column to the base perimeter, R, 1.59m - 2.82m; mean number of drums was equal to 5 or 6;
x Eight seismic records with different frequencies and amplitudes were selected for the
numerical analyses aimed at investigating one multidrum column seismic behavior; the
minimum scale factors applied to the intensities of the seismic records producing the collapse
of the column was determined;
x Two seismic records with the higher predominant periods were found to be most dangerous,
leading to the collapse with the minimum critical intensity measures, PHA. These intensity
values at the collapse fall into and below the range of expected values derived from the Italian
seismic zoning;
x The studied column showed different dynamic responses for the different input motions, with
low-frequency records leading to prevalent rocking and high-frequency ones leading to
significant sliding and permanent relative displacements among the drums.
Information on the geometrical properties and the state of preservation of typical archaeological
multidrum columns are useful for the assessment of the seismic vulnerability of these structural
elements. Further research could be performed to assess the effect of different geometrical properties
of the structures on their seismic behavior (i.e. slenderness and size of the column and number and
size of the drums) and different forms of degradation, particularly considering the presence of cracks,
missing portions, eroded surfaces, permanent relative displacements between the drums and/or
uneven profile of the column.
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Abstract. For rigid rocking models, energy dissipation relies solely on impact. Consequently,
the position of the impulse acting on the rocking body determines the magnitude of energy loss
and strongly inﬂuences the subsequent dynamic response. This paper evaluates the corresponding inﬂuence of the location of the vertical impulse on the dynamic behaviour of ﬂexible rocking
oscillators. The dynamic behaviour of a rocking ﬂexible oscillator is explored in this study with
an impact model that parametrically considers the position of impulse. The inﬂuence of the position of impulse on the expected energy loss during impact, and on the overturning stability of
the ﬂexible rocking oscillator are then examined. It is shown that the energy loss at impact reduces and the potential for overturning instability increases, for impulses located at increasing
distances from the future rocking corner.
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1

INTRODUCTION

The rocking problem of a rigid body was ﬁrst systematically studied by Housner [1] with
the inverted pendulum model (IPM). Several idealisations were made: the rocking body and
the support medium are rigid; sliding and complete separation of the body from the support
are prevented; the motion is restricted to be planar; dissipation of energy depends exclusively
on impact. The impulse forces at impact were assumed to act on the future rocking corner.
Consequently, the resulting energy loss can be described as a function of the geometry of the
rigid body, and is often quantiﬁed with a coefﬁcient of restitution parameter.
The coefﬁcient of restitution arising from the assumption of impulses being applied at the
future rocking corner was found to overestimate the energy dissipation during impact by various
experimental investigations [2, 3, 4]. Modiﬁed values for the coefﬁcient of restitution were
used in numerical simulations to achieve a better ﬁt with experimental data. A similar approach
was followed for ﬂexible oscillators by Acikgoz et al. [5, 6]. Kalliontzis et al. [7] modiﬁed
coefﬁcient of restitution in a different way. A new width of the body was adopted by noting the
varying location of the instantaneous rocking corner of the rigid rocking body. The coefﬁcient of
restitution was obtained by conserving angular momentum with the new future rocking corner.
Furthermore, coefﬁcient of restitution was noticed to be velocity-dependent [3, 4, 8].
However, Shenton and Jones [9] noted that conserving angular momentum with a point other
than the future rocking corner is not a necessity dictated by mechanics: they hinted the ratio of
the impulse at the future rocking corner and the one at the previous rocking corner can be a
non-zero value (though a ratio of zero was adopted). Chatzis et al. [8] further extended this observation and quantiﬁed the inﬂuence of the location of the vertical impulse on the overturning
stability of rigid bodies: the future rocking corner was determined to be the least conservative
location. These results have later been extended to stacked rocking bodies [10].
The aforementioned publications show that the modelling of coefﬁcient of restitution is of
signiﬁcant importance to model the dynamics of rigid rocking bodies. This paper is devoted
to exploring the inﬂuence of modelling the coefﬁcient of restitution for the ﬂexible rocking
oscillator. In particular, it investigates how the coefﬁcient of restitution is inﬂuenced by the
position of impulses, and how coefﬁcient of restitution further inﬂuences the rocking response.
2

ANALYTICAL MODEL

The model is illustrated in Figure 1(a). There are two masses: the top one is a concentrated
mass m with negligible rotational mass moment of inertia at point P; the bottom one is a concentrated mass mA with mass moment of inertia IA at point A. The bottom mass takes the form
of a rigid ‘U‘ structure with a centroid at A; while the top mass is connected to the ‘U‘ structure
by a spring (with stiffness, k) and a viscous damper (with damping coefﬁcient, c).
The body is symmetrical about a central vertical axis. The half width of the base is denoted
by b. The slenderness of the bottom mass, centroid, and top mass are given by αA , αcg , and α.
The height of the corresponding positions are hA , hcg , and h while their distances to either base
corner are given by RA , Rcg , and R, where cg refers to the centre of gravity.
There are three motion phases in this model: full contact phase, rocking around the left
corner o’, and rocking around the right corner o. The mechanical constraint for each phase
is illustrated in Figure 1(b)-1(d). Two degrees of freedom exist: the rotation of the body θ
and the lateral displacement u of the top mass. The system is subjected to horizontal ground
accelerations ẍg . Based on the mechanical constraints and excitations, the equations of motion
for each phase is derived using Newton’s law. They are similar to the ones proposed by Acikgoz
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Figure 1: Rocking model and phases.

and DeJong [11], with the difference of the bottom mass at non-zero height.
After obtaining the equations of motion, phase transition rules are deﬁned. There are two
types of transition: uplift and impact, with the former indicating a transition from full contact
phase to a rocking phase, and the latter a transition from a rocking phase to another rocking
phase or to a full contact phase.
During full contact, the reaction forces from the support medium move along the base of
the body. Uplift happens when the position of the vertical reaction force coincides with one of
the corners of the base. Uplift involves a smooth transition between two phases of motion. In
contrast, impact involves impulsive forces and features a non-smooth transition. The horizontal
impulse experienced by the top mass is zero, as the spring and damper cannot transmit impulsive
forces over an inﬁnitesimally small duration impact. Using this information and noting that
angular momentum is conserved around the locus of the impulsive force (located at a distance
λb from the future rocking corner) allows the calculation of the post-impact angular velocity θ̇+ .
The following equation expresses the coefﬁcient of restitution e which relates pre-impact and
post-impact angular velocities (i.e. θ̇+ = eθ̇− ) for the body transitioning from a pure-rocking
phase to another pure-rocking phase:

e=

IA + mA h2A + mu(∓b + u) + b(1 − λ)(−mA b − mb ± mu)
IA + mA h2A + mu(±b + u) + b(1 − λ)(+mA b + mb ± mu)

(1)

Here, the upper sign refers to transitions from rocking around the left corner to rocking
around the right corner, and the lower sign refers to vice versa. If e is positive, a new rocking
phases follows. A negative value is mechanically inadmissible; in this case, a transition to full
contact phase is assumed. For this to occur, e = 0 and this implies that λ attains a speciﬁc value
λ0 . In the absence of any horizontal impulsive forces applied to the top mass, its post-impact
velocity is determined by the conservation of horizontal momentum.
3
3.1

INFLUENCE OF IMPULSE POSITION ON ROCKING BEHAVIOUR
Dimensional analysis

To obtain the effects of the position of impulses on rocking behaviour systematically, dimensional analysis is employed. Single cycle sine and cosine pulses are used as excitations:
/
AP(ωt) t ≤ 2π/ω
(2)
ẍg =
0
t > 2π/ω
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where P denotes either sin or cos; A and ω denote the amplitude and frequency of the pulse.
Under the excitations shown in Equation (2), the response of the rocking oscillator can be
characterised by Equation (3).
(u, θ) = f (ωn , ζn , α, αA , ω, A, t, m, mA , IA , g, b, λ)

(3)

With 13 parameters and 3 fundamental dimensions involved, the two non-dimensional response parameters can be expressed by 13 − 3 = 10 non-dimensional parameters according to Buckingham’s Π theorem [12]. The chosen three repeating parameters are: p, g and
m,
7 while the Π groups are shown in Table 1. Note p is the frequency for rocking (p =
2
(m + mA )gRcg /(IA + mA RA
+ mR2 )). Thus, the dimensionless response parameters u/ucr
and θ/αcg can be obtained by Equation (4). ucr is a displacement used to nondimensionalise
lateral displacement, which corresponds to the critical lateral displacement when an undamped
).
body with a zero bottom mass height uplifts (ucr = ± (mA /m+1)gb
ω2 h
n

Table 1: Π groups
Π groups
Quantity

Π1
ωn /p

Π2
ζn

Π3
αcg

Π4
αA

Π5
ω/p

Π6
A/(g tan αcg )

Π7
pt

Π8
mA /m

Π9
2
IA /(mA RA
)

2
(u/ucr , θ/αcg ) = f (ωn /p, ζn , αcg , αA , ω/p, A/(g tan αcg ), pt, mA /m, IA /(mA RA
), λ)

3.2

Π10
λ

(4)

Coefﬁcient of restitution

The inﬂuence of the position of the vertical impulse, as expressed through the value of λ,
on the coefﬁcient of restitution can be estimated by evaluating Equation (1) numerically for a
chosen rocking body. After deﬁning the Π groups, a stocky but laterally ﬂexible body is chosen
to investigate the relationship between the coefﬁcient of restitution, the position of the impulse
and lateral displacement of the top mass at the moment of impact. The parameters chosen for
the rocking body are given in Table 2. The relationship between e, λ and u/ucr is illustrated in
Figure 2 for a range of plausible values.
Table 2: Simulation parameters for investigation of coefﬁcient of restitution
Figure 2

Π1
2.43

Π2
0.05

Π3
0.35

Π4
0.6

Π8
0.47

Π9
0.56

Π10
[0, 1]

Figure 2(a) shows that e is monotonically increasing with respect to λ. This can be conﬁrmed
to be true for all ﬂexible rocking bodies. The partial derivative of e with respect to λ is shown in
Equation (5) and is always positive. Thus, the increasing trend is conﬁrmed. Chatzis et al. [8]
established that the increase of λ within the expected physical bounds [0, 2] leads to an increased
coefﬁcient of restitution for rigid rocking bodies. It is shown the trend is the same for ﬂexible
bodies.
2(m + mA )b2 (IA + mA h2A ) + 2mmA b2 u2
∂e
=
∂λ
[IA + mA h2A + mu(±b + u) + b(1 − λ)(+mA b + mb ± mu)]2
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Figure 2: Illustration of the relation between e, λ and u/ucr .
Figure 2(a) indicates the noteworthy inﬂuence of lateral deformations u/ucr on the coefﬁcient of restitution e; while Figure 2(b) further investigates this relationship for an impulsive
force locus at the future rocking corner, i.e. when λ = 0. Coefﬁcient of restitution is clearly
not a monotonic function of lateral deformation according to Figure 2(b). The lateral displacement u at impact, can reduce or increase the coefﬁcient of restitution depending on its sign and
magnitude.
For the example given in Figure 2, e is greater than 1 in some cases (e.g. λ = 1, u/ucr = −2).
However, different from the rigid body scenario, an e greater than 1 does not necessarily mean
gaining energy during impact. Similarly, an e smaller than 1 can still lead to increase of energy.
Furthermore, e with λ = 0, u/ucr = 0 is much smaller than Housner’s coefﬁcient of restitution.
This mainly reﬂects the effect of the absence of horizontal impulse applied at the top mass.
3.3

Stability analysis

A slender body is chosen to examine the inﬂuence of the impulse locus on overturning instability. The parameters are presented in Table 3. In the experiment by Espinosa [13], it is noticed
λ = 0.3 is a reasonable value for the speciﬁc ﬂat-base steel body placed on a sufﬁciently-stiff
rubber mat. According to this, only three values of λ around 0.3 are included (0, 0.2, 0.4) in
the following simulations. Figure 3 shows the stability diagram of a stiffer body; while Figure
4 illustrates that of a more ﬂexible body. For both bodies, a sine and a cosine pulse excitation
is applied separately. Each point on the diagram corresponds to the result under a pulse with
a speciﬁc nondimensional frequency (horizontal axis) and nondimensional amplitude (vertical
axis). Three types of results are involved as indicated in Figure 3(a) (annotations are omitted
in other ﬁgures as the location of different types of results are similar): mode 1 failure (overturning with one or more impacts), mode 2 failure (overturning without impact), safe case (no
overturning). It can be seen from all the ﬁgures that an increase in λ leads to an expansion of
mode 1 failure area.
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Table 3: Simulation parameters for stability analysis
Π1
Figure 3(a) 2.43
Figure 3(b) 2.43
Figure 4(a) 9.82
Figure 4(b) 9.82

8
7
6
5
4
3
2
1
0

Π2
0.05
0.05
0.05
0.05

Π3
0.15
0.15
0.15
0.15

Π4
0.28
0.28
0.28
0.28

Π5
[0, 6]
[0, 6]
[0, 12]
[0, 6]

8
7
6
5
4
3
2
1
0

mode 2
mode 1
safe

0

1

2

3

4

5

6

Π6
[0, 8]
[0, 8]
[0, 24]
[0, 10]

0

1

(a) Sine pulse

Π8
0.47
0.47
0.47
0.47

2

Π9
0.56
0.56
0.56
0.56

Π10
0, 0.2, 0.4
0, 0.2, 0.4
0, 0.2, 0.4
0, 0.2, 0.4

3

4

5

6

5

6

(b) Cosine pulse

Figure 3: Effects of position of impulse on stability (flexible case).
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Figure 4: Effects of position of impulse on stability (stiff case).
The stability of the ﬂexible rocking bodies is less sensitive to the change of λ under cosine
pulse excitations. The trends are similar in Figures 3 and 4, indicating that the inﬂuence of λ on
the stiff and ﬂexible oscillators are qualitatively similar.
The increasing λ leads to more instances of overturning for the investigated ﬂexible bodies,
similar to the results obtained for rigid bodies [8]. In the rigid case, a reduced dissipation of
energy can be predicted by the increase of λ since it directly determines energy loss. However,
both rotational motion and lateral motion need to be considered to estimate energy loss at impact
for the ﬂexible body. Thus, a numerical example is chosen to demonstrate the total energy
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Figure 5: Time history example.

dissipation. The investigated rocking body is identical to the one shown in Figure 3(a), and its
properties are provided in Table 3. The excitation that was considered is a sinusoidal pulse with
ω/p = 5.3 and A/(g tan(αcg )) = 5.
Figure 5(a)-5(b) show the time histories for rocking angle and total energy, which are all in
normalised forms. Note that Eref is the potential energy difference between the unstable and
stable equilibrium points of a rigid body with a similar geometry [11]. It can be seen from the
inset ﬁgure in Figure 5(b) that less energy was dissipated for larger λ, which leads to failure of
the rocking body for λ = 0.4.
To generalise this result further, the total energy dissipation is investigated analytically. The
following equation (6) shows the dissipated energy during impact (Ed ); while the following
equation (7) shows the partial derivative of Ed with respect to e, which is always negative for
e > 0. Therefore, the dissipated energy is a monotonically decreasing function of e. Since a
greater λ invariably leads to a greater e, the dissipated energy also decreases with the rise of
λ. Therefore, it is reasonable to postulate that an increase in λ is likely to increase the risk of
overturning for most types of excitations.
Nonetheless, due to the coupling between u and θ, it is possible for the rocking body to
go directly from rocking into full contact [11]. The energy based considerations above do not
account for this behaviour.
1
2
Ed = − (IA + mA R A
+ mb2 + mu2 )(e2 − 1)(θ̇− )2 ∓ mbu(e2 + 1)(θ̇− )2
2

(6)

∂Ed
2
+ m(b ± u)2 ]e(θ̇− )2
(7)
= − [IA + mA RA
∂e
It is also possible that a chosen value of λ may lead to an overall increase of the energy of the
system during impact. Such values need to be avoided as the system would be gaining energy
during impact. Similarly to [10], it is possible for this to happen for values of λ smaller than
unity.
4

CONCLUSIONS
• A ﬂexible rocking model and an impact model parametrising the location of the vertical
impulse during impact is introduced.
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• The effect of the position of the impulse on the coefﬁcient of restitution is analytically
and numerically examined, through studying the effect of changing the parameter λ.
• As the vertical impulse moves away from the future rocking corner, less energy is dissipated during impact. This is likely to lead to a higher risk of overturning instability.
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Abstract. This study focuses on structural systems which are particularly attractive for bridge
design. Speciﬁcally, it investigates the seismic performance of single-column bridges, which are
either conventionally designed, with the column monolithically connected with the ground (i.e.
ﬁxed-base), or designed with the column-footing system able to uplift and exhibit planar rocking
motion during an earthquake. Conventionally designed bridges sustain considerable damage
at the column ends after severe earthquakes. Seismic damage often determines whether the
bridge remains functional after a seismic event. On the contrary, rocking design implies that a
structure under seismic loading performs rigid body rotation around pre-deﬁned pivot points.
Thus, in principle, it relieves the structure from excessive deformations and damage. However,
rocking isolation is not often applied in bridge engineering practice, mainly due to the lack of
thorough understanding of its dynamic (seismic) performance and its potential post-earthquake
ﬁnancial beneﬁts. This paper redirects our attention to the main beneﬁts of rocking design
over the conventional (ﬁxed-base) design and conducts a comparative study between the two
design methodologies in terms of their seismic losses and resilience in the aftermath of severe
seismic hazard scenarios. The analysis reveals the mitigated seismic losses and the remarkable
resilience that rocking design offers compared to the conventional (ﬁxed-base) design after all
the examined seismic hazard scenarios. The above ﬁndings reinforce the potential of the rocking
design as an alternative seismic design paradigm for future bridge engineering applications and
serve as the basis for a more rational and holistic seismic assessment of single-column rocking
bridges.
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1

INTRODUCTION

Conventional bridge seismic design implies the column remains ﬁxed with its foundation,
and subsequently with the ground, offering the necessary strength and ductility to the structure
to withstand seismic forces and avoid collapse. After severe earthquakes though, such a design concept leads to sustainable seismic damage and, thus, residual displacements. Seismic
damage is an important measure of post-earthquake functionality that often dictates whether a
bridge remains operational following a seismic event. On the other hand, rocking design allows
the structure to uplift and pivot during an earthquake relieving the structure from stresses and
subsequently seismic damage. The seminal work of Housner [1] ﬁrst revealed the beneﬁts of
rocking design over the conventional (ﬁxed-base) design after the Chilean earthquake in 1960,
and many studies have followed [2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17], among
others.
The structural conﬁguration of Fig. 1(a), in which the column is monolithically connected
with the ground (i.e. ﬁxed-base), is widely used for bridge design. On the contrary, the conﬁguration of Fig. 1(b) is designed in such a way that the column is monolithically connected
with the footing (or base) but the column-base system can detach from the (assumed rigid)
ground when subjected to a ground motion. Hence, the rocking structural system of Fig. 1(b) is
gaining momentum as an alternative bridge design paradigm, since it combines the beneﬁts of
rocking isolation with the merits of the accelerated bridge construction method. To illustrate
its superior behavior, various studies have compared its seismic performance with the pertinent
performance of its ﬁxed-base counterpart [18, 19, 20, 21, 22, 23, 24, 25], and references therein.
This work is motivated by the lack of analytical studies that thoroughly evaluate the postearthquake performance of the rocking system of Fig. 1. Hence, it extends the well-established
performance-based earthquake engineering framework to compare the post-earthquake performance of the conventional design method with the rocking design in terms of: (i) the accumulated seismic (repair) losses, and (ii) the resilience in the aftermath of severe seismic hazard
scenarios.
2

ANALYTICAL MODELLING

Fig. 1 illustrates the examined single-column structural systems. Fig. 1(a) shows the conventional (ﬁxed-base) design, while Fig. 1(b) illustrates the rocking column-base system that is
designed for bridges. Assuming rigid ground conditions and no sliding at the rocking interface
allow the structure of Fig. 1(b) to uplift and pivot during an earthquake exhibiting planar rocking motion. When the rocking structure of Fig. 1(b) remains in full contact with the ground,
from a dynamics perspective, it behaves as a single degree-of-freedom system (i.e. similar to
the ﬁxed-base structure of Fig. 1(a)). Thus, its motion is captured by the deformation of the
column u. After rocking commences, the motion of the rocking structure is captured by both
the deformation of the column u and the rocking rotation φ of the base [26, 27].
Consider the rocking oscillator of Fig. 1(b) with a concentrated mass m at height h. The
column has a total mass of mc and elastic stiffness of EI uniformly distributed along its
length. The rigid base has mass mb and width 2b, while its height is considered negligible
compared to its width. For simplicity, assume the lumped mass m creates no moment of
inertia, while the rigid base creates moment of inertia with respect to its center of mass equal to
Imb = (1/3) mb b2 .
The equations of motion of the rocking oscillator of Fig. 1 can be derived using the general
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Figure 1: Single-column bridge: (a) designed conventionally with the column monolithically connected with the
ground (i.e. ﬁxed-base); and (b) designed with the column-base system able to uplift and pivot during an earthquake

form of the Lagrange’s equation:
∂L
∂L
−
= Q,
∂ u̇
∂u

d
dt

∂L
∂L
−
=0
∂φ
∂ φ̇

d
dt

(1)

where L = T − V , with T the kinetic energy, V the potential energy and Q the generalized
force, whose mathematical derivations are omitted herein for brevity (see [25] for more details).
While the structure of Fig. 1(b) exhibits planar rocking, the equations that describe its motion
are [25]:




33
m + 140
mc ü + m + 11
m
hφ̈ =
40 c


 
33
3
−C u̇ − 3EI
u
+
m
+
m
u
−
sgn
(φ)
m
+
m
b φ̇2
(2)
c
c
3
h
140
8








−üg m + 38 mc cos φ + g m + 38 mc sin φ


m+

11
m
40 c






hü +

2
2
2
2
(Imb +
 mb b ) +m (h + b ) + mu − sgn (φ) 2mbu
33
+mc 13 h2 + b2 + 140
mc u2 − sgn (φ) 34 mc bu







φ̈ =



m uu̇φ̇ + sgn (φ) 2m + 34 mc bu̇φ̇
− 2m + 33
70 c


−sgn
(φ) (m+ mb + mc) b sin φ 

+ üg
− m + 12 mc h cos φ + m + 38 mc u sin φ


−sgn
(φ) (m+ mb + mc) b cos φ 

+g
+ m + 12 mc h sin φ + m + 38 mc u cos φ

(3)

whereas when it remains in full contact with the ground, the pertinent equation of motion becomes:




33
3EI
3
m+
(4)
mc ü = −C u̇ − 3 u − üg m + mc
140
h
8
where C is the damping coefﬁcient responsible for the energy dissipation while the structure
vibrates. ü and φ̈ denote the ﬂexural and angular acceleration, while üg and g are the ground
and gravitational acceleration, respectively.
Rocking initiates when the overturning moment due to the external forces exceeds the restoring moment of the structural system. Therefore, uplift occurs when [25]:
m + 11
m
40 c
±h
33
m + 140 mc



C u̇ + 3EI
u
h3

+üg m + 38 mc



∓ üg





1
m + mc h − g
2
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where the upper sign denotes clockwise (positive) rotations and the lower sign counter-clockwise
(negative) rotations.
When during rocking, impact occurs, φ = 0 and energy is lost. Following [28, 29, 25], this
work assumes that after impact the rocking structure remains in full contact with the ground and
uplifts when Eq. (5) is satisﬁed. Under this assumption and through conservation of angular
momentum, the post-impact ﬂexural velocity u̇+ can be expressed as [25]:


+

−

u̇ = u̇ +

Imb − mb b2 + mc −b2 + 13 h2 +


m+

33 2
u
140

11
m
40 c





+ m (−b2 + h2 + u2 )

h

φ̇−

(6)

where u̇− and φ̇− denote the pre-impact ﬂexural and angular velocity, respectively.
3

RESILIENCE-BASED EARTHQUAKE ENGINEERING ASSESSMENT

To evaluate the seismic performance of a structural system, the Paciﬁc Earthquake Engineering Research (PEER) Center formulated the performance-based earthquake engineering
(PBEE) framework [30, 31]. The PBEE framework encompasses four steps: (i) hazard analysis, (ii) structural analysis, (iii) damage analysis, and (iv) loss analysis. On the other hand,
the resilience-based earthquake engineering (RBEE) framework illustrated in Fig. 2 appears to
be a more holistic approach and it is considered as an extension of the PBEE in the design
process. Speciﬁcally, the RBEE additionally incorporates the post-earthquake functionality and
resilience of the structure, which are also important indicators to evaluate its seismic performance.

Figure 2: Resilience-based earthquake engineering framework

1629

Anastasios I. Giouvanidis and You Dong

100
10-1
10-2
10-3
10-4
10-5
10-6
0.01

0.1

1

10

Figure 3: Hazard curve (in logarithmic scale) for the area of focus after conducting probabilistic seismic hazard
analysis

3.1

Hazard Analysis

Assume that the examined structures of Fig. 1 are located in California laying on a strikeslip fault. The minimum and maximum moment magnitudes Mw are taken as 5.5 and 8,
respectively, while the shear wave velocity averaged over the top 30 m Vs,30 is 480 m/s. The
Joyner-Boore distance RJB is 5 km. The IM considered herein is the peak ground velocity
(P GV ) [32, 33]. The PSHA provides a sample of 1,000,000 P GV values of ground excitations
that are probable to appear in the area of focus [34]. To connect the earthquake events that are
likely to appear in the examined area (i.e. California) with their annual frequency of exceedance,
the Gutenberg-Richter recurrence law is adopted: log10 λM = 3.94 − 0.89M , where λM is the
frequency of the earthquakes with magnitudes greater than M . Fig. 3 plots the hazard curve
(in logarithmic scale) that provides the mean annual frequency of exceedance λM of every
earthquake that is likely to occur in the area of focus characterized by the adopted P GV .
3.2

Structural Analysis

This section investigates the seismic response of the single-column structural systems of
Fig. 1. Each structure is considered to be part of a two-span box-girder bridge of total length L
= 60 m and width W = 10 m. Assume that the total mass of the column is mc = 0.25m, while
the total mass of the base is mb = 0.17m. The lumped mass m is located at height h = 8 m.
The rocking structure of Fig. 1(b) has base-width 2b = 4.6 m and slenderness α = 0.28 rad.
In addition, the examined structural systems have identical natural frequency ωn = 8p, where
p = g/Rm is the frequency parameter of the rocking oscillator with Rm being the diagonal
distance of the lumped mass from the pivot point (Fig. 1(b)). The damping ratio ζ is taken
equal to 5% for the ﬁxed-base oscillator of Fig. 1(a). For the rocking oscillator of Fig. 1(b),
this study follows [27, 28] and assumes a constant damping ratio of 5% during rocking and a
reduced damping ratio value during full contact (see [27] for further details).
To conduct the structural analysis, appropriate engineering demand parameters (EDPs) need
ﬁrst to be deﬁned. The two EDPs are: (i) the absolute peak ﬂexural deformation |umax | normalized with respect to the height h, and (ii) the absolute peak rocking rotation |φmax | normalized
with respect to the slenderness α.
EDP1 =

|umax |
h

EDP2 =

1630

|φmax |
α

(7)
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Figure 4: Seismic response analysis of (a) the ﬁxed-base bridge bent of Fig. 1(a), and (b) the rocking bridge bent
of Fig. 1(b)

Each of the structural systems of Fig. 1 is subjected to a series of strong ground motions
adopted from the Paciﬁc Earthquake Engineering Research (PEER) Center database [35]. The
database covers a wide range of both pulse-type and nonpulse-type ground motions with magnitudes 6 ≤ Mw ≤ 8 and distance from the fault Rrup ≤ 50 km. To induce higher levels of
demand, a scale factor of 1, 1.25 and 1.5 is, respectively, assigned to the accelerograms of
the adopted database. Therefore, 960 response-history analyses are conducted for each of the
examined structural systems of Fig. 1.
Fig. 4 illustrates the seismic response of both structural systems of Fig. 1. As a ﬁrst approach,
Fig. 4 reveals that uplift considerably reduces the structural deformation |umax |/h and therefore
damage at the column. However, it makes the structure prone to excessive rocking rotations
|φmax |/α, and thus, overturning. Therefore, Fig. 4 reveals the importance of a proper design for
a rocking bridge bent to avoid overturning (or collapse) and at the same time minimize structural
damage at the column.
3.3

Damage Analysis

The seismic response of a structure is related to the damage occurred at the structure through
appropriate damage measures. When excessive damage occurs, the structure collapses (or overturns for the case of a rocking structure) and subsequently it needs to be reconstructed. This
work assumes that damage is occurred only at the column of the structure due to seismic forces.
To quantify the seismic damage on the ﬁxed-base structure of Fig. 1(a), this section adopts
the damage limit states (or limit values of column damage) proposed by [37, 36], according to
which damage is categorized into four levels/states, i.e. slight, moderate, extensive and complete. Table 1 presents the damage limits states of the ﬁxed-base structure of Fig. 1(a).
On the other hand, the seismic response of the rocking structural system can be adequately
described by three damage limit states. This work adopts the damage limits states proposed in
[25], which proposed damage limit states for rocking bridge bents based on equivalence of their
ﬂexural deformation (|umax | /h) with the pertinent deformation of their ﬁxed-base counterparts.
Table 2 presents these damage limits states. In Table 2, ucr is the critical deformation of the
column when rocking initiates (i.e. when the condition of Eq. (5) is met), and φcr is the critical
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Figure 5: Fragility curves of (a) the ﬁxed-base bridge bent of Fig. 1(a), and (b) the rocking bridge bent of Fig. 1(b)
with respect to the adopted intensity measure

rotation for which the structure becomes dynamically unstable [27].
Based on Tables 1, 2, this section employs the the maximum likelihood estimation approach
[38] to estimate the probability of the examined structural systems to exceed the certain damage
limit states. Fig. 5 plots the fragility curves of the structures of Fig. 1. Note from Fig. 5
and Fig. 4 that, uplift mitigates both structural deformations and the structure’s probability to
excessive rocking rotations and thus overturning.
3.4

Loss Analysis

The structural damage of the examined structures of Fig. 1 accumulated in the aftermath of
a seismic event is connected with the seismic losses through decision variables such as: (i) the
seismic (repair) losses, (ii) downtime, i.e. the time that is required for the bridge to restore its
functionality, and (iii) resilience, i.e. the ability of the bridge to sustain a level of functionality
Damage
limit
state

Capacity limit Damage description [37]
[36]

LS1

|umax |
h

= 0.005

Slight concrete cracking and spalling at the column. Onset of
yielding of the reinforcing bars. Column in operational condition (damage requires no more than cosmetic repair)

LS2

|umax |
h

= 0.010

Moderate concrete cracking and spalling at the column. Damage to the exposed reinforcing bars. Minimal residual displacements. Column is still operational (column is structurally
sound, damage is repairable)

LS3

|umax |
h

= 0.020

Extensive ﬂexural damage at the column in the form of buckling
and/or fracture of the longitudinal reinforcing bars, transverse
steel loss, etc. Considerable residual displacements. Column is
not operational (column is structurally unsafe, damage is considerable and repairs are immediate)

LS4

|umax |
h

= 0.025

Complete damage and collapse of the column (column and the
whole bridge need to be reconstructed)

Table 1: Damage limit states of the ﬁxed-base bridge bent of Fig. 1(a).

1632

Anastasios I. Giouvanidis and You Dong

Damage
limit
state
LS1

Capacity limit [25] Response
mode
|umax |
h

=

LS2

|φmax |
α

= 0.35

LS3

|φmax |
α

= 1.5

ucr
h

Damage description [37]

Slight concrete cracking and spalling at the
column. Onset of yielding of the reinforcing
bars. Column in operational condition (damage requires no more than cosmetic repair)
Moderate concrete cracking and spalling at
the column. Damage to the exposed reinforcing bars. Minimal residual displacements.
Column is still operational. Damage at the
pivot points and the abutments due to rocking
motion (column is structurally sound, damage is repairable)
Moderate concrete cracking and spalling at
the column. Damage to the exposed reinforcing bars. Minimal residual displacements.
Column is still operational. Damage at the
pivot points and the abutments due to rocking
motion (column is structurally sound, damage is repairable, the column-base system can
be reused after the applied repair methods,
the whole bridge needs to be reconstructed)

Rocking initiation



Safe rocking

φcr
α



Rocking
overturning

Table 2: Damage limit states of the rocking bridge bent of Fig. 1(b) [25].

for over a period of time.
Seismic losses are deﬁned as the sum of the seismic consequences weighted with their probability of occurrence. Therefore, the expected seismic losses under a given IM can be expressed
as [39, 40]:
E (l) =

n


Ci · PLSi|IM

(8)

i=1

where Ci represents the seismic consequences, e.g. the repair cost associated with the given
damage limit state i, and PLSi|IM is the conditional probability of the structure to be at the
given damage limit state (see Fig. 5). The seismic consequences associated with the given
damage limit states are assumed proportional to the reconstruction cost of the bridge [41, 39]:
Ci = RCRi · crec · W · L

(9)

where W and L are the bridge width and length, respectively. crec is the reconstruction
cost, which for the ﬁxed-base structure of Fig. 1(a) is translated into 2,306 $/m2 in present
monetary values [42]. RCRi is the repair cost ratio that corresponds to each damage limit
state. The repair cost ratios are expressed as a percentage of the reconstruction cost of the
bridge, and differ from damage limit state to damage limit state — the more severe the damage,
the larger the repair cost ratio. Tables 3, 4 present the pertinent repair cost ratio values for each
damage limit state of the examined structures of Fig. 1.
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Damage
Repair cost
limit
Repair methods description [43, 44]
ratio [37]
state
LS1

0.03

LS2

0.08

LS3

0.25

LS4

1

Repair slight concrete cracking/spalling at the
column (epoxy injection, patch with concrete,
etc.)
Repair moderate concrete cracking/spalling at the
column, repair damaged reiforcing bars (patch
with concrete, reinforce and recast, etc.)
Repair extensive concrete cracking/spalling at the
column, replace/repair longitudinal/transverse reinforcing bars (reinforce and recast, potential replacement of the column)
Demolition and reconstruction of the column and
the whole bridge

Downtime
(days) [37]
Mean Standard
deviation
0.6
0.6

2.5

2.7

75

42

230

110

Table 3: Repair cost ratio and downtime values for each damage limit state of the ﬁxed-base bridge bent of Fig. 1(a).

This study considers nine different seismic hazard scenarios with TR = 40, 72, 125, 225,
475, 975, 1,485, 2,475 and 4,975-year return period, which translate into a probability of 71%,
50%, 33%, 20%, 10%, 5%, 3%, 2% and 1%, respectively, that at least one such event will occur
in the next 50 years in the area of focus. The hazard curve of Fig. 3 provides the intensities in
terms of P GV values that correspond to the adopted seismic hazard scenarios, i.e. 0.37, 0.51,
0.65, 0.83, 1.08, 1.36, 1.53, 1.76 and 2.11 m/s, respectively. Fig. 6 presents a comparison
of the examined structural systems in terms of their expected seismic losses accumulated after
the considered seismic hazard scenarios. As a ﬁrst approach, Fig. 6 shows that for all of the
examined seismic hazard scenarios, the rocking bridge bent of Fig. 1(b) provides a signiﬁcant
post-earthquake ﬁnancial beneﬁt compared to its ﬁxed-base counterpart. In particular, even
after a severe seismic event (i.e. with TR = 4,975-year return period), the rocking bridge bent
yields seismic losses which correspond to around 50% of the construction cost of the structure
— a considerable post-earthquake ﬁnancial beneﬁt.

fixed-base
rocking

Figure 6: Expected (seismic) losses of the examined bridge bents of Fig. 1 in the aftermath of various seismic
hazard scenarios
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Damage
Repair cost
Repair methods description
limit
ratio [37]
state
LS1

0.03

LS2

0.08

LS3

1

Downtime (days)
[37, 45]
Mean Standard
deviation
0.6
0.6

Repair slight concrete cracking/spalling at the
column (epoxy injection, patch with concrete,
etc.)
Repair moderate concrete cracking/spalling at the 2.5
column, repair damaged reiforcing bars (patch
with concrete, reinforce and recast, etc.). Repair
damage at the pivot points and the abutments
Repair moderate concrete cracking/spalling at the 46
column, repair damaged reiforcing bars (patch
with concrete, reinforce and recast, etc.). Repair damage at the pivot points and the abutments. Reuse the column-base system after the
applied repair methods. Reconstruction of the
whole bridge

2.7

22

Table 4: Repair cost ratio and downtime values for each damage limit state of the rocking bridge bent of Fig. 1
[25].

3.5

Resilience Quantiﬁcation

Resilience, as a performance indicator, quantiﬁes the recovery (or restoration) functions of a
structural system following a seismic event. These recovery functions depend on the associated
damage limit states. For instance, a bridge completely damaged needs more time to restore its
functionality compared to a slightly damaged bridge. The resilience of the structural systems of
Fig. 1 can be quantiﬁed under the investigated time-interval (e.g. Δt = 365 days) as [46]:
1
R=
Δt

t0 +Δt

Q (t) dt

(10)

t0

where t0 indicates the time-instant the seismic event occurs, and Q (t) is time-variant functionality which herein is expressed as [47]:
Q (t) =

n


F Ri (t) · PLSi|IM

(11)

i=1

where PLSi|IM is the conditional probability of the structure to be at the given damage limit
state, and F Ri (t) denotes the functionality restoration process of the structure for each damage
limit state. This study models the functionality restoration process of the examined rocking
structure as a normal cumulative distribution function corresponding to each damage limit state
i [37]:


1
t − μd i
1 + erf √
(12)
F Ri (t) =
2
2σdi
where μdi and σdi represent the mean and standard deviation of the time during which the
bridge is under restoration (i.e. downtime). Table 3 presents values mean and standard deviation
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fixed-base
rocking

Figure 7: Resilience of the examined bridge bents of Fig. 1 in the aftermath of various seismic hazard scenarios
under the investigated time-interval of Δt = 365 days

values of downtime (in days) for the ﬁxed-base bridge bent of Fig. 1(a) proposed by HAZUS
[37]. To estimate the corresponding downtime values for a rocking bridge, Mantawy et al.
[45] experimentally compared the seismic performance of a rocking versus a conventionally
designed (ﬁxed-base) bridge. That study revealed that the construction time of the rocking
bridge is, on average, 5 times lower than the construction time of the ﬁxed-base bridge. In other
words, when the ﬁxed-base and the rocking bridge bent of Fig. 1 need to be reconstructed (i.e.
when LS4 in Table 3 and LS3 in Table 4 are exceeded), the downtime of the rocking structure
is considered as 1/5 of the downtime of the ﬁxed-base structure. Table 4 presents the pertinent
mean and standard deviation values of downtime for the rocking bridge bent of Fig. 1(b) [25].
Fig. 7 plots the resilience of each structural system and illustrates the dominance of the
rocking structure over the conventionally designed (ﬁxed-base) structure after all the examined
seismic hazard scenarios. Note that the resilience of the rocking structure starts deteriorating
only when a maximum considered earthquake occurs (i.e. with TR = 2,475-year return period).
On the contrary, the resilience of the ﬁxed-base structure is impaired even when a low intensity
earthquake occurs (i.e. with TR = 72-year return period).
In sum, Figs 6, 7 reveal the remarkable ﬁnancial beneﬁts (i.e. decreased seismic losses and
increased seismic resilience) that rocking design offers compared to the conventional ﬁxed-base
design, illustrating its potential as a seismic-avoidance design paradigm for bridges.
4

CONCLUSIONS

This work evaluates the seismic performance of structural systems, which are particularly
attractive for bridge design. It focuses on single-column bridge bents either monolithically connected with the ground (i.e. ﬁxed-base) or able to uplift and exhibit planar rocking motion during an earthquake. It extends the well-established performance-based earthquake engineering
framework to compare the examined structural systems in terms of their accumulated seismic
losses and resilience in the aftermath of severe seismic hazard scenarios.
The analysis reveals the considerably mitigated (seismic) losses of the examined rocking
structure compared to the pertinent losses of the ﬁxed-base structure, illustrating its potential
as an economically feasible design solution. Further, results show that even under an extreme
seismic hazard event, i.e. with 1% probability of occurrence in the next 50 years (i.e. TR =
4,975-year return period), the rocking bridge bent yields ﬁnancial losses equivalent to 50% of
the construction cost of the bridge — a considerable post-earthquake ﬁnancial beneﬁt. Further, this paper also unveils the remarkable post-earthquake resilience of the examined rocking
structure after various seismic hazard scenarios. Importantly, the rocking bridge bent sustains
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its resilience at the highest level till a maximum considered earthquake occurs (i.e. with TR =
2,475-year return period and 2% probability of occurrence in the next 50 years). On the
contrary, the resilience of the ﬁxed-base bridge bent is deteriorated even when a low intensity
earthquake occurs (i.e. with TR = 72-year return period and 50% probability of occurrence
in the next 50 years). The above ﬁndings redirect our attention to the main post-earthquake
beneﬁts of rocking design when used as a seismic isolation technique for bridges and pave the
way for a more rational and holistic seismic assessment framework of single-column rocking
bridges.
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Abstract
A storey comprised of free-standing columns that may uplift under ground motion excitations
can be regarded as a seismic isolation technique. These columns are referred to the literature
as “kinematic bearings” and have been used in Russia and the wider region of the former Soviet Union over the past 40 years. Despite the extensive use of kinematic bearings, there are
only limited studies based on the results obtained by the analytical solution of the dynamic
response of such structural systems. From this point of view, in the present study the dynamic
response of multi-storey structures placed on the top of a kinematic storey is examined. For
this purpose an analytical model that describes the dynamic response of such structures is
introduced. As long as the curved configuration of the ends of the kinematic bearings can affect the post-uplift stiffness of the kinematic storey, modal analysis is performed and the dynamic properties after the uplift are demonstrated. Subsequently, dynamic time history
analyses are performed and the effect of post uplift stiffness of the kinematic storey on the
displacement response of the base is investigated. Finally, the seismic demands of the superstructure, as well as their distribution throughout the storeys are examined.
Keywords: Rocking structures; Kinematic bearings; Seismic isolation;
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1

INTRODUCTION

The dynamic response of rigid blocks rocking on a rigid ground was first studied by Housner [1], who highlighted the parameters that affect the stability of rigid bodies which can be
uplifted under horizontal excitations. Since then, with the recognition of the remarkable properties of the rocking response, various forms of rocking systems have been studied, such as
flexible rocking oscillators on solid [2-6] and flexible ground [7, 8], rocking structures on the
foundations [9], rocking bridge piers [10-12], rocking frames[13-17], coupled conventional
structures with rocking walls [18-20] and seismic isolation by forming a rocking floor at the
base [21-24]. Despite the remarkable stability of free-to-rock large-scale systems, the basic
requirement for the practical application of rocking systems is the prevention of overturning
[25]. Along with the study of free rocking structural systems, the dynamic response of controlled and energy dissipative rocking systems have also been studied. Pre-tensioned tendons
[26-29] and energy dissipation mechanisms [30-32] have been implemented onto rocking systems in order to limit the seismic demands and increase the deformation capacity. At the same
time, due to the strongly non-linear behavior of the rocking motion, small changes in both the
rocking system and the ground motion parameters can lead to large variations in the response,
so that the study of the phenomenon under a probabilistic framework yields more reliable
conclusions [33]. To this end, various intensity measures have been proposed to describe the
influence of ground excitations on the response of rocking systems [34-39].
Although the rocking isolation design strategy has been implemented in a limited number
of bridges [40, 41] and tall chimneys [42], hundreds of rocking podium structures (RPSs)
have been constructed over the past 40 years in Russia and the wider region of the former Soviet Union [43]. RPSs are comprised of a superstructure placed on the top of a rocking story.
The freestanding columns of the rocking story, referred to as "kinematic bearings" in Russian
literature, can uplift under earthquake excitations, limiting the earthquake-induced loads on
the superstructure. A complete presentation of the application of kinematic bearings in conjunction with energy dissipation mechanisms in Russia is provided by Smirnov et al. [44],
while practical recommendations for the design of structures with kinematic foundations can
be found in Cherepinskiy's book on kinematic foundations [45].
The first detailed study of the dynamic response of structures seismically isolated using a
purely rocking floor at the base, considering that the superstructure behaves like a single degree of freedom elastic oscillator, was carried out by Bachmann et al. [21]. The developed
analytical model has also been verified by experiments [22]. Through the analytical model,
the forenamed study concentrates mainly on the investigation of parameters related to the stability of such systems, under pulse-type and natural seismic excitations. Based on the sdof
model of the superstructure, Bantilas et al. [23] investigated the parameters that affect the
elastic demands of RPSs. Later studies of Bantilas et al. [24] highlighted the critical effect of
the higher vibration modes on the dynamic response of RPSs consisted of multiple degree of
freedom (mdof) elastic superstructure. Due to the coupling between rocking and elastic vibrations, RPSs present a more complex response compared to solely rocking oscillators.
At this point, it should be emphasized that despite the wide use of kinematic bearings, their
dynamic response differs from that of purely rocking systems, since the bearing base of the
former is configured concave in opposition to the flat base of the latter. The aforementioned
configuration of the rocking base results in a rolling response of the kinematic bearing onto
the foundation, with positive or negative stiffness, before it starts to purely rock. An analytical
model of the dynamic response of rigid bodies rolling and rocking on rigid ground is presented by Bachmann et al. [46] and Bachmann et al. [47].
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In the present study an analytical model that describes the dynamic response of multistorey structures placed on the top of a rocking base comprised of kinematic bearings is presented. As long as the curved configuration of the ends of the kinematic bearings can affect
the post-uplift stiffness of the rocking storey, modal analysis is performed and the vibration
mode properties after the uplift are demonstrated. In addition, dynamic time history analyses
are performed on three typical multi-storey structures using the proposed analytical model.
Considering three different rocking columns configurations, the effect of post uplift stiffness
of the rocking storey on the response of the base is investigated. Finally, of particular interest
are also the determination of the magnitude and the distribution of the seismic demands
throughout the storeys of the superstructure. For this purpose the seismic demands of the nine
structural systems are also presented.
2

DYNAMIC RESPONSE OF ROCKING PODIUM STRUCTURES

In the present section, the analytical model of the dynamic response of frame structures,
seismically isolated using kinematic bearings, is presented. The model is based on the assumption that the superstructure can be described by a mdof elastic oscillator, fixed on the top
of a rocking frame comprised of kinematic bearings. The rigid frame consists of a cap beam
with mass mb and N freestanding columns with mass mc, semi-diagonal length R
H 2  B2 ,
rotational moment of inertia around its center of mass Icm, and slenderness Į = atan(B/H).
During the dynamic response, the rocking columns are considered to be in contact with the
cap beam and the ground, while the friction coefficient at the contact surfaces is large enough
to prevent any sliding. The idealization of the model is illustrated in Figure 1(a).

Figure 1: (a) Schematic representation of the analytical model, (b) geometric configuration of a typical kinematic
bearing, and (c) static pushover curves of the kinematic storey.

A typical configuration of the kinematic bearings that comprise the rocking storey is presented in Figure 1(b). After the uplift occurrence, the curved extensions at the ends of the
rocking columns result in the rolling response of the base storey before it starts to rock purely.
With reference to Figures 1(b) and 1(c), the post uplift stiffness during rolling response depends on the radius of curvature r of the extensions, while the wedge’s angle ȕ sets the limit
between rolling and rocking response. According to Bachman et al. [47], the critical rotation
of the rocking storey is given by the following equation:
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Tcr

tan D

ȡ d ȡ cr RYHUWXUQLQJduring rolling)
° arctan 1  2U ,
°
®
tan D '
°arctan
, ȡ ! ȡ cr RYHUWXUQLQJGXULQJURFNLQJ
°¯
1  2U(1  cos E)

(1)

where ȡ=r/(2H) is the non-dimensional radius of curvature of the extensions;
Ucr 0.5 1  tan D / tan D ' ; E arcsin tan D ' tan D 2U ;and tan Į' = B'/H (see Figure 1(b)).
The equations of motion of the RPS, as it is depicted in Figure 1 are expressed as follows:
§D
g
2KJV ·
2
T B 1  2J  2KJ  C ¨¨ g 1  2J 
A
¸¸  DT
R
R
M
R
tot
©
¹

t  &X t  .Xt
ȂX

(2)

ȂįDg  .įu b  &įu b

(3)

where A, B, C, and D are the coefficients listed in Table 1 for rolling and rocking response; Ȗ
is the mass ratio of the cap beam (mb) divided by the total mass of rocking columns (Nmc Ș
is the mass ratio of the superstructure (Mtot) divided by the mass of cap beam (mb ĮLVWKH
slenderness of rocking columns; ut , u t and ut are the displacements, velocities, and accelerations of the mdof oscillator with respect to the undeformed configuration of the system (see
Figure 1(a)); K and C are the stiffness and damping matrices of the mdof oscillator, respectively; įis the influence vector of the ground motion (į=1 Įg is the ground acceleration; and
u b and u b are the cap beam displacement and velocity, respectively. The base shear of the
superstructure (V) is given by:
V įȉ . X t  įu b  įȉ & X t  įu b
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mc R 2

and Io is the rotational inertia of the column with respect to the pivot point.
Table 1: Coefficients of the rocking storey equation of motion.

Until uplift occurs, the rocking base is assumed to remain inactive ( T T 0 ). Thus the superstructure behaves as a fixed base mdof oscillator, and the equations of motion are given by
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Eq. (3), considering u b u b 0 . When the horizontal overturning actions overcome the restoring forces of the RPS, uplift occurs, and the rocking story starts to roll. The uplift criteria
can be summarized as follows:
B

Dg
g

§
2KJ ·
2KJ
t ¨1 
V
¸ tan D B

J

J 0 tot g
1
2
1
2
©
¹

(5)

where V is the superstructure’s base shear given by Eq. (4) considering u b u b 0 . The upper
and lower signs define rolling initiation DURXQGWKHULJKW ș! DQGOHIW ș SLYRWSRLQWV
In the particular case where the superstructure is rigid, Eq. (2) and the coefficients of Table
1 results in the equation of motion of rigid rolling and rocking frames[47], whose cap beam
mass is equal to the sum of the mass of the superstructure and the mass of the cap beam of the
RPS. On the other hand, if ȡ=0, Eqs. (2) and (3) are equivalent to the equations of motion of
pure rocking RPSs [24].
In the rolling/rocking response of rigid blocks, energy dissipation occurs during impact
when the tilt angle of the rocking columns reverses the sign. The solution of the impact problem results in the coefficient of restitution of the rocking base, as well as in the post-impact
velocities of the floors of the superstructure as follows [24]:
c

§ T 
¨¨ 

©T

·
¸¸
¹

2
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where u -t and u t+ are the superstructure’s absolute velocity vectors before (-) and after (+) impact, respectively.
Rolling Phase (I)
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Table 2: Linearized matrices of Eq. (7) during rolling and rocking phase.

3

THE EIGENVALUE PROBLEM

In order to obtain the linearized equations of motion of a RPS once uplift occurs, the nonlinear terms of Eqs. (2) and (3) expand into Taylor series about the static rest position of the
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system (ș ș ut = 0u t = 0 and the higher order terms are omitted. The linearized equations of motion can be represented as follows:
,_ǿǿ
,_ǿǿ
L + C,_ǿǿ
 L + K ,_ǿǿ
M I|ǿǿ
L u
L u
L u L = -B ĮJ Į g W B FL

(7)

where uL = [ub,R ut]T and ub,R 5șLVWKHGLVSODFHPHQWRIWKHFDSEHDPLQGLUHFWLRQSHUSHQ
dicular to the diagonal of the rocking columns. The linearized matrices of mass (ȂL), damping (CL), stiffness (KL) as well as the load vectors (BĮJ) and (FL) during rolling (I) and
rocking (II) are given in Table 2.
The eigenvalues and eigenvectors that correspond to the vibration modes of the superstructure after uplift occurrence, as well as the eigenvalues correspond to the rocking and rolling
vibration modes are calculated following the process applied for RPSs consisted of purely
rocking columns by Bantilas et al. [24].
4

VIBRATION PRPOPERTIES

In order to study the modification of dynamic properties of typical structures of one to 10
floors isolated using kinematic bearings, the eigenvalue problem is solved numerically. Superstructures with shear displacement profile are considered. The construction of mass (M),
stiffness (K) and the damping (C) matrices is based on the procedure presented by Thermou
et al. [48] and has been also applied in RPSs [24]. Assuming that the superstructures are fixed
on the top of a typical rocking frame, which consists of rectangular columns ( ,R 4 / 3 ) of size
R = 1.5 m, slendeUQHVVWDQ Į   and WDQ Įǯ  Ȗ DQGFDSEHDPPDVVPb equal
WRWKHPDVVRIWKHVWDQGDUGIORRUP Ș Q WKHOLQHDUL]HGPDWULFHV ML), (KL), and (CL) are
FRQVWUXFWHG7KHQWKHHLJHQYDOXHSUREOHPLVVROYHGDQGWKHG\QDPLFSURSHUWLHV Ȧu,i anGȟu,i)
of the uplifted structures are determined. The amplification factors of the natural frequency
Ȧu,iȦȠL DQGGDPSLQJ ȟu,iȟȠL) that correspond to the first (i = 1) vibration mode of typical
superstructures from one to 10 floors (n = 1 ÷ 10) are presented in Figures 2. The amplification of the natural frequency is more intense during rolling phase compared to rocking phase.
Regarding the nondimensional radius of the curved extensions, superstructures placed on the
top of a rocking base with negatiYH ȡ ȡcr) RU ]HUR VWLIIQHVV ȡ 0.5) during rolling present
identical modification of their dynamic properties. However, kinematic bearings with positive
VWLIIQHVV ȡ .5) results in higher values of amplification. Regardless the radius of the curved
extensions, the damping amplification factors take lower values compared to corresponding
frequency ones.

Figure 3: Amplification factors of the natural frequency (left) and damping ratio (right) of the first vibration
mode, as a function of superstructure storeys (n) for rocking podium structures.
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In Figure 4 (Į) the eigenvalues (pext ) that correspond to the rolling and the rocking mode
IRU 536V ZLWK FROXPQV ZLWK QRQGLPHQVLRQDO UDGLXV RI FXUYDWXUH ȡ ^ȡcr, 0.5 and 1.5}, as a
function of size R, are presented. It has to be mentioned that these values correspond to the
frequency parameter of the rocking base during rolling and rocking. Moreover, in Figure 4 (ȕ)
the frequency parameter during rolling phase is presented as a function of the radius of the
curved wedges. The eigenvalues correspond to a six strorey superstructure (n = 6) with shear
deformation profile. In Figure 4 is also depicted, with dashed lines, the frequency parameter
(pˆ ext ) of a rigid rocking frame with cap beam mass is equal to the sum of the mass of the superstructure and the mass of the cap beam of the RPS Ȗtot=Ȗ Ș 7KHIUHTXHQF\SDUDPHWHU
p̂ ext is given by the following expression:
pˆ ext

(5)

pˆ k *I

where p̂ the frequency parameter of a rigid rocking frame without curved extensions at the
rocking columns; and k *I 2U  1 the dimensionless stiffness of the rocking base during rolling.
It is observed that the frequency parameter pext , which is calculated by the modal analysis,
is estimated with high accuracy by the frequency parameter p̂ext of the rigid rocking frame, in
cases of negative and zero stiffness ȡ    GXULQJ UROOLQJ SKDVH ,Q FDVH RI V\VWHPV ZLWK
positive stiffness, the frequency parameter values differ from the analytically calculated parameter, especially for small rocking columns (R < 1.5 m) with large radius of the curved exWHQVLRQV ȡ ! .5). Moreover, in structural systems with radius of curvature ȡ   WKH
frequency parameter take lowers values in rolling than in rocking phase. In the special case
ZKHUHȡ  ]HURVWLIIQHVV WKHIUHTXHQF\SDUDPHWHUWDNHYDOXH pext 0.
ȕ

Į

R=1.5 m

ȡ , Rolling phase

R=1.0 m

ȡ ȡcr , Rolling phase
Rocking phase

ȡ 0.5, Rolling phase

R=2.0 m

R=3.0 m

Figure 4: Frequency parameter Į as a function of size R and ȕ as a function of the wedge’s radius ȡ of a
seismic isolated six storey shear structure Ȗ Ș WDQ Į  WDQ Įǯ  and ǿȠ  ).

The effect of the superstructures flexibility on the frequency parameters is presented in Figure
5 (Į) and (ȕ) IRUQHJDWLYH ȡ ȡcr) and positive stiffness (ȡ  UHVSHFWLYHO\The frequency
parameter values of isolated shear superstructures with structural features R={1.00, 1.50, 2.00
and `PȖ Ș QWDQ(Į  WDQ(Įǯ  DQG ǿȠ  , are illustrated as a function of the number of the floors (n). In dashed lines the frequency parameter (pˆ ext ) of a rigid
rocking frame with curved extensions DQGEHDPVPDVVȖtot=Ȗ Ș LVDOVRSURYLGHGLQWKH)LJ
ures. The flexibility of the superstructure do not affect the frequency parameter values in case
of negative stiffness systems. However, in systems with positive stiffness during rolling, as
the flexibility of the superstructure increases the frequency parameter of the rigid rocking
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frame differs substantially from the values of the analytical solution, especially for rocking
columns of small size.
Negative Stiffness (ȡ ȡcr )

Į

Positive Stiffness (ȡ 1.5)

ȕ

R=1.0 m

R=1.0 m

R=1.5 m

R=1.5 m

R=2.0 m

R=2.0 m

R=3.0 m

R=3.0 m

Figure 5: Frequency parameter as a function of the number of the floors (n), of rocking base with (Į QHJDWLYH
and (b) positive stiffness during rolling phase.

The vibration mode eigenvectors of a typical three-story RPS (n = Ș = 3) isolated using
kinematic bearings are presented in Figure 6. Specifically, the vibration modes during rolling
phase, considering wedges with nondimensional radius of curvature ȡ={ȡcr, 0.5 and 1.5}, and
rocking phase are displayed. The dashed black lines correspond to the full-contact eigenvectors of the superstructure, while the continuous black lines correspond to the horizontal components of the uplifted state eigenvectors of the RPS. The elastic components of the uplifted
state eigenvectors are also presented in Figure 6 with continuous red lines. The calculation of
the horizontal components of the eigenvectors herein is presented by Bantilas et al. [24].
The vibration mode eigenvectors of the uplifted structures present a compound shape that
comprises an elastic component and a rigid body displacement due to the oscillation of the
superstructure and the rocking action, respectively. Moreover, during the pure rolling/rocking
vibration mode the elastic component eigenvector is negligible. Regardless the radius of the
curved extensions the eigenvectors are identical during rolling and rocking phase. In any case,
the magnitude of both the rigid body displacements of the uplifted state eigenvectors and the
natural frequency amplification factors indicate the coupling between the response of the
rocking base and the elastic vibration modes of the superstructure.
5

SEISMIC RESPONSE UNDER NATURAL GROUND MOTIONS

In this section, the seismic response of multi-storey structures seismically isolated using
kinematic bearings subjected to natural ground motions is examined. Specifically, the effect
of the stiffness of the rocking storey on the overall response of the PRS is investigated. For
this purpose, the three sets of ground motions proposed by FEMA P695 [49] are used to perform dynamic time history analyses.
Dynamic time history analysis are performed on three typical shear structures with number
of storeys n={3, 6 and 9}. The fundamental vibration period of the mdof oscillators is assumed to be given by the empirical relation Tt,1 = n/10. Rayleigh damping with critical dampLQJUDWLRȟ IRUWKHILUVWWZRYLEUDWLRQPRGHVLVFRQVLGHUHGIor the mdof oscillators. The
mass (M), stiffness (K) and damping (C) matrices are constructed based on the procedure applied by Bantilas et al. [24]. Every superstructure is considered to be fixed on the top of a
rocking storey comprised of rectangular columns ( Io = 4/3) with semi-diagonal length R =
1.50 m, slenderness tan(Į)={0.10, 0.15 and 0.20}and tan(Įǯ Âtan(Į), and curved extensions
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with nonGLPHQVLRQDOUDGLXVRIFXUYDWXUHȡ ^ȡcr, 0.5 and 1.5}. Moreover, mass ratios Ș/Tt = 10
and Ȗ = 10 are considered.
Ȧ u,1 Ȧ o,1 

Ȧ u,2 Ȧ o,2 

Ȧ u,3 Ȧ o,3 

p = 1.27 rad/s

Ȧ u,1 Ȧ o,1 

Ȧ u,2 Ȧ o,2 

Ȧ u,3 Ȧ o,3 

p = 0.00 rad/s

Ȧ u,1 Ȧ o,1 

Ȧ u,2 Ȧ o,2 

Ȧ u,3 Ȧ o,3 

p = 2.53 rad/s

Ȧ u,1 Ȧ o,1 

Ȧ u,2 Ȧ o,2 

Ȧ u,3 Ȧ o,3 

p = 1.76 rad/s

Figure 6: Vibration modes of a typical three-storey rocking podium structure ( ǿȠ  , 5 PȖ Ș 
WDQ Į and WDQ Įǯ  

The effect of curvature of the free standing column’s curved wedges on the seismic response of the rocking base is presented in Figure 7. Specifically, the maximum rocking response of rocking base with curved extensions (|șmax|/Į)ext, compared with the response of
rocking base without curved extensions (|șmax|/Į)flat is displayed. For small rocking rotations
(|șmax|/Į)flat < 0.5 the maximum response is almost identical. In general, the structures with
curved extensions present increased stability. Due to the high nonlinearity there are only few
cases where the structure without curved extensions develop finite rocking rotations
(|șmax|/Į)flat < 1, while the structure with curved extensions overturns. However, enhanced dis-
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placement capacity is achieved using columns with curved extensions. In Table 3 the rocking
overturn probabilities of the examined structural systems are listed. It is obvious that rocking
columns with curved extensions lead to significantly decreased probabilities of overturn.
Moreover, the increase of the stiffness of the rocking base (larger radius of curvature), as well
as the increase of the flexibility of the superstructure results in greater stability.
Negative Stiffness (ȡ ȡcr )

Zero Stiffness (ȡ 0.5)

Positive Stiffness (ȡ 1.5)

Figure 7: Comparison of the maximum rocking rotations between the isolated systems with with _șmax_Į
without _șmax_Į flat curves extensions, under the 100 natural ground motions of FEMA P695.

tan(Į)
0.10

0.15

0.20

Ș
3
6
9
3
6
9
3
6
9

Negative Stiffness
(ȡ=ȡ c r )
0.37
0.32
0.31
0.20
0.17
0.16
0.06
0.08
0.03

Zero Stiffness
(ȡ=0.5)
0.34
0.33
0.30
0.13
0.13
0.12
0.02
0.02
0.01

Positive Stiffness
(ȡ=1.5)
0.29
0.30
0.23
0.09
0.09
0.07
0.02
0.01
0.01

ext and

Without
Wedges
0.67
0.52
0.49
0.39
0.29
0.25
0.17
0.15
0.13

Table 3: Rocking overturn probabilities of the examined structural systems under the 100 natural ground motions
of FEMA P695.
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Since rocking initiation, the seismic demands of RPSs present a lower bound of Vst [23].
Thus, Figure 8 presents the normalized seismic demands of the podium systems (Vb/Vst)Pod as
a function of the maximum tilt angle of the rocking base (|șmax|/șcr). In cases where fairly
small rocking rotations are developed (|șmax|/șcr § WKHQRUPDOL]HGVHLVPLFGHPDQGVRIWKH
superstructure take values Vb/Vst §  $V WKH URFNLQJ URWDWLRQ RI WKH EDVH LQFUHDVHV WKH GH
mands of the superstructure also increase until saturation occurs (ș/șcr)sat. In order to illustrate
the effect of the dynamic characteristics of the superstructure on the elastic response, without
a mean to quantify the problem, the seismic demand-tilt angle relationship is summarized in
Figure 8 through a bilinear curve. The values of the normalized seismic demands (Vb/Vst)sat
and the critical tilt angle (ș/șcr)sat beyond which the slope (ks) changes, are also presented. It is
observed that in cases of kinematic bearings with negative and zero stiffness the seismic demands are stable (ks = 0) for rocking rotations _șmax_șcr ! șșcr)sat. On the other hand, in case
of kinematic bearings with positive stiffness the seismic demands increases (ks > 0) beyond
(ș/șcr)sat. Additionally, in case of rocking storey with positive stiffness, increasing the flexibility of the superstructure leads to higher values of the slope coefficient ks. In all cases, as the
stiffness of the superstructure increases, the critical tilt angle (ș/șcr)sat increases too, regardless
the stiffness of the rocking base.
Negative Stiffness (ȡ ȡcr )

Zero Stiffness (ȡ 0.5)

Positive Stiffness (ȡ 1.5)

ks=0.00

ks=0.00

ks=0.19

ks=0.00

ks=0.00

ks=0.52

ks=0.00

ks=0.00

ks=1.00

Figure 8: Normalized seismic demands (Vb/Vst)Pod of the nine multi-storey podium structures as a function of the
maximum tilt angle of the rocking floor (șmax/Į).

The effect of the rocking base stiffness on the distribution of the elastic seismic demands
throughout the superstructure is also examined. Figure 9 presents the storey shear (Vi) of
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structures isolated with kinematic bearings of slenderness tan(Į) = 0.15 and tan(Įǯ) = 0.30.
The black and red lines correspond to the average and maximum values of the storey seismic
demands, respectively. In the same figure, the seismic demands of the fixed-base superstructures are presented with dashed lines. The results obtained by ground motions that cause overturning of the rocking base are omitted. In the case of isolated systems, the differences
between the mean and maximum values of the storey shear are much smaller than those of the
fixed-base systems. Regarding the distribution of seismic demands throughout the superstructure, themaximum shear of the RPSs is developed on the intermediate floors, in contrast to
the fixed-base structures in which the maximum seismic demand appears at the base. The
completely different distribution pattern of the seismic demands presented by podium structures, regardless the rocking base stiffness, indicates the excitation of higher modes of the superstructure during impact [24]. Moreover, the differences between the mean and the
maximum values of the storey shears are lower in cases of zero and negative stiffness than in
case of positive stiffness of the base. That fact emerges due to the dependence of the elastic
demands on the maximum rocking rotations, in case of rocking base with positive stiffness.
Although positive stiffness of the rocking base results in slightly higher values of seismic demands in the superstructure, it should be preferable due to the fact that it significantly decreases the overturning probability.
Negative Stiffness (ȡ ȡcr )

Zero Stiffness (ȡ 0.5)

Positive Stiffness (ȡ 1.5)

Figure 9: Average and maximum storey shear profiles (Vi).
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CONCLUSIONS
In the present study, the dynamic response of seismic isolated multi-storey structures using
kinematic bearings was studied. For this purpose, an analytical model that describes the dynamic response of multi-storey podium structures under rolling and rocking phase of the base
was proposed. In addition, the effect of the radius of the curved extensions on the response of
the rocking base and the seismic demands of the superstructure was investigated. The conclusions of the present work can be summarized as follows:
1. The uplift of the rocking base results in an increase in both the natural frequency and the
damping ratio of the first vibration mode of the superstructure. During rolling phase the
dynamic properties amplification depends on the curvature of the columns’ curved extensions.
2. The curved extensions of the kinematic bearings results in enhanced stability. Moreover,
as the stiffness of the rocking base increases the seismic stability increases too.
3. The magnitude of seismic demands depends mainly on the slenderness of the rocking
columns. In case of a rocking base with negative or zero stiffness the seismic demands
are independent of the features of the curved extensions. On the other hand, considering
rocking base with positive stiffness, the elastic seismic demands depends on the radius of
the curved extensions and on the developed displacements of the base.
4. Since rocking initiation, the distribution of the seismic demands throughout the superstructure differs substantially from that of a fixed-base structure, regardless the stiffness
of the kinematic bearings.
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Abstract
In the present study the effect of impact modeling on the seismic response of multi-storey
structures placed on the top of a rocking storey is examined. For this purpose, two impact
models are introduced, where the energy dissipation is treated using the angular momentumimpulse theorem combined with different assumptions regarding the post-impact state of the
superstructure. The effect of the examined impact models on the dynamic response of nine
typical multi-storey podium structures is assessed using synthetic pulse-like ground motion
records. The superstructures are divided in three classes based on the lateral displacement
profile of their fundamental vibration mode. Thus, the effect of the impact model on the maximum rocking rotations and elastic seismic demands as a function of the superstructure’s dynamic properties is investigated. The study concludes that the impact model presents a minor
effect on the rocking response of the podium structure. On the contrary, it might substantially
affect both the magnitude and the distribution of the seismic demands, especially in cases of
stiff superstructures with flexural displacement profile.

Keywords: Rocking structures; Podium structures; Impact model; Synthetic ground motions
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1

INTRODUCTION

The dynamic response of rigid blocks rocking on a rigid ground was first studied by Housner [1], who highlighted the parameters that affect the stability of rigid bodies which can be
uplifted under horizontal excitations. Since then, with the recognition of the remarkable properties of the rocking response, various forms of rocking systems have been studied, such as
flexible rocking oscillators on solid [2-6] and flexible ground [7, 8], rocking structures on the
foundations [9], rocking bridge piers [10-12], rocking frames[13-17], coupled conventional
structures with rocking walls [18-20]. Regarding the seismic isolation by forming a rocking
floor at the base [21-24], the first analytical study was carried out by Bachmann et al. [21].
Subsequently, Bantilas et al. [22] investigated the structural and the ground motion parameters that affect the elastic demands of rocking podium structures (RPSs), while Bantilas et al.
[23] examined the effect of the higher vibration modes of multi-storey superstructures on the
dynamic response of RPSs.
Due to the strongly non-linear behavior of the rocking motion, small changes in both the
rocking system and the ground motion parameters can lead to large variations in the response,
so that the study of the phenomenon under a probabilistic framework yields more reliable
conclusions [24]. To this end, except of the investigation of the influence of ground excitation
characteristics on the dynamic response of rocking systems [25-30], the effect of modeling
assumptions on the rocking response is of great interest.
In the rocking response of rigid blocks, energy dissipation occurs during impact when the
tilt angle of the rocking columns reverses the sign. Although different models for energy dissipation have been proposed [31-33], Housner's coefficient of restitution [1] has been widely
used. Regarding the energy dissipation during impact, various conservation rules have been
proposed in order to evaluate the post impact state of a rocking system. In the case of deformable rocking cantilevers, such approaches involve the conservation of the horizontal momentum [34], conservation of the moment of momentum [35] and conservation of kinetic energy
at the horizontal direction [6] combined with the assumption that the vertical velocity of the
model is completely dissipated. The above conservation rules led to an increase in the elastic
demands especially when applied to stiff systems [6, 36]. Due to this fact the conservation of
horizontal momentum combined with the assumption that the relative velocity between the
deformable oscillator and the base is constant during impact were introduced by Oliveto et al.
[36]. Since then, the assumption of constant relative velocity has been adopted by other researchers to study the response of both deformable rocking cantilevers [2-3]. Later studies of
Giouvanidis and Dimitrakopoulos [37] prove that the relative velocity of a deformable rocking cantilever before and after the impact does not remain constant.
Regarding the podium structures, assuming instantaneous impact and all the impact forces
concentrated at the pivot points, the system can be considered isolated and conservation of
angular momentum can be applied. Bachmann et al. [21] and Bantilas et al. [23] examined the
response of sdof and mdof RPSs respectively, assuming that the relative horizontal velocity of
the superstructure with respect to the cap beam of the rocking frame before and after the impact remains constant. Moreover, Bantilas et al. [22] assumed constant absolute horizontal
velocity of the superstructure during impact, in order to investigate the effect of the impact
modeling assumption on the response of sdof RPSs. In the present study the effect of the two
aforementioned impact assumptions on the response of multi-storey RPSs is investigated.
Thus, nine multi-storey RPSs are examined under a set of synthetic pulse-like ground motion
records, in order to assess the effect of the energy dissipation model on the response of the
rocking base, as well as the elastic seismic demands.
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2

DYNAMIC RESPONSE OF ROCKING PODIUM STRUCTURES

In the present section, the analytical model of the dynamic response of frame structures,
seismically isolated using a rocking story, is presented. The model is based on the assumption
that the superstructure is described by a mdof elastic oscillator, fixed on the top of a rigid
rocking frame. The rigid frame consists of a cap beam with mass mb and N freestanding columns with mass mc, semi-diagonal length R H 2  B2 , rotational moment of inertia around
its center of mass Icm, and slenderness Į = atan(B/H). During the dynamic response, the rocking columns are considered to be in contact with the cap beam and the ground, while the friction coefficient at the contact surfaces is large enough to prevent any sliding. The schematic
representation of the model is illustrated in Figure 1.
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Figure 1: Schematic representation of the analytical model of multi-storey rocking isolated structures (a) and
interaction of the rocking base with the superstructure (b).

The analytical presentation of the assumptions related to the model used herein is provided
by Bantilas et al. [23]. The equations of motion of the sub-system of the rocking base, as well
as the superstructure are given by Equation (1) and (2), respectively.
ª Io  4J  4KJ sin 2 (D B T) º R
¬
¼ T

r2KJR sin ¬ª 2(D B T) ¼º T 2 B

B (1  2KJ  2J )g sin(D B T)  (1  2J )Dg cos(D B T) 
ȂXt  &X t  .X t

V
2KJ cos(D B T)
M tot

ȂįD g  .į ª¬ r2R sin(D)  sin(D B T) º¼  &į 2R cos(D B T)T


ub

(1)

(2)

u b

ZKHUHȖLVWKHPDVVUDWLRRIWKHFDSEHDP Pb) divided by the total mass of rocking columns
(Nmc ȘLVWKHPDVVUDWLRRIWKHVXSHUVWUXFWXUH Mtot) divided by the mass of cap beam (mb);
Io Io mc R 2 and Io is the rotational inertia of the column with respect to the pivot point; T ,
T and T are the title angle, the rotational velocity and the rotational acceleration of the rock-

ing columns; ut , u t and ut are the floor displacements, velocities and accelerations with respect
to the undeformed configuration of the system; M, K and C are the mass the stiffness and the
damping matrix of the superstructure; įis the influence vector of the ground motion (į=1); Įg
is the ground acceleration; ub and vb the horizontal and vertical displacements of the center of
mass of the cap beam; and the base shear of the superstructure (V) is given by:
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V įȉ . Xt B įu b  įȉ& X t  įu b

(3)

The terms Kįu b and Cįu b correspond to the dynamic loads applied to the superstructure
due to the continuous displacement of the cap beam of the rocking base. The upper and lower
signs in Eqs. (1)-(3) define rocking around WKHULJKW ș! DQGOHIW ș SLYRWSRLQWVRIWKH
rocking columns respectively.
Until uplift occurs, the rocking base is assumed to remain inactive ( T T 0 ). Thus the superstructure behaves as a fixed base mdof oscillator, and the equations of motion are given by
Eq. (2), considering u b u b 0 . When the horizontal overturning actions overcome the restoring forces of the podium structure, uplift occurs, and the rocking story starts to roll. The uplift
criteria can be summarized as follows:
B

Dg

§
2KJ ·
2KJ
t ¨1 
V
¸ tan D B
g © 1  2J ¹
1  2J 0 tot g

(4)

where V is the superstructure’s base shear given by Eq. (3) considering u b u b 0 . The upper
and lower signs define rolling initiation DURXQGWKHULJKW ș! DQGOHIW ș SLYRWSRLQWV
3

IMPACT MODELING

In the present study, in order to evaluate the influence of the adopted energy dissipation
model on the elastic response of multi-storey RPSs, two different assumptions regarding the
velocity of the superstructure during impact are examined.
Due to the constant relative horizontal velocity (CRV) of the superstructure with respect to
the cap beam of the rocking frame before and after the impact assumption, the coefficient of
restitution (CORCRV) and post-impact horizontal velocities of the floors of the superstructure
are given by Eqs. (5.a) and (5.b), respectively.
COR CRV

u t

T 
T 

1  2sin 2 D

1  4J (1  K)
Io  4J (1  K)

u t  2R cos(D)T  (1  COR CRV )

(5.a)
(5.b)

Additionally, the solution of the impact problem adopting the constant absolute velocity
(CAV) assumption results in the coefficient of restitution of the rocking base (CORCAV) as
well as in the post impact velocities of the superstructure as follows:
COR CAV

T 
T 

1  2sin 2 (D)

u t u t

1  4J  4JK
Io  4J  4JK sin 2 (D)

(6.a)
(6.b)

where u -t and u t+ are the superstructure’s absolute velocity vectors before (-) and after (+) impact, respectively.
In contrast to the CRV assumption (Eq. 5.b), the CAV assumption (Eq. 6.b) implies that no
horizontal impulsive loads are developed on the superstructure which might be crucial for the
elastic deformation of the superstructure [36]. In the limit case of an extremely flexible superstructure (Ttĺ WKHCAV assumption seems well-founded. On the contrary, in the case of a
quasi-rigid superstructure (Ttĺ WKHUHODWLYHYHORFLW\EHWZHHQWKHVXSHUVWUXFWXUHDQGWKHFDS
beam cannot change and as a consequence the CRV assumption is more appropriate.
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4

SYNTETIC GROUND MOTION RECORDS

Near-fault ground motions often contain distinct velocity and acceleration pulses, caused
primarily by the rapture forward directivity effect [38]. The impulsive characteristics of such
ground motions are quite destructive for most civil engineering structures [39] as well as
rocking systems [1]. Due to the limited number of recorded pulse-like ground motions, the
Mavroeidis and Papageorgiou [40] procedure was adopted to generate synthetic ground motions for a wide range of moment magnitude–distance scenarios (Mw-Re). According to the
model, a pulse-like ground motion can be synthesized by properly superimposing low and
high-frequency signals that simulate the coherent directivity pulse and the incoherent seismic
radiation, respectively.
The low-frequency component of the synthetic ground motion is modeled using the
Mavroeidis and Papageorgiou [40] wavelet. In terms of velocity, the closed-form expression
of the analytical pulse is given by:
v(t)

 Ap ª
§ 2S
t  t0
«1  cos ¨¨
°°
® 2 ¬«
© J p Tp
°
0
°̄

·º
§ 2S
·
Tp
Tp
t  t 0  vp ¸, t 0  J p
d t d t0  Jp
¸¸ » cos ¨¨
¸
2
2
¹ ¼»
© Tp
¹
, otherwise

(7)

where Ap controls the amplitude of the signal envelope; Tp is the prevailing period of the signal; vp is the phase; Ȗp is a parameter that defines the oscillatory character of the signal (Ȗ>1),
and t0 defines the epoch of the peak of the envelope. For every magnitude–distance (Mw-Re)
scenario, a certain low-frequency signal is assumed using the mean values of the Mavroeidis
and Papageorgiou pulse parameters (Ap, Tp, vpȖp). The mean values of the parameters vp and
Ȗp are 1.93 and 1.83, respectively [41]. Moreover, the mean values of the velocity amplitude
(Vp) and the prevailing period (Tp) of the pulse are given by Eqs. (8) and (9) [27]. The envelope parameter Ap of Eq. (7) is calculated using the velocity amplitude and the phase of the
signal.
log Vp

2

5.17  1.98 min M w , 7  0.14 min M w , 7  0.10 log(R e2  0.562), Vp in cm / s

(8)

2.87  0.47M w , Tp in s

(9)

log Tp

The high-frequency component of the synthetic ground motion is modeled using the stochastic method. In this approach, the Fourier amplitude spectrum of a windowed white noise
is fitted on a "target" amplitude spectrum Y(Mw, Re, f). The "target" spectrum is expressed as
a product of quantities which represent the earthquake source radiation E(Mw, f), the propagation path effects P(R, f), the site response G(f), and the type of motion I(f). The fitted amplitude spectrum is transformed back to the time domain, yielding the synthetic high-frequency
signal. A detailed review of the method can be found in Boore [42]. In the present study, the
model parameters of Atkinson and Silva [43] is adopted to generate high-frequency synthetic
time histories for different Mw-Re scenarios.
According to Mavroeidis and Papageorgiou [40], the simulation of a pulse-like synthetic
ground motion requires the evaluation of the low and high-frequency components for a given
Mw-Re scenario. Subsequently, the Fourier amplitude spectrum of the high-frequency component is subtracted from that of the coherent pulse. Then, the resulting "residual" amplitude
spectrum is transformed back to the time domain by considering that its phase coincides with
the phase of the Fourier transform of the high-frequency component. Finally, the "residual"
high-frequency signal and the low-frequency component are superimposed, yielding the synthetic pulse-like time history.
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In the present study, magnitudes Mw in the range 5.5–7.5 with a step of 0.5 and distances
from the fault Re in the range 5–20km with a step of 2.5 km were considered [27, 28]. For
every Mw-Re scenario, 100 simulations of pulse-like synthetic ground motions were generated
using the aforementioned procedure. For the scope of this study a specific low-frequency signal is assumed for every Mw-Re scenario, using the mean values of the pulse parameters, in
order to restrict the ground motion variability and as such to minimize the dependency of the
time history analysis results on the characteristics of the signal.
5

EVALUATION OF IMPACT ASSUMPTIONS

The effect of the assumptions regarding the velocity of the superstructure during impact on
the response of multi-storey RPSs is examined in the present study. The considered multistorey podium structures are divided into three classes, based on the lateral displacements profile of the fundamental vibration mode of the superstructure. For this purpose superstructures
with flexural, shear and triangular lateral displacement profile are considered (Figure 2). Considering that in typical multi-storey structures the distribution of floor masses is constant and
that the fundamental vibration period of the superstructure is Tt,1 = n/10, where n is the number of the floors, the definition of the mass (M) and stiffness (K) matrices are defined, given
the lateral displacement profile [23, 44].The damping matrix (C) of each structure is assumed
to be proportional to the mass and stiffness matrices (Rayleigh damping) considering critical
GDPSLQJUDWLRȟ IRUWKHILUVWWwo vibration modes. In total nine different superstructures
are examined. Specifically, for every displacement profile superstructures with n={3, 6, 9}
floors are considered. All the structures are assumed to be fixed on the top of a typical rocking
frame which consists of rectangular columns (ǿȠ  RIVL]H5 PVOHQGHUQHVVWDQ Į  
Ȗ DQGFDSEHDPPDVVPb HTXDOWRWKHPDVVRIWKHVWDQGDUGIORRUP Ș Q 

i=n-1

mt,2

i=2

mt,1

i=1

ĭȠ L  L Q

ĭȠ L  VLQ ʌ L Q

Shear Profile

mt,n-1

ĭȠ L  FRV ʌ L Q

Triangular Profile

i=n

Flexural Profile

mt,n

Figure 2: Lateral displacement profiles of the examined multi-storey structures [44].

The values of the coefficient of restitution as obtained by CAV and CRV assumptions are
presented in Figure 3. The only feature of the superstructure that affects the coefficient of restitutions is the mass ratio Ș. The values of the coefficient of restitution obtained by the CAV
assumption are much smaller than the corresponding values under the assumption of CRV.
$GGLWLRQDOO\WKHVXSHUVWUXFWXUH¶VPDVVUDWLR Ș VHHPVWRVLJQLILFDQWO\DIIHFWWKHFRHIILFLHQWRI
restitution under the assumption of CAV. On the other hand the coefficient of restitution unGHU&59DVVXPSWLRQLVVDWXUDWHGLIWKHWHUP³Ȗ(1+Ș)” of Eq.(5.a) takes values greater than 10.
7KXVIRUW\SLFDO536VZLWKȖ=10, the coefficient of restitution using CRV assumption is idenWLFDOIRUȘ1.
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Figure 3: Values of the coefficient of restitution, calculated by the two examined assumptions, as a function of
WKHVOHQGHUQHVV Į RIWKHURFNLQJFROXPQVIRUGLIIHUHQWYDOXHVRIWKHVXSHUVWUXFWXUH¶VPDVVUDWLR Ș .

Figure 4 illustrates the responses of three RPSs under free oscillation of the rocking base
ZLWK LQLWLDO FRQGLWLRQV șȠĮ   DQG VXSHUVWUXFWXUH¶V UHODWLYH GHIRUPDWLRQ uWȠ-įuEȠ=0. The
mDOF elastic oscillators correspond to superstructures with n={3, 6 and 9} floors and shear
displacement profile. The results are presented comparatively between the CAV and CRV
impact assumption. The dynamic response of the rocking base is similar in both models. Despite the different values of the coefficient of restitution between the CAV and CAR assumptions, the energy loss during impact is comparable in both models. In the former case energy
is dissipated exclusively by the rocking base while in the latter case energy is dissipated by
the rocking base and the superstructure. Regarding the response of the superstructure the
CAV assumption results in slightly larger elastic deformations.

Figure 4: Response time histories under free rocking oscillations of the rocking base.

The maximum rocking response (șmax/Į) for each of the examined structures considering
CRV and CAV assumption, under the set of the synthetic pulse-like ground motions, are presented in Figure 5. It can be observed that the majority of the data follows a trend. However,
there are many cases where RPSs considering CRV assumption overturns, while assuming

1663

Ioannis E. Kavvadias, Kosmas E. Bantilas, Lazaros Vasiliadis, Anaxagoras Elenas

CAV assumption survives and vice versa. That fact is more intense in case of the 3-storey superstructure. As the flexibility of the superstructure increases, the dispersion between the responses seems to be significantly decreased. However, the displacement profile of the
superstructure seems not to affect the developed rocking rotations.
Flexural Displacement Profile Triangular Displacement Profile

Shear Displacement Profile

Figure 5: Comparison of the maximum rocking rotation calculated by the CRV and CAV assumption under the
pulse like synthetic ground motions.

In order to examine the effect of the adopted assumption regarding the velocity of the superstructure during impact on the elastic seismic demands of mdof oscillators, the maximum
shears developed on the multi-storey superstructures are presented in Figure 6. The seismic
demands normalized to the horizontal base shear (Vst), required to activate the rocking base
under static conditions [22], as calculated using both impact assumptions are presented comparatively. The results obtained by ground motions that cause overturning of the rocking base
are omitted. As emerged by the results of the tilt angles, the responses of the stiffer superstructure present higher dispersion. Moreover, the displacement profile of the superstructures
seems to affect the estimated maximum shear. Specifically, the increase of the effective mass
of the superstructure’s first mode (from flexural to shear displacement profile) results in higher correlation between the maximum responses obtained by the two energy dissipation models.
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Flexural Displacement Profile Triangular Displacement Profile

Shear Displacement Profile

Figure 6: Comparison of the maximum normalized shear calculated by the CRV and CAV assumption under the
pulse like synthetic ground motions.

In addition to the seismic demands in terms of maximum shear forces, their distribution
throughout the superstructure is also of particular interest. Figure 7 presents the storey shears
(Vi) of the nine podium structures. The solid and dashed lines correspond to the average and
maximum values of the storey seismic demands, respectively. In the same figure, the seismic
demands of the superstructures considering CRV and CAV assumptions are presented comparatively. The results obtained by ground motions that cause overturning of the rocking base
are omitted. The differences of the maximum values of the storey shears between the two impact assumptions seems to be important. However, regarding the mean values slight differences are depicted. In general, the CAV assumption results in increase of the shear in the
lower floors. In upper floors the shears seems to be identical. The distribution pattern of the
mean seismic demands presented by podium structures, regardless the impact assumption, indicates the excitation of higher modes of the superstructure during impact [23].

1665

Ioannis E. Kavvadias, Kosmas E. Bantilas, Lazaros Vasiliadis, Anaxagoras Elenas

Flexural Displacement Profile Triangular Displacement Profile

Shear Displacement Profile

Figure 7: Average and maximum storey shear profiles (Vi).

In order to statistically assess the effect of the impact assumption on the dynamic response
of the RPSs, following Bachmann et al. [45], empirical cumulative distribution functions
(ECDFs) are constructed. In Figures 8 and 9 the ECDFs of the maximum rocking rotations of
the base, as well as the maximum elastic seismic demands are presented, respectively. In each
figure the ECDFs considering both CRV and CAV impact assumption is depicted. Moreover,
the 95% confidence interval is reported for the ECDF calculated by the response results assuming CRV assumption. These plots illustrate the probability that the maximum response is
smaller than a specific value of the response, in terms of tilt angle of the base (|șmax|/Į) or
maximum shear of the superstructure (|Vmax|/Vst).
The ECDFs of the response of the rocking base considering CRV and CAV assumption are
almost identical (Figure 8). Thus, statistically the two different assumptions regarding the velocity of the superstructure during impact do not affect the rocking response of RPSs. The effect of the superstructure’s flexibility and lateral displacement profile on the response of the
base can be observed throughout Figure 8. It has to be mentioned that the ECDFs of the 9storey superstructure indicate the lack of rocking initiation under a large amount of ground
motion excitations (>15%).
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Flexural Displacement Profile Triangular Displacement Profile

Shear Displacement Profile

Figure 8: Cumulative distribution functions of the normalized maximum tilt angle Ʌmax/Ƚ for the synthetic pulse
like ground motions.

In Figure 9 the ECDFs of the maximum superstructure’s shear forces are presented. Unlike
the response of the rocking base, the ECDFs of the seismic elastic demands considering the
two impact assumptions present considerable differences. The variance of the responses is
more intense in the 3-storey superstructure. As the flexibility of the superstructure increases
the differences are diminished. The differences between the two impact models also tend to
decrease as the effective mass the of the superstructure’s first vibration mode increases. The
ECDF by the CAV assumption is inside the confidence interval of the CRV assumption
ECDF only in case of the 9-storey superstructure. In general, it is evident that CAV assumption results in increased elastic seismic demands. That fact is more intense in case of stiff superstructures.
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Flexural Displacement Profile Triangular Displacement Profile

Shear Displacement Profile

Figure 9: Cumulative distribution functions of the normalized base shear Vmax/Vst for the pulse like synthetic
ground motions.

6

CONCLUSION

In the present study, the effect of the adopted energy dissipation modeling during impact
on the response of multi-storey rocking podium systems are examined. Thus, two different
assumptions regarding the velocity of the superstructure during impact is examined. Specifically, the assumptions of constant relative horizontal velocity and constant absolute horizontal
velocity of the superstructure with respect to the cap beam of the rocking frame before and
after the impact were considered.
The response time histories indicate that the assumptions regarding the impact model may
result in diverging estimates of the tilt angle, especially in case of stiff superstructures. However, the response of the rocking base in terms of empirical cumulative density functions is
not affected by the assumptions regarding the velocity of the superstructure during impact.
The effect of the impact assumption on the elastic seismic demands depends on the stiffness and the lateral displacements profile of the fundamental vibration mode of the superstructure. As the flexibility and the effective mass of the first mode of the superstructure
increases, the effect of the two impact assumptions on the superstructure’s response tend to be
less notable. Examining especially stiff superstructures the CAV assumption results in higher
elastic demands.
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Abstract
It has been claimed that numerical rocking motion models are not only inaccurate, but that all
rocking structures behave unpredictably. This paper revisits the issue of rocking motion unpredictability and explores whether not the response to a single ground motion, but the statistics of the responses to an ensemble of ground motions is predictable.
To this end, a 3D rocking podium structure was constructed and tested on a shake table. A
blind prediction contest was organized, where the contestants were invited to predict the CDF
of the time-maxima of the responses. There were 13 participant teams that used FEM, DEM
and rigid body models.
It was found that several teams were able to predict the CDF with a decent accuracy. Both
FEM and DEM can perform well, depending on the input parameters. Hence, it can be concluded that 3D rocking motion is predictable in the statistical sense.
Keywords: Rocking, Blind Prediction Contest, Shake table testing, Model Validation
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1

INTRODUCTION

Rocking structures are the ones that can uplift from their base when subject to an earthquake. Such structures attracted the attention of the research community after the powerful
1960 Valdivia (Chile) earthquakes, when Housner presented his seminal work [1] on the dynamics of the archetype rocking block (Figure 1). The rocking block dynamic model is useful
because it can also describe the seismic behavior of non-anchored equipment [2-12], masonry
structures [13-20], and ancient Greco-Roman and Chinese temples [20-22].
Motivated by the increasing stability of larger rocking blocks with identical aspect ratios,
researchers have suggested using rocking as a seismic design strategy because the uplift of the
block acts as a mechanical fuse and limits the design forces of both the superstructure and the
foundation. The idea is applicable to both buildings [23-25] and bridges [26-40].
However, seismic analysis of rocking structures is not straightforward because, during the
uplift, such structures have negative stiffness (in terms of the relation between the lateral force
F and displacement u, shown in Figure 1). This is why their seismic response cannot be described by any “equivalent linear” system such as those employed for ordinary yielding structures [41]. Even though attempts to create non-linear spectrum-based methods to present the
maxima of the seismic displacement of rocking structures (not related to elastic response
spectrum) have been made [43-43], these spectra were created by performing multiple timehistory seismic response analyses using Housner’s model. Therefore, Housner’s model is as
useful for rocking structures as the elastic SDOF oscillator is for the fixed-base ones.
2

THREE-DIMENSIONAL ROCKING – “WOBBLING” UNDER 2D/3D GROUND
EXCITATION

Housner’s model describes planar rocking of a rigid body excited by horizontal excitation.
However, many real uplifting structures (e.g., bridges, statues, or ancient temples) would undergo a 3-dimensional motion characterized by simultaneous uplift from the ground (rocking)
and change of the contact point with the ground (nutation) without twisting or sliding out of
its original position, called “wobbling” in this study. Real uplifting structures may also twist
and slide out of their positions, a phenomenon not investigated in this study.
There have been attempts to study wobbling using rigid body analytical dynamics. In [44], the
motion of a rigid cylinder under seismic excitation was studied. Other researchers studied the
3D response of ancient conical or cylindrical columns [20, 45-48]. Makris et al. [49] experimentally tested scaled models of uplifting bridges that exhibited wobbling. All the above
studies conclude that wobbling motion is present, even under planar initial conditions and/or

Figure 1: Geometric characteristics of a rigid rocking body (a,b); Lateral force-deformation relation of an uplifted rigid rocking body (c).
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Figure 2: Cylinder allowed to wobble without twist [56] (Left); Wobbling frame [68] (Right).

under planar ground excitation. Stefanou et al. [50] provided theoretical justification for the
above observation.
The 3D behavior of non-cylindrical rocking bodies received attention recently. Konstantinidis and Makris [51] and Zulli et al. [52] studied the rocking motion of a 3D prism. Chatzis
and Smyth [53] studied the motion of a 3D prism on a deformable base, taking sliding into
account as well as the 3D dynamics of a rigid body with wheels on a moving base [54].
Mathey et al. [55] studied the influence of geometric defects on the 3D response of small-size
blocks. They concluded that the blocks with imperfections are less stable than the theoretically perfect ones.
Vassiliou et al. [56] studied a 2DOF rigid cylinder constrained to wobble above its initial
position without twisting or sliding, i.e. without stepping out of its original position (Figure 2,
left). Subsequently, Vassiliou [57] extended this model to include a slab on top of a set of cylindrical columns (Figure 2, right). This is a model of a wobbling bridge, where the columns
are physically constrained to wobble above their initial position without stepping out, under
the assumption that wobbling is smooth and sliding on the ground does not occur.
3

STATISTICAL SEISMIC RESPONSE MODEL VALIDATION

A major drawback for rocking seismic response models is that they are not validated - at least
not by means of the conventional approach of deterministically comparing the displacement
response of the model and the prototype to a given ground excitation. This is further hindered
by the fact that the seismic response of a rocking block is particularly sensitive to all of the
parameters that define it and as such it has been characterized as “chaotic” (i.e. nonreproducible and non-predictable). In fact, small model parameter perturbations lead to substantially different time-history responses. For this reason, experiments involving seismically
or dynamically excited rocking specimens are seldom repeatable.
This lack of validation effectively means that Housner’s model should not be used as its
ability to represent the physical reality has not been proven. Consequently, rocking cannot be
used as a seismic design strategy, given that the seismic response of such structures would be
effectively unpredictable, by analytical or numerical methods.
Bachmann et al. [58, 59] and Del Giudice et al. [60] suggested that the conventional seismic response model validation procedure focused on deterministic reproduction of the experimentally obtained response to a particular ground motion with acceptable accuracy is too
strict of a test. Instead, they proposed a weaker, but sufficient, concept of statistical validation
of structural seismic response models. This novel model validation procedure comprises two
steps. First, an experimental benchmark dataset, measuring the recorded dynamic response of
the same specimen (or essentially identical specimens) subjected to ensembles of consistently
generated and scaled ground motions that represent a given seismic hazard, is developed. Second, a model is used to produce a dataset comprising its dynamic responses to the same
ground motion ensembles. Validation is conducted by comparing statistical distributions of
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the pertinent response quantities of the model and the benchmark using the two datasets. Statistical seismic response model validation is a weak method in that it involves the statistics of
model predictions of the response to ensembles of ground motions, rather than predicting the
responses to every single ground motion deterministically. Bachmann et al. [58], [59] applied
the statistical seismic response model validation procedure to validate the Housner [1] rocking
response model. They performed 600 shaking table tests using a well-defined and repeatable
uplifting structure as well as 600 numerical simulations for the same tests, and compared both
the individual test responses and the statistical aggregates of these responses focused on predicting limit states such as overturning or maximum tilt angle. They showed that the 1963
Housner model passes the weak validation test, even though it fails the strong validation test.
Therefore, the Housner model was found to be good enough for the use in the scope of seismic design.
4

WOBBLING SEISMIC RESPONSE BENCHMARK DATASET

Wobbling (three-dimensional rocking without sliding) is even harder to predict than planar
rocking. Thus, developing seismic wobbling models is challenging, but is necessary in order
to further develop seismic design of rocking structures as well as of non-structural elements,
such as equipment, as outlined in the introduction of this paper. Validation of wobbling models is a key step in this development process. To facilitate statistical seismic response model
validation of wobbling response models, a series of shake table tests was performed at the
University of Bristol to create the benchmark response dataset.
4.1

Specimen Description

The wobbling specimen was designed at ETH Zurich and built in Bristol in the framework of
the EU-funded research project SERA [61,62]. It comprises an aluminum slab supported on
four wobbling circular structural steel columns resting on the shake table platform (Figure 3).
The four columns had a height, diameter and wall thickness of 1000 mm, 244.5 mm and 8
mm, respectively, with a corresponding slenderness (i.e., diameter to height) ratio of
tanĮ = 0.2445 (Figure 4). Note that the size of the wobbling specimen is not representative of
the size of a prototype bridge or a prototype podium building. The ground motion excitations
used in the

Figure 3: Wobbling specimen on the University of Bristol shake table.
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Figure 4: Details of the wobbling specimen.

shake table experiments were scaled to preserve acceleration scaling (as discussed later in this
paper) so that the model represents a structure with a height similar to an actual bridge. The
intent of the specimen detailing was to mimic the assumptions in Vassiliou’s [57] “wobbling
bridge” model, namely that the structure is rigid and that the columns wobble without sliding
or twisting about their longitudinal axis. Conical end restraints were placed at each end of
each column to stop the columns from wobbling out of their original position (Figure 5). After
the tests, scratches on the conical restrainers were observed, showing that the columns tried to
“climb out” (Figure 5). Aluminum pegs were installed inside the columns (Figure 5) with
enough clearance to enable unrestrained wobbling up to overturning, but engage early enough
to enable easy recovery of the specimen to its original position after a test that resulted in
overturning. Moreover, padded frames were placed under and around the specimen to protect
the shake table platform (Figure 3).
4.2

Specimen Excitation Using A Shake Table

The wobbling response of the specimen was induced by a dynamic bi-directional (two orthogonal horizontal components) excitation of its support. This was achieved by placing the
specimen on the top of the 6DOF 3 m×3 m shake table of the University of Bristol [63].
4.3

Ground Motions and Scaling

To constrain the uncertainty in the ground motion excitation, ensembles of bi-directional
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ground motions were synthesized using a spectral version of the Rezaeian and Der Kiureghian
stochastic ground motion model [64-66]). More info on the ground motions used can be found
in [61].
Two recorded ground motions, the 1940 El Centro Array #9 record and the 1999 Chi-Chi
CHY080 record, were used as the "seed" ground motions for the experimental campaign.
Next, two bi-directional (two orthogonal horizontal components) ground motion ensembles,
each comprising 100 synthetic ground motions, were generated from the two seed ground
motions. These two ground motion ensembles were used to drive the shake table during the
conducted tests. Vertical ground motion translational and the three rotational excitations were
not considered.
A detailed discussion on the scaling parameters of the tests can be found in [61]: The
frequency of the excitations was scaled by a factor of 9.67 =3.11, so that the size of the
structure in the prototype scale is 9.67 times larger and its height is 9.67m and representative
of a typical overpass bridge.
It should be noted that the wobbling specimen is only a distorted model of a prototype
structure because the stress similitude is not preserved. Thus, the elastic modulus of the
material and the natural frequencies of the prototype are not correctly scaled. In addition, the
wobbling specimen columns are not perfectly rigid, as Vassiliou [57] assumes, nor are any
realistic foundation condition modelled. However, it has been shown that the deformability of
large structures does not qualitatively change their rocking behavior [67-74]. Ultimately, the
conducted experiments serve to generate a benchmark dataset for wobbling seismic response
model validation and do not aim at representing the nuances of a prototype structure without
distortion.
4.4

Motion Measurement

The response of the wobbling specimen was measured using displacement and acceleration
sensors.

Figure 5: Conical restraint and an aluminum peg at the bottom of the wobbling specimen column before installation (left). Metal shavings found after the shake table tests showing that the steel column scratched against
the conical restrainer during the tests (right).

Figure 6: Marker positions on top of the aluminum slab used for wobbling specimen displacement measurements.
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The displacements were measured using an infrared tracking system, with six infrared passive
markers installed on the top of the aluminum slab, as shown in Figure 6. The accelerations
were measured using three-dimensional accelerometers. These sensors were placed on the
shake table platform to record the actually applied excitation.
4.5

Relevant Wobbling Response Quantity

The horizontal displacement of the slab is the relevant response quantity in the created
benchmark dataset, which was measured using the markers shown in Figure 6. The following
maximum absolute average displacement (MAAD) of the wobbling specimen slab is defined
as the relevant measure of the wobbling specimen response:
§ u t  u3 t  u4 t  u6 t ·
u max ¨ 1
(1)
¸
t
4
©
¹
where ui is the Euclidean norm of the horizontal displacement at points Mi of Figure 6, relative to the shake table. Figure 7 plots the Cumulative Distribution Functions (CDFs) of the
specimen MAAD (i.e. of u) for the El Centro and the Chi-Chi ground motion ensembles using
thick black lines.
5

WOBBLING SEISMIC RESPONSE BLIND PREDICTION CONTEST

Statistical seismic response model validation was conducted for a number of wobbling response models in the scope of a blind prediction contest organized by the Pacific Earthquake
Engineering Research center (PEER), the University of Bristol, and ETH Zurich, launched in
October 2019 with a prediction submission deadline on November 20th, 2019. The contestants
were asked to use their models to predict not the wobbling specimen seismic displacement
(Equation 1) to each of the 200 ground motions in the two ground motion ensembles, but the
experimental CDFs of the wobbling specimen MAAD u response, as shown in Figure 7 using
thick black lines. The as-built geometry of the wobbling specimen and the recorded shake table accelerations were provided to the contestants, but no tests were performed to mechanically characterize the materials of the wobbling specimen (i.e., the steel of the columns and
conical restrainers), as these were not essential in terms of affecting the response and use of
common modulus of elasticity for steel and aluminum was sufficient.
In the blind prediction contest, for each set of ground motion ensembles, the competing
models were ranked according to the maximum vertical distance, i.e. the KolmogorovSmirnov (K-S) distance [75], between their predicted and the experimentally obtained CDFs
[61]. This paper revisits the ranking by using a different metric to rank the contesting models:
Instead of the K-S distance, the models are ranked according to their performance in predicting the median response along each ground motion ensemble. Given that two ensembles of
ground motions were used, the average normalized error is taken as a best-fit performance
indicator.
Thirteen contestants participated in the blind prediction contest. The models they used can
be grouped into three categories, as follows:
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Figure 7: MAAD CDFs obtained from shake table tests (thick black lines) and CDFs of the same response quantity obtained using the 13 contesting models for the El Centro and Chi-Chi ground motion examples.

El Centro
Team number
u50,m ,EC  u50,exp,EC
(method used) e50,EC
u50,exp,EC
1
2
3
4
5
6
7
8
9
10
11
12
13

Chi-Chi
Team number
u50,m ,CC  u50,exp,CC
method used) e50,CC
u50,exp,CC

Average
Team nume50,EC  e50,CC
ber (method e50
2
used)
9 (FEM)
0.12
3 (DEM)
0.01
9 (FEM)
0.09
12 (FEM)
0.18
13(DEM)
0.01
3 (DEM)
0.24
6 (FEM)
0.21
9 (FEM)
0.06
6 (FEM)
0.28
2 (FEM)
0.37
5 (DEM)
0.07
5 (DEM)
0.29
3 (DEM)
0.48
8 (DEM)
0.07
12 (FEM)
0.36
5 (DEM)
0.52
4 (FEM)
0.10
4 (FEM)
0.41
4 (FEM)
0.73
1 (FEM)
0.22
13 (DEM)
0.48
13 (DEM)
0.94
10 (FEM)
0.27
2 (FEM)
0.67
7 (FEM)
0.95
6 (FEM)
0.35
1 (FEM)
0.82
1 (FEM)
1.41
12 (FEM)
0.54
7 (FEM)
0.94
10 (FEM)
1.92
7 (FEM)
0.94
10 (FEM)
1.10
8 (DEM)
2.50
2 (FEM)
0.98
8 (DEM)
1.29
11 (RB)
2.87
11 (RB)
overturn
11 (RB)
n/a
Table 1. Contestant model ranking based on the error of predicting the median MAAD CDFs

a) 8 contestants developed models based on the Finite Element Method (FEM), out of
which 4 used ABAQUS [76] (Teams #7,#9,#10, and #12), 2 used SAP2000 [77]
(Teams #2 and #4), 1 used Midas GEN [78] (Team #1) and 1 used OpenSees [79]
(Team #6);
b) 4 contestants used the Discrete Element Method (DEM) to build their models, out of
which 3 used 3DEC [80] (Teams #3, #5 and #8), and 1 used Code Aster [81] (Team
#13);
c) 1 contestant (#Team 11) used Vassiliou’s [57] Rigid Body (RB) model (independently, as Vassiliou was one of the contest organizers and did not take part in the contest).
The outcomes of the statistical seismic response validation of the contesting models are
shown in Figure 7 and Table 1. Figure 7 graphically compares the predicted wobbling specimen MAAD response CDFs (F(u)) to the experimentally obtained wobbling specimen dis-
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placement response CDFs. Table 1 ranks the contestant predictions based on the u50 distance:
Column 1 gives the ranking for the El Centro ensemble, column 2 for Chi-Chi ensemble, and
column 3 gives the overall model ranking based on the average normalized u50 distance for the
two ensembles of ground motions.
Using a different metric than the one used in the blind prediction contest does change the
overall ranking. However, the two models that scored the best in term of their K-S distance,
continue to score the best in the u,50 distance: a) The model with the best score is the one
submitted by Team #9 (Myron Chiyun Zhong and Constantin Christopoulos from the University of Toronto). They used FE software ABAQUS 6.13 with C3D20R quadratic brick element, with reduced integration. They assumed a coefficient of friction of 0.3 and no Rayleigh
damping [82]. The second best model was the one submitted by Team #3 (Daniele Malomo,
Anjali Mehrotra, and Matthew DeJong from UC Berkeley). They used Distinct (or Discrete)
element software 3DEC. The frictional mechanisms were modeled using a simplified MohrCoulomb criterion with tension cut-off [83]. Zero Rayleigh damping was used.
Both FEM and DEM models used in this blind prediction contest performed well or poorly,
depending on the modeling parameters. For example, of the two best models, Team #9 developed an FEM and Team #3 used a DEM model. Thus, there is no basis to recommend FEM or
DEM to model wobbling structures seismic response. However, it should be mentioned that
MAAD CDFs produced by DEM models were close to the experimental benchmark CDFs,
except in the case of the model developed by Team #8 which clearly underpredicted the response for the El Centro ground motion ensemble. Similarly, the FEM models of Teams #2
and #7 grossly underestimated the response, as can be seen in Figure 7. This does not mean
that FEM models cannot perform well, or that such models would underestimate the response;
the FEM model of Team #9 performed the best in all metrics. This is merely an indication that,
when it comes to uplifting and rocking structures, modeling decisions should be made with
care. This is more important for FEM models, as such models originate from continua, as opposed to DEM models that inherently assume the structure comprises of discrete parts.
The specific Rigid Block model proposed by Vassiliou [57] and used by Team #11 consistently overestimates the response. Hence it is conservative, but not accurate. It should be
noted that the Rigid Block model formulation does not include any form of energy dissipation.
Apparently, disregarding the energy dissipated in the tests through scratching of the conical
restrainers leads to overestimation of the response. Therefore, this model can only be used to
obtain conservative estimates of the response.
6

ROLE OF ENERGY DISSIPATION IN MODELING OF WOBBLING RESPONSE

Modelling of energy dissipation in structures is an open problem, not only for rocking
structures, but for fixed base structures as well. The widely used Rayleigh model, although
numerically convenient (akin to viscous damping in SDOF oscillators), is not validated experimentally and can create implausible forces and moments, especially when the initial stiffness
proportional component is included [84-86]. In the wobbling system discussed herein, energy
is dissipated mainly through sliding (that created the metal shavings shown in Figure 5) and
through radiation damping, through the interaction with the supporting wave transmitting
structure [87]. Inherent material damping also exists, but since the stresses are relatively small,
this form of energy dissipation is not expected to be significant when compared to the other
mechanisms. Therefore, creating a mass and/or stiffness proportional damping matrix clearly
has no physical meaning, especially if assigned to all degrees of freedom, including the rocking interface.
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Based on the above, it is not a surprise that the best models by Teams #9 and #3 do not use
Rayleigh damping and rely only on modelling friction to dissipate energy. On the contrary,
Team #1 model that assumed a damping ratio of 1% at 0.05s and 1.5s clearly underestimated
the response. Team #4 model used Rayleigh damping, but with damping ratio set to very low
values (0.1%), which was low enough not to suppress the response.
Even though the Rayleigh damping model is not suitable for modeling the seismic response of rocking or wobbling structures, this does not imply that the model should not incorporate any energy dissipation. The tests showed that the input seismic energy is dissipated by
friction and radiation, and that it should be modelled explicitly. Neglecting energy dissipation
completely, like in the Team #11 Rigid Body dynamics model, grossly overestimates the response. The above observations on energy dissipation, corroborate that numerical models
should respect the physics of the system, to the extent possible. This is does not hold for Rayleigh damping applied in rocking.
7

CONCLUSIONS

The seismic response of rocking structures is notoriously sensitive to all of the parameters that
define it. As expected, numerical models often fail to adequately predict the seismic response
of a rocking structure to a single ground motion. Based on this, researchers have claimed that
not only are current models inaccurate, but that a numerical model accurate enough to predict
the seismic response of rocking structures is not feasible. Hence, rocking is not used as a
seismic design approach, and virtually all engineered structures are designed as fixed to the
ground.
Along these lines, this paper revisits the issue of seismic response predictability in seismic
design. It claims that predicting the response to a single ground motion is too strong of an acceptance test for a model. Instead, the minimum precondition for a valid model to be used in
seismic design is the ability to predict the statistical characteristics of the seismic responses to
an ensemble of ground motions that are compatible to the seismic hazard of interest. This is a
weaker, but sufficient model validation test.
The objective of this study is to answer the question: Are seismic tests of threedimensional rocking structures predictable using numerical models? To answer the above
question in a statistical sense, an experimental campaign has been designed to obtain observations of the seismic response of a rocking podium structure that was able to sustain threedimensional rocking motion without sliding. A stochastic model was used to generate two
synthetic ground motion ensembles that match the physical characteristics of two recorded
ground motions. These two ensembles were used to excite a rocking podium structure.
A blind prediction contest was organized to evaluate the ability of several models submitted by the contestants to predict the response of the rocking podium structure statistically. The
models were evaluated based on their ability to predict not the time history response to each
single ground motion, but the CDF of the maxima of the specimen displacement response
time histories. Contestants used FEM, DEM and Rigid Body Dynamics models.
The winning model, developed by means of the FEM, scored the best of all models in
terms of its K-S distance from the experimental CDF. This paper shows that it performs the
best when a different metric (the median displacement u50) is used to evaluate its performance.
However, this is not sufficient to conclude that FEM models were uniformly better than the
submitted DEM models, because some DEM submissions were also very accurate, plus some
of the least accurate models were FEM. Therefore, both FEM and DEM can perform well or
poorly in simulating the wobbling (three-dimensional rocking) seismic response, depending
on the parameters used and the assumptions made.
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Therefore, it can be concluded that the response of a 3-dimensional rocking structure is
predictable in terms of a CDF of the maxima of the time-history responses to a set of ground
motions.
In terms of rocking and wobbling seismic response modelling guidelines, this blind prediction contest confirmed that energy dissipation is a key factor that needs to be modelled,
though not by means of Rayleigh damping. The models that best predicted the response used
zero Rayleigh damping, but modeled energy dissipation directly through friction elements. A
model with 0.1% Rayleigh damping that explicitly modelled friction as well also performed
relatively well, but a model with 1% Rayleigh damping clearly underestimated the response.
The rigid body model which modelled no energy dissipation at all, overestimated the response
and should only be used only to obtain conservative wobbling response estimates.
8
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Abstract
Hybrid walls, i.e. rocking walls with additional energy dissipation, represent a valid lateral
force resisting system in seismic regions, due to the limited seismic damage experienced by
this system and to the self-centering ability provided by unbounded post-tensioned tendons.
These systems accommodate the displacement seismic demand by the development of a single
gap opening at the wall base.
A sensitivity analysis of the various parameters has been carried out with the purpose to
evaluate their influence on the finite element dynamic response of a selected case study. Three
types of models are considered in order to describe the behaviour of the wall-foundation interaction: fiber beam elements, compression-only springs and lumped rotational spring. The
main parameters investigated are the damping model and damping magnitude, the elastic
modulus of the concrete at the wall-foundation interface, the stiffness and number of the compression only springs, the unbonded length of the rebars used as dissipating device and their
hysteresis model. The sensitivity analysis was carried out with the OpenSees finite element
software and allowed to preliminary address the influence of the selected parameters by comparison with a reference case study.
Keywords: Rocking walls, Nonlinear Static Analyses, Nonlinear Time History analyses, Acceleration Spikes, Steel Dissipators.
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1

INTRODUCTION

To reduce the seismic vulnerability of existing buildings it is possible to use different intervention techniques including rocking systems obtained with the insertion of unbonded
post-tension cables inside precast structural elements, typically walls or columns
[1][2][3][4][5]. These systems are characterized by a bilinear elastic hysterical behavior, that
is characterized by a limited ability to dissipate energy in the case of seismic events [6]. For
this reason, additional energy dissipation systems are placed [7], including mild steel rebars
[8][9], hysteretic devices [10][11], linear and non-linear fluid-viscous damping [12][13] and
friction devices [14][15][16] among others. They are defined as hybrid systems and are characterized by a flag-shaped hysterical curve [9].
In these systems the demand for horizontal displacement is guaranteed by the development
of a gap at the wall-to-foundation interface [17]. The unbonded post-tension tendons are sized
to ensure no residual displacements at the end of the seismic event [18], allowing the structure
to be fully operational after the seismic event [19][20][21]. Numerous studies on these systems have proved their performance under both quasi static and dynamic loading
[22][7][23][24][25][26][27] and parametric analyses have carried out to highlight the influence of post-tension tendons [28] and dissipative devices [29][30][31].
The present paper focuses on numerical modeling of hybrid walls by investigating the effects of different modeling techniques in dynamic non-linear analyses. The considered rocking wall panel is taken from the DSDM project [32][23][33] in which shake table tests were
conducted on a three story half-scale precast concrete structure whose lateral force resisting
system consisted entirely on rocking and hybrid walls. Herein, focus is placed on numerical
modeling of a single hybrid wall panel and the effects of different modeling techniques in
both nonlinear static and dynamic analyses [34][23][17] are investigated. The comparison between the investigated modeling techniques and the experimental tests is carried out in terms
of bending moment, rotation at the base and accelerations.
2

SELECTED CASE STUDY

The selected case study considers the hybrid walls adopted as lateral force resisting system
for a three-story half-scale precast concrete structure resembling a parking garage tested on
the Network for Earthquake Engineering Simulation (NEES) Large High-Performance Outdoor Shake Table at the University of California at San Diego. Detailed information on the
test specimen geometry, material tests and loading sequence can be found elsewhere
[35][32][23]. The total mass of each floor, considering the tributary mass of the columns, is
36.795ton, 38.999ton and 34.230ton for the 1st, 2nd and 3rd floor, respectively [17]; it is worth
noting that a vertical slotted connection between the wall and the floors allowed to transfer
only horizontal loads from the floors to the walls.
This work focuses on the study of the single wall panel with additional steel rebars at the
wall to foundation interface. The wall panel is 7.010m height, 2.438m long and 0.203m thick.
2 sets of tendons (each of them made by five 12.7mm diameter low-relaxation tendons) are
placed on each wall with a total prestressing force in each wall was equal to 642kN. Two longitudinal reinforcing bars are used as hysteretic energy dissipators.
The relevant data for the finite element analyses are reported in Table 1.
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Unconfined concrete
Strength (fc’)
Elastic modulus (Ec)
Strain at maximum strength (εc0)
Ultimate compressive strain
Confined concrete
Strength (fcc’)
Strain at maximum strength (εcc)
Ultimate compressive strain (εcu)
Unbonded prestress tendons
Tendon set
Prestressing force for each tendon set
Unbonded length (εcu)

54MPa
37000MPa
0.2%
0.55%
80.8MPa
0.67%
3.77%
5x0.5” strands
235.75kN
8529mm

Table 1: Summary of the wall properties.

The input motion adopted for the selected case study represent a design basis earthquake
for Seattle, i.e. a moderate seismic hazard [32]. It is worth noting that similitude law was not
achieved by mass substitution but only by scaling the input ground motions, horizontal acceleration field amplified by 1.855 and ground motions time step compressed by 1.855.
3

FINITE ELEMENT MODELS

The finite element models presented herein represent a single hybrid wall panel. The tributary mass of each floor is modelled as lumped horizontal mass at the wall center line corresponding to the floor height. The foundation is herein assumed as rigid.
Three different types of 2D-models have been developed with the software OpenSees [36]:
fiber beam elements model (FM), lumped rotational spring model (RS), and compressiononly springs model (MS) (Figure 1). For all the models, a Rayleigh damping with mass proportionality is considered (damping coefficient equal to 0.01).
In the FM model (Figure 1a), different fiber sections are used to capture the hysteretic behavior of the elements. Regular fiber sections are adopted in the wall panel considering nonlinear stress-strain relationship for the confined and unconfined concrete and the reinforcing
rebars. No fiber elements are placed above the first floor being the response in that region essentially elastic. To simulate the wall-to-foundation rocking interaction, a fiber section with
no reinforcing bars and no tensile strength concrete is positioned between the wall base and
the ground. Each tendon set is constituted by a truss element fixed at the base and rigidly connected at the top of the wall by rigid elements [37][27].
In the MS model (Figure 1b) the support of the wall is schematized with a series of axial
springs acting only in compression to allow separation between the wall and the foundation
during rocking. A total of 25 springs has been considered [17]. The elastic stiffness of each
spring is calculated as EcA/L, where Ec is the elastic modulus of the foundation, A is the influence area of each spring and L is half the length of the wall. Yielding of concrete in compression is also introduced in each axial spring with a normal bilinear model.
In the RS model (Figure 1c), the wall panel is modeled with an elastic beam with a nonlinear rotational spring connecting the wall base to the ground with a multilinear hysteretic model. The analytical formulations proposed by Restrepo and Rahman [9] is used for the
definition of nonlinear properties of the rotational spring. An additional spring was placed in
parallel to capture the behaviour of the dissipative devices [9][38][34].
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(a)

(b)

(c)

Figure 1: Representation of the 1D elements models: fiber elements, FM, (a), multi-springs, MS, (b), rotational
spring, RS, (c).

In all models, the uniaxial material properties of the dissipative device are inserted with the
Dodd-Restrepo model [39], with the factor Ω for the Bauschinger effect equal to 1.15. In MS
and FB models, each dissipator set is constituted by a truss element fixed at the base and rigidly connected to the wall.
3.1

Sensitivity analysis of the parameters

A sensitivity analysis was conducted to investigate the main parameters affecting the dynamic response of the selected case study: elastic modulus of the concrete at the wall-tofoundation interface, stiffness of the compression only springs, unbonded length of the rebars
used as dissipating device and their hysteresis model. For both FM and MS models the effective debonded length is equal to 302mm.
The results of the sensitivity analysis are represented by means of a tornado diagram; Figure 2a shows the variation of the maximum displacement of the 3rd level for FM model, while
Figure 2b for MS model.
FM model
Variation of the maximum displacement at the 3rd level [%]
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MS model

(b)
Variation of the maximum displacement at the 3rd level
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Figure 2. Tornado diagram for FM model (a) and MS model (b) model.

Rayleigh Damping value (Damp)

The parameters that mainly affect the horizontal displacements of the rocking wall are the
total unbonded length of the mild-steel rebars and the stiffness of the compression-only
period
(T2)and the elastic modulus at the rocking interface for FM
springs for MSRayleigh
modelDamping
(Figure
2b)
model (Figure 2a).
4

Rayleigh Damping
period (T1)
FINITE ELEMENT
ANALYSES
RESULTS

In this section, the results of the nonlinear static and dynamic analyses are presented in
terms of moment-rotation at the base and relative acceleration on the 3rd floor, both horizontal
and vertical. The bending moment is calculated as the product between inertial forces and the
distance to the rocking interface.
The nonlinear static results of the considered models are shown in Figure 3, where θ is the
rotation at the base, i.e. at the gap developing at the wall-to-foundation interface, V is the
shear at the base and W is the half-weight of the model structure equal to 621.3kN [17].
FM

MS

RS

1.0

0.8

V/W

0.6

0.4

0.2

0.0
0.00

0.01

0.02

0.03

0.04

θ [rad]

Figure 3: Base shear–base rotation elements models with energy dissipators at the wall-to-foundation interface.

The red line in Figure 3 indicates the bilinear response of hybrid walls [9]. It shows a good
approximation to the idealized bilinear response.
Nonlinear dynamic analyses were conducted. The sequence of the actual input ground motions used during the experimental tests is considered. Figure 4, Figure 5 and Figure 6 show
the results of the three models, indicating how the models are able to reasonably describe the
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global wall behavior. In these figures, the red line indicates the results of the experimental
tests, while the blue line indicates the results obtained from the finite element model.

(a)

(b)
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(c)
Figure 4: Moment-rotation for fiber elements ‘FM’ (a), multi-springs only-compression ‘MS’ (b) and rotational
lumped spring ‘RS’ (c) model. Note: in red the experimental test and in blue the numerical results.

Figure 5 shows the horizontal accelerations. The models capture the acceleration trend, but
not the exact peak values. These peaks are associated with horizontal acceleration spikes arising when the wall gains horizontal lateral stiffness in the unloading phase [23][40], which
happens in proximity of zero-base rotation.

(a)
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(b)

(c)
Figure 5: Horizontal acceleration [g] for fiber elements (a), multi-springs only-compression (b) and rotational
lumped spring (c) model for the hybrid wall. Note: in red the experimental test and in blue the numerical results.

Figure 6 shows the vertical accelerations. The peaks observed arise when the wall base gap
closes [23]. A good approximation is obtained compared to the experimental test. Vertical accelerations are not investigated in the RS model.
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(a)

(b)
Figure 6: Vertical acceleration [g] for fiber elements (a) and multi-springs only-compression (b) model for the
hybrid wall. Note: in red the experimental test and in blue the numerical results.

Overall, the results show how the considered planar models predict quite well the rocking
wall behavior in terms of moment-rotation, although significant differences are present close
to zero base rotation where horizontal acceleration spikes arise.
5

CONCLUSIONS

In the present paper, the finite element modeling of hybrid walls, i.e. rocking walls with
additional energy dissipation, is considered to highlight differences between different modeling techniques: fiber beam elements (FM), lumped rotational spring (RS) and compressiononly springs at the base (MS). The dynamic interaction between the wall and the building and
the influence of the foundation was not considered. Mass proportional damping formulation is
used with a damping coefficient equal to 0.01.
The RS model is the least suitable for capturing the rocking behavior, despite being the
easiest to implement model. The sensitivity analysis shows that the main parameters affecting
the results in terms of lateral displacements are the stiffness of the compression only springs,
the elastic modulus of the concrete at the wall-to-foundation interface in the fiber model, the
unbonded length of the mild steel rebars and the amount of damping.
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After the sensitivity analysis, a reduced elastic modulus of concrete (0.6 of the elastic
modulus of plain concrete) has been considered. The total unbonded length of the energy dissipators are equal to the unbonded length at the wall-to-foundation interface plus six times the
value of the diameter of the rebars to account for strain penetration. For the definition of the
stiffness of the springs, a value of half length of the wall has been considered.
Regarding nonlinear dynamic analyses, the models provide results qualitatively similar to
the experimental test.
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Abstract
In seismic regions, more often than never the dogma that bridge columns need to be firmly
connected to the ground leads to huge pile foundations that require as much concrete as the
superstructure. This is clearly a non-sustainable design method. To reduce the foundation design moment and possibly avoid the piles foundation, it has been proposed to let the bridge
columns uplift and rock.
This paper presents quasi-static testing of a 1:5 scale precast restrained rocking bridge
column exhibiting negative stiffness. The proposed system is resilient, able to achieve limited
to no damage during design earthquakes. It allows prefabrication and quick on-site assembly,
which reduces the on-site construction time and traffic impact.
As part of this experimental campaign, quasi-static cyclic tests were carried out on a reinforced concrete column allowed to rock on its interface with the foundation and cap-beam. An
unbonded tendon was adopted to restrain the columns. The tendon was connected in series to
a Belleville spring system to keep the overall post-uplift stiffness of the system negative. Large
drifts lead to stress concentrations at the ends of the columns, therefore they were protected
by steel jackets.
The column was subjected to drift ratios up to 15%. The results show that it returned to its
original position with negligible to no residual displacement.
Keywords: rocking bridges, Accelerated Bridge Construction, sustainable seismic design,
precast bridges
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1

INTRODUCTION

Accelerated Bridge Construction (ABC) has emerged as a convenient method to reduce
onsite construction time and traffic impact, as well as providing elements of higher quality
due to its prefabrication offsite [1–23].
Within ABC two seismic design methods exist: (a) emulating connections of conventional
reinforced concrete structures by creating fixed connections of the precast elements with cast
in situ concrete or, (b) letting the precast elements rock by adopting dry connections combined with prestressed or posttensioned unbonded tendons passing through the columns. The
advantage of the former method is that it results in bridges that behave like the traditional cast
in place ones, this it is an established and easily acceptable technology. The advantage of the
latter method is that it is more resilient as it presents minimal damage and residual displacement. Some of the techniques developed to emulate connections are: bar coupling [6, 7],
pocket and socket connections [5, 10, 21, 23], and grouted duct connections [9, 22, 23].
As an alternative to emulated connections, rocking systems provide the additional advantage of reducing residual displacements and damage after the earthquake event ceases.
Priestley and Tao [1] and Stone et al. [2] studied the behavior of precast posttensioned beam
columns designed to rock in the connections. Mander and Cheng [13] developed the Damage
Avoidance Design methodology for bridge piers, introducing the concept of precast posttensioned elements to bridge systems. Following on, Hewes and Priestley [17] and Billington
and Yoon [18] also explored the adoption of posttensioned rocking elements to segmental
columns.
To control design displacements, researchers proposed introducing energy dissipation devices to the system. Davis et al. [3], Finnson [4], Thonstad et al. [11] and Thonstad et al. [12]
conducted an experimental campaign exploring the behavior of prestressed rocking piers with
mild reinforcing bars connecting the foundation and column, and/or column and cap beam,
which provided energy dissipation. With similar goal, Marriott et al. [20], Guerrini et al. [8],
White and Palermo [24] and Mashal and Palermo [14] explored rocking piers equipped with
external energy dissipaters.
Sideris et al. [25–27] also proposed a posttensioned segmental column with a rockdominant connection at the bottom, and intermediate slip-dominant connections, which provided energy dissipation with low damage.
The works mentioned above led to the development of systems with small residual displacements and low damage after a ground motion excitation. Hence, they succeed in the goal
of resilience. However, they result in foundation design moments that are on the same order
with their plastic design counterparts. These design moments often require huge pile foundations which can comprise up to 50% of the total Reinforced Concrete used in the whole project. Aiming at decreasing the foundation design moments and obtaining a more sustainable
system, it has been suggested either to not restrain the bridge columns at all [28–42] or to restrain them with flexible restraining systems [43–46]. In an effort to bring the concept of negative stiffness closer to practice, this paper presents quasi-static cyclic tests of a restrained RC
concrete column exhibiting negative post-uplift stiffness. The column is allowed to rock
freely on its interface with the foundation, while the cap beam and column are connected
through a non-prestressed tendon in series with disc springs.
2

BEHAVIOR OF NEGATIVE STIFFNESS BILINEAR ELASTIC SYSTEMS

Rocking systems of negative stiffness present the Negative Stiffness Bilinear Elastic
(NSBE) force deformation loop shown in Fig. 1, and discussed extensively in [30]. Up until
uplift the system behaves linearly with a stiffness representing any deformability the system
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might present before uplifiting. After uplifting, the tangent stiffness becomes negative. The
displacement capacity is defined not by material failure, but by the displacement where the
restoring force becomes negative. Therefore, for an unrestrained rocking column the displacement capacity is equal to its width. One can increase it by equipping the column with
extended curved ends [47–49] or by adopting a flexible restraining system. Herein, a flexible
restraining system was adopted for the proposed column.

Figure 1: Characteristic Pushover Curve of a NSBE Oscillator (figure from [30])

3

SPECIMEN DESIGN

In the tests discussed in this paper, the restraining system of the column was designed to
double the displacement capacity of the free rocking column, assuming that uup is negligible.
The system was composed of an unbonded tendon in series with disc (“Belleville”) springs
(Fig. 2). The disc springs were adopted to avoid yielding of the tendon in large displacements.

Figure 2: Specimen

The ungrouted tendon passed through the centerline of the column. One end was anchored
in the bottom of the column, providing no connection between the foundation and the column.
The other end was anchored above the beam, in series with the disc springs. No prestress
loading was applied to the restraining system.
The columns were protected by steel jackets at their ends. The jackets comprised a steel
tube welded to a circular end plate. Steel jackets were also used by [11, 14]. However, in the
tests discussed in this work, the stresses are expected to be smaller because of the springs.
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Steel plates were also fixed to the floor and to the cap beam to avoid damage due to stress
concentrations. The plates were equipped with sliding restrainers, which limited the sliding
motion of the column. A restrainer was also provided to avoid twisting of the columns. Fig. 2
presents the tested system, in which the elements discussed in this section are identified.
The geometry of the column is shown in Fig. 3-4 and follows from scaling to 1:5 a typical
overpass bridge column.

Figure 3: Cap-beam elevation and cross-section (dimensions in mm)

Figure 4: Column elevation and critical cross-sections (dimensions in mm)

3.1

Restraining System

The stiffness of the restraining system (kres) was obtained based on the force deformation
curve discussed in [30], under the assumption that the pre uplift deformation is negligible. For
small rotations, one can linearize and get the desired stiffness of the restraining system as:
kres

4V O  1

Db
O

(1)

where V is the total vertical loading acting on the column plus half of its self-weight, Į is the
slenderness angle of the column (i.e. width to height ratio), b=257.8 mm is the diameter of the
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column, and Ȝis the factor by which the displacement capacity of a free rocking column with
equivalent slenderness should be increased (i.e. Ȝ=ucap/b).
The tests were performed under a vertical load V=52.2 kN that would correspond to a normalized axial load (v) of 5% in the columns, which is typical for bridge columns. Then, Eq. (1)
gives the target stiffness of the restraining system that would result in doubling the displacement capacity of the column (Ȝ = 2): kres=2302 kN/m. The restraining system was composed
of a tendon with nominal cross-section area of 150 mm2 in series with 11 disc springs of individual deformation capacity of 5.6 mm (Fig. 2). This design gives an overall stiffness of the
restraining system of 2613 kN/m until 44 mm axial displacement.
The tendon had threaded sockets at its ends. Therefore, it was anchored in the bottom end
of the column, as Detail 1 of Fig. 4 shows. The other end was anchored at the top of the
springs with a nut. The tendon was unbonded through its entire length.
3.2

Steel Reinforcement

The column reinforcement was designed to resist the internal moment generated when the
column rotates to a displacement equal to 2b=515.6 mm. It resulted in a longitudinal reinforcement composed of 6 B500B rebars of 8 mm-diameter (As = 3.02 cm2) distributed uniformly along the circular perimeter of the column. The longitudinal reinforcement was welded
on the steel plate at the column ends.
The transverse reinforcement comprised an 8 mm-diameter B500B spiral, which is the
minimum according to Eurocode 2 [50] (Asw/s = 0.022 cm2/cm).
3.3

Column steel parts

The steel jackets consisted of a S355 steel tube 3.4 mm-thick, 245 mm-high and 257.8 mm
in external diameter. The steel tube was welded in its base to a S355 steel plate 5 mm-thick.
The detailing of the steel plate is different in the bottom and top part of the column. In the
steel plate placed at the bottom of the column, a threaded steel tube was welded to it for anchoring the tendon. In the top part, a circular annular plate was used to allow casting of the
column.
3.4

Slide and twist restrainers

To limit sliding, the steel plates fixed to the ground and to the cap-beam were equipped
with sliding restrainers that limited sliding to 5 mm in each direction (Fig. 5).

Figure 5: Schematic illustration of the motion restrainers
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3.5

Concrete mix

The columns were casted in-house using a commercial dry mixture of self-compacting
concrete of strength class C30/37 (fck = 30 MPa). Although the water/cement ratio suggested
in the pack of the dry mixture was initially respected, the concrete workability was not the one
expected, and more water had to be added to the mixture.
Three standard cylindrical specimens of 150mm-diameter and 300mm-high were casted to
define the strength and Young’s modulus of the concrete. The measured mean strength and
Young’s modulus of the specimen were 45.4 MPa and 30 GPa, respectively.
4

TEST SETUP AND INSTRUMENTATION

The test setup is shown in Fig. 6a. It consisted of two vertical actuators and a horizontal actuator. The three actuators applied forces or displacements to a steel beam, which was connected to the cap-beam with short wide flange steel beams. The steel beam is constrained, and
out-of-plane displacement is not allowed.
The setup kept the vertical force applied to the column constant and equal to 52.20 kN,
simulating the gravitational loads of the super-structure. The rotation of the cap and steel
beam was kept constant and equal to zero. For the cyclic test, the horizontal actuator applied
the displacements defined in the loading protocol shown in Fig. 6b. The loading protocol consisted of two consecutive cycles of same drift ratio, followed by a subsequent cycle of 1.25
times the previous drift ratio. In total, the columns were subjected to 18 sets of two cycles
each. The loading protocol was based on the American Concrete Institute recommendations.
Since the most recent report [51] specifies that the drift ratio must be increased based on the
yield strain, the increase of the drift ratios was based on an older report [52].
The displacement of the column and cap-beam were measured by an optical measurement
device that tracks the positions of markers fixed in the specimen. The forces and strokes of all
actuators were recorded by load cells and lasers installed on them. A load cell was also installed in series with the springs and tendon, recording the forces in the restraining system.
Rosettes measured the strain in the steel jacket.

Figure 6: (a) Test setup, and (b) Cyclic time history.
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5

FORCE-DRIFT LOOPS

Fig. 7 presents the force-drift response for low drift ratios (up to 1.1%), medium drift ratios
(up to 4.2%), and high drift ratios (up to 15%). The drift ratio is defined herein as the ratio
between the horizontal displacement of the beam and the height of the column (1450 mm).

Figure 7. Force-drift relation for: (a) low drift ratio, (b) medium drift ratio, and (c) high drift ratio

One can observe that the column presents almost no strength reduction. It is not clear
whether the energy dissipation deduced from the area of the loops comes from the column
itself or from friction of the set up. More tests are currently performed to quantify the friction
of the spring and of the setup itself. In any case, there was only minimal damage in the columns, so it is difficult to imagine a physically plausible way of energy dissipation within the
column.
Sliding and twisting of the specimen were limited, but not zero. Both motions could be observed and measured with the optical position trackers fixed in several points of the column
and cap-beam. Twisting was negligible. Sliding, however, was observed and it is also depicted in the force-drift relations (Fig.7a-b).
Fig. 8 shows the envelope of the force-drift response. As the protocol defined two cycles
per drift amplitude, the envelope for both cycles is plotted. The same plot shows the envelope
predicted by rigid body calculations, assuming a rigid column with same dimensions of the
tested column (257.8 mm-diameter and 1450 mm-height), constant vertical load of 52.20 kN
and restraining system stiffness of 2613 kN/m. The flexibility of the tested system only causes
a slight deviation from the rigid body model that is non-negligible only for very small drift
ratios, essentially before the column uplifts.

Figure 8: Force-drift envelope
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6

OBSERVED DAMAGE

At the end of the test, almost no damage could be noticed at the column (Fig. 9c-d). No
cracks or spalling of the column was observed. The top steel jacket, however, presented some
minimal damage. The steel plate slightly bent (Fig. 9a) and the steel tube presented a dent
(Fig. 9b), as a result of local buckling. Both damages occurred close to the end of the very end
of the column, at drift of 12.7%. The bottom steel jacket did not present any damage visually
observed, as the contact force there is smaller.

Figure 9: (a) Bending of the steel plate, and (b) dent of the steel tube of the steel jacket at the end of test; (c) column, and (d) overall view of the system at 15% drift ratio.

7

CONCLUSIONS

Negative stiffness restrained rocking columns can be used in bridge design in an effort to
reduce the design moment of the foundation and possibly save the piles. Such a system using
disc springs in series with a steel tendon as a restraining system was tested to drift ratios up to
15%. Negligible visual damage was observed. Since the force deformation loops did not
change during the tests, no strength degradation was observed. Thus the system is resilient.
As the aim of the proposed design approach is to reduce the design moment of the foundation and avoid the huge pile foundations that are often designed in seismic areas, the system
contributes to sustainable seismic design.
8
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Abstract
Greece is divided into three seismic hazard zones ZI, ZII, ZIII. In the present research work,
the same building in the three seismic zones of Greece is modeled, analysed and dimensioned
and then the construction cost of its structural body is estimated. The building modeling was
performed in SAP2000 using linear finite elements. The analysis of the building was performed by dynamic spectral analysis methods using the design spectrum of EC8. A ten-storey
building with a standard floor plan per floor was used. The purpose of this research paper is
through comparative analytical estimation of construction costs to demonstrate whether the
cost of construction of the bearing structure of a reinforced concrete building is affected by
the area seismic hazard, if this influence is significant and to what extent. Useful conclusions
are drawn regarding the influence of seismicity on the construction cost of the load-bearing
structure of reinforced concrete buildings.
Keywords: Seismicity, Cost, Reinforced Concrete, Seismic Hazard.
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1

INTRODUCTION

One matter that has troubled consultant engineers worldwide is the correct design and detailing of a reinforced concrete (R/C) building [1]–[16]. However, another matter that has
troubled engineers is the economical design of a R/C building, as far as the construction cost
of the load-bearing structure is concerned. Several studies worldwide have taken place on this
matter in order to find the most economical way of designing and detailing the load-bearing
structure of structures, whether these structures are buildings [17]–[19], bridges [20]–[24] or
other types of structures [25], [26].
2

DESCRIPTION OF BUILDING

The reinforced concrete structure that is simulated and dimensioned in the three seismic
zones is a symmetrical ten-storey building, without a basement. The floor plan of the building
is 25 m x 25 m, so its area is E = 625.00 m2, and is the same for each floor (Figure 1). The
height of the ground floor is 4.5 m and the rest of the floors 3 m. In the center of each floor,
there is a strong core and two ductile walls around the center of the Y direction.

Figure 1: Floor plan.
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The dimensions of the beams’ cross sections of the building do not change per floor. The
perimeter beams have dimensions 25 cm x 70 cm and the inner ones 25 cm x 60 cm in the X
direction and 25 cm x 55 cm in the Y direction, apart from the core where they are also 25 cm
x 70 cm. The cross section of the columns varies in height; for the first two floors is 75 cm x
75 cm and then decreases by 5 cm per floor. The thickness of the ductile wall sections varies
with height and changes every five floors. On the first five floors, it is 37.5 cm and for the last
five it is 25 cm. Enlarged boundary elements are used at both ends of the ductile walls T3 and
T10 to avoid lateral buckling of structural walls under extreme seismic actions [27]–[34]. The
thickness of the slabs is 15 cm.
3

MODEL DESCRIPTION

The modeling of the load-bearing structure is performed with the program SAP 2000. The
ductile walls are modeled through the equivalent frame method (Figure 2). A vertical element
is used, equivalent to a column, in the center of the wall, which is connected to the other
structural elements with horizontal elements; rigid bodies at the level of the floors, with special properties. These bodies have increased values of their characteristics so that they appear
as rigid in relation to the neighboring elements. The nodes at the base of the structure have
rigid supports so that the superstructure is not affected by the foundation structure [35], [36].

Figure 2: 3D building simulation.
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The construction materials of the load-bearing structure have the following characteristics:
x Concrete quality C30/37
x Steel quality B500C
The modulus of elasticity of concrete is 33 GPa, according to Eurocode 2 [37]. The value
of the Poisson ratio is set equal to 0, according to the specifications of Eurocode 2 [37], for
cracked sections of reinforced concrete. The beams are modeled as linear finite elements in
space, placed on the centroid axis of the structural element. As the diaphragm action of the
slabs is ensured, the beams are considered as T or L beams. The columns are modeled as linear finite elements in space, placed on the centroid axis of the structural element, like the
beams.
4
4.1

DIMENSIONING
Slabs

All slabs are quadrilateral and are reinforced in both directions and the calculation was
done with Czerny tables. The maximum torque at middle of the slabs is M = 15.80 kNm.
Therefore, reinforcement Ø10/190 (As = 4,13 cm2) is placed in the openings of the slabs. The
supports that require additional reinforcement are Π1-Π4, Π3-Π6, Π9-Π12, Π11-Π14, as well
as the core support and so additional reinforcement Ø10/250 is placed.
4.2

Beams

The detailing of the beams has been performed in the openings and the supports for the
most unfavorable combination and according to the minimum requirements of Eurocodes 2
and 8 [37], [38].
4.3

Columns

Detailing against biaxial bending with axial force is performed according to Eurocode 2
[37]. Similar to the beams, the most unfavorable combinations, the minimum requirements of
Eurocodes 2 and 8 [37], [38] and the capacity design were used (Table 1).

Column
Κ1, Κ6, Κ19, 24
Κ2, Κ5, Κ20, K23
Κ3, Κ4, Κ21, Κ22
Κ8, Κ9, Κ16, Κ17
Κ7, Κ10, Κ15, Κ18

vd
-0.07570
-0.12780
-0.17002
-0.16832
-0.12499

ZONE ΙΙ
μ1
0.01544
0.01795
0.01773
0.01783
0.01787

μ2
0.00564
0.00360
0.00281
0.00273
0.00341

Reinforcement
12Ø25
12Ø25
12Ø25
12Ø25
12Ø25

Table 1: Longitudinal reinforcement of ground floor columns of Zone II

4.3

Structural walls

The detailing of the ductile walls has been performed according to the provisions of Eurocodes 2 and 8 (Table 2) [37], [38].
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Structural Walls
Τ1, Τ2
Τ3, T10
Τ4, Τ5
Τ6, Τ7
Τ8, Τ9

vd
0.0690
-0.1380
0.2420
0.1200
0.2631

ZONE III
μx
0.1200
0.1750
0.0805
0.0755
0.0772

μy
0.0043
0.0160
0.0052
0.0051
0.0052

Reinforcement
12Φ32
12Φ32
8Φ25
8Φ25
8Φ25

Table 2: Tension reinforcement of ground floor ductile walls of Zone III

5

CONCRETE AND STEEL MEASUREMENTS

The amount of concrete does not change in the three seismic zones, as the dimensions of
the elements remain constant. The measurement of the steel reinforcement of the slabs, beams,
columns and walls took place after the completion of the detailing for all three seismic zones.
6
6.1

ANALYSIS OF RESULTS
Analysis of concrete results

Figure 3: Percentage of structural elements concrete column compared to the total volume of concrete.

From Figure 3, it appears that the slabs have the largest percentage of the structural elements with a percentage of 51.57%. Then there are the walls with a percentage of 19.81%, the
columns with a percentage of 14.63% and finally the beams with a percentage of 13.99%.
6.2

Analysis of reinforcement results for the ground floor

The following Table 3 and Figures 4-11 display the weight of steel of the structural elements of the ground floor for each zone.
Zone

Slab steel
(kgr)

Beam steel
(kgr)

Column steel
(Kgr)

Structural wall steel
(kgr)

Sum

Ζ1
Ζ2
Ζ3

10381.83
10381.83
10381.83

6739.43
8028.39
8561.27

6391.74
6405.58
7370.15

5538.13
7573.54
8784.73

29051.13
32389.35
35097.98

Table 3: Weight of steel of structural elements
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Figure 4: Total weight of steel of ground floor components for each seismic zone.

Figure 5: Beam steel weight of ground floor for each seismic zone.

Figure 6: Column steel weight of ground floor for each seismic zone.
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Figure 7: Wall steel weight of ground floor for each seismic zone.

Figure 8: Percentage increase of total weight of steel of ground floor structural elements per zone.

Figure 9: Percentage increase of beam steel of ground floor structural elements per zone.

1718

Panagiotis A. Sioulas, Theodoros A. Chrysanidis, Nikolaos O. Alamanis, Grigorios P. Papageorgiou

Figure 10: Percentage increase of column steel of ground floor structural elements per zone.

Figure 11: Percentage increase of wall steel of ground floor structural elements per zone.

The analysis of the above diagrams shows the following:
x Transition from ZI seismic acceleration 0.16g, to ZII seismic acceleration 0.24g
 Increase of 11.49% of the total weight of steel of all structural elements
 Increase of 19.13% in the steel weight of the beams
 Increase of 0.22% in the steel weight of the columns
 Increase of 36.75% of the steel weight of the walls
x

Transition from ZII seismic acceleration 0.24g, to ZIII seismic acceleration 0.36g
 Increase of 8.36% of the total weight of steel of all structural elements
 Increase of 6.64% in the steel weight of the beams
 Increase of 15.06% in the steel weight of the columns
 Increase of 15.99% of the steel weight of the walls

x

Transition from ZI seismic acceleration 0.16g, to ZIII seismic acceleration 0.36g
 Increase of 17.23% of the total weight of steel of all structural elements
 Increase of 21.28% in the steel weight of the beams
 Increase of 13.28% in the steel weight of the columns
 Increase of 21.28% of the steel weight of the walls
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x

Increase in seismic acceleration
 Zone Ι to Zone ΙΙ (0.24-0.16)/0.16 = 50%
 Zone IΙ to Zone ΙIΙ (0.36-0.24)/0.24 = 50%
 Zone Ι to Zone ΙIΙ (0.24-0.16)/0.16 = 125%

Figure 12: Percentage of steel of ground floor structural elements of Zone I.

Figure 13: Percentage of steel of ground floor structural elements of Zone II.
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Figure 14: Percentage of steel of ground floor structural elements of Zone III.

From the Figures 12-14, it is concluded that:
 Slabs occupy their largest percentage in steel in ZI 35.74%, then in ZII 32.05% and
finally in ZII 29.58%.
 Beams occupy their largest percentage in steel in ZII 24.79%, then in ZIII 24.34%
and finally in ZI 23.20%.
 Columns occupy their largest percentage in steel in ZI 22%, then XIII 21% and finally in ZII 19.78%.
 Structural walls occupy their largest percentage in steel in ZII 25.03%, then in ZII
23.38% and finally in ZI 19.06%.
7

CONCLUSIONS

In the present work, a ten-storey reinforced concrete building, without a basement, of rectangular conventional floor plan, was analyzed and detailed in the three seismic zones ΖΙ, ΖΙΙ,
ΖΙΙΙ. The following conclusions emerged:
1. As the seismic hazard in the building increases, the largest percentage increase in steel
occurs in the seismic walls. Specifically:
• ZI (αg = 0.16g) → ZII (αg = 0.24g) percentage increase 36.75%
• ZII (αg = 0.16g) → ZII (αg = 0.36g) percentage increase 15.99%
• ZI (αg = 0.16g) → ZII (αg = 0.36g) percentage increase 36.96%
2. The increase in seismic acceleration:
• From ZI to ZII is a percentage of 50%, while respectively the increase in the total amount
of steel is 11.49%, significantly smaller.
• From ZII to ZIII is a percentage of 50%, while respectively the increase in the total
amount of steel is 8.36%, an even greater difference compared to the previous transition.
• From ZI to ZIII is a percentage by 125%, while respectively the increase in the total
amount of steel is only 17.23%.
3. In a reinforced concrete building designed in accordance with the Eurocodes, seismicity
affects the construction cost of the building but certainly the increase in construction costs
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is significantly smaller compared to the increase in seismic risk. The increase in the total
cost of materials is much smaller than the increase in seismic accelerations.
4. A building may be detailed for a seismic hazard zone greater than that provided for in the
respective code, taking into account that there is a difference in construction costs.
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Abstract
Most of the existing buildings in seismic prone regions have been built before the publication
of modern design provisions against seismic events and progressive collapse. Nonetheless,
some studies have highlighted the possible interaction between earthquake resistance and
structural robustness, the latter being of interest to either individual extreme hazards (e.g.,
blast, impact, fire) or interacting hazards (e.g., landslides produced by seismic events). While
retrofit strategies to improve the seismic performance of reinforced concrete (RC) structures
have been widely investigated since many years, the topic of mitigation strategies against
progressive collapse received very little attention. Progressive collapse can be described as a
special type of structural collapse that involves several components of the structure as consequence of an initial localised damage. The present study aims at investigating whether and
how much seismic retrofitting may improve not only the earthquake resistance but also robustness. A four-storey, five-bay, RC frame building designed according to Eurocode 2 is
considered as a case study. The frame was assessed by evaluating: 1) the capacity of the
structure to redistribute loads after a local damaging event; 2) the seismic capacity of the
structure. Non-linear static analyses, i.e., PushDown and PushOver analyses, were carried
out in OpenSees to evaluate the robustness and seismic resistance of the structure, respectively. The progressive collapse capacity was evaluated under two relevant column-removal scenarios, i.e., the sudden loss of an internal and an external column, while the seismic
resistance was assessed under two load distributions, i.e., proportional to the first vibration
mode and to the inertia masses. Subsequently, the impact of retrofitting with carbon fibrereinforced polymers on both structural robustness and seismic resistance was evaluated. The
use of the retrofit measure allowed, on the one hand, the removal of all the shear failures due
to horizontal seismic actions and, on the other hand, to increase the robustness of the structure.
Keywords: Reinforced concrete buildings, structural robustness, retrofit operation, progressive collapse, non-linear static analysis.
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1

INTRODUCTION

Some iconic cases, such as the collapse of the Ronan Point Building (London, 1968) [1],
the Murrah Federal Building (Oklahoma City, 1995) [2], and the World Trade Centre (New
York, 2001) [3] highlighted the high consequences of progressive collapse, in terms of loss of
lives and properties, significantly increasing the interest of the research community in this
topic [4]. Since the 1940s, many studies focused on this research area, widely investigating
various aspects of the problem by performing components [e.g., [5], [6], [7]] and large-scale
experimental tests [e.g., [8], [9], [10], [11]], numerical modelling and simulations [e.g., [12],
[13], [14], [15], [16], [17]] and investigating several aspects of the design against progressive
collapse [e.g., [18], [19]]. These studies allowed to build up an increasing understanding of
the structural response in progressive collapse scenarios, along with the definition of possible
design strategies. However, design guidelines and codes [[20], [21], [22]] have been introduced only in recent years, and most of the existing buildings worldwide do not incorporate
design provisions to achieve structural robustness.
Besides, existing reinforced concrete (RC) structures are often vulnerable to seismic actions, as demonstrated by many events worldwide [e.g., [23]]. However, in the last few decades, there has been a significant effort from the research community in order to address these
issues, and many seismic retrofit strategies are currently available and implemented in practice [e.g., [24], [25], [26], [27], [28], [29]].
In contrast, a very limited number of research studies focused on the development and investigation of retrofit strategies to avoid progressive collapse for both RC and steel structures.
Among the few studies addressing this problem, Vieira et al. [7] experimentally investigated
the effectiveness of the Textile-Reinforced Mortar and Near-Surface-Mounted reinforcement
techniques when applied for the strengthening of existing RC frames against disproportionate
collapse, showing an increase of the ductility by a factor of 1.95. Shayanfar et al. [30] numerically investigated the use of several combinations of additional rebars and Carbon Fiber Reinforced Polymer (CFRP) layers for the retrofitting of 2-storey RC frame showing the
improved catenary effects and the reduction of vertical displacements. Jinkoo et al. [31] investigated the effect of prestressing tendons on the progressive collapse performance of a RC
structure by performing non-linear static and dynamic analyses investigating a 6- and a 20story RC structure subjected to a sudden column loss scenario.
Although the above-mentioned studies (and a few more) investigate retrofit strategies for
progressive collapse resistance, the knowledge level in this field is still very limited and there
is a significant need for additional studies in this direction. Moreover, the vulnerability of
these structures against multiple hazards offers the opportunity for integrated retrofit strategies that otherwise would often not be economically sustainable if directed toward the improvement of the structural response against a single hazard.
Within this context and given the high vulnerability of RC buildings towards the two considered hazards (i.e., seismic actions and progressive collapse scenarios), the present study
investigates the influence of the seismic retrofitting based on the use of CFRP on the structural robustness of a case study RC structure.
2

CASE-STUDY STRUCTURE AND FINITE ELEMENT MODELLING

A five-storey, six-bay by four-bay RC building, designed according to Eurocode 2 [32] and
only to gravity loads, and previously investigated by the authors [[33], [34], [35]] was considered for case study purposes (see Figure 1). The building has a constant inter-storey height of
3 m and span lengths along the x- and y-directions equal to 5 m. Columns have a 400 × 400
mm2 square section, whereas beams are 300 × 500 mm2 at each floor. Concrete class C20/25
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and steel reinforcement bars B450C were employed in the design. Uniform longitudinal reinforcement consisting of and 6I18 and 8I18 were used for columns and beams, respectively.
The same transverse steel reinforcement of I18 stirrups with 200 mm spacing and a concrete
cover of 40 mm were used for both beams and columns.
A two-dimensional Finite Element (FE) model of the external frame in x-direction was developed in OpenSees [36]. A spread plasticity approach with displacement-based fibre formulation was used, and each cross-section was discretised in 120 fibres: one hundred fibres
relating to the confined concrete (i.e., the concrete core) and twenty for the concrete cover.
The stress-strain concrete behaviour was simulated through the uniaxial Kent-Scott-Park concrete model [37] (i.e., ‘Concrete01’ in OpenSees), while a uniaxial bilinear model with kinematic hardening set to 0.01 was adopted to simulate the steel behaviour (i.e., ‘Steel01’ in
OpenSees). The characteristic cylinder compressive strength of concrete, fck, was set to 20
MPa. The characteristic yield strength, fyk, and Young’s modulus of the reinforcing steel, E0,
were set equal to 450 MPa and 200 GPa, respectively. The loads were applied as concentrated
loads on the beams following a discretisation of the structure in which each beam element was
subdivided into 5 parts. Masses were concentrated at beam-column intersections while beamcolumn joints were modelled as rigid. Geometric non-linearities in the form of both large displacements/rotations and P-Delta effects were considered by means of a total corotational
transformation.
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Figure 1: Reference frame model

3

PROGRESSIVE COLLAPSE ANALYSIS METHODS

The present Section investigates three different strategies for progressive collapse simulations. As shown in Figure 1, two different column removal scenarios were considered, i.e.,
scenario A1 and A2. Loads were applied according to the accidental load combination, as per
UFC [21] guidelines:

=ͳǤʹͲǤͷ

(1)

where DL and LL indicate the dead and live loads, respectively equal to 3 kN/m2 and 2 kN/m2.
A FE model in Seismostruct [38] was previously developed by the authors [35] for the case
study frame, allowing the comparison of the numerical results and increasing confidence in
the modelling strategy. The comparison was initially carried out in terms of modal properties
showing a good match, i.e., the first vibration periods were 0.35 sec and 0.37 sec for the
Seismostruct and OpenSees model, respectively, while the second and third vibration periods
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were coincident. A further comparison was carried out investigating the behaviour under the
progressive collapse scenarios. In particular, the results of Incremental Dynamic Analysis
(IDA) carried out in the previous study [35] were compared with the PushDown Analysis
(PDA) carried out in this study. The Dynamic Amplification Factor (DAF) is used in the
PDAs in order to simulate the dynamic effects. Figure 2 shows three different approaches
used to carry out the PDAs, allowing the identification of the most appropriate one in terms of
convergence and analysis’ accuracy. The following approaches are evaluated:
x

x

x

The ‘Approach A’ is characterised by two Analyses (see Figure 2(a)). ‘Analysis 1’ consists of a standard load control static analysis of the ‘undamaged’ structure, allowing the
definition of the reaction force (R) of the column where the column loss is successively
simulated. During ‘Analysis 2’ the column removal is simulated by two steps. ‘Step 1’,
represented in Figure 2(a), allows simulating the presence of the column before the removal. The equivalent upward force F is applied to the frame, which entity corresponds
to the vertical load previously detected on that column. In this Step, the gravity loads and
the force F, are monotonically increased until the target value. In the following ‘Step 2’,
represented in Figure 2(a), a downward force F (equal to R in terms of values and opposite in terms of direction) is applied to simulate the column removal. Moreover, the loads
on the beams adjacent to the removal are amplified with the DAF. This second set of
loads are thus gradually applied.
The ‘Approach B’ is characterised by a single step (see Figure 2(b)), consisting in a displacement control analysis with the application of design loads amplified by the DAF.
This approach, differently from ‘Approach A’ neglects the initial condition before the collapse but allows an easier implementation of the analysis. In addition, the displacement
control strategy allows the convergence of the analysis for larger displacements hence
better simulating the catenary effects.
The ‘Approach C’ is characterised by two Steps (see Figure 2(c)). ‘Step 1’ represented in
Figure 2(c) consists of a standard load control static analysis of the ‘damaged’ structure
with the application of the design loads. In the following ‘Step 2’ a displacement control
analysis is performed with the design loads amplified by the DAF.

The present Section of the work investigates the intensity of the DAF parameter by the
comparison of the results of the PDAs and IDA. For this reason, the DAF was considered unitary during these preliminary analyses.
The results of the PDAs were obtained in terms of α-θ curves, in which α represents the
design load multiplier and θ the vertical drift of the control point. Specifically, α was obtained,
according to Eq. 2, as the ratio between the sum of the reaction values, relative to the base
constraints, and the sum of the loads applied to the structure. The vertical drift was obtained
as the ratio between the vertical displacement of the control point, v, and the beam length, L,
according to Eq. 3; the control point was coincident with the upper joint of the removed column.
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ANALYSIS 1

Approach A

ANALYSIS 2- STEP 2

ANALYSIS 2- STEP 1

Approach B

Approach C

ANALYSIS 1- STEP 1

ANALYSIS 1- STEP 2

Figure 2: Approaches used for PushDown Analysis (PDA) (scenario A1).

The comparison between PDAs and IDA is shown in Figure 3. Through these results, the
specific DAF (DAFsp) was assessed as the ratio between the values of the load multipliers, α,
obtained from both analyses, as follows:
DAFsp

D PDA
D IDA
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The results of the PDAs overestimated the design load multiplier, α, overestimating the capacity of the structure. This is related to the lack of consideration of the dynamic amplification during these analyses since the DAF was set equal to 1. However, this preliminary
assumption allowed the evaluation of the DAF (DAFsp) based on the results of the PDAs and
IDA according to Eq. 4. The DAFsp for the three Approaches and for the two removal Scenarios is shown in Figure 4. Figure 4 shows that Approaches A and C provide DAF values lower
than the unit for high values of θ. The Approach B, on the other hand, led to a more realistic
estimate of the DAF. Indeed, its value is always higher than the unit for both scenarios up to
large vertical drift values and is aligned with DAF values obtained from other studies in the
literature [40]. Approach B, with the corresponding value of the DAF, was chosen as the
analysis method for the following part of the study. The DAF was set equal to 1.16, corresponding to a value of plastic rotation of 0.03 rads, as suggested by UFC (table 4-1); the yield
rotation was calculated based on the recommendations of the Eurocode 8 [39].
Scenario A1- Approach A

Scenario A1- Approach B

Scenario A1- Approach C

Scenario A2- Approach A

Scenario A2- Approach B

Scenario A2- Approach C

Figure 3: Comparison between PushDown analysis (PDA) and Incremental Dynamic Analysis (IDA).
Approach A

Approach B

Scenario A1
Scenario A2

Scenario A1
Scenario A2

Figure 4: Dynamic Amplification Factor (DAF) assessment.
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4

PROGRESSIVE COLLAPSE AND SEISMIC ANALYSIS

4.1 Progressive collapse resistance assessment
Progressive collapse analyses were carried out to assess structural robustness under the two columnremoval scenarios previously discussed and shown in Figure 1. Unlike previous studies [[33], [34],
[35]], in which a building perimeter frame was considered, the structural system is herein supposed to be
an internal primary frame. This led to an increase of design loads applied on beams equal to 23 kN/m
according to Eq. 1.
The α-θ curves for the two scenarios and obtained with the PDAs are shown in Figure 5. For both
scenarios, Figure 5 shows that the structure lack of robustness with shear failures of the beams corresponding to α values of 33.05 and 47.61, respectively, for scenarios A1 and A2. The degrading model of
Biskinis and Fardis [41] was used for shear checks.
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Figure 5: Pushdown analysis results: (a) scenario A1, (b) scenario A2.

4.1 Seismic safety assessment
In order to evaluate the seismic capacity of the structure, global and local checks were carried out
through non-linear static analysis performed according to NTC 2018 [42]. The construction site was
coincident with L’Aquila (Abruzzo, Italy), the reference life of the structure, VR, was 50 years and soil
and topographic category were B and T1, respectively; the PGA was equal to 0,301g. Two different
load distribution, such as the MODE and a MASS distribution, were considered. Local checks showed
that almost all elements, vertical and horizontal, were subjected to brittle failures, as underlined by the
demand/capacity ratios collected in Tables 2 and 3 (Bold values in the tables indicate demand/capacity ratios greater than 1). These checks were carried out step-by-step, and they were performed in correspondence of a single step, i.e., that related to the identified performance point. The
global checks compared the required inelastic displacement, Sd,inel with the ultimate displacement of
the structure, du. This comparison was performed in the ADRS plane, allowing the comparison between the demand spectrum and the capacity curve. The intersection between the demand spectrum
with the extension of the elastic branch provided the performance point. The results are shown in Figure 6, with the relative demand/capacity ratios.
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Column Line
Floor level
1
2
3
4
5

1
2.03
1.60
1.15
0.70
0.02

2
2.07
2.20
1.86
1.39
0.81

Mass distribution
3
4
5
2.14 2.19 2.25
2.14 2.09 2.04
1.77 1.68 1.58
1.32 1.25 1.19
0.79 0.75 0.71

6
2.32
1.98
1.48
1.13
0.63

7
2.04
0.90
1.02
0.74
0.60

1
1.59
1.80
1.46
1.04
0.18

2
1.81
2.25
2.16
1.76
1.12

Mode distribution
3
4
5
1.93 2.03 2.12
2.24 2.20 2.16
2.07 1.98 1.88
1.67 1.58 1.50
1.05 0.99 0.93

6
2.21
2.12
1.78
1.42
0.81

7
1.89
0.98
1.17
0.91
0.65

Table 1: Columns’ demand/capacity ratios.
Beam Span
Floor level
1
2
3
4
5

A
2.36
2.20
1.82
1.36
1.36

B
2.24
2.06
1.70
1.33
1.33

Mass distribution
C
D
2.25
2.25
2.02
1.97
1.66
1.61
1.29
1.26
1.29
1.26

E
2.24
1.92
1.56
1.23
1.23

F
2.28
1.89
1.53
1.19
1.19

A
2.24
2.32
2.05
1.58
1.13

B
2.18
2.18
1.90
1.51
1.01

Mode distribution
C
D
E
2.21
2.23
2.25
2.14
2.10
2.06
1.85
1.80
1.74
1.46
1.42
1.37
1.00
0.98
0.98

F
2.28
2.03
1.72
1.32
0.89

Table 2: Beams’ demand/capacity ratios.

D/C = 43 %

D/C = 33 %

Figure 6: Global checks

5 INFLUENCE OF SEISMIC RETROFITTING ON STRUCTURAL ROBUSTNESS
The analysis results outlined the need to adopt a retrofit measure in order to prevent brittle failures occurring as a consequence of both considered hazards. In this study, the application of CFRP
was investigated as it represents a widely used strategy to improve the seismic performances of RC
frames. The impact of this retrofit strategy on the structural robustness was successively evaluated.
The CFRP were applied differently on vertical and horizontal elements so as to eliminate brittle failures. A single bandage ply was used for the beams, while a different composition was considered for
the columns. Five layers of CFRP plies, coinciding with the limit set by CNR-DT 200 R1/2013 [43],
were used for the first floor level; three and two layers of plies were used for second and third floor
level, respectively, while a single layer of ply was applied for fourth and fifth floor level. The analysis
results showed that the application of CFRP allowed the removal of all the shear failures due to the
seismic action, obtaining values of demand/capacity ratios lower than the unit.
Additionally, this retrofit measure had a beneficial effect, also improving the structural robustness
of the frame under both column removal scenarios, as shown in figure 7. The first brittle failure, for
both cases, occurred for a higher multiplier value than in the case of the existing structure. In scenario
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A2, the retrofitted structure is able to avoid progressive collapse and at the same time was characterised by little damage, as low drift values were reached. A lower increase of structural performance
was observed for scenario A1 where shear failures are observed for α values just above 100% i.e.,
α = 101.64, yet achieving structural robustness under the considered design loads. In this case, however, the activation of the alternative load path required large displacements, i.e., exceeded 10% of
vertical drift, corresponding to a damage level significantly greater than in the previous scenario.
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Figure 7: Impact of retrofit measure on structural robustness: (a) scenario A1, (b) scenario A2.

6

CONCLUSIONS

In this study, the structural capacity of RC framed structure through a multi-hazard approach was
investigated. The impact of a retrofit measure, by the application of Carbon Fibre Reinforced Polymer
(CFRP), on structural robustness was assessed. Non-linear static analyses were carried out to evaluate
the structure’s seismic capacity and its resistance to progressive collapse. The results of the analyses
showed the need for retrofitting in order to eliminate brittle failures and to increase the structural capacity. The study also provided some insights into the methodologies for progressive collapse analysis
using non-linear static procedures. Three Approaches (i.e., A, B and C) were investigated and compared with the results of non-linear dynamic analysis previously performed on the same case study
structure. The following conclusions can be drawn: (i) among the alternative options for progressive
collapse resistance assessment, a more realistic estimate of the dynamic amplification factor was obtained with Approach B; (ii) the seismic safety and structural robustness are limited by premature brittle failures and (iii) the use of CFRP as a retrofit measure was efficient for the case study structure,
leading to the removal of all the shear failures due to the seismic action. On the other hand, the introduction of this retrofit measure allows obtaining a positive result also in terms of structural robustness.
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Abstract. It is generally presumed that the design of tall buildings is mainly dictated by wind
loads rather than seismic actions because of the high ﬂexibility and, therefore, long natural
periods. However, slender buildings exhibit a complex dynamic behavior, and the involvement
of higher modes can result in higher ﬂexural and shear demands than expected. Overlooking the
importance of strength, stiffness, and stability requirements in seismic design of tall buildings
can thus leads to excessive damage, large residual deformations, and even failure. In this
regard, since pure rigid frames alone are not sufﬁcient to withstand lateral loads, as those
due to earthquakes, bracing systems are often introduced to stiffen the steel frameworks of tall
buildings. The design of lateral bracing systems, in turn, calls for the selection of a suitable
pattern for the diagonals arrangement, which is commonly performed through trial-and-error
procedures that can require many iteration cycles. It is too evident that this approach does not
neither ensure the convergence towards a design solution able to fulﬁll all requirements, nor
the achievement of an optimal solution that minimizes the consumption of structural material
and thus the total construction costs. In this context, topology optimization might represent an
effective tool for improving the design of tall buildings under earthquake. Therefore, a topology
optimization methodology is here presented to support the selection of the most effective design
solution for the lateral bracing systems of tall buildings, in such a way to meet minimum weight
requirement while ensuring the highest structural performance. Speciﬁcally, a density-based
approach is adopted to establish an optimization design procedure able to generate optimal
lateral-resisting systems for tall buildings subjected to earthquakes. The optimum design is
formulated in terms of minimum compliance, also to facilitate the comparison of the material
distribution results with those already available in the literature. Numerical results presented
in this work are concerned with two-dimensional case studies, which are envisioned as part of
realistic tall buildings.
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1

INTRODUCTION

The introduction of automated optimization approaches has demonstrated great potential in
assisting designers to achieve more efﬁcient and advanced structural systems than those obtained using traditional iterative procedures. Speciﬁcally, topology optimization has attracted
signiﬁcant attention in the last decades as a robust computational tool for the identiﬁcation of
high-performing design solutions at reduced material consumption. Efﬁciency and effectiveness
of topology optimization for deﬁning bracing systems in multi-story buildings has been widely
demonstrated in recent research works, most of which refer to wind loading within deterministic
frameworks [1–5].
Although interesting results have been successfully achieved under static loading conditions,
slender buildings exhibit a complex dynamic behavior where the involvement of higher modes
can result in high ﬂexural and shear demands. To this end, a great effort has been devoted to
incorporate the topology optimization problem in a dynamic setting. Previous attempts targeted
at enhancing the dynamic performance of structural systems through topology optimization
have addressed the maximization of the natural eigenfrequencies of structures under free vibration [6–9] and the minimization of the dynamic compliance [10–12]. Because element-wise
design variables operate on both stiffness and self-mass of the continuum domain, the mitigation
of the overall dynamic response can be properly performed within a topological optimization
approach via density-based formulations. However, it is easy to observe that optimizing the
topology of large-scale models, as the case of tall buildings, inevitably involves a huge number of degrees of freedom. Hence, the limitations associated with the use of computationally
expensive ﬁnite element models have led recently to the implementation of model reduction
techniques based on modal decomposition methods [13–15]. In dynamic topology optimization
problems, the seismic ground motion is usually modeled as stochastic process using the random vibration theory. In most of the existing works, seismic loading conditions are commonly
simulated using a stationary Gaussian-type stochastic excitation whereas the design criterion is
concerned with the compliance minimization [16–18] or the strain energy minimization [19].
This paper presents a computational framework for the minimization of the dynamic compliance in linear elastic multi-story buildings subjected to seismic ground motion. The optimization procedure integrates the random vibration theory together with the Solid Isotropic Material
with Penalization (SIMP) technique whereas a gradient-based optimizer is employed for updating the design variables. Particularly, the use of the random vibration theory offers several
advantages as compared to traditional time-history analyses since it allows to perform iterative
optimization procedures at affordable computational cost. Compared to response analysis based
on integration schemes in the time domain, in fact, this allows to speed up the optimization routines while accurately identifying the stochastic features of the seismic behavior of the building
without performing time consuming Monte Carlo simulations. Finally, numerical examples are
presented to demonstrate the inﬂuence of the mass modeling on the ﬁnal topologies. The applicability of the formulation within topology optimization procedures as well as stability and
effectiveness of the proposed approach in ﬁnding the optimum solutions are discussed with reference to a paradigmatic case study. Mesh independent solutions are monitored by operating a
gradual reﬁnement of the mesh structure over the design domain.
2

OPTIMUM DESIGN UNDER DETERMINISTIC CONDITIONS

This work is meant to optimize the lateral loading resisting systems for seismically excited
large structures by means of topology optimization. For a better understanding of the optimiza-
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tion problem, the topology optimization problem in static and dynamic settings are sequentially
discussed henceforth.
For a linear elastic structure with a continuous domain discretized into nd degrees of freedom and nf ﬁnite elements, the most common topology optimization problem formulation in
case of static loads aims at minimizing the compliance of the structural system under volume
constraints, that is:


min u Ku
ρ

s.t.
nf


(1)
Ve = Vmax

e=1

ρ ≤ ρ ≤ ρu ,
where Ve is the volume of the generic ﬁnite element e within the meshed domain whereas ρ =

d1 . . . ρe . . . ρnf represents the set of design variables with lower and upper bounds ρ
and ρu , respectively. Moreover, K and u are global stiffness matrix and static displacements
vector, respectively. The constrain in Eq. (1) ensures that the volume of the ﬁnal optimal
solution does not exceed a threshold value equal to Vmax .
In order to formulate the topology optimization for dynamic problems, a linear viscous elastic structure is assumed according to the Rayleigh damping model:
C = a0 M + a1 K,

(2)

where M is the constant global mass matrix whereas a0 and a1 are two positive constants
calculated by imposing that the damping ratio ξs is the same for the ﬁrst two modes of the
structure. Therefore, the following relationships hold:
a0 = ξs

2ω1 ω2
,
ω1 + ω2

(3a)

2
,
(3b)
ω1 + ω2
where ω1 and ω2 are the ﬁrst two circular natural frequencies of the structure. If the structural
system is subjected to a seismic ground acceleration üg within the time window [0, tf ], then the
motion equation reads:
(4)
ü + M−1 Cu̇ + M−1 Ku = −rüg ,
a1 = ξs

where u are now the dynamic displacements of the structure, r is the incidence vector and
the dots indicate the derivative with respect to time. Formally, the statement of the topology
optimization problem for dynamical systems can thus be expressed by rearranging the static
compliance problem in Equation (1) as follows:
'
& tf

u Kudt
min
ρ

0

s.t.
nf


(5)
Ve = Vmax

e=1

ρ ≤ ρ ≤ ρu .
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3

OPTIMUM DESIGN FOR STOCHASTIC SEISMIC LOADING

The topology optimization problem for structures subjected to stationary stochastic seismic
loading is now discussed. The seismic ground motion model is a ﬁltered white Gaussian noise,
and the structural system dynamics is described using the state-space representation. Once the
covariance matrix of the stochastic response is obtained, the topology optimization problem is
presented.
3.1

Stochastic seismic excitation model

Random vibration theory allows to assess the probabilistic response of dynamical systems
under random dynamic loads without the need of performing extensive Monte Carlo simulations based on direct integration of the motion equations. This makes random vibration theory
especially attractive for topology optimization of large structures under dynamic loads characterized by inherent randomness. Therefore, the seismic ground motion üg is herein modeled as
a stationary ﬁltered white Gaussian noise through the Clough-Penzien ﬁlter as follows:

where

üg = a
p zp ,

(6a)

żp = Dp zp + vp W,

(6b)



ap = −ωp2 −2ξp ωp ωk2 2ξk ωk ,

(7a)



zp = up u̇p uk u̇k ,

(7b)

⎡

0
1
⎢−ωp2 −2ξp ωp
Dp = ⎢
⎣ 0
0
0
0

vp = 0 0 0

⎤
0
0
ωk2
2ξk ωk ⎥
⎥,
0
1 ⎦
−ωk2 −2ξk ωk

−1 .

(7c)

(7d)

where ωp and ξp , ωk and ξk are the ﬁlter parameters whereas W is a zero-mean white Gaussian
noise having constant power spectral density S0 . It is evaluated as function of the peak ground
according to the following relationship:
acceleration ümax
g
2
ümax
g


 ,
S0 =
(8)
1
2
γ πωk 2ξk +
2ξk
where γ = 2.8 denotes the peak factor, see for instance Liu et al. [20].
3.2

Covariance analysis

By assembling the equation of motion in Eq. (4) and the ﬁlter equation in Eq. (6), the
state-space representation of the overall dynamics is obtained as follows:
'
& ' &
& ' 
As
02nd ×1
Hp
zs
żs
=
+
,
(9)
04×2nd Dp zp
vp W
żp
" #$ % "
#$
% " #$ % " #$ %
ż

z

A
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where



zs = u u̇ ,

(10)


I nd
0 nd
,
As =
−M−1 K −M−1 C

(11)



Hp = 0nd ×4 −ra
,
p

(12)



while 0 is a (square or rectangular) null matrix or vector and I is the (square) identity matrix,
respectively (their size is explicated in the corresponding subscripts, where a single number is
used for a square matrix). Given this state-space representation, the response covariance matrix
of the resulting linear time-invariant system is deﬁned as follows:
& '
 


 
zs 
Rz s z s Rz s z p
z s zp =
,
(13)
R = E zz = E
zp
Rz p z s Rz p z p


where
Rz s z s


Ruu Ruu̇
=
.
Ru̇u Ru̇u̇

(14)

The matrix R, in turn, is the solution of the Lyapunov equation in stationary conditions, which
reads:
(15)
AR + RA + B = 02nd +4×2nd +4 ,
where B is a matrix whose elements are equal to zero expect that the element whose index is
(2nd + 4, 2nd + 4), which is equal to 2πS0 .
3.3

Optimum design under stochastic seismic loads

By applying the mean value operator E[·] to the objective function F of the optimization
problem formulated in Eq. (5), it can be found that:

 T
T

u Kudt =
r (K ⊗ Ruu ) rdt,
(16)
E [F] = E
0

0

where ⊗ is the term-by-term product and Ruu is the covariance matrix of the structural displacements (i.e., the square block of size nd × nd of the matrix R in Eq. (14) whose elements index
lies between 1 and nd ). Hence, by recalling that a stationary ground motion is here assumed,
the topology optimization problem in Eq. (5) can be simpliﬁed as follows:


min r (K ⊗ Ruu ) r
ρ

s.t.
nf


(17)
Ve = Vmax

e=1

ρ ≤ ρ ≤ ρu
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4

COMPUTATIONAL ISSUES

4.1

Topology design via Solid Isotropic Material with Penalization

The Solid Isotropic Material with Penalization (SIMP) approach is adopted in this work in
order to ﬁnd efﬁciently the optimal solution for the topology optimization problem formulated
in Eq. 17. The computational procedure starts with a spatial discretization of the continuum
design domain. The SIMP approach [21] is thus performed by assuming that the design variable
is constant over the ﬁnite element with a resulting uniform distribution of the structural material. The mechanical properties of each element are determined using a heuristic power-law
interpolation that relates the element-wise design variable with the element elastic properties as
follows:
(18)
Ee (ρe ) = ρpe E0 with ρmin ≤ ρe (dj ) ≤ 1,
where E0 is the elastic modulus of the base material and ρmin is a non-zero minimum value for
ρe (dj ) that serves at preventing the singularity of the stiffness matrix. A coefﬁcient p > 1 is
introduced to penalize the presence of intermediate densities in the relaxed setting and steer the
solution to discrete integer values (i.e., black-and-white digital image).
It is well recognized that topology optimization problems are especially sensitive to numerical instabilities, which are related to the possible non-existence/non-uniqueness of the optimal
solution as well as to the lack of convergence, thereby resulting in some anomalies into the
ﬁnal design. The presence of checkerboarding, mesh dependence and local minima makes the
interpretation of the optimal layout unfeasible and should be avoided by adopting a proper regularization scheme. To circumvent the occurrence of such problems, the density-ﬁlter proposed
in [22] is adopted in the present work. It relies on the convolution product between a ﬁlter
kernel and the design density vector, which leads to:
1
j∈N Hej dj
ρe (dj ) = 1 e
,
(19)
j∈Ne Hej
where Hej are weighting functions deﬁned through a linearly decaying function of ﬁxed-length
radius rmin . The linear density ﬁlter function modiﬁes the densities of the element e to be a
function of the design variable dj and of its neighborhood Ne .
Because the density variable is assumed to be constant over each ﬁnite element, the relationship in Eq. (18) can be implemented for the ﬁnite element stiffness matrix by simply scaling it
before the global stiffness matrix is assembled. The ﬁnite element stiffness matrix is interpolated and expressed in terms of E0 as follows:
Ke (ρe ) = Ee (ρe )K0e = ρpe K0e ,

(20)

where K0e is the ﬁnite element stiffness matrix with unit elastic modulus. The adoption of the
SIMP approach is particularly beneﬁcial if implemented in iterative algorithms since it allows
calculating the ﬁnite element stiffness matrices at the beginning of the procedure. For each
loop, ﬁnite element stiffness matrices are simply updated using the ﬁctitious elasticity modulus
Ee and then assembled to solve for the system covariance matrix.
4.2
is:

SENSITIVITY ANALYSIS

The derivative of the objective function f in Eq. (17) with respect to the design variable ρe




∂Ruu
∂K
∂f


r.
(21)
=r
⊗ Ruu r + r K ⊗
∂ρe
∂ρe
∂ρe
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For this preliminary study, a direct differentiation approach is adopted. The calculation of
the derivatives ∂Ruu /∂ρe requires the solution of the following associate stationary Lyapunov
equation:
∂R ∂R 
A
+
A + B̄ = 02nd +4×2nd +4 for e = 1, . . . , nf ,
(22)
∂ρe ∂ρe
with
∂A
∂A
R+R
.
(23)
B̄ =
∂ρe
∂ρe
It is also noted that:
⎡
⎤
∂As
∂A ⎣
02nd ×4 ⎦
=
,
(24)
∂ρe
∂ρe
0
0
4×2nd

in which

⎡

4

0nd

0nd

⎤

∂As ⎣
∂M −1
∂K
∂M −1
∂C ⎦ .
=
M−1
M K − M−1
M−1
M − M−1
∂ρe
∂ρe
∂ρe
∂ρe
∂ρe

(25)

The derivative of C with respect to ρe is calculated as follows:

where

∂a0
∂M ∂a1
∂K
∂C
=
M + a0
+
K + a1
,
∂ρe
∂ρe
∂ρe
∂ρe
∂ρe

(26)

∂a0
∂a0 ∂ω1 ∂a0 ∂ω2
=
+
,
∂ρe
∂ω1 ∂ρe
∂ω2 ∂ρe

(27a)

∂a1
∂a1 ∂ω1 ∂a1 ∂ω2
=
+
.
∂ρe
∂ω1 ∂ρe
∂ω2 ∂ρe
The derivatives of the constants a0 and a1 with respect to ρe are calculated as follows:

whereas

(27b)

2ξs ω22
2ξs ω12
∂a0
∂a0
,
,
=
=
∂ω1
(ω1 + ω2 )2 ∂ω2
(ω1 + ω2 )2

(28)

−2ξs
∂a1
−2ξs
∂a1
=
=
,
2,
∂ω1
∂ω2
(ω1 + ω2 )
(ω1 + ω2 )2

(29)

∂ω1
1 ∂λ1 ∂ω2
1 ∂λ2
=
,
=
∂ρe
2ω1 ∂ρe ∂ρe
2ω2 ∂ρe

(30)

are the derivatives of the ﬁrst two circular natural frequencies of the structure. The terms λ1 and
λ2 are the ﬁrst two eigenvalues of the following eigenproblem:

φ
k Kφk = λk φk Mφk ,

(31)

in which φk is the kth eigenvector. The derivatives of λ1 and λ2 with respect to ρe are evaluated
as follows:




∂λ2
∂M
∂M
∂λ1
 ∂K
 ∂K
φ1 ,
φ2 ,
= φ1
− λ1
= φ2
− λ2
(32)
∂ρe
∂ρe
∂ρe
∂ρe
∂ρe
∂ρe
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under the assumption of distinct real eigenvalues and the mass orthonormalization condition.
Finally, by virtue of the SIMP method, it is obtained that:

where
5

9

nf
nf
8
∂K 8 ∂Ke
=
=
pρp−1
e Ke,0 ,
∂ρe e=1 ∂ρe
e=1

(33a)

nf
nf
8
∂M 8 ∂Me
=
=
qρq−1
e Me,0 ,
∂ρe
∂ρ
e
e=1
e=1

(33b)

stands for standard ﬁnite element assembly operator.

EFFECTS OF SEISMIC MASS MODELING ON FINAL TOPOLOGIES

In seismic topology design of structural systems, the dynamic load is design-dependent because the inertial load is function of position and value of the structural mass within the domain. In order to obtain objective, reliable, and feasible optimal solutions, a proper modeling of
the seismic mass is, therefore, of primary importance and deserves a thorough understanding.
Some examples are discussed in such a way to highlight the signiﬁcance of the mass modeling
assumptions on the ﬁnal topologies.
The reference model is based on a two-dimensional domain with single bay and high equal
to 5 m and 15 m, respectively. The inter-story height is equal to 5 m, thereby resulting in three
levels along the building elevation. The ﬂoors are made of concrete decks and their mass is
calculated considering dead and live loads equal to 7.0 kN/m2 and 2.0 kN/m2 , respectively.
The design domain is discretized using 4-node quadrilateral Lagrangian (Q4) elements with a
uniform thickness equal to 0.15 m and a mesh size 0.25 m × 0.25 m (which implies a total of
1,200 ﬁnite elements). The continuum domain is modeled using steel as building material, with
elastic modulus E0 = 210 GPa. The algorithm is executed with constant penalization factor
p = 3, projection radius rmin = 0.3 m and initial volume fraction over the Q4 domain equal to
30%. The Rayleigh damping model is assumed with damping ratio equal to 5%. Fixed supports
are considered at the base and a symmetry constraint with respect to the centerline is enforced.
= 0.3g is assumed, with ξp = ξk = 0.6, ωp = 1.5 rad/s and
A seismic ground motion with ümax
g
ωk = 15 rad/s.
A complete system is fully deﬁned by combining the continuum domain with the discrete
elements of the gravity load-bearing frame, as already proposed in previous works [2, 23]. The
introduction of a non-designable secondary system improves the feasibility of the ﬁnal solution
(e.g., clearer identiﬁcation of the working points, disappearance of small multiple horizontal
elements) and makes the topological results independent from the direct application of the external load on the domain, whether it is static or dynamic. For a deeper understanding of the
role of the secondary systems and symmetry constraints on optimal topologies of lateral resisting systems for tall buildings, the reader is referred to the work by Angelucci et al. [15].
For the seismic design of tall buildings, and multi-story buildings in general, the structural
mass of the system M can be decomposed into two contributions M = Mf + MΩ , where
Mf is the seismic mass of the building components estimated by considering the ﬂoor tributary areas and MΩ is the mass of the designable lateral resisting system. Nevertheless, it is
straightforward to recognize that, in multi-story buildings and especially for concrete slabs, the
mass is primarily located at the ﬂoor levels and the lateral resisting system contributes only
for a small fraction of the overall building mass. Since the seismic excitation produces inertial
forces mostly associated with the tributary mass of the building Mf , the introduction of the
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ﬂoor mass within the optimizable domain is incorrect from a conceptual standpoint. During the
optimization routines, in fact, the dynamic characteristics of the domain representing the lateral
resisting system are iteratively updated according to the new material distribution and the inherent structural mass is partially removed. Additionally, it can be demonstrated that when the
seismic mass is included in the designable domain, updating the mass arrangement at each iteration slows down the rate of convergence and compromises the stability of the whole topology
optimization procedure. Therefore, it is required to allocate the tributary mass within a nonoptimizable domain, which remains constant during the optimization routines and expediently
relaxes the design-dependency of the tributary mass on the element variables (i.e., ∂Mf /∂ρe is
null). Moreover, since the weight of the bracing members is negligible compared to the mass of
the story levels, it is possible to assume a massless optimizable domain in the seismic analysis,
without any signiﬁcant loss of accuracy. The structural mass is thus kept constant during the
iterative process, and this allows to state that the ﬁnal topologies are almost exclusively dependent on the stiffness properties of the continuum elements. Within the scope of this work, the
tributary mass is located at each ﬂoor level in the horizontal direction only, provided that the
dynamic excitation does not include external forces at the nodes in the vertical and rotational
degrees of freedom.

Figure 1: Reference models and optimal topologies for different mass modelling: lumped mass at the ﬂoor diaphragms (a, b); distributed mass at story levels (c, d); lumped mass at master nodes (e, f).

In the analysis and design of tall buildings subjected to lateral loads, ﬂoor slabs are usually
assumed to possess high in-plane stiffness, and the assumption of diaphragm constraints reﬂects
quite well the real behavior. This assumption justiﬁes the concentration of the structural mass in
a single point at each ﬂoor as illustrated in Figure 1a, and allows to further reduce the degrees of
freedom of the structural system, thereby simplifying the seismic analysis. However, in case of
topology optimization, the introduction of a displacement constraint undermines the objectivity
of the ﬁnal solution because the rigidity/ﬂexibility of the ﬂoor diaphragms has a signiﬁcant
inﬂuence on the building model. As illustrated in Figure 1b, the optimized layout shows a
design-dependent topology, where the diagonal arrangement of the lateral resisting system is
affected by the speciﬁc location of the tributary mass in the middle of each story level.
Since rigid diaphragm constraints lead to ﬂawed solutions, the effects of ﬂoor deformability
cannot be disregard and a reasonable stiffness must be assigned to each ﬂoor. Figure 1c illustrates the designable and non-designable domains of the reference model, in which the tributary
mass is uniformly distributed at the ﬂoor levels. The beams are discretized into smaller ele-
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ments, which allows the mass nodes to be coincident with the interior joints of the quadrilateral
mesh. The optimal layout presented in Figure 1d results in a K-brace arrangement at the top of
the building, due to the development of inertial forces along the line. The top member, in fact,
is needed to transfer the load along the bay between the far sided columns. Although correct
from a topological standpoint, this solution is theoretically inaccurate since the presence of ﬂoor
beams at each story level contributes to transmit gravity loads to the vertical members of the
unbraced frame. The reference model is thus modiﬁed accordingly to reduce the tributary mass
to a discrete number of master nodes of the ﬂoor system located at the intersections of the secondary system (extreme corners of the quadrilateral mesh in Figure 1e). The resulting topology
in Figure 1f shows the optimal solution where theoretical concepts and modeling assumptions
are both fulﬁlled.
Because inertial loads originate at master nodes of the secondary system only and assuming
that the auxiliary perimeter framework is not included in the optimizable domain, the ﬁnal
topologies are independent from the master nodes deﬁnition. This allows to choose arbitrarily
the secondary system bounding the continuum domain. Additionally, the distribution of the
seismic mass at a discrete number of nodes suggests the adoption of a reduced-order model
during the dynamic analysis of the structural system. Through static condensation, stiffness
and mass matrices (and implicitly the damping matrix) of the complete system can be properly
reduced to the degrees of freedom of the master nodes.
The demanding computational cost of the dynamic topology optimization process certainly
beneﬁts from the sub-structuring technique, where inversion and eigenanalysis of large-size
matrices are generally involved. Without any loss of objectivity, the eigenvalue analysis can be
performed on the reduced-order system since natural frequencies and modal shapes are deﬁned
at the master node locations only.
6

CASE STUDY

The topology optimization problem is solved next to deﬁne the lateral resisting system of a
multi-story building subjected to ground motion excitation. Particularly, given a stationary-type
support excitation described as ﬁltered white Gaussian noise, the optimal material distribution
is attained by minimizing the dynamic compliance in the continuum design domain under a
volume constraint. The reference model is a regular multi-story building with height and width
equal to 40 m and 20 m, respectively. The external skin of the building is split into four panels,
such that each façade can be analyzed as a continuous optimizable design domain discretized
by using Q4 elements with uniform thickness equal to 0.15 m. A two-dimensional case study
is deemed accurate enough. The structure is idealized with ﬁxed supports and symmetry constraints are imposed.
An auxiliary load-bearing framework bounding the continuum domain is designed with bay
width and inter-story height equal to 5 m and 4 m, respectively. W8x21 steel cross-sections
are preliminary designed to model columns and beams of the unbraced frame, which is considered as a non-designable domain during the optimization process. The frame members are
discretized into smaller elements, so that the nodes of the beam-column elements (thick black
lines in Figure 2) and those of the Q4 elements (grid area in Figure 2) coincide each other. This
operation results in a continuous connection between the discrete frame and the continuum
domain throughout height and width of the building. Floor slabs are placed every 4 m. The
associated seismic mass is calculated considering gravity loads equal to 9.0 kN/m2 and tributary inﬂuence areas. The ﬂoor mass is lumped at the master nodes at 5 locations for each ﬂoor
level, corresponding to the intersection of ﬂoor beam and column lines (black nodes in Figure
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2). The algorithm is executed once again with constant penalization factor p = 3, projection
radius rmin = 0.3 m and initial volume fraction over the Q4 domain equal to 30%.

Figure 2: Schematic of the constitutive elements of the numerical model.

The topology optimization is ﬁrst performed for the reference model with unit mesh size
(1 m × 1 m, resulting in 800 ﬁnite elements). The optimal topology is displayed in Figure 3b in
terms of ﬁltered design variables. Figure 3c shows the optimal layout obtained when reﬁning
the design domain using a mesh size equal to 0.5 m × 0.5 m (total of 3,200 ﬁnite elements).
The results clearly demonstrate that the optimal topologies are qualitatively the same, with
the possible exception of major differences at the domain boundaries, which become gradually
smoother with the mesh reﬁnement. The material distribution within the design domain assumes
a precise arrangement composed by two lateral columns and two pairs of full-width diagonal
braces. The optimized domain is post-processed to physically appreciate the results of the
topology optimization process and correctly identify the location of the working points of braceto-brace and brace-to-column nodes. It is worth noticing here that the optimal topology does
not include the presence of a secondary framed system (which is constituted by intermediate
beams and columns), and thus it can be omitted from the ﬁnal layout. The evolution of the
optimal solution during the optimization routines is illustrated in Figure 4 by plotting objective
function (dynamic compliance) and constraint function (material volume) values with respect
to the number of iterations required until a tolerance of 1% is met (the ﬁlled circle marks the
convergence). The efﬁciency of the topology optimization framework is conﬁrmed by the steady
convergence as well as the limited number of iterations.
7

CONCLUSIONS

The minimum compliance formulation for the topology optimization of large structures under seismic excitation has been discussed in this work. The huge computational effort required,
even for the case of linear elastic systems, has made the adoption of classical time-history
dynamic analyses prohibitive. To overcome this challenge and deal with the topology optimization of tall buildings under seismic loads, random vibration theory has been explored in this
study. The well-posedness of the optimization problem has been ensured through the adoption
of the SIMP approach. A sensitivity analysis of the objective function with respect to the ele-
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Figure 3: Reference model of the 40 m × 20 m tall building (a), optimal topologies for mesh sizes 1 m × 1 m (b)
and 0.5 m × 0.5 m (c), post-processed reﬁned layout (d).

Figure 4: Objective function (left) and constraint function (right) value for mesh size 1 m × 1 m.

ment design variables has been assessed analytically to foster the employment of gradient-based
methods.
The present study has paid special attention to mass modeling techniques for tall buildings
under earthquakes within topology optimization procedures. Numerical examples have been
presented to validate the effects of preliminary theoretical assumptions on the ﬁnal layouts.
Finally, a paradigmatic case study has been discussed to demonstrate effectiveness and stability
of the proposed framework in ﬁnding the optimum solutions. A gradually reﬁned mesh process
has been also presented to explore the efﬁciency of the optimization procedure in avoiding
numerical mesh-dependency instabilities.
The ﬁndings presented here should be considered as a ﬁrst attempt toward the development
of more sophisticated dynamic formulations within topology optimization frameworks. Further improvements and extensions will be included in future works to identify optimal lateral
resisting systems for multi-story buildings subjected to stochastic processes, where fully nonstationary models will be considered to simulate the seismic ground motion more accurately.
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Abstract
The historical sites and monuments in Egypt are among the most important in the world and
conserving this cultural heritage is crucial. The large damages observed in hundreds of monuments and in the Zoser Pyramid after the Cairo Earthquake in 1992 unveiled the fragility of the
Egyptian heritage asset to seismic hazards. This paper aims to investigate the use of the innovative non-invasive vibration control device, the vibrating barrier (ViBa) as a potential strategy
to mitigate the effects of the seismic action on the Zoser Pyramid. In this regard, a finite element
model of the Zoser Pyramid and surrounding soil has been developed. A pertinent ground motion acceleration induced by the 1992 Cairo earthquake event has been simulated through spectral representation method with power spectral density function defined by seismological data
available for Saqqara. Moreover, a reduced-order model is implemented to facilitate the design
of the ViBa device. The efficiency of the ViBa is assessed by numerical simulation of the finite
element model of the ViBa-Soil-Pyramid system. Results show an evident reduction of the acceleration and stresses on the Pyramid, especially in those areas where the damages have been
observed.
Keywords: Vibrating Barriers, Zoser Pyramid, Soil-Structure Interaction.
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1

INTRODUCTION

Egypt has an extensive cultural heritage, reaching back more than five thousand years, with
a plethora of archaeological sites considered among the most important in the world. The archaeological site of Saqqara, located at a distance of about 20 km from Cairo city, is appraised
as the world's most extensive burial ground with monuments of almost every period of ancient
Egyptian civilization. In this area, the Step Pyramid of Djoser or Zoser’s pyramid is located. It
is therefore an important legacy of ancient construction to be preserved.
Although Egypt is a region of small to moderate magnitude earthquakes [1], several events
that occurred in the area from the late 1980s, with two main events, the 1992 Cairo earthquake
and the 1995 Gulf of Aqaba earthquake, partly damaged the Zoser pyramid that needed of an
important restoration activity to avoid the risk of collapse leading to its closure to visitors for a
long time [1]. Therefore, it becomes evident that the preservation and conservation of archaeological monuments and sites require unconventional and exceptional seismic analysis and design. Conventional seismic protection systems mainly based on strengthening techniques or
local devices such as dampers or seismic isolators are based on structural invasive interventions
whose application clearly might risk compromising the historical value of heritage structures
such as the pyramid. Those techniques are generally applied to heritage structures as a repairing
technique (as done to the Zoser pyramid) rather than as a preventive strategy to mitigate future
seismic actions. Ancient monuments, therefore, are left generally unprotected from future catastrophic events due to the difficulty to protect them without altering their historical value.
In this paper, the novel non-invasive seismic passive control device [2] called Vibrating
Barrier (ViBa) is proposed as a mean of protection for the Zoser Pyramid. The ViBa is a device
buried in the soil and detached from the surrounding structure able to absorb a significant portion of the dynamic energy arising from the ground motion. It exploits the basic principle of the
structure-soil-structure interaction introduced in the early 70’s [3][4]. To date, several studies
on the efficiency of the ViBa have been carried out to mitigate the seismic vulnerability of
different structures: Cacciola et al. [5] investigated the potential of ViBa for the seismic protection of monopiled structures, Tombari et al. [6]considered ViBa to mitigate the seismic risk of
a nuclear reactor, Cacciola et al. [7]and Andreozzi et al. [8]applied ViBa to control the seismic
response of heritage buildings, while the ViBa device was used to protect a large urban area in
Coronado et al. [9] as well as a cluster of buildings in Tombari et al. [10]. Therefore, to mitigate
the seismic response of the Zoser pyramid, the ViBa device has to be properly designed. In this
regard, due to the lack of ground motion records in the area, a stochastic approach following
the Boore method [11], has been adopted to determine the power spectral density function of
the ground motion ad the bedrock underneath the Zoser pyramid. The model has been calibrated
using the seismological parameters related to the Cairo 1992 earthquake [12]. The stochastic
model has been then used as seismic input for the design of the ViBa device.
Furthermore, a sub-structuring method is proposed in the paper to reduce the large order of
the complete system composed of Pyramid and soil and the ViBa. Following this approach, it
is possible to optimize the ViBa to minimize the effect of the ground motion on selected-response parameters (e.g. displacement, stresses). Several configurations of ViBas are proposed
and their impact on the seismic response of the Pyramid is computed employing a pertinent
Monte Carlo Simulation. The efficiency of the ViBa is assessed in terms of mitigation of the
peak acceleration of the top of the pyramid and Von Mises stresses over one of the areas that
has been damaged during the 1992 Cairo Earthquake.
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2

NUMERICAL MODELLING OF ZOSER PYRAMID

The Zoser pyramid is modelled in this study as a stepped solid structure (Figure 1a) with a
rectangular base of about 108 m × 120 m and a total height of about 63 m. Surveying with a 3D
scanner has been carried on to determine the geometry of the Zoser pyramid. Soil investigations
have been also conducted at the site. Specifically, samples from the stones inside the site were
tested in the laboratory for determining the properties of the materials used in building the pyramid. Moreover, a borehole with a depth of 10 meters was dug to determine the soil properties
in Saqqara. The total borehole was limestone or sandy limestone interspersed with layers of silt
at the depth of the borehole. No groundwater has been observed during the borehole. Geometrical dimensions of the simplified geometry used in this study pertinent to North and West
sections are reported in Figure 1b and 1c, respectively. The Pyramid is made of polished white
limestone modelled as an isotropic linear material defined by the elastic modulus, ܧ ൌ Ͷͷ ,
Poisson's ratio, ߭ ൌ ͲǤʹͷ as well as unit density,ߩ , of 2900 ݇݃Ȁ݉ଷ . The position of the bedrock has been determined from previous studies available in the literature [13], [14] and it is
considered to be located at 35m depth. The soil stratum between the bedrock and the base of
the pyramid is assumed homogeneous with a shear wave velocity of 3000 m/sec considering
the site investigation undertaken in the first 10m. Material properties used to define the linear
elastic behaviour of the soil and Pyramid are shown in Table 1.

Figure 1. Zoser Pyramid, (a) 3D view, (b) North and c) West sections of the stepped Pyramid

Soil
ߩ௦ ሺ݇݃Ȁ݉ଷ ሻ
2200

Pyramid

ܧ௦ ሺ݇ܲܽሻ
45x10

6

߭௦

ߩ ሺ݇݃Ȁ݉ଷ ሻ

0.25

2900

ܧ ሺ݇ܲܽሻ
45x10

6

߭
0.25

Table 1. Material properties for Soil and Pyramid

Numerical Finite Element models of the fixed-base Pyramid (Figure 2a) and of the full Pyramid-Soil system (Figure 2b) are created through the software SAP2000 by using 8-node elements. A large soil model with lateral free boundaries, 500m far away from each edge of the
Pyramid, is considered to mitigate the spurious waves reflected back to the system. Fully fixed
restraints are used on the bottom of the soil to simulate the rigid bedrock.
A modal analysis is first carried out for the fixed-base Pyramid model: the first mode, associated with its smallest width (Figure 3a) has a natural frequency of 14.6 Hz, while the second
mode, associated with the largest width (Figure 3b) is characterized by the natural frequency of
14.95 Hz.
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Figure 2. a) Mesh configuration of the fixed-base pyramid and b) soil-pyramid system

Figure 3. The amplitude of the modal vector for a) the first and b) the second mode of the Pyramid.

Successively, the modal analysis is carried out on the full Soil-Pyramid system to account
for the soil-structure interaction effects: the first natural frequency of the pyramid is shifted
from 14.6 Hz to 10.54 Hz, while the second natural frequency changed from 14.95 to 10.73
because of the soil flexibility (Figure 4a and b).

Figure 4. The amplitude of the modal vector for a) the first and b) the second mode of the soil-Pyramid system.
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3

PROPOSED METHOD FOR THE DESIGN OF THE VIBRATING BARRIERS

To mitigate the seismic response of the Zoser Pyramid, the non-localised system denoted
Vibrating Barrier is employed in this section. Figure 5 shows a potential implementation of the
Vibrating Barrier to protect the Zoser pyramid.

ViBa excavation
Figure 5. A potential configuration of the Vibrating Barriers to protect the Zoser pyramid

For a selected configuration, the problem to design the ViBa is therefore reduced to determine the mechanical parameters of the devices so that relevant response quantities (e.g., stresses,
accelerations) are reduced.
A reduced-order model capturing the ViBa(s)-Soil-Pyramid interaction is developed to reduce the computational complexity of the optimization problem used to design the ViBa mechanical parameters. Specifically, a sub-structuring method [15], determined in the frequency
domain, is used to condensate the Soil-Pyramid system into complex-valued transfer functions
and, to reduce the order of the full system to just 2 translational degrees of freedom related to
the translational ViBa displacement, ܺ௩ and to the displacement, ܺ , of its box foundation.
Although the design method proposed in the next section is developed by considering one
ViBa device, the approach can be easily extended for any number of ViBas and any possible
configuration and location, by adopting the superposition principle.
3.1 A Multi-Step Approach to Evaluate the ViBa-Soil-Structure Interaction
The proposed method consists to subdivide the full domain into 2 partitions: the first subdomain represents the Soil-Pyramid system with any rigid excavations where the ViBas will be
installed (Figure 6a); the second subdomain comprises the internal structure of the ViBa contained by the rigid box-foundation resting on a flexible soil medium modelled through soilfoundation impedance functions (Figure 6b). In the design approach proposed in this paper,
only the translational degrees of freedom of the ViBa and its foundation, are considered. A 4step analysis is devised as follows: i) a steady-state analysis of the first subdomain subjected to
bedrock ground motion displacement, ܷ ሺ߱ሻ, modelled as unitary constant function to derive

the foundation input motion of the rigid excavation, ܷிூெ
ሺ߱ሻ, as well as the normalized disሺଵሻ
placement in a relevant point of the Pyramid, ܷ ሺ߱ሻ; ii) a steady-state analysis of the first
subdomain where a unitary displacement, ܺ ሺ߱ሻ, is applied to the centre of the rigidity of the
ሺଶሻ
excavation (Figure 7) to derive the displacement in a relevant point of the Pyramid,ܷ ሺ߱ሻ,
෩ ሺ߱ሻ; iii) an inertial analysis of
as well as the complex-valued soil-foundation impedance, ܭ
෩ ሺ߱ሻ; and iv)
the ViBa-Soil subdomain where the soil is modelled through the impedance ܭ
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recovery of the complete displacement of the relevant point of the Pyramid by adopting the
superposition principle. It is worth noting the control parameter of the Pyramid can be represented not just in terms of displacements but even stresses, strains, internal forces, or any relevant measure, without compromising the generality of the presented method.

ሺଵሻ

a)

ܷ

b)

෩
ܭ

Rigid excavation

෩
ܭ


ܷிூெ

ܯ

ܺ୴

ܷ

ܺ

Figure 6. Sub-structuring method: a) Soil-Pyramid System; and b) ViBa-Soil System
ሺଶሻ

ܷ
Rigid excavation

ܺ

Figure 7. Steady-state analysis to condensate the Soil-Pyramid system into transfer functions

3.2 Reduced-Order ViBa-Soil-Pyramid Model Governing Equations
After computing the various complex-valued transfer functions,

ሺଵሻ

ܷ ሺ߱ሻ in step i)

ሺଶሻ

andܷ ሺ߱ሻ in step ii), the design of the optimal ViBa parameters is performed on the reducedorder model of step iii) and iv) in which an extremely fast optimization analysis can be implemented. Considering the mechanical system of Figure 6b, the governing equations of the reduced-order model can be written in the frequency domain as follows:
ቊ

෩ ܺ െ ܭ
෩ ܺ െ ߱ଶ ܯ ܺ ൌ Ͳ
ܭ

෩  ܭ
෩ ሻܺ െ ܭ
෩ ܺ െ ߱ଶ ܯ ܺ ൌ ܭ
෩ ܷிூெ
ሺܭ

(1)

where the dependencies from the frequency ߱ have been omitted. Eq. (1) represents a system
of algebraic equations in which ܺ and ܺ, are the unknown ViBa’s displacement and founda෩ is the ViBa parameter to be optimized. To perform
tion displacement, respectively, whilst ܭ
the optimal design of the ViBa, the complete displacement of the relevant point of the Pyramid,
ܷ , must be computed by superposition in step iv), as follows:
(2)

ሺଶሻ

ܷ ሺ߱ሻ ൌ

ሺଵሻ
൭ܷ ሺ߱ሻ



ܷ ሺ߱ሻ
ܺ ሺ߱ሻ

ܺ ሺ߱ሻ൱ ܷ ሺ߱ሻ

where ܷ ሺ߱ሻ is the Fourier transform of the earthquake ground motion displacement applied
at the bedrock. It is worth mentioning that in Eq. (2), the terms within the brackets, ܪሺ߱ሻ ൌ
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ሺଵሻ

ሺଶሻ

ቀܷ ሺ߱ሻ  ܷ ሺ߱ሻ ܺ ሺ߱ሻΤܺ ሺ߱ሻቁ represents the non-dimensional transfer function ܪሺ߱ሻ ൌ



between the response output of the Pyramid and the input ground motion at the bedrock.


ሶ

ሷ







Because of the derivation rule in the frequency domain, ܪሺ߱ሻ ൌ  ൌ ሶ ൌ ሷ .
3.3 Optimal design of the ViBa
The design of the ViBa, once the mass, ܯ , is assigned, involves the determination of the
෩ , which can be expressed as ܭ
෩ ൌ ܭ ሺͳ  ݅ߟ ሻ with ݅
optimal value of the internal device, ܭ
as an imaginary unit, ܭ , real-valued stiffness of the internal device and, ߟ as its loss factorǤ
Therefore, Eq. (2) can be re-written as
ܷ ሺ߱ǡ ߙሻ ൌ ܪሺ߱ǡ ߙሻܷ ሺ߱ሻ

(3)

in which the parameters to be optimised, listed in the design vector ߙ ൌ ሾܭ ǡ ߟ ሿ, are made
explicit in the transfer function. The optimization approach adopted in this paper involves the
mitigation of the stochastic response of the Pyramid. Considering a ground motion acceleration
modelled as Gaussian zero-mean stochastic process with zero mean, fully defined by the
knowledge of the power spectral density function ܲܵܦሺ߱ሻ, it becomes straightforward to extend Eq. (3) by using the Random Vibration Theory, as follows:
ܩሺ߱ǡ ߙሻ ൌ  כ ܪሺ߱ǡ ߙሻܲܵܦሺ߱ሻܪሺ߱ǡ ߙሻ

(4)

where ܩሺ߱ǡ ߙሻ is the PSD function in terms of acceleration at the reference point of the Pyramid
and Ǥ כis the complex conjugate operator.
௫
, of the reference point of
The largest value of the response in terms of acceleration,ݑሷ ǡ
the Pyramid protected by the ViBa technology, can be derived from Eq. (4) in approximated
fashion [8] as:
ஶ
௫
ݑሷ ǡ
ሺߙሻ ؆ ߟ ඨන ܩሺ߱ǡ ߙሻ݀߱ ൌ ߟ ඥߣ ሺߙሻ

(5)



where ߣ is the zeroth-order spectral moment and ߟ is the peak factor.
The objective function of the optimization approach determined on the Reduced Order Model
(ROM) is defined as follows:
௫
൫ݑሷ ǡ
ሺߙሻ൯
ఈவ

(6)

Clearly, other response parameters can be used such as the maximum stress in a specific
element or the top displacement. The efficiency of the ViBa device is then measured through
the reduction factor in terms of acceleration, ܴ௨ሷோைெ
, as follows:

݉ܽݔ

ܴ௨ሷோைெ
ሺߙሻ ൌ 


หݑሷ 

െ ݑሷ ݉ܽݔ
ǡܸ݅ ܽܤሺߙሻห
ൈ ͳͲͲ
݉ܽݔ
ݑሷ  ሺߙሻ

(7)

Therefore, the optimization problem can be written as minimization of the objective function
which can be solved with standard iterative algorithms for constrained optimization, such as
the derivative-free method [16].
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4

NUMERICAL RESULTS

In this study, the method proposed in Section 3 is applied to mitigate the seismic response
of the Zoser Pyramid. Three ViBa configurations (hereinafter called, Case 1-2-3), oriented in
the North-South (N-S) direction as depicted in Figure 8, are proposed.
Case 1 is represented by one ViBa on the Southern side of the Pyramid realized in a rigid
excavation of size 20 m x 20 m x 20 m; in Case 2, one ViBa for each side of the Pyramid is
considered; Case 3 considers one ViBa for each side of the Pyramid as in Case 2 but placed
inside a larger rigid excavation of 60 m long, 20 wide and 20 m deep. Furthermore, in Case 3,
each box-foundation contains three internal vibrating masses supposed to oscillate synchronously.
In every configuration, the excavations where the ViBas are located, are realized at a minimum distance of 15 m from each side of the Pyramid. The box foundation of the ViBa is made
of four concrete retaining walls and a matt foundation. The reference point used for the optimization procedure of Section 3, indicated by point ‘p’ in Figure 8, is selected at the top of the
Pyramid. Moreover, an area of interest is to calculate the stresses induced by the seismic event,
denoted as representative element (RE) in Figure 8. Because of the damages that the Zoser
Pyramid experienced over that area during the 1992 Cairo Earthquake [12], RE is employed on
the edge of the pyramid.

Figure 8. Top view of ViBa configurations for Case 1-2-3

Figure 9. (a) the unilateral PSD function at the bedrock underneath the Zoser Pyramid, (b) a sample of the acceleration time series obtained by the spectral representation method
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The unilateral PSD function (Figure 9a ) at the bedrock,ܲܵܦሺ߱ሻǡ determined using the
Boore method [11] and the relevant seismological parameters determined in [12], is used in Eq.
(4) of the proposed approach to perform the optimal design of the ViBa. Furthermore, the same
PSD function is also used to generate 30 realizations of the time-history acceleration functions
using the spectral representation method; these realizations are used to calculate the statistics
of the seismic response of the Pyramid before and after being protected by the ViBa technology.
A random sample is shown in Figure 9b for illustration purposes.
For each case, the proposed 4-step approach is performed. Results of the steady-state analሺଵሻ
ሺଶሻ
yses of step i), ܷ ሺ߱ሻ , are shown in Figure 10a, while results from step ii),ܷ ሺ߱ሻ , are
shown in Figure 10b. Also, in step ii) the soil-foundation impedance, ܭ ሺ߱ሻ, of Eq. (1) can be
computed. In this paper, the static values, ܭ ሺͲሻ=4320 GN/m (Case 1-2) and ܭ ሺͲሻ= 8077
GN/m (Case 3) are used.

ሺଵሻ

ሺଶሻ

Figure 10. Results of the steady-state analysis in terms of a) หܷ ห and b) หܷ ห for Case 1-2-3

The optimization problem of Eq. (7) is performed for the 3 cases by considering the total
mass of the ViBa devices, ܯ ǡ equal to 80% of the Pyramid mass, and by fixing the loss factor,
ߟ ǡ to 0.1. To minimize the computational effort, a limited range of frequencies from 8 to 12
Hz, hence, around the first natural frequency of the Pyramid, is considered. Optimal parameters
computed by using the proposed approach are reported in Table 2.
Case
1

ViBa 1
ܭ 
ܯ Ȁܯ
GN/m
0.8
7190.6

ߟǡ
0.1

ViBa 2
ܭ
ܯ Ȁܯ
GN/m
-

ߟǡ
-

2

0.4

2394

0.1

0.4

1696

0.1

3

0.4

1883.4

0.1

0.3

1464.2

0.1

Table 2. Optimal design of the ViBa for Case 1-2-3.

Figure 11 shows the results of steady-state analyses in terms of power spectral density functions, ܩሺ߱ሻ ൌ ܩሺ߱ǡ ߙොሻ for Case 1-2-3, where ߙො is the optimal design vector listing the parameters of Table 2. Results, obtained from the full FEM and ROM, are also depicted for a visual
comparison. The reduced-order model with just 2 degrees of freedom captures satisfactorily the
response of the full ViBa-Soil-Pyramid system. Furthermore, a comparison with the existing
scenario without ViBa is reported with a grey dashed line. It can be seen that the ViBa technology greatly modifies the Pyramid’s response by decreasing the total energy experienced by the
Pyramid.

1759

M. Shadlou, A. Ayoub, P. Cacciola, Y.F. Rashed and A. Tombari

Figure 11. Steady-state response of the pyramid for different cases.

Figure 12. Cumulative average of acceleration recorded at the top of the pyramid (a) and Von Mises Stress (b)
recorded at the specific element in respect of the number of realizations.

To assess the effects of the mitigation induced by the ViBa technology on the seismic response of the Pyramid, a modal time-history Monte Carlo Simulation (MCS) is performed by
using the ݊ =30 generated realizations. The three Cases are compared to the existing scenario
of the Zoser Pyramid with no seismic protection. Figure 12 shows the convergence of the results
in terms of average acceleration and Von Mises stress at the control point and reference element
indicated in Figure 8.
In Figure 13, the mitigating effect of the ViBa technology against the existing scenario without the protection of the ViBa, is shown as acceleration and Von Mises time history functions
for Case 1-2-3 for a randomly generated sample.
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Figure 13. Acceleration time series and Von Mises Stress (ߪெ ) time series for the top of the pyramid and specified element of the pyramid (RE), respectively, for different cases.

The mitigation of the seismic response is evaluated through a reduction factor in terms of
acceleration defined as:
݆
݆
ฬ ቀቚݑሷ  ሺݐሻቚቁ െ  ቀቚݑሷ ǡܸ݅ ܽܤሺݐሻቚቁฬ

(8)
ܴ௨ሷ  ൌ 
ൈ ͳͲͲ
 ቀቚݑሷ ݆ ሺݐሻቚቁ




where ݑሷ  ሺݐሻ and ݑሷ ǡ ሺݐሻ are the accelerations computed at the reference point of the Pyramid induced by the j-th realization for the full FEM model, before and after being protected by
the ViBa technology, respectively. Therefore, the mean value is expressed as:
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݊

ܴത௨ሷிாெ


ͳ
ൌ   ܴ௨ሷ 
݊

(9)

݆ൌͳ

A further expression of the reduction factor in terms of Von Mises stresses is defined as
follows:
݆


ܴఙ



ൌ

݆

ฬ ቀቚߪܸ ܯሺݐሻቚቁ െ  ቀቚߪܸܯǡܸ݅ ܽܤሺݐሻቚቁฬ
݆
ሺݐሻቚቁ
 ቀቚߪܸܯ

ൈ ͳͲͲ

(10)



where ߪெ ሺݐሻ and ߪெǡ ሺݐሻ are the Von Mises stresses computed at the horizontally centralsecond row-edge element of the pyramid induced by the j-th realization for the full FEM model,
before and after being protected by the ViBa technology, respectively. Accordingly, the mean
value is determined as:
݊

ܴതఙிாெ

ͳ
ൌ   ܴఙ
݊

(11)

݆ൌͳ

The mitigation induced by the ViBa on the seismic response of the Pyramid is shown in
Figure 14a-b for both coefficients determined by Eq. (8) and (10). It is worth noting that the
effect of the ViBa is beneficial for most of the events (only a few cases have been observed in
which the ViBa was ineffective or slightly detrimental <2%) with a maximum reduction equal
to 35 % on the peak acceleration and 39 % on the Von Mises stresses.

Figure 14. The mitigation provided by ViBa on the seismic response of the Pyramid; (a) mitigation on maximum
acceleration, (b) mitigation on maximum Von Mises Stress.

A summary of the results is reported in Table 3 in which the computed averages of Eq. (9)
and (11) from the MCS are compared with the target reduction obtained by the ROM through
Eq. (7). Therefore, good reductions around 19% on the peak acceleration and about 23% on the
Von Mises stress are observed for all three Cases A slight improvement of the reduction of the
peak acceleration is obtained for Case 3 (about 25%) whilst a higher reduction of the stresses
on the reference element is obtained for Case 1-2 (about 24%). Remarkably, the three configurations used in this paper do not significantly affect the outcome once the same mass ratio is
used, hence, more ViBas with smaller individual masses might be used to efficiently mitigate
the seismic response of the Pyramid.
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Case

ܴ௨ሷோைெ
ሺΨሻ


ܴത௨ሷிாெ
ሺΨሻ


Rel. err
(%)

ܴതఙிாெ ሺΨሻ

Rel. err
(%)

1

20.95

17.86

14.75

23.94

-14.27%

2

23.219

20.04

13.69

23.86

-2.76%

3

24.46

19.02

22.24

20.08

17.91%

Table 3. Reduction of the Pyramid response in terms of max acceleration and stresses

It is worth mentioning that the ViBa technology affects the whole behaviour of the Pyramid
and not just the investigated control point and reference element. Therefore, the complete contour map of the Von Mises stresses is also shown for a specific instant,  ݐൌ ʹǤ͵ͺ ݏ, in which
the Pyramid experienced the maximum stress at the reference element. Figure 15 shows the
distribution of the stresses for the existing situation subjected to the first realization; the maximum stresses occur in the same region where the Pyramid has been largely damaged during the
1992 Cairo earthquake event.
Figure 16 shows the impact of the excavation on the stresses of the Pyramid for Case 1 and
3 for the same realization used for Figure 15. In both cases, the changes in the distribution of
the stresses on the Pyramid is minimal, indicating that the excavation on its own cannot reduce
the seismic body waves as opposed to the effect of trenches on surface waves (see e.g. [17]).

Figure 15. Instantaneous Von Mises stress contour map of a) the central cross-section and, b) the 3D soil-pyramid system for the first generated earthquake.

Figure 16. Effect of excavation on the response of the pyramid, (a) small excavation on one side of the pyramid,
(b) large excavation on both sides of the pyramid.
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Figures 17-18-19 show the response of the Pyramid protected by the ViBa device. As it can
be seen, the Von Mises stresses are reduced over a large volume of the Pyramid. Particularly in
Case 2, the ViBas have a narrower but greater influence over the central area whilst the large
ViBas on Case 3 act in a more uniform fashion.

Figure 17. Maximum Von Mises stress contour map in the central cross-section and 3D for case 1 for the first
generated earthquake.

Figure 18. Maximum Von Mises stress contour map in the central cross-section and 3D for case 2 for the first
generated earthquake.

Figure 19. Maximum Von Mises stress contour map in the central cross-section and 3D for case 3 for the first
generated earthquake.
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5

CONCLUSIONS

In this paper, the innovative non-invasive vibration control technology called Vibrating Barrier has been applied to reduce the seismic response of the Step Pyramid of Zoser. The Pyramid
has been severely damaged during the 1992 Cairo Earthquake and to guarantee its preservation,
the seismic risk should be mitigated. To reduce the computational complexity of the model
during the design stage of the ViBa parameters, a 4-step approach has been proposed to derive
a Reduce-Order Model by adopting a sub-structuring technique. Only 2-DOFs capturing the
ViBa translations of the internal device and its foundation is required. The result of the inertial
analysis is then related to the seismic behaviour of the Pyramid through non-dimensional transfer functions obtained from steady-state analyses on the full FEM Soil-Pyramid system. Because the transfer functions are computed only once, this proposed approach allows performing
an optimization analysis on the several parameters of the ViBa through a very fast and robust
procedure. By considering a spectral representation of the 1992 Cairo earthquake, the results in
terms of peak acceleration and stresses on particular control points have shown a significant
reduction of the seismic response of the Pyramid when the ViBa device is used. An average
reduction ranging from 20% to 24% has been observed on the Von Mises stresses with maximum mitigation of up to 39%. Remarkably, reductions have been observed in those areas where
the damages have been observed. Parametric studies changing the configuration of the ViBa
with one or two box-foundations and small and large individual masses were also conducted to
assess their impact on efficiency. Whilst results have been obtained with a large overall mass
of 80% of the Pyramid mass, the parametric analysis shows that several ViBa devices can be
used with smaller masses or by improving its technology through inerters as done in [16].
Therefore, because of the impossibility to use conventional seismic control solutions without
affecting its cultural heritage, the ViBa technology can be seen as a viable solution to guarantee
the preservation of the ancient monuments as the Zoser pyramid.
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Abstract
Nonstructural elements and contents often constitute a large fraction of the economic investment in ordinary buildings. In case of seismic events, damage to nonstructural elements not
only contributes to the overall direct material costs but can also significantly impact the indirect costs. The latter are especially affected by earthquake-induced damage if production and
business flows depend on proper functioning of such nonstructural components, since consequent downtime costs turn out to be very high. Within this framework, server racks' performance under seismic loading is of interest in the present work. The economic relevance of these
nonstructural components requires the implementation of proper design solutions so that their
performance under earthquakes can fulfill specific requirements. In this perspective, including
isolation devices between server racks and building floors is deemed effective for enhancing
the stability of the protected equipment, preserving the computer components' integrity and,
minimizing downtime losses. Hence, the present work is meant to optimize a hybrid isolation
system for server racks. Specifically, the hybrid isolation device designed for such application
combines at least two elastomeric isolators and three sliders, and it is intended for the seismic
protection of server racks characterized by different configurations. The objective function is
formulated to minimize the accelerations transmitted to server racks and manufacturing cost.
Keywords: Constrained optimization – Cost minimization – Nonstructural elements – Optimum structural design – Server rack – Seismic isolation
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1

INTRODUCTION

Nonstructural elements and contents contribute to large part of the initial economic investments in typical buildings, but they often undergo disproportional damage due to seismic actions even if the structure in which they are placed exhibits satisfactory performances [1]. Apart
from contributing directly to final material costs after an earthquake, damage to contents housed
in most buildings can cause inestimable losses (in case of objects of historical value) or the
interruption of production/business flows (when damage occur in industrial equipments, computer servers, etc.) along with extremely high downtime costs. For example, the economic cost
due to the five-days of downtime for a single data center following the 1989 Loma Prieta earthquake or the 1994 Northridge and 1995 Kobe seismic events amounted to 5%-10% of the entire
rebuilding cost [2]. In this regards, it is opportune to point out that many building contents –
such as computer servers or museum artifacts – are acceleration-sensitive, i.e., they are especially vulnerable to damage when subject to high accelerations [3]. In this perspective, there
has been growing interest about the use of seismic isolators at the floor level because, in most
cases, this can cope efficiently with the need of protecting acceleration-sensitive building equipments under earthquake, provided that the building structure is properly designed against seismic loads. In fact, it is recognized that seismic isolation of server racks would improve business
resiliency at a low cost as compared to downtime losses [4].
Within this framework, the present paper proposes a novel design procedure in order to optimize a hybrid isolation system for server racks combining at least two elastomeric isolators
and three sliders. The objective function is selected to minimize the accelerations transmitted
to the servers placed in the racks as well as the material cost of the isolation system. Design
variables include number, compound, and geometric dimensions of the elastomeric elements
and slider position. The final optimization problem is then solved using a suitable variant of the
differential evolution algorithm [5] to handle the design constraints. The search for the optimal
hybrid isolation system is carried out in two phases. The first phase is concerned with the identification of the optimal device to be deployed on all floors of a given building. The standardized
optimal design is addressed next in the second phase, in which the design procedure is extended
to determine which isolation device is best suited for all floors of the building stock under investigation. The sliders optimal topology is also investigated parallel to that in such a way to
minimize the overturning moment. This final design phase is motivated by the fact that standardization and generalization of an industrial device during the development stage are crucial
to reduce engineering and production costs. As a matter of fact, they allow to circumvent the
redesign phase should any design condition changes and to reduce the costs related to the acceptance tests required in the development stage. Hence, it means no waste of any other devices
except the installed ones, thereby saving materials and overall unitary industrial costs.
2

OVERVIEW ABOUT COMMON PRACTICES IN DATA CENTER DESIGN

Most of the world's largest data centers are housed within dedicated one-story buildings,
which usually host some offices serving as technical or control rooms. Medium to large data
centers are often located within the upper floor of a commercial building. The position of small
data centers can vary considerably in terms of, both, building type and location within the host
structure. Standard models exist for large data centers placement only, whereas they lack for
small to medium-large ones [6].
The distribution of racks in the data center varies significantly, regardless of the size. The
most common racks configuration in large data centers is based on rows of racks installed sideby-side with alternating cold aisles and hot aisles [7]. Generally, the rows of racks are placed
back-to-back, and all the holes through the rack are blocked off to create barriers that reduce
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recirculation and divide hot aisles from cold aisles efficiently [8]. In some cases, hot aisles or
cold aisles between two rows of racks are covered with a modular system of cooling containment. This choice reduces the energy cost and concentrates the refrigerated airflow on the rack
when the server room is vast or the inter-floor space is large enough compared to the vertical
dimension of the racks [9].

a

b

c

Figure 1 – Most common server racks configurations: a) single rack; b) row of racks; c) rows of racks with covered aisle.

The aisle containment system is composed of a series of light aluminum frames that do not
have a structural function. Generally, these systems are scalable, and thus there is no a fixed
number of racks that compose the covered aisle. Server rooms can host multiple rows of racks
and multiple covered aisles.
Data center density is usually measured in terms of W/m2 or W/rack, which represent the
electric power consumed per square meter and the electric power consumed per rack, respectively. It means that a low-density data center is characterized by a configuration that consumes
few Watts per square meter of the server room. If a data center employs this configuration, then
the rows are commonly composed of sparsely populated racks or spaced full single racks [10].
As reported in many guidelines, scalability brings added value to the data center. The scalability requirement implies that the data center can be conceived and built according to a lowdensity architecture able to meet current needs and to expand for fulfilling higher future demands that require the postponed installation of further infrastructures such as UPS systems,
air conditioners, and other racks [10]. This means that the data center layout can eventually
evolve during its lifetime, with the possible exception of large and predefined configurations.
It is anticipated that this study addresses the seismic protection of a single rack, whereas the
remaining configurations will be considered in future works. The configuration consisting of a
single rack device is the most flexible one and facilitates later installations when data center
scaling is needed. Some available commercial proposals for server rack seismic isolation are
intendend for a single item. They are generally modular systems, which means that it is possible
to isolate more racks in a row by combining more devices [11–19]. Many other commercial
devices propose total raised floor isolation [13,19,20]. Another solution adopted to achieve
server rack seismic protection is obtained through the direct introduction of damping to the
rack's steel structure or in the raised floor [21,22]. The main guidelines and codes that refer to
electronic equipments installed in earthquake-prone areas suggest the use of a cabinet rack that
has passed a codified seismic test, usually named "seismic rack" [23–30]. On the other hand, to
make a non-conforming cabinet resistant against seismic actions, the installation of a "seismic
kit" composed of steel braces is common. Both solutions are meant to enhance the rack resistance and stiffness. Furthermore, technical codes in force indicate that racks in seismic areas
have to be anchored to the floor by fasteners together with shear keys. Although these specifications already existed during the 2010 Chile earthquake, the lack of fasteners and shear keys
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was common in both new and old buildings [31]. It is worthy highlight that code requirements
that target at increasing the system stiffness to reduce the drift generally lead to an increment
of the acceleration demands in the electronic components of the racks, thereby amplifying the
potential risk of interrupting the business continuity.
3

ANALYSIS OF ELASTOMERIC ISOLATORS

Design rules provided by EN 15129 [32] and EN 1337-3 [33] for seismic actions and static
conditions, respectively, are the constraints of the optimization procedure.
The use of slender elastomeric elements is required to ensure a suitable level of isolation for
light nonstructural elements. This condition turns out to be very binding for axial loads, since
it makes elastomeric elements vulnerable to buckling phenomena. In order to overcome this
issue, a hybrid isolation system is adopted, which combines elastomers with at least three sliders
that aims at absorbing the axial load. Thanks to these features, elastomeric elements integrity
under seismic loads is governed primarily by shear deformability limits. In operating conditions,
the racks positioned inside the building are protected against horizontal environmental actions,
such as wind. Therefore, only an accidental rotation equal to 0.03 rad and a horizontal force
equal to 1 kN are considered during the optimization procedure to account for anthropic interferences. According to EN 15129, the design shear strain εq,E due to earthquake-imposed design
displacement dbd is given by:

H q,E

dbd
,
Tq

(1)

where Tq is the total thickness of the active elastomer during shear. The design shear strain
calculated using Eq. (1) has to be compared with the maximum shear strain equal to 2.5.
4

SEISMIC ACTION

The floor response spectrum method is a convenient way to find the nonstructural element
acceleration on the floor during an optimization procedure because it is less computationally
expensive than a time history analysis [34]. The Italian building code (NTC18) floor spectrum
formulation [35] is here employed, which demonstrated a good agreement with the Newmark
response spectrum derived from a compatible time history analysis.
According to NTC18, the seismic demand on nonstructural elements can be determined by
applying a horizontal force Fa defined as follows:
Fa

( Sa Wa )
,
qa

(2)

where Fa is the horizontal seismic force applied in the center of mass of the nonstructural element, Sa is the maximum dimensionless acceleration, Wa is the weight of the element, and qa is
the quality factor. The following relationship is adopted to determine the acceleration at the jth
floor of the structure corresponding to the ith mode:
Sij

Mij *i Si (Ti ) ,

(3)

where Si(Ti) is the ordinate of the spectrum relative to the ith mode. Herein, Γi is the modal
participation factor, which is defined by the relationship:

*i

MiT MW
,
MiT M Mi
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where τ is the drag vector, φi is the ith normalized modal shape, and M is the mass matrix.
A ground spectrum for a high seismic risk zone with ag=0.26g is considered in the present
work (Figure 2a). Additionally, it is assumed that the building containing the racks has to undergo slight damage levels or to behave elastically; otherwise, business continuity would be
jeopardized in any case. Therefore, the design of the isolation system will not rely on the ductility reserve that the structure would provide by adopting a unit quality factor.

Figure 2 – Reference ground spectrum (left) and floor spectra for a 4-story building (right).

The floor spectra for ten buildings with an increasing number of floors were generated accordingly. As an example, the floor spectra for a 4-story building are shown in Figure 2b. All
buildings have a concrete frame structure and 5 m × 5 m square floor plan with an inter-floor
height equal to 3.5 m. The first frame is replicated to obtain all buildings (Figure 3).

Figure 3 – Stock of buildings under consideration.

5

OPTIMIZATION PROCEDURE

The optimization problem is formulated, taking into account both, integrity of the isolated
servers and system cost-effectiveness. Within the present work, the elastomeric isolator's behavior and the seismic actions are evaluated through an iterative search considering the mechanical characteristics of the elastomeric compound and the floor response spectra for each
floor. The elastomer's lateral stiffness was calibrated by considering the damping related to the
shear deformation calculated through the floor spectral displacement until convergence. The
optimization procedure is divided into two phases. In the first phase, the optimum isolation
system is identified separately for the ten buildings under consideration (Figure 4). Thus, for
each candidate solution generated by the differential evolution algorithm, the iterative procedure required to identify the isolation system's properties was conducted for each floor of the
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considered building. In the second phase, all ten buildings are examined simultaneously in the
attempt to determine the optimal isolator that complies with all constraints on all floors of all
buildings. In this case, the isolator properties were identified for all floors of the ten buildings
for each generation. The design variables in the optimization problem are diameter of the elastomeric isolators, rubber height, type of compound, and number of isolators. From these quantities, it is thus possible to derive number of rubber layers and number of steel layers for the
isolator. The algorithm employs primary and derived design variables in order to calculate the
material cost of the isolation system. The problem constraints are defined in compliance with
the design rules in EN 1337-3 and EN 15129. Furthermore, the maximum acceleration at the
top of the rack is required to be less than 0.20g, whereas the isolation system period is forced
to be larger than 1 s. The limitation about the maximum acceleration transmitted to the servers
by the rack is necessary to ensure that the hard disks would remain operational during seismic
events.

Figure 4 –Workflow of the optimization procedure for a single building

A special (μ+λ)-constrained differential evolution algorithm is adopted to solve the optimization problem. This algorithm uses a robust nature-inspired strategy that focuses on finding
the best solution iteratively by checking a set of candidate solutions [36,37]. The objective
function of the optimization problem ObjF is formulated as follows:

ObjF

§ CMat  CFixed
¨
© CFixed

·
¸  J c  Accmax  J Acc
¹

(5)

where CMat is the material cost of the isolation system, CFix are the fixed costs, AccMax is the
maximum acceleration recorded on the floors of each building. The two terms included in the
objective function are weighted using two user-defined coefficients (i.e., γC and γAcc). The constrained differential evolution algorithm's iterative strategy runs until the maximum number of
fitness evaluations is reached. Meanwhile, the sliders position is optimized to reduce the overturning moment due to the seismic action. The only design variable is the position of the sliders
as related to the dimensions of each individual rack. In this case, the optimum design is formulated as a single-objective constrained optimization problem, and the ObjF f (xi) is calculated
as follows:
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ObjF

M Stab
M Ov

(6)

where Mstab is the stabilizing moment, and Mov is the overturning moment under seismic action.
6

RESULTS

Figure 5a shows the results for all the analyses performed in the first design phase by overlaying the trends in the devices' geometric dimensions with the maximum acceleration values
recorded for each building. Figure 5b illustrates the maximum acceleration among all floors of
each building, and compare them to the acceleration of a floor-fixed rack. All results are listed
in Table 1. A fundamental period equal to 0.33 s is considered for the non-isolated seismic rack
[38]. The numerical value of the weights are γC=3 and γAcc=0.30 [1/g]. The optimal number of
elastomeric devices was found equal to 2 for all cases (it corresponds to the lower bound).

Figure 5 – Results of the optimization performed in the first phase (left) and comparison between maximum acceleration on the isolated rack and that of a fixed-floor rack (right).

Number Isolator Total rubber
of floors diameter thickness
[mm]
[mm]
1
2
3
4
5
6
7
8
9
10

37
37
37
33
32
33
35
31
34
30

40
40
40
50
60
60
60
70
70
80

Cost of
isolation
system
[€]
288
288
288
301
313
313
313
326
326
338

Objective Max seismic Max acceleration
isolated rack
function displacement
[g]
[mm]
1.29
1.29
1.29
1.31
1.36
1.36
1.38
1.40
1.42
1.45

77
77
77
96
115
115
115
135
135
154

0.1354
0.1354
0.1354
0.1083
0.1054
0.1094
0.1253
0.0981
0.1184
0.0930

Table 1 – Results of the optimization procedure in the first design phase.

The second phase of the optimization procedure is performed by assuming the same variables and constraints already employed in the first phase. The results are listed in Table 2.
Finally, the search for the sliders optimal position has been performed alongside the elastomeric elements sizing optimization. The search space area is limited to a single rack size equal
to 800 mm × 1000 mm. The minimum number of sliders required for an equilibrium configuration is three. In this study, the 4-slider scheme is also investigated.
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Isolator Total rubber
diameter thickness
[mm]
[mm]
30

80

Cost of
isolation
system
[€]
338

Objective
function
1.45

Max
Max acceleration
seismic
isolated rack
displacement
[g]
[mm]
154
0.0930

Table 2 – Results of the optimization procedure in the second design phase.

Figure 6 shows all feasible positions generated by the differential evolution algorithm during
the optimization process in case of 4 sliders (color intensity indicates the age of the sliders'
candidate positions during the optimization procedure, which means that lighter dots indicate
earlier generations than darker ones). The final results for both the 4-sliders and 3-sliders problems are shown in Figure 7.

a)

b)

c)

d)

Figure 6 – Position of the sliders during the optimization procedure (the color gradient indicates the position during the evolutionary search): a) position of slider number 1; b) position of slider number 2; c) position of slider
number 3; d) position of slider number 4.
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Figure 7 – Optimal positions of the sliders in case of 3 (left) or 4 (right) devices.

7

CONCLUSIONS

This paper has explored the application of the constrained differential evolution algorithm
for the optimum and standardized design of a hybrid seismic isolation device for a server rack.
The device is designed in compliance with EN 15129 and EN 1337-3. Size of the elastomeric
devices and positions of the sliders have been optimized.
The sizing optimization of elastomeric devices allow to draw the following general conclusions:
x the most important seismic demand parameter for the integrity of the elastomeric
isolators is the lateral seismic displacement, which increases as the number of floors
grows up and ultimately governs the total height of the device;
x the isolator diameter is almost constant for all buildings under consideration and is
close to the lower bound of the search space;
x the optimum design of the isolation system performed taking into account all buildings simultaneously leads to the same results carried out considering the tallest building only, which therefore rules the whole design because of the largest value of the
seismic demand.
As regards the sliders position, an intuitive layout is obtained for the configuration consisting
of 4 devices, whereas the optimal arrangement for 3 devices is less predictable.
The optimization of the isolation system has been here performed through a constrained
differential evolution algorithm. This numerical technique was able to reduce the total computational time and to provide a better solution as compared to a parametric analysis-aided approach. Therefore, the constrained differential evolution algorithm proved to be suitable for this
optimization problem.
The design procedure herein proposed will be further extended in future works so as to enable the optimization of the other racks configurations typically encountered in data centers.
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Abstract
Mass damping is a well known principle for the reduction of structural vibrations and applied
in tall building design in a variety of configurations. With mass usually small (around 1% of
building mass), the properly “tuned” mass damper (TMD) shows great effectiveness in reducing wind vibrations, but minor advantages under earthquake excitations.
The above limitation can be surpassed by utilizing relatively large mass TMD. For this purpose, two different solutions are here proposed. In both cases, the idea is to separate the
building into two or more parts, thus allowing for a relative motion between them, and activating the mass damping mechanism.
In the first solution, the building is subdivided along elevation into an upper and a lower
structure, separated by means of an intermediate isolation system (IIS). In the second solution,
by revisiting the classical mega-frame typology, the exterior full-height structure provides the
global strength and stiffness, and secondary structures, extending between two transfer levels,
are physically detached from the main structure at each floor and isolated at transfer level.
Simplified lumped-mass models are developed for illustrating the dynamic behaviour of the
two solutions and carrying out parametric analyses. Procedures for deriving optimum values
of design parameters are also proposed and compared to the parametric study.
Keywords: mass damping, motion based design, vibrations control, tall buildings, Mega Substructure Control System, Intermediate Isolation Systems.
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1. INTRODUCTION
Mass Damping (MD) is nowadays a consolidate passive strategy, widely applied in tall building
design since 1976 (John Hancock Tower in Boston) for mitigating structural vibrations and improve
serviceability and occupant comfort [1]. A Tuned Mass Damper (TMD) is an auxiliary device attached to the main structure, consisting in a mass, spring, and damper. While TMDs with relatively
small mass are very effective for reducing wind-induced response, they are not equally interesting
under earthquake excitations [1 - 4].
In order to improve their seismic effectiveness, large mass TMDs can be utilized. With this
choice, in fact, the system becomes most robust against deviations from design parameters and less
dependent on the earthquake frequency content and the impulsive character of the seismic input [5].
This large mass can be obtained by converting a part of the structure into a huge mass damper, also
appointed as non-conventional mass damper [5 - 9], thus combining control and structural functions.
For this purpose, two different solutions are here proposed, by separating the building into two or
more parts that vibrate out of phase and, thus, activate the mass damping mechanism.
In the first solution, the building is divided into two substructures, a lower and an upper structure,
separated by means of a flexible horizontal disconnection, the isolation system, thus realizing an
Intermediate Isolation System (IIS, Figure 1a). This configuration is widely utilized in Japan, where
more than 60 buildings have been already realized [10], both for the seismic design of new buildings [11 - 17], and retrofit of existing buildings by means of vertical addition [13, 14]. While the IIS
represents an extension of the Base Isolation System (BIS), its dynamics is more complicated due to
the flexibility of the lower structure. In fact, the isolated upper structure behaves like a base isolated
structure and as a large mass TMD for the lower structure [5 - 9, 18 - 26].
In the second solution, starting from the classical mega-frame typology for tall building structures [27 - 29], the building is subdivided in an exterior primary megastructure that provides the
global strength and stiffness, and several interior secondary substructures, extending between two
transfer levels, physically disconnected from the main structure at each floor and isolated at transfer
level. Therefore, a Mega Substructure Control System (MSCS, Figure 1b) is realized, in which each
isolated substructure behaves like a base isolated structure and the mass damping mechanism is activated by allowing the relative motion between the substructures and the main structure. This approach has been firstly proposed by Feng and Mita in 1995 [30], and then developed by the same
authors [30 - 32] and by other researchers in a variety of solutions [34 - 45].

Figure 1: (a) Intermediate Isolation System (IIS) and (b) Mega-Substructure Control System (MSCS).

Both the mass damping solutions can be preliminary analysed by means of a simplified twodegree of freedom lumped mass model (2DOF MD, Figure 2b). For the Mega Substructure Control
System, the main system accounts for the exterior megastructure, while the absorber globally represents the internal secondary substructures; instead, for the Intermediate Isolation System, the main
and secondary system respectively refers to the lower structure and isolated upper structure. It is
worth recalling that the IIS is generally analysed by means of a 3DOF model, accounting the DOFs
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of the lower structure, the isolation system, and the upper structure. However, for evaluating its
global dynamic behaviour, a 2DOF model can be adopted by satisfying the following two requirements: the upper structure is rigid with respect to the isolation system [46, 47], and the higher
modes coupling is avoided [25, 48, 49].
In the present paper the dynamic behaviour of the two solutions is explored by carrying out parametric analyses on the simplified lumped mass model. The authors also propose procedures for
deriving optimum values of the mass damper's design parameters, by minimizing the displacement
amplitude of the main system under white noise. Finally, the optimal procedures are compared to
the parametric study.
2. OPTIMIZATION PROCEDURE FOR NON-CONVENTIONAL MASS-DAMPING (MD)
CONFIGURATIONS
Non-conventional mass-damping (MD) configurations utilising isolation system, such as Mega
Substructure Control Systems and Intermediate Isolation Systems, can be preliminary analyzed by
means of a simplified two degree-of-freedom (2DOF) lumped mass model, as depicted in Figure 2b.
The first oscillator represents the main system with mass, stiffness, and damping coefficients named
as m1, k1, and c1, while the second oscillator represents the absorber (or secondary system) with
mass, stiffness, and damping coefficients named as m2, k2, and c2.

Figure 2: (a) simplified SDOF FB model, (b) simplified 2DOF MD model.

The equations of motion of the 2DOF MD model are:
°m1 x1  c1 x1  k1 x1  c2 x2  x1  k 2 x2  x1
®
°̄m2 x2  c2 x2  x1  k2 x2  x1 m2 xg

m1 xg

(1)

being x1 and x2 the relative displacements of the two oscillators with respect to the ground and ẍg
the ground acceleration.
By considering the stochastic nature of earthquake, the ground acceleration ẍg is modelled as a
stationary Gaussian random process characterized by zero mean and white noise power spectral
density Sẍg(ω) = S0, in which there is no statistical correlation on what happens in two subsequent
instants t0 and t0+τ. Although it is neglected the dependency on the excitation frequency content,
this process seems to be acceptable in an initial design phase, [e.g. 5].
For the 2DOF MD model shown in Figure 2, the optimization procedure provided by the authors
is based on the minimization of the variance of the response x1, E[x12] given by:
E ª¬ x º¼
2
1

f

S0

³

2

H1 (Z ) wZ

f
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where H1(ω) is the transfer function of the displacement of the main system expressed in the frequency domain ω and obtained by means of the Fourier Transform of the linear differential equations (1) as a function of some dimensionless parameters:
H1 (Z )

iZ 3 B3  Z 2 B2  iZ B1  B0
,
Z A4  iZ 3 A3  Z 2 A2  iZ A1  A0

(3)

4

where the coefficients B1 – B3 and A1 – A4 are:
B0

Q Z (1  P );

B1

2[ 2Q (1  P )Z1  2[1Z1 ;

B2

1;

B3

0;

2

2
1

A0

Q 2Z14

A1

2[ 2QZ13  2[1Q 2Z13

A2

Z12  1  P Q 2Z12  4[1[ 2QZ12

A3

2[ 2QZ1 1  P  2[1

A4

1

and μ = m2/m1 is the mass ratio, ν = ω2/ω1 is the tuning ratio, ω1 and ω2 are the natural circular frequencies while ξ1 = c1/(2m1ω1) and ξ2 = c2/(2m2ω2) are the damping ratios of the main and secondary system, respectively.
The ranges of values selected for the non-dimensional parameters, covering a wide range of civil
engineering applications, are: μ = ]0, 2], ν = ]0, 2], ξ1 = [0, 0.1], ξ2 = [0, 1].
By applying the Cauchy's residue theorem, the integral (2) can be analytically obtained [50, 51],
leading to the following expression of E[x12]:

E[ x12 ]

§ A2 A3  A1 A4 B02
A A  A0 A3 B32
 A3 B12  2 B0 B2  1 2
 A1 B22  2 B1 B3
A0
A4
©

S S0 ¨¨

 A0 A32  A1 A2 A3  A1 A4

·
¸¸
¹

(4)

The square root of E[x12] is provided in Figure 3a and b, respectively for a damping ratio ξ1 equal
to 0 and 0.05. Each triplet of charts refers to mass ratios equal to 0.01, 0.1, and 1, by assuming unit
values of the spectral density S0 and the circular frequency ω1. From Figure 3 it can be noticed that,
by increasing the damping of the first oscillator for the same value of mass ratio, the variance of x1
is reduced, highlighting the beneficial effect of ξ1 in reducing the response of the main system. Instead, by increasing the mass ratio for the same value of ξ1, the number of couples ξ2-ν characterized by the same variance increases, leading to lower dependance of the response on the design
parameters, and thus, to a major robustness of the system.
The minimization of the variance E[x12](4) is implemented by imposing that its gradient is null
with respect to the tuning ratio ν and the damping ratio ξ2, i.e.:
 wE ª x12 º
° ¬ ¼
° wQ
®
2
° wE ¬ª x1 º¼
° w[
2
¯

0

(5)
0

The optimal values of the tuning ratio νopt and the damping ratio ξ2,opt, obtained from Eq. (5), are
presented in graphical form in Figure 4 by varying the damping ratio ξ1 and considering the range
of validity of the mass ratio μ equal to 0 – 1. In particular, the optimal tuning ratio decreases, and
the optimal damping ratio increases, by increasing the mass ratio. From Figure 4 the effect of the
first damping ratio on the trend of the optimal parameters can be also evaluated. While the distance
between the optimal tuning curves becomes significant for ξ1 equal to 0.05 and 0.1, with scatters up
to 44% for medium-high mass ratios (Figure 4a), in terms of optimal damping curves, only for
and for mass ratios approaching to 1, considerable scatters, up to 56%, are obtained (Figure 4b).
Depending on project specific considerations, related to both architectural/functional and constructive aspects, as well as to structural and dynamic requirements, the values of the optimal pa1781
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rameters cannot always be simultaneously adopted. In order to account these cases, starting from
the optimizing conditions of Eq. (5), a single design variable is assumed, either the tuning ratio νopt
or the damping ratio ξ2,opt, while the other variable and the mass ratio are assumed as design data.

Figure 3: Response displacement of the main system: (a) first column [1 = 0, (b) second column

[1

= 0.05.

Also for these optimization procedures, the values of the optimal parameters are provided in
graphic form (Figure 5), by assuming the damping ratio ξ1 equal to 0.05.
It is worth emphasizing that the first procedure proposed in this paper represents the generalization of the optimization algorithm implemented by [52]. In fact, by neglecting the damping of the
main system, Warburton [52] imposes the minimization of the variance of the main system subjected to a white-noise input, with respect to ξ2 and ν, thus analytically deriving optimal parameters.
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Additionally, by considering a single design variable, ξ2 or ν (Figure 5), the optimization method
degenerates into the procedure proposed by [30], when the damping ratio of the main structure is
assumed equal to 0 and ξ2 is set equal to (2m2ω1)-1.

Figure 4: Optimal parameters: (a) tuning ratioQ opt , (b) damping ratio [ 2,opt .

Figure 5: (a) optimal tuning Q opt by varying

[2

and P , (b) optimal damping [ 2,opt by varying Q and P .

3. PARAMETRIC ANALYSIS
A wide parametric analysis is carried out for analysing the dynamic behaviour of non-conventional
MD configurations and their potential benefits in reducing the seismic response of tall buildings, by
adopting the simplified 2DOF model defined in the previous section 2 (Figure 2b). In particular, the
dynamic characteristics of the MD models (periods and participating masses) are derived from classical modal analyses of the undamped system, while the complex eigenvalue problem has been
solved in the state space for accounting the effect of the non-proportional damping. Then, response
spectrum analyses are carried out by considering the complex modal superposition methods, in order to derive the base shear and displacement demands. Finally, time history analyses are performed
for highlighting the effect of the seismic input (frequency content, duration, etc.), for discussing the
effectiveness and robustness of the system, and for comparing different procedures of optimization.
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3.1.
Simplified models and design parameters
A 40-story tall building is adopted as a reference for the fixed-base (FB) single-degree of freedom
model, by assuming the mass m1 equal to 80000 kNs2/m and the damping ratio ξ1 equal to 0.05.
Three baseline SDOF FB (Figure 2a) models are defined by varying the fundamental vibration period T1, thus accounting for different structural solutions, from very rigid (e.g. stiff diagrid structures
or diagonalized mega-frame) to more flexible structural systems (e.g. moment resisting frames or
frame tubes). In particular, the fundamental vibration periods T1 are assumed equal to 1.62 s, 2.5 s,
3.5 s.
The design parameters adopted for exploring the dynamic behaviour of the controlled 2DOF MD
configurations (Figure 2b) are the mass ratio μ, the isolation period T2, and the damping ratio of the
isolation system ξ2, which vary in the following ranges:
-

T2 = 0.05 – 10 s (50 values);
μ = 0.1, 0.5, 1.0, 1.5;
ξ2 = 0.05 – 0.5 (26 values).

Hence, by varying all the design parameters, a total of 15600 models have been generated.
It is worth observing that, while some values of the mass ratios and of the isolation periods are
not realistic, they are considered herein to fully characterize the behaviour of the system and provide a comprehensive view of its potential applications and limitations. The range for the damping
ratio ξ2 has been chosen considering different isolation systems, composed either by high damping
rubber bearings or by natural rubber bearings plus viscous or hysteretic dampers.
3.2.
Non-proportional damping and complex mode superposition method
In the controlled MD configurations, the structural damping ξ1 is assumed equal to 0.05 while the
damping of the isolation system ξ2 varies between 0.05 and 0.50. Structures with very different values of damping ratios represent non-proportional (or non-classical) damped system, characterized
by complex-valued natural modes. In this case, the off-diagonal terms in the damping matrix C
cannot be neglected, since the system does not satisfy the Caughey and O’ Kelly identity: CM−1 K =
KM−1 C (with M, K, and C the mass, stiffness and damping matrices) [53]. Furthermore, when C is
an arbitrary symmetric positive-definite matrix, the expansion in terms of the eigenvectors for the
undamped system and real modal coordinates does not lead to uncoupled modal equations. Therefore, rather than working with a second-order equation, it is more convenient to transform the equations of motion into a set of first-order equations involving complex modal coordinates and
complex state eigenvectors, and working in the state space [54].
In the response spectrum analyses carried out in the following section, the complete-quadraticcombination (CQC) rule is utilized in order to obtain the maximum responses associated to each
degree of freedom. Being the system non-classically damped, the method described by Sinha and
Igusa [55] is utilized in order to consider the complex-valued nature of the vibration mode shapes.
Therefore, the maximum system response, R, is given by:
n

R

n

¦¦ B B U R R
i

j

ij

i

j

(6)

i 1 j 1

with n the number of the considered vibration mode; Bi and Bj real-valued participation factors; Ri
and Rj spectral displacements; ρij real-valued modal correlation factors. The participation factors
and modal correlation factors depend on the vector that defines which DOF is being considered;
therefore, they assume different values when evaluating the response of each floor, differently to
what is done in the case of CQC rule for classically damped systems, where these parameters are
fixed quantities [56].

1784

E. Mele, D. Faiella and M.Argenziano

3.3.
Response spectrum analysis (RSA)
Response spectrum analyses (RSA) are carried out on all the simplified MD and FB models by utilizing the acceleration response spectrum defined by the Eurocode 8 [57] for the design earthquake,
characterised by 10 % probability of exceedance in 50 years (475 years Return Period).
The spectrum is depicted in Figure 6a, for ag = 0.35 g, soil type B (S = 1.2; TB = 0.15 s; TC = 0.5
s; TD = 2 s), damping ratio equal to 0.05. The complex mode superposition method proposed by
Sinha and Igusa [55], briefly recalled in section 3.2, has been used to consider the complex-valued
nature of the vibration mode shapes. In Figures 6b and 7 the results of the analyses are firstly presented for the case of ξ2 = 0.30; then the effect of the damping ratio of the isolation system is evaluated in Figure 8.

Figure 6: (a) EC8 elastic acceleration response spectrum, (b) base shear ratio v vs. TISO. for ξ2 = 0.30.

The Figure 6b depicts the base shear ratio between the base shear controlled MD configuration
and the uncontrolled FB counterpart, i.e. v=VMD/VFB, as a function of the isolation period T2. From
the chart, it can be immediately observed that the base shear ratio v is always less than one, approximately between 0.95 e 0.85 for μ=0.1, between 0.85 e 0.50 for μ =0.5, between 0.68 e 0.30 for μ =1,
between 0.55 e 0.20 for μ =1.5, showing significant reduction by increasing the mass ratio.
Considering the trend of v for each mass ratio, three behavioural zone can be clearly identified. The
first zone (e.g. very small values of T2) corresponds to the largest values of v, since the two parts are
rigidly connected, thus no relative motion is allowed and no mass-damping mechanism arises. In
particular, the first mode is the mode of the main structure, which activates all the mass of the system and, due to the presence of the secondary system, shows a period slightly elongated with respect to the uncontrolled baseline counterpart. Therefore, the base shear assumes values slightly
lower than the FB counterpart and the ratio becomes less than one. The second zone (e.g. very large
values of T2) shows base shear ratios that reach the relevant mass fractions of the primary system
m1/(m1+m2). In particular, the dynamic behaviour of the system tends to a condition of “perfect isolation”, with the masses of the two systems almost completely decoupled, and the first and second
mode respectively corresponding to the mode of the secondary and main system. The third zone
(e.g. intermediate values of T2) presents the minimum values of v, thanks to maximum exploitation
of the mass damping mechanism. In this zone, the first and second modes are still the modes of the
secondary and primary system. However, the interaction between the two parts leads to a transfer of
a fraction of the main system’s mass from the second to the first mode, with a consequent significant reduction of the ratio v.
In Figure 7 the shear ratio charts (v- T2) for three values of T1 (1.62, 2.5, 3.5 s) are coupled to the
analogous charts depicting the displacement of the primary system in the MD configuration normalized to the FB counterpart, i.e. d = d1,MD/d1,FB, and the deformation in the isolation system δ2, as a
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(a)

(b)

(c)

Figure 7: Ratios v, d, and relative displacement δ2 for ξ2 = 0.30: (a) T1 = 1.62 s, (b) T1 = 2.5 s, (c) T1 = 3.5 s.

(a)

(b)

(c)

Figure 8: Base shear ratio v as a function of ξ2 and T2 for (a) T1 = 1.62 s, (b) T1 = 2.5 s, (c) T1 = 3.5 s.

function of T2. Quite trivially, it can be observed that the minimum values of v and d are obtained
for the same value of T2, which also corresponds to the maximum deformation in the isolation system.
For the three baseline models, Figure 8 provides the trend of the shear ratio v as a function of the
isolation period T2 and the damping ratio ξ2, for each value of the mass ratio μ. It can be observed
that, in the third zone of “perfect isolation”, the shear ratio v is reduced by increasing T1, therefore
the effect of ξ2 becomes more significant for more flexible baseline models and isolation systems.
In the second zone in which the mass damping mechanism is maximized and the primary and secondary systems are strongly coupled, the minimum values of v are obtained for values of ξ2 between 0.2 – 0.4, as discussed in detail in the following section.
3.4.
Comparison between the results of optimal procedures and of the parametric analysis
In this section the optimal values of the parameters ν e ξ2 derived from the results of the RSA are
compared to the ones calculated by means of the optimal procedures provided in section 2. For the
sake of brevity, only the results obtained for the MD controlled configuration characterized by T1 =
1.62 s and μ = 1 are presented in the following.
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In particular, six optimal configurations are defined and named as A, B, C, D, FM, W. The solution A represents the optimal configuration that gives rise to the minimum values of the base shear,
and of the displacement of the primary system, obtained through the RSA. The solutions B and C
are derived by assuming respectively ξ2opt or νopt from the optimal procedures of section 2, while the
other one is retrieved from the parametric analysis (Figure 5); the solution D is entirely derived
through the optimization procedure, i.e. the optimal values of both parameters are simultaneously
considered (Figure 4). The solutions FM and W are derived by adopting the optimal parameters of
the procedures suggested by Feng and Mita [30] and Warburton [52], respectively. The values of
the optimal parameters, of the corresponding two complex modal damping ratios η1 and η2, as well
as of the shear ratio v, of the six solutions are reported in Table 1. It can be observed that, the solutions A and B provide the minimum shear ratio v, equal to 0.25, while the other solutions show values of the shear ratio varying between 0.28 and 0.34.
Ref.
This paper

RSA
RSA+OPT
OPT+RSA
OPT
Feng and Mita
Warburton

Optimal
Solutions
A
B
C
D
FM
W

νopt
0.523
0.523
0.330
0.325
0.353
0.353

ξ2opt
0.33
0.36
0.33
0.47
0.15
0.43

T2opt
s
3.10
3.10
4.91
4.98
4.59
4.59

η1
0.207
0.225
0.281
0.409
0.124
0.365

η2
0.267
0.289
0.172
0.220
0.108
0.225

v
0.25
0.25
0.30
0.29
0.34
0.28

Table 1: Dynamic properties of the six optimal solutions.

3.5.
Time history analyses
In order to assess and compare the response of the six controlled configurations under real seismic
inputs, time history analyses are carried out on the relevant MD and FB models. A set of ten records
registered during real earthquakes is used and scaled by means of the software SeismoMatch [58],
by checking the closeness of their average response spectrum to the target elastic spectrum (provided in Figure 6a) in the period range 0.05 - 4 s. Data of the ten scaled ground motions and corresponding acceleration response spectra, with the average spectrum, are given in Figure 9.

Figure 9: Major data and acceleration response spectra of the scaled acceleration records.

The results of the analyses are here provided in Figures 10 and 11 in terms of base shear, relative
displacements, floor absolute accelerations, by comparing the six controlled configurations and
each MD configuration to the FB counterpart.
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0.27
0.20 0.19

0.23

0.23

0.50

0.80

0.69

0.70

0.34

0.54
0.40 0.39

0.47

0.46

B

C

D FM W

0.73

0.70
0.60

0.62

0.53 0.53

0.58

0.57

0.50

0.30
A

a [-]

0.45
0.35
0.25
0.15

d [-]

v [-]

The Figure 10 depicts for each optimal solution the average peak response registered during the
ten acceleration histories in terms of some response parameters. These parameters express the response of the controlled configuration normalized to the uncontrolled counterpart, considering the
base shear, v, the relative displacement, d, and absolute acceleration, a, of the primary structure.
The remarkable effectiveness of the controlled configurations emerges in terms of all the response
parameters. In fact, the shear ratio v varies between 0.194 and 0.345, the displacement ratio d between 0.388 and 0.689, and the acceleration ratio a between 0.553 and 0.726. In particular, the solution B provides the maximum reductions, with values very close to the ones of the solution A, while
the solution FM shows the minimum reductions and thus it represents the less efficient solution.
The average envelopes of the peak displacements and absolute accelerations, obtained from the time
history analyses of the controlled configurations and baseline structure, are shown in Figure 11.
From the graphs it can be observed that, for all the optimal solutions the average values of story
drift and absolute acceleration in the MD models are reduced with respect to the FB uncontrolled
structure. The solutions A and B are confirmed the most effective in reducing the seismic response
of the primary system.

A

B

C

(a)

D FM W

(b)

A

B

C

D FM W

(c)

Figure 10. Comparison between the six optimal solutions: (a) base shear ratio v, (b) displacement ratio d, (c) acceleration ratio a.

Figure 11: Peak story displacements and absolute accelerations for the six optimal solutions.

4. SUMMARY AND CONCLUSIONS
In the present paper, the authors investigate the dynamic behaviour of mass damping (MD) configurations utilising isolation system, such as Mega Substructure Control Systems and Intermediate Isolation Systems, by preliminary adopting simplified lumped mass 2-DOF models. By considering a
stochastic approach, the seismic acceleration is modelled as a white noise and the variance of the
displacement of the first degree of freedom is minimized in the first instance with respect to both
design variables, i.e. the tuning ratio and the damping ratio of the secondary system and secondly
with respect to only one of these two variables. Furthermore, in order to validate this general proce1788
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dure, a wide parametric analysis is carried out on simplified lumped mass models and the potential
benefits of such systems in reducing the seismic response of tall buildings is examined.
In particular, by selecting a 40-story tall building and by varying the mass ratio, classical and
complex modal analyses show three different dynamic behavioural zones as a function of the isolation period: the first zone is characterized by a “fixed-base” behaviour, in the second zone the interaction between the two masses gives rise to the mass damping effect, while in the third zone for
very long isolation periods, the two structural parts are almost dynamically decoupled.
Then, response spectrum analyses with complex modal superposition methods are performed,
with the aim to compare the base shear and the displacement demands with the fixed-base counterpart simplified SDOF model. More in detail, a significant reduction of the seismic demand on the
main system is observed when large mass ratios are adopted for the whole range of the isolation period, thus confirming the structural robustness of such systems. Finally, time history analyses are
implemented for underlining the effects of the seismic input (amplitude, frequency content, duration,
etc.) and for comparing the results of different procedures of optimization, both those proposed in
the present work and those of existing literature.
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Abstract
Diagrids are tubular structural systems made up of mega-diagonals arranged in a triangular
or tetrahedral pattern, which are placed all over the external surface of the building and usually span across several floors. In the last two decades, diagrids have experienced a remarkable development as efficient structural systems in tall building design and construction. This
was mainly due to their high lateral stiffness, capability to realize complex-shaped structures
and obtain impressive aesthetic results, flexibility of the external diagonals’ layout, etc. The
structural analysis of these systems is usually carried out by the Finite Element Method
(FEM) or by numerical calculations based on simplified assumptions. Recently, we developed
a matrix-based method (MBM) to perform the structural analysis of diagrid systems under
static forces. The MBM was then coupled with an analytical formulation developed in the past
years by some of the authors, the so-called General Algorithm (GA), in order to study the
structural response of an external diagrid tube coupled with an internal shear wall under lateral and torque static actions. The study allowed to investigate the influence of the diagonal
inclination on the lateral and torsional flexibility of the diagrid-core system. In the past years,
the analytical formulation of the GA was also made suitable to analyze the response of threedimensional tall building in the dynamic regime. In this contribution, we show new results
regarding the dynamical behavior of an external diagrid structural system coupled with an
internal shear wall, as obtained from the GA calculations. Modal analysis was carried out in
order to obtain the natural frequencies and mode shapes of the tall building, and the influence
of the diagonal inclination on the results was also investigated. Moreover, by applying different harmonic oscillations at different frequencies at the base of the building, the damped dynamical response of the different diagrid-core systems was investigated.
Keywords: diagrid, matrix-based method, general algorithm, dynamic analysis, analytical
method.
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1

INTRODUCTION

In the last decades, the field of tall buildings has undergone a major development due to
the introduction of new structural systems able to resist lateral loads very efficiently [1].
Among these, diagrid systems have been exploited worldwide due to their high lateral stiffness and aesthetic potential. The diagrid is a tubular structure placed over the external surface
of the building, made up of inclined mega-diagonals [2,3] or tetrahedral configuration [4]
which are designed to withstand both lateral and vertical loads. Therefore, in diagrid structures the conventional vertical columns are completely removed from the external tube, as the
gravitational loads can be directly transferred to the ground via the mega-diagonals.
Besides the conventional application of Finite Element (FE) calculations, a variety of analytical and simplified methodologies have been proposed in the last years for the structural
analysis of diagrid systems under lateral loads. All these methods usually rely on the following basic assumptions: (1) the deformation mechanism of the building is governed by the axial elongation and shortening of the mega-diagonals, (2) the stress-strain relationship of the
diagonals lies within the linear elastic regime, and (3) the floor slabs of the building remain
plane after deformation. Based on these assumptions, Moon et al. [5] developed a stiffnessbased methodology for the structural analysis and preliminary design of rectangular diagrid
tubes under horizontal forces. Mele et al. [6] proposed a hand-based method for the calculation of axial stresses in the diagonals under both lateral and vertical loads. Liu and Ma [7]
suggested a modular method for the structural analysis of arbitrary polygonal diagrid tubes,
where the shear and bending stiffness of the diagrid modules were analytically calculated.
More recently, we developed a stiffness-based approach based on matrix calculus, which
was called the matrix-based method (MBM), for the analysis of generic diagrid systems [8].
The MBM is based on the direct calculation of the global stiffness matrix of the diagrid, by
considering the kinematic and equilibrium equations at the level of the rigid floors. The MBM
allows to perform very quickly the structural analysis of diagrids under both lateral, vertical
and torsional actions. Furthermore, the MBM has been recently integrated within a more general semi-analytical framework, the so-called General Algorithm (GA). The GA has been developed by some of the authors in the last decades and allows to investigate the structural
behavior of three-dimensional buildings made up of several vertical resisting elements, such
as frames, tubes and shear walls [9-12]. Very recently, we have inserted the MBM within the
GA environment in order to perform the structural analysis of an external diagrid tube coupled with internal shear walls [13].
One of the main interesting features of diagrid structures is that their structural response is
significantly affected by the layout of external diagonals. This means that the diagonal layout
can undergo optimization processes, finding the optimal diagonal arrangement to optimize
certain responses of the building. Moon [14] has early shown that there exists an optimal inclination of the external diagonals able to minimize the lateral building deflection under horizontal loads. Various diagonal layouts have been proposed in the following years and the
corresponding building efficiency under lateral loads has been investigated [15-18]. Attention
has also been paid to torsional actions and the role that these might have in the parametric investigation of the diagrid structural response [13].
In this contribution, we make use of the MBM coupled with the GA in order to investigate
how the dynamic response of an external diagrid tube coupled with an internal closed-section
shear wall changes according to a change in the inclination of the external diagrid diagonals.
The natural frequencies and fundamental mode shapes of the building are extracted by solving
the multi-degree-of-freedom (MDOF) unforced undamped equations of motion. The analysis
of the natural frequencies and mode shapes of the buildings with different inclinations of the
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diagonals reveals the influence of the diagrid geometry on the overall dynamic response of the
system. Furthermore, the damped dynamic response of the diagrid-core structure is also studied under the application of harmonic oscillations of the base of the building. Comparisons
between the obtained maximum displacements, velocities, accelerations, inter-story drifts and
base shear values are finally made.
2

METHODOLOGY

As shown in [13], the MBM can be coupled to the GA in order to carry out the structural
analysis of a diagrid-core system under lateral and torsional static actions. More details about
the basic assumptions and the applications of the MBM and the GA can be found in [8-13]. In
the GA environment the building is assumed to be subjected to two horizontal forces (along
the horizontal X and Y axes) and one torque moment (around the vertical Z axis) acting at the
level of the floor centroids. It follows that the total number of DOFs in the GA is equal to 3N,
N being the total number of floors.
In this paper, the MBM-GA framework has been adapted in order to investigate the dynamic response of a diagrid-core system. First of all, the natural frequencies and fundamental
mode shapes of the building are evaluated according to the MDOF undamped unforced equations of motion. Then, we apply harmonic oscillations at various frequencies at the base of the
building and solve the dynamical problem based on the MDOF forced oscillations in presence
of damping.
The first problem can be formulated in simple mathematical terms via the following matrix
relationship related to the modal eigenvalue-eigenvector solution:
K  Zn 2 M un

(1)

0

where K and M represent the stiffness and mass matrix of the structure, un is the massweighted eigenvector associated to the n-th mode shape (n = 1, 2, …, 3N) and ωn is the angular frequency associated to the n-th mode of vibration. The angular frequency ωn is related to
the vibrational frequency fn and period of vibration Tn by ωn = 2πfn = 2π/Tn. More details
about the calculation of the stiffness matrix K and mass matrix M can be found in [9,11]. After the construction of these matrices, equation (1) immediately yields the natural frequencies
and mode shapes of the structure.
After evaluating the fundamental vibrational features of the diagrid-core building (frequencies and mode shapes), we also want to investigate the dynamic response of the structure under the application of harmonic oscillations at the base of the structure. This can be done by
considering the complete dynamic equation, which includes the contribution of inertia, damping, elastic and external forces:
Mδcc t  Cδc t  Kδ t

Fext t

(2)

where C is the damping matrix of the structure, Fext(t) is the vector of external dynamic forces
and δ(׳׳t), δ(׳t) and δ(t) represent the vectors of floor accelerations, velocities and displacements (the apex  ׳stands for the time-derivative). One can then separate the spatial and temporal contribution within the dynamic displacements δ(t), as δ(t) = Up(t), where U is the
matrix whose columns contain the time-independent mode shapes un obtained from equation
(1) and p(t) is the vector containing the time-dependent principal coordinates associated to
each mode shape. Hence, we obtain:
MUpcc t  CUpc t  KUp t
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Multiplying each term of equation (3) by UT and remembering that, due to the massnormalization of U, UTMU = I and UTKU = Ω, I being the identity matrix and Ω the matrix
containing the eigenvalues ωn2 on the diagonal and zero outside, it follows that:
pcc t  U TCUpc t  Ωp t

U T Fext t

(4)

The problem can now be decoupled with respect to each individual mode n if one assumes
that the matrix UTCU is diagonal, with diagonal elements equal to 2ξnωn, where ξn represents
the damping ratio associated to the n-th mode of vibration. Then, one finally obtains the set of
3N scalar equations whose unknowns are the temporal principal coordinates pn(t):

pncc t  2[n Zn pnc t  Zn 2 pn t

un TFext t

(5)

Since we apply harmonic oscillations at the base of the building, the vector of external forces
Fext(t) can be simply written as Fext(t) = Mug(׳׳t) = Mug׳׳sin(ωgt), where ug ׳׳is the vector associated to the ground acceleration and ωg the angular frequency of the ground oscillation. The
solution of the single-degree-of-freedom (SDOF) equation of motion (5), with the application
of the initial resting conditions, leads to:
pn t

e[n Zn t ª¬ A n cos Zd,n t  Bn sin Zd,n t º¼  Cn cos Zg t  In

(6)

where ωd,n = ωd(1-ξn2) is the reduced frequency of the n-th mode of vibration due to its damping, and the coefficients An, Bn, Cn and ϕn take the following form:
A n Cn sin In
°
[ n Zn A n  Cn Zn cos In
°B
° n
Zd,n
°
°
un T Mu gcc
®C
° n
2
Zn 2 1  En 2  2[ nEn
°
°
§ 2[ n E n ·
°
°In  arctan ¨ 1  E 2 ¸
n ¹
©
¯

(7)
2

where βn = ωg/ωn is the ratio between the angular frequency of the external excitation and the
one associated to the n-th mode shape. Once all the 3N principal coordinates are evaluated
from equations (6-7), the displacements of the structure δ(t) are immediately obtained as δ(t)
= Up(t). Known the time-dependent displacements of the building floors one can easily find
the velocities δ(׳t) and accelerations δ(׳׳t) by single and double time-differentiation. The interstory drifts can also be evaluated directly from the vector δ(t). Finally, the total timedependent base shear V(t) is calculated by summing all the horizontal elastic forces at the level of the floors, which can be computed as Fel(t) = Kδ(t).
The analytical procedure described in the above paragraphs is applied to a tall building
made up of an external steel diagrid tube coupled with an internal closed-section concrete
core. Figure 1a shows the dimensions (in meters) of the building plane, while figure 1b reports the six different lateral views by considering six different inclinations of the external
diagonals [13]. The building has 40 stories and the inter-story height is equal to 4 meters,
leading to a total height of the building of 160 meters. The internal core is a 9 m × 9 m closedsection shear wall made of concrete (Young’s modulus of 30 GPa) and 0.80 m thick. The ex-
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ternal diagonals are made of steel (Young’s modulus of 210 GPa) and their cross-sectional
area is equal to 0.1 m2 [13]. The different diagonal inclinations of the models (figure 1b)
range from 32.6° (model 1) up to 81.1° (model 6). The mass of the structure is calculated assuming a dead load for the floors equal to 7 kN/m2. Finally, the damping ratio ξn is considered
equal to 0.05 for all the modes of vibration.

Figure 1: Building geometry: (a) floor plan; (b) lateral views. From Lacidogna et al. [13].

3

RESULTS AND DISCUSSION

Table 1 shows the first ten values of the natural frequencies (in Hz) arising from the
MDOF unforced oscillation problem reported in equation (1) for the six models. The letters X,
Y and Z in the parentheses describe the predominance direction of the mode shape: X and Y
refer to lateral oscillations of the building along the X and Y direction, respectively, while T
means that there is a not negligible contribution due to the torsional rotation of the building.
As can be seen, due to the symmetry of the building (figure 1a), the first two modes involve lateral oscillations along the X and Y axis at the same frequency for all models. The
absolute value of this fundamental frequency is found to be maximum (0.364 Hz) for model 3
and minimum (0.243 Hz) for model 1. The first frequency of model 4 (0.362 Hz) is close to
that of model 3, whereas the first frequencies of models 2 (0.321 Hz), 5 (0.339 Hz) and 6
(0.320 Hz) lie in between. Since higher frequencies are associated to stiffer responses, these
results reflect a feature already found from the static analysis performed in [13], i.e. model 1
(the one with the shallowest diagonals) has the lowest lateral rigidity, whereas models 3 and 4
(with diagonal inclinations around 70°) are the stiffest under lateral loads.
For higher mode numbers an important torsional contribution is found to appear associated
with displacements of the structure along the Y direction. It is interesting to notice how the
first mode shapes involving significant torsional rotations are found at the fifth mode for
models 1 and 2 and at the third mode for the other models. Moreover, the fundamental frequency values associated to these first torsional oscillations are found to decrease as the number of the model increases, i.e. it is maximum for model 1 (2.313 Hz) and it decreases up to
the minimum value for model 6 (1.186 Hz). Again, since higher frequencies correspond to
stiffer responses, these results show that increasing the diagonal inclination of the diagrid
leads to higher torsional flexibility, as already shown by the static analysis reported in [13].
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Mode number
1
2
3
4
5
6
7
8
9
10

Model 1

Model 2

0.243 (X)
0.321 (X)
0.243 (Y)
0.321 (Y)
1.499 (X)
1.857 (Y)
1.499 (Y)
1.857 (X)
2.313 (Y+T) 2.105 (Y+T)
4.115 (X)
4.777 (Y)
4.115 (Y)
4.777 (X)
6.935 (Y+T) 6.281 (Y+T)
7.879 (Y)
8.641 (Y)
7.879 (X)
8.641 (X)

Model 3

Model 4

Model 5

Model6

0.364 (X)
0.364 (Y)
1.581 (Y+T)
1.834 (X)
1.834 (Y)
4.432 (Y+T)
4.432 (X)
4.701 (Y+T)
7.698 (Y+T)
7.834 (Y+T)

0.362 (X)
0.362 (Y)
1.442 (Y+T)
1.746 (Y)
1.746 (X)
4.200 (Y+T)
4.200 (Y+T)
4.284 (X)
7.005 (Y+T)
7.508 (Y+T)

0.339 (X)
0.399 (Y)
1.243 (Y+T)
1.539 (Y)
1.539 (X)
3.688 (Y+T)
3.769 (Y)
3.769 (X)
6.027 (Y+T)
6.961 (Y+T)

0.320 (Y)
0.320 (X)
1.186 (Y+T)
1.458 (Y)
1.458 (X)
3.520 (Y+T)
3.607 (Y)
3.607 (X)
5.757 (Y+T)
6.820 (Y+T)

Table 1: Natural frequencies (in Hz) of the diagrid-core system depending on the diagrid diagonal inclination.

After evaluating the natural dynamic response of the diagrid-core system, various harmonic oscillations at different frequencies are applied to the base of the building and the dynamic
structural response examined as obtained from equations (2-7). The time-dependent acceleration applied at the base of the building is of the form ug׳׳sin(ωgt), being ug = ׳׳0.03 m/s2 the
maximum ground acceleration in the X direction and ωg = 2π/Tg the ground angular frequency,
with Tg varying in the range 0.01 s – 8 s. Figures 2-6 show the results in terms of maximum
story displacement, maximum story velocity, maximum story acceleration, maximum interstory drift and maximum base shear, respectively, as a function of the applied ground oscillation period Tg and diagrid model.
Figure 2 shows that each diagrid-core system exhibits the largest value of the lateral displacement when the period of the ground oscillation matches the fundamental period of vibration of the building. With reference to the frequency values reported in table 1, this is found to
occur when Tg is approximately equal to 4.1 s, 3.1 s, 2.8 s, 2.8 s, 2.9 s, and 3.1 s for models 1,
2, 3, 4, 5 and 6, respectively. Therefore the high peaks in the graphs of figure 1 refer to resonance phenomena related to the first modes of vibrations of the diagrid-core system. Clearly,
adopting different diagonal inclinations makes the position of this resonance peak to translate
horizontally with respect to the variable Tg, as the fundamental frequency of vibration of the
system changes (table 1). It is also interesting to notice that the amplitude of this resonance
peak is maximum for model 1 (blue curve), while it reaches a minimum value for models 3
(orange curve) and 4 (purple curve). This result is again in agreement with the abovementioned fact that models 3 and 4 are indeed the most rigid ones against lateral forces,
whereas model 1 is the most flexible. Therefore, the maximum dynamic displacements of the
building floors are the highest for model 1, lowest for models 3 and 4, and exhibit intermediate values for models 2 (red curve), 5 (green curve) and 6 (light blue curve).
Figures 3 and 4 report the corresponding spectra of maximum story velocities and accelerations, respectively. Again, we find the largest resonance peaks in correspondence of the
fundamental periods of the structure. However, in these cases we also start to see additional
resonance peaks at lower periods (higher frequencies). The velocity response spectrum shows
secondary resonance peaks around 0.5 – 0.7 s (figure 3), which correspond to the activation of
the second lateral vibrational modes (table 1). These secondary peaks are also found in the
acceleration response spectrum (figure 4).
This spectrum is also found to exhibit tertiary resonance peaks around 0.2 – 0.3 s, which
correspond to the resonance conditions along the third modes of vibration along the X direction (table 1). The amplitudes of the resonance peaks in the velocity spectrum (figure 3) exhibit similar trends of those reported in the displacement spectrum (figure 2), but here the
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difference between the peaks corresponding to the different diagrid models is reduced. In the
acceleration spectrum (figure 4), the amplitudes of the fundamental resonance peaks get
somewhat inverted, since model 1 is the one experiencing the lowest acceleration, whereas
models 3 and 4 are the ones undergoing the highest value. This is mainly due to the fact that,
being models 3 and 4 the stiffest ones, they are not highly deformable but can undergo high
accelerations due to their stiffer response.

Figure 2: Maximum story displacement of the diagrid-core system.

Figure 3: Maximum story velocity of the diagrid-core system.

Figure 4: Maximum story acceleration of the diagrid-core system.
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Figure 5 shows the maximum inter-story drifts depending on the diagrid-core model and
the value of the ground oscillation period Tg. As can be seen, this spectrum strictly resembles
the one of absolute displacements. However, in this case a somewhat clearer occurrence of the
second resonance peaks at 0.5 – 0.7 s can be observed.

Figure 5: Maximum inter-story drift of the diagrid-core system.

Finally, figure 6 reports the maximum value of the total shear at the base of the building
obtained for each oscillation period Tg and each diagrid-core model. In this case, three clear
resonance peaks can again be observed, in analogy with the acceleration spectrum reported in
figure 3. From the graph of the base shears, it can be seen that model 1 is the one absorbing
the least amount of elastic force, as it is already known to the most flexible under lateral loads.
On the other hand, since the other models are stiffer, they exhibit a higher value of the base
shear. These results reflect the fact that, under dynamic excitations, there is a general trade-off
between the displacement-based and force-based demand. Stiffer structures obviously lead to
lower displacements but they usually are required to withstand higher amounts of force. On
the other hand, more flexible solutions undergo larger displacements but they are less loaded.
However, this is also strongly affected by the frequency of the external excitation. Large dynamic responses, with high dynamic amplifications, are obviously generated if the excitation
frequency is close to the fundamental ones of the structure. Conversely, if we are far from the
resonance condition, the dynamic response of the building might lead to low values of the
displacements as well as elastic forces.

Figure 6: Maximum base shear of the diagrid-core system.
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4

CONCLUSIONS

In this contribution we presented the analytical investigation of the dynamic response of a
diagrid-core system for tall buildings. For this purpose, a matrix-based method (MBM) was
employed within the framework of a General Algorithm (GA). For a set of diagrid-core systems with different inclinations of the external diagonals, the analytical formulation allowed
to quickly evaluate the natural frequencies and mode shapes of the structure, as well as the
damped response under harmonic oscillations at different frequencies. The semi-analytical
formulation led to the investigation of the maximum values of the story displacements, velocities and accelerations under the external excitations, as well as the inter-story drifts and generated base shears.
It was found that diagrid solutions with very shallow diagonals lead to the highest lateral
flexibility and lowest torsional deformability. Conversely, the lowest lateral flexibility was
found for diagonal inclinations close to 70°. These diagrid solutions led to the lowest values
of lateral displacements, but they were the ones experiencing the highest amount of elastic
shear force in resonance conditions. Conversely, the most flexible solutions (with very shallow diagonals) were found to undergo the highest dynamic displacements, but experienced the
least amount of elastic force. From these considerations, it follows that the dynamic response
of a diagrid-core tall building strongly depends on the geometry of the external diagrid tube.
However, great attention must also be paid to the fundamental frequency of the external excitation. When far from resonance conditions, each structural solution might have its advantages in terms of minimizing the lateral displacements and generated elastic forces.
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Abstract
Slender structures as lighting poles and telecommunication towers are usually very sensitive
to wind effects due their dynamic characteristics and due to their notable exposure to wind
forces. Wind-induced forces produce fluctuating stress, which, despite the assessment of dynamic properties and the study of the environmental conditions, can lead to damage accumulation and consequent collapse of these structures. Careful attention to wind forces has,
therefore, to be paid for these typologies of structures, since several damages have been attributed to fatigue issues. It is well known that damping and structural frequencies play a fundamental role in the structural response under wind loads; in fact, an increase of damping
would lead to remarkable beneficial effects on the dynamic response of these structures. This
paper focuses the attention on a mathematical model of a damped gyroscopic device conceived as a dynamic stabilizer for such slender structures; the proposed mechanical device
allows for an increase of structural damping with a consequent improvement of dynamic performances of the tower subjected to wind loads. A parametric study for different mechanical
properties of the gyroscopic device has been conducted in the present paper aiming to assess
the effectiveness of the proposed apparatus for different configurations of the proposed device.
Keywords: Monopole towers, Slender structures, Gyroscopic stabilizer, Frequency increment, Damping increment.
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1

INTRODUCTION

The Monopole towers are slender structures usually employed for supporting communication devices or lighting poles. It is generally recognized that these structures are very sensitive
to wind effects and to uncertainties related to wind forces and to structural dynamic features
[1, 2]. In past years, the authors have studied the dynamics of the monopole towers [3],
among wind sensitive structures, ensuring the presence of specific design problems related to
the definition of wind load and the dynamic characteristics of the structure as shown in [4, 5].
Dynamic performances of these structures are therefore strongly affected by environmental
conditions and by dynamic and geometrical properties of these structures [6, 7].
Proper assessment of environmental conditions (ground roughness, exposition, orographic
placement) combined to dynamic structural characteristics of the mast, is an important topic
since these factors deeply affect affects the structural dynamic behavior of these systems [3, 7,
8]. However, despite the assessment of dynamic characteristics and the examination of the
environmental conditions, cautious attention to fatigue problems has to be paid for this typology of slender structures e.g. [7-9].
Gyroscopic systems have been always studied in automotive and in mechanical systems
[10-14]; moreover, the interaction between the beam and gyroscopic devices has been studied
by several authors for examining their dynamic behavior [15-18] moreover recently gyroscopic devices were applied as structural isolation device in seismic engineering [19].
This paper proposes a direct integration approach for simulating the structural interaction
between the gyroscopic device and the vertical mast of the tower, utilizing a mathematical
model of the gyroscopic device applied to lumped mass mast model already developed by the
author in a previous paper [20], in the present work, a parametric study performed on mechanical properties of the gyroscopic device has been performed, aiming to assesses and to optimizes the performances of the proposed device.
The principal component of the gyroscopic system is a rotating mass, having a horizontal
angular momentum Ω perpendicular to the mast axis; the rotating mass is connected to the
vertical shaft by a mechanical system provided with rotational damped spring system, which
allows relative rotations (in the horizontal plane) between the vertical shaft and the rotating
mass. The gyroscopic system reacts to the mast horizontal oscillations by coupling its vibrations with the relative rotation of the gyroscopic device, consequently transferring the energy
from the mast to the damped gyroscopic device [11].
Results show that the gyroscopic stabilizer allows, for an increasing of the natural frequency of the system, as confirmed by Yamanaka [21] and Carta et al. [17, 19] and for a remarkable increasing of damping of the tower; which, plays an important role in the reduction of
wind-induced vibrations amplitude of slender structures [22-24]. The study demonstrates that
the effectiveness of the device depends on the mechanical properties of the gyroscopic device
which have to be properly set in order to optimize the efficiency of the proposed apparatus.
2

BACKGROUND MATHEMATICAL MODELS AND BENCHMARK SYSTEM

The present approach is based on the dynamic equilibrium equations of the gyroscopic
lumped system with gyricity Ω described by D'Eleuterio [11] and on the hypothesis of the
continuous Euler-Bernoulli beam dynamic equation; in the present work, the structural damping of the mast is not taken into account. The proposed formulation is valid for a gyroscopic
device positioned at the elevation HΩ of the mast, the equation considers the bending mo-
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ments Muu, Mvv and of the torsional moment Mww of the mast acting on the gyroscopic device.
In case of small oscillations dynamic equation of the lumped gyroscopic device can be written
as:
do
up
J :,11D  CD D  KD D  M ww
 M ww
J :,22 vc  M uudo  M uuup :D
do
up
0
J : ,33uc  M ww
 M ww

:vc
(1)

Where u and v respectively indicate displacements in the horizontal and transversal direction, the dot ‧ indicates time derivative, the superscripts ' indicate derivative with respect to
the vertical axis w and the superscripts up and do indicate the position “up” and “down” of the
cross-section respect to the position of the gyroscopic device. According to above-mentioned
hypotheses and after a proper static matrix condensation dynamic equilibrium of the undamped free vibrations of the system can be written in matrix form as:
  Kx
Mx

(2)

0

m+M0
m+m:
m+M:
m+m:
u

H

H

H:

v

m

'H

n: ' H

(a)

(b)

Figure 1: Monopole tower with gyroscopic device: (a) Schematic of the structure, (b) Generalized lumped mass
model, orientation and displacements.

Where M, and K represent respectively the 2N×2N mass and stiffness matrix of the system
depicted in Fig.1 x and x symbolize respectively generalized accelerations and displacements vectors of the 2N degrees of freedom (DOF) of the structure in the two directions u and
v, being N the number of lumped masses of the system.
Accounting on the further DOF α of the gyroscopic device and according to above mentioned hypotheses Eq.1 and Eq.2 [20], can be conveniently combined as a function of a nondimensional time W Z0t and converted to non-dimensional displacements F j x j D in a matrix forma as:
M n χ cc 

CD
C n χ c  Z0 2 K n χ
M0
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:
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v

M vvdo

do
M ww

(a)

(b)

Figure 2: (a) Rotating mass with the local reference axes, (b) schematic of the gyroscopic device placed on the
mast.

Where Mn, Cn and Kn represent respectively the normalized mass damping and stiffness
(N+1)×(N+1) matrix of the system depicted in Fig.1, were the additional DOF present in the
k0
matrices is due to the further DOF α of the gyroscopic device and Z0
M 0 is the reference
pulsation of a single DOF with reference mass M0 and stiffness k0
and K n

3 EI

H3

, Mn

M

M0

, Cn

represents respectively the normalized mass matrix, damping matrix and stiffness matrix of the system. The quantities χ cc , χ c and χ are respectively the unknown nondimensional vectors of the generalized accelerations, velocities and displacements with respect to the dimensionless time τ, CD 2ZD JD ] D is the damping coefficient of the of the gyK

M0

roscopic device with stiffness KD , inertia JD

J : ,11 , undamped pulsation ZD

kD

JD

and

damping ratio ] D . Normalized undamped pulsation of the gyroscopic device can therefore
written as function of the reference system pulsation Z0 as DD

ZD

Z0

[20].

As it can be noticed form an examination of Eq. (1), displacements in the u-w plane do not
involve the gyricity of the system, moreover, given the hypothesis of a lumped mass model
having their barycenter coincident with the mast shear center cross-section; displacement u (in
the u-w plane) can, therefore, considered decoupled from the remaining degrees of freedom of
the structure [25]. The model described in section 2.1 with 2×(N+1) DOF, can be consequently reduced to a N+1 DOF system for proper boundary conditions which does not involve displacements in the u-w plane. Accounting of the above-mentioned hypotheses the lumped mass
model with the gyroscopic device will be treated in the following as a N+1 DOF system.
To assess the effectiveness of the proposed apparatus, numerical integration of the discrete
dynamic equations has been conducted, similar verification approaches were already utilized
by the authors in [20, 26-28].
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3

NUMERICAL RESULTS

The prototype of the proposed gyroscopic device applied to the lumped mass system depicted in Fig. 1 is examined in this section. Without any loss of generality, the lumped masses
are constant and equally distributed in the shaft with mi=m; in order to perform a parametric
study, generalized properties of the system are defined as a function of the reference system
having mass M0 (mass of upper platform), stiffness k0 (stiffness of a cantilever beam with
height H and flexural stiffness EI), reference pulsation Z0 .
The gyroscopic system has been placed in the N-1-th mass of the lumped mass model with
N=16. The considered structure is a slender lighting pole typically utilized for illumination of
large areas, sizes and structural properties are shown in Table 1:
H
(m)
22

ρmast
(kg/m)
71.47

M0
(kg)
687.9

D
(mm)
211.2

zΩ
(m)
20.6

EI
(N×m2)
3.07e+7

N
(-)
16

Δz
(m)
1.37

m
(kg)
98.27

Z0

(rad/s)
1.88

Table 1: Structural properties of the monopole tower and of the corresponding lumped mass model.

Generalized properties of the gyroscopic system (refer to Table 2) are defined as a function of the structural characteristics of the mast, therefore non-dimensional magnitudes defining the gyroscopic device are: the mass ratio μM,Ω=MΩ,TOT/M0 (respect to the reference mass
M0), the radius of gyration ratio μρ,Ω=ρΩ/D (respect to mast diameter D), so that
J :, p M 0 P M ,: ( D P U ,: ) and J :,11 J : ,22 0.5 J :, p . Mechanical properties of the gyroscopic
apparatus as stiffness kα, damping coefficient Cα, damping ratio ߞα , pulsation ZD and normalized pulsation αα are illustrated in Table 2.
μM,Ω MΩ,TOT
(-) (kg)

MΩ
(kg)

mΩ
(kg)

0.10 68.79

67.15 0.82

JΩ,ρ
JΩ,11= JΩ,22 Kα
(N×m)
(kg×m2) (kg×m2)

μρ,Ω
(-)

ρΩ
(m)

1.42

0.30 6.14

3.07

-

Cα
(N×m×s)
11.66

ߞα
(-)
10

ZD

αα

(rad/s)
0.19

0.10

(-)

Table 2: Mechanical properties of the gyroscopic device.

It must be noted that the presence of the mass of the gyroscopic device affects the global
behavior of the original structure, is therefore important to reduce as much as possible the additional mass of the gyroscopic device MΩ,TOT and its radius of gyration ρΩ which respectively
influence the structure natural frequency and its aerodynamic behavior. Therefore, careful attention must be paid for the design of the gyroscopic apparatus especially regarding the additional mass increment for possible buckling effects and frequency reduction and its size for a
suitable aerodynamic design. Equation 3 has been solved by fourth-order Runge-Kutta algorithm [34] which requires appropriate initial boundary conditions at τ=0 selected to examine
the dynamic response of the first mode by imposing zero velocities and initial displacements
in the y-z plane, proportional to linear eigenvector Φ of the structure without gyricity (Ω=0)
according to a preselected amplitude parameter δ =y/D.
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(
Undeformed
Deformed

Mode 1 (

n

= 0.77)

Dimensionless abscissa
Fig. 3. First vibration mode of the examined lumped mass model for μM,Ω =0.10, without gyricity (Ω=0).

Dimensionless displacement, x/D

Free vibrations corresponding to the first mode of the dynamic system with the gyroscopic
device are illustrated in Fig. 4, Fig. 4a shows normalized displacements x/D of the top of the
tower and angular rotations α of the gyroscopic device acting with gyricity Ω=ωJΩ,p (ω=180
rad/sec) for different stiffness Kα of the spring device. Results illustrate the effectiveness of
the proposed device in increasing the total damping of the mast, low values of stiffness Kα
involve higher values of angular rotations α (refer to Fig. 4b), which in turn allow higher
equivalent damping ratios ߞΩ of the tower. As can be observed by the inspection of Fig. 4a,
the effectiveness of the device increases with the decreasing of the device spring Kα, which
allows (for a constant gyricity Ω) the maximum effectiveness for Kα=0.01, by an inspection of
Fig.4b, it must be noted that a further decreasing of the Kα would led, as expected, to unacceptable angular rotations which it would not satisfy the hypotheses of small oscillations on
which Equation 1 is based.

(a)

(b)

Figure 4. Time history analysis of the free vibrations of the first mode of the tower with μM,Ω =0.10, μρ,Ω=1.42,
corresponding to an amplitude parameter δ =y/D =0.20 with constant gyricity Ω=ωJΩ,p (ω=180 rad/sec) for different stiffness of the gyroscopic device spring Kα: (a) normalized horizontal displacements y/D of the N-th point
and (b) rotations α of the gyroscopic device.

The results of Fig.4 are corroborated by the data illustrated in Fig.5. which show an increasing of αΩ and of ߞΩ with the decreasing of the spring stiffness Kα. The effectiveness of the
proposed gyroscopic device acting with the same gyricity, is therefore directly connected to
the spring stiffness Kα.
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(a)

(b)

Figure 5. Parametric analysis as function of the stiffness of the gyroscopic device spring Kα for the first mode of
the tower with μM,Ω =0.10, μρ,Ω=1.42, δ =y/D =0.20 and constant gyricity Ω=ωJΩ,p (ω=180 rad/sec), (a) Normalized damped frequency αΩ and (b) equivalent damping ߞΩ of the tower.

4

CONCLUSIONS

This paper investigated the effects of a prototype of a gyroscopic device installed in slender monopole tower. Results show that the presence of the device allows for an increase of the
frequency and for a remarkable increase of damping of the tower; the effectiveness of the device depends on its mechanical properties. A further parametric study assesses and optimizes
the performances of the gyroscopic device as a function of the angular spring stiffness Kα
which connects the gyroscope to the mast. Results illustrate that stiffness spring Kα can be
considered a key parameter for adjusting and setting the mechanical properties of the gyroscopic device.
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Abstract
The application of dynamic vibration absorbers (DVA) to Wind Turbine (WT) towers has the
potential to significantly improve the damping of the tower and the nacelle dynamic responses, thus increasing the reliability of WTs. The Tuned Mass Damper (TMD) is considered a
benchmark for vibration absorption of WT. However, its effectiveness is limited by the requirement of large masses, in association to its installation location. Thus, an alternative
concept is introduced, which is based on a novel passive vibration absorption configuration,
the extended KDamper concept. The KDamper is essentially an extension of the conventional
TMD, introducing appropriate negative stiffness (NS) elements. Instead of increasing the additional mass, the vibration absorption capability of the KDamper can be increased by increasing the value of the NS element. Therefore, the KDamper always indicates better
isolation properties than a TMD with the same additional mass. In this paper, the performance of these concepts is examined for increasing the damping of WT towers. A constrained
optimization procedure is presented, from which the optimal design parameters are obtained.
Although both concepts present a good behavior, the KDamper-based design significantly
increases the effective damping of the WT tower, retaining the additional masses in reasonable ranges.
Keywords: Wind Turbines, KDamper, Negative Stiffness, Vibration Control, Damping,
Tuned Mass Damped.
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1

INTRODUCTION

Wind power continues its rapid growth worldwide and as a result, wind farms are likely to
comprise a significant portion of the total production of wind energy. The high-quality wind
resource and the proximity to load centres make wind energy a compelling proposition. The
WWEA predicts that offshore wind farms of 150GW will operate in the EU by 2030, contributing 14% of the EU’s total electricity consumption. However, the above prediction is very
ambitious. In recent years, several failures have been recorded in existing wind turbines (WT).
It is estimated that the structural failure (tower, foundation) of the installed WT amounts up to
10% [1]. In addition, the structural and foundation costs are excessively high, reaching up to
17% for land based (onshore) and fixed bottom offshore WT.
From the above comments, and according to the International Energy Agency [2], it
emerges as top priority to enhance research to avoid WT structural failures. A way to extend
the feasibility of Wind Turbine towers is by means of structural control.
The concept of a resonant damper, like a Tuned Mass Damper (TMD) is among the approaches that have received the most attention in the literature. The principal of the TMD system [3] is the degradation of the dynamic response of the system through energy transfer to a
system of an additional mass, designed with optimum characteristics and adapted in a suitable
position in the structure [4,5]. Active [6,7] and semi-active [8–12] TMD have been examined
thoroughly in the latest year, enhancing the damping performance of the passive TMD. The
downside of such designs is that their performance is directly (or obliquely) depended by the
accuracy of the actuators output, which over time can have an alternation in its performance.
In addition, the essential limitations of all the aforementioned TMD-related concepts, are related with the location and the selected mass of these devices. TMD should be installed at the
top of the tower or inside the nacelle in order to be effective, and is associated with large additional masses, which constitutes a major limitation, since additional mass is highly undesirable at the top of the WT. In addition, a slight alteration in the system parameters can alter the
TMD tuning and reduce the system performance [13].
In this paper, the (extended) KDamper is intervened between the nacelle and the WT tower.
The KDamper, introduced in [14], is essentially an extension of the TMD, by incorporating
appropriate negative stiffness (NS) elements. Instead of increasing the additional mass, the
vibration isolation capability of the KDamper can be increased by the NS, overcoming the
sensitivity problems of TMDs as the tuning is mainly controlled by the NS. Thus, the
KDamper always indicates better isolation properties than a TMD with the same mass, finding numerous applications for vibration absorption in structural systems [15–24]. Although
the KDamper incorporates a NS element, it is designed to be statically and dynamically stable.
Section 2 of the paper presents the dynamic model of the WT tower. The developed model
is an assemblage of prismatic beam elements with sway DoFs considered to be the dynamic
ones. In order to verify the validity and the efficiency of the developed model, a set of simplified analyses were conducted and compared with a commercial software package based on
FEM. The aerodynamic load is taken into account by generating artificial basic wind velocities following the corresponding regulations of EC1 and applying it at the WT following the
procedure described in [25]. Section 3, presents the optimization procedure for the EKD. The
independent design variables are presented, and proper limitations and constraints are imposed on the design variables and the system main dynamic responses, based on the proposed
constrained engineering-criteria driven optimization procedure. In section 4, the numerical
results are presented, where the effectiveness of the EKD is verified. A comparison with a
conventional TMD (2% mass) confirms that the EKD manages to significantly increase the
effective damping of the WT tower, and thus mitigate the WT dynamic responses, with small
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additional masses and a realistically designed configuration. In section 5, the conclusive remarks are presented, based on the nonlinear dynamic responses of the controlled WT tower
with the proposed VCS and the comparison with the conventional TMD.
2
2.1

MATHEMATICAL MODELLING OF WIND TURBINE FOUNDED ON
MONOPILE FOUNDATION
Dynamic Model of WT with Monopile Foundation

An onshore wind turbine (WT) tower of length lt and variable tubular cross-section At (x) is
examined, as presented in Figure 1. The tower supports the NREL baseline 5MW nacelle and
rotor [26,27]. In order to account the inertial forces applied by the mechanical parts (nacelle,
rotor, and blades) an additional concentrated mass mtop is added at the top of the tower [27].
The WT is founded on a monopile of length lp of cylindrical cross-section Ap. The monopile is
embedded in a layered Winkler type soil profile represented by a Kelvin-Voigt element (i.e.
elastic spring - dashpot parallel configuration ks - c).

(a)

(b)

Figure 1: Wind turbine tower of variable cross section founded on monopile foundation. (a) Uncontrolled structure, and (b) controlled structure with EKD at the top of the WT tower.
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The transient nonlinear dynamic response analysis of the tower-pile system is investigated
through a Beam of Variable Cross Section over a Beam on Winkler Foundation formulation
accounting for both kinematic and inertia interaction. Considering large displacements and
employing the second Piola-Kirchhoff stress tensor, the geometrically nonlinear equations of
motion of the WT are obtained as follows:

ªM t 0 º  ut ½ ªCt 0 º  ut ½ ª K t ( x) K tp ( x) º  ut ½  Ft ( x) ½
« 0 M » ®u ¾  « 0 C » ®u ¾  «K ( x) K ( x) » ®u ¾ ® F ( x) ¾
p¼¯ p¿ ¬
p ¼ ¯ p ¿ ¬ pt
p
¬
¼¯ p¿ ¯ p ¿
where

(1)

denotes differentiation with respect to the time t. Moreover, [Mt], [Mp], [Ct] and

[Cp] are the matrices of mass and damping of the WT tower and monopile, respectively. [Kt],
[Kp] and [Ft], [Fp] are the nonlinear stiffness matrices and force vectors containing the geometrically nonlinear terms, while {ut, up}T denotes the vector of unknown nodal displacements. By introducing a vibration control system (VCS) at the top of the tower, the tower
related matrices of Equation 1 are modified as:

> 0@N un

>M t @

ª ª> M @
« « S N uN
« > 0@nu N
¬¬

>0@N un º ª« ª¬M n,a º¼ N uN

> 0@nun ¼» «¬ > 0@nu N

ºº
»»
ª¬M n,d º¼ nun » »
¼ ¼ ( N  n )u( N  n )

(2.a)

>K t @

ª ª> K @
« « S N uN
« > 0@nu N
¬¬

>0@N un º ª« ª¬K n,a º¼ N uN

> 0@nun ¼» «¬  ¬ªK n,c º¼ nuN

 ª¬K n,b º¼ N un º º
»»
ª¬ K n,d º¼ nun » »
¼ ¼ ( N  n )u( N  n )

(2.b)

> Ct @

ª ª>C @
« « S N uN
« ¬ > 0@nu N
¬

>0@N un º «ª ª¬Cn,a º¼ N uN

>0@nun »¼ «¬  ª¬Cn,c º¼ nuN

 ª¬Cn,b º¼ N un º º
»»
ª¬Cn,d º¼ nun » »
¼ ¼ ( N  n )u( N  n )

(2.c)

where [MN] is the N × N mass matrix of the uncontrolled WT tower with N DoF while [Mn]
indicates the n × n mass matrix of the VCS. Similarly, [CN] and [KN] are the Rayleigh damping matrix and the condensed stiffness matrix corresponding to the sway DoF. The expressions of the matrices in Equation 2 depend on the VCS of choice (TMD, EKD).
2.2

Wind Loads

In this paper, the aerodynamic load is taken into account by employing a basic wind velocity at the altitude of 10 m, Vb and applying the corresponding regulations of (EN 1991 Wind actions, 2010). Moreover, in order to account the wind velocity fluctuation at the altitude of lt, an artificial velocity time history is generated by applying the procedures presented
in [29–32] assuming a standard deviation σ. The total concentrated force exerted on the top of
the tower is computed as in [27]. Apart from the concentrated force applied on the top of the
steel tower due to operation of the turbine, an additional distributed loading along the tower
height is taken into account due to the fact that a portion of wind forced is exerted directly on
the tower. The spatial and time distribution of this loading is obtained by employing the procedures of (EN 1991 - Wind actions, 2010) and of the studies [29–31]. The basic wind velocity that is employed has corresponding standard deviation Vb = 27.0 m/s with σ = 3.30 m/s
(Vm(120m) = 39.93 m/s). The rotor is assumed to develop a constant angular velocity Ωbl =
12.1 rpm, while all the necessary blade profile characteristics are retrieved from [26,32]. Figure 2.a presents the mean wind velocity, and Figure 2.b the time history of the evaluated total
forces FN (t ) for the aforementioned basic wind velocity (Vb = 27.0 m/s, σ = 3.30 m/s).
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(a)

(b)

Figure 2: (a) Wind velocity at the top of the WT tower, and (b) total concentrated force exerted on the top of the
WT tower FN (t ) .

3
3.1

IMPLEMENTATION OF VIBRATION CONTROL SYSTEMS
VCS Considered

The first vibration mitigation approach is based on the classical TMD. The additional mass
(mD) of the TMD is attached at the top of the WT tower or inside the nacelle, using a positive
stiffness element and a linear damper (kD, cD). This concept is employed as a benchmark because it has received the most attention in the literature due to the simplicity of its implementation. The main drawback of this option is the need for large additional masses, in order for
the TMD to achieve significant effective damping, as will be observed in the numerical results.
The parameters of the TMD configuration are presented below:

PD mD / mtop
ZD

2S f D

(3.a)

kD / mD

] D cD / 2ZD mD

(3.b)

cD / 2 kD mD

(3.c)

The TMD tuning frequency is selected to equal to the fundamental frequency of the primary structure fD=f1. The damping ratio affects the transferred vibrating energy to the oscillating
mass of the TMD, and the TMD stroke. As the damping ratio decreases, more energy is transferred to mD, as the oscillating mass has an increased stroke. As a result, the TMD is more effective. However, the TMD stroke is upper bounded due to the geometrical limitation that the
oscillating mass is placed at the top of the tower. For this reason, the damping ratio is selected
to be equal to 10% in order to be as effective as possible, and at the same time realistic. The
mass of the TMD is be equal to 2%, an extreme value selected only for comparison reasons.
In this paper, an extended version of KDamper [21], will be employed at the top of the WT
in order to protect the WT tower from environmental vibrations (wind), as presented in Figure
1. The additional mass, mtop, of the nacelle, rotor and blades is no longer rigidly attached to
the WT tower but is mounted on an extended KDamper device. In this concept, the additional
oscillating mass of the EKD (mD) is connected with the nacelle with a negative stiffness element and a linear damper (kNS, cNS), and with the steel tower with a positive stiffness element
(kPS), and the steel tower is connected with the nacelle with a positive stiffness connection
(kR). This way, the EKD aims to isolate the vibrations of the nacelle form the steel tower. In
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addition, the EKD aims to increase the effective damping of the WT tower compared to the
TMD with the same additional mass, as it has been proven that the KDamper always presents
an improved dynamic behavior as compared to the TMD.
The configuration of the extended KDamper (EKD) implemented at the top of the WT
tower is illustrated in Figure 1. The positions regarding the EKD are presented below:

PD mD / mtop
kD

k NS  k PS

ZD

2S f D

kR 

k0

(4.b)

k D / mD

k NS  k PS
mD

(4.c)

kNS kPS
kNS  kPS

Z0 2S f0
] NS

(4.a)

k0 / mD  mtop

(4.d)

§
kNS kPS ·
¨ kR 
¸ / mD  mtop
kNS  kPS ¹
©

cNS / (2mDZD ) cNS / (2 kD mD )

(4.e)
(4.f)

where μD is the EKD additional mass ratio. In order for the proposed configuration to be
realistic, the design of the EKD concept foresees variation in all the stiffness elements to ensure that the system remain statically and dynamically stable:
(1  H R )kR 

(1  H PS )kPS (1  H NS )kNS
(1  H PS )kPS  (1  H NS )kNS

0

(5)

Assuming that the mD, and the values of the stability factors εNS, εPS, and εR are supposed
known, the stiffness elements kPS and kR, result from Equations (4.e, 5) as a function of f0, and
kNS. Therefore, the independent design variables sought in the optimization are:
1. the nominal frequency f0;
2. the value of the negative stiffness (NS) element kNS;
3. the value of the damping coefficient cNS);
For the optimization process, the Harmony Search (HS) algorithm, a novel metaheuristic
algorithm is used [33].
3.2

Optimal Design of EKD

Having established the nonlinear equations of motion Equation 1 for the controlled WT,
the next objective is to determine the optimal EKD parameters in order to attain the best possible vibration control strategy. The objective function and the constraints are selected from
the geometrically non-linear time domain responses, are described below:
i.

Assign values to the known parameters (initial guess).
a) EKD is implemented at the top of the WT tower, and as a result the additional oscillating mass is desired to be the minimum possible. Thus, mD varies in the range
[0.1 0.5] %, one order of magnitude lower as compared to that of the TMD.
b) The stability factors of the kPS, kR are conservatively selected as 5%. The variation
of the NS element kNS, is selected equal to 10%, as indicated in [21].
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ii.

Set the objective function (OF) as the minimization of the relative displacement of the
WT tower. (obtained from geometrically nonlinear dynamic analysis)
Re l
min: utop

iii.

uD  ult d Dtop / 2

(7)

(Constraint 2)

(8)

Set an upper limit for the damping coefficients cNS with respect to the superstructure
mass. This constraint is based on previous works [47] as well as on manufacturing restrictions:
(Constraint 3)

(9)

Set an upper limit for the NS per 1 tn of structure mass [14]:
k NS t 50 kN / m

vii.

(6)

(Constraint 1)

unac  ult d 0.5 m

cNS d 1000 kNs / m

vi.

(OF)

To ensure the effective operation of the WT. another geometrical limitation regarding
the relative displacement of the nacelle and the top of the WT tower is set:
Re l
u Nac

v.

0

Set the geometrical constraint regarding the relative displacement of the oscillating
mass of the EKD and the top of the WT tower. The upper limit is equal to half of the
top tower diameter.
Re l
uD

iv.

ult  ul

(Constraint 4)

(10)

The nominal frequency f0 of the SBA varies in the range [0.1 5] Hz, (Constraint 5).

Finally, the limits of the free design variables are: a) nominal frequency f0 (Hz) [0.1 5.0], b)
value of the NS element kNS (kN/m) [-20000 -1], and c) damping coefficient cNS (kNs/m) [1
1000]. As for the parameters inherently involved in the HS algorithm, the commonly used
values in relative literature are employed: HMS=75, HMCR=0.5, and PAR=0.1.
4
4.1

NUMERICAL APPLICATION
Considered WT tower and monopile systems

In this section, the NREL baseline 5-MW nacelle and rotor, supported by a steel tower of
120 m height is examined. This choice is made due to the fact that is widely used in the literature as a benchmark option for vibration control of WT towers. The key properties of the wind
turbine and the steel tower are listed in Table 1 and Table 2 respectively.
As far as monopile system is concerned, a steel tubular pile of constant cross section
(Ep=2.1x108 kN/m2, ρp=7.8 tn/m3, νp=0.3, Gp=8.0769x107 kN/m2, lp=30.0 m, Dp=5.0 m,
tp=0.08 m) is considered. The undrained shear strength of the soil profile is assumed to follow
a parabolic distribution with depth with mean Su=60 kPa, , mass density γ=1 tn/m3 and modulus of elasticity E=1800Su. The whole structure is subjected to the action of its total weight
(including mechanical parts). More specifically, a distributed axial load along the length of
the structure and a concentrated axial force at its top are applied, which are evaluated according to the corresponding masses.

1818

Konstantinos A. Kapasakalis, Ioannis A. Antoniadis and Evangelos J. Sapountzakis

Property

Value

Rating

5 MW

Rotor diameter

126 m

Hub diameter

3m

Cut-in wind speed

3 m/sec

Rated wind speed

11.4 m/sec

Cut-out wind speed

25 m/sec

Cut-in rotor speed

6.9 rpm

Rated rotor speed

12.1 rpm

Nacelle mass

240,000 kg

Rotor mass

110,000 kg

Blade material

Glass-fibre

Blade length

61.5 m

Blade mass

17,740 kg

Blade CM (from blade root)

20.475 m

Blade damping ratio (all modes)

0.48%

Table 1: Key properties of NREL baseline 5 MW wind turbine.

Property

Value

Height

120 m

Base diameter

8.43 m

Base steel thickness

0.048 m

Top diameter

3.87 m

Top steel thickness

0.025 m

Young’s modulus

210 GPa

Steel density

8,500 kg/m3

Total mass

798,640 kg

Location of CM (above base)

43.042 m

Tower damping ratio (all modes)

1%

Table 2: Key properties of the considered steel tower.

4.2

Nonlinear dynamic model verification

In order to verify the validity and the efficiency of the developed formulation, a set of simplified analyses were conducted and the obtained results were compared with those obtained
from the commercial software package SOFiSTiK [34] based on FEM. More specifically, in
Table 3, the first 5 eigenperiods of vibration, are presented using SOFiSTiK, and are com-
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pared with those obtained from a FEM solution employing 24 prismatic beam elements for
the tower and 60 for the monopile. Furthermore, the response of each tower configuration is
examined performing a simplified linear static analysis, applying a concentrated force at the
top of the tower. Table 3 presents the static deflections Xtop at the top of the WT tower obtained from the developed model of the WT tower as compared with the aforementioned FEM
solution, using SOFiSTiK software. It can be observed that the validity of the developed
model of the WT tower is verified, as both the values of the WT eigenperiods and the static
deflection of the top of the WT tower are in a very good agreement.
T1
4.315
4.310

Present Study
SOFiSTiK

Eigenperiods (sec)
T2
T3
T4
0.727
0.243
0.122
0.726
0.246
0.128

T5
0.076
0.081

Static deflection at the top
of the tower Xtop (m)
1.225
1.233

Table 3: Eigenperiods of the WT tower, and static deflection at the top of the tower under static analysis.

4.3

Dynamic responses

The design parameters selected for the TMD system are μD=2%, ζD=10%, and fD=f1,
where f1 is the fundamental frequency of the primary structure. Regarding the EKD system,
the selected additional mass is equal to μD=0.1%, 20 times lower as compared to that of the
TMD, and the stability factors εNS, εPS, and εR are selected as 10%, 5%, and 5%, respectively.
The optimal EKD parameters obtained following the procedure presented in Section 3.2, are
presented in Table 4.
Fixed values
mD (tn) εNS, εPS, εR (%)
0.403
10, 5, 5

Independent design variables
f0 (Hz)
kNS (kN/m) cNS (kN/m)
0.3664
-9089.7
511.69

Resulting stiffnesses
kR (kN/m) kPS (kN/m)
13057
54275

Table 4: Optimal EKD parameters.

The dynamic response of the WT tower relative displacement is presented in Figure 3.a,
for the uncontrolled WT, as well as the controlled WT with a conventional TMD (2%), and
the proposed EKD (0.1%) implemented at the top of the WT. It is observed that due to the
nature of the external load, the first peak of the dynamic response is not affected by either system, however, the 2nd peak is greatly reduced with the EKD system. As a result, the effective
damping of the controlled system is significantly increased. In order to calculate the exact
value of the effective damping, the initial and the controlled structures are subjected to a free
vibration with initial conditions, as illustrated in Figure 4, and more specifically to that of the
first modal eigenform of the uncontrolled structure. The effective damping is then calculated
with the following logarithmic rule:
Re l
ª utop
t
ln « Re l
«¬ utop t  T

º
»
»¼

2S] eff

(1)

2
1  ] eff

where T is the time between two consecutive peaks of the dynamic response, and utopRel is the
top tower relative displacement. The effective damping of the initial structure, the TMD and
the EKD systems are 2.67 %, 2.98 %, and 8.36 %. The TMD system slightly increases the effective damping, while the EKD system has more than 3 times the initial effective damping.
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(a)

(b)

Figure 3: (a) Dynamic response of the WT tower top relative displacement of the initial, the TMD and the EKD
systems. (b) Additional oscillating mass relative to the tower displacement of the TMD and EKD systems.

Figure 4: Free vibration of the top WT tower of the initial uncontrolled structure, the TMD system, and the EKD.
The initial displacement conditions imposed are according to the first modal eigenform of the initial WT.

Finally, the relative displacement of the additional oscillating mass of the TMD and EKD
systems, is presented in Figure 3.b. The additional mass of the EKD has a stroke more than
one order of magnitude smaller, as compared to that of the TMD. More specifically, the peak
of the additional mass stroke is 1.11 m with the TMD system, and 0.076 m with the EKD system.
5

CONCLUSIONS

In this paper, a novel passive vibration absorption and damping concept, the extended
KDamper, is examined for improving the WT tower dynamic behavior and increasing the effective damping. A wind turbine of 5MW supported by a steel tower of 120 m founded on a
monopile was analyzed under a horizontal aerodynamic load due to the wind. The developed
nonlinear dynamic model is an assemblage of prismatic beam elements, the validity of which
is verified based on a comparison with a commercial software package on FEM. The aerodynamic load is taken into account by generating artificial basic wind velocities applying the
corresponding regulations of EC1, Part1,4. The proposed vibration control system (VCS) is
designed based on a constrained optimization procedure, that accounts for geometrical, con-
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structional and manufacturing limitations. Based on the performed nonlinear dynamic analysis,
the following conclusive remarks can be made:
i.

The proposed nonlinear dynamic model is effective and efficient in implementing
VCS for vibration control of WT.

ii.

The employed additional mass is significantly lower (0.1%, 0.403 tn) as compared to a
conventional TMD (2%, 8.6 tn).

iii.

The EKD increases the effective damping (8.36 %) of the WT tower more than 3
times compared to the initial WT (2.67 %), while the TMD system achieves only a
slight increase (2.98 %).

iv.

The additional mass stroke in the EKD is in the order of a few centimeters (7.6 cm),
overcoming the fundamental disadvantage of the TMD that requires large strokes,
more than 1 m.

6
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Abstract. Adaptive façades can be a solution to many urban aspects such as sustainability
and energy efficiency. Along these lines, a parametric analysis has been conducted to investigate the geometrical reconfigurations of the proposed adaptive solar shading system, the daylight performance with Rhinoceros and the plugins Grasshopper and ClimateStudio as well as
the structural behaviour with Karamba3D. A skeleton structure synthesized by GFRP bending-active elements and stabilized by a secondary system of cables with variable length and a
PTFE tensile skin leads to a lightweight modular structure with embedded actuation. The
control system is capable of flexible patterns and multi-stages of open, semi and close configurations for different sun shading effects, depending on the changeable weather conditions
and the relative response required in every part of the façade. The mechanism recalls a
Class-2 Tensegrity system with springed hinges, where the rigid members and the hinges are
substituted by lamellas, which can be bend by controlling the length of the cables. Furthermore, the ever-changing modular structure, especially to the plethora of different configurations, results in an aesthetically pleasing and organic dynamic filter for a tall building.
Further research can be carried out about the wind load, how the structure can be naturally
wind-resistant, and convective factors triggered by air movements between the façade and the
building itself.
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1

INTRODUCTION

Adaptive building envelope design may provide a real-time process of reconfiguration on a
daily and seasonal basis enlivening the environmental performance of the building and enhancing the end-users’ internal comfort. A viable design for adaptive shading systems is necessary, especially when the building sector absorbs 40 % of the total energy use, even greater
than the transport and industry sectors [1]. Current numerical studies evaluate the performance of external shades by scoping the impact of them with regard to the building envelope
and the indoor environment [2-6]. Different typologies of shadings such as overhangs, vertical
fins, horizontal shading, egg-crate shading, perforated screens and exterior blinds are giving
potential opportunities for energy savings and improvement of indoor environment.
The sustainability role of the external shading elements can be further extended by means
of adaptability either following environmental spaces and user needs or increasing the efficiency and optimizing the materials in order to reduce energy consumptions [7]. The effectiveness of kinetic façades in terms of energy savings is demonstrated in [8] with three
existing buildings, Al Bahar Towers, Council House 2 and Q1 Headquarters Building. Adaptive folding shading systems placed externally on the Al-Bahar Tower in Abu Dhabi obtain
different configurations, in order to regulate solar radiation and maximize the energy savings
on cooling. In tracking the sun position, the kinetic system applied on the western façade of
the Council House 2 in Australia provides full shading while minimizing the electricity consumption by 85 %. Following the sun path with three different configurations by the motorized swivel vertical louvers of the Q1 Headquarters Building in Germany, the adaptive
external shading system succeeds in minimizing the electricity consumption, glare, as well as
maximizing the heat gain and natural air ventilation.
A systematic analysis for daylight performance of an adaptive façade shading system integrated on a multi-storey office proves that rotation of the external shades and inclination of
the slats may considerably influence the indoor daylight performance. Furthermore, shades
can control the amount of incoming solar radiation and block the solar heat gain admitted into
the open-space offices, while their impact on the air indoor temperature is significant by reducing the overheating and cooling loads [9-10]. Indoor environment is related to the comfort
of the occupants and inevitably affects the well-being, productivity and consequently provokes the economic benefit. For example, the rising demand for lighting energy is also associated with the visual discomfort. Adaptive façade systems can lower the thermal load of the
building by blocking the sunlight effectively, while daylight can be used properly during the
day enhancing occupant comfort [11].
Adaptive sun shading systems can meet the changing solar radiation and provide an optimal shading as well as maximization of the daylight use [12]. Relevant adaptive and kinetic
systems that reflect principles of embedded actuation and meditated to sustainable issues,
functionality and aesthetics considerations are presented in this paper. An experimental prototype in full-scale of a tensegrity structure is actuated in obtaining a responsive behavior
through adjustment of tension members and actuators [13]. In this context, a conceptual development of an adaptable structure aiming at structural simplicity and reduced energy consumption during the reconfiguration is presented in [14]. The proposed actuation method
conveys the ability to the structure to obtain different geometrical reconfigurations. The
methodology approach of the responsive skylight modules leading to the integration of architectural kinetic elements and computational devices is presented in [15]. Design requirements
of the project are the optimization of the thermal and daylighting conditions. The prototype
system is based on tensegrity principles incorporated with photovoltaic panels in its structure.

1826

Alessandro D’Ambrosio, Maria Matheou, Rosario Montuori and Elide Nastri

A similar approach on adaptive tensegrity architecture mimics the dynamics of a blinking sail
as a dynamic sun-screen harvesting device presented in [16].
The current research project refers to the design and analysis of adaptive bending-active
modules for a tensile solar shading system using as a case study the SFB1244 demonstrator
tower located in the campus Vaihingen of the University of Stuttgart in Germany. A synergistic architectural and engineering approach of the adaptive bending-active modules leads to the
design of a high efficiency envelope system with improved load-bearing performance. Essentially, the goal was to increase energy efficiency by controlling the light transmission and thus
provide energy savings on cooling, heating and lighting demands. The characters of lightness,
aesthetic quality and utilization flexibility were the most important to consider at the beginning of the designing process. The software used for the parametric analysis include Rhinoceros and Grasshopper for the 3D modeling, ClimateStudio for the daylight analysis and
Karamba3D for the structural analysis; both ClimateStudio and Karamba3D work in the Rhino/Grasshopper environment. The daylight simulations were carried out on different days and
times throughout the year, to test the response and effectiveness of the various configurations
that the adaptive system is capable of, using the parameterization of the Grasshopper model.
2
2.1

DESIGN
Adaptive bending-active modules

The first idea was to use tensegrity for the mechanism of each module - specifically, a
Class-2 tensegrity system for the vertical ribs of the shells, consisting of two cable-controlled
rigid bars connected by a springed hinge. This approach, though, would have required a
change of shape through approximation; this is why, at the end, the bending-active approach
was chosen. This approach could keep the structure in the lightweight range, providing almost
the same mechanism and the possibility of keeping the shape just as it was designed. The
bending-active solution for the module mechanism recalls the bow-and-string principle; the
original frame of bending-active elements consisted of a single vertically oriented bow in the
middle. This disposition was eventually modified (as shown in Figure 1) to have two vertical
elements instead, spaced enough to have a more even area distribution of the membrane.

Figure 1: Adaptive bending-active system.
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Each sun-shielding module is 2,00m wide and 0,90m tall, and its shape allows for each row
to aesthetically interlock with the previous ones, with a 1,00m horizontal offset. The modules
open and close by being constrained to the horizontal plane (identified with the midpoints of
each row) by controlling the length of cables.
Glass Fiber Reinforced Polymer (GFRP) was chosen as the material for the bending-active
frame; this material allows good behavior on long-term deformation cycles and a very high
strength-to-weight ratio. Architectural Polytetrafluoroethylene (PTFE) was chosen as the material for the membrane; the resin-painted fiberglass has excellent properties for a second skin
facade, thanks to its weather resistance and self-cleaning behavior.
2.2

Reconfigurations and integration to the Demonstrator

The system is designed to flexibly work in various sunlight conditions, thanks to the ability
of each module to change in configuration to a certain degree, from completely closed to
completely open. This is possible thanks to the GFRP skeleton of each module, stabilized by
cables and a PTFE membrane. The embedded actuation system, controlled by sensors, makes
it possible to have different sun shading (and aesthetic) effects, visible as gradients on the façade throughout the day (as shown in Figure 2).
The connection with the Demonstrator tower is realized through a steel space grid-like
structure that gives the needed support to the panels and keeps the whole system lightweight,
without obstructing the view from and to the building.

Figure 2: Gradients in the adaptive configuration model.

3

STRUCTURAL ANALYSIS

The structural analysis was originally intended to be carried out in SAP2000; in order to do
that, the 3D model had to be assembled in GeometryGym, a software that works in the Rhino/Grasshopper environment and helps exporting the model to SAP2000, thanks to the controlled IFC conversion of the files. The issues had with such a work outline were in the double
curvature of the shell elements. Said software works best when synthesizing big models, deconstructing them in smaller parts; when the mathematical conversion needed, from the
Grasshopper boundary representation to a mesh, interests smaller elements with tighter toler-
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ances it becomes a problem. The approximation was excessive and it resulted in troubles related to the bijective individuation of points; this was especially an obstacle for the external
forces and support placement. The ideal solution was to control the degree of approximation
of the curvature of each element through a software that was closer to the Grasshopper native
environment. For this reason, in the present work, it was decided to carry out the analysis in
the Rhino environment with Karamba3D; this software made it possible to better control the
approximation of the original shape, for both the frame and the membrane. The membrane
was meshed, and its area was used for the wind load; its support was the frame, deformed,
while the supports of the frame itself were placed in the intersection between the central vertical and horizontal elements. The support structure was designed as a space grid structure, in
order to be well distributed and light in both aesthetic and structural terms, while allowing for
the full movement of each module.
3.1

Wind load

The main loads considered were self-weight and wind load; the latter was calculated from
the local legislation and the Eurocodes. The obtained wind load was related to a wind speed of
81km/h; this was the worst-case scenario, and in Stuttgart this condition is very rare (less than
30 hours per year). Another scenario was taken into account, imagining the request of the client to have the structure designed for 50km/h and 60km/h (wind conditions still rare for the
city), to consider the advantages in terms of lightness and economy at the expense of having
the façade closed when said wind velocities are reached. Tangential wind was also considered.
3.2

Results

After having the model assembled in Karamba3D, a strict hierarchy was followed in the relationship between each element of the façade, so to have their structural behavior connected
just as expected in working conditions. A nonlinear analysis was needed, because of the bending-active approach used; after solving using the specific analysis tool, the ModelView tool
allowed the visualization of displacements (Figure 3) and stress on each of the models. A specific set of tools was placed on the Grasshopper canvas to get the axial stress results on each
element. The highest displacements measured on the module frame were 2,83mm at the extremes, without considering the stabilizing effect of the steel cables. The highest value of tension measured on the support system is 0,61 kN, while the highest value of compression is
0,43kN.

Figure 3: Karamba3D result window.
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3.3

Support system sections

Following positive outcomes related to buckling, displacement and axial stress tests, the
profiles chosen for the original wind condition (81km/h) were the EN10210 33,7x3,2mm with
circular section. The provided results for a lower wind condition (60km/h) have led to a thinning of the profile section, now the circular EN10210 26,9x3,2mm, which leads to increased
lightness and economic convenience.
4

DAYLIGHT ANALYSIS

The daylight analysis was carried out in ClimateStudio; the chosen days for the simulations
were the two solstices and the two equinoxes, and for each day the hour chosen was 9:30 am,
12:30 am and 15:30 pm.
All materials have been assigned to each element of the 3D model. Three case studies have
been considered in this project: the bare structure, fully open configuration and adaptive configuration.
4.1

Parameterization

The parameterization of the façade allowed each corner to independently open and close,
causing a dynamic gradient on each side of the building. By changing the corner values in order to follow the sun position at a certain time, the ideal overall configuration was researched
each time (as shown in Figure 4 for March 20th, 15:30). Issues with the model were related to
the cable slits, excessively large, and the BRep approximation from Grasshopper to ClimateStudio, that caused some light to creep in. The solution was to reduce the slits and to mesh the
entire façade, so the software could read it properly.

Figure 4: ClimateStudio test environment.

4.2

Results

The results (Figure 5) show that the adaptive configuration always respects the ideal lux
range (350-450), with peak values hardly over 500; the completely open configuration has
worse results, especially during the cold months. The worst condition is, by far, the bare
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structure, with average peak values of over 600lux. Furthermore, the façade shows its dynamic aesthetic value the most when following the sun position in the adaptive configuration.

Figure 5: Daylight simulation results (21st of December).

5
5.1

CONCLUSIONS
Overall results

The designed adaptive façade proved to be very effective in its dynamic sun-shielding behavior, providing the right amount of daylight even when most exposed to the sun radiation.
The structure, including the support system, is lightweight and thin, which is convenient for
both its cost and aesthetic value. Furthermore, the sculpted feel given to the building helps
create a sense of dynamism and the character of the façade becomes the character of the
building.
5.2

Further considerations

The structure, especially the support system frame, can benefit from form-finding approaches aimed at optimizing the mass and geometry distribution of its elements. Furthermore,
a tensegrity solution for the same space grid can be researched.
Form-finding can also be used for the modules, to consider a change of shape related to the
dynamic action of the wind in any configuration. This requires a new parameterization and the
use of accessory tools in the Grasshopper environment.
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Abstract
Tensegrity concepts are common in nature and are recognizable, e.g., in every cell, in the microstructure of the spider silk, and in the pattern of bones and tendons for control of locomotion. This work deals with the formulation of a tensegrity model of spider dragline silk fiber at
the mesoscale through a multi-domain network approach with tensegrity architecture. The
fiber is described as a multi-walled tube formed by coaxial cylindrical networks of beta-sheet
crystals (crystalline domains) and polypeptide (amorphous) chains (noncrystalline domains).
The given model generalizes a previous one recently appeared in the literature and paves the
way to the optimal design of innovative biomimetic fibers with tensegrity architecture.
Keywords: Tensegrity, Spider Silk, Multiscale Modeling, Tensile Response.
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1

INTRODUCTION

Tensegrity principles are common in nature and exist, e.g., in every cell, in the microstructure of the spider silk, and in the arrangement of bones and tendons for control of locomotion. The present study deals with the formulation of a tensegrity model of spider dragline
silk fiber at the mesoscale through a multi-domain network approach [1],[2] with tensegrity
architecture [3].
The fiber is described as a multi-walled tube made of coaxial cylindrical networks of
b-sheet crystals (crystalline domains) [4] and polypeptide (amorphous) chains (noncrystalline
domains) [5]. Each tube is composed of a network of helical-shaped elements, loaded in tension (or strings) [6] and circumferential elements, loaded in compression (or bars).
The strings correspond to domains of amorphous chains attached to crystalline domains at their extremities, while the bars reproduce the compressive stiffening effect that is
played by beta-sheet plated crystals in the circumferential direction, when the fiber is longitudinally stretched [3],[6]. Radial links transfer the compressive stresses from one tube to another.
2

MESOSCALE MECHANICAL MODELING OF A SPIDER SILK FIBER

We now illustrate the mechanical behavior of the dragline silk fiber at the mesoscopic
scale through a multi-domain network approach [1],[2] with tensegrity architecture [3]. The
fibre is described as a multi-walled tube made of coaxial cylindrical networks of E-sheet crystals (crystalline domains) [4] and polypeptide (amorphous) chains (noncrystalline domains,
see Fig. 1) [5]. Each tube consists of a network of helical-shaped elements loaded in tension
(or strings) [6] and circumferential elements loaded in compression (or bars). The strings are
used to model amorphous chains attached to crystalline domains at their extremities, while the
bars are introduced to simulate the compressive stiffening effect of the E-sheet plated crystals
in the circumferential direction, when the fibre is stretched along its direction [3],[6]. Radial
links reproduce the stresses of compression from one tube to another. The different tubes
forming the fibre model describe the homogenised properties of different sections of the core
of the fibre. It is indeed largely accepted in the up-to-date literature that the outer lipid, glycol
and skin layers minimally contribute to the overall mechanical response of the fibre [6]-[8].
We now focus the attention on the response of the fibre under an isochoric longitudinal
stretching deformation, which stretches the fibre up to an engineering strain
,
where denotes the unstretched length of the fibre, and denotes the stretched length. If we
consider that the volume of the fibre remains constant under stretching, as it is written in
many experimental studies (refer, e.g., to [9],[10]), the length variation along the longitudinal
axis occurs in association with a radial contraction of the fibre. The radial engineering strain
, where is the radius of the fibre in the unstretched configuration, and is
the stretched radius, is related to the longitudinal strain through
(1)
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(a)

(b)

Fig. 1: Triple-walled tensegrity model of a portion of the dragline silk fiber at the mesoscopic scale: (a) overall
views; (b) exploded view of the different walls. The red members are strings or tendons while the blue members
are bars or struts.

We characterise the initial elastic response of the strings forming the multiwalled model in
Fig. 1 through the following Young modulus:
,

(2)

where

is the elastic modulus of E-sheet crystal domains,
is the initial (pre-yielding)
elastic modulus of the noncristalline domanins and is the volume fraction of E-sheet crystals
within the strings.
The generic stringg yielding occurs when the engineering strain of the element reaches a
threshold value . The mechanical response of the string in the post-yielding regime is described through the following incremental Young modulus:
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(3)

,
where

denotes the post-yield tangent modulus of the noncrystalline domains.

We consider that the bars are characterized by a constant compressive modulus equal to
being not affected by yielding phenomena.

,

Both the strings and the bars of the model (Fig. 1) are considered as rods with rectangular
cross section with width and thickness . By considering the strings of the i-th wall, we con, where
refers to the initial (undeformed) length of the circumferential
sider
y Considering the circumferential bars
bars, and denotes the radial dimension of the layer.
of the i-th wall, we assume
and
, where indicates the longitudinal spacing of such elements. Finally, for what concerns the radial bars we assume
and
. The geometrical and mechanical parameters that describe
the proposed model(Fig. 1) are provided in Table 1. Such properties are imported from Refs.
[6]-[7] for what concerns the radial dimensions of the layers forming a dragline silk fibre with
overall diameter of
. The mechanical properties of the fibre elements are instead the following (elastic modulus of the E-sheet crystals and mechanical properties of the links connecting the crystalline domains, in pre- and post-yielding conditions).
wall
1
2
3

d (nm)
4100
2500
900

t (nm)
800
800
800

(nm) x
859 0.40
524 0.40
189 0.40

20
20
20

4
4
4

(%)
0.4
0.4
0.4

7
7
7

Table 1. Geometrical and mechanical properties of the model in Fig. 1.

3

TENSILE RESPONSE

The use of the properties in Table 1 leads us to predict the engineering and true stressstrain curves illustrated in Fig. 2. The engineering stress is obtained by dividing the total
pulling force acting on the fibre by the initial cross section area . The true stress is related
to the engineering stress through the equation
, while the true strain is related
[12].
to the engineering strain through
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Fig. 2: Engineering (dashed line) and true (solid line) stress-strain responses of the multiwalled silk fibre model.

4

CONCLUDING REMARKS

We have illustrated a multi-walled generalization of the tensegrity model recently proposed for the spider dragline silk fiber. The different tubes forming the fiber model describe
the homogenized properties of different sections of the core of the fiber. It is indeed largely
accepted in the recent literature that the outer lipid, glycol and skin layers contribute very little to the global mechanical behavior of the fiber [6]-[8].
The presented model generalizes the one proposed in [9] and paves the way to the optimal design of innovative biomimetic fibers with tensegrity architecture.
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Abstract. The design of buildings with a limited environmental impact and improved energy
efﬁciency is nowadays of fundamental importance to face the challenge of reducing pollution
and saving natural resources, without giving up comfort, indoor air quality and well-being. In
fact, it is well known that the building industry is one of the largest consumers of material and
energy resources and, among the many parts that make up a building, façades are responsible
for a huge energy exchange with the surrounding environment. Therefore, both the research
world and industry are very interested in effective solutions for smart and climate adaptable
façades. A variety of concepts and solutions, which are competing with each other, have indeed
already been developed. However, the ﬁeld is not yet mature and an increase in emerging
and innovative solutions is expected and requires future research and further challenges to be
addressed. Recent studies have paid attention to the mechanics of folding sunscreens made
with origami panels activated by stretching or releasing strings, following the tensegrity design
philosophy. The present contribution is aimed at promoting innovative technological solutions
based on the study of new models for foldable façade modules, paying attention to geometric
patterns, deployability and mechanical properties.
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1

INTRODUCTION

One of the main challenges that contemporary architecture and civil engineering have to face
is the construction of sustainable buildings with high energy efﬁciency, capable of limiting their
environmental impact by minimizing the pollution they produce and the consumption of natural
resources. It is well known, in fact, that the building industry is among the largest consumers
of material resources and energy, accounting for about 40% of ﬁnal energy consumption in the
European Union (EU) [1]. Sustainability is thus among the main objectives of Horizon 2020 [2],
the EU program for research and innovation. The challenge of the EU is maintaining the current
standards of living while decreasing the energy dependence on fossil fuels and reducing CO2
emissions by between 80% and 85% compared to 1990 [3].
Since the energy consumption of buildings is mostly related to air conditioning and domestic
hot water, electricity and gas [4], increasing importance has been given to the concept of energy
efﬁcient buildings (EEBs), able to guarantee a condition of well-being inside, minimizing the
use of non-renewable energy sources, through the integration of “active” and “passive” typological solutions. Among the many parts that make up a building, façades are responsible for a
huge energy exchange with the surrounding environment. Hence, to save energy, the building
envelope must perform more than the simple function of separating the external space from the
inside, with insulation. The envelope is thus assigned the task of regulating the energy ﬂow related to the passage of heat, the transmission of light and solar radiation and minimizing energy
consumption due to air conditioning. Therefore, both the research world and industry are very
interested in effective solutions for smart and climate adaptable facades. A variety of concepts
and solutions, as for instance double envelope systems, which are considered with increasing
interest in the EEB design [5, 6], have indeed already been developed. However, the ﬁeld is not
yet mature and an increase in emerging and innovative solutions is expected and requires future
research and further challenges to be addressed [7]. Recent studies have paid attention to the
mechanics of folding sunscreens made with origami panels activated by stretching or releasing
strings, following the tensegrity design philosophy [8]. Glazing systems with morphing capabilities controlled by pairs of superelastic cables reversibly actuated against each other have
also been considered, where superelasticity is also exploited to improve the structural behavior
of the façade system subjected to wind loads [9]. The possibility of harvesting energy under the
action of wind loads or partially recovering energy from the folding/unfolding mechanism has
also been considered in the literature [10].
The present paper, which is focused on dynamic solar screens and shading systems for
façades improving energy performance of buildings, is organized as follows. In Sect. 2, we
brieﬂy report about two of the existing state-of-the-art dynamic solar shading systems. Then,
Sect. 3 is devoted to the operating principles of tensegrity structures and the possible advantages in using them as building envelopes. Basics on dynamics and foldability of tensegrity are
reported in Sect. 4. Finally, some remarks given in Sect. 5 conclude the paper.
2

STATE OF THE ART OF DYNAMIC SOLAR FAÇADES

The present section is devoted to a brief description of two signiﬁcant examples of adaptive dynamic façades, that indeed constitute the state of the art of contemporary architectural
research about the building envelope, that, over time, has been transformed from a static and energetically passive element into a dynamic, permeable, and selective interface, designed to adapt
to changes in external environmental conditions and positively affect the thermo-hygrometric
and environmental parameters that guarantee comfort of users. Both examples are interesting,
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modern reinterpretations of the traditional, wooden shading façades, the so-called “mashrabiyas” [11], common in Arab culture. Mashrabiyas are able to ﬁlter the light and control the
air ﬂow to reduce the temperature and increase the humidity of the internal environments of a
building.
The ﬁrst example we consider is the building of the Institut du Monde Arabe (IMA). Located in Paris, France, the building of the IMA, designed by Jean Nouvel, Pierre Soria, Gilbert
Lezénés and Architecture Studio, has become a fundamental reference for dynamic façades.
In particular, the rectangular, south-west façade of IMA is a lattice made up of square modules equipped with motorized steel diaphragms, connected to photosensitive sensors. The diaphragms open and close every hour to regulate the amount of natural light that enters the
building, resulting in a dynamic shading system. It is emphasized in [12], to which we refer for
further details, that the adaptive façade of the IMA exempliﬁes the strengths and limitations of
mechanically operated designs.
The second example is the adaptive dynamic façade of the Al Bahar Towers, located in
Abu Dhabi, where the climate is very hot and humid, especially in the summer, with up to
100% humidity and temperatures that reach 50◦ C, thus making a cooling system an equipment
of paramount importance for buildings. The cooling of the glass façades of the buildings is
guaranteed by a system of panels activated by low consumption electric linear actuators and
which dynamically responds to the position of the sun during the day. The result is a scalable
hexagonal shading device that acts as a solar barrier. This shading system allows the building to
reach and maintain optimal thermo-hygrometric well-being, protecting the inhabitants from the
glare of the sun rays and, at the same time, guaranteeing the right privacy. The shading system
is based on modules made of six panels, coated in polytetraﬂuoroethylene (PTFE), mounted on
a supporting structure made up of duplex stainless-steel frames [13, 14].
3

TENSEGRITY SOLAR FAÇADES

The design of active solar façades may exploit the advantages of tensegrity paradigm, that
leads to light, deployable and foldable structures. If well designed, the core module quickly
becomes scalable and is capable of being replicated to generate large-scale patterns.
Among the many different possible deﬁnition of “tensegrity”, the most widely accepted [15]
is that can be given by quoting words by Motro [16], i.e. “tensegrity system is a system in a
stable self-equilibrated state comprising a discontinuous set of compressed components inside
a continuum of tensioned components.”
Theoretical and experimental studies [17] have highlighted that lightness, modularity, synergy, self-stability, fractal properties, enantimorphism, distributability and foldability are typical
characteristics of tensegrity structures.
In particular, foldability makes tensegrity structures useful in many applications in which
transport and storage must be considered. For instance, in the ﬁeld of extra-terrestrial applications, transport costs, lightness of materials and optimization of the available space are of
paramount importance [16].
The tensegrity structural paradigm can be exploited at different levels in the design of EEBs,
since tensegrity assemblies are minimum mass structures able to carry many different load
conditions, including compressive, tensile (under given stiffness constraints) and torsional loads
without yielding and instability phenomena [18–20].
Thanks to their special ability to act as extremely light systems with “morphing” abilities [8,
21–24], tensegrity structures allow designing dynamic solar screens leading to a limited use of
materials accompanied by a low level of energy consumption. A tensegrity reinterpretation of
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the system adopted in Al Bahar Towers is considered in [8, 25].
Furthermore, tensegrity-based dynamic faa̧des can also be exploited to harvest energy from
the environment, by converting mechanical energy stored in strings into electrical energy [10,
21, 26] or from solar panels, that can be endowed in the structure and modeled as special rigid
members [21, 27].
Finally, tensegrity lattices may be designed to operate as multi-scale actuators, capable of
transferring energy through compact solitary waves thanks to their highly non-linear dynamic
behavior [28–31].
4

DYNAMICS AND DEPLOYABILITY

This section illustrates a model for the numerical simulation of the dynamics of tensegrity
systems. The procedure, already applied to solar façades in [32], with appropriate changes
generalizes that presented in [33, 34] to account for the presence of wind forces [10, 35, 36].
Let us assume that the tensegrity structure is composed of nn frictionless nodes, nb straight,
uniform, rigid bars, and ns elastic strings, which carry only tensile forces.
The positions of nodes ni ∈ R3 , i ∈ [1, . . . , nn ], and external forces acting on them are
respectively stored in node an load matrices


(1)
N = n1 n2 · · · ni · · · nnn ∈ R3×nn ,


3×nn
.
(2)
W = w1 w2 · · · wi · · · wnn ∈ R
By calling bi and si the vectors connecting the end nodes of the ith bar and ith string, respectively, and ri the position vector of the center of mass of the ith bar, all of them are grouped in
matrices


(3)
B = b1 b2 · · · bi · · · bnb ∈ R3×nb ,


3×ns
,
(4)
S = s 1 s 2 · · · s i · · · s ns ∈ R


3×nb
.
(5)
R = r 1 r2 · · · r i · · · r nb ∈ R
Let us introduce the connectivity matrices of bars CB ∈ Rnb ×nn , cables CS ∈ Rns ×nn , and
centers of mass CR ∈ Rnb ×nn . The generic (i, j)th entry of CB (or of CS ) takes values −1 or
1, if bi (or si ) is directed away from, or toward node j th , respectively, or 0 if bi (or si ) does not
touch node j. Similarly to CB and CS , matrix CR ∈ Rnb ×nn is a connectivity matrix. Its ith row
stores the bar bi and its (i, j)th entry takes values 1/2, if bi touches node j, or 0, otherwise [37].
The connectivity matrices allows rewriting Eqns. (3)–(5) as
B = NCT
B,

(6)

S = NCT
S ,

(7)

R = NCT
R.

(8)

The matrix equation of motion of a tensegrity system is written as [38]
N̈M + NK = W ,

(9)

where N and W have been already deﬁned by Eqn. (1) and Eqn. (2), respectively, N̈ stands for
the second derivative of N with respect to time, M is the mass matrix and K is the stiffness
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matrix. The last two are computed as
1
M = CB T m̂CB + CR T m̂CR ∈ Rnn ×nn ,
12
K = CS T γ̂CS − CB T λ̂CB ∈ Rnn ×nn ,

(10)
(11)

where m̂ ∈ Rnb ×nb and γ̂ ∈ Rns ×ns are diagonal matrices. The generic entry (i, i)th of m̂ is
the mass mi , i ∈ [1, . . . , nb ] of the ith bar, while entry (i, i)th of γ̂ stands for the force density
γi , i ∈ [1, . . . , ns ] along the ith string, given by



Li
(12)
γi = max 0, Ki 1 −
+ γci ,
si
where Ki , Li , and si = si  are the axial stiffness, the rest length, and the current length of the
string, respectively, and γci is the damping force density, computed as
/
ci sṡii , if si ≥ Li ,
γci =
(13)
0,
otherwise.
The diagonal matrix λ̂ ∈ Rnb ×nb in Eqn. (11) collects force densities in bars and is given by
= −2
1 : T ; ˆ−2 1 < T
ˆ ,
−
(14)
Ḃ Ḃ m̂
B (W − Sγ̂CS ) CT
λ̂ = −
B
12
2
−2
−2
where ˆ ∈ Rnb ×nb is a diagonal matrix, whose entries are −2
k = bk  , and A is a matrix
keeping the diagonal terms of the generic square matrix A, while all the off-diagonal entries
are set to zero.
The stiffness matrix K is not constant, being a function of time and the mechanical variables
N, Ṅ, and γ̂, i.e. K = K(t, NṄ, γ̂).
The numerical integration of Eqn. (9) is made by employing the algorithm described in [33,
34], which is based on fourth-order Runge-Kutta schemes.
As a basic module of a façade one can consider the deployable structure reported in Fig.1,
which is a tensegrity system of class 6, meaning that the maximum number of bars concurring
in each node is at most 6 (see the classiﬁcation introduced in [18]).
5

CONCLUDING REMARKS

The present contribution aims to promote innovative technological solutions to design shading façades of energy efﬁcient buildings through tensegrity systems, which can also be exploited
as actuators to orient solar panels and as devices to harvest the wind-generated energy.
Recent studies have paid attention to the mechanics of tensegrity sunscreens activated by
stretching or releasing strings, also exploring the possibility of wind energy harvesting. Glazing
systems, with morphing capabilities, actuated with superelastic strings have also been considered in literature.
Future research in the ﬁeld of tensegrity structures will focus on the possibility of using
composite materials to design of dynamic shading façades, also using rapid prototyping of
different architectural shapes through 3D and 4D printing technologies, at laboratory and full
scales.
In conclusion, lightness, controllability and even the high artistic value of tensegrity structure
are distinguished characteristics that can be exploited in the near future applications to building
faa̧des. Research in the ﬁeld of tensegrity applied to buildings must necessarily take into account
functionality and eco-sustainability.
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Figure 1: Schematic view of a foldable class 6 sunscreen tensegrity system: nodes are depicted as white disks (as
ni and nj ); red colored members are strings (as the generic sh ); black colored members are bars (as bk ); yellow
disks (as rk ) stand for centers of mass of bars.
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Abstract. In recent years, the nonlinear response of tensegrity systems has attracted increasing attention in the study of mechanical metamaterials. It has been shown in the literature that
geometry and prestress of an elastic tensegrity structure can be designed to obtain different
behaviors: stiffening, softening, and snap-through behavior in statics; propagation of solitary
waves in dynamics. However, the realization of tensegrity systems is challenging, because of
their prestressed state and the presence of tension-only cable members. A design method for
periodic lattices with null prestress and no cables is here proposed, in which the repeating
unit is at, or close to, a tensegrity conﬁguration, maintaining the nonlinear types of response
aforementioned. These structures can be realized by conventional additive manufacturing techniques, while the static and dynamic response can be predicted by means of stick-and-spring
models.

1848

A. Micheletti, C. Intrigila, N. Nodargi, E. Artioli, F. Fraternali, P. Bisegna

1

INTRODUCTION

Nonlinear mechanical metamaterials have been the subject of numerous studies aimed at
discovering and exploiting new structural architectures with unprecedented properties [1–3].
Among lattice metamaterials, tensegrity periodic lattices have been found to possess a peculiar
types of behavior, owing to the highly nonlinear mechanical response of the constituting tensegrity units, and to the fact that such response can be tuned by changing their geometry or prestress
level [4–12]. In particular, in [4, 5], the nonlinear static and dynamic response of the triangular
tensegrity prims (T3) was examined. In [6, 7], it was shown that a T3 can feature a stiffening
or a softening response to applied loads in dependence of its aspect ratio. In [8], two distinct
regimes of bistability have been highlighted in a case study. In [9, 11], the impact dynamics of
tensegrity columns was investigated, ﬁnding that such periodic structures support the propagation of solitary waves. In addition, it was shown in [10] that such solitary waves can be either
compression or rarefaction waves according to the geometry of the repeating unit. In [12], compression compact waves were obtained in numerical simulations of tensegrity beams in twoand three-dimensions.
While tensegrity units have a rich collection of mechanical responses which are attractive for
applications, prototyping and realization of tensegrity metamaterials are challenging, since they
are largely composed of tension-only prestressed cables [13]. Taking the cue from the study reported in [14], where bistable lattices with tensegrity architecture were designed, fabricated at
the microscale using multiphoton lithography, and subsequently subjected to loading-unloading
compression testing, in this work we aimed at showing that similar structures can be realized at
higher scales with relatively inexpensive additive manufacturing techniques, such as fused deposition modeling (FDM), in order to obtain lattice metamaterials with customizable nonlinear
response, possessing no cables and no prestress. We considered one of the systems analyzed
in [14], a double-T3 structure, and we fabricated it by FDM after redesigning its geometry.
More speciﬁcally, the system was conceived as a compliant mechanism by realizing nodal
member connections as ﬂexible hinges [15, 16]. The fabricated structure was then subjected
to compression testing for determining its static response. The results of this test were used to
validate a Stick-and-Spring reduced-order model of the structure [17, 18] and its predictions.
The validated model was then used to perform impact dynamics simulations on lattice columns
composed of T3 units.
This paper is organized as follows. After outlining the basic properties of tensegrity systems
which can be inherited by tensegrity-like lattices in Section 2, the additive manufacturing process and compression testing results are described in Section 3. Afterward, the reduced-order
Stick-and-Spring model, and the results of corresponding static and dynamic simulations are
presented in Section 4, while our concluding remarks follow in Section 5.
2

NONLINEAR LATTICES WITH TENSEGRITY ARCHITECTURE

Tensegrity structures are prestressed pin-connected frameworks composed of cables and
bars, which in many instances possess internal mechanisms stabilized by their prestress state.
In these cases, the mechanical response is mainly geometrical, that is, it is associated to large
conﬁguration changes. The two-bar system depicted in Fig. 1(a) exempliﬁes this situation. In
the reference conﬁguration (in black in Fig. 1(a)), the two bars are aligned and subjected to a
tensile prestressing axial force. The relation between the vertical load F and the corresponding
displacement δ is well approximated by a cubic whose slope in the origin, tan α, is directly
proportional to the prestressing axial force, while a stiffening effect can be observed when F
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increases.

Figure 1: Nonlinear lattices with tensegrity architecture. Two-bar systems with stiffening response (a). Two-bar
system with snapping response (b). Single unit (c) and double unit (d) subjected to a vertical load. Column
composed of several units (e).

For the two-bar system in Fig. 1(b), the reference conﬁguration is slightly misaligned and
unstressed, with each bar inclined by an angle θ0 . Bars are inﬂexible and unshearable, while remaining elastically extensible, and additional angular linearly elastic springs respond to changes
in angle at nodes. Such angular springs account for the fact that the fabricated structures are
monolithic, and bars nodal connections are realized as compliant hinges. If the elastic constant of rotational springs is null, this system constitutes a classic example of bistable snapping
system (dotted curve in the F -vs-δ plot in Fig. 1,b). When the elastic constants take positive
values in a certain range, the system has just one stable conﬁguration in absence of loads, while
retaining a snapping response (solid curve in the F -vs-δ plot in Fig. 1,b).
Figure. 1(c) shows a truss unit shaped as a T3 tensegrity system subjected to a vertical load,
and the associated deformation mode, in which a relative rotation between the top and bottom
bases occurs. The properties of such system depend on the initial twist angle ϕ between the
top and bottom bases. When ϕ = π/6, the system behaves similarly to the two-bar system in
Fig. 1(a) with null prestress [4]. When ϕ = π/6 + θ0 , with θ0 < 0 a small overtwist angle, the
system behaves similarly to the two-bar system in Fig. 1(b). Figure 1(d) shows a truss shaped
as a double T3 system, obtained by assembling together two mirror images of the unit shown in
Fig. 1(c) [14]. In this way, under a vertical force, the relative rotations between the bases of the
units compensate each other, and in the resulting deformation mode, the top and bottom bases
undergo just a vertical relative displacement, and only the middle base rotates. Several units
can be assembled together in columns (Figure 1,e) so as to realize periodic lattices supporting
the propagation of solitary or compact waves [12, 14].
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3

ADDITIVE MANUFACTURING AND EXPERIMENTAL TESTING

The geometry of the double unit is shown in Fig. 2 (left, center). The top and bottom triangular bases are inscribed in circles of radius a = 40 mm, while b = 30 mm is the corresponding
radius for the middle triangle. Each unit has height h = 60 mm, and overtwist angle θ0 = −7
degrees. Nodes were realized as spheres of diameter ds = 6 mm; the bars forming the bottom, middle, and horizontal triangles are realized with a solid circular cross section of diameter
db = 4 mm. The bars placed between the top and middle triangles, and between the middle
and bottom triangle, are subdivided into three segments: the bar main body, with same cross
section as mentioned above, and two terminal links to form the connections with nodal spheres.
The terminal links have a solid circular cross section of diameter dl = 2.2 mm, and net length
ll = 4.7 mm.

db

h
b

ll

dl
h
a

ds
Figure 2: Geometry of a double unit and fabricated sample.

Test samples were fabricated by FDM using the UltimakerTM S5 dual extruder 3D printer,
employing the Ultimaker Cura slicing software. The material chosen for the samples is polylactic acid (PLA Tough Ultimaker), while polyvinyl alcohol (PVA Ultimaker) has been used
as water-soluble support material for fabrication. Figure 3(a) displays the fabrication process
preview and main setup parameters in Cura, while Figure 3(b) shows one sample immediately
after the fabrication process.
After removal of the supporting material, samples were subjected to a quasi-static displacementcontrol compression test. An Instron 4482 testing machine, equipped with a 10 kN load cell,
was employed to carry out the experiments, setting a testing speed of 1 mm/min. Data were
collected with an acquisition frequency of 20 Hz, while the test was recorded with a camera
sampling rate of 60 fps at 1080 p resolution. The recorded motion of the structure and the forcevs-displacement curve depicted in Fig. 4 conﬁrm the expected snapping behavior of the double
unit.
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Figure 3: Fabrication preview display in Ultimaker Cura (a), and sample before removal of the supporting PVA
(b).

Figure 4: Compression testing results: force-vs-displacement curve.

4

NUMERICAL SIMULATIONS

We consider a Stick-and-Spring model [17,18] in which bars are extensible but otherwise undeformable, behaving as axial springs, and equipped with angular springs responding to changes
in angle between pairs of adjacent bars. Figure 2 (left) shows the location of such angular
springs (green arcs, symmetric copies not shown). The axial spring constants for the bars of the
horizontal triangles are computed as EA/lf , with E the Young’s modulus, A the cross-sectional
area, and lf their fabrication length (inter-nodal distance). For the remaining bars, equivalent
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axial spring constants are computed considering each of them composed of three springs in series, corresponding to the three segments (two terminal links and the central bar body) they are
divided in, taking into account cross-sectional area and length of each segment. Angular springs
account for the bending stiffness of the terminal links, and their spring constants are computed
as EJ/ll , with J the inertia moment of the cross section and ll the link fabrication length.

Figure 5: Test-vs-simulation results comparison.

Displacement-control numerical simulations were carried out in a regime of large displacements and rotations by imposing the vertical relative displacement between the top and bottom
bases, and by computing the balancing nodal forces applied to them. In calculations, we considered the value E = 1820 MPa for the Young’s modulus, as given in the Ultimaker PLA
Tough speciﬁcations. Figure 5 compares simulation results to experimental ones, and it can
be observed that the simulated curve follows the experimental one qualitatively when nominal
values of the geometric parameters are considered. By adjusting slightly simulation parameters,
setting θ0 = −7.25 degrees, dl = 2.5 mm, ll = 5.0 mm (nominal values, θ0 = −7.00 degrees,
dl = 2.2 mm, ll = 4.7 mm), the simulated curve can be brought to be almost superposed to the
numerical curve.
Impact dynamics simulations were carried out on arrays composed of several units with
constant base radius a (Fig. 1,e), by integrating the equations of motion written for Stick-andSpring model [18], considering nodal lumped masses m = 0.01 kg. Figure 6 shows simulation
results for an array of 20 units, in which the rightmost base is ﬁxed, while the leftmost base
is imposed a longitudinal velocity v0 = 2 m/s, and an angular velocity about the longitudinal
axis ω = 150 rad/s, so as to trig the snapping of the leftmost unit. The nodal speed vn at
each triangular base is represented in Fig. 6 at three time instants, showing a localized wave
propagating along the array.
5

CONCLUSIONS

In this work, we showed that lattice metamaterials with tensegrity architecture and a highly
nonlinear behavior can be effectively fabricated by simple additive manufacturing techniques,
such as FDM, and that these types of nonlinear lattice units can constitute the building blocks of
three-dimensional arrays with a customized mechanical response. In particular, we redesigned
the double unit with snapping behavior studied in [14] by reducing bars cross section near

1853

A. Micheletti, C. Intrigila, N. Nodargi, E. Artioli, F. Fraternali, P. Bisegna

Figure 6: Impact dynamics simulation on an array of 20 units: proﬁle of the nodal speed (m/s).

the nodes, so as to obtain an easy-to-model compliant mechanism. Fabricated samples were
subjected to compression tests which conﬁrmed the snapping behavior. The static response of
the double unit was accurately simulated by calibrating a Stick-and-Spring numerical model.
Such calibrated model was then employed for predicting the dynamical response of an array
of several units subjected to impact loading, conﬁrming that these type of systems support the
propagation of solitary or compact waves, and that they can be realized by additive manufacturing techniques. These results can be extended to other types of tensegrity architectures and
fabrication techniques to widen the range of mechanical behaviors achievable by lattice metamaterials.
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Abstract. A dynamic-stiffness matrix approach is presented for locally-resonant Timoshenko
beams with a periodic array of viscously-damped multi-degree-of-freedom resonators. First,
an exact dynamic condensation of the resonator degrees of freedom is pursued, expressing
the resonator reaction forces in terms of the deﬂections of the attachment points via pertinent frequency-dependent stiffness terms. On this basis, a direct integration deriving from the
theory of generalized functions provides the exact dynamic-stiffness matrix of the beam, whose
size is 4 × 4 for any the number of resonators and degrees of freedom within the resonators.
The dynamic-stiffness matrix is used to calculate the complex eigenvalues of the beam by a recently introduced contour-integral algorithm, without missing anyone. Further, it provides the
transmittance for an insight into the elastic wave attenuation properties of the beam.
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1

INTRODUCTION

A great deal of attention was devoted in the last decade to the concept of locally-resonant
(LR) beams, i.e. beams coupled with a periodic array of resonators with one or multiple degrees
of freedom (DOFs). Indeed, as a result of the periodic resonance induced by the resonators,
these beams exhibit considerable mitigation properties of elastic waves over so called frequency
band gaps, whose position and amplitude determined by mass, stiffness and mutual distance
of the resonators. The typical model of LR beam adopted in the literature involves EulerBernoulli or Timoshenko continuous beams coupled with mass-spring subsystems modelling
the resonators. Several numerical studies conﬁrmed by experimental results were published in
this respect [1, 2, 3, 4, 5, 6, 7, 8, 9].
Here, the focus is on LR Timoshenko beams, when viscous damping is present within the
resonators. The exact dynamic-stiffness matrix (DSM) of the beam is obtained with size 4 × 4
for any the number of resonators and DOFs within the resonators using, for this purpose, (1)
a dynamic condensation of the DOFs within the resonators to express their reaction forces in
terms of pertinent frequency-dependent stiffness terms and (2) a direct integration of the beam
motion equations based on the theory of generalized functions. The DSM is used to compute
the complex eigenvalues of the beam by a recently introduced contour-integral algorithm. The
interest in the proposed approach is twofold. The dynamic-stiffness formulation involves a
reduced number of variables compared with a standard ﬁnite-element (FE) approach while the
contour-integral algorithm proves successful in evaluating all complex eigenvalues, without
missing anyone, with remarkable computational efﬁciency. Additionally, the dynamic-stiffness
matrix allows a straightforward evaluation of the transmittance of the beam, for an insight into
its elastic wave attenuation properties due to local resonance.
2

DYNAMIC-STIFFNESS MATRIX FORMULATION

Consider the beam in Figure 1 under harmonic loads pv (x, t) = fv (x)eiωt and pφ (x, t) =
fφ (x)eiωt . Using generalized functions, the motion equations in the frequency domain are:



N

d̄2 V
d̄Φ
2
+
Rj δ(x − xj ) + fv = 0
GA
+ ρAω V +
dx2
dx
j=1


2
d̄V
d̄ Φ
EI 2 − GA
+ Φ + ρIω 2 Φ + fφ = 0
dx
dx

(1)
(2)

where bar means generalized derivative and Rj is the reaction force of the j th resonator, given
as
(3)
Rj = −keq (ω)V (xj )
In Eq. (3), keq (ω) is the frequency-dependent stiffness of the resonator, which can be obtained
from its motion equations by an exact dynamic condensation in the frequency domain. For
instance, for a mass-spring-dashpot resonator
keq (ω) =

(k + icω)mω 2
k + icω − mω 2

(4)

where k, c and m are the spring stiffness, damping coefﬁcient and mass of the resonator. Analytical expressions for the frequency-dependent stiffness are available also for various types of
multi-DOF resonators, see ref. [1].
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Figure 1: LR Timoshenko beam with 1-DOF viscous resonators.

The solution is built observing that Eqs. (1)-(2) can be reverted to two decoupled 4th order
differential equations only, whose general form is:
d̄4 Z
d̄2 Z
+
p
+ p2 Z + p3 = 0
1
dx4
dx2
In Eq. (5), symbol Z stands for either V (deﬂection) or Φ (rotation); symbols p1 and p2
deﬁned as


ρEIω 2
2
p1 =
+ ρIω /EI
G
 2 4

ρ Iω
2
p2 =
− ρAω /EI
G
and p3 denotes the following functions:
⎧
 
 2

⎪
1 d̄fφ
1
ρω 2
d̄ q d̄2 fv
1
⎪
⎪
⎨ GA dx2 + dx2 + EGA − EI (q + fv ) − EI dx
p3 =
 2

⎪
d̄ fφ ρω 2
d̄fv
d̄q
1
⎪
⎪
+
fφ +
+
⎩−
EI dx2
G
dx
dx

(5)
are

(6)
(7)

if Z = V
(8)
if Z = Φ

Recognize that fv and fφ in Eq. (8) the spatial load functions in Eqs. (1)-(2) while q depends on
the reaction forces Rj in Eq. (1), i.e.
q=

N


Rj δ(x − xj )

(9)

j=1

The solution of Eq. (5) is
Z = Zom +

N


(f )
Rj JZ,j + YZ

(10)

j=1

whose details are given in Appendix A for brevity.
Now, using Z = V given by Eq. (10) for V (xj ) in Eq. (3), it is noticed that every reaction
force Rj depends only on the 4 integration constants ci,0 involved in Zom and the reaction forces
Rk at xk < xj . This means that all the reaction forces Rj can be expressed as functions of ci,0 ,
providing the frequency response function (FRF) vector Y(x, ω)
Y(x, ω) = W(x, ω)c0 + Y(f ) (x, ω)
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In Eq. (11), W is a 4 × 4 matrix involving the solution of the homogeneous equation associated
T

with Eq. (5), c0 = c1,0 c2,0 c3,0 c4,0 , Y(f ) is a 4 × 1 load-dependent vector. Elements
in W and Y(f ) are available in analytical form, see Appendix A for conciseness; in particular,
here they are given for arbitrary polynomial loading functions fv and fφ . Vector c0 in Eq. (11)
is derived by enforcing the beam boundary conditions (B.C.), i.e.
Bc0 = e

c0 = B−1 e

→

(12)

where B and e are a 4 × 4 matrix and 4 × 1 vector, built from W and Y(f ) computed at
x = 0 and x = L. The inverse matrix B−1 takes a closed analytical form, as shown in ref. [10].
Hence, replacing Eq. (12) for c0 in Eq. (11) provides an analytical expression for the FRF vector
Y(x, ω) of the beam in Figure 1, which can be implemented in any symbolic software package.
Eq. (11) is an exact analytical expression for the FRF vector Y(x, ω). It holds for any number
of resonators and DOFs within the resonators, any loads and positions of the loads relative to
the resonators, with signiﬁcant advantages w.r.t. to the FE method where the mesh has to be
chosen depending also on the applied loads.
Here, Eq. (11) is used for two purposes. First, Eq. (11) is used to build the exact DSM D(ω)
of the beam, adopting the method in ref. [10]. Speciﬁcally, the procedure provides D(ω) in exact
analytical form and its size depends only on the number of DOFs at the beam ends, regardless
of the number of resonators and number of DOFs within the resonators. Second, Eq. (11) can
be used to calculate the transmittance of a cantilever beam [11, 12]. In this case, being Vg eiωt
the harmonic deﬂection at the clamped end x = 0, V (x) in Eqs.(1)-(2) is the beam deﬂection
relative to the ground and transverse load fv = ρAω 2 Vg is included in Eq. (1); accordingly
Rj = −keq (ω)(V (xj ) + Vg )

(13)

while the B.C. are
V (0) = 0

Φ(0) = 0

M (L) = 0

T (L) = 0

(14)

Using Eq. (13), changes to matrix W and vector Y(f ) reported in Appendix A for Eq. (11) are
simple. The transmittance is |V (L) + Vg |/Vg .
3

CONTOUR-INTEGRAL ALGORITHM FOR EIGENVALUE CALCULATION

Computing the complex eigenvalues for the LR Timoshenko beam under study, without missing anyone and with the required accuracy, is a particularly challenging task since several modes
are expected to be close to each other, as a result of local resonance [17, 18, 19].
Speciﬁcally, the eigenvalues are calculated by the following key steps [17, 18, 19]:
1. Select a circle Γ = γ0 + ρ0 eiθ on the complex plane with center γ0 , radius ρ0 and 0 ≤ θ ≤
2π.
2. Compute two complex random source matrices U and V with dimensions n0 × L0 , being
n0 the size of the DSM D(ω) and L0 the number of source vectors in U and V.
3. Calculate the shifted and scaled moments Mk using a N0 -point trapezoidal rule:

N0 −1 
ηj − γ0 k+1
1 
Sk =
D(ηj )−1 V,
N0
ρ0
j=0

Mk = U Sk
H
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where ηj = γ0 + ρ0 exp 2πi(j + 1/2)/N0 ) for j = 0, 1, ..., N0 − 1, K is the maximum
moment degree assumed for the moment and UH denotes the Hermitian transpose of U.
KL0 ×KL0
4. Construct of the Hankel matrices ĤKL0 and Ĥ<
so that:
KL0 ∈ C

ĤKL0 = [Mi+j−2 ]K
i,j=1

ĤKL0 = [Mi+j−1 ]K
i,j=1

5. Carry out a singular value decomposition of ĤKL0 .
6. Eliminate small singular value components σi <  · maxi σi , set m̃ as the number of
remaining singular value components (m̃ < KL0 ) and build Ĥm̃ and Ĥ<
m̃ extracting the
<
principal submatrix with maximum index m̃ from ĤKL0 and ĤKL0 , that is
Ĥm̃ = ĤKL0 (1 : m̃, 1 : m̃);

<
Ĥ<
m̃ = ĤKL0 (1 : m̃, 1 : m̃)

7. Calculate the eigenvalues ζj of the linear pencil:
Ĥ<
m̃ = ζ Ĥm̃
8. Compute the eigenvalues
ωj = γ0 + ρ0 ζj ,

j = 1, ..., m̃

The algorithm captures all the eigenvalues ωj falling within the selected circle Γ, including multiple ones [17, 18, 19]. Circles of increasing radius and centred at the origin can be
considered to explore the whole complex plane and calculate all the requested eigenvalues.
The accuracy of the algorithm is determined by the selection of the parameters K, L0 , N0 .
The maximum moment degree K can be set at least equal to N0 /4 [20], while the minimum
number of source vectors L0 is such that σmin /σ1 <  with small  > 0; the number of quadrature points N0 determines the quadrature error and can be set in advance.
The eigenfunction associated with every eigenvalue can be derived as non-trivial solution of
the eigenvalue problem involving the DSM D(ω), as evaluated for that eigenvalue [10].
4

NUMERICAL APPLICATION

Focus on the cantilever LR TImoshenko beam with 1-DOF resonators in Figure 2. Parameters of the beam are: E = 30 × 109 N m−2 ; G = 11.53 × 109 N m−2 ; ρ = 2500 kg m−1 ;
a = 0.125 m, N = 8 is the number of the resonators, L = 1.0 m is the beam length. Further, the
parameters of the resonators are k = 1 × 105 N m−1 , c1 = 0.01 N s m−1 , m1 = 0.1 kg.
Table 1 shows the ﬁrst 13 complex eigenvalues, as computed from the proposed DSM approach via the contour-integral algorithm, along with the corresponding ones obtained by a
standard FE model, implemented in in ABAQUS employing a two-node shear-deformable linear FE for every beam segment between two resonators. Speciﬁcally, K = 20, L0 = 30 (with
 = 10−10 ) and N0 = 700 are selected for the implementation of the contour-integral algorithm
(to calculate every eigenvalue, regardless of its position on the complex plane), while an automatic multi-level substructuring eigensolver is used in ABAQUS. The results in Table 1 are
in excellent agreement, conﬁrming the accuracy of the DSM approach. Further, the eigenvalue
calculation via contour-integral algorithm is very expeditious, with savings up to 30 % − 40 %
with respect to the eigenvalue calculation in ABAQUS.
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a

L = Na
Figure 2: Cantilever LR Timoshenko beam hosting viscously-damped 1-DOF resonators.

Mode Eigenvalue (·104 )
1
2
3
4
5
6
7
8
9
10
11
12
13

±68.39
±410.86
±846.54
±962.77
±986.62
±993.74
±996.37
±997.39
±1245.36
±1348.97
±1826.05
±3106.14
±4956.25

+
+
+
+
+
+
+
+
+
+
+
+
+

[DSM]

0.000i
0.001i
0.023i
0.043i
0.047i
0.049i
0.049i
0.049i
0.076i
0.082i
0.064i
0.043i
0.039i

Eigenvalue (·104 )

[FE]

±68.38
+ 0.000i
±410.86 + 0.001i
±846.55 + 0.023i
±962.77 + 0.043i
±986.62 + 0.047i
±993.74 + 0.049i
±996.37 + 0.049i
±997.39 + 0.049i
±1245.39 + 0.076i
±1348.99 + 0.082i
±1826.12 + 0.064i
±3106.85 + 0.043i
±4956.87 + 0.039i

Table 1: Complex eigenvalues of the cantilever LR Timoshenko beam in Figure 2 computed by the proposed DSM
approach and the FE method in ABAQUS.
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Figure 3: Trasmittance of the cantilever LR Timoshenko beam in Figure 2: exact response without resonators
(blue continuous line); exact response with resonators by the proposed DSM approach (black continuous line) and
corresponding FE response in ABAQUS (red dashed line).
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5

CONCLUSIONS

Here, a DSM approach has been presented to calculate complex eigenvalues and frequency
response of LR Timoshenko beams, featuring a periodic array of viscously-damped multi-DOF
resonators. The approach relies on an exact dynamic condensation of the resonator DOFs and
a direct integration approach based on the theory of generalized functions, which provide the
exact DSM of the beam with size 4 × 4 for any number of resonators and DOFs within the
resonators. The DSM has been used to evaluate the complex eigenvalues, without missing
anyone, by a contour-integral algorithm of remarkable accuracy and, additionally, to evaluate
the transmittance of the beam.
6

Appendix A

This Appendix contains various formulas and expressions referred to in the main text.
In Eq. (10), Zom is the solution of the homogeneous differential equation associated with
Eq. (5), i.e.
4

Zom (x) =
ci,0 αi eλi x
(15)
i=1

where ci,0 are integration constants, λi are

−p1 −
λ1,2 = ∓


p21

− 4p2 /2


λ3,4 = ∓
and the coefﬁcients αi are


−p1 +

p21

(16)

1/2

− 4p2 /2

⎧
⎨1
αi =

1/2

(17)

if Z = Φ

⎩−

GAλi
ρAω 2 + GAλ2i

if Z = V

(18)

Further, JZ,j = JZ (x, xj ) in Eq. (10) is the particular integral of Eq. (5) that is associated
with the Dirac’s delta δ(x − xj ) and its derivatives (see Eq. (8) and Eq. (9)). Based on the
approach in ref. [16], JZ (x, xj ) can be obtained via direct and inverse Laplace Transforms of
Eq. (5), on setting fv = fφ = 0 in p3 given by Eq. (8). Speciﬁcally, JV (x, xj ) is
√
JV (x, xj ) = − ( 2GAΣ1 )−1 [B sinh(C(x − xj ))+
(19)
D sinh(E(x − xj ))]H(x − xj )
for
B=

√

2C

−1 

Σ1 + Σ2 − 2(GA)2



C = ((Σ1 − Σ3 ) /(2EI GA))1/2
√ −1 

Σ1 − Σ2 + 2(GA)2
D=−
2C
F = (− (Σ1 + Σ3 ) /(2EI GA))1/2


Σ1 = (EI)2 (ρA)2 ω 4 + 2EIGAρAω 2 2GA − Iρω 2
1/2
+(GA)2 I 2 ρ2 ω 4
Σ2 = GAIρω 2 − EIρAω 2 Σ3 = GAIρω 2 + EIρAω 2
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being H(x) = 1 if x > 0 and H(x) = 0 if x < 0. Also, JΦ (x, xj ) is:
JΦ (x, xj ) = − GAΥ−1
1 {cosh[S1 (x − xj )]
− cosh[S2 (x − xj )]}H(x − xj )

(21)

S1 = ((Υ1 − Υ2 )/(2EI GA))1/2
S2 = (−(Υ1 + Υ2 )/(2EI GA))1/2



Υ1 = ρω 2 (A EI)2 ρω 2 + 2AEIGA 2GA − Iρω 2
1/2
+(GA I)2 ρω 2
Υ2 = AEIρω 2 + GAIρω 2

(22)

Finally, YZ (x) in Eq. (10) is the particular integral of Eq. (5) that is associated with the
loading functions fv and fφ and their derivatives (see Eq. (8)), given as
(f )

L

(f )
YZ (x) =

 ξ)fZ (ξ) dξ
J(x,

(23)

0

Based on Eq. (8), fZ in Eq. (23) is
⎧
 2  

⎪
1
1
1 d̄fφ
ρω 2
d̄ fv
⎪
⎪
⎨ GA dx2 + EGA − EI fv − EI dx
fZ =
 2

⎪
d̄ fφ ρω 2
d̄fv
1
⎪
⎪
+
fφ +
⎩−
EI dx2
G
dx
 ξ) is
and J(x,

if Z = V
(24)
if Z = Φ

√

 ξ) = 2A−1 A−1 sinh 2−1/2 A2 (x − ξ)
J(x,
1
2

−1/2
−A−1
A3 (x − ξ) H(x − ξ)
3 sinh 2

(25)

A1 = (p21 − 4p2 )1/2
A2 = (−p1 − A1 )1/2

(26)

A3 = (−p1 + A1 )1/2
 ξ) is the particular integral of Eq. (5) acted upon by p3 = δ(x − ξ); its form
Notice that J(x,
(25) is obtained, again, by applying direct and inverse Laplace Transforms to Eq. (5).
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Abstract. The class of nonlinear metamaterials with tensegrity architecture is particularly interesting, since the mechanical behavior of such systems can be effectively adjusted by acting
on internal and external prestress, as well as the usual controls of geometry, topology, and mechanical properties of the members. This work is focused on the development of 3D versions
of the tensegrity braces (T-braces) recently proposed in the literature. The examined structures
are aimed at forming novel seismic isolators, reinforcing seismic-resistant frames of steel and
reinforced concrete buildings, as well as introducing the energy dissipation mechanisms of masonry walls, ﬂoor slabs, and junctions between seismic-resistant structures. This technology
consists of lightweight and high-strength systems with re-centering capabilities formed by a
variety of tensegrity systems. The tensegrity bracing systems incorporate superelastic shape
memory bars/wires acting as pre-tensioned dissipative elements. The struts are prevented from
buckling through the internal pretension of the braces via self-stress, and/or by contrasting
them against the elements of the structure (external pre-tension). Using fractal geometry concepts, such systems can be designed through bio-inspired self-similar divisions of tensegrity
brace modules to enhance both the energy dissipation capacity and the buckling resistance of
the bracing system. Their development will signiﬁcantly impact currently available techniques
for the seismic protection of masonry and framed structures.
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1

INTRODUCTION

A novel area of research has emerged over the last few years regarding the highly nonlinear dynamics of mechanical metamaterials formed by assembling tensegrity units and lumped
masses [4]. Experimental and theoretical studies have shown that the geometrically non-linear
response of several tensegrity units may gradually change from stiffening to softening, depending on mechanical, geometrical, and prestress variables. Such behavior, which can be
dynamically tuned, supports highly-controllable bandgap and solitary wave dynamics. For this
particular reason, various tensegrity devices are being designed also for seismic protection [5].
A Tensegrity System is deﬁned as a set of rigid bodies (subject to compression) that can be
stabilized (therefore balanced) by a set of cables (or tense elements), in the absence of external forces [6]. The strings are in pretension and that pretension helps the system to be in
equilibrium. There are several known examples of tensegrity structures, for example in nature
(the bone-tendon system), in the art (for aesthetic beauty), in architecture (for their properties.
These structures are nowadays usually referred to as “mechanical metamaterials”. It has been
found that linear elastic meta-materials can exhibit peculiar behaviors in the dynamical regime,
like,e.g., negative effective elastic moduli, negative effective mass density, phononic band gaps,
to name just a few examples [7]. The seismic response of strongly non-linear meta-materials
has been particularly investigated in this article. The tensegrity structures can be 3D printed
it is the system comprises of the bars and the strings. The strings are in tension and bars in
compression. When we try to change the position, the strings experience some forces which put
more compression on the bars and the strings face more tension These systems which are useful
in dissipating the seismic energy are called passive energy dissipation devices. Various designs
were studied before adopting the scissor-Jack design (SJD) by replacing the viscous damper
with the SMA wires [6]. The reason behind SJD is it has magniﬁcation factors substantially
greater than unity. Toggle-brace-damper (C & d) systems can also achieve the magniﬁcation
factor greater than the unity. Viscous dampers used in these systems are pretty heavy [8] -[9].
To reduce the weight and to enhance the ampliﬁcation, shape memory alloy (SMA) wires have
been used in the current version of seismic devices. These SMA wires act as energy dissipators
inside the braces because of their shape memory effect and super-elastic effect without having
major deformation [11]. When stretched, the energy is dissipated in a considerable amount
[12]- [14]. Further SMA effect of the wire ampliﬁes the even inﬁnitesimal movement in bars
thus acting as sensors for energy dissipation device. In this article, two different types of seismic systems have been described one is named a 2D bracing system and another is 3D bracing
system. In addition to the design, the experimental analysis of the 2D and 3D braces has been
discussed in the next sections. It has been seen that 3D braces are far more efﬁcient in terms of
stability and dissipation because of the out-of-plane energy dissipation and the SMA effect of
the strings [10].
2

Materials and methods

The key focus of this study was on the design and development of an anti-seismic system
based on SMA wires. Furthermore, as discussed above, SMA wires have been used as restitution components instead of liquid viscous dampers to serve as passive energy dissipation (PED)
equipment. The dissipation in this system is solely elastic due to the peculiar nature of the SMA
wires. In this study, two types of bracing systems have been studied, namely the 2D bracing
system (Figure. 1) and the 3D bracing system. In the 2D bracing method, the SJD model was
used as shown in Figure 1 and was studied for its effectiveness. It was able to dissipate energy,
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but some limitations were observed. To overcome these drawbacks, particularly instability, less
energy dissipation compared to the 3D brace model, and ampliﬁcation, a 3D tensegrity bar
model has been developed and theoretical results discussed in the following sections.

Figure 1: SMAD braces inserted into a frame structure

3

Anti-seismic response of developed 2D bracing system

After the design and development of the 2D tensegrity bar, theoretical tests were performed
to access the necessary information. In Figure. 2 of Ref. [3] the ampliﬁcation properties of
the 2D tensegrity bar have shown and quite high ampliﬁcation has been seen. In this system
of braces, the system can achieve extreme position, unlike the liquid viscous dampers. Further,
displacement in both the directions i.e, lateral and longitudinal directions has been seen, which
makes it a better energy dissipation device by dissipation a fair amount of energy. In this, u
and v represent the longitudinal and the lateral displacements of the framework. In a special
case of u/v = tanθ, β approaches to 0 i.e, β → 0, which signiﬁes the negligible displacement
from reference or original conﬁguration. The variation of u/v with θ for different values of β
is depicted in ref [3]. where u and v, denote the longitudinal and the transverse displacements
of the structure respectively.
Also, in Figure 3 of Ref. [3], the experimental and theoretical results were obtained and
compared. It can be observed that the experimental and theoretical results are nearly identical.
It is worth noting that minute residual strains are observed at unloading (not greater than 0.03
max) in experimental conditions.
4

Anti-seismic response of developed 3D bracing system

As discussed in previous sections, the extension to this work by designing a novel 3D tensegrity brace has been provided (see Figure. 2). Both physical and constitutive models have been
developed and tested to characterize the force-displacement behavior of the bracing system.
Due to the 3D shape of this conﬁguration, it is possible to obtain a tensegrity element with
increased stability towards out-of-plane buckling, and more effective in terms of energy dissipation. Researchers have found that triangular cross-section is by far the most effective conﬁguration for a tensegrity element, where N=3 [10].
Next, we show some numerical simulations of a 3D tensegrity bracing system, which enabled
us to characterize its force-displacement response to cyclic loading (Fig. 3). In Figure. 4)
it is displayed the geometric layout of the tested bracing. For further information about the
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Figure 2: 3D model of the tensegrity bracing

Figure 3: Mechanical loading cycle.

numerical implementation which was used for these simulations please refer to [15].
An initial pre-strain is introduced in the SMA wires (State A), prior to the implementation of
the mechanical loading cycle, shown in Figure. 3. In Figure. 5 we show a compilation of the
stress-strain-temperature responses of the SMA wires acting as ties in the 3D tensegrity bracing,
during the imposed loading cycle. We assume isothermal conditions during the mechanical
cycle, for an ambient temperature of 20 ◦ C. Finally, in Figure. 6 we show the force-displacement
plot for the proposed 3D tensegrity bracing, during the mechanical loading. Due to the fact that
the horizontal (cables 1) and vertical (cable 2) ties are working in phase opposition, it is possible
to obtain a wide superelastic hysteresis, highlighting the great energy dissipating capabilities of
the proposed sytem.
5

CONCLUSIONS

In present work a novel method of developing seismic bracing systems with tensegrity architecture has been shown. Computational calculations of 2D and 3D tensegrity braces have
been carried out to prove the effectiveness of the proposed systems. This research work is an
extension of previous research focused on the development of a 2D PED device with tensegrity
architecture incorporating SMA wires, which is a competitive alternative to viscous damper
systems. SMA effects of the restitution elements has been proved to be very effective in terms
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Figure 4: 3D numerical model of the tensegrity bracing (3D view and top view).
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Figure 6: Force-displacement responses of a model frame reinforced with symmetrical SMAD braces.

of the displacement ampliﬁcation factor and the energy dissipation capacity, because of the
super-elastic properties of the SMA wires without experiencing permanent deformations. A
3D tensegrity bracing has been developed to multiply the existing effectiveness, such as energy
dissipation and the stability of the bars. It has been seen from the theoretical results published
in Ref. [3] that the ampliﬁcation factor of the 2D brace is enhanced when the SMA wires are
incorporated. In addition, in the case of the 3D brace, it is possible to obtain even more important energy dissipation features with additional lateral buckling restraints, as shown in the
Figure. 6. The non viscous nature of the SMA wires makes the system lightweight and provide
the opportunity to achieve extreme positions of the bar i.e., when the aspect angle is nearly 90
degrees. These features of the tensegrity bracing system would be very effective in technical
applications, and indeed future steps are being taken to develop real scale models to be validated
against experimental results by using various other meta materials and polymer materials and
techniques [16]-[19].
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Abstract
The widespread use of composite materials has led to the development of characteristics identiﬁcation methods for
composite materials. This paper presents an inverse technique based on genetic algorithms to reconstruct material
stiﬀness properties of composites from dispersion relations of three fundamental modes of guided Lamb waves (A0 ,
SH0 and S0 ). The discrepancy between the mesoscopic dispersion relations computed for a textile composites and the
macroscopic dispersion characteristics computed for a tentative set of elastic moduli deﬁnes the objective function.
The proposed scheme is presented to obtain the elastic moduli of unidirectional carbon ﬁbre reinforced polymer
composite. The results show that the proposed method can eﬀectively inverse the dispersion curves to get mechanical
properties of composites.
Keywords: Textile composites, Guided Lamb wave, Dispersion relations, Genetic Algorithm

1. Introduction
Carbon ﬁber composite materials have been widely used in modern industries due to the characteristics of high
speciﬁc strength and high speciﬁc stiﬀness [1, 2]. Diﬀerent types of damage can occur in composites structures,
which potentially leads to catastrophic failure of the whole system. Therefore eﬀective and reliable Non-Destructive
Evaluation (NDE) and Structural Health Monitoring (SHM) techniques are of utter importance to develop. Various
algorithms were developed for damage identiﬁcation, including time-of-ﬂight, time reversal, migration technique,
tomography and phased-array beamforming [3, 4, 5, 6]. All of the above algorithms require prior knowledge of
elastic moduli particularly in anisotropic materials.
The traditional tests for determining the elastic properties of materials are generally expensive and time-consuming.
Over years, non-destructive techniques have been done to identify the elastic constants of composite plates as these
techniques are robust and quick to perform, especially guided wave technique [7, 8]. The use of guided wave for material characterization yields a frequency-dependent behaviour of the waves that can be used in inverse identiﬁcation
procedures. Diﬀerent parameters, such as wave velocity [9], group delay curves [10], wavenumber [11], and dynamic
displacement response [12] are used to identify the elastic constants in the inverse process.
The solution of dispersion relations is the premise of the inversion process. Methods such as SAFE [13, 14, 15],
or WFE [16, 17, 18] using macroscale modelling are extremely eﬃcient to compute the dispersion relations of laminates as long as the elastic moduli are known for each individual layer. The methodology presented in [18] provides
a reduced formulation for WFE approach which in itself is a hybridization between periodic structure theory and
ﬁnite elements. This methodology, while revealing itself to provide accurate dispersion predictions, needs much more
computational resources than a macroscale model. Given that macro is superior to meso in terms of the computational time, but from the perspective of accuracy, it is opposite. Therefore, there is considerable motivation to bridge
them. The approach proposed in this manuscript takes advantage of the accuracy of the methodology for computing
dispersion relations in complex textile composites from [18] and the eﬃciency of the SAFE method to compute the
dispersion characteristics of macroscale laminate models.
Diﬀerent inversion procedures have been used to identify the elastic constants of composite plates [12, 19, 20,
21]. Balasubramaniam [19] was the ﬁrst to employ genetic algorithms (GAs) for inverting unidirectional composite
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material elastic moduli with signiﬁcant success. The advantage of GAs over other search algorithms is that GAs do
not need an initial guess but rather a valid search space; GAs are also robust and avoid entrapment at local minima.
Neural network techniques have also been applied in solving inverse problems [12, 20]. More recently, a Bayesian
identiﬁcation technique based on ﬁnite element modelling and the properties of propagating waves in multilayered
structures is proposed, which overcomes the limitations of ill-conditioning and non-uniqueness associated with the
conventional approaches [21]. Considering the advantages of GAs, GAs are adopted in this paper.
The paper is structured as follows. In Sec. 2, the proposed methodology is thoroughly described. In Sec. 3, the
scheme is validated using a simple orthotropic plate structure. Finally, Sec. 4 provides concluding remarks.
2. Inverse methodology based on a genetic algorithm
In this section, the GA is used to determine the elastic moduli of a material from its dispersion relations. A
schematic representation of the elastic moduli identiﬁcation framework based on the GA method is shown in Fig.
1. The mesoscale model based on modiﬁed WFE approach [18]is used to calculate the mesoscale dispersion characteristics, which is regarded as the input of an inverse algorithm. The macroscale model based on SAFE method
is used to calculate the iterative dispersion relations. The GWs-based identiﬁcation of elastic properties is realized
through the minimization of an objective function, which is built on the relative discrepancies between the dispersion
characteristics computed using the mesoscale model and the SAFE method for a tentative set of elastic moduli at the
macroscale. The GA procedure iteratively updates the sets of elastic moduli in the SAFE formulation in order to minimise the objective function as presented in [22]. The iteration terminates when the stopping-conditions are fulﬁlled;
these can be when the value of the objective function for a tentative set of elastic moduli overcomes a threshold or
after completing a predeﬁned number of iterations.

Figure 1: Schematic representation of the elastic moduli (Ci j ) identiﬁcation framework based on a genetic algorithm. The starting point for the
optimization process are the nine statically determined mechanical moduli for the textile composite. The mesoscale wave propagation properties
computed through a modiﬁed WFE scheme are compared to the macroscale SAFE estimations incorporating the mechanical moduli. The moduli
are updated iteratively until the mesoscale and macroscale wave propagation properties converge.

In this study, a chromosome is a set of nine elastic moduli (also called Ci j ) describing the stiﬀness matrix of the
homogenised orthotropic material. Each individual modulus is a gene. A set of multiple chromosomes is called a
population, as depicted in Fig. 2.
2.1. Initialisation of the homogenisation process
Although it is not necessary for attaining convergence, using an initial guess allows for speeding up the process
(that is given that the initial guess is not far from the solution). Since the material is modelled to obtain its mesoscale
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Figure 2: Chromosomes incorporating the elastic moduli of an orthotropic textile layer. Multilayer structures can be considered with the size of
chromosomes varying accordingly. Nine idependent elastic moduli are included for each layer. These moduli are injected within a macroscale
SAFE calculation and results are compared against the mesoscale derived wave dispersion properties.

dispersion characteristics, it is convenient to use its eﬀective elastic moduli obtained by static virtual testing (method
detailed in [23, 24, 18]) as initial guess but not necessary. A small set of chromosomes of the initial population is
set equal to the initial guess while the rest of the population is randomly generated from a small neighborly interval
whose median value is the initial guess.
2.2. Objective function
The objective function deﬁnes the discrepancy between the mesoscopic dispersion relations computed for a textile
composite and the macroscopic dispersion characteristics computed for a tentative set of elastic moduli. It is noted
that any property directly related to the dispersion characteristics of the structure (i.e. the computed wavelength,
wavenumber of wave speed) can be employed within the objective function in Eq. (1) with such correlated quantities
being expected to provide the same eﬀective properties. The identiﬁcation of the optimal set of elastic moduli is
realised through the minimisation of this objective function. The mesoscale dispersion relations are input to the
GA procedure and are not updated while the macroscale dispersion curves are computed iteratively using the SAFE
method for each updated set of elastic moduli. Diﬀerent types of dispersion characteristics can be used for comparison:
the wavenumber or the group velocity displayed in Fig. 3 are two possibilities. While the group velocity values are
traditionally used [25, 26, 27] for GA-based homogenisation methods (for the simple reason that this parameter is
straightforward to obtain experimentally), the wavenumber parameter is also a good candidate. In this study, the
wavenumber is used to explore more possibilities.
The error function to be minimised is the Mean of the Relative Error (MRE) for each point of an individual
dispersion curve and is written as follows:

n  meso

(θ) 
 λi (θ) − λmacro
i
 /n.
(1)
MRE(θ) =

meso

λ
(θ)
i
i=1
with λ the dispersion parameter which is hereby taken as the computed wavelength (equivalently the phase velocity)
of the considered wave mode. Moreover θ the angle of propagation of consideration and n the number of compared
data points.
The relative error function is computed separately for the three fundamental modes (S0 , SH0 and A0 ) and in a
few directions of propagation. The objective function is set to the maximum of any of these values, thus minimising
all modes simultaneously. All modes have to be considered as it would be useless to obtain a set of moduli that
reconstructs one mode only considering that results will be employed within wave interaction with damage modelling
or multiple ray reﬂection modelling where wave conversion phenomena are predominant. Using the sum of all relative
errors has been considered but revealed itself to slow down the optimisation process. It is noted that while the
formulation is globally applicable to frequency ranges including higher order modes, this study focuses on matching
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the dispersion characteristics within the range where only fundamental Lamb wave modes propagate, since this is the
range typically employed for damage identiﬁcation.
2.3. Selection and genetic operators
Selection of the portion of existing population to breed. The ﬁtness function is directly derived from the objective
function and determines the likeliness of a chromosome to be selected for the next generation. The selection process
can be visualised as a roulette wheel in which each chromosome covers an area of the wheel proportional to its
probability to be selected. The chromosomes for the next generation are selected one by one by turning the wheel.
All generations population contain an equal number of chromosomes thus a chromosome with a high probability of
selection might be selected more than once to be passed on to the next generation.
Creeping operation. A creeping operation is performed on each new candidate solution. A threshold is established
and a random number is generated. If the random number exceeds the threshold then the considered set of elastic
moduli is randomly scaled in the range of [1-δcreep , 1+δcreep ], δcreep being the creep amount. Using this approach also
allows for a search outside the search space.
Single-point crossover of parent chromosomes. Some of the selected chromosomes mate through the crossover process to create new oﬀspring whose genes are a combination of its parent’s genes. The crossover rate deﬁnes the
number of parent chromosomes to be selected for cross-over. Two parent chromosomes are ‘cut’ at a single random
crossover point and their genes are interchanged.
Mutation of parent chromosomes. Finally some of the chromosomes are mutated to avoid stagnation of the solution
to a local minima. The mutation rate deﬁnes the number of genes to be mutated and their positions across the
chromosomes are selected randomly. The genes selected for mutations are each replaced by a newly generated one.
3. Case studies
To show the applicability of the method, it is ﬁrstly performed on a simulated orthotropic plate whose theoretical
elastic moduli are known. Its dispersion characteristics are computed using the WFE method similarly to the way it
would for a textile composite. In the following subsections, the elastic moduli are approximated using two diﬀerent
approaches to validate and compare them. The approach called ‘brute-force’ with the ambitious task of reconstructing
all nine parameters at once is adopted here.
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3.1. Brute-force approach
The thickness of the plate and the density of the material are ﬁxed (0.5 mm and 3212 kg/m3 ) as known and the
nine elastic moduli presented in Table1 in the ‘theoretical’ column are sought. These moduli represent a unidirectional
carbon ﬁbre reinforced polymer composite whose ﬁbre arrangement makes it slightly non-transverse isotropic. Table1
shows the results obtained for ﬁve diﬀerent runs of the GA and the percentage of error to the theoretical value. In
order to validate the method, a random set of elastic moduli was used as initial guess for each run. The crossover and
mutation rates are both set to 0.1, the creep amount is set to 0.3 and the generated population size is 50 chromosomes.
The algorithm is launched considering the wavenumber dispersion relations for ﬁve runs. Parallel computing is
performed on a 4 cores and 8 Gb RAM system and the algorithm is coded in Python language.

C11 (GPa)
error (%)
C12 (GPa)
error (%)
C22 (GPa)
error (%)
C13 (GPa)
error (%)
C23 (GPa)
error (%)
C33 (GPa)
error (%)
C44 (GPa)
error (%)
C55 (GPa)
error (%)
C66 (GPa)
error (%)
Generations
Time (h)

Theoretical
147.36
3.43
9.51
3.47
4.02
11.66
3.19
5.58
4.16
-

#1
146.18
0.80
2.46
28.23
8.68
8.71
1.11
67.84
1.49
63.04
5.77
50.52
3.18
0.20
5.60
0.35
4.13
0.72
103
25

#2
147.61
0.18
2.93
14.49
8.21
13.70
0.73
78.84
1.31
67.49
5.19
55.49
3.36
5.44
5.69
1.99
4.14
0.41
118
30

#3
146.93
0.29
3.85
12.18
8.34
12.29
1.18
65.85
1.01
74.94
5.53
52.54
3.30
3.44
5.72
2.52
4.10
1.51
286
59

#4
147.39
0.02
3.63
5.68
9.31
2.15
1.77
48.83
1.89
52.98
4.80
58.85
3.20
0.31
5.48
1.88
4.13
0.57
222
49

#5
148.12
0.52
8.64
151.65
10.11
6.30
5.88
69.59
4.87
21.17
12.89
10.54
3.21
0.56
5.59
0.22
4.09
1.54
222
46

Table 1: Results of the GA for ﬁve independent runs for the reconstruction of the elastic moduli of an orthotropic material whose real moduli are
displayed on the left-hand side, when k(ω) is considered.

The results are displayed for the wavenumber approach in Table1. It can be observed that this methodology, while
providing a realistic order of magnitude for the elastic moduli, yields strong relative error for many of them (> 10%).
Some elastic moduli such as C11 and C66 however, are in all ﬁve runs approximated with a very low relative error
(< 2%), while C44 and C55 are approximated with a tolerable error (< 6%). One can conclude that these parameters
are extremely sensible in comparison to the others.
Trying to optimise nine coeﬃcients at once is a very ambitious task and the convergence is obtained after many
generations (at least 100) as seen in Fig. 4.a, and thus is computationally taxiing. Moreover, only two elastic moduli
are reconstructed with good accuracy and two more with a relatively low error. One can conclude that this approach
is neither time eﬃcient, nor yields accurate results. However, the objective function value is smaller than 1% at
convergence for each of the runs. This indicates that even though the correct solution was not found, at least a solution
does exist. Therefore, there is a considerable motivation to employ the sensitivity of each individual mode to the
diﬀerent moduli to optimise a reduced number of parameters at once in the future work.
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Figure 4: Value of the objective function as a function of the generation for the ﬁve GA independent runs for the reconstruction of the elastic moduli
of the orthotropic material. k(ω) is considered. Convergence is observed for all runs after 290 generations. 100 generations were needed for at least
one run to converge. The horizontal red line is plotted at 1% of error.

4. Conclusions
The GA is presented to reconstruct material stiﬀness properties of composites based on dispersion characteristics
of Lamb wave in this paper, which combines the advantages of WFE and SAFE. Case study has been selected to
illustrate the strengths of proposed approach. While the brute-force approach showed that the dispersion relations
have a very low sensitivity to some of the moduli if considered altogether. A sensitivity study is therefore hereby
performed in order to uncover the eﬀect of each parameters to be optimised on the dispersion relations in the future.
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Abstract
Hybrid prognosis combining both the physical knowledge and data-driven techniques has
shown great potential for damage prognosis in structural health monitoring (SHM). Current
practices consider the physics-based process and data-driven measurement equations to
describe the damage evolution and the mapping between the damage state and the SHM signal
(or the feature extracted from SHM signal), respectively. However, the bias between the
measurements predicted by data-driven equation and the actual SHM measurements, arising
from uncertainties like damage geometries and sensor placement or noise, can lead to
inaccurate prognosis results. To account for this problem, this paper adopts a methodology
typically applied for sensor fault diagnosis, and develops a new hybrid state space model with
a bias parameter included into the state vector and the measurement equation. Particle filter
(PF) serves as the estimation technique to identify the state and parameters relating to the
damage as well as the bias parameter, and RUL can be predicted by the PF estimates and
physics-based process equation. The numerical study about the fatigue crack growth shows the
new model together with PF can provide satisfactory estimation and prediction results in case
of bias in the measurement model.
Keywords: Structural Health monitoring, Fault Prognosis, Hybrid Model, Measurement
Equation, Particle Filter.
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1 INTRODUCTION
Prognostic is the process of predicting the future state and the remaining useful life (RUL)
of a component or system. In the last decades, a great variety of damage prognosis techniques
have been developed in SHM depending on the availability of physics knowledge and data.
From the perspective of how the prognosis models are formulated, they can be distinguished
into physics-based [1-3], data-driven [4-8] and hybrid methods [9-13]. Physics-based methods
utilize specific mechanistic knowledge and theories to formulate a pure physics-based model,
which describes the structural degradation phenomena as well as the links between the damage
states and the SHM measurements. On the other hand, data-driven methods, resorting to datadriven modelling techniques such as neural networks [6] and Markov chains [8], attempt to use
amounts of data to build the relationship between the internal degradation behaviour and the
external observations. Hybrid methods, taken as a combination of the two above methods,
usually consider the physics-based process and data-driven measurement equations to describe
the damage evolution and the mapping between the damage state and measurement,
respectively.
The right method (or model) should probably be case specific, as each type of method has
its pros and cons [14, 15]. However, given the uncertainties arising from the complex structural
degradation behaviour, the environment effects and the sensor health conditions [16, 17], both
the deterministic physic-based and data-driven models are unable to provide an accurate
prognostic result. A well-acknowledged strategy for both the physics-based [1-3] and datadriven methods [6, 8] to improve their prognostic performance is to set the parameters within
the corresponding models as unknown components to be updated by a state estimation
technique, such as particle filter (PF) given its good performance in nonlinear and non-Gaussian
problem. On the other hand, this strategy is not fully exploited in hybrid methods, where the
parameters in physics-based process equation are usually taken as unknown variables to be
estimated by PF, while the parameters relating to the data-driven measurement equation are not
[11, 18, 19].
The relationship between the damage state and the SHM measurement should probably vary
in different specimens of same structure [9] due to the uncertainties mentioned above. As a
consequence, the bias between the measurements predicted by data-driven measurement
equation, often derived from training data, and the measurements from testing specimen is
unavoidable. In this context, the measurement equation, that fails to be online updated or take
the bias into account, will lead to inaccurate damage estimation [20] and prognosis [9] in case
of large-level bias. Only a few studies relating to hybrid prognosis [9, 13] field attempt to solve
this bias problem, where an additional measurement system is adopted to collect or calculate
the true damage state and to update the measurement equation.
The bias between the predicted measurements and the actual measurements can be regarded
as a typical sensor fault, which can be detected, localized and identified by adding a parameter
representing a bias in both the process and measurement equations for estimation [21-23]. It
has been verified that this bias can have little effect on the estimation of other state components
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when it can be accurately estimated by a state estimation technique [22, 23]. However, such
idea, that has been validated for the sensor fault diagnosis problem [21-23] and the state
estimation considering bias [22, 23], has not been used for hybrid damage prognosis.
This paper develops a new particle filter-based hybrid prognosis framework that combines
the methods from sensor fault diagnosis and current hybrid prognosis investigations. The
process equation is formulated resorting to the physical law describing damage propagation and
a bias parameter, while the measurement equation representing the relationship between the
damage state and the measurements is built by a polynomial fitting function and the bias
parameter. Then, PF is used to estimate the damage state, damage parameters and the bias
parameter. Finally, the future states and, consequently, the RUL can be estimated on the basis
of the process equation and the estimated damage state and parameters.
The rest of this paper is organized as follows: Section 2 introduces the traditional and new
models as well as the prognosis framework. The numerical validation is discussed in Section 3.
Finally, Section 4 concludes this paper with some topics for future work.
2

DAMAGE PROGNOSIS FRAMEWORK

Particle filter-based damage prognosis framework generally has three main steps, namely, (i)
formulating a state space model, (ii) estimating the unknown state components using PF and
(iii) calculating the future state and RUL by the PF estimates and the physic-based process
equation.
2.1

Traditional and new models

Current PF-based prognosis investigations in SHM usually have the hybrid state space model
formulated as
ࣂିଵ  ࣓ఏሺሻ
ࣂ
ࢠ ൌ   ൨ ൌ 
൨
ݔ
ቐ
݂ሺݔିଵ ǡ ࣂ ǡ ߱ ሻ
ݕ ൌ ݄ሺݔ ሻ  ߥ

(1)

where f (·) is the physics-based function describing the evolution of the damage state, and h (·)
is a function mapping the relationship between the damage state and the measurement, the
subscript k is the time step, z represents the state vector, y is the output that is given by the
measurement system, such as strain [11] and guided wave [9, 10], ࣂ includes evolution
parameters and x is the state relating to the damage (hereafter focusing on crack damage), ω
and ࣓ఏ are the process noises, ν is the measurement noise.
The relationship between the damage extent and measurement will inevitably vary in
different specimens of same structure [9], due to the uncertainties like damage geometries and
sensor error, which means the bias between the measurement predicted by a data-driven
measurement equation derived from some specimens and the actual measurements from another
one is typically unavoidable. Inaccurate estimation [20] and prognosis [9] may occur in case of
large-level bias. Inspired from the sensor fault diagnosis investigations [21-23] and hybrid
prognosis studies [9, 10, 13], a novel hybrid state space model is thus developed with the bias
parameter b included as
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ࣂିଵ  ࣓ఏሺሻ
ࣂ
ࢠ ൌ  ݔ ൩ ൌ ݂ሺݔିଵ ǡ ࣂ ǡ ߱ ሻ
ܾ
ܾିଵ  ߱ሺሻ
ە
ݕ ൌ ݄ሺݔ ሻ  ܾ  ߥ
ۓ

(2)

where ߱ is the process noise for the parameter b. This model can provide satisfactory
estimated damage state and parameters, because the bias between the output calculated from
the function h (·) and the actual measurement y can be on-line estimated by the parameter b, as
will be validated in Section 3.4.
2.2 Particle filter and RUL prediction
Particle filter serves as the state estimation technique in this study, due to its good
performance in nonlinear and non-Gaussian problem.

Figure 1 Sampling importance resampling (SIR) particle filter [24]

The sampling importance resampling (SIR) PF [25] with systematic resampling, as presented
in Figure 1, is used in this study, and it consists of the three steps, i.e.,
(i) draw Np particles ൛ࢠ ǣ ݅ ൌ ͳǡʹǡ ǥ ǡ ܰ ൟ from the prior probability density function
(PDF) ሺࢠ ȁࢠିଵ ሻ,
(ii) calculate the weight ݓ by the likelihood function ሺ࢟ ȁࢠ ሻ as
ݓ  ןሺ࢟ ȁࢠ ሻ

(3)

and assign its normalized form ݓ
  to each particle ࢠ ,
(iii) Resample for ൛ࢠ ǣ ݅ ൌ ͳǡʹǡ ǥ ǡ ܰൟ using particle weights.
In addition, the kernel smoothing method [26] is adopted for the parameters ࣂ due to its
good performance in current investigations [3],
 ିଵ  ࣓ఏሺሻ
ࣂ ൌ ξͳ െ ݄ଶ ࣂିଵ  ൫ͳ െ ξͳ െ ݄ଶ ൯ࣂ
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 ିଵ are the means of the samples.
where ࣂ
The prediction for future state and RUL is summarized in Table 1. At each time step k, the
posterior PDFs of the state and parameters are adopted to calculate the future evolution of the
particles. The RUL of each particle can be defined when its future state reaches a predefined
threshold.
Initialization: set ൛ݔǡ ǣ ݅ ൌ ͳǡʹǡ ǥ ǡ ܰ ൟ as ൛ݔ ǣ ݅ ൌ ͳǡʹǡ ǥ ǡ ܰ ൟ
For i = 1 : Np
j=0
While ݔǡ ൏ ݈௧
ǡାଵ

Calculate the future state ݔ
j = j +1

ǡାଵ

by ݔ

ǡ

ൌ ݂൫ݔ ǡ ࣂ ൯

End
ܴܷܮ ൌ ο݆ܰ
End
Table 1 Calculation of future state and RUL at time step k

3

APPLICATION

3.1 Crack growth and measurement
The crack growth data, as presented in Figure 2(a), are created by Paris’ law with parameters
as in Table 2.


ݔ ൌ ݔିଵ  ݁ ఠೖ ܥ൫ܨοܵඥߨݔିଵ ൯ οܰ

(5)

where x is the crack length, the subscript k means the k-th time step, οܰ, οܵ and F represent
the load cycle increment, the applied fatigue stress range and the crack shape function,
respectively, C and m are two empirical values governing damage progression and
̱߱ࣨ ቀെ

ఙమ
ଶ

ǡ ߪ ଶ ቁ is the unbiased log-normal process noise with standard deviation σ. The

crack length 35 mm is set as the threshold for damage prognosis.
Initial crack length x0
15 mm

Parameter C
1.1994×10

-14

Parameter m
ି

Ȁ  ሺξሻ

Noise ߱

3.79

Crack shape function F

Applied fatigue stress οܵ

Load cycles οܰ

1

60 MPa

500

ࣨ ቆെ

ͲǤଶ
ǡ ͲǤଶ ቇ
ʹ

Table 2 Details for crack growth

Given the difficulty in directly measuring the crack length, current SHM applications usually
have advanced measurement system, e.g., guided wave [9, 10], strain gauge [11], adopted for
online monitoring to estimate the crack length. In this study, the measurements at different crack
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lengths (Figure 2(b)) are created via two steps:
(i) calculate the measurements without the bias and noise by a polynomial fitting function
h (·), representing the relationship between the crack lengths and the SHM measurements
݄ሺݔ ሻ ൌ ሺെͲǤͲͲͲͲͳݔ ସ  ͲǤͲͲʹͷݔ ଷ  ͲǤͲͷݔ ଶ  ͲǤ͵ݔ െ ͲǤͶሻΤͶͲ

(6)

(ii) add the varying bias, as given in Eq. (7), and 33dB signal-to-noise ratio white
Gaussian noise to the above measurements.
ܾ ൌ െͲǤͳʹ ݊݅ݏቀ



ଵ

(a) Crack growth

ቁ  ͲǤͲͲͲͳ݇

(7)

(b) Measurements in testing case and function h (·)
Figure 2 Testing data.

Note: the x-axis for the bias in Figure 2(b) is changed as crack length.

3.2 Formulation of traditional and new models
Given the two parameters C and m will also vary in different specimens, they are taken as
unknown variables and added to the state vector to form the traditional augmented state space
model as
ଶ
ଶ መ
ܥ
 ۍξͳ െ ݄ ܥିଵ  ൫ͳ െ ξͳ െ ݄ ൯ܥିଵ  ߱ଵሺሻ ې
ۓ
ۖࢠ ൌ ݉ ൩ ൌ ێξͳ െ ݄ଶ ݉
ଶ ෝ

ିଵ  ൫ͳ െ ξͳ െ ݄ ൯݉
ିଵ  ߱ଶሺሻ ۑ

ێ
ۑ
ೖ
ݔ
ݔିଵ  ݁ ఠೖ ܥ ൫ܨοܵඥߨݔିଵ ൯ οܰ
ۏ
ے
ۖ
ە
ݕ ൌ ݄ሺݔ ሻ  ߥ

where ̱߱ࣨ ቀെ

ఙమ
ଶ

(8)

ǡ ߪ ଶ ቁ is log-normal process noise with the standard deviation σ [3], while

߱ଵ and ߱ଶ are zero-mean Gaussian process noises.
The new hybrid model with a bias parameter included is given as
ଶ
ଶ መ
 ۍξͳ െ ݄ ܥିଵ  ൫ͳ െ ξͳ െ ݄ ൯ܥିଵ  ߱ଵሺሻ ې
ۓ
ܥ
ۖ
ێξͳ െ ݄ଶ ݉ିଵ  ൫ͳ െ ξͳ െ ݄ଶ ൯݉
ෝ ିଵ  ߱ଶሺሻ ۑ
݉
ۖ
ࢠ ൌ ൦  ݔ ൪ ൌ ێ
ೖ
ۑ

ݔିଵ  ݁ ఠೖ ܥ ൫ܨοܵඥߨݔିଵ ൯ οܰ
ێ
ۑ
ܾ
ܾ

߱
ۖ
ۏ
ے
ିଵ
ሺሻ
ۖ
ە
ݕ ൌ ݄ሺݔ ሻ  ܾ  ߥ
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where b is the parameter representing the bias, and ߱ is its process noise.
3.3 Particle filter parameters
All the PF parameters used in this study are reported in Table 3. The strategies about the
distributions of initial intervals for C and m and the process noise ω are determined from [3, 11,
12].
Number of particles Np

STD in likelihood function

h in Kernel smoothing

2000

0.04

0.1

Initial distributions for C, m


ିଷ
ܥ
ͳǤͳͶ݁ െ ͳͶ
൨ ̱ࣨ ቀቂ
ቃ ǡ ቂ ͳ ൈ ͳͲ ିଵ
݉
͵Ǥͺ
െͺ ൈ ͳͲ

x, ω

Initial range for x, mm

Initial value for b

x0 (א14.5, 15.5)

b0 = 0

െͺ ൈ ͳͲିଵ ቃቁ
ͲǤͲͳ

Distributions of process noises {ω, ω1, ω2, ω3, ω4} for x, C, m, b
C, ω1
m, ω2

b, ω3

ଶ

ࣨ ቆെ

ͲǤͲͶ
ǡ ͲǤͲͶଶ ቇ
ʹ

ࣨሺͲǡ ሺͳ ൈ ͳͲିଵ ሻଶ ሻ

ࣨሺͲǡ ͲǤͲͲ͵ଶ ሻ

ࣨሺͲǡ ͲǤͲͲͺଶ ሻ

Table 3 PF parameters.

3.4 Results from estimation and RUL prediction
Figures 3 (a) and (b) present the estimation results using traditional model. The estimated
crack length remains close to the true values until reaching about 17 mm, when the bias grows
large enough to hamper damage estimation, as visible in Figure 2. The narrow confidence
boundaries after about 6h104 load cycles show the existence of a poor particle diversity. In
addition, the samples of the parameters C and m also fail to accumulate around the true values.
The observation that the bias between the output of the measurement equation and the actual
measurement will lead to inaccurate estimation is confirmed in [9, 20]. Figures 3 (c), (d) and
(e) present the estimation results using the new model with included bias parameter. The
estimated crack length, C and m are noticeably more accurate than those in Figures 3 (a) and
(b), as the bias is correctly identified by the PF and is taken into consideration for the estimation
for the other state components. Moreover, given the presence of measurement noise and the
difficulty in estimating the time-varying parameter, the bias parameters from the 3×104 to 7×104
load cycles are not accurately estimated, which leads to less accurate estimation for crack length
at these load cycles.
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(a) Crack length, traditional model

(c) Crack length, new model

(b) Parameters C and m, traditional model

(d) C and m, new model

(e) Bias parameter b

Figure 3 Estimation using traditional and new models

Figures 4 (a)(b) and (c)(d) present the prediction for future states at some selected load cycles
using the traditional and new models, respectively. The grey dotted lines are the crack length
trajectories predicted by the particles at the selected load cycles, and the grey histogram at the
end of life (identified as a critical crack length) is the RUL posterior PDF. Figures 5 (a) and (b)
present the RUL predictions using the traditional and new models, respectively, along with their
95% confidence boundary. The predicted states and RULs from the new model always keep
close to the true values, while those from the traditional model don’t. It can be concluded that
the new model can provide more accurate estimation and prognosis results within a PF
framework than the traditional model, for which the bias existing between the measurement
equation and the actual observation prevents a correct estimation.

(a) N/3 load cycles, traditional model

(b) 2N/3 load cycles, traditional model
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(c) N/3 load cycles, new model

(d) 2N/3 load cycles, new model

Figure 4 Prediction at two selected load cycles from traditional and new models.

(a) Traditional model

(b) New model

Figure 5 RUL Prediction from traditional and new models.

4

CONCLUSIONS

The bias between the measurements predicted by any data-driven measurement equation and
the actual SHM measurements is unavoidable in hybrid prognostic investigations, which might
lead to inaccurate prognostic results. Combining the ideas from sensor fault diagnosis and
hybrid prognosis, this paper proposes a new hybrid state space model that always includes an
adaptive bias parameter in both the state vector and measurement equation. The numerical study
proves the new model can provide accurate estimation and prognosis for crack length when the
bias can be accurately estimated. Our future work intends to validate this framework by
experimental study.
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Abstract
This contribution studies the propagation of bulk acoustic waves in piezoelectric media
discretized by the finite element method. The element elastic and dielectric stiffness matrices
are split into basic and higher order components which are related to the mean and deviatoric
components of the element strain and electric fields, respectively. This decomposition is applied
to the total energy of the finite element assemblage. By a dispersion analysis the higher order
total energy is related to the total energy error for the propagating waves. An averaged
correlation is proposed as an error indicator for the finite element vibration eigenmodes in
piezoelectric solids.
Keywords: energy-orthogonal stiffness, numerical dispersion, piezoelectric media, vibration
eigenmodes.
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1

INTRODUCTION

It is well known that the wave scattering at boundaries creates an interference field that, if
composed solely of waves of frequency equal to a natural frequency of the bounded medium,
takes the form of a standing-wave field which is an eigenmode of the continuum [1]. For
homogeneous piezoelectric solids, whose three dimensions are comparable, this standing-wave
field could be considered essentially composed of propagating quasi-longitudinal and quasishear bulk acoustic waves. In this case the goal of determining the finite element mesh required
to accurately represent a given number of eigenmodes could be approached by analysing the
effect of the spatial discretization over the propagation of such bulk acoustic waves in
unbounded media. This effect becomes apparent by observing the dispersive behavior of the
waves, a phenomenon that is not present in the physical system [2]. This contribution extends
the author’s previous research about homogeneous isotropic elastic solids [3].
The piezoelectric media covered in this research include PZT (Lead zirconate titanate
(Pb(Zr,Ti)O3)) piezoceramics [4]. These are transversely isotropic and they behave the same as
crystals in class Hexagonal (6mm). The poling direction is supposed along the Z-axis. The
material constants for the piezoceramics selected (PZT-5H, PZT-8 and PZT-5A) can be found
in reference [5]. Also PMN-PT (Lead magnesium niobate-lead titanate (Pb(Mg1/3Nb2/3)O3PbTiO3)) <001> poled single crystals are covered [6]: the single crystal PMN-30PT from
reference [7], and the commercial grade single crystals PMN-31PT and PIN-PMN-PT (TRS
X2B and TRS X4B) from TRS Technologies Inc. [8] have been selected. These single crystals
exhibit Tetragonal (4mm) symmetry in macroscopic material properties. See Appendix 1 for
the material constants of the PZT piezoceramics and PMN-PT single crystals selected.
An enlightening discussion about PZT piezoceramics and PMN-PT single crystals in the
context of sonar applications can be found in reference [9].
1.1 Finite element formulation
In a lossless piezoelectric medium discretized by the finite element method the equations of
equilibrium governing its linear dynamic response for time-harmonic waves will be [10],

§ K uu  Z 2M K uI · § x · § F ·
¨¨
¸¸ ¨ ¸ ¨ ¸ , K Iu

K
K
© Q¹
Iu
II ¹ © I ¹
©

p( iZt ), F F exp(
p( iZt )
x x exp(

K TuI ;

I I exp( iZt ), Q Q exp( iZt )

(1)

where: M, consistent mass matrix; Kuu (KII, KuI), elastic (dielectric, piezoelectric) stiffness
matrix of the finite element assemblage; x ( F , I , Q ), column matrix containing the complex
amplitude of the nodal displacements (external loads, electric potentials, free electric charges);
Z 2S T , circular frequency; T, period of wave; t, time.
The total energy will be equal to the sum of pure elastic energy and pure electric energy [11],
EM

1
2

Re[xT ]K uu Re[x ] ( a )

EE

1
2

Re[I T ]K II Re[I ] ( b)

(2)

At element level
e
K uu

K ueI

³
³

Ve

BTu [C E ]B u dV

Ve

BTu [e ]T BI dV

e
( a ) K II

(c)

K Ieu

³
³

Ve

BIT [ε S ]BI dV

( b)

BIT [e ]B u dV

(d )

Ve

(3)

where: Bu (BI), matrix relating the strain components (gradient of electric potential) to the nodal
values of displacement (electric potential); CE, elasticity matrix evaluated at constant electric
field; εS, dielectric matrix evaluated at constant mechanical strain; e, piezoelectric matrix.
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If the matrices Bu and BI are partitioned into mean and deviatoric components,
Bu

Bu  Bu ,d ; BuV e

BI

BI  BI ,d ; BIV e

³
³

Ve
Ve

Bu dV , Bu ,d

B  Bu

(a )

BI dV , BI ,d

B  BI

(b)

(4)

the matrices Eq. (3a) and Eq. (3b) would be respectively decomposed as addition of basic and
higher order components,
e
e
e
K uu
K uu
,b  K uu ,h ;
,b

e
K uu
e
K II

e
e
e
K II
K II
,b  K II ,h ;
,b

e
BTu [C E ]BuV e , K uu
,h
e
BIT [ε S ]BIV e , K II
,h

³
³

Ve
Ve

BTu ,d [C E ]Bu ,d dV
BIT ,d [ε S ]BI ,d dV

(a)
( b)

(5)

In this case it is said that the element stiffness matrices are formulated in energy-orthogonal
form [12]. The decomposition in Eq. (5) holds for the complete model,
K uu ,b  K uu ,h

K uu

K II ,b  K II ,h

(a ) K II

(6)

(b)

For a stationary wave the amplitudes of nodal displacements and electric potentials are realvalued vectors in Eq. (1). Then, from Eq. (2a) and Eq. (2b), the period-averaged elastic and
electric energies for the discretized domain will be, respectively,

EM

1
4

xT K uux (a) E E

1
4

I T KIII (b)

(7)

By introducing Eq. (6) into Eq. (7), the basic and higher order period-averaged energies will
be obtained. The latter components will be

EhM
2

1
4

xT K uu,h x (a) EhE

1
4

I T KII ,hI (b)

(8)

DISPERSION ANALYSIS

The unbounded piezoelectric domain is discretized by a regular mesh of finite elements. Two
different isoparametric finite elements with consistent mass matrix are considered: the
hexahedron with twenty nodes and brick geometry HE20, Fig. 1, and the pentahedron with
fifteen nodes and right prismatic isosceles geometry PE15, Fig. 2 [13]. The nodal lattice formed
by the finite element assemblage has four and five nodes per unit cell, respectively. Different
meshes with the same element volume can be selected by the aspect ratio parameter, 0 < γ ≤ 1;
the skew angle, 0 ≤ β < 90º (only HE 20 element); and the distortion-Z parameter, ε > 0.
For uniform plane harmonic bulk waves at the continuum piezoelectric medium, the
displacement vector field and the electric potential field will be, respectively,

u

Auaˆ exp(iN n  r)exp(iZt ) (a) I

AI e xp(iN n  r)exp( iZt ) (b)

(9)

where: Au and AI, amplitudes of the wave; â, polarization vector; n, wave normal, unit vector
indicating the direction of the wave propagation; r, position vector; N = 2π/λ = ω/c, wave
number; O, wavelength; c, phase velocity at the continuum medium.
The wave normal has the components n1 = cosIsinT, n2 = sinIsinT and n3 = cosT, where: I,
azimuthal angle, 0 ≤ I d 180º; T, polar angle, 0 ≤ T d 180º, Fig. 1.
The polarization vectors and phase velocities are solution of the stiffened Christoffel
equation, which is expressed in abbreviated subscript notation [14],
E
 [eKj n j ][ni eiL ] ( niH ijS n j ))lLj )aˆ j
(liK (CKL

U c 2aˆi , i, j 1,
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where the non-null values of liK are: l11 = n1, l15 = n3, l16 = n2, l22 = n2, l24 = n3, l26 = n1, l33 = n3,
l34 = n2, and l35 = n1.
Z

2b*γ/ε

Y

Z

β

n

T

âFS

âL

2b*ε2

Y

2b/(ε*γ)

âSS

I

X

X

Figure 1: Piezoelectric domain discretized by a regular mesh of HE20 elements and unit cell with four nodes.
Polarization vectors.

Z

b/ε*γ*3

2b/(ε*γ)

Y

2b*ε2

m
s

X

Figure 2: Piezoelectric domain discretized by a regular mesh of PE15 elements and unit cell with four master
nodes (m) and one slave node (s).

By solving the eigenproblem Eq. (10), three mutually orthogonal waves at the continuum
medium are computed, Fig. 1: (âSS, cSS), slow quasi-shear wave, SS; (âFS, cFS), fast quasi-shear
wave, FS; and (âL, cL), quasi-longitudinal wave, L.
Then, the electric potential at the continuum medium can be computed for each wave,
AI

Au ( ni eiK lKj ( niH ijS n j )aˆ j ), i, j

1,

,3;
3; K

1,

,6

(11)

For the displacement vector field Eq. (9a) and for the electric potential field Eq. (9b), the
densities of period-averaged pure elastic energy and period-averaged pure electric energy at the
continuum medium can be respectively computed by the equations [14]
E0M

1
4

E
Z 2 ( Au ) 2 lKi aˆiCKL
lLj aˆ j c 2 (a ) E0E
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2.1 Characteristic equations
The characteristic equations can be found assuming harmonic waves Eq. (9) with different
amplitudes in each node of the unit cell,

u

eexp(iN n  r) (a) I
Auj aˆ ex

xp(iN n  r) (b);
AIj e xp

j 1,

,N

(13)

where: N, number of nodes per unit cell.
Inserting the solutions Eq. (13) into the homogeneous part of Eq. (1), the characteristic
equation for each node of the unit cell is yielded by equilibrium of nodal forces into the direction
of the particle displacement [15],

FKuu  aˆ  Z 2FM  aˆ  FKuI  aˆ 0,  FKIu  FKII

(14)

0

By considering Eq. (14) for each node of the unit cell, a homogeneous system of 2N algebraic
equations is formed,
§ auu (m, I , T , α)  Y 2buu ( m, I , T , α)
¨
aIu ( m, I , T , α)
©

m bN S

auI ( m, I , T , α) · § A u ·
¸¨
¸
aII ( m, I , T , α) ¹ © AI ¹

2b O , Y

§0·
¨0¸
© ¹

(2b c )Z

(15)
(16)

where: m, dimensionless wave number, 0 < m < 1; b, half of the element size; Y , dimensionless
frequency of the discretized piezoelectric medium; α (J , E , H ) form parameter for HE20
mesh, or α (J , H ) form parameter for PE15 mesh.
In this procedure both the global stiffness matrices and the global mass matrix have been
expressed in a suitable form,
K xx

U c 2 (2b)K 0xx

xx

(uu, uI , Iu, II ), M

U (2b)3 M0

(17)

The homogeneous system of 2N algebraic equations Eq. (15) can be reduced to a
homogeneous system of N equations by static condensation [16]. So, from Eq. (15),

(auu  Y 2buu )Au  auI AI

0 (a) AI

(aII )1aIu Au

(b)

(18)

Inserting Eq. (18b) into (18a), the condensate system of characteristic equations is formed,

(auu  auI (aII )1 aIu  Y 2buu )Au

0  ZAu

0

(19)

2.2 Dispersion equations
The system of homogeneous algebraic equations given in Eq. (19) has a non-trivial solution
only if the matrix Z is singular; that is, det [Z] = 0. Then it is yielded the following polynomial
equation which is called the characteristic frequency equation for the plane wave propagation,

¦

N

c (m, I , T , α)Y 2 r

r 0 r

0, cN

1

(20)

It is an important fact that the N zeroes of a polynomial of degree N t 1 with complex
coefficients depend continuously upon the coefficients [17]. Thus, sufficiently small changes
in the coefficients of a polynomial can lead only to small changes in any zero. However, if the
zeros are numerically computed, there is no simple way to define a function which takes the N
coefficients (all but the leading 1) of a monic polynomial of degree N to the N zeroes of the
polynomial, since there is no natural way to define an ordering among the N zeroes. In the case
of the HE20 mesh, for which the polynomial Eq. (20) is quartic, the above difficulty has been
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overcome by computing the zeroes in closed form as functions of its coefficients. Then, the
components

Y k Y k (m,I,T , α), k 1, ,4

(21)

will be continuous functions precisely defined. They are called the dispersion equations.
Substituting Eq. (21) into Eq. (19), the displacement wave amplitudes corresponding to the
nodes of the unit cell are yielded for each dispersion equation. Then, by Eq. (18b), the
corresponding electric potential amplitudes are recovered.
To find the zeros of a polynomial equation as functions of its coefficients beyond the quartic
equation is a very difficult mathematical problem [18]. Then, for the mesh PE15 which has five
nodes per unit cell, if the zeros of Eq. (20) are numerically computed, the above mentioned
ordering difficulty could be a problem. In this case, by considering the initial condition,

limY1 (m,I,T , α) 0

(22)

mo0

it is proposed to compute the first dispersion equation by a reduced unit cell obtained by a
procedure of exact dynamic condensation [16].
Assume that the total nodes at the unit cell are categorized as master nodes (m) and slave
nodes (s), where the number of master nodes is four and the number of slave nodes is one, Fig
2. With this arrangement, the system of characteristic equations Eq. (19) may be partitioned as
§ Z mm ( q)
¨ Z ( q)
© sm

Z ms ( q) · § A um ·
¨
¸
Z ss ( q) ¸¹ © A us ¹

§0·
¨0¸,
© ¹

q Y2

(23)

From Eq. (23) the relation of wave amplitudes between the master and slave nodes may be
obtained as
Aus

Zss1 ( q)Z sm ( q)Aum

(24)

Then, by back-substituting, the system of characteristic equations of the reduced unit cell is
obtained as

Z R ( q)A um

0, [K R ( q)  qM R ( q)]A um

0

(25)

Then, from Eq. (25), the reduced form of the characteristic frequency equation is obtained

q4  c3R q3  c2 R q2  c1R q  c0 R

0, crR (m, I ,T , α, q), r

0,

,3

The first dispersion equation is computed by the following iterative procedure:
Set by Eq. (22) the initial value qi1 0 .
Do for 0  m  1 , step 'm
1. Compute the coefficients crR (m,I,T , α, qi1 ) of Eq. (26).
2. Compute the zero q1 of the quartic polynomial Eq. (26).
Do while ( ( q1  qi1 ) q1 t G )
1. Refresh initial value qi1 q1 .
2. Compute the coefficients crR (m,I,T , α, qi1 ) of Eq. (26).
3. Compute the zero q1 of the quartic polynomial Eq. (26).
End do
3. Substituting q1 into Eq. (25) to compute the wave amplitudes at the master nodes.
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4. Substituting q1 into Eq. (24) to compute the wave amplitudes at the slave nodes.
5. Refresh initial value qi1 q1 for the next step.
End do
It must be recall the equality of the energy and group velocities for bulk acoustic waves in a
lossless piezoelectric medium [19], and the equality of the normal component of the group
velocity and the phase velocity at the anisotropic continuum [20]. Then, the indicators of
numerical dispersion for the phase velocity and the normal component of the group velocity are
yielded for each dispersion equation. From Eq. (16),
ep

cp c

(2S ) 1 Y m (a ) egn

cgn c

(2S ) 1 wY wm (b)

(27)

The range of dimensionless wave number values where each dispersion equation represents
the propagation of acoustic waves in the discretized medium will be called the acoustical branch
of the dispersion equation. In order to determine the acoustical branches the following
constraint conditions are imposed,

A1u

Auj (m, I ,T , α) ! 0

1,

j

2,

,N

(a )

wY wm

I ,T ,α

! 0 (b)

(28)

In molecular physics the condition Eq. (28a) is called the restriction of the lattice spectrum
to the acoustical branch [21]. By considering Eq. (27b), the constraint condition Eq. (28b)
imposes that the normal component of the group velocity or energy velocity must have the wave
direction. The preliminary constraint condition dim [N(Z)] = 1, over the dimension of the null
space of matrix Z for the HE20 mesh, or dim [N(ZR)] = 1 for the PE15 mesh, must be imposed
in order to Eq. (28a) would be a meaningful constraint condition. For each dispersion equation
only the acoustical branch will be considered.
2.3 Energy at the unit cell
From Eq. (2), Eq. (16) and Eq. (17), the densities of period-averaged elastic and electric
energies at the unit cell are computed,
1

EM

1
2

U (Z Y ) 2 C ³ Re[xT exp( i 2SW )] Re[ Fuu0 exp( i 2SW )]dW

EE

1
2

U (Z Y ) 2 C ³ Re[I T exp( i 2SW )] Re[ FII0 exp( i 2SW )]dW

0

1

0

( a)

(29)

( b)

where: τ = t/T, 0 ≤ τ ≤ 1, dimensionless time; Fuu0 and FII0 are column matrices of forces at the
nodes of the unit cell; C = 1 for the HE20 mesh, C = 2/(3)1/2 for the PE15 mesh.
From the decomposition in Eq. (6), the above computed densities of period-averaged
energies Eq. (29) can be partitioned as addition of basic and higher order components. Then,
the percentage of period-averaged higher order total energy can be defined as
eh

( EhM  EhE ) ( E M  E E )

Eh E , eh

eh (m, I , T , α)

(30)

From Eq. (29) and Eq. (12), the percentage indicator of total energy error associated with
the spatial discretization that is introduced by the finite element model is defined as
eT

(( E M  E E ) ( E0M  E0E ))  1 ( E E0 )  1, eT

eT (m, I , T , α)

(31)

From Eq. (30) and Eq. (31), a mapping between the total energy error and the percentage of
higher order total energy can be also computed,

eT

eT (eh , I ,T , α)
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2.4 Substitute wave field
It is clear that the harmonic acoustic waves cannot be exactly captured by a regular mesh of
finite elements HE20 or PE15. This fact is a consequence of the element interpolation which is
quadratic. A substitute wave field [22] or alias field [13] has been obtained in the discretized
unbounded medium by performing a dispersion analysis in terms of allowable polarizations of
the continuum. The substitute wave field is obtained by collocating Eq. (13a) and Eq. (13b) in
each node of the unit cell. The assumption of different amplitudes is introduced because the
equation of equilibrium is different for each node. The analysis yields the relative wave
amplitudes and the dispersion relation under which the alias field may propagate in the
discretized medium. The alias wave field will be

ua

¦N

S ,i

ui , I a

¦N

I

S ,i i

(33)

~ , the values of Eq. (13a) at the nodes; I , the values of Eq. (13b) at the nodes; N ,
where: u
S ,i
i
i
the nodal shape functions.
By computing the wave amplitude distortion, the discretization error of the wave field Eq.
(33) can be decomposed as addition of interpolation and pollution errors [23].
2.5 Numerical research
For the waves and media considered the indicators Eq. (27), Eq. (30) and Eq. (31) are
computed versus dimensionless wave number for different meshes and directions of wave
propagation. Five meshes having the same element volume will be considered for each of the
elements analyzed. Specifically, for HE20 element, Fig. 1:
Q1: square section; γ = 1, β = 0, ε = 1.
Q2: rectangular section with aspect ratio 1:2; γ = 1/√2, β = 0, ε = 1.
Q3: skewed section; γ = 1, β = 45º, ε = 1.
Q4: distorted in the poling Z-direction with aspect ratio 2:1; γ = 1, β = 0, ε = 21/3.
Q5: distorted in the poling Z-direction with aspect ratio 1:2; γ = 1, β = 0, ε = 1/21/3.
and, for PE15 element, Fig. 2:
T1: triangular section of equilateral geometry; γ = 1, ε = 1.
T2: triangular section of right geometry; γ2 = 1/(3)1/2, ε = 1.
T3: triangular section with angle of 30º opposite to the base; γ2 = 1/(3)1/2 tg75º, ε = 1.
T4: distorted in the poling Z-direction with aspect ratio 2:1; γ = 1, ε = 21/3.
T5: distorted in the poling Z-direction with aspect ratio 1:2; γ = 1, ε = 1/21/3.
Given the mesh and the piezoelectric medium, the dispersion analysis is numerically carried
out by a step of π/36 for the azimuthal and polar angles, and a step of 1/10000 for the
dimensionless wave number. As result the indicators Eq. (27), Eq. (30) and Eq. (31), are
computed as finite sets of values. An example of the indicators Eq. (30) and Eq. (32) is shown
in Fig. 3. It is observed that Eq. (30) and it is deduced that Eq. (31) both vanish as dimensionless
wave number goes to zero; that is, as the mesh is refined and in the limit of long waves. It must
be remarked that the behavior of the higher order total energy as dimensionless wave number
goes to zero is a consequence that both the strain field and the electric field inside each element
becomes uniform. That is, given the mesh, in the limit of long waves, the density of total energy
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approaches to zero more slowly than its higher order component; and, given the wavelength, as
the solution converges on account of mesh refinement, the density of total energy is increasingly
dominated by its basic component.
Investigating the relationship between the total energy error and the percentage of higher
order total energy Eq. (32), it can be observed from Fig. 3 that both variables could be related
by a cubic function for moderate values of the higher order total energy,

eT

> A(I ,T , α)

eh  B(I ,T , α)@ eh2

(34)

For each of the waves (SS, FS, and L) and piezoelectric media considered in this research,
an averaged correlation between the total energy error and the percentage of higher order total
energy is sought by computing averaged values for the coefficients A and B.
First, two reference values of the percentage of higher order total energy are selected,

HE 20 : eh1

0.10 eh 2

0.20; PE15: eh1

0.075 eh 2

PERCENTAGE OF TOTAL ENERGY ERROR

PERCENTAGE OF HIGHER ORDER TOTAL ENERGY

T º

T º
T 0º

(35)

0.15

T 0º

T 0º

T 0º

eh

m

Figure 3: Percentage of higher order total energy versus dimensionless wave number and versus percentage of
total energy error. PMN-30PT, MESH Q4, L-WAVES, I = 45º.

Then, by Eq. (30) and Eq. (32), the reference values related of dimensionless wave number
and percentage of total energy error are respectively computed,
m1,2

m1,2 (I ,T , α), eT 1,2

eT 1,2 (I , T , α)

(36)

The mean value of each reference dimensionless wave number, and the root mean square
value (based on the L2-norm) and the sup-norm value [24] of each reference total energy error
are next computed on the range of propagation angles,
M
m1,2
(α)

1

S

S

2

³ ³
0

SUP
T 1,2

e

S

0

m1,2dI dT

(D )

( a ) eTRMS
1,2 ( α )

^

1

S

2

S

S

0

0

³ ³

sup e1,2 (I , T , D ) : 0 d I , T d S

`

2

e1,2 dI dT

( b)

(37)

( c)

Consistent with the discrete analysis carried out, the integrals in Eq. (37a) and Eq. (37b) are
numerically computed. Mean values of the indicators of numerical dispersion for the phase
velocity and the normal component of the group velocity Eq. (27) have been also computed.
Detailed values are presented in the Appendix 2 attached to this manuscript.
As a next step, the values computed in Eq. (37a) and Eq. (37b) are mesh-averaged,
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M
HE 20 : m1,2

1
5

M
PE15 : m1,2

1
5

¦
¦

5
j 1
5
j

M
m1,2
(Q j )

m M (T j )
1 1,2

(a )

HE 20 : eTRMS
1,2

1
5

PE15 : eTRMS
1,2

1
5

¦
¦

5

RMS
j 1 T 1,2

5
j

e

(Q j )

e RMS (T j )
1 T 1,2

( b)

(38)

The results of Eq. (38a) and Eq. (38b) are displayed in Table 1 and Table 2, respectively, for
each of the piezoelectric media and waves investigated. Similar mesh-averaged values of the
indicators of numerical dispersion for the phase velocity and the normal component of the group
velocity Eq. (27) have been also computed, Table 3.
From Table 1 and Table 2, it is deduced that the mesh-averaged root mean square values of
the first and the second reference percentage of total energy error roughly correspond, in an
averaged sense, to six and four elements per wavelength, respectively. In such averaged sense,
the total energy error of the quasi-longitudinal waves is greater than the one of the quasi-shear
waves. An opposite behavior is shown by the indicators of numerical dispersion. It is deduced
from Table 3 that the numerical dispersion of the quasi-shear waves is greater than the one of
the quasi-longitudinal waves.

m1M
m2M

m1M
m2M

HE20
HE20
PZT-8 PZT-5A PMN-30PT PMN-31PT PIN-PMN-PT
SS
0.1756 0.1755
0.1751
0.1753
0.1753
FS
0.1758 0.1759
0.1754
0.1754
0.1754
L
0.1749 0.1748
0.1745
0.1745
0.1745
SS
0.2571 0.2567
0.2553
0.2558
0.2557
FS
0.2574 0.2577
0.2564
0.2563
0.2563
L
0.2545 0.2543
0.2530
0.2531
0.2532
PE15
PE15
PZT-5H PZT-8 PZT-5A PMN-30PT PMN-31PT PIN-PMN-PT
SS 0.1804 0.1804 0.1802
0.1794
0.1797
0.1797
FS 0.1804 0.1806 0.1807
0.1803
0.1804
0.1803
L 0.1797 0.1798 0.1798
0.1796
0.1796
0.1795
SS 0.2628 0.2627 0.2623
0.2599
0.2607
0.2606
FS 0.2627 0.2632 0.2634
0.2624
0.2625
0.2624
L 0.2606 0.2608 0.2607
0.2599
0.2599
0.2598
PZT-5H
0.1758
0.1756
0.1748
0.2576
0.2568
0.2542

Table 1: Mesh-average of the mean values of the first and second reference dimensionless wave number.

Finally, by the mesh-averaged reference values of total energy error Eq. (38b), the averaged
values of the coefficients A and B for the cubic correlation Eq. (34) can be computed,

eTRMS
1,2

[ A * eh1,2  B ]* eh21,2

(39)

Then the averaged correlation between the total energy error and the percentage of higher
order total energy will be yielded

eTRMS
3

( A eh  B ) eh2 , 0  eh d eh 2

(40)

MODAL ANALYSIS

As application it is explored the use of the averaged correlation Eq. (40) as a reference to
apply the higher order total energy as an indicator of discretization error for the finite element
vibration eigenmodes. These ones are the solution of the eigenproblem obtained by considering
the homogeneous part of Eq. (1) and assuming stationary waves. In condensed form [10],
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Z2j Mx j , K*

K*x j

1 T
1
K uu  K uI KII
K uI

(a) Ij

G ijZ 2j i, j 1,

x Ti K *x j

1 T
KII
I K uI x j

(b)

1
j 1,

,n

(41)
(42)

,n

where: Z j and (x j , Ij )T are the finite element natural frequencies and eigenvectors.

eTRMS
1
eTRMS
2

eTRMS
1
eTRMS
2

SS
FS
L
SS
FS
L

PZT-5H
0.003122
0.002698
0.005648
0.013157
0.011348
0.029571

SS
FS
L
SS
FS
L

PZT-5H
0.005515
0.005529
0.007119
0.022301
0.022770
0.033449

HE20
PZT-8
0.002918
0.002818
0.005287
0.012431
0.011925
0.026939
PE15
PZT-8
0.005209
0.005393
0.006555
0.021252
0.022237
0.029710

HE20
PZT-5A PMN-30PT PMN-31PT PIN-PMN-PT
0.002759 0.003173
0.003013
0.002986
0.003055 0.002731
0.002780
0.002761
0.005546 0.006690
0.006288
0.006223
0.011570 0.012833
0.012206
0.012081
0.012891 0.011663
0.011962
0.011782
0.028789 0.038235
0.034769
0.034268
PE15
PZT-5A PMN-30PT PMN-31PT PIN-PMN-PT
0.005389 0.006292
0.006286
0.006180
0.005588 0.005483
0.005412
0.005505
0.007139 0.008989
0.007935
0.007664
0.021783 0.023798
0.024103
0.023750
0.023049 0.022635
0.022367
0.022743
0.033447 0.052871
0.043976
0.043680

Table 2: Mesh-average of the rms values of the first and second reference percentage of total energy error.

e

M
p2

egnM 2

e pM2

egnM 2

SS
FS
L
SS
FS
L

PZT-5H
1.00392
1.00356
1.00194
1.01941
1.01759
1.00936

SS
FS
L
SS
FS
L

PZT-5H
1.00386
1.00352
1.00185
1.01864
1.01718
1.00897

HE20
PZT-8
1.00326
1.00352
1.00199
1.01614
1.01740
1.00964
PE15
PZT-8
1.00330
1.00339
1.00191
1.01596
1.01653
1.00914

HE20
PZT-5A PMN-30PT PMN-31PT PIN-PMN-PT
1.00342
1.00752
1.00665
1.00654
1.00385
1.00321
1.00304
1.00310
1.00196
1.00168
1.00170
1.00171
1.01692
1.03698
1.03269
1.03219
1.01902
1.01583
1.01497
1.01525
1.00947
1.00795
1.00809
1.00815
PE15
PZT-5A PMN-30PT PMN-31PT PIN-PMN-PT
1.00354
1.00640
1.00568
1.00575
1.00365
1.00340
1.00322
1.00328
1.00187
1.00164
1.00167
1.00165
1.01708
1.03090
1.02748
1.02783
1.01781
1.01652
1.01561
1.01588
1.00891
1.00673
1.00739
1.00717

Table 3: Second mesh-averaged reference values of the indicators of numerical dispersion.

Eq. (41a) and Eq. (41b) are solved by LAPACK routines [25]. By considering the relation
of K-orthogonality Eq. (42) for the condensed eigenproblem Eq. (40a), and taking into account
Eq. (41b) and Eq. (7), it can be yielded the following expression for the modal total energy
1
4

xTj K uux j  14 IjT KIIIj

1
4

Z 2j o E j
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1
4

Z 2j ,

j 1,

,n

(43)
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The error for the modal total energy computed with the discretized piezoelectric domain is
estimated by a reference model that will be obtained by dividing each element of the actual
mesh into eight elements. The modal total energy computed with the actual model and the one
computed with the reference model will be compared for each eigenmode by

TEE

( E E REF )  1, TEE

(Z Z REF )2  1

(44)

The modal total energy error Eq. (44) will be compared with a proposed total energy error
indicator which is computed either by averaging the correlation Eq. (40) for the slow and fast
quasi-shear waves, or by the correlation Eq. (40) for the quasi-longitudinal waves,
TEES ( PHE )

1
2

RMS
( eTRMS
( a ) TEEL( PHE )
, SS  eT , FS )

eTRMS
,L

(b), 0  PHE d eh 2

(45)

where PHE is the percentage of higher order total energy computed with the actual model.
From Table 2, the following inequality is clearly fulfilled,

TEES ( PHE )  TEEL( PHE )

(46)

Finally, by taking into account Eq. (7), the percentage of modal electric energy will be also
computed with the actual model,

PEE

E E (E M  E E )

(47)

It must be remarked that, for plane bulk acoustic waves, Eq. (47) would be an accepted
definition of electromechanical coupling coefficient from energy consideration [26].
3.1 Numerical research
Two test problems discretized by the HE20 element have been analyzed, Fig. 4: a
piezoelectric cantilever bimorph connected in parallel configuration made of PZT-5A (L = 16
mm, b = 3 mm, t = 2 mm) [27, 28], and a piezoelectric cube laterally clamped made of PZT-5H
or, alternatively, PMN-30PT single crystal (L = 1 mm) [29]. A piezoelectric disk laterally
clamped, discretized by the PE15 element, is also analyzed, Fig. 5 (R = 12 mm, t = 6 mm). The
piezoelectric disk is made of PZT-8 or, alternatively, PIN-PMN-PT single crystal. In each test
problem the electrodes are shorted and their mechanical effects are neglected.

Top electrode

Z

+V
b
t

+V
L

L/4
Z

Grounded

Y

L

poling direction

X
Y
Bottom electrode

X

Figure 4: Piezoelectric cantilever bimorph and cube laterally clamped discretized by the HE20 element.
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Since the piezoelectric bimorph has two planes of symmetry, which are XY and YZ, the
modes can be computed by idealizing one quarter of it and applying four combinations of
boundary conditions on the two planes for symmetric motion (S) and for antisymmetric motion
(A), see details in reference [30]. In this test problem, the swaying modes in the Z-direction
(AS) and the torsion modes about the Y-axis (AA) have been computed, Table 4.
Y

Y
X

Z
Top electrode

X

t
X
R

Bottom electrode

Figure 5: Piezoelectric disk laterally clamped discretized by the PE15 element.

Similarly, since both the piezoelectric cube and the piezoelectric disk have three planes of
symmetry, which are YZ, XZ and XY, the modes can be computed by idealizing one eighth of
them, and applying six combinations of boundary conditions on the three planes for symmetric
motion (S) and for antisymmetric motion (A). Also see details in reference [30]. In both test
problems, the antisymmetric and symmetric longitudinal modes in the Z-direction (SSA and
SSS), the antisymmetric and symmetric swaying modes in the Y-direction (SAA and SAS), and
the antisymmetric and symmetric torsion modes about the Z-axis (AAA and AAS) have been
computed. The results are displayed in Tables 5-16.
For each test problem it is selected the set of consecutive eigenmodes for which the following
condition is fulfilled: 0 < PHE d eh2 (see Eq. (35)).
#MODE
1
2
3
4
5
6
7
8
8
10
11
12

AS
AS
AA
AS
AA
AS
AA
AS
AA
AS
AA
AS

FR (Hz)
3631.35
21217.95
22773.80
54358.47
68479.08
96273.68
114645.43
143956.67
161540.12
195356.94
209366.65
249168.34

PHE
0.088188
0.092730
0.139349
0.103447
0.146347
0.120632
0.160009
0.143424
0.179748
0.170984
0.204825
0.201768

TEE
0.005768
0.005303
0.002560
0.004919
0.002731
0.004907
0.003132
0.005613
0.003882
0.007262
0.005154
0.009994

TEES
PHE REF
0.002247 0.026710
0.002490 0.027706
0.005760 0.039546
0.003116 0.030374
0.006376 0.041704
0.004276 0.034929
0.007674 0.045951
0.006114 0.041300
0.009780 0.052171
0.008811 0.049380
0.012858 0.026253
0.012459 0.074345

PEE
0.027781
0.031491
0.006289
0.038010
0.008586
0.046683
0.012958
0.056198
0.019010
0.065731
0.060229
0.058857

Table 4: PZT-5A cantilever bimorph. Proposed total energy error indicator TEES versus total energy error
computed by mesh halving TEE.
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#MODE
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

A
S
A
S
A
S
A
S
S
A
S
A
A
A
S
S
A
S
A
S
S
S
A
A
S
A
A
S

FR (Hz)
1494798.75
2253607.19
2911828.99
2925280.47
2949444.83
3219709.13
3269260.33
3293030.56
3343606.11
3407876.53
3470792.89
3546463.33
3727337.34
3730441.23
3785874.14
4064314.52
4115269.62
4218250.54
4223091.77
4354513.22
4440349.35
4475618.52
4481882.47
4530610.59
4569360.37
4691002.54
4755510.15
4796773.25

PHE
0.044947
0.054692
0.103631
0.104319
0.103972
0.111434
0.132101
0.122009
0.123991
0.106406
0.108399
0.102105
0.127277
0.120325
0.130364
0.163973
0.191198
0.142201
0.165183
0.178546
0.154910
0.170321
0.171154
0.166572
0.204520
0.200371
0.192601
0.170910

TEE
0.001012
0.000674
0.002572
0.003437
0.003440
0.002536
0.003350
0.004621
0.003496
0.002466
0.002632
0.001708
0.003860
0.004203
0.002186
0.005918
0.005907
0.004665
0.002378
0.006200
0.005003
0.006235
0.006331
0.005410
0.008802
0.009031
0.005597
0.007932

TEES
PHE REF
0.000571 0.012649
0.000850 0.014552
0.003131 0.030457
0.003174 0.031274
0.003152 0.031517
0.003635 0.030942
0.005164 0.037684
0.004382 0.037425
0.004530 0.035570
0.003306 0.029866
0.003434 0.030465
0.003037 0.027275
0.004782 0.035938
0.004258 0.034218
0.005024 0.035527
0.008088 0.050438
0.011148 0.059473
0.006015 0.039927
0.008212 0.045304
0.009660 0.051740
0.007185 0.044617
0.008754 0.047812
0.008844 0.050257
0.008357 0.050164
0.012841 0.059976
0.012300 0.058179
0.011321 0.055896
0.008817 0.052541

PEE
0.378348
0.257970
0.160737
0.075176
0.070138
0.194094
0.242467
0.138397
0.043260
0.345914
0.269794
0.170078
0.082845
0.098911
0.050604
0.115876
0.164358
0.084108
0.032168
0.173579
0.090900
0.066334
0.167460
0.293279
0.112327
0.099302
0.129024
0.097511

Table 5: PZT-5H cube laterally clamped. Proposed total energy error indicator TEES versus total energy
error computed by mesh halving TEE. Modes SS (S) and SS (A).

#MODE
1
2
3
4
5
6
7

A
S
S
A
A
S
S

FR (Hz)
1955083.91
2070385.14
2347003.92
2368802.89
2594239.22
2904544.18
2947810.19

PHE
0.047784
0.105834
0.062630
0.113605
0.119986
0.144480
0.169046

TEE
0.004777
0.009124
0.002363
0.008700
0.009462
0.013562
0.026569

TEEL
PHE REF
0.001186 0.014847
0.007681 0.028318
0.002204 0.016782
0.009138 0.032137
0.010457 0.037010
0.016629 0.043907
0.024778 0.055882

PEE
0.285874
0.006049
0.332819
0.029402
0.229177
0.180060
0.098489

Table 6: PMN-30PT cube laterally clamped. Proposed total energy error indicator TEEL versus total energy
error computed by mesh halving TEE. Modes SS (S) and SS (A).

From Tables 4-16 it is deduced that the percentage of higher order total energy decreases as
the mesh is refined. Then, it is verified that this energy component behaves as a modal error
indicator, which is in accordance with the numerical dispersion analysis.
From Tables 4, 5, 7, 9, 11, 13 and 15 it can be deduced that, for the solids made of PZT
piezoceramics, the proposed total energy error indicator based on S-waves Eq. (45a) and the
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total energy error computed by mesh halving Eq. (44) generally exhibit a similar evolution
pattern as the modal order increases. Also, the proposed total energy error indicator Eq. (45a)
generally overestimates the total energy error computed by mesh halving Eq. (44). Clearly, by
the proposed total energy error indicator based on S-waves Eq. (45a), the accuracy of the finite
element eigenmodes could be confidently verified in order to select a cutoff modal order given
an upper bound for the total energy error close to one per cent.
The above behavior for the solids made of PZT piezoceramics could be expected based on
the heuristic that, given the natural frequency, both the percentage of higher order total energy
and the spatial discretization error should be mainly influenced by the error induced by the
slowest quasi-shear waves which have the shortest wavelengths.
#MODE
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

S
A
A
S
S
A
S
A
S
A
S
A
S
S
A
A
S
A
A
S
S
S
A
A
S
S
A
S
A

FR (Hz)
1940056.24
2089555.22
2434954.09
2487876.85
2828993.11
2982767.69
3140640.11
3297569.35
3421891.52
3467280.17
3612688.32
3775918.50
3780264.69
3901737.88
3904222.86
4005566.29
4136640.68
4178781.08
4228182.19
4249965.73
4364136.58
4501655.31
4540145.24
4620112.25
4633649.48
4688950.56
4758178.95
4795991.67
4858675.43

PHE
0.037057
0.037879
0.079598
0.069741
0.080055
0.088200
0.090835
0.102153
0.123931
0.139115
0.126168
0.141560
0.128603
0.164548
0.151162
0.159113
0.181068
0.155419
0.167523
0.187775
0.167402
0.182042
0.163551
0.190505
0.179765
0.174831
0.185452
0.195165
0.203334

TEE
0.001392
0.000869
0.002009
0.001248
0.001657
0.001334
0.001926
0.002622
0.002632
0.003948
0.003720
0.003737
0.002931
0.005014
0.003813
0.003850
0.006140
0.003933
0.004781
0.007818
0.005350
0.006794
0.005669
0.007098
0.005468
0.005880
0.006966
0.005529
0.007203

TEES
PHE REF
0.000386 0.011346
0.000404 0.010915
0.001824 0.023051
0.001393 0.019433
0.001845 0.021692
0.002250 0.023570
0.002389 0.025225
0.003040 0.029069
0.004526 0.035635
0.005748 0.041684
0.004696 0.036407
0.005959 0.040244
0.004885 0.036160
0.008147 0.047153
0.006828 0.044073
0.007596 0.045297
0.009948 0.053140
0.007234 0.044197
0.008457 0.047798
0.010734 0.057300
0.008444 0.046784
0.010060 0.050711
0.008044 0.047357
0.011064 0.052324
0.009798 0.050850
0.009245 0.049616
0.010458 0.054770
0.011639 0.056789
0.012686 0.060966

PEE
0.131090
0.195819
0.374945
0.238560
0.044895
0.057256
0.186659
0.188117
0.075841
0.124472
0.106855
0.174574
0.190129
0.089534
0.255638
0.124791
0.203126
0.193035
0.067265
0.198316
0.079209
0.066730
0.312658
0.055107
0.123484
0.161655
0.122037
0.092402
0.174814

Table 7: PZT-5H cube laterally clamped. Proposed total energy error indicator TEES versus total energy
error computed by mesh halving TEE. Modes SA (S) and SA (A).

From Tables 5-16, it can be deduced that the modal total energy errors computed by mesh
halving for the solids made of PMN-PT <001> poled single crystals are significantly greater
than the ones computed for the solids made of PZT. This behavior is similar to the dilatational
locking phenomenon that is most commonly associated with nearly incompressible isotropic
materials, i.e., with those for which the Poisson’s ratio approaches one-half very closely [13].
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From Tables 6, 8, 10, 12, 14 and 16 it can be deduced that, for the solids made of PMN-PT
single crystals, only the proposed total energy error indicator based on L-waves Eq. (45b)
overestimates for some eigenmodes the total energy error computed by mesh halving Eq. (44);
however, by the proposed total energy error indicator based on L-waves Eq. (45b), an upper
bound for the total energy error generally can be satisfactorily estimated for the set of
eigenmodes selected. Clearly, for the PMN-PT solids, the modal total energy error should be
mainly influenced by the error induced by the quasi-longitudinal waves. Both for PMN-30PT
cube and for the PIN-PMN-PT disk laterally clamped, the total energy errors computed by mesh
halving, for the eigenmodes selected, generally can be accepted for all practical purposes from
the engineering point of view.
#MODE
1
2
3
4
5
6
7
8

S
A
S
A
S
S
A
A

FR (Hz)
1831206.39
2215758.70
2405588.22
2664535.32
2794592.00
2949954.65
3046735.64
3090706.07

PHE
0.056366
0.046708
0.110802
0.117330
0.126270
0.090059
0.097286
0.150862

TEE
0.007051
0.004171
0.012973
0.010324
0.014561
0.009531
0.005731
0.016097

TEEL
PHE REF
0.001728 0.016903
0.001126 0.014119
0.008594 0.032335
0.009894 0.034096
0.011868 0.035678
0.005195 0.025816
0.006258 0.028028
0.018547 0.042078

PEE
0.079782
0.221063
0.076049
0.103798
0.121444
0.179932
0.330363
0.033922

Table 8: PMN-30PT cube laterally clamped. Proposed total energy error indicator TEEL versus total energy
error computed by mesh halving TEE. Modes SA (S) and SA (A).

#MODE
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

S
A
S
A
S
S
A
S
A
S
A
A
A
S
S
S
A
S
A
S
S

FR (Hz)
2024859.86
2303313.34
2724869.55
2809855.32
2937759.52
3039991.26
3050295.13
3549794.00
3617277.27
3635257.08
3668364.29
3765104.77
3887782.42
3893669.38
4121863.35
4262559.26
4269201.31
4270499.91
4305152.76
4430778.46
4452728.08

PHE
0.044406
0.052876
0.070839
0.062111
0.082856
0.090128
0.112990
0.122028
0.125511
0.129175
0.115199
0.136739
0.136244
0.122578
0.159137
0.157842
0.175189
0.184011
0.191207
0.185779
0.186311

TEE
0.000407
0.000465
0.002311
0.001722
0.001065
0.001847
0.002373
0.003297
0.001897
0.003529
0.002482
0.003342
0.003633
0.003667
0.003041
0.003452
0.004846
0.007730
0.007863
0.004550
0.005351

TEES
PHE REF
0.000557 0.011471
0.000793 0.014074
0.001438 0.020973
0.001100 0.018002
0.001980 0.022996
0.002352 0.025490
0.003741 0.032682
0.004383 0.034450
0.004646 0.034861
0.004930 0.034367
0.003893 0.032078
0.005546 0.036684
0.005505 0.037601
0.004424 0.033558
0.007599 0.043516
0.007471 0.044082
0.009284 0.052109
0.010289 0.053881
0.011150 0.057651
0.010497 0.052688
0.010560 0.053636

PEE
0.000216
0.082242
0.147724
0.144506
0.152725
0.190031
0.375057
0.164487
0.136241
0.000358
0.189753
0.015491
0.063732
0.054943
0.038288
0.125908
0.234513
0.049026
0.078252
0.141208
0.169705

Table 9: PZT-5H cube laterally clamped. Proposed total energy error indicator TEES versus total energy
error computed by mesh halving TEE. Modes AA (S) and AA (A).
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#MODE
1
2
3
4
5
6
7
8
9

S
A
S
S
A
A
S
S
S

FR (Hz)
1696277.98
2288255.39
2600469.55
2835507.34
2943475.43
3031360.11
3437664.02
3474206.51
3491292.14

PHE
0.043646
0.051260
0.187436
0.091854
0.191199
0.092986
0.173580
0.106232
0.113828

TEE
0.001614
0.001024
0.027305
0.011700
0.021385
0.011084
0.041123
0.005290
0.005874

TEEL
PHE REF
0.000966 0.011304
0.001390 0.013540
0.032316 0.049783
0.005447 0.027974
0.034021 0.052110
0.005610 0.029612
0.026517 0.067656
0.007752 0.023311
0.009182 0.032752

PEE
0.000239
0.118416
0.002476
0.036460
0.048119
0.107099
0.032985
0.134139
0.246306

Table 10: PMN-30PT cube laterally clamped. Proposed total energy error indicator TEEL versus total energy
error computed by mesh halving TEE. Modes AA (S) and AA (A).

#MODE
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

A
A
A
S
S
S
A
A
S
A
A
A
A
A
S
S
A
S
S
S

FR (Hz)
51541.31
124164.61
136836.01
150662.77
189790.61
194972.83
198719.09
217589.92
229412.09
230820.02
231941.28
251548.75
257018.78
272961.42
273635.96
277908.60
281742.73
287413.21
287709.83
298220.48

PHE
0.048021
0.068596
0.079258
0.030442
0.030784
0.045667
0.094287
0.072451
0.064027
0.116057
0.099038
0.069560
0.070986
0.134343
0.101763
0.089192
0.080465
0.110412
0.105576
0.104759

TEE
0.002249
0.003176
0.003836
0.001521
0.001357
0.002401
0.005113
0.004112
0.004506
0.008231
0.005996
0.003639
0.001782
0.009464
0.006729
0.006175
0.004068
0.003803
0.006213
0.010929

TEES
PHE REF
0.002153 0.013658
0.004425 0.019245
0.005929 0.022247
0.000860 0.008708
0.000880 0.008937
0.001946 0.012235
0.008433 0.026825
0.004942 0.020729
0.003849 0.017764
0.012870 0.033558
0.009319 0.027954
0.004551 0.019548
0.004742 0.018867
0.017351 0.039191
0.009848 0.027661
0.007533 0.024691
0.006113 0.022439
0.011627 0.030509
0.010613 0.029050
0.010447 0.029507

PEE
0.177725
0.209649
0.215999
0.053842
0.116753
0.029768
0.221408
0.105793
0.023877
0.201034
0.123675
0.035352
0.003714
0.228955
0.070426
0.090064
0.015318
0.175302
0.105030
0.021874

Table 11: PZT-8 disk laterally clamped. Proposed total energy error indicator TEES versus total energy error
computed by mesh halving TEE. Modes SS (S) and SS (A).

#MODE
1
2
3
4
5
6
7
8

A
S
S
A
A
S
S
S

FR (Hz)
50070.97
92783.92
122410.01
123322.12
138967.48
146426.59
147337.01
154795.39

PHE
0.061813
0.043018
0.064886
0.076182
0.086335
0.050728
0.112765
0.081233

TEE
0.012118
0.003907
0.011353
0.013804
0.014515
0.005403
0.022865
0.009450

TEEL
PHE REF
0.004817 0.020158
0.002065 0.011601
0.005408 0.019192
0.007960 0.024150
0.010808 0.026849
0.003024 0.014895
0.021031 0.030776
0.009308 0.022474

PEE
0.282503
0.116988
0.183122
0.262586
0.245642
0.390335
0.057746
0.086916

Table 12: PIN-PMN-PT disk laterally clamped. Proposed total energy error indicator TEEL versus total
energy error computed by mesh halving TEE. Modes SS (S) and SS (A).
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#MODE
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

A
S
S
A
A
S
A
A
A
S
S
S
A
S
A

FR (Hz)
87719.21
99192.21
150752.21
161484.50
181107.96
192771.32
205686.40
232909.21
236444.46
237038.78
239632.74
251119.89
253819.79
264704.16
270231.84

PHE
0.058070
0.011349
0.026183
0.081146
0.096651
0.046451
0.044962
0.060667
0.110036
0.075228
0.063123
0.062182
0.071411
0.084074
0.138254

TEE
0.002506
0.000872
0.001172
0.004074
0.005297
0.002909
0.001804
0.001457
0.006662
0.004841
0.004437
0.002908
0.003699
0.007583
0.010584

TEES
PHE REF
0.003160 0.016293
0.000119 0.003663
0.000635 0.006924
0.006218 0.022875
0.008868 0.027251
0.002014 0.013028
0.001886 0.012630
0.003452 0.016920
0.011546 0.030906
0.005334 0.020399
0.003740 0.017414
0.003628 0.017460
0.004800 0.020122
0.006682 0.023419
0.018400 0.040243

PEE
0.201956
0.084222
0.009380
0.217459
0.225069
0.035684
0.076821
0.054281
0.217513
0.021474
0.059033
0.138893
0.061200
0.021252
0.187533

Table 13: PZT-8 disk laterally clamped. Proposed total energy error indicator TEES versus total energy error
computed by mesh halving TEE. Modes SA (S) and SA (A).

#MODE
1
2
3
4
5
6
7
8
9
10
11

S
A
S
S
S
A
S
S
A
S
S

FR (Hz)
76742.94
88923.44
97133.76
125002.91
145553.70
163712.89
167542.09
172478.18
185128.17
188251.10
193595.02

PHE
0.021142
0.071038
0.035209
0.066811
0.087838
0.079371
0.138053
0.092090
0.091919
0.091829
0.090701

TEE
0.003894
0.013679
0.004302
0.008671
0.014946
0.012223
0.030572
0.016765
0.014160
0.012304
0.012885

TEEL
PHE REF
0.000423 0.006963
0.006721 0.023099
0.001308 0.009999
0.005800 0.018029
0.011277 0.024319
0.008796 0.024630
0.035242 0.039285
0.012673 0.026622
0.012615 0.028045
0.012584 0.025898
0.012206 0.026752

PEE
0.223332
0.245894
0.093410
0.027904
0.073728
0.236595
0.027827
0.172292
0.226468
0.216315
0.294166

Table 14: PIN-PMN-PT disk laterally clamped. Proposed total energy error indicator TEEL versus total energy
error computed by mesh halving TEE. Modes SA (S) and SA (A).

4

CONCLUSIONS

For piezoelectric media discretized either by the energy-orthogonal twenty-node hexahedral
finite element or by the energy-orthogonal fifteen-node pentahedral finite element, by a
dispersion analysis of plane harmonic bulk waves, an averaged correlation between the
percentage of higher order total energy and the total energy error is yielded in each case both
for the quasi-longitudinal waves and the quasi-shear waves. The use of such correlations as
reference to apply the higher order total energy as an error indicator for the finite element
vibration eigenmodes in piezoelectric solids is explored. As noteworthy conclusions:
x

For PZT piezoceramics discretized by regular meshes the numerical research reveals
that, by the correlation based on quasi-shear waves, the accuracy of the finite element
eigenmodes can be confidently verified in order to select a cutoff modal order given an
upper bound for the total energy error close to one per cent.
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x

For PMN-PT <001> poled single crystals a phenomenon similar to the dilatational
locking could affect the accuracy of the eigenmodes computed. In this case, the
correlation based on the quasi-longitudinal waves will be more accurate than the one
based on the quasi-shear waves. An upper bound for the total energy error generally can
be satisfactorily estimated for the set of eigenmodes selected.
#MODE
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

S
A
S
S
S
A
A
A
S
A
A
A
A
S
S
S
A
S
S

FR (Hz)
107006.40
124403.79
151530.13
195671.83
196124.61
198897.48
210858.61
222906.51
230153.98
235937.00
267146.81
268071.13
274323.99
275419.64
280164.97
285448.64
285499.46
290762.64
298812.82

PHE
0.009654
0.068477
0.029858
0.045609
0.052478
0.097682
0.043840
0.099339
0.065812
0.076905
0.081979
0.082903
0.125060
0.103464
0.084483
0.117184
0.084125
0.100089
0.103531

TEE
0.000537
0.003158
0.001511
0.002416
0.002468
0.005574
0.000851
0.006712
0.005252
0.003900
0.001640
0.003441
0.008319
0.007639
0.006603
0.009301
0.004895
0.005552
0.010995

TEES
PHE REF
0.000086 0.002590
0.004409 0.019188
0.000827 0.008527
0.001941 0.012245
0.002575 0.013839
0.009061 0.027787
0.001792 0.011718
0.009377 0.028718
0.004069 0.018289
0.005577 0.021555
0.006348 0.021983
0.006494 0.023966
0.014990 0.035278
0.010186 0.028167
0.006748 0.023722
0.013127 0.032024
0.006690 0.023488
0.009521 0.027868
0.010199 0.029058

PEE
0.000000
0.213427
0.060573
0.035823
0.000000
0.218012
0.084750
0.208479
0.026005
0.080925
0.051653
0.089605
0.222572
0.058666
0.102002
0.000010
0.039281
0.147950
0.021948

Table 15: PZT-8 disk laterally clamped. Proposed total energy error indicator TEES versus total energy error
computed by mesh halving TEE. Modes AA (S) and AA (A).

#MODE
1
2
3
4
5
6
7
8
9
10
11
12
16
14

S
S
S
A
S
S
S
S
S
A
S
S
A
S

FR (Hz)
71517.07
113223.26
124328.82
130000.47
147607.11
150955.83
176987.11
178151.03
195577.92
201509.80
216241.21
216933.95
227918.97
228379.91

PHE
0.011112
0.065395
0.046330
0.076123
0.102151
0.045439
0.138696
0.122330
0.149584
0.084117
0.102550
0.153221
0.089985
0.132431

TEE
0.001080
0.008555
0.005056
0.012807
0.017659
0.004820
0.036624
0.020303
0.036575
0.011303
0.011888
0.033238
0.011581
0.023074

TEEL
PHE REF
0.000107 0.003099
0.005510 0.017477
0.002450 0.013523
0.007946 0.024218
0.016404 0.028347
0.002342 0.013091
0.035666 0.038798
0.025855 0.033400
0.043366 0.042748
0.010138 0.025406
0.016565 0.029350
0.046159 0.046630
0.011969 0.026235
0.031669 0.038939

PEE
0.002713
0.036065
0.078704
0.209863
0.008013
0.207442
0.011464
0.034825
0.047200
0.232569
0.296416
0.033856
0.202592
0.354035

Table 16: PIN-PMN-PT disk laterally clamped. Proposed total energy error indicator TEEL versus total energy
error computed by mesh halving TEE. Modes AA (S) and AA (A).
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Appendix 1. Materials constants for selected piezoelectric media.
C IJE (GPa)

PZT-5H PZT-8 PZT-5A PMN-30PT PMN.31PT PIN-PMN-PT

11
126.0 137.0
121.0
160.4
124.0
119.0
12
79.1
69.9
75.9
149.6
111.0
105.0
13
83.9
71.1
75.4
124.0
104.0
104.0
22
126.0 137.0
121.0
160.4
124.0
119.0
23
83.9
71.1
75.4
124.0
104.0
104.0
33
117.0 123.0
111.0
120.0
108.0
114.0
44
23.0
31.3
21.1
53.8
63.0
66.0
55
23.0
31.3
21.1
53.8
63.0
66.0
66
23.5
33.6
22.6
28.7
35.0
25.0
H ijS x108 (C/Vm) PZT-5H PZT-8 PZT-5A PMN-30PT PMN.31PT PIN-PMN-PT
11
22
33
eiJ (C/m2)
15
24
31
32
33
ρ (kg/m3)

1.505 0.797
0.811
4.394
1.186
1.062
1.505 0.797
0.811
4.394
1.186
1.062
1.302 0.514
0.735
1.227
0.806
0.645
PZT-5H PZT-8 PZT-5A PMN-30PT PMN.31PT PIN-PMN-PT
17.00
17.00
-6.50
-6.50
23.30
7500

10.40
10.40
-4.00
-4.00
13.20
7600

12.30
12.30
-5.40
-5.40
15.80
7750

31.84
31.84
-5.22
-5.22
30.40
7740

10.30
10.30
-3.90
-3.90
22.30
7740

6.90
6.90
-4.80
-4.80
18.60
8000

Table A1.1: Material constants for PZT piezoceramics and PMN-PT <001> poled single crystals.
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Appendix 2. Detailed results of the numerical dispersion analysis carried out for media
and meshes selected.
M
1

m

M-Q1 SS
FS
L
M-Q2 SS
FS
L
M-Q3 SS
FS
L
M-Q4 SS
FS
L
M-Q5 SS
FS
L
m1M

M-T1 SS
FS
L
M-T2 SS
FS
L
M-T3 SS
FS
L
M-T4 SS
FS
L
M-T5 SS
FS
L

HE20
HE20
PZT-5H PZT-8 PZT-5A PMN-30PT PMN-31PT PIN-PMN-PT
0.1802
0.1799
0.1791
0.1756
0.1753
0.1745
0.1710
0.1711
0.1706
0.1559
0.1556
0.1548
0.1963
0.1961
0.1951

0.1800 0.1799
0.1796
0.1798
0.1798
0.1801 0.1802
0.1797
0.1797
0.1797
0.1791 0.1791
0.1788
0.1788
0.1788
0.1754 0.1753
0.1749
0.1751
0.1751
0.1755 0.1756
0.1752
0.1751
0.1752
0.1745 0.1745
0.1742
0.1742
0.1742
0.1709 0.1707
0.1703
0.1706
0.1705
0.1713 0.1714
0.1709
0.1709
0.1709
0.1707 0.1706
0.1704
0.1704
0.1704
0.1557 0.1557
0.1552
0.1554
0.1554
0.1558 0.1558
0.1554
0.1554
0.1554
0.1549 0.1548
0.1545
0.1545
0.1545
0.1962 0.1961
0.1956
0.1957
0.1957
0.1962 0.1963
0.1960
0.1959
0.1960
0.1952 0.1952
0.1948
0.1948
0.1948
PE15
PE15
PZT-5H PZT-8 PZT-5A PMN-30PT PMN-31PT PIN-PMN-PT
0.1835
0.1834
0.1827
0..1804
0.1806
0.1799
0.1779
0.1780
0.1774
0.1542
0.1540
0.1534
0.2062
0.2062
0.2052

0.1834
0.1836
0.1828
0.1804
0.1808
0.1800
0.1778
0.1782
0.1775
0.1541
0.1542
0.1535
0.2061
0.2063
0.2053

0.1833
0.1837
0.1828
0.1802
0.1808
0.1800
0.1777
0.1782
0.1774
0.1540
0.1542
0.1535
0.2060
0.2064
0.2052

0.1826
0.1834
0.1826
0.1799
0.1804
0.1798
0.1761
0.1779
0.1772
0.1533
0.1538
0.1533
0.2051
0.2061
0.2050

0.1829
0.1834
0.1826
0.1803
0.1805
0.1798
0.1766
0.1779
0.1772
0.1535
0.1539
0.1533
0.2053
0.2061
0.2050

0.1829
0.1833
0.1825
0.1801
0.1804
0.1798
0.1767
0.1779
0.1772
0.1536
0.1538
0.1532
0.2053
0.2061
0.2049

Table A2.1: Piezoelectric ceramics PZT and PMN-PT <001> poled single crystals. Mean values of the first
reference dimensionless wave number computed over the range of azimuthal and polar angles.
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m

M
2

M-Q1 SS
FS
L
M-Q2 SS
FS
L
M-Q3 SS
FS
L
M-Q4 SS
FS
L
M-Q5 SS
FS
L
m2M

M-T1 SS
FS
L
M-T2 SS
FS
L
M-T3 SS
FS
L
M-T4 SS
FS
L
M-T5 SS
FS
L

HE20
HE20
PZT-5H PZT-8 PZT-5A PMN-30PT PMN-31PT PIN-PMN-PT
0.2642
0.2631
0.2604
0.2574
0.2565
0.2536
0.2499
0.2502
0.2484
0.2287
0.2274
0.2247
0.2877
0.2870
0.2838

0.2635 0.2633
0.2620
0.2624
0.2624
0.2638 0.2641
0.2627
0.2626
0.2626
0.2607 0.2605
0.2594
0.2594
0.2595
0.2569 0.2565
0.2551
0.2555
0.2555
0.2571 0.2574
0.2561
0.2560
0.2560
0.2539 0.2537
0.2523
0.2524
0.2525
0.2497 0.2490
0.2478
0.2485
0.2484
0.2507 0.2511
0.2495
0.2495
0.2495
0.2486 0.2485
0.2477
0.2478
0.2478
0.2281 0.2279
0.2265
0.2269
0.2268
0.2282 0.2283
0.2268
0.2269
0.2268
0.2252 0.2249
0.2234
0.2237
0.2238
0.2873 0.2870
0.2853
0.2856
0.2855
0.2873 0.2878
0.2867
0.2866
0.2867
0.2841 0.2839
0.2822
0.2823
0.2823
PE15
PE15
PZT-5H PZT-8 PZT-5A PMN-30PT PMN-31PT PIN-PMN-PT
0.2675
0.2671
0.2650
0.2625
0.2629
0.2610
0.2589
0.2591
0.2572
0.2246
0.2240
0.2222
0.3007
0.3005
0.2974

0.2672
0.2676
0.2652
0.2624
0.2634
0.2612
0.2588
0.2597
0.2575
0.2244
0.2245
0.2225
0.3005
0.3009
0.2978

0.2669
0.2678
0.2651
0.2619
0.2636
0.2611
0.2583
0.2598
0.2573
0.2242
0.2246
0.2223
0.3001
0.3012
0.2976

0.2647
0.2668
0.2645
0.2608
0.2624
0.2603
0.2544
0.2589
0.2569
0.2222
0.2234
0.2214
0.2972
0.3004
0.2965

0.2655
0.2669
0.2644
0.2619
0.2625
0.2603
0.2554
0.2589
0.2569
0.2228
0.2236
0.2216
0.2980
0.3004
0.2964

0.2655
0.2668
0.2643
0.2614
0.2624
0.2603
0.2557
0.2588
0.2568
0.2228
0.2234
0.2215
0.2978
0.3004
0.2961

Table A2.2: Piezoelectric ceramics PZT and PMN-PT <001> poled single crystals. Mean values of the second
reference dimensionless wave number computed over the range of azimuthal and polar angles.
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RMS
T1

e

M-Q1 SS
FS
L
M-Q2 SS
FS
L
M-Q3 SS
FS
L
M-Q4 SS
FS
L
M-Q5 SS
FS
L
eTRMS
1

M-T1 SS
FS
L
M-T2 SS
FS
L
M-T3 SS
FS
L
M-T4 SS
FS
L
M-T5 SS
FS
L

PZT-5H
0.003111
0.002440
0.005436
0.003213
0.002519
0.005893
0.003109
0.002493
0.004525
0.003788
0.003075
0.006038
0.002391
0.002962
0.006349

HE20
PZT-8

PZT-5A
0.002747
0.002839
0.005353
0.002903
0.002856
0.005792
0.002823
0.002803
0.004461
0.002673
0.004038
0.005959
0.002647
0.002738
0.006163

PZT-5H

0.002951
0.002590
0.005160
0.003019
0.002608
0.005474
0.002987
0.002586
0.004330
0.002963
0.003603
0.005626
0.002670
0.002702
0.005853
PE15
PZT-8

0.005204
0.004828
0.006325
0.005582
0.005509
0.006614
0.005859
0.006131
0.009322
0.004190
0.003617
0.005639
0.006740
0.007562
0.007694

0.004864
0.004707
0.005857
0.005380
0.005401
0.006188
0.005642
0.005981
0.008403
0.003745
0.003699
0.005138
0.006416
0.007175
0.007187

0.005081
0.004887
0.006344
0.005476
0.005555
0.006638
0.005765
0.006151
0.009355
0.003880
0.003907
0.005625
0.006742
0.007438
0.007731

PZT-5A

HE20
PMN-30PT PMN-31PT PIN-PMN-PT
0.002781
0.002930
0.006342
0.003171
0.002773
0.007055
0.002940
0.002673
0.005224
0.004246
0.002462
0.007375
0.002729
0.002819
0.007449

0.002615
0.002589
0.002996
0.002967
0.006091
0.006031
0.003015
0.003008
0.002799
0.002787
0.006668
0.006613
0.002816
0.002774
0.002728
0.002738
0.004918
0.004890
0.003890
0.003829
0.002583
0.002598
0.006487
0.006303
0.002731
0.002728
0.002793
0.002717
0.007278
0.007277
PE15
PMN-30PT PMN-31PT PIN-PMN-PT
0.005872
0.004947
0.007948
0.006839
0.005756
0.010839
0.005729
0.006018
0.009636
0.004819
0.003422
0.007236
0.008203
0.007272
0.009288

0.005807
0.004918
0.007223
0.006869
0.005776
0.009606
0.005891
0.005922
0.008012
0.004663
0.003417
0.006429
0.008201
0.007028
0.008404

0.005738
0.005011
0.006921
0.006442
0.005813
0.008615
0.005936
0.006063
0.008553
0.004619
0.003452
0.006180
0.008165
0.007186
0.008053

Table A2.3: Piezoelectric ceramics PZT and PMN-PT <001> poled single crystals. Root-mean-square values of
the first reference percentage of total energy error computed over the range of azimuthal and polar angles.
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RMS
T2

e

M-Q1 SS
FS
L
M-Q2 SS
FS
L
M-Q3 SS
FS
L
M-Q4 SS
FS
L
M-Q5 SS
FS
L
eTRMS
2

M-T1 SS
FS
L
M-T2 SS
FS
L
M-T3 SS
FS
L
M-T4 SS
FS
L
M-T5 SS
FS
L

PZT-5H
0.013381
0.010521
0.026983
0.013659
0.010365
0.031094
0.013164
0.010731
0.022453
0.015347
0.012378
0.033683
0.010234
0.012743
0.033641

HE20
PZT-8

PZT-5A
0.011943
0.012135
0.026457
0.012411
0.011795
0.030371
0.011972
0.012022
0.022036
0.009988
0.016828
0.032918
0.011535
0.011675
0.032162

PZT-5H

0.012952
0.011113
0.025343
0.013025
0.010741
0.027931
0.012886
0.011173
0.021275
0.011635
0.014993
0.030260
0.011658
0.011603
0.029885
PE15
PZT-8

0.021343
0.019872
0.028526
0.021951
0.022818
0.030466
0.023094
0.025246
0.044886
0.017826
0.014637
0.028755
0.027293
0.031278
0.034614

0.020127
0.019338
0.025765
0.021364
0.022377
0.028074
0.022519
0.024654
0.038575
0.015975
0.015075
0.025083
0.026275
0.029741
0.031055

0.020836
0.020127
0.028627
0.021493
0.023026
0.030559
0.022695
0.025354
0.045003
0.016563
0.015944
0.028547
0.027327
0.030795
0.034500

PZT-5A

HE20
PMN-30PT PMN-31PT PIN-PMN-PT
0.011387
0.012881
0.032994
0.012765
0.011805
0.040943
0.011998
0.011668
0.027481
0.017049
0.009974
0.047561
0.010967
0.011987
0.042194

0.010701
0.010581
0.013263
0.013028
0.031433
0.031055
0.012112
0.012084
0.012004
0.011841
0.037724
0.037389
0.011539
0.011337
0.012057
0.012025
0.025402
0.025162
0.015701
0.015482
0.010623
0.010723
0.037925
0.036204
0.010975
0.010923
0.011861
0.011295
0.041363
0.041531
PE15
PMN-30PT PMN-31PT PIN-PMN-PT
0.022352
0.020431
0.039510
0.025771
0.023755
0.043109
0.020830
0.024875
0.094928
0.018830
0.013936
0.040516
0.031205
0.030180
0.046293

0.022299
0.020349
0.034663
0.026720
0.023791
0.037112
0.021604
0.024519
0.073876
0.018301
0.013951
0.033460
0.031590
0.029226
0.040770

0.022229
0.020722
0.032725
0.024810
0.023963
0.035260
0.021877
0.025062
0.079793
0.018200
0.014109
0.031638
0.031633
0.029860
0.038983

Table A2.4: Piezoelectric ceramics PZT and PMN-PT <001> poled single crystals. Root-mean-square values of
the second reference percentage of total energy error computed over the range of azimuthal and polar angles.
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SUP
T1

e

M-Q1 SS
FS
L
M-Q2 SS
FS
L
M-Q3 SS
FS
L
M-Q4 SS
FS
L
M-Q5 SS
FS
L
eTSUP
1

M-T1 SS
FS
L
M-T2 SS
FS
L
M-T3 SS
FS
L
M-T4 SS
FS
L
M-T5 SS
FS
L

PZT-5H
0.004946
0.004842
0.010287
0.006064
0.004773
0.011419
0.006280
0.007473
0.012429
0.006267
0.005446
0.012539
0.004866
0.005615
0.011288

HE20
PZT-8

PZT-5A
0.004941
0.004932
0.010192
0.006061
0.005058
0.011289
0.006278
0.007473
0.012293
0.004463
0.006180
0.012451
0.004990
0.005453
0.011035

PZT-5H

0.005104
0.005008
0.009793
0.005429
0.004942
0.010569
0.006588
0.007473
0.011731
0.005117
0.005645
0.011542
0.005098
0.005225
0.010573
PE15
PZT-8

0.017162
0.010875
0.022223
0.017410
0.017457
0.030500
0.018419
0.020527
0.051384
0.017173
0.010875
0.022248
0.017177
0.013150
0.022229

0.016391
0.010875
0.019957
0.017854
0.017457
0.028698
0.018323
0.020527
0.044223
0.016383
0.010875
0.019952
0.016386
0.012228
0.019925

0.017158
0.010875
0.022213
0.017448
0.017457
0.030492
0.018417
0.020527
0.051347
0.017168
0.010875
0.022238
0.017172
0.012845
0.022219

PZT-5A

HE20
PMN-30PT PMN-31PT PIN-PMN-PT
0.004871
0.004646
0.011434
0.007097
0.004894
0.012986
0.006705
0.007473
0.013516
0.006485
0.004974
0.014192
0.005691
0.005857
0.012766

0.004458
0.004589
0.004730
0.004652
0.010889
0.010801
0.006597
0.006802
0.005017
0.005071
0.012092
0.011983
0.006410
0.006537
0.007473
0.007473
0.012878
0.012787
0.005851
0.005693
0.004977
0.004905
0.012454
0.012105
0.005962
0.006050
0.005873
0.005952
0.012186
0.012215
PE15
PMN-30PT PMN-31PT PIN-PMN-PT
0.017801
0.010875
0.033930
0.020036
0.017457
0.060299
0.016684
0.020527
0.058955
0.017784
0.010875
0.033900
0.017794
0.014029
0.033913

0.018963
0.010960
0.033048
0.021348
0.017457
0.050362
0.017354
0.020527
0.047983
0.018966
0.010875
0.033078
0.018978
0.014507
0.033080

0.018396
0.011192
0.030928
0.019359
0.017468
0.046393
0.017172
0.020527
0.053773
0.018397
0.010875
0.030923
0.018397
0.014523
0.030943

Table A2.5: Piezoelectric ceramics PZT and PMN-PT <001> poled single crystals. Sup-norm of the first
reference percentage of total energy error computed over the range of azimuthal and polar angles.
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SUP
T2

e

M-Q1 SS
FS
L
M-Q2 SS
FS
L
M-Q3 SS
FS
L
M-Q4 SS
FS
L
M-Q5 SS
FS
L
eTSUP
2

M-T1 SS
FS
L
M-T2 SS
FS
L
M-T3 SS
FS
L
M-T4 SS
FS
L
M-T5 SS
FS
L

PZT-5H
0.023199
0.023037
0.053215
0.025362
0.021637
0.066331
0.030076
0.038762
0.068921
0.026212
0.025050
0.077414
0.023427
0.023853
0.062078

HE20
PZT-8

PZT-5A
0.023117
0.023467
0.052505
0.025350
0.022121
0.065265
0.030035
0.038762
0.067837
0.016989
0.025882
0.076350
0.023882
0.022733
0.060119

PZT-5H

0.024125
0.023882
0.050128
0.024742
0.022538
0.057934
0.031723
0.038762
0.063519
0.020792
0.025642
0.067116
0.024327
0.021739
0.056119
PE15
PZT-8

0.068776
0.045641
0.109239
0.063741
0.076963
0.193846
0.069605
0.084933
0.249039
0.068788
0.045638
0.109306
0.068803
0.055850
0.109354

0.067332
0.045641
0.092908
0.064894
0.076963
0.170351
0.071006
0.084933
0.202924
0.067344
0.045638
0.092869
0.067317
0.051635
0.092874

0.068762
0.045641
0.109166
0.063723
0.076963
0.193762
0.069599
0.084933
0.248812
0.068775
0.045638
0.109233
0.068790
0.054473
0.109111

PZT-5A

HE20
PMN-30PT PMN-31PT PIN-PMN-PT
0.020298
0.022050
0.060786
0.029209
0.022383
0.095463
0.027694
0.038762
0.079279
0.026779
0.023777
0.100073
0.023406
0.024290
0.073130

0.020892
0.020491
0.022476
0.022309
0.057137
0.056547
0.027160
0.027970
0.023682
0.024075
0.078166
0.083769
0.028404
0.028348
0.038762
0.038762
0.072882
0.072098
0.024285
0.023593
0.023850
0.023456
0.075566
0.071586
0.024710
0.024995
0.024316
0.024581
0.068866
0.069332
PE15
PMN-30PT PMN-31PT PIN-PMN-PT
0.068879
0.045641
0.217268
0.076098
0.076963
0.211705
0.058999
0.084933
0.735536
0.068894
0.045638
0.217447
0.068830
0.060503
0.217424

0.068204
0.046194
0.193448
0.082671
0.078231
0.171666
0.062114
0.084933
0.732378
0.068208
0.045638
0.193475
0.068148
0.063464
0.193497

0.068301
0.046726
0.182894
0.075965
0.079146
0.183435
0.062565
0.084965
0.723363
0.068322
0.045638
0.182868
0.068261
0.062776
0.183005

Table A2.6: Piezoelectric ceramics PZT and PMN-PT <001> poled single crystals. Sup-norm of the second
reference percentage of total energy error computed over the range of azimuthal and polar angles.
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e

M
p2

M-Q1 SS
FS
L
M-Q2 SS
FS
L
M-Q3 SS
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1.00355
1.00337
1.00195
1.00359
1.00336
1.00189
1.00555
1.00415
1.00216
1.00361
1.00360
1.00202
1.00332
1.00331
1.00168

HE20
PZT-5A PMN-30PT PMN-31PT PIN-PMN-PT

1.00294
1.00338
1.00200
1.00297
1.00335
1.00194
1.00464
1.00405
1.00223
1.00291
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1.00205
1.00285
1.00315
1.00175
PE15
PZT-5H PZT-8
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1.00370
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1.00307
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1.00191
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1.00438
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1.00292
1.00402
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1.00298
1.00348
1.00171

1.00716
1.00299
1.00169
1.00724
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1.00876
1.00419
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1.00768
1.00310
1.00170
1.00674
1.00278
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1.00170
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1.00185
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1.00367
1.00194
1.00418
1.00361
1.00189
1.00292
1.00278
1.00160
1.00423
1.00421
1.00195

1.00327
1.00350
1.00187
1.00405
1.00380
1.00197
1.00387
1.00373
1.00192
1.00255
1.00298
1.00161
1.00397
1.00425
1.00199

1.00599
1.00326
1.00167
1.00605
1.00377
1.00176
1.00766
1.00346
1.00159
1.00539
1.00253
1.00141
1.00690
1.00400
1.00177

1.00308
1.00325
1.00191
1.00373
1.00354
1.00201
1.00357
1.00348
1.00197
1.00245
1.00278
1.00163
1.00368
1.00390
1.00205
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1.00310
1.00168
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1.00180
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1.00327
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1.00480
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1.00145
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1.00166
1.00557
1.00363
1.00178
1.00667
1.00335
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1.00254
1.00144
1.00620
1.00370
1.00174

Table A2.7: Piezoelectric ceramics PZT and PMN-PT <001> poled single crystals. Mean values of the second
reference value for the indicator of dispersion associated with the phase velocity.
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PZT-5A PMN-30PT PMN-31PT PIN-PMN-PT

1.01453
1.01668
1.00966
1.01467
1.01654
1.00936
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1.01434
1.01810
1.00983
1.01410
1.01562
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1.01828
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1.01064
1.01444
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1.00973
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1.01465
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1.01680
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1.00818
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1.01798
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1.01695
1.00936
1.01194
1.01359
1.00782
1.01772
1.01899
1.00974

1.02590
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1.00796
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1.01727
1.00859
1.03275
1.01588
1.00534
1.02334
1.01210
1.00683
1.02968
1.01772
1.00824

1.02623
1.01539
1.00790
1.02701
1.01754
1.00845
1.03211
1.01625
1.00456
1.02384
1.01236
1.00683
1.02997
1.01786
1.00811

Table A2.8: Piezoelectric ceramics PZT and PMN-PT <001> poled single crystals. Mean values of the second
reference value for the indicator of dispersion associated with the normal component of the group velocity.
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Abstract. A new class of performance functions for dispersion design of 1D periodic discrete
systems using matrix rank is considered, and its regularization using existent log-det heuristics
is proposed. As an input, the desired dispersion dependency of a branch is used. The design
space is deﬁned by a ﬁnite set of continuous parameters such as mass or stiffness constants.
The mass and stiffness matrices are assumed to depend linearly on these parameters. Ideally,
the representative dynamic stiffness matrix is singular at every point of the desired branch.
Instead, the sum of ranks for the representative dynamic stiffness matrix evaluated at several
discrete points is minimized using a surrogate log-det objective. This approach avoids ordering
or tracking of eigenfrequencies and reduces the design problem to a sequence of quadratic
programming problems. The considered periodic discrete systems are simpliﬁed objects for
method development with a future goal of dispersion design of acoustic metamaterials. Also, a
combination with reduced-order techniques is conceptually tested.
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1

INTRODUCTION

Dispersion design in acoustics seeks a material or a system that interacts with acoustic waves
in desired manner. Typical examples of desired behavior are prohibiting wave propagation in a
speciﬁc frequency range via stopping bands in metamaterials and elimination of reﬂected waves
with anechoic tiles. Usually, these designs are realized as an array of repeating heterogeneous
cells. Different options are available for manufacturing heterogeneous cells and they can use
solid-solid, solid-liquid or solid-air interfaces. Each cell can be described by a large number of
design parameters, which makes ﬁnding the design a challenging problem.
A common approach is to introduce a performance function that relates the design variables
to desired performances and to use it in a gradient-based optimization or integer programming,
see examples for maximizing relative band gap in [2] or design of self-collimating materials
in [10]. Unfortunately, the common performance functions are implicit functions of dynamic
equilibrium equations and their sensitivities are sometimes difﬁcult to obtain, see [13] and references herein. Alternative integer programming approaches need very large number of iterations,
e.g. of genetic algorithms. In this contribution a new class of performance functions based on
matrix rank is proposed and discussed. An advantage of using matrix rank is that several explicit surrogate functions for rank approximation are available simplifying computation of the
performance functions and their sensitivities.
The problem of minimizing the rank of a matrix is known to be computationally hard, see
[12, 7.3] and it is attributed to be NP-hard in general case [11]. Fortunately, several available
heuristics can efﬁciently solve it. These heuristics rely on different tractable relaxations of the
problem, e.g. a nuclear norm minimization, weighted norm minimization or minimization of
the logarithm of the determinant [4, 5, 9]. Tractable means here that one quadratic function
minimization or SVD per an iteration step is required and the number of such iterations is
affordable. Unfortunately, these heuristic methods guarantee the minimum rank solution only
in case of well-conditioned equality constraints on the matrix, see the proof in [11]. Various
numerical experiments show a satisfactory quality of the solutions obtained by the heuristics
for applications as low-rank matrix completion [5, 9], low-order system realization [5] and
lowest-dimension embedding of points in Euclidean space [5]. However, these methods are
not wide spread for design in vibration or acoustic systems so far. An example in [1] uses rank
minimization for reducing dispersion error in spatial discretizations of reciprocal mass matrices.
Therefore, exploring rank minimization formulations in dispersion design is promising.
For simplicity, examples here are limited to 1D periodic undamped systems consisting of
point masses and springs. Only continuous parameters for mass and stiffness constants are
used. Constraints are applied only on upper and lower limits of parameter values.
The contribution is organized as follows. First, equations of motion for a repetitive patch are
introduced and a rank minimization objective is formulated in Section 2. A log-det heuristic is
applied to the rank minimization problem and two illustrative algebraic examples are discussed
in Section 3. A combination of log-det heuristic with the reduced-order techniques is described
and illustrated with one algebraic example in Section 4. A numerical example for a uniform
back-bone mass-spring chain with a side branch at every second mass element are considered
in Section (5). Conclusions are presented in Section 6.
2

EQUATION OF MOTION AND RANK MINIMIZATION OBJECTIVE

The equations of motion for an inﬁnite periodic mechanical system can be formulated in
different ways, see a comprehensive textbook [3]. Here, a form following [8] is considered for
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1D case. The representative patch of the periodic structure is assumed to have nrep unknown
amplitudes denoted as Ũ. These amplitudes satisfy equations

(1)
Q K(s) − ω 2 M(s) S(k)Ũ = 0,
where ω and k are the angular frequency and wavenumber, K and M are the stiffness and
mass matrix. Herein, afﬁne dependence of the stiffness and mass matrix on ns parameters s is
assumed with
K(s) = K0 +

ns


K j sj ,

M(s) = M0 +

j=1

ns


Mj sj .

(2)

j=1

These matrices are assembled for the periodic cell and a layer of neighboring elements. The
periodic boundary conditions are enforced via a shift matrix S whose entries on the slave side
are proportional to the phase shift exp(ik · Δx) along the lattice vector for the periodic cell Δx.
The matrix Q ﬁlters degrees of freedom of the representative patch Ũ from the total model.
Thus, the equation of motion as in equation (1) allows us to deﬁne the representative dynamic
stiffness matrix (RDSM) with

(3)
A(s, k, ω) = Q K(s) − ω 2 M(s) S(k).
We denote with Aj := A(s, kj , ωj ) the RDSM evaluated at a speciﬁc frequency-wavenumber
pair (kj , ωj ). Solvability of the equation of motion (1) at a frequency-wavenumber pair requires
that the corresponding RDSM is singular or it has a deﬁcit of rank with
rank Aj < dim (Aj ) = nrep ,

j = 1, nw ,

(4)

where nw is the number of sampled frequency-wavenumber pairs. Inspection of all nw inequalities is still a hard problem. Instead, a good solution is sought that minimizes the sum of the
ranks of RDSM for all pairs j with respect to parameters s. Such a sum now deﬁnes the objective of the dispersion design. This sum is equal to the product (nrep nw ) at an initial value
of parameters s0 . During the optimization process, for certain values of the parameters sk the
rank of some of the matrices Kdyn,rep (sk , ωj , kj ) reduces to (nrep − 1) meaning that exactly
one branch of the dispersion relation crosses the prescribed frequency-wavevector pair (ωj , kj ).
Reduction of the rank to (nrep − 2) or less would require that more than one branch of the
dispersion relation crosses the prescribed frequency-wavevector pair, i.e. two or more waves
can propagate with the same wavenumber and frequency, but a different mode. Such a multiple crossing is possible but it does not signiﬁcantly inﬂuence the design for a sufﬁciently large
number of target pairs per branch. Therefore, reduction of the objective increases the number
of the frequency-wavevector pairs at which the designed material follows the wanted dispersion
behavior. Thus, this objective can estimate the quality of the design.
To bring the objective to a concise form, let us deﬁne the rank identity for a block diagonal
matrix with
nw


rank Aj = rank diagj=1,nw (Aj )

(5)

j=1

is valid for any set of square matrices Aj . Here, an operator diag denotes a constructor of a
block diagonal matrix from a list of rectangular matrices. Finally, the objective reads
J(s) = rank diagj=1,nw (Aj ).
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The latter problem is still an afﬁne rank minimization problem. Afﬁnity easily follows from the
deﬁnition of individual subbocks of the objective matrix. Recasting leads to


diagj=1,nw (Aj ) = diagj=1,nw Q K(s) − ωj2 M(s) S(kj )


ns
ns
ns



Kl sl − ωj2 M0 +
= diagj=1,nw Q K0 +
Ml s l
Bl sl , (7)
S(kj ) = B0 +
l=1

l=1

l=1

where matrices {Bl }n0 s are deﬁned



Bl = diagj=1,nw Q Kl − ωj2 Ml S(kj ) .

3

(8)

HEURISTIC RANK MINIMIZATION

Herein, a focus on log-det heuristics is made because of its simplicity and robustness. The
rank minimization problem stated above is solved approximately by log-det heuristics from [5].
A substantial difference to the original method is due to complex entries of the RDSM matrices.
These complex entries originate from the shift matrix S even for the case without damping.
The original rank minimization algorithm is valid for real semi-deﬁnite matrices. To bring our
problem to an appropriated shape, a matrix X is introduced with

(9)
X = diagj=1,nw AH (s, ωj , kj )A(s, ωj , kj )
where superscript H denotes Hermitian transpose (the conjugate transpose). The resultant
matrix is a Hermitian positive semi-deﬁnite matrix, which is sufﬁcient for the original log-det
heuristics. The rank of matrix X coincides with the objective function (6), but dependency on
the free parameters is quadratic. A similar trick is used in [1] for dispersion error minimization on a regular spatial grid of ﬁnite elements. Now, a rank minimization problem (RMP) is
formulated for matrix X with
s∗ = arg min (rank(X)),
s∈K

(10)

where K denotes an admissible convex set for parameters s. Rather than solving a RMP, a
log-det smooth surrogate for rank(X) is used
s∗ = arg min (log det (X + δI)),
s∈K

(11)

where δ > 0 is a small regularization constant and I is as the identity matrix. Despite complex
entries of the matrix X, the determinant of a Hermitian positive deﬁnite matrix (X + δI) is
real and positive. Therefore, the objective function above is real and the optimization problem
well deﬁned. Here, we follow the paper [5] and reduce the optimization to a series of quadratic
programming problems. First, a Taylor expansion of the objective function in the vicinity of the
current value Xk is carried out
log det(X + δI) ≈ log det(Xk + δI) + trace (Wk (X − Xk )) ,

(12)

where Wk = (Xk + δI)−1 denotes the weighting matrix. The weighting matrix is evaluated
numerically. Thus, the linearization of the surrogate function (12) has only a dependence on
design parameters in the second factor (X − Xk ). The algorithm is illustrated in Box 1. The
linearization of objective leads to real-valued Hessian Hjl and real-valued linear part fj with




fj = Re trace Wk (BH
.
(13)
Hjl = Re trace Wk (BH
j Bl )
j B0 )
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Algorithm 1 Algorithm for dispersion design based on log-det heuristic proposed in [5].
Require: X  0, δ > 0, ≥ 0, K = ∅

 denotes semi-deﬁnite matrix

1: procedure M IN R ANK L OG D ET(X(s), K, s0 , δ, , maxiter)
2:
X0 ← X(s0 )
3:
k←0
4:
repeat
5:
Wk ← (Xk + δI)−1
6:
sk+1 = arg mins∈K trace (Wk (X − Xk ))
7:
Xk+1 ← X(sk+1 )
8:
k ←k+1
9:
until (k > maxiter) ∨ (||sk+1 − sk ||2 < )
10:
return sk
11: end procedure

Call quadratic programming solver

Computation with double precision leads to tiny imaginary parts in the coefﬁcients. Therefore,
taking the real part is necessary.
The presented above algorithm is illustrated now with two algebraic examples. Both example
use double precision arithmetic and a value of the regularization parameter δ = 10−3 .
Algebraic example 1. First, a real-valued example is considered, where Hermitian transpose
and usual transpose coincide. Find values of two parameters s = [s1 , s2 ] within an admissible
set K = [0, 1] × [0, 1] that minimize the rank of a square matrix X ∈ R4×4 given as
X = AT A,

A = B 0 + s 1 B 1 + s2 B 2

(14)

with afﬁne representation of matrix A with matrices Bi deﬁned as
⎡

5000

⎢
⎢ 20
B0 = ⎢
⎢ 1/3
⎣
1/3

20

1/3 1/3

⎤

⎡

−1 −1 −1 −1

⎥
⎢
5/4 1/3 1/4 ⎥
⎢ −1 0 −1 0
⎥ B2 = ⎢
⎢ −1 −1 −1 −1
⎥
1/3 1/3 1/3 ⎦
⎣
−1

1/4 1/3 1/4

0

−1

0

⎤

⎡

0

0

0

0

⎤

⎥
⎢
⎥
⎥
⎢ 0 −2 0 −2 ⎥
⎥ B3 = ⎢
⎥
⎢ 0 0 0 0 ⎥.
⎥
⎦
⎣
⎦
0 −2 0 −2
(15)

This RMP has the global minimum
⎡


1
1
A s1 = , s2 =
3
8



⎢
⎢
=⎢
⎢
⎣

⎤

224973482
9
885118
9

885118
9
3490
9

0

0

⎥
0 0 ⎥
⎥
0 0 ⎥
⎦

0

0

0 0

0 0

⇒ rank(X) = rank(AT A) = 2.

(16)
The log-det surrogate function shown in Figure 1 has its global minimum very close to the
global minimum of the original problem. The global minimum is observed at the cross-section
of two valleys where deﬁcit of rank is one. Decreasing the regularization parameter would make
the valley ﬂanks steeper but it does not change qualitatively the shape of the objective function.
The evolution of the surrogate objective over iterations is also shown in Figure 1. Convergence
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Figure 1: Surrogate objective function log det (X + δI) for the algebraic example with a regularization δ = 10−3
(left). Convergence of the surrogate objective (right) from starting value [1/6, 1/12].

is achieved from starting value [1/6, 1/12] to the rank-2 solution
⎡
2.5e7
9.83e4
0.0264
⎢
388.0
1.09e − 4
⎢ 9.83e4
∗
X (s1 = 0.333328, s2 = 0.125539) ≈⎢
⎢ 0.0264 1.09e − 4
1.11e − 9
⎣
0.00515 −9.72e − 4 −1.13e − 8

0.00515

⎤

⎥
−9.72e − 4 ⎥
⎥
−1.13e − 8 ⎥
⎦
2.32e − 6
(17)

with two lowest eigenvalues below 10−5 within ten iterations.
Algebraic example 2. The second algebraic example treats a complex-valued square matrix
X ∈ C3×3 depending on two parameters s = [s1 , s2 ] within an admissible set K = [0, 1] × [0, 1].
Hermitian semi-positive matrix X is deﬁned as
X = AH A,

A = B 0 + s 1 B 1 + s2 B 2

with matrices Bi deﬁned
⎡
5/4
1/3 −1/12 + i/3
⎢
1/3
1/3
i/3
B0 = ⎢
⎣
5
−1/12 + i/3 i/3
− 12
⎡
⎤
0
−1 1 − i
⎢
⎥
⎥
−1
−1
−i
B2 = ⎢
⎣
⎦
1 − i −i
2
This RMP has the global minimum
⎡
⎤
1
0
0


⎢
⎥
1
1
0 0 0 ⎥
A s1 = , s2 =
=⎢
⎣
⎦
3
8
0 0 0

(18)

⎤
⎥
⎥
⎦

(19)
⎡

0

−1 1 − i

⎢
B3 = ⎢
⎣ −1 −1
1 − i −i

⇒
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⎥
−i ⎥
⎦.
2

(20)

rank(X) = rank(AH A) = 1.

(21)
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Log-det heuristic approximates this solution within ten iterations s1 = 0.334057, s2 = 0.126277
from starting value [1/6, 1/12]
⎡
⎤
0.995
−0.000721 + 0.00000133 i −0.00182 − 0.000722 i
⎢
⎥
⎥.
−0.000721
−
0.00000133
i
0.00000157
(1.33
+
0.247
i)e
−
6
X∗=⎢
⎣
⎦
−0.00182 + 0.000722 i
(1.33 − 0.247 i)e − 6
5.62e − 6
(22)
and it demonstrates work of the log-det heuristic for a Hermitian semi-positive matrix.
4

COMBINATION WITH REDUCED-ORDER TECHNIQUES

Increasing size of the representative patch increases rapidly cost of evaluation of the coefﬁcient of quadratic programming problem in (13). Therefore, reducing dimension of the
ﬁnal RMP is very important. Here, a naive projection of the problem onto a reduced basis
Φ ∈ Cnrep nw ×nr , nr  nrep nw is proposed in form
¯ = rank(ΦH X(s)Φ).
J(s)

(23)

Accuracy and efﬁciency of the reduced problem depends strongly on the reduced basis. Ideally,
it should contain the kernel of the matrix X at the solution point s∗ and have comparable dimension. Practically, using few consequent eigenmodes of A at the initial approximation s0 is
possible and used herein. Formally, this reduce basis can be written in block-diagonal format
with


Φ = diagj=1,nw [eig(Aj (s0 ))]:,nl ..nu ,
(24)
where eig is an operator returning in columns eigenmodes in ascending order w.r.t. real part and
an operation :,nl ..nu returns columns nl , nu of a matrix. This construction of the reduced basis
yields the reduced dimension
nr = nw (nu − nl + 1)

(25)

The surrogate log-det function for the rank is computed in the same manner as for the full
problem. Finally, a following minimization problem is solved

(26)
s∗ = arg min log det (ΦH X(s)Φ + δI) ,
s∈K

where the dimension of identity matrix is adjusted to nr .
We expect that the inﬂuence of reduced-order technique is two-fold. First, the dimension of
the problem signiﬁcantly reduces. Second, the conditioning of the matrix ΦH X(s)Φ is better
than for full matrix X(s), which helps log-det heuristic to converge faster and allows lower
values of the regularization parameter δ. However, checking these two hypothesis goes beyond
the contribution.
Algebraic example 3. This example uses setup of algebraic example 1. The inﬂuence of the
reduced basis on the quality of the solution is studied in for two reduced bases
⎤
⎡
⎡
⎤
0 0
1
0
⎥
⎢
⎢
⎥
1 ⎥
⎢ 0 1/5 ⎥
⎢ 0
⎥
⎢
⎢
⎥.
Φ2 = ⎢
(27)
Φ1 = ⎢
⎥,
⎥
1
−1
−1
0
⎦
⎣
⎣
⎦
1

1

0
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The former basis is very close to the kernel of the matrix X at the solution point
⎡

0

0

⎤

⎥
⎢
⎢ 0 0 ⎥
⎥
ker(X) = ⎢
⎢ 1 −1 ⎥ .
⎦
⎣
1

(28)

1

The surrogate objective function for the reduced basis Φ1 is shown in Figure 2 (left). It has
a global minimum close the exact one. The surrogate objective function for the reduced basis
Φ2 does not depend on the parameters and it cannot be used. It is an example of extremely
unfavorable choice of the reduced basis. Convergence to a solution s1 = 0.333337, s2 =
0.125002 is obtained within 10 iterations. Evolution of the objective during iteration process is
shown in Figure 2 (right). The absolute values of objective for the reduced problem are different
the full one, which is also clear from comparison of Figure 2 and 1.

Figure 2: Surrogate objective function log det (ΦH X(s)Φ + δI) for the algebraic example with a regularization
δ = 10−3 using the reduced basis Φ1 (left). Convergence of the reduced surrogate objective (right) from starting
value [1/6, 1/12].

5

NUMERICAL EXAMPLE

A mechanical example illustrates performance of the proposed approach. A periodic system
with a uniform back-bone mass-spring chain and a side branch at every second mass element
is shown in Figure 3. Dimension of the representative patch is ﬁve, while seven continuous
parameters deﬁne system properties. The mass and stiffness constants in the back-bone are
ﬁxed. Three mass and four stiffness parameters of the side branch can be varied within ranges
given in Figure 3. Stiffness parameters are denoted with letter β to avoid any confusion with
the wavenumber denoted with letter k.
The aim is to obtain a dispersion design with an almost constant frequency branch, which
also provides a near to zero group velocity. Five target wavenumber-frequency pairs are used
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Figure 3: Setup for a periodic discrete system. Overall view on 1D linear mass-spring system with side branch
(left) and a zoom in a repetitive structure with topology, parameters and their ranges (right).

with
nw = 5,

akj =

πj
,
nw + 1

ωj =1.58,

j = 1, nw ,

(29)

where 2a is the physical length of repetitive structure, as shown in Figure 3. At these pairs,
the RDSM should be singular and it is achieved by minimizing the rank of the corresponding
matrix via log-det heuristic. Three starting value sets for design parameters are listed in Table 1.
The regularization parameter δ = 3 · 10−8 , convergence tolerance  = 10−10 and maximum 15
iterations is used in the log-det heuristic.
A solution is obtained after 15 iterations and the ﬁnal values are given in Table 1. Reduction
of the surrogate objective over iterations is given in Figure 4. These curves have very steep
initial phase. Eventually, they ﬂatten and come to saturation. If the convergence tolerance  for
the increment of parameter vector is not reached then the algorithm iterates until the maximum
iteration number is reached.
Case
Starting values, set I
Starting values, set II
Starting values, set III
Result, set I
Result, set II
Result, set III
Result for ROM, set I
Result for ROM, set II
Result for ROM, set III

β1
1.000
1.000
.3000
1.098
1.089
.3000
.3558
.3752
.3442

β2
1.300
.5000
.5000
.3000
.3000
.3000
.3000
.3000
.3153

β3
.6000
.6000
.6000
.3009
.3001
.3000
.3000
.3000
.3000

β4
.1000
.1000
.1000
.3245
.2883
.0009
.2932
.2735
.2483

m1
1.000
.5000
.5000
.4443
.4359
.2681
.2000
.2000
.2000

m2
2.000
1.000
2.000
.5395
.5731
.8135
.3950
.2700
.3209

m3
1.200
1.200
2.000
.2848
.2676
.2009
.2759
.2912
.2646

Table 1: Starting and ﬁnal values for dispersion design parameters of the periodic discrete systems.

Figure 5 illustrates the dispersion behavior for the obtained system for starting set I and III.
Result obtained with set II is very similar to one obtained for set I. The obtained system satisﬁes
the desired property of having a constant frequency branch for initial set I and II. Notably,
this branch is crossed by another branch and it is formed by third frequency for wavenumbers
ak < 2.02 and fourth frequency otherwise. Information about the order of frequencies was not
speciﬁed in the algorithm. Such a behavior illustrates the advantage of the proposed approach
over standard methods, where the objective is formulated with respect to a speciﬁc frequency.
Solution obtained from the starting set III is different and it satisﬁes the rank deﬁcit condition
only at four out of ﬁve points.
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Figure 4: Convergence of the surrogate objective for initial parameter set I (left) and set III (right).

Figure 5: Dispersion behavior of the designed periodic discrete system with prescribed constant frequency ω =
1.58. Initial and ﬁnal dispersion behavior for initial parameter set I (left) and set III (right).

Reduced-order technique presented in Section 4 is now applied to dispersion design problem.
Dimension of the original system is nw nrep = 25. Here, three eigenmodes in span nl = 2 and
nu = 4 per sampling pair is used. Thus, the problem is reduced to the size nw (nu − nl + 1) = 15
as explained in equation (25). This reduction is not drastic and it only served to check algebraic
correctness of the approach.
Similar results are obtained for three starting parameter sets, see Table 1 and Figure 6. For
all initial sets, third branch branch crosses all target pairs and these solutions are considered as
satisfactory.
The considered example is undetermined, i.e. it has seven parameters and ﬁve conditions
to be fulﬁlled. It is not a surprise that more than one solution is inside the admissible set K
and they are obtained with the proposed approach. It is also clear that the inﬂuence of starting
approximation and algorithm setting is signiﬁcant.
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Figure 6: Dispersion behavior of the designed periodic discrete system with prescribed constant frequency ω =
1.58. Initial and ﬁnal dispersion behavior for initial parameter set II (left) and set III (right) obtained with reducedorder technique.

6

CONCLUSIONS

This contribution considers a special problem of design of 1D periodic discrete systems
whose dispersion branch matches a prescribed dependency. For this problem, a new class of
performance functions is proposed that explicitly depends on the design variables and does not
require tracking of eigenmodes. This performance function is derived in several steps. First, a
match to a dispersion branch is collocated in few discrete wavenumber-frequency pairs. Second,
this match at discrete pairs is understood as the deﬁcit of the representative dynamic stiffness
matrix’s rank. Thus, sum of these ranks is identiﬁed as a possible performance function and
its reduction means quality improvement of the design. Third, the latter rank minimization
problem is solved using log-det heuristics. Here, a modiﬁcation for a case of square complexvalued matrices is proposed. Fourth, the log-det heuristics reduces the problem to a series
of quadratic programming problems. The coefﬁcients of the objective quadratic function are
obtained here for the case of afﬁne dependency of the mass and stiffness matrices on the free
parameters.
Combining the proposed approach with reduced-order techniques is shortly discussed and a
version of the reduced basis is proposed.
This approach is illustrated with several algebraic examples and one mechanical example.
First algebraic example demonstrates the basic features of the rank minimization using log-det
heuristic. Second algebraic example conﬁrms the extension of the log-det heuristic for Hermitian semi-positive matrices. Third algebraic example demonstrates validity of projection-based
reduction for rank minimization problems. Finally, a mechanical periodic system is considered
and the concept of the dispersion design using log-det heuristic is demonstrated.
Further efforts may be focused on extending the approach to damped systems (achieving
so-called metadamping [7]) and exploring the method for larger or multidimensional systems.
Also, ﬁnding further explicit performance functions for different types of target dispersion behavior is of high scientiﬁc interest.
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RESPONSE
T. Willerding
INTES GmbH
Breitwiesenstraße 28
70565 Stuttgart, Germany
e-mail: tobias.willerding@intes.de

Keywords: Preconditioner, modal frequency response, iterative solver, complex eigenvalue
problem
Abstract. In frequency response analysis, it is of interest to simulate the dynamic response of
a system for many excitation frequencies. In order to accelerate the calculation, the system is
ﬁrst transformed to modal space by calculating a limited set of eigenvectors and eigenvalues.
In this way, the number of degrees of freedom can be reduced from e.g. 50 million to 50,000.
However, due to the existence of structural and viscous damping, the system matrix in modal
space is dense in a general case.
In this work, a method to generate a preconditioner for the solution of modal frequency response is proposed. First, a decomposition of the system matrix at one excitation frequency is
performed using a direct method (e. g. LU decomposition). In a second step, this decomposition
is modiﬁed for different excitation frequencies in an efﬁcient way, by using a complex eigenvalue
problem. Although the modiﬁed decomposition is no longer exact, it has excellent characteristics to be used as a preconditioner in an iterative method. Using a complex eigenvalue problem
and a decomposition update has already been proposed in [1] for a direct solution method.
However, in this work, the focus is on an iterative method.
By making use of the structure of the system matrix, it is possible to split the product Ax
in the iterative solver in multiple parts to iterate many right hand sides (for equal or different
excitation frequencies) at once. In this way, the iterative solver can make use of dense matrixmatrix multiplications, using BLAS Level-3 [6], which results in better performance.
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1

INTRODUCTION

In modern ﬁnite element software (e.g. PERMAS [9]), an important problem is the calculation of the response of a system subject to harmonic loading. The system can represent a
large ﬁnite element model such as a car (see ﬁgure 1), an aircraft or a ship. It is also important
in the design of machine tools [3], spaceﬂight [4] or in acoustic analysis [5]. The dynamic
response is calculated with frequency response analysis. This analysis is performed for many
(e.g. 1000 or more) excitation frequencies. The solution at each excitation frequency requires
the solution of a linear equation system with millions of unknowns in modern applications. In
order to speed up the calculation, the dynamic system is typically transformed to modal space.
This is achieved by calculating a limited number of eigenvalues and eigenvectors of the original
system. The quality of the transformation depends on the dimension of the modal space, e.g.
the number of calcuated eigenvalues. !

Figure 1: Porsche 996, by courtesy of Dr. Ing. h.c. F. Porsche AG

In modal space, the mass and stiffness matrix are diagonal matrices, which is very convenient
for the frequency response analysis. However, a ﬁnite element model also often contains damper
elements or structural damping, which results in dense damping matrices in modal space. Kim
and Benninghof [1] noted, one of the two dense matrices can be diagonalized in modal space
by solving another complex eigenvalue problem. However, one dense matrix remains. If this
matrix is of low rank, the inverse can be updated easily with the Woodbury matrix identity as
noted by Kim and Bennighof. However, if the viscous damping matrix has full rank, there is no
advantage in doing this.
In this work, an idea is presented to solve this problem with an iterative solver, where the
inverse of the system matrix at a reference frequency is calculated and this solution is modiﬁed
by solving a complex eigenvalue problem, similiar to the work by Kim and Bennighof. The
iterative solver could be a purely iterative method (e.g. Jacobi iteration) or a more sophisticated
method like GMRES [2].
2

THEORY
In frequency response, the solutions x̃ ∈ Cn to the equation



−ω 2 M̃ + iω D̃ + i H̃ + K̃ x̃ = Ã (ω) x̃ = b̃

(1)

for different ω ∈ R have to be calculated. M̃ ∈ Rn×n is the mass matrix, D̃ ∈ Rn×n is
the viscous damping matrix, H̃ ∈ Rn×n is the structural damping matrix and K̃ ∈ Rn×n is
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the stiffness matrix. In addition, on the right hand side, there is a loading vector b̃ ∈ Cn . i
represents the imaginary unit. The matrices M̃, K̃, D̃ and H̃ are symmetric in most cases,
but they may also include rotational effects or special elements, that result in a non-symmetric
problem. In this work, only the symmetric case is considered. Furthermore, it is assumed that
the matrices D̃ and H̃ are positive semi-deﬁnite.
In modal frequency response, a generalized eigenvalue problem for K̃ and M̃ is solved
for a limited number of eigenvalues m and the system is transformed to modal space. Using
a transformation matrix Φ, we can transform the matrices to modal space: M = ΦT M̃Φ,
D = ΦT D̃Φ, H = ΦT H̃Φ, K = ΦT K̃Φ. The load is transformed as b = ΦT b̃ and the
displacement vector is x = ΦT x̃. Finally we arrive at the following equation system in modal
space:

(2)
−ω 2 M + iωD + iH + K x = A (ω) x = b.
The transformed system has a diagonal mass matrix M, a diagonal stiffness matrix K and a
dense viscous damping matrix D and a dense structural damping matrix H. The system size
is reduced from n × n to m × m. In this work, this system is investigated to be solved with
an iterative method. In general, iterative methods need a preconditioner to converge within an
acceptable number of iterations.
3

PRECONDITIONING

In order to judge the quality of the preconditioner, the convergence criterion of a purely
iterative solver is used, because it is very simple and easy to understand. The equation Ax = b
is iteratively solved using a preconditioner P. This means that every eigenvalue λ of I − P−1 A
must fulﬁll

(3)
|λ I − P−1 A | < 1.
It is desirable to construct a preconditioner that works for k values ω1 < ωi < ωk . First, a
reference circular frequency ωref with ω1 < ωref < ωk is selected and a direct solution method
(e.g. LU decomposition) is used to calculate the inverse of Aref = A (ωref ). However, this
reference inverse is insufﬁcient as a general preconditioner and it must be modiﬁed to adapt it
to each individual circular frequency ωi as will be seen later.
The idea consists of approximating the difference between A (ω) and A (ωref ) with a matrix
S and an ω-dependent scalar factor f (ω). This approximation of A (ω) ≈ P = A (ωref ) +
f (ω) S is taken as preconditioner.
In general, the difference between A (ω) and A (ωref ) can be expressed as
A (ω) = A (ωref ) + ((A (ω) − A (ωref ))

2
M + i (ω − ωref ) D
= A (ωref ) + −ω 2 + ωref

(4)

In this work, only an approximation of the mass matrix is considered. The reference matrix
Aref is modiﬁed with the mass matrix M, multiplied with a scalar function f (ω).

2
(5)
A (ω) ≈ A (ωref ) + −ω 2 + ωref
M = A (ωref ) + f (ω) M = P
The expression is now transformed as follows,
P−1 = (Aref + f (ω) M)−1 =
=
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(6)
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−1
Next, we solve a complex eigenvalue problem of A−1
ref M = QΛQ . We can now replace
−1
Aref M with an orthonormal eigenvector matrix Q and the eigenvalue diagonal matrix Λ:

P−1 = (Aref + f (ω) M)−1 =

QQ−1 + f (ω) QΛQ−1

−1

A−1
ref

(7)

= Q (I + f (ω) Λ)−1 Q−1 A−1
ref .
This expression for P−1 is quite interesting, because ﬁrst the right hand side is multiplied
with the reference inverse A (ωref )−1 and then with the eigenvector matrices Q and a diagonal matrix, that is different for each ω. With the deﬁnitions U = Q, V = Q−1 A−1
ref and
−1
G (ω) = (I + f (ω) Λ) , we can write this as
P−1 = (Aref + f (ω) M)−1 = UG (ω) V.

(8)

As can be seen, the only term that is ω-dependent is G, which is a diagonal matrix. In the next
section, it will be shown that this preconditioner can be evaluated in a very efﬁcient manner.
However, ﬁrst, the preconditioner quality is discussed. GNU Octave [7] is used for the
evaluation of the eigenvalues. A matrix A of the size m = 100 is selected, which corresponds
to 100 modes calculated. The stiffness matrix K is the identity matrix in modal space. The mass
matrix M is also diagonal and we set the valus of M equal to Mii = 1/i2 , which corresponds
to circular eigenfrequencies ωi = i. Furthermore symmetric, positiv semi-deﬁnite matrices are
chosen for H and D. The eigenvalues of H and D are set to be randomly equally distributed
between 0 and dmax or hmax , respectively. In addition, we select a reference frequency ω = 50
and look at the absolute largest eigenvalue between ω = 0 and ω = 100. Depending on the seed
of the random generator, the eigenvalues of I − P−1 (ω) A (ω) look slightly different, but the
general picture is as seen in ﬁgure 2 and 3.

Absolute largest eigenvalue

3
P = Aref
P = Aref + f (ω) M

2.5
2
1.5
1
0.5
0
0

20

40
60
Circular frequency ω

80

100

Figure 2: Plot of the absolute largest eigenvalue of I − P−1 (ω) A (ω) for two different preconditioners, inverse
only and inverse with mass matrix modiﬁcation. dmax = 1.0 × 10−4
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Figure 3: Plot of the absolute largest eigenvalue of I − P−1 (ω) A (ω) for two different preconditioners, inverse
only and inverse with mass matrix modiﬁcation. dmax = 1.0 × 10−2

Using these deﬁnitions for M, D, H and K, ﬁgures 2 and 3 show the absolute largest eigenvalue of I − P−1 (ω) A (ω) for different values of dmax . As can be seen in the ﬁgure, at ω = ωref ,
the absolute largest eigenvalue is zero as expected. The inverse is - of course - the perfect preconditioner. For other frequencies the absolute largest eigenvalue is monotonously rising with
ω. If only the inverse at the reference circular frequency ωref is taken as preconditioner, it can
be seen that the absolute largest eigenvalue is rising quickly, depending on damping dmax . The
higher the damping, the better the inverse for neighbouring frequencies. If the inverse is modiﬁed with the above mentioned approach, the largest absolute eigenvalue is rising much more
slowly and remains below or equal to 1 in the investigated interval. Even in cases, where the
inverse-only preconditioner rises quickly as seen in ﬁgure 2, the absolute largest eigenvalue of
the modiﬁed inverse stays below 1. The reason for this will be investigated in future work.
4

IMPLEMENTATION

In order to use this formulaton, it is useful to have an efﬁcient evaluation of the product
A (ω) x and the application of the preconditioner. The matrix is deﬁned as

−ω 2 M + iωD + iH + K x = b.
(9)
In an iterative solver, the desired value is the residual r with

r = b − −ω 2 M + iωD + iH + K x.

(10)

This can be rearranged to
r = b + Mxω 2 − iDxω − iHx − Kx.
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By deﬁning the matrix

⎡

ω1

⎢
⎢0
Ω=⎢ .
⎣ ..
0

⎤
··· 0
.
⎥
ω2 . . 0 ⎥
.⎥
.. ..
.
. .. ⎦
· · · 0 ωq
0

and assembling q right hand sides


B = b (ω1 ) b (ω2 ) · · · b (ωq ) ,

(12)

(13)

it is possible to calculate residuals for multiple right hand sides with different ωi at once instead
of calculating each vector x with a different A(ω). With the iteration vectors


(14)
X = x (ω1 ) x (ω2 ) · · · x (ωq )
the R can be expressed as
R = B + MXΩ2 − iDXΩ − iHX − KX.

(15)

The preconditioner is applied to the residual r in order to get an increment on x:
dx = P−1 r = UG (ω) Vr.

(16)

The diagonal matrix G (ω) can be converted to a column vector g. Next, preconditioner vectors
for multiple right hand sides can be assembled to form a matrix


GR = g (ω1 ) g (ω2 ) · · · g (ωq ) .
(17)
In other words, just like the product A (ω) x, also in this case multiple vectors can be iterated
at once:
dX = P−1 R = U (GR  (VR)) .

(18)

Here  symbolizes the Hadamard product [8]. The Hadamard product is a entry-wise multiplication of matrices. Both matrices must have the same dimension. The total operation count per
iteration and vector is a bit higher than compared to the case, where each vector is iterated with
the assembled matrix. However, modern CPU architecture is limited by memory bandwidth and
the proposed method can make full use of the CPU as only dense matrix multiplication are performed. These can be efﬁciently performed with Level-3 BLAS [6], for example. A benchmark
test case will be performed in future work.
5

CONCLUSIONS

In this work, the construction of a preconditioner for modal frequency response has been
presented. The inverse of the system matrix is calculated at a reference frequency with a direct
solution method (e.g. LU decomposition). The decomposition is modiﬁed by ﬁrst solving a
complex eigenvalue problem. By solving a complex eigenvalue problem, the frequency speciﬁc
modiﬁcation information is limited to diagonal matrices. These diagonal matrices can be transformed to a column vector and efﬁciently evaluated by performing a Hadamard product with the
iteration vectors. The absolute value of the eigenvalues of I − P−1 A are below or equal 1, if the
reference frequency is in the middle of the interval of interest. The absolute largest eigenvalue
of I − P−1 A is slowly rising from zero at the reference frequency to 1 at the integration bounds.
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Abstract
High-rise buildings with unusual shapes and high-technological systems are commonly used
by companies to represent their economic power. In many cases, equipment consisting of
LED screen walls is frequently not compatible with wind-induced displacements and accelerations experienced at high floors. The aim of the research work is to design and optimize a
control device for response reduction of a prismatic room equipped with LED screen walls on
all sides. The control system is a passive sliding device located at the base of the room disconnecting the LED supporting frame from the building’s floor. Fragility analysis is carried
out to compute the probability of exceeding predetermined displacements and acceleration
thresholds with and without the control system.
Keywords: Video walls, high-rise building, wind-induced vibration, wind tunnel tests, base
isolation.

1

INTRODUCTION

The wind induced vibration is an important topic for high-rise building with unusual shape
because torsional effects and large oscillation along and across wind may affect the occupants’ comfort largely discussed in literature [1-7]. A few information and recommendations
are given by codes and literature for non-structural elements inside buildings that can be severely damaged and therefore can influence costs of construction and maintenance. This is the
case of LED screen walls which are used to disseminate entertainment messages and information. They are sensitive to the floor wind induced vibration that can give significant deformation to the wall and a consequent malfunctioning or collapse.

1941

The LED screen walls operation is frequently not compatible with wind-induced displacements and accelerations experienced at high floors in high-rise buildings. The proper functioning of these high-technological devices can therefore require the installation of local
control systems to reduce wind induced vibrations.
In this paper, the wind-induced response of a LED video screen room was reduced by
means of passive control system consisting in a base isolated floor which disconnects the substructure from the building. The probability of exceeding predetermined displacements and
acceleration thresholds with and without the control system was investigated through fragility
analysis based on the PEER integral equation [8-10]. This allows to consider all the possible
sources un uncertainties involved in the problem, like those related to wind load characterization, structural modeling and analysis and damage occurrence [11-14]. Calculation was computed on the high-rise building illustrated in Fig.1 and discussed in Section 3. Metti un
riferimento ad un tuo articolo precedente

Fig. 1 Numerical model of the pultruded GRP-Tubes substructure Metti un riferimento all’articolo da dove hai
preso la figura (se già pubblicata)

2

PROBABILITY-BASED DESIGN APPROACH

The proposed methodology for the design of video screen rooms inserted in high-rise buildings accounts for randomness in the load characterization, the structural response estimation
and the damage occurrence and exploits the PEER (Pacific Earthquake Engineering Research)
equation [8, 9]. The annual probability of exceeding a selected level of damage is computed
as follows:

where DS is the selected damage state; EDP is the engineering demand parameter associated
to the i-th DS;
is the fragility curve, i.e. the complementary cumulative distribution function (CCDF) evaluated for the specific EDP(DS) under investigation; the term
represents the probability density function (PDF) of the intensity measure (IM),
represents
i.e., the reference mean wind speed evaluated at Z/H; the term
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the probability density function (PDF) of the selected EDP conditional on the value of IM.
This probability is evaluated by considering the N experimental realizations of the structural
response components (EDP) evaluated from the FE model.
The EDP are associated to the lateral deformation of a video component (i.e. with and without
isolation system); the hammer effect on the corner (i.e. with and without isolation system);
acceleration-dependent damages on mechanical components (i.e. with and without isolation
system); the achievement of the maximum allowable stroke of the base isolation system.
3

THE CASE STUDY

3.1 The structural setup
The case study structure is a 300 m high building with 138 × 138 m footprint. The building
has 60 floors above ground and interstory height of 5.00 m [15]. It is assumed that inside the
building a technological equipment is inserted consisting in LED screens joined to one another to reproduce screen walls on the lateral surfaces of the room, on the ceiling and on the floor.
The screens are supported by a pultruded GRP-Tubes substructure (Fig.2) that is pinned to the
building floors. A Finite Element Model of the substructure has been built, using frame and
shell elements to perform dynamic analyses.

2.8 m

4.0 m

4.0 m

Fig. 2 Numerical model of the pultruded GRP-Tubes substructure

3.2 Wind tunnel setup
The floors’ accelerations obtained from wind tunnel tests on a 1:400 reduced scale aeroelastic
model of the tall building are used to evaluate the response of the substructure. Accelerations
were acquired on an aeroelastic model with a sampling frequency equal to 1000 Hz for a time
length equal to 180 s. At the prototype scale it corresponds to a time step equal to 0.05 s and a
time length equal to 9000 s (i.e. 15 intervals 10 minutes long). Figure 3 shows a picture of the
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test model during experiments. The model was equipped with 6 mono-directional accelerometers fixed on 6 floors. The main frequency of the aeroelastic model was equal to 5.86 Hz and
the structural damping ratio was around 2%. The wind velocity profile was assumed equal to
the Terrain IV given by [16].

Figure 3: Test model during experiments.

Figure 4 shows the relative peak displacements at the corner of the substructure illustrated in
Fig.2. Results illustrated in Fig.4 suggest that after the 30th floor and for a wind speed bigger
than 40 m/s at the building top, the substructure’s displacements and accelerations are not
compatible with the proper functioning of the video screens. Indeed, to avoid damage to video
wall components, the relative displacements should be contained within a few millimeters.
Therefore, it can be suitable equipping the substructure with devices able to reduce the video
room response, to avoid damage and ensure proper operating conditions.

Figure 4: Relative (į) peak displacements as a function of wind velocity (U) and height above ground (z/H) at
corner of the substructure.
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3.3 The base isolation system
To reduce the wind-induced vibration response, a passive control system is designed, consisting in a base isolated floor which disconnects the substructure from the building. The behavior of the base isolation devices has been modeled by a bilinear force-displacement hysteretic
model, with Ks being the stiffness associated to the second branch. The model consists of a
spring and a slider and it is similar to devices used for the protection of industrial equipment
[17]. The period of the system is defined as T=2ʌ(M/Ks)0.5 where M is the structure’s mass
and Ks represents the spring’s stiffness.
Figure 5 shows the results of the parametric analysis on the variation of the device’s period T
and the friction coefficient ȝ for the case z/H=1 and U = 111.8 m/s, in terms of relative displacements į (Fig. 5). The period T varies with the change of Ks, whose interval of investigation ranges from 0.18 to 2793 kN/m. Three different values of the friction coefficients μ = 0.1,
μ = 0.3, μ = 0.5 are considered. From the figure it is possible to observe that the relative displacements (į) are closely reduced with respect to those obtained without the isolation system.

Figure 5: Corner’s relative displacements į as a function of the period T of the base isolation device.

3.4 The damage limit states
The main objective of the present paper is the evaluation of the probability-based performance
of a video wall room integrated in a high-rise building by accounting for the occurrence of
damages associated to the video components with and without a base isolation system. Hence,
four different DS are considered (Table 1): the lateral deformation of a video component; the
hammer effect on the corner; acceleration-dependent damages on mechanical components; the
achievement of the maximum allowable stroke of the base isolation system.
The isolator has the capacity of providing the restoring force (given by the spring) and the capacity of limiting the maximum displacements (given by the friction force originated at the
slider). Consequently, a force is transmitted to the structure equal to the combination of the
friction force, due to the friction of the slider, and the reaction force of the spring as a function
of the stiffness of the spring.
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Table 1 Damage limit states and thresholds considered for the design of the video wall room.
Type of damage (DS)
Classification
DS1: Lateral deformation of a video component
DS2: Hammer effect on the corner
DS3: acceleration-dependent damages on mechanical components
DS4: achievement of the maximum allowable
stroke of the base isolation system

Non-structural
Non-structural
Non-structural

a

Structural

In Table 1, and a represent the absolute displacement and acceleration of the video’s supporting structure, is relative displacement of two orthogonal faces of the supporting structures,
refers to the base isolation system’s stroke.
4

EVALUATION OF DAMAGE PROBABILITY

defined in Eq. 1 can be summarized according to the following
The calculation of
steps:
1. Select the damage state DS and evaluate the corresponding fragility curve
by means of a lognormal distribution. The selected values of μ and
are reported in Table 2.
2. Evaluate the PDF of mean wind speed annual maxima
at the reference
height
according to [18] for suburban terrain, which is compatible with the mean
wind profile of the wind tunnel tests.
3. Evaluate the maximum structural response component EDP for each realization of the
experimentally recorded acceleration, i.e., 15 values.
4. Assess the PDF of EDP by means of a GEV distribution that gives the best fitting of
the experimental values.
5. Repeat steps 4-5 for all possible IM values to find by sampling.
Table 2 Fragility curves: mean values and standard deviations [14].
Parameters
ǻ
į
μ
0.01 m
0.002 m
0.5
0.5

5

a
0.5 g
0.6

ǻL
0.1 m
0.5

NUMERICAL RESULTS

of DS1, DS2, DS3 and DS4, as a function
Figure 6 shows the annual damage probabilities
of the height above ground z/H for video wall room integrated in a high-rise building by accounting for the occurrence of damages associated to the video components with and without
a base isolation system. Reductions of more than 50% are noticeable at the top floor for DS1,
DS2 and DS3. It is worth noticing that higher values associated to z/H=0.83 are due to relevant peak accelerations recorded during the wind tunnel tests. For this reason, the damage
probability associated to DS4, which represent the exceeding of the maximum stroke of the
base isolations system, is significant only for z/H=0.83.
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Fig. 6 Annual damage probability as a function of the floor height z/H varying between 0 and 1 with (Con) and
without (Unc) the base isolation system: a) DS1); b) DS4; c) DS2; d) DS3.

6

CONCLUSIONS

The paper investigates the behavior of a base isolation system calibrated to increase the reliability of non-structural elements affected by wind induced acceleration at building’s floors. A
probabilistic framework for fragility assessment has been developed whose main features are:
• numerical simulations are carried out on a FE model of the video room by using the
floors’ accelerations measured during aeroelastic wind tunnel tests on a scaled model
of the high-rise building .;
• uncertainties associated with the experimental assessment of the wind-induced accelerations and with the structural modeling and the damage estimation are considered;.
• the parameters of the base isolation system with hysteretic non-linear behavior are calibrated as a function of location along the building height to avoid the excessive lateral
deformation of the video components, the hammer effect at the corner, the acceleration-related damage and the exceedance of displacement limits of the isolation devices;
• the isolation system performance was discussed through a fragility analysis to compute the probability of exceeding predetermined displacements and acceleration
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thresholds with and without the control system. It was observed that on the building
top the reliability was increased of more than 50%.
7
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Abstract
Fragility curves are a well-established tool to define probabilistically the vulnerability of an
asset to a prescribed hazard. The majority of previous studies have investigated the seismic
fragility of structures and infrastructures. Nonetheless, recent disasters have highlighted the
need to assess the vulnerability of aging bridges to gravity loads. Based on existing data from
the literature and novel data from some real case studies, the present work presents analytical fragility curves of Italian bridges to traffic loads. The class of simply supported, beamtype, prestressed concrete bridges constructed between 1960 and 1980 was considered, given
that those structures are the most recurrent type of existing Italian bridges. Then, a fragility
analysis was performed through a fully automated procedure implemented in MATLAB. Geometric, material and load parameters were defined as random variables considering their
probability distribution and correlation through either univariate or multivariate models.
Structural fragility was evaluated with respect to the limit state of collapse. The output of this
study can be of interest to engineers and decisions makers who must manage existing bridges,
considering their probability of collapse under traffic loads and eventually limiting their use
before structural retrofitting.
Keywords: Prestressed concrete bridges; traffic loads; fragility; collapse limit state.

1950

G. Miluccio, D. Losanno, F. Parisi, and E. Cosenza

1

INTRODUCTION

Structural safety of existing bridges is involving the worldwide engineering community
during the last years due to recent casualties. In the aftermath of the Polcevera bridge collapse
in Genoa in 2018 [1], an increasing attention has been paid towards safety evaluation and
monitoring of existing bridges with a service life approaching to or even exceeding 50 years.
This trend also led to new Italian guidelines for classification, safety checks and monitoring of
existing bridges issued by the High Council of Public Works in April 2020 [2]-[4]. During the
last years, overloads, collisions, flood and environmental degradation caused more than 80%
of the total collapse cases [5]–[7][7]. Furthermore, the structural assessment and retrofitting of
existing bridges is urgently needed also because of aging and material deterioration, lacking
or ineffective maintenance, and climate change in multi-hazard environments involving both
human-related and natural events.
The study of existing bridges should take into account the following points:
(i) Traffic load conditions have been changing over time, i.e. different traffic loads were
prescribed during original design in comparison with current code provisions.
(ii) Materials adopted in the past are not compliant with modern building codes and may
be affected by significant variability and deterioration.
In this study, the structural fragility of a class of existing Italian bridges subjected to traffic
loads is studied according to code-conforming capacity models and analysis procedures [8][8].
The most important properties of the bridge decks were probabilistically modelled based on
available data, randomly sampled via Monte Carlo technique, and propagated through structural analysis. Fragility analysis was fully implemented in MATLAB software [9][9], providing the conditional probability of collapse given the intensity level of code-conforming traffic
loads.
2

METHODOLOGY

This study aims to define the vulnerability of existing Italian bridges subjected to codecompliant traffic loads. Previous studies investigated the seismic fragility of bridges, but recent disasters highlighted the need for a comprehensive investigation on their vulnerability to
human-induced loads. A class of simply supported, beam-type, prestressed concrete (PC)
bridges was considered, since they represent more than 90% of the total bridge population in
Italy [10][10]. Previous studies [10][10]–[12][12] also reported that the time frame 1960–
1980 is the period when the highest number of bridges were built due to Italian economic
growth and infrastructure development. In those decades, a relevant part of the Italian road
network was built. Based on available data collected by the authors on real case-study bridges,
the period 1970–1980 was chosen in order to carry out the fragility analysis of existing bridges. Figure 1 outlines the methodology used in this study to assess the vulnerability of existing
bridges to traffic loads, the distribution and design values of which was defined according to
the Italian building code [8][8].
The material, geometric and load uncertainty models were defined in order to generate a
set of case studies through a Monte Carlo simulation. Demand and capacity analysis were carried out and the performance level of each model was calculated. The counted fragility was
evaluated applying a frequentist approach. A lognormal distribution function was then fitted
to fragility points in order to obtain fragility curves.
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Materials
Uncertainty modelling
Random generation of
structural models

Geometry
Loads

Structural analysis
Performance assessment
Estimation of counted
fragility
Fitting of fragility curves
Figure 1: Flowchart of fragility analysis.

3

UNCERTAINTY MODELLING

Random variables (RVs) included both geometric and material properties. Based on
[10][10] and some real case-studies, a subset of RVs were modelled through probability distributions, whereas other RVs were assumed to be statistically dependent upon the former
RVs according to regression models. To that aim, the authors examined:
x geometric properties of 14 bridges built in the period 1960 to 1980;
x experimental data on mechanical properties of concrete (100 data), mild reinforcing
steel (65 data), and prestressing steel (21 data) of bridges dating back to the period
1970–1980.
Case-study bridges have different locations in Italy and were built by different construction
companies to be representative of the selected class of bridges. In the following sections,
probability distributions and regression models are described.
3.1

Material properties

The database of material properties was based on laboratory test results of real case-studies
collected by the authors. Figure 2a shows three alternative probability distributions fitted to
experimental data to model the uncertainty in concrete compressive strength fc, namely normal, lognormal and Weibull distribution. Based on best fitting, the lognormal distribution
with mean value of 38.5 MPa and coefficient of variation (CoV) of 11.4% was assumed.
The same procedure was applied to derive a probability distribution for the yield strength fy
of mild steel (Figure 2b). Best fitting produced a lognormal distribution with a mean value
and CoV equal to 436 MPa and 6.4%, respectively.
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a)

b)

Figure 2: Probability distributions for (a) concrete compressive strength and (b) yield strength of mild steel.

A probability distribution was also fitted to experimental data on the conventional yield
strength of prestressing steel fp,01 (i.e., the tensile stress associated with a residual strain of
0.1%). A limited amount of data was collected by the authors and data were fitted by a
lognormal distribution (Figure 3) with a mean value and CoV equal to 1665 MPa and 2.5%,
respectively. These statistics agree well with different studies available in the literature (e.g.,
[13][13]–[15][15]).

Figure 3: Probability distribution for conventional yield strength of prestressing steel.

The weight per unit volume of reinforced concrete (RC) was modelled through normal distribution with mean and CoV equal to 25 kN/m3 and 5%, respectively, in order to account for
the variability of permanent loads (G1k). Non-structural permanent loads (G2k) were modelled
via a normal distribution with mean value and CoV equal to 2 kN/m2 and 10%, respectively.
3.2

Geometry

Geometric properties were defined for simply-supported PC bridge decks built between
1960 and 1980. The cross sections of the deck and longitudinal girders are shown in Figure 4,
highlighting the most relevant geometric properties considered in the analysis.
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Figure 4: Cross sections of the bridge deck and longitudinal girder.

The span length (L) and width (W) of the deck were assumed as main independent RVs.
Based on both literature [10][10] and case studies, the histogram of the bridge span length
was derived. Approximately half of the existing bridges have a length between 30 m and 35 m,
as depicted in Figure 5. A lognormal distribution was assumed, with a mean value equal to
33.2 m and CoV = 13.6%. The distribution was truncated at 15 m and 45 m to obtain realistic
values of the bridge length in subsequent probabilistic simulation.

Figure 5: Probability distribution of girder span length.

Regarding the deck width W, a probability mass function (PMF) with three values equal to
8.5, 12.25 and 16 m having the same probability of occurrence was assumed. The slab thickness (denoted by s) was modelled through a uniform distribution with a mean value and CoV
equal to 0.25 m and 12%, respectively, in the range [0.2 m, 0.3 m].
The transverse reinforcement ratio ρsw (Asw/p, where p is the distance between stirrups) and
prestressing ratio of the tendons σsp/fp,01 were considered as additional independent RVs. The
former was modelled through a uniform distribution between 300 mm2/m (corresponding to
8-mm-diameter stirrups with 330mm spacing as per minimum code requirement) and 1130
mm2/m (corresponding to 12-mm-diameter stirrups with 200 mm spacing as maximum recorded value). The prestressing ratio was modelled in two different ways: (i) uniform distribution between 40% and 60%, (ii) PMF with 3 equally probable values equal to 40%, 50% and
60%. In this study, degradation of prestressing steel was not taken into account. The residual
stress levels σsp take into account average values of relaxation loss due to concrete creep,
shrinkage and relaxion of steel under tension [17][17].
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The set of independent RVs is listed in Table 1, providing their distributions, mean P and
CoV.
Random variable
fc [MPa]
fy [MPa]
fp,01 [MPa]
L [m]
W [m]
s [m]
ρsw [mm2/m]
σsp/fp,01 [%]
σsp/fp,01 [%]
γc [kN/m3]
G2k [kN/m2]

μ or discrete values
34.70
436.00
1665.00
33.20
8.50 – 12.25 – 16.00
0.25
715.00
50.00
40.00 – 50.00 – 60.00
25.00
2.00

CoV [%]
24.40
6.40
2.50
13.60
12.00
34.00
12.00
5
10

Distribution
Lognormal
Lognormal
Lognormal
Lognormal
PMF
Uniform
Uniform
Uniform
PMF
Normal
Normal

Table 1: Distributions and statistics of independent random variables.

3.3

Correlation models

Based on case-studies, regression models were developed in order to model RVs conditioned upon independent RVs. The following dependent variables were considered:
x number of longitudinal girders, nb;
x height of longitudinal girder, Hb;
x area of girder cross-section, Ab;
x width of girder top flange, Bsup;
x distance of equivalent total prestressing area from top of girder cross-section, dsp;
x geometric ratio of prestressing steel ρsp multiplied by dsp, ρsp · dsp.
In Table 2, the regression models used in this study are listed together with their coefficient
of determination R2 and boundaries.
RV

Regression model

nb

nb (W)

0.33  W
W
 0.03  L
nb

Hb (ib, L)

Hb

0.28 

Ab (Hb)

Ab

0.43  0.06  H 2b

Bsup (Hb) (G1k)
dsp (Hb)
dsp· ρsp (L)

Bsup

0.34  Hb  0.02  G1k  0.02  H b  G1k  0.002  G
ds p

0.98  Hb

Us p  d sp 8.16 10  L  1.85 10  L
5

5

2

2
1k

R2

Lower
bound

Upper
bound

0.51

2

8

0.81

Hb ≥ L/20

3.2 m

0.84

-

-

0.71

-

1.2

0.97

-

-

0.88

0.007dsp

-

Table 2: Regression models

The following deterministic variables were assumed:
x concrete cover equal to 0.03 m;
x girder web equal to 0.2 m;
x bottom flange thickness equal to 0.3 m;
x geometric ratio of longitudinal reinforcing mild steel equal to 0.1%;

1955

G. Miluccio, D. Losanno, F. Parisi, and E. Cosenza

x
4

Young’s modulus of steel equal to 200 GPa.
STRUCTURAL ANALYSIS

The first stage of structural analysis consisted in the modelling of loads on the bridge deck.
Self-weight of deck components was evaluated according to G1k, sectional area of longitudinal girders and their effective width weff (which was equal to ibeam). Non-structural permanent
loads were obtained according to G2k and weff.
Traffic loads were defined according to the Italian building code [8][8] and Eurocode 1 –
Part 2 [16][16]. The number of lanes adopted in the present study is either two or three, depending on the randomly generated geometry of the deck in order to maximize the strength
demands on the edge girders (i.e., bending moment at mid-span or shear force at girder ends).
The deck cross section was assumed to be rigid, according to design calculations at the time
of construction and Engesser formulation [18][18]. The structural analysis procedure was implemented in MATLAB [9] in order to automatically define traffic load distributions which
maximize bending moment and shear force on the edge girder.
Flexural and shear capacity models were also programmed in MATLAB to evaluate the
collapse capacity of the edge girder as representative of the deck structural behaviour. The
ultimate limit state (ULS) of the deck was thus defined as the attainment of either flexural or
shear capacity in the edge girder.
The flexural capacity of the girder was evaluated on the basis of the following assumptions:
1. Plane cross section and perfect steel-concrete bond after flexural deformation;
2. maximum compressive concrete strain equal to 0.35%;
3. uniform stress distribution and zero tensile strength of concrete;
4. mild and prestressing steel with elastic-perfectly plastic behaviour and unlimited ductility;
5. yielded steel (i.e., to be checked in all cases after neutral axis is found).
Mild steel was defined through its geometric ratio ρs (e.g., 0.1%). The flexural capacity Mr
of girder cross section was basically predicted through sectional analysis at ULS.
The shear capacity Vr of the girder was evaluated by enveloping three different capacity models provided by current codes ([8][8], [17][17]). The first model describes the capacity of a
RC member in cracked conditions without shear reinforcement. The second model adopted in
this study applies to PC beams in uncracked conditions. The third model applies to cracked
RC beams with internal stirrups based on a strut-and-tie resisting mechanism.
5

COLLAPSE FRAGILITY OF CASE-STUDY BRIDGES

Fragility analysis was based on Monte Carlo sampling of independent RVs, which allowed
the random generation of 10,000 model realizations based on their probability distributions.
Regression models were then used to generate statistically dependent variables, considering
the model error of each regression equation. The magnitude of traffic loads was defined
through an intensity measure (IM) denoted as D and defined as the ratio between the incremental and design first-lane tandem load, i.e. D = Q1/Q1d with Q1d = 600 kN. Structural analysis of each set of 10,000 deck models was carried out under varying D from 0 to 2.5 with step
of 0.1. For each deck model, both flexural and shear capacities were computed.
The output of fragility analysis was the conditional probability of exceeding ULS given IM.
The maximum demand-to-capacity ratio (DCR) between flexural DCR (DCRf = Me/Mr) and
shear DCR (DCRs = Ve/Vr) was assumed as limit state function. Accordingly, ULS was assumed to be attained or exceeded if DCR was equal to or greater than unity. Fragility was thus
defined as follows:
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P > DCR t 1| IM = im@

(1)

After that counted fragilities were computed over the whole range of IM levels, fragility
curves were fitted through a lognormal distribution.
Fragility curves associated with flexural and shear failure modes were initially derived
separately, considering either discrete values (Figure 6a) and uniformly distributed values
(Figure 6b) of prestressing ratio. In Figure 6, the lower x-axis indicates the selected IM chosen
(i.e., D), whereas the upper x-axis provides the corresponding the first-lane tandem load Q1.
Figure 6 shows the higher fragility of the existing Italian bridges under study in terms of flexural failure. Indeed, the median value K of the flexural fragility curve is lower than that of the
shear fragility curve, regardless of the prestressing ratio. This means that the attainment of
ULS is governed by flexural failure. As shown in Figure 6(a), shear fragility significantly reduces under increasing prestressing ratio. Table 3 outlines the median value, dispersion E (i.e.,
the logarithmic standard deviation) and R2 of each fragility curve, evidencing that the lognormal distribution fits very well the fragility points as demonstrated by R2 very close to unity.

a)

b)

Figure 6: Fragility curves associated with flexural and shear failure modes: (a) discrete distribution of prestressing ratio; (b) uniform distribution of prestressing ratio.
Failure mode or limit state
Flexural failure
Shear failure (σsp/fp,01 = 40%)
Shear failure (σsp/fp,01 = 50%)
Shear failure (σsp/fp,01 = 60%)
Shear failure (σsp/fp,01 uniformly distributed)
ULS

K

E

1.69
2.04
2.30
2.57
2.30
1.68

0.31
0.23
0.23
0.24
0.24
0.30

R2
0.99
0.99

Table 3: Fragility parameters corresponding to flexural failure, shear failure, and ULS.

Figure 7 shows the fragility curve of the case-study bridges for the limit state of collapse,
which is almost totally overlapped to that associated with flexural failure mode. However, the
median value and dispersion are slightly different from those related to the flexural fragility
curve because of a very rare occurrence of shear failure in some model realizations. Table 3
shows that the selected bridges have a median collapse traffic load equal to 1.68 times the design load, with a dispersion E = 0.30. It is also found that the conditional probability of collapse under design traffic load (corresponding to D = 1) is 4.4·10–2. Further studies are needed
to assess the unconditional failure probability of collapse, namely, the failure probability derived as a convolution of fragility and traffic load hazard.
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Figure 7: Collapse fragility curve of case-study bridges.

6

CONCLUSIONS

This study aimed at evaluating the fragility of existing Italian, simply supported, beamtype, prestressed concrete bridges. A fragility analysis procedure was implemented in
MATLAB software to generate a set of 10,000 random samples of bridge deck models and
carry out their structural performance assessment. The procedure starts considering a set of
variables, including independent variables modelled through probability distributions, dependent variables evaluated through regression models, and deterministic variables. Assuming
code-conforming traffic-load models, each bridge model was randomly generated according
to Monte Carlo sampling technique and was analysed under incremental loading to detect the
attainment of both flexural and shear failure modes. In this regard, three alternative capacity
models were considered to predict shear resistance of edge longitudinal girders.
The fragility of Italian existing bridges was calculated by assuming the scale factor D of
traffic loads as intensity measure IM, which was gradually incremented from 0 to 2.5. The
demand-to-capacity ratio DCR was considered as limit state function, hence identifying the
occurrence of flexure or shear failure modes. These latter were first probabilistically assessed
separately and then considered altogether to develop the collapse fragility curve of the selected bridges. The large number of random samples allowed the estimation of collapse fragility
according to a frequentist approach.
Analysis results show that the case-study bridges are significantly more vulnerable to flexural failure than to its shear counterpart. In addition, shear fragility reduces under increasing
prestressing ratio.
On the basis of these outcomes, it can be inferred that flexural behaviour has a remarkable
effect on the vulnerability of the considered class of existing bridges. These preliminary results suggest a prioritization scheme for structural retrofitting of existing bridges against traffic loads.
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Abstract
Life-cycle cost analysis (LCCA) is used as a decision-making tool in the design phase to predict
the expenses required over the lifetime of the bridge. The application of LCCA to bridges allows
to consider different types of uncertainties such as those on loads, resistances, degradation and
on the numerical modelling and structural response analysis. In this context, the present paper
proposes a general framework for bridges’ LCCA under multiple hazards based on the use of
the PEER equation. It allows to account for the random nature of hazards and for structural
and modelling uncertainties, considering in a unified manner different hazards concurring to
damage occurrence. The approach is for the first time applied to cost and fragility analysis of
bridges subjected to fatigue, highlighting the possibility of treating the problem of fatigue damage estimation with an approach similar to the one currently adopted for damage induced by
other hazards, like earthquake and wind. Starting from the knowledge of the traffic load model,
the gross vehicles weight is assumed as intensity measure (IM) and a fatigue damage index
calculated through the Palmgren-Miner’s rule is adopted as engineering demand parameter
(EDP). The damage accumulation is evaluated by considering the time dependency of the fatigue damage index. The framework is applied to the case study of a composite steel-reinforced
concrete multi-span roadway bridge located in central Italy. The evolution over time of the
probability of failure and the life-cycle costs due to fatigue damage induced by heavy traffic
loads are investigated.
Keywords: Life cycle cost, PEER equation, multi hazard analysis, fatigue damage.
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1

INTRODUCTION

The correct definition of a life-cycle cost model for a bridge requires the preliminary selection of the limit states that could lead to bridge damage or collapse. The loads acting on the
bridge are of different nature (earthquake, wind, traffic, degradation) and each one of them can
lead to the achievement of more than one limit state. The main limit states which are taken into
consideration in bridges are usually the achievement of the ultimate strength for bending and
shear, the achievement of the serviceability limit states of deformation and stresses and the
achievement of fatigue limit state [1]. In case of long-span bridges, aeroelastic limit states may
also become important [2].
In this context, the fragility and cost assessment must be done exploiting a probabilistic approach to account for the random nature of hazards and for structural and modeling uncertainties, also considering in a unified manner different hazards concurring to damage occurrence.
[3]. Several studies have addressed the problem of evaluating the expected life cycle cost of
structures [4,5,6], including design applications of the main structure [7] and/or auxiliary damping systems [8,9,10], which is related to the probability of failure calculated through the PEER
convolution integral [11] or through a reliability analysis based on the calculation of the reliability index [12].
The objective of this paper is the estimation of lifetime costs of roadway bridges with specific focus on costs related to fatigue damage. The paper presents a general and comprehensive
methodology accounting for multiple-hazards and several limit states, exploiting the PEER convolution integral to compute the probabilities of failure related to life-cycle costs. The application of the PEER equation is subordinate to the definition of a hazard curve for each type of
load (i.e. earthquake, traffic) and to the selection of the engineering response parameters characterizing the damage limit states (forces, deformations, tensions and accelerations). The limit
state conditions are expressed through fragility functions which lead to the determination of the
probability that a damage threshold is exceeded [13].
The proposed framework is particularized to the case of bridges subjected to fatigue damage.
The estimation of fatigue-related probability of failure using the PEER framework is a novelty
in the scientific literature and allows to insert the evaluation of fatigue-damage induced costs
in a comprehensive and unified framework for life-cycle cost assessment of bridges.
2

METHODOLOGY FOR LCCA OF BRIDGES

2.1 General LCCA methodology in case of multiple-hazards
The general formulation of the expected value of the total cost in the lifetime of a bridge,
considering several hazard types and limit states at the same time, can be expressed through the
following expression:
Lt

EሾCሺLt ሻሿ=C0 +  
t=1

Cm ሺሻ+Ci ሺሻ
(1+r)t

H

J

S

+ 
h=1 =1 s=1

E[Cj,s,h ሺሻ]
(1+r)t



(1)

where E [.] denotes the expected value operator; Lt is the lifetime of the bridge expressed in
years; J is the total number of the considered limit states; S is the total number of analyzed
sections; H is the total number of the considered hazards; C0 is the initial cost of the bridge that
includes the costs for design, testing, construction, terrain purchase and safety burdens; E[Cj,s,h]
is the expected value of the cost of the j-th limit state being reached in the s-th section of the
bridge and due to the h-th hazard, including cost of damage and repair; Cm is the maintenance
cost per year; Ci is the inspection cost per year; r is the discount rate.
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The total expected normalized cost is evaluated through normalization of the Eq. (1) with
respect to the initial cost C0 as follows:
Lt

H

J

S

E[kj,s,h (t)]
CሺLt ሻ-C0
cm (t)+ci ሺሻ
c(Lt )= E ቈ
=
+




C0
(1+r)t
(1+r)t
t=1

(2)

h=1 j=1 s=1

where cm=Cm/ C0, ci=Ci/ C0 and kj,s,h can be defined as follows:
cj Pj,s,h
ۓ
if Pjǡǡ <Pത
C0
kj,s,h =
cr
۔
ത
if Pjǡǡ =P
ە
C0

(3)

where cj is the failure cost related to the j-th limit state, cr is the repair cost per unit length, Pത is
the probability threshold beyond which the repair cost is required and Pj,s,h can be evaluated by
using the PEER convolution integral, as follows:
Pj,s,h = න න PሺDSȁEDPሻ fሺEDPȁIMሻfሺIMሻ dEDP dIM

(4)

where IM is the intensity measure related to the h-th hazard; EDP is the engineering demand
parameter at section s; DS is the damage state associated to the achievement of the j-th limit
state; P(DS|EDP) is the fragility curve (the complementary cumulative distribution function of
DS conditioned to the occurrence of EDP); f(EDP|IM) is the probability density function (PDF)
of EDP conditional on IM; f(IM) is the PDF of IM.
The earthquake and the traffic are the main hazards stressing a bridge. For seismic risk assessment, it is necessary to conduct a probabilistic analysis considering the site where the structure is located, the possible presence of nearby faults and the different magnitudes associated
with the return period. By knowing this information, it is possible to determine the hazard curve
that shows the variation of IM parameter versus the annual average of exceedance. In the earthquake case, the intensity measure (IM) can be defined as the spectral acceleration, the peak
ground acceleration or the magnitude. The engineering parameters demand (EDPs) can be represented by internal forces, deformations, displacements or accelerations. The use of an EDP is
specifically related to the analyzed limit state. For example, in the case of piers it is possible to
use as EDP the displacement of the piers, which is closely linked to the bending and shear
stresses that occur due to the seismic event.
2.2 LCCA methodology for bridges subjected to fatigue limit state
In this Section, the methodology is particularized to the LCC analysis of bridges subjected
to fatigue damage due to traffic load.
The proposed methodology adopts as IM the gross vehicle weight (GVW). The traffic hazard
curve, whose first derivative is the f(IM) in the PEER equation, is specific for the analyzed
bridge and represents the annual relative frequency of vehicles passages as a function of the
GVW. It can be obtained following two different procedures:
1. exploiting information provided by the National Standards that give the annual traffic
composition;
2. using monitoring data obtained from a Weight-In-Motion (WIM) system capable of detecting the total weights and the number of the vehicles that annually pass through the bridge.
The proposed methodology adopts the fatigue damage index (D) calculated through the
Palmgren-Miner’s rule, as EDP [14]:
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D= 
i

ni
Ni

(5)

where ni is the number of cycles associated with the stress range Δσi and Ni is the corresponding
cycles to failure obtained from the S-N Wöhler curve [15]. The time histories of the internal
forces and the corresponding stresses at the analyzed sections are determined from the
knowledge of the influence line of each type of vehicle and using the rainflow cycle counting
method [16].
Exploiting Eq. (4) it is possible to determine the annual probability of exceeding the fatigue
limit state due to traffic load. The following steps are carried out for the computation of the
PEER equation:
x partition of the GVW range, available from WIM data or from National Standards,
in a set of intervals. Knowing the annual number of passages corresponding to the
vehicles comprised in each subinterval, it is possible to determine a relative frequency diagram of GVW which is used to obtain the probability distribution of GVW,
i.e., f(IM) (Figure 1 (a));

Figure 1. Probability density function of IM (a), probability density functions of EDP for different
operating years: t1 = 1 year (b) and t50 = 50 years (c).

x

for each k-th subinterval of GVW, a damage index Dk is computed as the sum of the
damage indices of the vehicles belonging to the k-th subinterval, exploiting Eq. (5).
Dk is assumed as the mean value of the EDP conditional on IM, f(EDP|IM). A normal
distribution is adopted for f(EDP|IM), with mean value equal to Dk and a coefficient
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of variation (COV) taken from literature, accounting for uncertainties in traffic load
model characterization and response parameters estimation (Figure 1 (b-c)). To account for damage accumulation over time, the probability distribution of EDP is
modified over years. In particular, for each k-th subinterval of GVW, the mean value
of D at time ti, is obtained as the sum of Dk(ti-1) and Dk(ti). Moreover, if the traffic
model is constant with time Dk(tLt)=Lt·Dk(t1);
x

definition of the fragility curve P(DS|EDP); the fatigue damage occurs when the
damage value D (calculated through Eq. (5)) equals its critical value Dcrit:
Dcrit - D = 0

(6)

Due to the random nature of fatigue damage, Dcrit can be considered as a random
variable with mean value equal to unity. Therefore, the fragility curve is determined
by defining an uncertainty on the critical damage value distributed with a log-normal
distribution, as shown in Figure 2.

Figure 2. Fragility curve.

3

THE CASE STUDY

The proposed framework has been applied to a continuous steel-concrete composite highway
bridge located in central Italy. The structure is 570 meters long and includes 10 spans of varying
lengths, represented in Figure 3. The cross section consists of two double-T welded steel girders.
The PEER convolution integral is calculated on 57 sections, uniformly spaced every 10 meters
over the bridge length. The detail category considered for the fatigue limit state is a continuous
longitudinal weld between the web and the flange of the girder.

Figure 3. Schematic representation of the bridge with the indication of the analyzed cross sections.
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3.1 Hazard model
For the evaluation of the fatigue limit state it is necessary to probabilistically characterize
the traffic model through the hazard curve. For the sake of demonstrating the influence of the
traffic model on the LCCA results, the analyses have been carried out considering two different
types of traffic hazard curves:
x

x

the first hazard curve has been constructed from traffic data obtained from a WIM
monitoring system located along the Interstate 80, Iowa, USA, known to the authors
from a separate research study. The traffic hazard curve has been defined experimentally by choosing as the parameter that describes the load the GVW according to its
annual frequency of exceeding. The traffic hazard curve obtained from WIM data is
shown in Figure 4 (a);
the second hazard curve has been obtained considering the Fatigue Load Model 4
used by the European Technical Standard (Eurocode 1 – Part 2) [17] for the estimation of fatigue damage on bridges (Figure 4 (b)). The Eurocode provides, for each
one of the five vehicles specified in Fatigue Load Model 4 and for a specific type of
road, the weight of the single axles and the percentage of the number of passages
with respect to the total number of annual passages. The IM is the GVW calculated
as the sum of the weights of the individual vehicle axles provided by the Eurocode.
The total number of vehicles is assumed equal to the one provided by the WIM system, to consider the effect of the sole traffic distribution, being equal the traffic intensity.

Figure 4 Traffic hazard curve obtained from WIM system (a) and from Eurocode (b).

It is assumed that the annual composition of traffic does not change over time, so the PDF(IM)
is the same for all years. On the other hand, the value of the EDP changes over time due to the
accumulation of damage.
3.2 Fatigue damage assessment
The calculation of the damage index D is done through Eq. (5), where ni is determined from
WIM data in case of use of the monitoring system while ni is defined as a percentage of the total
number of vehicle passage in the case of adoption of Eurocode Fatigue Load Model 4. In both
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cases, in addition to providing information regarding the total weight of the vehicles, the weight
distribution of the axles and their spacing are provided. This information is necessary for the
determination of the influence line which allows to evaluate the time histories of the internal
forces and the corresponding stresses at the analyzed sections. The stress ranges are determined
by the rainflow method [16] and the corresponding cycles to failure obtained from the S-N
curve.
The damage index D calculated for each range of GVW is assumed to have a normal distribution with a COV=0.25. The uncertainty assumed on the Palmgren-Miner damage accumulation rule (Dcrit) is assumed to be lognormal distributed with mean 1.0 and COV=0.3 [18].
Figure 5 shows the probability of exceeding the fatigue limit state over time of one of the
most critical bridge sections (no. 43, at the midspan of the 8th span), calculated by Eq. (4).
Figure 5 (a) represents the probability calculated from the hazard traffic curve obtained from
the WIM system and Figure 4 (b) shows the probability referred to the hazard traffic curve
obtained from the Eurocode. The increase in probability over time is due to the accumulation
of damage caused by the passage of vehicles across the bridge.

Figure 5 Probability of exceeding the fatigue limit state over the lifetime of the bridge in section no. 43 obtained
using traffic model from WIM system (a) and from Eurocode (b).

3.3 Life-cycle cost analysis
LCCA is carried out by applying Eqs. (2-3). The initial cost C0 is taken from design documentation [12]. The maintenance cost Cm is considered as a percentage of the initial cost of the
bridge. The annual percentage value is assumed to be equal to 1% [19]. The unit cj can be
computed as a percentage ν of the initial cost C0 [12], as follows:
cj =νC0

(7)

while the repair cost cr is taken as the 10% of cj (cr=0.1 cj). The coefficient ν is taken to be equal
to 1.1 to account for demolition and disposal costs [12]. The annual inspection cost is defined
through the price list of Italian National Autonomous Roads Corporation (ANAS) [20]. The
cost items are summarized in Table 1 and Table 2.
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Cost item
C0 [12]
Cm [19]
Ci [20]
cj [12]

Cost
€ 4.084.801
€ 40.848,01
€ 11.439,65
€ 4.493.281,10

Table 1: Costs of the bridge.

Ci

Cost

Inspection of bridges and viaducts [20]

15.52 €/m

Inspection of piers [20]

235.75 €/pier
Table 2: Inspection Costs.

The discount rate is assumed equal to r = 0.05 and the threshold of the probability beyond which
a repair intervention is required is 10-2 [21].
Figure 6(a) illustrates the expected life cycle cost over time of the bridge normalized with
respect to the initial construction costs (Eqs. (2-3)) and Figure 6(b) shows the corresponding
cumulated probability of failure as a function of time by comparing the case in which the hazard
traffic curve is obtained from the monitoring system and when it is obtained from the Eurocode.
In the case of Eurocode, it can be noted the cost increase associated to the attainment of the
probability threshold.

Figure 6 Expected normalized costs over the lifetime of the bridge (a) and the related probability (b).
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Since the choice of the probability distributions of EDP and Dcrit significantly influence the
expected costs, parametric analyses have been carried out on the variations of the COVs of EDP
and Dcrit. Figures 7 (a) and 7 (b) show the normalized expected cost, evaluated for different
values of COV of EDP (0.25, 0.5 and 0.8) for Dcrit lognormally distributed with mean 1.0 and
COV = 0.3, for the case of Eurocode-based fatigue load model and WIM-based monitoring data
load model, respectively. Figures 7 (c) and 7 (d) represent the normalized expected cost, evaluated with mean 1.0 and for different values of COV of Dcrit (0.1, 0.2 and 0.3) and for a fixed
value of COV of EDP equal to 0.8, for the case of Eurocode-based fatigue load model and
WIM-based monitoring data load model, respectively. It is visible from Figures 7 (a-b) that the
expected cost increases over time and is greater when the uncertainty on the EDP is equal to
0.8. On the other hand, Figures 7 (c-d) show that the cost is higher when the uncertainty on
COV of Dcrit equals 0.3.

Figure 7 Expected normalized costs over the bridge’s lifetime for different values of COV of EDP (a-b) and Dcrit
(c-d).

Figure 8 shows the results in terms of expected normalized costs (a-b) and the corresponding
trends of the fatigue failure probabilities (c-d) considering COV of EDP equal to 0.8 (mean
value equal to D) and Dcrit equal to 0.3 (mean value equal to 1.0). Figures 8 (a-c) are obtained
with the Eurocode-based fatigue load model and Figures 8 (b-d) are obtained with the WIM
data-based load model. In both cases it is possible to observe that the costs increase when the
probability threshold is reached, as there is the need for a repair action. From results, it can also
be noted that the Eurocode-based hazard traffic curve overestimates the cost with respect to the
case in which the hazard curve is obtained from WIM data.
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Figure 8 Expected normalized costs over the lifetime of the bridge (a-b) and the respective trends of the probabilities (c-d).

4

CONCLUSIONS

In this paper a general methodology for the computation of the expected total life-cycle cost
of bridges is proposed, based on the PEER equation for failure probability estimation. The approach is for the first time applied to cost and fragility analysis of bridges subjected to fatigue,
highlighting the possibility of treating the problem of fatigue damage estimation with an approach similar to the one currently adopted for damage induced by other hazards, like earthquake and wind. Starting from the knowledge of the traffic load model, the gross vehicles
weight is assumed as IM and the fatigue damage index calculated through the PalmgrenMiner’s rule is adopted as EDP. The damage accumulation is evaluated by considering the time
dependency of the fatigue damage index.
The framework was applied to a continuous steel-concrete composite highway bridge located in central Italy by evaluating the fatigue limit state from the traffic loads defined by the
Eurocode and obtained through a WIM monitoring system, for different probability distributions of the EDP and for different fragility models. The comparison between the fatigue failure
probabilities and the life-cycle costs obtained with the two traffic models highlighted that the
Eurocode-based hazard traffic curve overestimates the cost with respect to the case in which
the hazard curve is obtained from WIM data, encouraging the adoption of traffic monitoring
systems for a correct damage estimation.
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Abstract. This paper extends the existing formulation for life-cycle cost analysis (LCCA) of
tall buildings subjected to synoptic, mixed wind load climates. This situation arises, for example, if the site is characterized by the presence of both tropical cyclones and extra-tropical
depressions. A parametric study is conducted to examine the dependence of building’s intervention cost, due to wind-induced damage, on the building height. Special attention is paid
to the inﬂuence of wind load directionality, enabled by the modeling of the joint probability
of mean-wind speed and direction using an angular-linear model. Furthermore, the Layered
Stochastic Approximation Monte-Carlo (LSAMC) method is implemented for fragility analysis, as an alternate, surrogate approach compared to the standard Monte-Carlo simulation via
physical building model. The results of the LSAMC simulations are validated by Monte-Carlo
sampling. The study demonstrates that the LSAMC method is eligible for wind-induced fragility
analysis while simultaneously achieving a remarkable reduction in computing time.
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1

INTRODUCTION

Tall buildings tend to oscillate in the along-wind, across-wind and torsional directions under
the effect of dynamic wind loads, arising from variable pressure distribution on the building
surface [1]. Due to the aleatory nature of the wind ﬂow, efﬁciently quantifying wind loads
can be problematic for structural design. Great efforts have been devoted to the estimation
of wind load effects in the presence of uncertainties [2, 3, 4]. Adapted from performancebased design that was introduced for seismic engineering, the ﬁeld of performance-based wind
engineering (PBWE) has been introduced as an efﬁcient approach that accounts for various
uncertainties, inherent in the interactions between structures and wind loads. PBWE has been
implemented for a wide range of structures and extreme wind phenomena; examples include
low-rise, light-frame wood structures subjected to hurricanes [5], tall buildings [6, 7, 8], longspan bridges [9, 10], and various structures affected by non-stationary wind loads (e.g. tornadoes, thunderstorms) [11].
At the core of the PBWE is the uncertainty evaluation and fragility determination. Uncertainty sources may incorporate wind turbulence, structural deterioration and experimental conditions, used for wind load estimation. Some of these factors are aleatory, e.g. wind turbulence,
and thus cannot be eliminated, while uncertainties related to experiments can be minimized by
improving testing facilities and protocols. The concept of “fragility” is used to examine likelihood of failure occurrence contingent on the prescribed uncertainties. In practice, the fragility
is expressed as the exceedance probability of a predeﬁned performance objective, conditional
on a variable (e.g. mean wind speed) describing the intensity of the demand on the structure.
Performance objectives are described as limit-state conditions by a resultant structural effect,
for example, in tall buildings the top-ﬂoor lateral drift and acceleration for a serviceability limit
state and the internal stresses in a corner column for an ultimate limit state.
Currently, Monte-Carlo simulation is widely used for the assessment of fragility because
it is applicable to any structural, physical model and it is simple to implement. However, an
entrenched problem that the Monte-Carlo-based approach faces is that the process requires the
generation of a large number of realizations and, consequently, is time consuming and computationally expensive. To overcome this limitation, attempts have been made by using sophisticated
techniques [12] and improved algorithms, e.g. the Layered Stochastic Approximation MonteCarlo (LSAMC) method [13]. The LSAMC method is based on the Stochastic Approximation
algorithm [14]; it can derive the statistics of the performance objective indicator, expediting the
procedure for fragility evaluation while preserving ﬁdelity. The objectives of this paper are to:
(i) describe the results of a parametric study implementing LSAMC-based fragility analysis for
a benchmark tall building with variable heights and (ii) investigate the dependency of life-cycle
cost assessment on the building height within the PBWE framework [15].
2
2.1

BACKGROUND THEORY
Multi-directional aerodynamic response of tall buildings

Capitalizing on the frequency-domain random vibration analysis for estimating wind-induced
loads and structural response of tall buildings, a linear, quasi-steady model for multi-directional
wind analysis allows a practitioner to simultaneously examine vibrations in along-wind, acrosswind and torsional directions [16]. Multi-directionality is necessary for dynamic analysis because wind load effects are multi-directional. Furthermore, several studies [15, 17] demonstrate
that there is a strong correlation between the local building orientation, another factor that inﬂuences directionality effect, and the structural performance.
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For a linear elastic building subjected to turbulent wind loads with a mean-wind, horizontal
incidence angle Ψ , the PSD of the generalized quasi-steady buffeting forces is


h 2 2
ρD
0
T  Suu (n, z1 , z2 )
Φ C
Ū (z1 )Ū (z2 )Φ
SQb Qb (n) =
C ,T Φ dz1 dz2 (1)
0
Svv (n, z1 , z2 )
4
0
where
⎡

⎤⎡
⎤

cos Ψ − sin Ψ 0
2CD (Ψ ) CD
(Ψ ) − CL (Ψ )
C  = ⎣ sin Ψ cos Ψ 0⎦ ⎣ 2CL (Ψ ) CL (Ψ ) + CD (Ψ )⎦

0
0
1
DCM
(Ψ )
2DCM (Ψ )

(2)

In the previous equations, SQb Qb is the PSD matrix of the generalized buffeting forces; ρ
is the air density; D is a reference ﬂoor-plan dimension (usually in the across-wind direction
at Ψ = 0; Ū (z) is the mean wind speed proﬁle evaluated at height z; Φ is the mode shape
matrix of the structure that can lead to inter-modal coupling arising from non-uniplanar, complex structural modes shapes; CD (Ψ ), CL (Ψ ), CM (Ψ ) is the aerodynamic coefﬁcients of drag


(Ψ ), CL (Ψ ), CM
(Ψ ) are the
force, transverse (lift) force and torque about z, respectively; CD
corresponding derivatives with respect to Ψ ; Suu (n, z1 , z2 ) is the cross spectral density function
of the along-wind turbulence component, evaluated at elevations z1 and z2 , and Svv (n, z1 , z2 )
is the across-wind turbulence component. The cross-spectral density function between the two
turbulence components is omitted due to a weak correlation. Furthermore, a set of dimensionless “model curves” in Eq. (3)–Eq. (4) are utilized to facilitate the parametric study of wind
loads, extracted from HFFB wind tunnel tests [18].
aD f
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2 =
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1 + bL f
fL
ρŪ (h)Dh
nSQx Qx (n)

2 =

(3)

(4)

2

2.2

Brief introduction to PBWE analysis

A general procedure for PBWE [19] analysis is summarized in Fig. 1, which describes
the key steps that are usually involved in the assessment for structural design. The evaluation of each of the joint probability density functions (PDFs) represents a particular step:
f (IM ) for site and structure-speciﬁc hazard analysis, f (SP ) for structural characterization,
f (IP |IM, SP ) for interaction analysis, f (EDP |IM, IP, SP ) for structural analysis, f (DM |EDP )
for damage analysis and f (DV |DM ) for loss analysis. When the performance related to a decision variable DV is expressed by a limit state, which can be associated with an EDP (e.g.
the top-ﬂoor lateral drift), the procedure of PBWE assumes DV = EDP and can be concisely
summarized in Eq. (5) below, where G(·) is a complementary cumulative distribution function
(CCDF).

G(EDP ) =

G(EDP |IM, IP, SP )f (IP |IM, SP )f (IM )f (SP )dIM dIP dSP
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Figure 1: PBWE ﬂowchart, reproduced from [19]. IM : intensity measures; SP : structural parameters;

IP : interaction parameters; EDP : engineering demand parameters; DM : damage measures; DV :
decision variables.

3
3.1

NOVEL, LSAMC-BASED SIMULATION METHOD
Wind load modeling in mixed wind climates

A parametric angular-linear distribution model [20] can be employed for the description of
mean-wind speed and direction at a reference height (e.g. building’s rooftop). Based on the
marginal distributions of the two random variables (speed and direction), the general form of
the joint PDF is given by Eq. (6), where the two marginal PDFs are combined using a third
angular PDF g(ζ).
fV,Θ (v, θ) = 2πg(ζ)fV (v)fΘ (θ)

0  v < ∞, 0  θ, ζ < 2π

(6)

In the previous equation, g(ζ) = 2π[FΘ (θ) − FV (v)] and FΘ (θ), FV (v) are the marginal
CDFs of the wind direction and wind speed, respectively. The Gumbel distribution can be
used to model the magnitude of wind speeds (annual maxima) for non-hurricane winds, and a
Weibull distribution for hurricane winds, speciﬁed in Eq. (7) and Eq. (8), respectively. For the
corresponding wind direction, a model based on a mixture of von Mises distributions [21], as
expressed in Eq. (9) below, enables the inclusion of several prevailing wind directions.
& 

'
v−μ
1
v−μ
+ exp −
fV (v; μ, γ) = exp −
γ
γ
γ




k−1
k v
fV (v; k, λ) =
exp − (v/λ)k
λ λ

fΘ (θ) =

Nm

j=1

ωj
exp [κj cos (θ − μj )]
2πI0 (κj )

(7)
(8)

(9)

In Eq. (9), Nm is the number of components in the mixture model; ωj are the nonnegative
1 m
weights for each component that must satisfy the condition N
j=0 ωj = 1; I0 (κj ) is the modiﬁed
Bessel function of the ﬁrst kind and order zero, evaluated at a nonnegative quantity κj ; μj is the
mean directions for each prevailing wind [21].
For a site that is subjected to more than one type of extreme wind events, the wind modeling
is better achieved by separately examining each meteorological phenomenon, thus yielding a
comprehensive probabilistic description of the local wind environment [22]. This study examines a local wind climate typical of the Mid-Atlantic coast of the United States of America that
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is subjected to both extra-tropical depressions and hurricanes. Therefore, the joint CDF of the
annual maxima of the wind speed and direction, is formulated as:
Fm (v, θ) = FH (v, θ)FN H (v, θ)

(10)

where fm (v, θ), fH (v, θ), fN H (v, θ) are the joint PDFs of the annual maximum mean-wind
speed and direction in mixed, hurricane and non-hurricane wind climates, respectively; fH (v),
fN H (v) are the marginal PDFs of the magnitude of the maximum mean-wind speeds for hurricane winds and non-hurricane winds; fH (θ), fN H (θ) are the marginal PDFs of the corresponding directions, respectively.
∂ 2 Fm (v, θ)
∂v∂θ
= fH (v, θ)FN H (v, θ) + fH (v)fN H (θ) + FH (v, θ)fN H (v, θ) + fH (θ)fN H (v)

fm (v, θ) =

(11)

where fm (v, θ), fH (v, θ), fN H (v, θ) = the joint PDFs of annual maximum wind speed and
direction in mixed, hurricane and non-hurricane wind climates, respectively; fH (v), fN H (v)
= the marginal PDFs of the magnitude of the maximum speeds for hurricane winds and nonhurricane winds; and fH (θ), fN H (θ) = the marginal PDFs of the corresponding directions,
respectively.
3.2

Structural failure probability and LCCA

The objective of the fragility analysis is to estimate the probability that a speciﬁc EDP ,
conditional on the examined IM , exceeds a preselected threshold. Following previous studies,
the EDP is chosen as the lateral rooftop drift; the vector IM consists of two random variables,
the mean wind speed at the building rooftop, Ūh , and the corresponding mean wind direction, θ̄.
Structural fragility can be explicitly expressed by Eq. (12), where dj is the preselected threshold
for the j-th EDP . In this study, the threshold for the lateral drift of a building can be set as
1/400 of the building height [23]. Note that the obtained fragility is a fragility surface, allowing
for the assessment of the multi-directionality effect induced by the wind.
fj (v, θ) = P (EDPj > dj |Ūh = v, θ̄ = θ)

(12)

Having obtained the joint PDF of intensity measures f (IM ) and the fragility, the structural
failure probability with respect to the j-th EDP can be estimated by Eq. (13). Finally, the annual probability of j-th EDP exceeding the preselected threshold is described by Eq. (14) [24].
∞

2π

Pj,event =

fj (v, θ)fV,Θ (v, θ)dvdθ
0

(13)

0

Pj,annual = 1 − exp (−νPj,event )

(14)

In Eq. (14) ν is the average annual number of occurrences in the local mixed climate. Assuming independence between hurricane and non-hurricane incidents, ν is estimated as the
summation of the annual rate of hurricane landfall and the number of monthly maximum nonhurricane wind speeds occurring in any one year.
Capitalizing on the quantiﬁcation of structural failure probability, the LCCA can be implemented to predict damage-induced monetary losses over the structural life-time (with t unit
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time in years). The normalized, expectation of the relative intervention (maintenance, repair,
retroﬁtting, etc.) cost CE (t), adapted from the cost function in [25], can be calculated as:
⎡
⎤


N (t) k


C(t) − C0
(15)
= E⎣
CE (t) = E
j e−λti Pj ⎦
C0
i=1 j=1
In the previous equation, E[·] denotes the expectation operation; C(t) is the expected total
cost induced by damages; C0 is the initial construction cost of a structure; 0 ≤ ti ≤ t is the
random variable describing the time when the i-th hazard occurs; j = Cj /C0 is a normalized
relative cost of the j-th limit state being violated at time ti calculated as the ratio of the expected
intervention cost related to the j-th limit state, Cj , to the initial cost; λ is the constant discount
rate, which places more weight on hazards occurring closer to the completion date of the structure over those that are not; Pj = Pj,annual is the failure probability of the j-th limit state, i.e. the
probability that intervention relating to the j-th limit state is desired; k is the total number of
limit states considered; N (t) is the number of wind occurrences, which is a function of ν during
the lifetime.
3.3

LSAMC method

Similar to the idea of the Latin Hypercube sampling, the LSAMC method uses the layered sampling of random variables within a Monte-Carlo simulation environment. As proposed by [13], the key steps of the LSAMC method include: (i) dividing the range of each
random variable into a ﬁnite number of adjacent non-overlapping equally-probable intervals;
(ii) constructing a subspace of the random variables for each iteration, consisting of one of the
equally-probable intervals for every random variable; (iii) feeding the subspace to the standard
Stochastic Approximation algorithm, which has the form of Eq. (16), to ﬁnd one root of the
examined problem subjected to perturbation. Iterating through all the possible subspaces of
the original random variables set yields a sequence of roots to the perturbed problem; this allows to approximate the effects of the noises in a structural system through statistical moments
derived from the root sequence. By contrast, the ”exact” values are determined by a standard
”brute-force” Monte-Carlo simulation.
x̂ k+1 = x̂ k − akY k
x̂k ) + e k (x̂
x̂k )
Y k = g (x̂

(16)

In the previous equation, x̂ k is the estimate of the root x at the k-th iteration; Y k is the noisy
measurement at the k-th iteration; g (·) is the general vector-valued function from which the
x) = 0 is constructed; e k is the noise introduced by the input of the k-th
root-ﬁnding equation g (x
controlling the step size, which is subject to the convergence
iteration; ak1is the gain sequence
1∞
2
a
=
∞
and
conditions ∞
k=0 k
k=0 ak = 0. Eq. (17) utilizes recommended values of the gain
sequence [14], where α is a constant belonging to the range (0.5, 1] and a, A are a strictly
positive constant and a nonnegative constant, respectively.
ak =

a
(k + 1 + A)α

(17)

The main advantage of the LSAMC method is the avoidance of time-consuming, computationallyexpensive Monte-Carlo simulations. However, it is worth noting that the advantage could be
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Figure 2: Key steps of the LSAMC method (workﬂow).

lost if the number of the random variables included were large. To illustrate the potential of the
LSAMC method, the
reduction of computing time achieved by the LSAMC method,
in the case
ϮϬϮϬͬϲͬϮϮ
ϴ
of two input random variables, can be as large as 88% compared to brute-force Monte-Carlo
simulation for a monopole tower structure under wind loads [13].
4

NUMERICAL APPLICATION

In this section, the application of the proposed LSAMC-based simulation to a set of variants
of a benchmark tall building is discussed. The LSAMC method is employed for the fragility
analysis and the estimation of Pj in Eq. (15). Furthermore, dependency of the life-cycle cost
variable CE (t) in Eq. (15) on the variable building height is examined.
Description of reference building structure and its variants

ܮଶ

4.1

Based on the benchmark tall building model of the Commonwealth Advisory Aeronautical
Research Council (CAARC), a set of building variants is parametrically constructed. The variants share the same structural parameters (ﬂoor plan dimensions, unit mass and mass moment
of inertia, etc.) as the CAARC building, except for the building height h, which is set to vary
as h ∈ {100, 150, 200, 250, 300} [m]. The structural properties of the benchmark CAARC
building are listed in Table 1.
Table 1: Structural properties of the original benchmark CAARC building.

Quantity
Height h0
Depth D
Width B
Unit-height mass m
Unit-height mass moment of inertia Im
Lateral-mode fundamental freq. n0,x , n0,y
Torsional-mode fundamental freq. n0,z
Structural damping ratio ξ0,x , ξ0,y

Unit
Values
[m]
183.0
[m]
45.7
[m]
30.5
[kg/m]
2.23 × 105
[kgm2 /m] 5.62 × 107
[Hz]
0.20
[Hz]
0.40
–
0.01

For simpliﬁcation, the fundamental lateral-mode frequencies of the building variants are
modiﬁcations of the original values, n0,x and n0,y in Table 1, inversely proportional to the building height, as expressed by Eq. (18) below. The torsional-mode frequency is not modiﬁed. In
addition, all mode shapes are assumed as dimensionless, monotonic functions, linearly varying
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along the building height.
n0,i ≈
4.2

h0
n0,i
h

(i = x, y)

(18)

Modeling of site wind climate

The buildings are assumed to be located in Miami, Florida (USA) where hurricanes are
frequent. To evaluate the probability distribution of the hurricane wind speed and direction (at
landing), a total number of 20 019 synthetic hurricane records, simulated in the Miami region
over a period of 20 000 years [17], are utilized. The angular-linear model for the hurricane wind
is obtained by ﬁtting a Weibull model to the magnitudes of the wind speed and a two-component
mixture of von Mises model to describe the corresponding directions of the approaching storm;
the g(ζ) function in (6) is modeled as a two-component von Mises mixture model. The resultant
joint PDF of the hurricane mean wind speed and direction, evaluated at the rooftop of the
original CAARC building with h = 183 m, is illustrated in Fig. 3, which is characterized by
two peaks. The predominant peak corresponds to the high probability of winds coming from the
east coast and the Atlantic Ocean, whereas the secondary peak is linked to the westerly winds,
originating from the Gulf of Mexico and crossing the peninsula.
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Ū (h

Figure 3: Joint PDF of the mean wind speed and direction for hurricane winds (Miami, Florida, USA) at the
reference elevation of the original CAARC building, h = 183 m.

For the non-hurricane winds, the joint PDF of the mean wind speed and direction is obtained
by using wind record data collected at an offshore buoy station near the Miami site. The data can
be accessed by the National Oceanic and Atmospheric Administration (NOAA) [26]. In order to
eliminate the inﬂuence of hurricanes, the Atlantic hurricane tracking database, HURDAT2 [27],
is used to manually remove the buoy data records related to days when a hurricane approaches
within a 500 km radius of the building site. In particular, the monthly maxima of the gust speed
and the corresponding direction are selected from the ﬁltered buoy data records to form a nonhurricane extreme wind dataset. The averaging time interval of the speed is transformed from
3600 seconds to 600 seconds for consistence with hurricane wind data. By ﬁtting a Gumbel
distribution to the magnitudes of the wind speeds and likewise a two-component von Mises
mixture model to describe the directions, the joint PDF for the non-hurricane wind speed and
direction, is illustrated in Fig. 4; quantities are also evaluated at the rooftop of the original
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CAARC building with h = 183 m. Fig. 4 indicates that easterly winds, coming from the sea,
play a prominent role in the local non-hurricane climate.
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Figure 4: Joint PDF of the mean wind speed and direction for non-hurricane winds (Miami, Florida, USA) at the
reference elevation of the original CAARC building, h = 183 m.

The joint PDF of the wind in the mixed climates can be consequently estimated from the
Figs. 3 and 4 through Eq. (11). Since an analytical form of the CDF for the von Mises distribution is unavailable, the joint CDFs FH (v, θ) and FN H (v, θ) are found through numerical
integrations. The joint PDF is plotted in Fig. 5. It is clear that the compound joint PDF combines
features of the two separate PDFs related to both hurricane and non-hurricane climate.
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Figure 5: Joint PDF of the mean wind speed and direction for the mixed wind climate of Miami, Florida (USA) at
the reference elevation of the original CAARC building, h = 183 m.

4.3

Characterization of uncertainty in the wind loads

As an example, this study analyzes uncertainty propagation due to experimental wind load
errors by considering a parameter denoted by ΔCD ; this quantity describes the deviation of
experimentally estimated drag coefﬁcient CD from an average, measured value at a particular
incidence angle, i.e., ΔCD = CD (Ψ ) − E[CD (Ψ )]. Data points of the drag coefﬁcients are
extracted from wind tunnel tests on a rigid, scale model of the original CAARC building [18];
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eleven incidence angles are tested with Ψ ∈ {0°, 5°, 10°, 15°, 30°, 45°, 60°, 75°, 80°, 85°, 90°}.
Experimental data points of CD along with a Fourier series ﬁtting are illustrated in Fig. 6.
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Figure 6: Drag coefﬁcients CD measured at various incidence angles, reproduced from [18].
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Assuming that ΔCD , collected from all the measured data points, is independent of Ψ and
that ΔCD is identically distributed for different angles, a suitable distribution model can be
determined through Kolmogorov-Smirnov goodness-of-ﬁt test. A normal distribution, parameterized by a mean value of 1.000 and a standard deviation STD of 0.077, can adequately describe
the empirical histogram (and distribution) of the ΔCD in Fig. 7.
4.4

Structural fragility analysis

Both the standard brute-force Monte-Carlo simulation and the LSAMC method are employed. For the LSAMC method, the number of equally-probable subsets is 10; the parameters
of the gain sequence are set as a = 10, A = 0, α = 0.95. Structural fragilities against the
limit state of rooftop lateral drift are illustrated in Fig. 8; fragility curves related to mean incidence angle Ψ = {0°, 45°, 90°} are exclusively shown for the sake of brevity. The LSAMC
results, represented by dashed, non-solid lines, are very close to those found by brute-force
Monte-Carlo method plotted as solid lines. By comparing the fragility curves corresponding to
different building heights, it is concluded that the wind speed required to reach the prescribed
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performance limit (h/400) decreases as the building height increases, indicating that a higher
building is more sensitive to wind-induced damage as the limit state is probabilistically violated
at a lower wind speed.
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Figure 8: Fragility curves against the limit state of lateral drift with uncertainty parameter ΔCD : a) h = 100 m, b)
h = 150 m, c) h = 200 m, d) h = 250 m, e) h = 300 m (BF=brute force, SA=LSAMC).

Fig. 9 depicts the fragility surface of the CAARC building variant of height h = 200 m;
other examples of fragility surface for other building variants can be similarly derived and,
thus, are not included. The fragility surface is generated by linear interpolation among the
fragility curves(Fig. 8) related to the eleven incidence angles. As shown, the fragility surface
has an irregular, “ragged” shape, which is attributed to the directionality of the wind load. In
Fig. 8c, the curves corresponding to different incident wind directions seem to shift back and
forth along the horizontal axis, because the wind-induced force is directional, thus leading to a
variation of fragility even for a same performance objective (EDP ).
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Ū

)
(h

]
/s

[m

5
0

0

5

10

15
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Figure 9: Fragility surface of the CAARC building variant of height h = 200 m.
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4.5

Expected relative lifetime cost analysis

Fragility surfaces are used to calculate the failure probability and the expected lifetime cost.
According to the Eq. (15), the relative intervention costs due to wind-induced damage, associated with nonstructural failures on the building façade and triggered by disproportionate lateral
drift, is  = 0.02 and the discount rate is λ = 0.05. Numerical values have been calibrated
according to previous studies [15, 17]. Using the above results of the joint PDF of the mean
wind speed and direction in mixed climates and the fragility surfaces, the expected relative lifetime intervention costs due to failures associated with lateral drift are illustrated in Fig. 10. The
maximum relative lifetime cost (asymptotic value as t tends to 100 years) is observed for the
building variant of height h = 300 m and is approximately a quarter of the initial cost, while
the minimum relative lifetime cost is found for the building with height h = 100 m, which is
roughly 2% of the initial cost. This remark suggests a superlinear relationship between building
height and expected relative lifetime cost (i.e. a superlinear increment of CE (t) with height).
This behavior can be associated to two aspects. First, due to the wind proﬁle the wind loading
on a higher building is generally larger, thus causing larger-magnitude, wind-induced vibrations; second, as discussed in the previous section, a higher building is more slenderer and
exhibits greater sensitivity to wind loads of same intensity because of the concurrent decrement
of fundamental frequencies. Consequently, the probability of exceeding the lateral drift limit
state and damage is superlinearly higher in a taller building, e.g. h = 300 m, vs. h = 100 m in
Fig. 8.
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Figure 10: CAARC building variants: expected relative, lifetime intervention cost due to wind-induced damage,
associated with nonstructural failures on building facade and triggered by disproportionate lateral drift.

5

CONCLUSIONS

This study examined the comprehensive application of the novel LSAMC method in the context of PBWE. Special attention was paid to lifetime intervention cost analysis. A parametric
study was conducted, examining a set of variants of the benchmark CAARC building with equal
ﬂoor-plan dimensions but variable heights. The LSAMC method was used to estimate structural fragilities; results were compared against standard Monte-Carlo simulation. The LSAMC
method is adequate for the fragility analysis. The life-cycle cost assessment revealed a superlinear relationship between asymptotic, expected relative cost and building height; this trend can
be ascribed to the reduction in structural stiffness and the increase in the sensitivity to wind-
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induced resonant response. This study conﬁrmed the particular signiﬁcance of nonstructural
facade damage caused by wind for operations and maintenance of a high-rise building.
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Abstract. The identiﬁcation of high-ﬁdelity surrogate models for real-time updating based on
continuous monitoring data, is an emerging and challenging topic in the structural system identiﬁcation of historical structures with a special focus on damage identiﬁcation and structural
health monitoring. Indeed, the protection of the historical and cultural heritage aimed at developing cost-effective and long-lasting dynamic monitoring systems in regions characterized
by high seismic risk, has received a growing attention in civil engineering. A dynamic monitoring system is usually composed by a selected number of sensors installed in strategic positions
within the building which enable a continuous assessment of the structural conditions over time.
Then, the observation of the recorded data allows to identify any variations due to possible damages, i.e. novelty detection, which is classiﬁed as unsupervised learning. The basic idea behind
the present paper is to transfer knowledge from data to updated numerical models with varying
levels of complexity developed from the engineering judgment in order to detect and localize
damage in a probabilistic manner, moving on to semi-supervised learning. In order to accomplish this challenging task, a transfer Bayesian-based learning (TBL) methodology is proposed
by means of model class selection. For the purpose, different classes of FE (ﬁnite elements)
models, with a low level of complexity, are preliminary deﬁned in such a way to reproduce
the structural dynamic behavior as a function of damage-dependent mechanical characteristics (such as average elastic moduli) of pre-selected regions within the structure. Such regions,
designated as damage-sensitive, are deﬁned on the basis of nonlinear static analyses and/or
Engineering judgment. Then, the large amount of measured data is periodically used for the
automatic Bayesian model selection procedure, i.e., the inverse problem to derive the posterior
statistics of the uncertain parameters over the space of the FE models classes. For verifying the
proposed methodology, an iconic monumental palace, located in Gubbio, Italy, named Consoli
Palace which has been monitored by the Authors since 2017, is used. The dynamic monitoring
system, updated in July 2020, comprises 12 uniaxial accelerometers installed at different levels
within the building.
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1

INTRODUCTION

The non-destructive nature and the relatively low economic impact of the technology make
SHM particularly suitable for the detection of structural damages suffered by monumental structures. Nowadays, the most common procedure in civil SHM concerns the data acquisition and
feature extraction (system eigenfrequencies and modal shapes) through signal processing [20],
while damage identiﬁcation problems can be classiﬁed as a ﬁve-level hierarchical approachs
[9]: (i) detection; (ii) localization; (iii) classiﬁcation ; (iv) assessment; (v) prediction. On the
one hand, variations over time (novelty detection) in the dynamic response of an healthy structure can be associated to material’s damage and deterioration [26], with a special attention to
proper techniques able to remove the environmental effects such as temperature and humidity
[14] and the different sources of uncertainties related to SHM can be accounted for by means of
Bayesian statistical frameworks [28, 1, 27]. On the other hand, long-term monitored data and
labeled features able to deﬁne the meaning of novelties detection to localize, classify, assess
and eventually predict damage are usually not available. Indeed, only a few recent contributions deal with long-term SHM data and damage detection so far [4, 3, 23, 2, 12].
In this context, SHM-based technologies are encompassing machine learning (ML) techniques
[18, 17, 24], devoting the attention to the semi-supervised learning paradigm, which allows the
use of large amount of monitoring data with and without descriptive labels [5, 6]. The process
of prioritizing the acquired data can be accomplished by using numerical models, i.e. precalibrated surrogate models [11, 10], in order to transfer knowledge from the trained model to the
data and build a labeled training set. Such methods can be classiﬁed as transfer learning (TL)
techinques [21, 9, 19].
The present work presents a TBL methodology based on long-term monitoring data aimed at
evaluating the possible damage of monumental structures in a probabilistic way. In this framework, TL concepts allow to compensate the lack of labeled structural data, especially in the
case of damage occurrence, by means of a trained surrogate model, which is used as a formal
prior belief for damage assessment. Then, a Bayesian-based procedure allows to associate a
probability of damage occurrence.
The effectiveness of the proposed methodology is demonstrated by making use of a real complex historical masonry building as a case study, the Consoli Palace located in Gubbio, near
Perugia, in Italy. The structure has been monitored by the Authors since 2015. The continuous
monitoring data are used for the Bayesian-based updating of speciﬁc mechanical properties of
some pre-selected damage-sensitive regions by means of non-linear static analysis (NLSA) and
Engineering judgment (EJ). A trained surrogate model allows to reconstruct different classes of
FE models, with a low level of complexity, i.e., depending on a single uncertain parameter. The
results show the advantage of having long-term monitoring data on the correct estimation of the
uncertain parameters’ distribution enabling informed model-based decisions and providing a
basis to mitigate the risk of a false alarm. The rest of the paper is organized as follows. Section
2 presents the proposed methodology. Section 3 presents the case study. Section 4 summarizes
numerical results. Section 5 concludes the paper.
2

THE PROPOSED METHODOLOGY

The proposed methodology, designated as TBL, schematically represented in Figure 1, embraces different consequential steps which can be summarized as follows:
1. Start continuous SHM.
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Figure 1: The proposed TBL methodology.

2. Data analysis and post-processing consisting of acquiring data from the monitoring system (acceleration data, temperature information,crack amplitudes) and post-processing
data continuously over time to estimate the modal features (MF), such us natural frequencies fiexp , mode shapes Φexp
and damping coefﬁcients ζiexp associated with each natural
i
vibration mode.
3. If t=1, where the term t stands for discrete time (days): FE modeling and evaluation
of damage-sensitive regions. The calibration process consists of solving the following
optimization problem:

Y

opt

= arg min
Y

M


p1 ηf,i (Y) + p2 ηΦ,i (Y)

(1)

i=1

where M is the number of vibration modes; Y = {Y1 , .., Yu , .., YU } is the vector collecting the nth parameter to be calibrated with N total number of uncertain parameters;
p1 and p2 are the weights of the objective function; ηf,i (Y) = |fiexp − fiFEM |/fiexp and
ηΦ,i (Y) = 1 − MACi (Y) are the frequency-based ando mode shape-based residual func-
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tions, where the term MACi refers to the Modal Assurance Criterion (MAC) between the
and numerical ΦFEM
mode shape.
ith experimental Φexp
i
i


With the main objective of selecting jth damage-prone regions R = R1 , .., Rj , .., RN
with j = 1, ..N , both EJ and NLSA are used. Then, each region is considered as an
homogeneous portion of the structure in terms of material and, consequently, potential
damage. Hence vector X = {k1 , .., kj , .., kN } is deﬁned, collecting the multipliers of the
Young moduli (kj ) of all the elements comprised in each region, with 0 ≤ kj ≤ 1.
4. Calibration of the surrogate model as a function of X. For the present paper, the Kriging
model is used, whose effectiveness in spatial interpolation was demonstrated in previous works by the Authors [11]. According to the Kriging model, the FE model-based
data X can be numerically interpolated by considering a regression model F , i.e., the
deterministic component, and an approximation error α, i.e., the stochastic component
[15]:
y(X) = F (β, X) + α(X)

(2)

where β are the regression parameters of F . The approximation error α is assumed
 as
2
a random process with zero mean and covariance cov(Xi , Xj ) = σ R θ, Xi , Xj , with
σ 2 variance of F (β,
 X) and R the matrix of stochastic-process correlations with components r θ, Xi , Xj , where θ are the correlation parameters.
5. Construction of the SDC, i.e., a graphical chart able to directly associate a stiffness reduction to each frequency/MAC decay for the selected damage-prone region.
6. if t >1: novelty detection on a daily basis t, i.e. daily average values of MF. If a novelty
is detected, i.e., a frequency or MAC anomaly, increase the frequency of the modal tests
on a hourly basis t = t∗ , i.e., MF(t∗ ).
7. Bayesian model updating of the uncertain parameters by means of the surrogate model.
Assuming that the identiﬁed model parameters kj are statistically independent [13, 4],
the surrogate model SM(X) can be subdivided in j surrogate models with a low level
of complexity, depending on kj , i.e., SM(kj ). Hence, the t- and kj -dependent posterior
probability density function (PDF) can be evaluated as follows:
.
.
.
(3)
p(kj .d, t) = c · p(d.kj , t) · p(kj .μ(t − 1))
.
.
)
.kj , t)p(kj .μ(t − 1))dx is a normalizing factor called the evidence
where c = 1/ p(d
.
of the SM(kj ); p(d.kj , t) is the likelihood function that quantiﬁes
the agreement between
.
the measured data d and the surrogate-based data; p(kj .μ(t − 1)) is the prior PDF of kj
function of the mean value of the posterior k.j evaluated at t − 1.
More in depth, the likelihood function p(d.kj , t) is modeled as a Gaussian distribution
with zero mean [13, 4] as follows:
.
p(d.kj , t) = 

1
2π

>M

i=1 (σfi σΦi )

D M

1   err
Ji (kj , dk , t
(M D)/2 exp −
2 m=1 i=1
2
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where index i = 1, .., M refers to the reference parameter associated to the ith vibration
mode; index k = 1, .., D represents the number of measured data collected in the vector
d; Jierr = (σfi )−2 e2fi (X, d) + (σΦi )−2 eΦi (X, d) is the measure of the ﬁt function (error
function) which quantiﬁes the discrepancy between the experimental data and the FE
model results with σfi , σΦi standard deviations associated to the ith natural frequency and
vibration mode, efi = fiexp − fˆi (X) and eΦi = 1 − M ACi .
Finally, it is noteworthy that, theoretically, the prior distribution acts as a regulator in the
Bayesian-based model updating process and the more the number of data increases, the
less new data inﬂuences the updating process. This aspect can be counter-productive,
especially in the case of possible damage occurrence. Hence, the co-variance of the prior
distribution is assumed as known, while the mean value μ is updated step by step, given
the evidence of the knowledge acquired at the previous step.
8. Probabilistic damage identiﬁcation which consits of calculating the probability Pjdam that
the updated jth parameter kjup in a possibly damaged state is reduced from the undamaged
state kjref [4, 25]:

Pjdam

=

P kjup  (1 − k j )kjref |dref , ddam

⎛



=

F⎝

(1 −

k j )kjref

−

⎞

kjup

(1 − k j )2 σk2ref + σk2up
j

⎠ (5)

j

where F (·) is the standard Gaussian cumulative distribution function; k j ∈ [0, 1] is the
damage threshold selected for the jth damage-prone region and quantiﬁes the reduction
of kjref ; kjref = 1 is the reference undamaged state. The possible outcomes of Eq. (5) are
summarized in Table 1, where Pjal is deﬁned as probability alarm threshold.
No.
1 kjup
2 kjup
3 kjup

Outcome
= (1 − k j )kjref
> (1 − k j )kjref
< (1 − k j )kjref

Pjdam
Pjdam = 0.5 = Pjal
Pjdam < 0.5
Pjdam > 0.5

Meaning
the damage threshold is reached
the damage threshold is not reached
the damage threshold is exceeded

Table 1: Possible outcomes of Eq. (5).

Additionally, in order to capture a possible damage occurrence, the damage factor DF is
introduced and deﬁned as follows:
DF =

kjref − kjup
kj

(6)

From Eq. (6) it is possible to obtain DF=0 if kjup = kjref and DF=1 if kjref − kjup = k j . If
DF>1, it means that kjup is strongly reduced with respect to the threshold k j , which is a
sign of a possible high level of damage for region j or a possible false alarm due the lack
of consistency with a damage in the jth region. Hence, the case of DF>1 needs to be
carefully checked in real world in order to avoid false alarms.
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3

THE CASE STUDY: THE CONSOLI PALACE

The Consoli Palace is a medieval building with a rectangular plan and a height of 60 meters
above the square level, located in Gubbio, Umbria, central Italy. With reference to Figure 2,
three structural components can be identiﬁed: a central body; a loggia, connected to the main
structure along the south wall; a bell tower. The architectural style of each façade (East and West
side), is characterized by round arched windows and merlons in the rooftop. The load-bearing
walls have a thickness of about 1.2 m and they are connected through horizontal masonry vaults.
The Palace is built in calcareous stone masonry with a regular and homogeneous texture.

Figure 2: The Consoli Palace, located in Gubbio, Umbria, central Italy.

3.1

The SHM system

The monitoring system (Figure 3) was installed and activated by the Department of Civil
and Environmental Engineering of University of Perugia in July 2020. Data are stored every 30
minutes with an acquisition sampling frequency of 40 Hz. The SHM system is characterized
by:
1. No. 1 NI CompactDAQ-9132 data acquisition system to which sensors A1-A12, C1-C2
and T1-T2 are wired;
2. No. 1 wireless gateway to which sensors C3,C4,T3-T6 are connected;
3. No. 12 PCB393B12 unidirectional accelerometers A1-A12, differently oriented, installed
at the 3rd (A7, A8 and A9), 5th (A4, A5 and A6), roof level (A1, A2, A3, A11 and A12)
and wired to the acquisition system through NI 9234 acquisition module;
4. No. 4 S-series linear variable transducers (LVDTs), denoted as C1-C4. Sensors C1-C2
are wired to the acquisition system by means of a NI 9219 acquisition modules;
5. No. 6 temperature sensors T1-T6.
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Figure 3: Continuous monitoring conﬁguration.

For the numerical simulations, data stored between July 20th 2020 and December 21th 2020 are
used. The training period is set between July 20th 2020 and November 15th 2020). Environmental effects are removed by using Multiple Linear Regression (MLR) by means of the least-angle
regression (LAR) algorithm [8], which allows to efﬁciently select the predictors.
It is worth noticing that a training period of 1 year would be more appropriate in order to effectively remove environmental effects.
3.2

FE model

According to Sect 2, step 3, a 3D FE model of the structure has been built and calibrated
within the Abaqus environment [22] in order to reproduce local and global modes of vibration
identiﬁed at t = 1. The masonry of the Palace is modeled by means of tetrahedral elements
with isotropic materials. The well known concrete damage plasticity (CDP) model is assigned
to reproduce the non-linear behavior and the assumed mechanical parameters are summarized
as follows [16]:
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• parameter which regulates the shape of the yield surface Kc = 0.667 (Lubliner criterion);
• eccentricity term e = 0.1;
• ratio between the ultimate compression strength in biaxial stress states and in uniaxial
conditions r = 1.16;
• viscosity parameter ν = 0.002.
Table 2 illustrates the principal vibration modes of the Consoli Palace: Fx1 is a global ﬂexural mode along the x direction ; Fy1 is a global ﬂexural mode along the y direction; L1 is a local
mode which pertains to the bell tower; T1 is a global torsional mode. The x and y directions
develop along the longer side and the shorter side of the Palace, respectively.
The relatively low quality of model calibration, i.e., values of MAC lower than 0.8, has been
already discussed in [14, 7].
Mode Fx1

Mode Fy1

Mode L1

Mode T1

f1 = 2.35 Hz
MAC1 = 0.98

f2 = 3.05 Hz
MAC2 = 0.76

f3 = 3.46 Hz
MAC3 = 0.64

f4 = 4.17 Hz
MAC4 = 0.97

Table 2: FE model-based frequencies and MAC of principal vibration modes.

3.3

FE model-based damage prone regions

Damage-prone regions are selected by means of NLSA and EJ. More in detail, each selected
region allows to deﬁne a one-parameter dependent model. The different models (1-6) are described in Table 3.
Model No. Region
Description
1
R1
Loggia
2
R2
Crack pattern x
3
R3
Crack pattern y
4
R4
Bell tower
5
R5
Staircase
6
R6
main façade’s degradation

Uncertain Parameter
k1
k2
k3
k4
k5
k6

Source
EJ
NLSA
NLSA
EJ
EJ
EJ

Table 3: The different model selected by beans of NLSA and EJ.

In particular: R1 represents the poor connection exerted between the loggia and the central
body of the Consoli Palace (Figure 4a); R2 represents the crack pattern resulting from NLSA
along x direction capable of reproducing the existing pattern, especially along the south wall
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(Figure 4b); R3 refers to the crack pattern resulting from NLSA along the y direction (Figure
4c); R4 pertains to the bell tower (Figure 4d); R5 represents a possible damage to the principal
staircase (Figure 4e); R6, which represents degradation of the exterior texture of the main façade
of the building (Figure4f) due to climate-induced material aging [7].

Figure 4: Selected damage sensitive areas with reference to both FE model and real structure: a) R1, the loggia; b)
R2, crack pattern y; c) R3, crack pattern x, d) R4, the bell tower; e) R5, the staircase; f) R6, the façade degradation.

As reported in Table 3, in such areas, the multipliers of the Young’s moduli (k1 , ..., k6 ) assigned to the isotropic material of each region are assumed as uncertain.
In order to calibrate the surrogate model, a total number of 500 samples (Ns ) are randomly simulated for the uncertain parameters collected in vector X. The correspondence between both
2
frequencies and mode shapes is
1quantiﬁed by calculating the coefﬁcient of determination R
and the function JMAC = 1/Ns i (1 − M ACi ) by comparing the FE and the Kriging models,
respectively. Values of R2 and JMAC are summarized in Table 4. From the Table it can be noted
Parameter
Fx1
R2
JMAC

Vibration modes
Fy1
L1

T1

0.9833 0.997 0.999 0.9968
0.0142 0.0015 0.0156 5.85E-5

Table 4: Values of R2 and JMAC associated with the calibrated surrogate model.

that the surrogate-predicted frequencies and mode shapes (Kriging estimate) well ﬁt the corresponding FE values.
4

NUMERICAL RESULTS

The SM-based sensitivity damage chart SDC, which relates frequency and MAC values with
the uncertain parameters for each Model, is depicted in Figure 5. On the one hand, due to
the observed frequency decay, Fx1 (ﬂexural mode along the x direction) appears as the most

1996

L. Ierimonti etal.

damage-sensitive vibration mode for damage-prone regions R2 and R5, Fy1 (ﬂexural mode
along the y direction) for R1, R3, R4 and R6, L1 (local mode which pertains to the bell tower)
for R4 and R6, and T1 (torsional mode) for R1 and R2. On the other hand, it can be observed
that MAC variations can be considered negligible for all damage-prone regions except for R1
and R4. Indeed, a reduction of k1 provokes a modiﬁcation in the local L1 mode shapes and a
reduction of k4 induces a huge reduction of Fy1 and L1 MAC values.
Finally, a damage scenarios (Table 5), designated as DII, is selected for the numerical analyses

Figure 5: SDC for frquency and MAC decays: a)-b) R1; c)-d) R2; e)-f) R3; g)-h) R4; i)-l) R5; m)-n) R6.

by artiﬁcially simulating the frequencies decays (reported in Table 5) extracted from the SDC
of region R2 in correspondence with the value of k2 = 0.3, while MAC decays are negligible.
Following, the main results of the Bayesian model updating are summarized by simulating
damage scenario DII. The uncertain parameter k2 is updated once the model is trained, i.e,
starting from November 15th 2020. From that moment on, the monitored data are gathered
together in subgroups of daily data-sets (t) in order to perform the Bayesian model updating
continuously over time on a daily basis. The ﬁrst 20 days are considered as undamaged. Then,
a damage scenario is simulated and the frequency of the model updating is incremented on an
hourly basis (t∗ ), as described in Sect. 2.
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Damage
scenario
DII

Uncertain parameter
k 1 k2 k 3 k 4 k5 k 6
1

0.3

1

1

1

1

Frequency decays
Fx1
Fy1
L1
T1
0.054 0.022 0.012 0.037

Table 5: Values of kj representing the different damage scenarios and corresponding frequency and MAC decays
(%).

Figure 6: Bayesian-based prior and posterior distributions by simulating damage scenario DII for k2 = 0.3: a) R2;
b) R4.

Results in terms of prior and posterior distributions for k2 and k4 , when DII is simulated, are
depicted in Figures 6a)-b). From the results it can be observed that the posterior distributions
associated to the uncertain parameters k2 and k4 in the undamaged time period present a ﬂuctuation of the mean value of kj between about 0.9 and 1. This aspect can be related to the fact that
kj is sensitive to the slight variations which can daily occur in the frequency and, eventually,
MAC tracking as conﬁrm by the SDC. This sensitivity to changing environmental conditions
can be considerably reduced by considering an appropriate training period, i.e., 1 year. Moreover, consistently with the SDC, the occurrence of a damage for region R2 is clearly highlighted
by a translation of the posterior curves towards reduced values of the selected uncertain parameter k2 (Figure 6a). In detail, it can be observed that the Bayesian-based procedure is able to
tracing back to the simulated damage scenario associated to R2, i.e., k2up ≈ 0.3. However, as
expected, the simulation of DII barely affects k4 (bell tower) in the damaged state (Figure 6b),
since the mean value of the posterior distribution doesn’t signiﬁcantly change between healthy
and damaged conditions.
As concerns the probabilistic damage identiﬁcation, Figures 7a)-f) illustrate the updated values
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of theuncertain parameters kjup over the number of updates, while Figures 7g)-n) show the trend
of DF vs P dam , when simulating the occurrence of damage scenario DII. According to the SDC,
the simulated frequency decays are reported in Table 5. The values of k j selected for the eval-

Figure 7: Time series of k up over the number of updates by simulating the occurrence of the damage scenario DII
(Table 5 for each damage-prone region, with the indication of P al and k j : a) R1; b) R2; c) R3; d) R4; e) R5; f) R6.

uation of DF and P dam are the following: a) R1: k 1 = 0.7; b) R2: k 2 = 0.7; c) R3: k 3 = 0.7;
d) R4: k 4 = 0.4; e) R5: k 5 = 0.7; f) R6: k 6 = 0.7. Region R4 pertains to the bell tower and a
reduction of the bell tower’s stiffness corresponding to 40 % (k4 = 0.6) is assumed sufﬁcient to
simulate a damage occurrence. From the Figures it can be noted that P al is reached for region
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R2, as expected, and for region R5. This result is consistent with the SDC-based results, since
both regions R2-R5 can be designated to damage when a frequency decay of mode Fx1 occurs.
The case of R5 deserves a particular attention and needs to be checked in the real-world structure with the main objective to avoid a false alarm. Indeed, after a certain number of updates
(see the multiple points in the damaged area), P dam tends to 1, DF approaches 1 and k5up faces
up to 1 − k 5 . This fact is due to the higher sensitivity of k5 to small variations associated to Fx1.
On the contrary, the remaining regions exhibit a smaller probability of being damaged, which
is consistent with the simulated scenario.
5

CONCLUSIONS

The present paper has presented the numerical results of a transfer learning Bayesian methodology in the context of integrated SHM aimed at the probabilistic damage assessment of monumental structures.
The case study building is the Consoli Palace, located in Gubbio, Umbria (Italy), which has
been monitored by the Authors since 2015 with an enhancement of the SHM sensors’ network in 2020. The dynamic behavior of the Palace is reproduced on a calibrated FE model
and NLSA in conjunction with EJ enabled to pick damage-sensitive regions within the structure. Then, each selected region allows to deﬁne a one-parameter dependent model, i.e., the
multiplier of the Young’s Modulus assigned to the isotropic material associated with each region. The surrogate modeling has been performed by using the Kriging model in order to
deﬁne the region-dependent SDC as a prior knowledge of possible damage. Finally, a real time
Bayesian model updating of the selected uncertain parameters has been developed in order to
continuously identify the probability of damage occurrence over the selected regions. The main
advantages and innovations of the proposed approach concern:
• the use of real-time long-term monitoring data within the context of Bayesian TL where
the surrogate modeling allows real-time data;
• the use of damage factors and damage probabilities enabling informed model-based decisions and providing a basis to mitigate the risk of a false alarm.
• the use of NLSA to generate estimates of potentially vulnerable structural regions alongside with EJ.
• the possibility to continuously identify the probability of damage occurrence over time in
a timely manner.
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Abstract
Surrogate models, including neural network (NN), machine learning, and Kriging, are used in
various fields to reduce the computational demand of risk assessment and uncertainty analysis. In civil engineering applications, surrogate models are usually trained on synthetic data
generated with numerical simulation models, which might yield approximate responses and
significant computational burdens. Post-disaster reconnaissance observations represent an
alternative source of data that could be used to train a surrogate model without the need for
numerical models. However, the limited number of reconnaissance observations available in
the literature might yield challenges, such as unbalanced data distributions. This paper presents a surrogate-based approach for seismic-induced damage prediction, where postearthquake reconnaissance data are exploited to train a NN model. The approach is demonstrated on steel liquid storage tanks. Field data from past earthquake reconnaissance reports
are first collected. Then, features representative of tank characteristics, seismic hazard parameters, and seismic-induced damage are extracted. A traditional two-layers NN model is
built to map the relationship between tank characteristics, seismic hazard parameters, and
seismic-induced damage. To tackle the challenge of unbalanced dataset, a cascade NN approach is proposed. In the cascade approach, two NN models are employed to predict the
damage level of the steel tanks. The first NN returns a binary classification of the tank damage (i.e., damage, no damage). If the tank results damaged, a second NN identifies the level of
damage (i.e., minor, severe, collapse). The performance of traditional and cascade NN approaches is compared using different metrics. Results demonstrate that the cascade NN strategy leads to more accurate damage predictions than the traditional NN approach.
Keywords: neural network, reconnaissance data, damage classification, steel tanks, surrogate
model, seismic risk-assessment
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1

INTRODUCTION

Performance-Based Design (PBD) is gaining prominence in the civil engineering community [1]. PBD allows to holistically evaluate a structure for potential risks and engage building
owners in cost-effective risk-mitigation strategies [2-4]. It follows that risk assessment is a
key component of PBD, as it enables the estimation of the probability of occurrence of a certain damage state, considering a variety of hazard scenarios [1,5]. Typically, the performance
of civil structures is assessed through nonlinear numerical models (e.g., finite element models), which permit the evaluation of the structure’s response beyond the elastic regime [2,6,7].
However, the computational demand of high-fidelity numerical simulation models, coupled
with the necessity to simulate the structure under a large number of hazard and uncertainty
scenarios, makes risk assessment a computationally demanding, if not impractical task.
Data-driven surrogate models [8-10], including neural network (NN), Kriging, and machine learning, have been proposed to reduce the computational burden of risk assessment
[11,12]. Surrogate models, or metamodels, are simplified mathematical relationships trained
based on input/output observations to represent the physical system under consideration. In
civil engineering applications, metamodels have been used to replace computationally expensive numerical models for uncertainty and risk analyses. For example, Sudret and Mai [13]
employed polynomial chaos expansion to generate fragility curves of a 3-story structure subjected to seismic hazard. Later, Gidaris et al. [14] developed a Kriging surrogate model for
seismic risk assessment of civil structures. The authors exploited the metamodel to construct
fragility functions of a 4-story building under stochastic ground motions and uncertain structural parameters. Recently, Micheli et al. [15] proposed a multiple-surrogate models framework for risk assessment of wind-excited tall buildings. The proposed framework exploits a
set of Kriging surrogates to reduce the computational demand of risk assessment of high-rise
structures subjected to wind load time histories. A drawback of using surrogate models for
civil structures is the necessity to generate input/output observations to train the metamodel.
Synthetic input/output observations are usually derived from numerical simulation models,
which might lead to approximate responses. Furthermore, when the response of the structure
is highly nonlinear, a large data pool might be required to train a reliable surrogate model [1517], yielding a significant computational burden. A solution to this drawback could be to extract input/output observations directly from field data [18]. In this context, post-disaster field
reconnaissance reports could be a valuable source of information, enabling a realistic representation of damage mechanisms and hazard characteristics. However, the use of post-disaster
reconnaissance observations presents some challenges. For example, the limited number of
records available could yield unbalanced datasets, eventually reducing the accuracy of the surrogate model.
This paper investigates a surrogate-based approach for damage assessment of civil structures, where the metamodel is trained based on reconnaissance observations. The approach is
demonstrated on aboveground, cylindrical, steel liquid storage tanks subjected to seismic hazard. The seismic risk of storage tanks is significantly higher than ordinary structures, as damage to liquid storage tanks could cause irreparable consequences to built and natural
environments, including the release of hazardous materials, uncontrolled fires, and soil contaminations [19-21]. In the proposed approach, features representative of tank characteristics
(e.g., diameter, height, thickness, liquid level) and seismic excitation parameters (e.g., peak
ground acceleration, magnitude) are extracted directly from reconnaissance reports, along
with the corresponding damage levels. Then, a surrogate model consisting of a two-layers NN
is built to map the relationship between inputs (i.e., tank and hazard features) and output (i.e.,
damage level). To tackle the unbalanced dataset challenge, a cascade approach is proposed,
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where two NN models are employed to estimate the damage level of steel tanks. The first NN
exploits a binary classification to guess if the tank is damaged or not. If the tank results damaged, a second NN identifies the damage level between minor damage, severe damage, and
collapse. The accuracy of the NNs is assessed on a testing dataset using different performance
metrics, such as accuracy, precision, and recall. The performance at predicting seismicinduced damage of the traditional two-layers NN and the cascade NN models is compared.
The remainder of the paper is organized as follows. First, the collected post-earthquake reconnaissance data are described. Then, traditional and cascade NN approaches are introduced.
After, the metrics employed to quantify the performance of the NNs are discussed. Finally,
the damage prediction capability of traditional and cascade NNs is compared.
2
2.1

METHODOLOGY
Dataset Description and Features Extraction

In this study, post-earthquake reconnaissance observations are employed as data pool for
training a NN model. Such observations were derived from existing post-earthquake reconnaissance report [22] and survey [23]. Both anchored and unanchored cylindrical steel tanks
were taken in consideration. Features representative of tank and seismic hazard properties
were extracted and used as inputs of the NN models described in Section 2.2. Tank features
include geometric characteristics, such as diameter (D), height (H), shell thickness (t), and
height of the liquid at the moment of the earthquake (HL). Peak ground acceleration (PGA)
and magnitude (M) were selected as seismic hazard features. For some of the tanks, the thickness was not documented in the post-earthquake report in reference [22]. The thickness of
these tanks was estimated based on the work of Cortes and Prinz [24]. Similarly, for some
earthquake events, the PGA was not reported, and it was estimated based on the location of
the tank and the corresponding ground motion records [25]. The material properties of the
steel tanks were not enclosed in the reports. Therefore, yielding stress and modulus of elasticity of steel were assumed to be the same for all tanks and were not included between the input
variables. A total of n = 247 aboveground, cylindrical, steel liquid storage tanks observations
were collected. Table 1 reports the statistics of the dataset, while Figure 1 (a) shows a schematic representation of a storage tank, including the features selected to represent tank and
seismic hazard characteristics.

Diameter, D (m)
Height, H (m)
Thickness, t (m)
Liquid height, HL (m)
Magnitude, M
Peak ground acc., PGA (g)

Min.
2.0
3.0
0.001
0.0
5.5
0.02

Max.
83
45
0.098
44
8.4
2.0

Mean
22
11
0.01
10
7.0
0.41

Standard dev.
14.3
4.0
0.01
8.4
0.64
0.40

Table 1: Statistics of the dataset.

A description of the damage reported by each tank was also retrieved from the reconnaissance reports [20, 21], along with the corresponding values of tank and seismic features. The
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steel tanks experienced various types of seismic-induced damage, including elephant foot
buckling, roof damage, shell buckling, and complete collapse [20, 21]. The damage types
were assembled in four main classes: class 0, no damage; class 1, minor damage; class 2, severe damage; and class 3, collapse. Minor damage includes damage to the seal, minor roof
damage, damaged valves, and, in general, damage that requires simple repairs. Severe damage
comprises elephant foot buckling, shell buckling, local buckling caused by roof collapse, and
floor plate rupture. Collapse is intended as the tank’s total failure, or widely spread damage
that necessitates the replacement of the tank. Note that, if more reconnaissance observations
become available, additional damage mechanisms could be included and the damage classes
may be further refined. Figure 1 (b) shows the distribution of the steel tank observations
among the four damage classes, where n0 represents the number of data in class 0, n1 in class
1, n2 in class 2, and n3 in class 3, respectively. Figure 1 demonstrates that the dataset is severely skewed toward one class only, with the majority of data lying in class 0, and a smaller
number of observations belonging to class 3. Such an unbalanced dataset could cause poor
performance of traditional NN models, as the majority of the NN algorithms available in the
literature were developed considering a balanced data distribution [26].

(a)

(b)

Figure 1: (a) Schematic representation of an aboveground, cylindrical, steel liquid storage tank and input variables; (b) distribution of the data among the four damage classes.

2.2

Neural Network for Damage Prediction

A traditional two-layers NN is first used to map the relationship between tank and seismic
hazard characteristics (i.e., inputs) and the corresponding damage class (i.e., output). The NN
is composed of a hidden and an output layer, with sigmoid and softmax activation functions,
respectively. Figure 2 illustrates a representation of the NN architecture. In the figure, k1 and
k2 indicate the number of neurons in the hidden and output layers, respectively. The NN has
six inputs, corresponding to tank and seismic hazard features, and one output, representing the
damage class. The output of the NN can be expressed as [27]:
y = g (f (w1 x + b1)) w2 + b2
where x is the input vector, w1 and w2 are the hidden and the output layers’ weights, b1 and
b2 are the hidden and the output layers’ biases, f and g are the sigmoid and softmax activation
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functions, respectively. The weights and biases are tuned based on the training dataset using a
gradient backpropagation algorithm [27].

Figure 2: Neural Network configuration.

To tackle the unbalanced dataset issue (Figure 1 (b)), a cascade NN approach is proposed
as an alternative for seismic-induced damage prediction. Instead of a single NN, the cascade
approach employs two consecutive NN algorithms to estimate the damage class experienced
by a steel tank as a function of the input variables. The first NN is trained based on a binary
classification of the data among class 0 (no damage) and class 1 (damage). Note that in the
binary classification, all the damaged tanks are lumped in class 1, independently of the type of
damage they experienced. A second NN classifies the type of damage among classes 1, 2, and
3, eliminating the data in class 0, and thus, the source of unbalance. Both NN models have the
same inputs (tank and seismic hazard features), but different outputs and number of training
data. The proposed approach is schematically represented in Figure 3 (a).

(a)

(b)

Figure 3: (a) Cascade neural network representation; (b) data distribution among damage classes for the 1 st and
the 2nd NN models in the cascade approach.
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It is worth noting that the cascade approach uses the dataset described in Section 2.1,
where data were first rearranged in the binary classification damage/no damage. Then, for
training the second NN, data belonging to class 0 were eliminated, leaving only observations
lying in classes 1, 2, and 3. The distribution of the data among different damage classes is reported in Figure 3 (b) for the two NN models. Furthermore, the architecture of the two NNs of
the cascade approach is the same as the one shown in Figure 2.
2.3

Performance Metrics

The effectiveness of both traditional NN and cascade NNs approaches at predicting the
damage experienced by steel liquid storage tanks subjected to seismic hazard is assessed on a
testing subset. Specifically, the tank dataset composed of n observations is divided into three
subsets: training, validation, and testing. The training data (size ntr = 70% n) is used to train
the NN models. The validation subset (size nval = 15% n) is employed to validate the models,
while the testing subset (size nts = 15% n) is exploited to test the prediction capability of the
NNs. The performance of the NNs at predicting the damage class in correspondence with the
testing data is taken as an indication of the model’s performance on unseen data.

Traditional
Cascade

NN
1st NN
2nd NN

n
247
247
147

ntr
173
173
103

nval
37
37
22

nts
37
37
22

Table 2: Dataset sizes for the traditional NN and cascade NN models.

The performance of the NNs is evaluated using different metrics, including precision, recall, and accuracy. The precision can be defined as the percentage of damage cases correctly
assigned by the NN. The recall represents the percentage of the true damage classes correctly
predicted by the algorithm, also referred to as true positives. The accuracy is defined as the
ratio between the number of correct predictions and the total number of observations. Precision and recall can be computed for each class, while accuracy is a global performance metric.
3
3.1

RESULTS AND DISCUSSION
Neural Network

The two-layer NN model described in Figure 2 was trained to predict the damage class experienced by the tanks between 0 (no damage), 1 (minor damage), 2 (severe damage), and 3
(collapse) with the dataset described in Section 2.1 and reported in Figure 1(b). MATLAB
Toolbox [28] was used to build, train, and test all the NN models developed in this study. The
number of neurons k1 and k2 were selected iteratively to maximize the accuracy on the validation subset and set as k1= 40 and k2 = 3. The values of weights and biases obtained from the
training process can be found in reference [29]. Note that the trained NN model can be employed to predict the damage level of steel tanks with characteristics lying in the ranges reported in Table 1 only.
Precision, recall, and accuracy for training, validation, and testing datasets are reported in
the confusion matrices in Figure 4. Each element of the confusion matrix Ci,j indicates the
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number of data known to be in class i and predicted in class j. The diagonal elements in green
are the damage classes correctly guessed by the NN model, while the off-diagonal elements in
red are the categories predicted incorrectly. The confusion matrices also contain precision and
recall for each class, along with overall accuracy of the model.

(a)

(b)

(c)

Figure 4: Confusion matrix for the traditional NN: (a) training, (b) validation, and (c) testing datasets.

Results in Figure 4 indicate a relatively poor performance of the NN at predicting the damage classes, with an average accuracy of 47.6% (accuracy averaged over training, validation,
and testing datasets). Looking at recall and precision, it can be observed that the simplest class
to predict is class 0, where the majority of the data is concentrated. The lowest values of precision and recall correspond to class 3, which corresponds to the class with the smallest number of observations available (Figure 1(b)). The poor performance of the NN can be attributed
to the unbalance in the distribution of the data, which are severely skewed toward class 0. In
particular, Figure 4 (a) shows that a very small number of data were used to train the NN in
class 3, which might translate to poor accuracy of the model over both validation and testing
datasets, as demonstrated by Figure 4 (b) and (c).
3.2

Cascade Neural Networks

In the cascade approach, two NN models were built and employed to classify the damage
level of steel tanks, following the procedure summarized in Figure 3 (a). The first NN model
was trained to predict the binary damage classification 0 (no damage) and 1 (damage) based
on the data distribution reported in Figure 3 (b). The second NN was trained to identify the
damage level of the tank between class 1 (minor damage), class 2 (severe damage), and class
3 (collapse). For both NN models, the number of neurons was selected iteratively as k1= 10
and k2 = 3, while weights and biases values can be found in reference [29]. Figure 5 illustrates
the confusion matrices for the first NN, while Figure 6 reports the second NN results.
Results in Figures 5 and 6 show that both NN models yield similar performance, with an
average accuracy of 73.4% for the first NN and 71% for the second model. For the first NN,
the highest values of precision are reached in class 1, while the largest recall correspond to
class 0 in training and validation datasets, and class 1 in the testing subset. On the other hand,
results in Figure 6 show that class 1 seems to be the simplest class to predict with the second
NN model, corresponding to relatively high values of precision and recall over training, validation, and testing datasets.
A cross-comparison between the performance of the traditional and the cascade NN approaches demonstrate that the cascade NNs are 51.7% more accurate than the single NN. This
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could be attributed to the more balanced distribution of the observations among different
damage classes in the cascade approach. Overall, the performance of the models in terms of
recall and precision varies with the damage class under consideration, with the highest values
attained by the two cascade NN models. Based on the overall accuracy and the fair performance at identifying different damage classes, the cascade NN approach is recommended as
the method to use to estimate the damage level of steel storage tanks as a function of tank and
seismic hazard characteristics.

(a)

(b)

(c)

Figure 5: Confusion matrix for the 1st NN of the cascade approach: (a) training, (b) validation, and (c) testing
datasets.

(a)

(b)

(c)

Figure 6: Confusion matrix for the 2nd NN of the cascade approach: (a) training, (b) validation, and (c) testing
datasets.

4

CONCLUSIONS

In this paper, an NN-based approach for damage prediction of aboveground, cylindrical,
steel liquid storage tanks was investigated. In the proposed method, data were derived from
post-earthquake reconnaissance reports and surveys. Features representative of tank and seismic hazard characteristics were extracted from the reconnaissance reports, along with a description of the corresponding damage modes. The different types of damage were initially
classified into four classes, ranging from no damage to collapse. The limited number of reconnaissance observations available in the literature yielded an unbalanced dataset, with the
majority of the data skewed toward one class. First, a traditional two-layers NN was constructed to infer the unknown relationship between tank and seismic features (inputs of the
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NN model), and corresponding damage class (output). Then, to tackle the unbalanced dataset
challenge, a cascade NN approach was proposed, where two NN models were utilized to
guess the damage class of the tanks. The first NN was trained based on a binary classification
of the reconnaissance observations (i.e., damage, no damage). If the tank resulted in the damage class from the first model, a second NN refined the damage guess between minor damage,
severe damage, and collapse. The performance of traditional and cascade NN methods was
assessed with different metrics, such as accuracy, precision, and recall.
Results demonstrated that the cascade NN approach led to a better performance than the
conventional NN model, with an average accuracy of 73.4% for the first and 71% for the second NN models. On the other hand, the traditional NN yielded a relatively poor performance,
with an average accuracy of 47.6%. The values of recall and precision vary with the damage
class under consideration. Overall, the two NNs in the cascade approach resulted in the largest
values of both precision and recall compared to the traditional model. The enhanced performance of the cascade NNs can be attributed to the more balanced distribution of the data relatively to the traditional NN dataset.
Overall, the paper showed that the cascade NN approach could be a viable alternative to
traditional NN models, in particular when unbalanced datasets are available, such as for postdisaster reconnaissance observations. Nevertheless, the accuracy of the cascade NN models
could to be further improved by increasing the number of training data or using different data
learning algorithms. Future investigations will entail exploring different machine learning algorithms, applying other techniques to solve the issue of imbalanced data, and integrating the
cascade NNs into a seismic risk assessment framework for steel liquid storage tanks.
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Abstract
Building floor accelerations recorded during earthquakes represent valuable data which contribute to the improved understanding of structural dynamic behavior and the state of the art
and practice. After recording, all accelerations are considered to be “raw” (or unprocessed,
uncorrected, unfiltered), and need to be processed before they can be used. In practice, the
most common approach is to apply the conventional high- and low-pass filtering methods.
However, some records cannot be corrected in such a manner and remain practically useless.
The problems which may occur when conventional filtering methods are applied are: (1) inability to distinguish frequencies of noise and signal, (2) change of noise characteristics in
time, and (3) a need to estimate and pre-select the parameters of a chosen filter function.
These issues can be avoided if wavelets are used for signal processing. In mathematical
terms, wavelets are finite wave-like functions which are able to capture local changes, and
are used to transform a signal into a representation which shows its properties in the timefrequency domain. Such transformation is known as a wavelet transform. The continuous
wavelet transform (CWT) was applied to recordings obtained from a 3-storey reinforced concrete building shake table test performed at the E-Defense facility in Kobe, Japan. It was
demonstrated that the CWT represents a useful tool for the visual interpretation of the energy
localization in the time-frequency domain, and that there is a large potential for the CWT application in earthquake engineering.
Keywords: Wavelet, Transform, Acceleration, Noise, Filtering.

2014

Vladimir Vukobratović, Trevor Yeow and Koichi Kusunoki

1

INTRODUCTION

Accelerations recorded during earthquakes provide valuable data which can be utilized in
various analyses to contribute to the expansion of knowledge and the improvement of the
states of the art and practice. After they are recorded, all accelerations are considered to be
“raw” (or unprocessed, uncorrected, unfiltered). So, in order to make them applicable, they
need to be processed (i.e. “corrected”). In practice, the most common approach is to apply
conventional high- and low-pass filtering methods. However, some records cannot be corrected in such a manner, and they practically remain useless.
An overview of the conventional filtering methods’ shortcomings can be found elsewhere
[1] and will not be discussed here in detail. Nevertheless, the main problems which usually
occur are: (1) an inability to distinguish frequencies of noise and signal, (2) the change of
noise characteristics in time, and (3) a need to estimate and pre-select the parameters of the
chosen filter function. These issues are avoided if wavelets are used for signal processing, and
this fact was recognized by researchers and engineers [2, 3]. In mathematical terms, wavelets
are wavelike functions that satisfy certain requirements, and they are used to transform a signal into a representation which shows the information of the signal in a more useful form.
Such transformation is known as a wavelet transform, which is basically a convolution of the
wavelet with the signal [4].
Analysis of a signal by using a wavelet transform starts with the selection of a single wavelet, usually referred to as an “analyzing” or “mother wavelet”. Wavelets are manipulated by
translation (i.e. movement along the time axis) and dilation (i.e. stretching or compressing),
and they are used to decompose the signal into a series of basis functions of the finite length.
Understanding the concepts of the scale-varying basis functions is key to understanding wavelets [5]. In a way, roughly speaking, the process can be seen as the “time-frequency” decomposition of the signal, where “modes” represent individual parts of the signal. The essential
difference between the wavelet transform and the well-known Fourier analysis is that the former can distinguish localized events at different times at the same frequency [6]. There is a
wide selection of wavelets that can be used in practice, and they can roughly be divided into
real and complex ones. The choice of wavelet depends on the signal properties and the purpose of analysis. The most commonly used wavelets are Haar, Daubechies, Mexican Hat,
Morlet, Meyer, Morse (some of these are shown in Fig. 1), and information about them is
widely available in the literature.

Figure 1: Often used wavelets: (a) Daubechies of order 4, (b) Mexican hat, and (c) Morlet.

This paper provides an insight into the practicality and possible benefits of using wavelets
for raw acceleration processing. The paper is written from a practical point of view rather than
in a mathematical manner, though the following two sections cover fundamental mathematical terms related to the continuous and discrete wavelet transforms. The benefits of the application of wavelets in the processing of acceleration records will be highlighted to encourage
their usage in engineering practice.
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CONTINUOUS WAVELET TRANSFORM

As previously noted, a function must fulfil certain criteria in order to be classified as a
wavelet. These are: (1) its energy is finite, (2) it has a zero mean, and (3) the Fourier transform must be both real and vanish for negative frequencies for complex wavelets [4]. If the
mother wavelet is denoted as ψ(t), the continuous wavelet transform (CWT), T(a,b), is defined as:

1
T a, b =
a

f

³\

*

f

§t b·
¨
¸ f t dt
© a ¹

(1)

where f(t) is a signal function, and a and b denote the dilation and translation parameters,
respectively. Both parameters are real numbers, and a is always positive. It should be noted
that the asterisk denotes that the complex conjugate of the wavelet is used, which needs to be
taken into account only when complex wavelets are applied. The plot of T(a,b) against a and
b is commonly referred to as “transform plot”.
Integration of the wavelet and signal product described by Eq. (1) represents a convolution.
In the sense of its energy, the normalized wavelet function can be written as
1 §t b·
\¨
¸
a © a ¹
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and so Eq. (1) becomes
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CWTs are operable at every scale, they are performed over a continuous range of a and b,
and the wavelet is shifted smoothly over a full domain of the considered signal. There are
several advantages in applying the CWT. For example, the movement of wavelet along the
signal enables identification of the “coherent structures” within the signal, whereas the Fourier transform does not provide any information on the nature of the signal local features. Also,
sudden discontinuities in the signal can be easily identified by the CWT. Furthermore, the selection of ψ(t) can be such that the T(a,b) contains sufficient information for the reconstruction of the signal function f(t), and this is possible by using the inverse wavelet transform.
However, it should be mentioned that in the inverse transform the original wavelet function is
used, not the conjugate one. Thus, the integration over a range of a scales rather than all a
scales makes basic filtering of the original signal possible [4].
Under the assumption that the signal contains a finite energy, the signal’s total energy can
be obtained by integrating its squared magnitude
f

E=

³

f t

2

dt

(4)

f

It is possible to determine the part of the energy corresponding to the particular scale a and
location b as
E a, b = T a, b

2

(5)

Graphical representation of E(a,b) is called “scalogram”, and it provides a useful picture of
the non-stationary process nature and energy distribution, which is shown in the application
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example later in the paper. It should be noted that scalograms and transform plots have similar
forms, which is a consequence of their definitions.
A known issue with the CWT analysis is the so called “edge” or “boundary” effect. It arises from the fact that the signal data set is finite and that it usually needs to be analyzed as a
whole. Practically speaking, wavelets extend beyond the signal edges, and the transform is
disrupted. In transform plots and scalograms, the region that is potentially affected by the
edge effect is called the “cone of influence”. Its extent is proportional to the wavelet width (i.e.
it increases linearly with parameter a). However, since logarithmic scale is usually used for a,
the cone of influence becomes curved. The extension of the cone depends on the wavelet
scale. Unfortunately, the precise way to determine the extent of cone at each scale does not
exist, so it is rather a subjective decision. For instance, for Morse wavelets, which are used in
the example in this paper, a useful proposal is available in the literature [7].
3

DISCRETE WAVELET TRANSFORM

In order to present the basics of the discrete wavelet transform (DWT), firstly consider Eq.
(2), a continuous signal f(t), and the discrete values of parameters a and b, which are linked to
each other [4]. Thus, the discretization of the wavelet has the following form:

1

\ m ,n t

§ t  nb0a0m ·
¸
m
© a0
¹

\¨
m

a0

(6)

where a0 is the selected dilation step larger than 1, b0 is the location parameter larger than 0,
and m and n are integers that control the wavelet dilation and translation, respectively.
By considering Eq. (6), the wavelet transform of the signal f(t) becomes
f

Tm ,n =
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0

\ a0 mt  nb0 f t dt
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In the case of the DWT, the values of Tm,n are known as “wavelet coefficients”. In practice,
the values of a0 and b0 are often chosen to amount to 2 and 1, respectively. These values lead
to the so called “dyadic grid” arrangement, a simple and efficient discretization which leads to
an orthonormal wavelet basis. By considering a0 = 2 and b0 = 1, Eq. (6) becomes

\ m ,n t

2  m /2\ 2  m t  n

(8)

Moreover, it is common to select the discrete dyadic grid wavelets to be orthonormal (i.e.
orthogonal to each other) and normalized so that they have unit energy. In other words, the
product of each wavelet with all others in the same dyadic system is zero. This way, the information contained in each coefficient Tm,n is not repeated elsewhere, which provides the
possibility to fully recover the original signal. If Eq. (8) is considered, the DWT can be expressed as
f
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The considered signal can be reconstructed from the inverse DWT:
f
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Note that for the DWT described by Eq. (9) the transform integral is continuous over the
discretized grid. Thus, the summation in Eq. (10) provides the return of the exact signal. It is
important to note though that there is a difference between the DWT and the so called discretized CWT, in which the discrete approximation of the transform integral is usually involved,
in order to be able to perform its computation. Such computing of the CWT is quite robust,
and in practice the fast Fourier transform is used instead.
Finally, the energy of the signal can be determined as
f
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EXAMPLE OF APPLICATION

In this section an example of application of the CWT is presented, and the application of
the DWT may be found in the works of Pan and Kusunoki [2] and Kusunoki et al. [8], who
used it to extract the predominant building response for structural health monitoring purposes.
The signal that was analyzed is the absolute acceleration at the second floor of a 3-storey reinforced concrete frame building specimen recorded during shake table tests at the E-Defense
facility in Kobe, conducted between the 3rd and 7th December 2019. The test was a part of the
Tokyo Metropolitan Resilience Project, Subproject C, Theme 2 [9]. Some other recordings
from the same building were previously subjected to the CWT by Yeow and Kusunoki [10].
The building properties and the description of ground motions used as input during the test
are available in Yeow et al. [11]. For the analysis presented in this paper, the fourth applied
motion was considered (denoted as 1.5–2 in [11]). During that input motion the structural response was highly nonlinear. Raw absolute acceleration under consideration is shown in Fig.
2. It was normalized with the respect to its absolute peak value, so it is dimensionless.

Figure 2: Normalized absolute acceleration recorded at the second floor of the considered building.

The CWT was applied to the recorded signal by using the cwt function which is integrated
in the Wavelet Toolbox of MATLAB R2019b. The analytic Morse wavelet was adopted as
the mother wavelet. The reconstruction of the signal was obtained by using the icwt function,
which inverts the CWT coefficient matrix, by using the same predefined default parameters of
the Morse wavelet as the cwt function. In order to perform filtering using the icwt function the
frequency range of interest needs to be specified. This can be obtained using scalogram plots.
The scalogram obtained for the considered record is shown in Fig. 3. The dashed white line
marks the cone of influence described earlier. Horizontal and vertical axes show time and frequency in the logarithmic scale, respectively, and the wavelet transform magnitude scale is
shown on the right. The interpretation of the scalogram presented in Fig. 3 is quite straightforward. The parts of it in which the magnitude is sizeable are either related to the response of
the structure, or to the noise and certain anomalies (e.g. a loose cable moving during shaking).
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In the considered case, the influence of the response in the fundamental mode is localized at
approximately 1.5 Hz, whereas the influence of the second mode is obvious at 10 Hz. It can
be seen that the scalogram can be used for the visualization of modes.
As noted above, in order to perform filtering, it is necessary to select the frequency range
of interest. It is usually done intuitively, which may be seen as a limitation of the CWT approach. Herein, the frequency range of 0.2 to 12 Hz was chosen. In this way, the noise at frequencies above 12 Hz was eliminated. A comparison of the raw and corrected accelerations,
normalized to their absolute peak values, is shown in Fig. 4. It is obvious that the spikes are
eliminated, and that the original signal is successfully recovered.

Figure 3: Scalogram of the considered absolute acceleration record.

Figure 4: Comparison of the raw and corrected absolute accelerations in (a) the interval of 38 to 42 s, and (b)
between 41 and 42 s.
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The corrected acceleration can be integrated in order to obtain velocity and displacement,
but it usually needs to be baseline-corrected first. This known issue is beyond the scope of the
paper, and more details can be found elsewhere [1]. Another issue is that wavelets have zeromean, meaning that the acceleration signal and its integrals (i.e. velocity and displacement)
will always eventually return to zero. This poses an issue with obtaining residual deformations, though such issues already exist when obtaining displacements from acceleration
data using conventional means [12]. Alternatives such as using Kalman filters could be an option [13, 14], but this is outside the scope of this research and will not be elaborated upon further here.
While not shown here, the DWT approach has been used in literature to extract out the
predominant hysteretic response of buildings based on floor acceleration recordings. This is
done by: (i) decomposing the acceleration recordings of each floor using the DWT, (ii) obtaining the relative floor acceleration and displacement response for each decomposition level,
(iii) simplifying the multi-degree-of-freedom response into an equivalent single-degree-offreedom response for each decomposition level, (iv) using the equivalent response of each
decomposition level to identify which should be eliminated, and (v) re-computing the equivalent single-degree-of-freedom response using the remaining decomposition levels. Examples
of the application are available in literature [2, 3, 8].
5

CONCLUSIONS

Wavelet transforms represent an alternative to the conventional high- and low-pass filtering methods, with whose application it is sometimes not possible to correct the acceleration
data recorded during earthquakes. Mathematical background of the continuous and discrete
wavelet transforms was briefly provided, along with the example of application of the former
on the acceleration recorded during the shake table test. Application of the continuous wavelet
transform by using the available commercial software was demonstrated, along with interpretation of the scalogram data and discussion on the pros and cons of the approach. Even though
the use of wavelet transforms in earthquake engineering started only relatively recently, their
large potential is already recognized.
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Abstract
Earthquake loadings can cause significant principal stress rotation (PSR) in the sand bed.
Even the pure PSR (rotation of principal stress axis with constant principal stress magnitudes)
can lead to the build-up of excess pore water pressures and accumulation of plastic strains,
thus accelerating sand liquefaction in undrained conditions. This paper conducts the fully
coupled finite element simulations of a centrifuge test to investigate the PSR effect under
earthquake loadings. The PSR is considered by using a PSR model developed based on an
elastoplastic sand model with kinematic hardening and bounding surface concepts. The numerical predictions from the PSR model and base model are compared with the experimental
results. The comparative study shows that the PSR model performs better than the base model
at capturing the sand responses and liquefactions behaviors. The investigation also finds obvious PSR in the sand bed and demonstrates the importance of considering the PSR effect under earthquake loadings in undrained conditions.

Keywords: Earthquake loading, Principal stress rotation, Elastoplastic model, Liquefaction,
Finite element simulation
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1

INTRODUCTION

Earthquake loadings can lead to quite complicated stress conditions in the soil bed, such as
conditions with principal stress rotation (PSR). Early in 1983, Ishihara and Towhata found
that the PSR at fixed principal stress magnitudes can also cause the build-up of excess pore
water pressure, the reduction of effective confining pressure and the increase of plastic strain
in undrained conditions, which could further accelerate sand liquefaction and lead to catastrophic failure of foundations [1]. Similar conclusion and the importance of considering the
PSR were also proposed by other researchers [2-5]. Ignoring the PSR effect can lead to inaccurate computations and unsafe designs. During last decades, numerous experimental and
numerical attempts have been made to investigate the earthquake induced soil behaviors, such
as VELACS (Verification of Liquefaction Analysis using Centrifuge Studies) [6], LEAP
(Liquefaction Experiments and Analysis Projects) [7], etc. Although a number of numerical
simulations have been conducted for these projects [7-10], there are few of them focusing on
the PSR effect under earthquake loadings.
Therefore, this paper aims to investigate the effect of PSR induced by earthquake loadings
in the sand with a series of numerical studies using an elastoplastic constitutive model considering the PSR, which is improved based on a bounding surface model with the critical state
theory. The model will be verified in the numerical simulations of geotechnical laboratory
tests and then implemented in the finite element simulations of the VELACS centrifuge model test. The numerical predictions from the original base model, the improved PSR model and
the experimental results will be compared.
2

THE ORIGINAL BASE MODEL

The bounding surface model proposed by Dafalias & Manzari [11] is chosen as the base
model. This model adopts the critical state theory, the kinematic hardening rule and state parameter to represent sand with different initial states. To better illustrate and focus on the PSR
effect, the fabric change effect in their original work is not considered in this paper. The basic
model formulations are briefly introduced as follows.
The yield surface of the model is given as:
f = [(s - pα) : (s - pα)]1/2 -

pm = 0

(1)

where s and α are the deviatoric stress and back-stress ratio tensor, respectively. p is the
confining pressure and m represents the radius of yield surface. The normal to the yield surface is given as:
l=

= n - (n:r) I

(2)

where n is defined as the normal to the yield surface on the deviatoric plane. r equals to s/p
and I is the isotropic tensor. The elastic volumetric strain increment
and elastic deviatoric
are given as:
strain increment

The plastic strain increment

= dp / K

(3)

= ds / 2G

(4)

is given as:
= <L> R;

L=

( ) : dσ; R = n + D I

where L is loading index and R represents the direction of
the dilatancy ratio D are given as:
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(6)

D = Ad d : n

(7)

where b and d are distances between the back-stress ratio and bounding surface and
dilatancy surface back-stress ratio, respectively. αin represents the value of α at the very beginning of each loading stage and requires update when the negative denominator occurs. h0,
ch and Ad are model parameters.
3

THE MODIFIED PSR MODEL

In the PSR model, the plastic strain increment is split into two parts—the monotonic strain
increment d and the PSR strain increment d . The model formulations are briefly introduced here and details can be found in Yang and Yu [12]. The subscript m and r represent
monotonic and PSR loading hereinafter. The plastic strain increment is defined as:
d

= <Lm> Rm =

d

= <Lr> Rr =

(
(

d

)R

(8)

d ) Rr

(9)

Rr represents the direction of PSR strain increment and is given as:
Rr = n + Dr I;

Dr = Ar (1- α/αbθ) α

(10)

where Dr is the PSR dilatancy ratio and Ar is model parameter for the PSR effect on
dilatancy. The PSR plastic modulus Kpr is given as:
K pr

1 / 2
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where h0r and ξr are new model parameters for the PSR effect. The final relationship between the stress and strain increments can be derived as:
dσ = Eep dε
Eep

(12)
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(16)

where E is the elastic stiffness and Nr is defined to project the total stress increment to the
PSR direction. It can be seen that the modified PSR model obtained a stiffness tensor independent of stress increments and the linear relationship between the stress and strain increments, thus facilitating its finite element applications in boundary value problems.
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4

MODEL CALIBRATION AND SIMULATIONS OF LABORATORY TESTS

The sand used in the VELACS centrifuge model test chosen to be simulated is Nevada
sand. Its specific gravity is 2.67 and has maximum and minimum void ratios of 0.887 and
0.511, respectively. Therefore, a series of undrained triaxial tests (N50U1, N60U1002,
N60U2501) and rotational shear tests using Nevada sand from Chen and Kutter [13] are
adopted to calibrate the model parameters and verify the model. Some typical results are presented in Figure 1 & 2 and model parameters calibrated are listed in Table 1. The first 13 parameters are calibrated using the method proposed by Dafalias and Manzari [11, 14]. The PSR
parameters h0r and ξr are calibrated by the shear stress-strain relationships in undrained rotational shear tests while Ar is determined from the volumetric responses.
Base model

Constant
Elasticity
Critical state

Parameters
G0
v
M
c

Value
150
0.25
1.45
0.712
0.005

e0
[
m
h0
ch
nb
A0
nd
h0r

[r

0.807
0.5
0.05
5.5
0.968
0.55
0.6
3.5
0.9
1.1

Ar

0.5

Oc

Yield surface
Plastic modulus
Dilatency
Modified model

Plastic modulus
Dilatancy

Table 1: Model parameters of Nevada sand used in the numerical simulation.

Figure 1 presents the numerical predicted results along with the experimental results of undrained triaxial tests. The numerical simulations have successfully reproduced the sand responses under undrained monotonic loadings, including the contractive-dilative phase
transformation, the peak stress ratio q/p’ around 1.45 and the increase of axial strains with
deviatoric stresses. It should be noted that there is no difference between the predicted results
from the base model and modified PSR model because the direction of principal stresses does
not change in the monotonic triaxial tests.
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(a)

(b)
Figure 1: Predicted results and experimental results of stress-strain behaviors for undrained triaxial tests.

Figure 2 shows the numerical predicted results of the undrained rotational shear test from
the base model and the modified model, as well as the experimental results. In Figure 2a, the
effective confining pressure p’ in the predicted results from the modified model reduced to the
lowest value of 50 kPa, which agrees well with the experimental results. However, in the predicted results from the base model, both the reduction of p’ and accumulation of deviatoric
stain were underestimated. In the shear stress-strain behaviors in Figure 2b, the modified
model has reproduced the accumulation of shear strain and dramatic shear stain increase in
the last few cycles, which indicates the occurrence of liquefaction and agrees well with the
experimental results. However, the base model still underestimates the shear strain accumulation because it is not able consider the PSR effect, which is important in cyclic loading conditions such as in the rotational shear test.
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(a)

(b)
Figure 2: Predicted results and experimental results of stress-strain behaviors for undrained rotational shear test.

5
5.1

FINITE ELEMENT ANALYSIS
Problem definition

Model No.3 in VELACS centrifuge testing project is chosen to investigate the PSR effect
and verify the modified model in boundary value conditions under earthquake loadings. The
centrifuge model contains a 220 mm deep laminar box deposited with saturated sand, which is
further horizontally divided into two layers with the relative density of 40% and 70%, respec-

2027

Zhe Wang, Yunming Yang

tively (Figure 3). The soil sample is measured with 7 accelerometers, 10 pore water pressure
transducers and 6 displacement LVDT transducers. Horizontal base shaking is then applied to
the laminar box.
The numerical simulation is conducted using a fully coupled finite element computer code,
which adopts the Hilber-Hughes-Taylor α time integration method and a predictor-multicorrector algorithm to achieve quadratic accuracy [15]. The model scale gravitational acceleration of 50 g is used in the simulation and 30 seconds is considered in total, as the liquefaction occurs at the majority of the sand bed after 30 seconds.

Figure 3: The front view configuration and the location of measuring instruments for the centrifuge model test.

5.2

Predicted results and comparison with the experimental data

The time histories of excess pore water pressure at typical locations are shown in Figure 4.
Generally, the predicted results from the modified model have reached nearly the same peak
value as the experimental data and agree well with the experimental results. In contrast, the
base model has significantly underestimated the build-up of excess pore water pressures. For
example, the peak value of excess pore water pressure from the base model only reached 27
kPa in location P3, which is 15 kPa lower than the experimental data. The stress path in the
p’-q space at a typical location is presented in Figure 5. It is obvious that the modified model
has brought the soil to liquefaction and captured the critical features such as the zero p’ and
the butterfly shape stress path in the liquefaction state while the base model only achieved the
lowest p’ value of 5 kPa and does not reach the liquefaction state. Figure 6 shows the predicted results of the displacement along with the experimental results in typical locations of L1
and L2. It can be seen that there are again significant differences between the predicted results
from the two models. The modified model has reproduced the increase of displacement after
the base shaking started and generally agrees with the experimental data, although slight
overestimation can be observed at location L2 in the last few seconds. However, the maximum displacements in predicted results from the base model are 0.51 mm at location L1 and
1.52 mm at location L2, respectively, which is far from the experimental data. This is because
the base model has failed in reproducing the PSR effect and liquefaction behaviors. The comparative study above has demonstrated that it is important to consider the PSR effect as ignoring it can cause the underestimation of the build-up of excess pore water pressure, the
decrease of effective confining pressure and the increase of displacement, thus leading to inaccurate computations and unsafe designs.
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Figure 4: Predicted results and experimental results of the excess pore water pressure build-up in location P1, P3
and P7.

(a)
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(b)
Figure 5: Predicted stress paths in location P7.

(a) Location L1
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(b) Location L2
Figure 6: Predicted results and experimental results of the lateral displacement increase in location L1 and L2.

6

CONCLUSION

This paper presents the numerical investigation of the principal stress rotation under earthquake loadings using an elastoplastic sand model considering the PSR effect, which is improved from a bounding surface model with the critical state theory. The modified model is
verified by a series of triaxial and rotational shear tests and then implement in the numerical
simulation of a centrifuge model test under earthquake loadings involving the PSR. The predicted results from the base model and the modified model as well as the experimental results
are presented and compared. The analysis shows that the base model can reproduce sand responses under monotonic loading conditions without the PSR but in most cases underestimates the build-up of excess pore water pressure, the decrease of effective confining pressure,
the increase of displacement and fails to predict the liquefaction under loading conditions involving the PSR, which may lead to unsafe designs. In contrast, the modified PSR model provides much more accurate predictions than the base model as its predictions generally agree
well with the experimental results and capture most of critical features of sand behaviors under the PSR. The comparative investigation demonstrates that it is important to consider the
PSR effect in the simulation of geotechnical boundary value problems under earthquake loadings.
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Abstract. This work investigates the performance of the enhanced beam Finite Element (FE)
formulations proposed in [20] for the dynamic response of frame structures subjected to shear
and torsional actions. These formulations introduce enriched kinematic descriptions to describe
the out-of-plane deformations of beam cross-sections, in addition to the standard in-plane rigid
modes. First model is based on the Vlasov’s theory, enriched to include shear induced warping, and is developed according to a displacement-based approach. To this end, additional
degrees of freedom (DOFs) are introduced at the two element end nodes and are used to interpolate warping along the element axis, so that the inﬂuence of warping restraints at the element
boundaries are properly accounted for. Second model is based on the Benscoter’s warping theory, also enriched to include shear warping, and is developed according to a mixed formulation
free from shear-locking. Third model is the extension of second formulation and considers a
general and accurate warping description. Indeed, a variable number of additional DOFs is
introduced over the element cross-section and the warping displacement ﬁeld is interpolated at
two levels, along the beam axis and over the cross-section plane.
Numerical analyses are presented to assess the performances of the three models in describing the seismic response of frame structures, when shear/torsional actions dominate the
structural behavior. Results are compared with the solutions obtained from standard beam and
more involving shell and brick FE models.

2033

Daniela Addessi, Paolo Di Re and Cristina Gatta

1

INTRODUCTION

Simulation of the mechanical behavior of large scale structures is a challenging task, although signiﬁcant advances in computer technology were made during the last decades and increasingly accurate computational models were proposed. In particular, civil engineering structures subjected to seismic actions deserve special efforts, as the dynamic response to ground
motions is strongly inﬂuenced by the material complex nonlinear behavior and multi-axial stress
interaction. Many works have focused on the effects of in-plane and out-of plane cross-section
deformation modes due to shear and torsional actions and, by employing enhanced beam models, they have proved that these phenomena can signiﬁcantly reduce the element stiffness, inﬂuencing the natural frequencies of the structure [1] and producing local and global buckling under
both static [2, 3, 4] and dynamic loading conditions [5]. Despite their considerable accuracy,
full generalization of these models and their introduction in numerical codes for the analysis
of large scale structures is hard to accomplish. Hence, more demanding two-dimensional (2D)
plate/shell or three-dimensional (3D) Finite Element (FE) approaches are often used, although
their lower efﬁciency and high computational cost. The adoption of beam FEs is to now the
most convenient choice for the analysis of large scale framed structures. However, standard
models are often based on classical rigid cross-section assumption and fail in correctly reproducing the structural response, even more when thin-walled members subjected to shear and
torsion are considered.
Starting from the ﬁrst proposals by Vlasov [6] and Benscoter [7], several enhanced beam
theories and numerical models were presented [8, 9, 10, 11]. An extensive review of the ﬁrst
proposals is reported in [12], while more sophisticated formulations were recently developed,
to include also effects due to shear forces, e.g. [13, 14, 15, 16, 17, 18]. However, only in
few cases these models were focused on the analysis of large structures under dynamic loading
conditions, e.g [19].
This work explores the application to dynamic ﬁeld of the 3D beam FE formulations presented in [20] and originally developed for the static analysis of frame structures subjected to
shear and torsional actions. Enriched kinematic descriptions are considered to include out-ofplane deformations of beam cross-sections, in addition to the classical in-plane rigid modes.
Hence, warping effects related to both torsion and shear are accounted for.
First model is based on an extended Vlasov’s theory that includes both torsional and shear
warping and relies on an enriched displacement-based approach that prevents shear-locking
[21]. The out-of-plane cross-section displacement ﬁeld is assumed as the linear combination
of three warping functions, a priori deﬁned over the element cross-section, and the generalized
cross-section torsional curvature and shear strains. By introducing additional degrees of freedom (DOFs) at the element end nodes, these generalized strains are interpolated along the axis
as parabolic and linear functions, respectively. The model is referred to as Enhanced Vlasov
Displacement-based Element (EVDE).
Second model is based on Benscoter’s warping theory, also enriched to include both torsional
and shear warping. As opposed to the ﬁrst model, warping variables deﬁned along the axis
are assumed as independent kinematic quantities from cross-section strains. Hence, a mixed
approach is followed, where the warping displacement ﬁeld is interpolated along the element,
together with the generalized cross-section stresses. The model is referred to as Simpliﬁed
Warping Mixed Element (SWME).
Third model is the general extension of the above latter formulation. Indeed, in addition to
the warping displacement interpolation along the element axis, this considers a 2D interpolation
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over the cross-section plane, thus allowing for higher order descriptions of the out-of-plane
deformations and full coupling of all stress components. The model is referred to as Enhanced
Warping Mixed Element (EWME).
Main details of the adopted beam FE models are reviewed, discussing their extension to
dynamic ﬁeld. For EVDE and EWME, detailed derivation of the element governing equations
under dynamic effects is reported in [22] and [23], respectively, and is brieﬂy recalled here.
More focus is dedicated to the dynamic extension of SWME, which is presented as a simpliﬁed
case of that proposed for the EWME.
Numerical analyses on a steel L frame and a reinforced concrete (RC) shear wall are presented to assess the performances of the three models in describing the seismic response of
the structures, when shear/torsional actions dominate the structural behavior. Elasto-plastic
and plastic-damage nonlinear material behavior is considered. Results are compared with the
solutions obtained from standard beam and more involving shell and brick FE models.
2

BEAM FINITE ELEMENT FORMULATIONS

The adopted model formulations are described referring to a straight beam with the local
intrinsic reference system (x, y, z) , being x the axis parallel to the section centroid locus and y
and z two general orthogonal axes lying on the cross-section plane. The element length and the
2D domain of the cross-section are indicated as L and A(x), respectively.
Under the assumption of small displacements and strains, all models introduce the description of the out-of-plane deformations partially removing the classical hypothesis of rigid crosssections. Hence, displacements um (x, y, z) of the generic point m are deﬁned as the sum of
cross-section rigid body motions, ur (x, y, z), and warping displacements, uw (x, y, z), i.e.:
⎫
⎧
⎫ ⎧
⎨ ur (x, y, z) ⎬ ⎨uw (x, y, z)⎬
0
(1)
um (x, y, z) = ur (x, y, z) + uw (x, y, z) = vr (x, y, z) +
⎭
⎩
⎭ ⎩
0
wr (x, y, z)
Accordingly, three non-zero strain components are introduced, that is the axial elongation
εxx (x, y, z) and the two transverse shear strains, γxy (x, y, z) and γxz (x, y, z). These are collected in vector εm (x, y, z) and are work-conjugate to the axial, σxx (x, y, z), and shear stresses
in the cross-section plane, τxy (x, y, z) and τxz (x, y, z), collected in vector σm (x, y, z).
Based on the above assumptions, three enriched beam FE formulations are derived. These
are presented in detail in [20] and are summarized in the following, focusing the attention on the
warping description hypotheses and the derivation of the element governing equations including
inertia effects.
2.1

Enhanced Vlasov Displacement-based Element (EVDE)

The EVDE formulation considers nine DOFs at each of the two end nodes, i and j, of
the element, being these the six standard translations and rotations, collected in vectors ui/j
and θi/j , respectively, and three additional DOFs used to describe cross-section warping, i.e.
the end cross-section torsional curvature, χxi/j , and shear strains, γyi/j and γzi/j , collected in


T
T
vectors ηi = χx i γy i γz i
and ηj = χx j γy j γz j
(Figure 1). Hence, the nodal
displacement vector is written as:
T  T T
T

û = uT ηT
= ui θi uTj θTj ηTi ηTj
(2)
vectors uT and ηT collecting the standard and warping DOFs, respectively.
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Figure 1: Standard (black) and warping (blue) nodal DOFs for the EVDE

A reference basic conﬁguration is introduced to remove the element rigid body motions and
only twelve basic displacements are used to deﬁne the element behavior. These are listed in
vector v̂, that results as:

T
(3)
v̂ = uj θzi θzj θxj θyi θyj χxi γyi γzi χxj γyj γzj = âv û
being âv the kinematic operator that removes the rigid body motions [20].
To avoid shear locking issues, generalized cross-section displacement interpolation is performed by assuming the two cross-section shear strain ﬁelds, γy (x) and γz (x), as independent
quantities, instead of the bending rotations, θy (x) and θz (x) [21]. Thus, cross-section kinematic
vector results as:
T

(4)
ûs (x) = u(x) v(x) θx (x) w(x) γy (x) γz (x)
being u(x), v(x) and w(x) the rigid traslations and θx (x) the rigid torsional rotation. The nodal
DOFs introduced permit to express the displacement ﬁelds u(x), γy (x) and γz (x) as linear
functions along the element axis, and v(x), w(x) and θx (x) as cubic polynomials. The relations
between ûs (x) and v̂ is written in compact form as:
ûs (x) = N̂(x) v̂

(5)

where N̂(x) is the element shape function matrix containing the polynomial interpolations for
the displacement and shear strain ﬁelds [20].
By enforcing the cross-section compatibility conditions, the generalized cross-section strain
vector, ê(x) = D(x) ûs (x), is introduced, being D(x) the compatibility differential operator.
Vector ê(x) collects the axial strain, εG (x), ﬂexural curvatures, χz (x) and χy (x), torsional
curvature, χx (x), shear strains, γy (x) and γz (x), and additional warping strains, ζx (x) = χx (x),
ζy (x) = γy (x), ζz (x) = γz (x), related to warping, i.e.:
T

ê(x) = εG (x) χz (x) γy (x) χx (x) χy (x) γz (x) ζx (x) ζy (x) ζz (x)

(6)

where the apex denotes the derivative with respect to x. Hence, the following relationship holds
between the generalized cross-section strains and the nodal basic displacement vector:
ê(x) = D̂(x) N̂(x) v̂ = â(x) v̂

(7)

where â(x) = D̂(x) N̂(x) is the cross-section strain compatibility matrix.
According to Vlasov’s warping description [6], strain ﬁelds γy (x), γz (x) and χx (x) are used
to describe cross-section out-of-plane displacements. Indeed, displacement ﬁeld uw (x, y, z) is
deﬁned as the linear combination of assigned 2D warping functions, deﬁned over the
 crosssection area and collected in vector Mη (y, z) = Mη x (y, z) Mη y (y, z) Mη z (y, z) . These
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are associated to torsion and shear along y- and z-directions, respectively, and, thus, are combined by means of the corresponding strain ﬁelds, assumed as warping parameters, ηs (x) =

T
χx (x) γy (x) γz (x) , i.e.:
uw (x, y, z) = Mη (y, z) ηs (x)

(8)

The warping functions Mη x (y, z), Mη y (y, z) and Mη z (y, z) are determined according to the
numerical procedure described in [20], which ensures the orthogonality conditions between
rigid and warping displacements, as required by Equation (1). Examples of warping functions
are depicted in Figure 2 for a S-shaped cross-section.

(a)

(b)

(c)

Figure 2: Warping functions for a S-shaped cross-section related to (a) torsion, Mη x (y, z), (b) shear along y-axis,
Mη y (y, z), and (c) shear along z-axis, Mη z (y, z)

Accounting for the warping description in Equation (8), material strains are determined as:
εm (x, y, z) = α̂(y, z) ê(x)

(9)

where α̂(y, z) is the cross-section compatibility operator. By enforcing the virtual work principle, the generalized section stresses, ŝ(x), are deﬁned as:
T

α̂ (y, z) σm (x, y, z) dA

ŝ(x) =

(10)

A(x)

with:
T

ŝ(x) = N (x) Mz (x) Typ (x) Mxp (x) My (x) Tzp (x) Bx (x) By (x) Bz (x)

(11)

being N (x) the axial stress, Mz (x) and My (x) the bending moments and Bx (x), By (x) and
Bz (x) the bi-moments, work-conjugate to ζx (x), ζy (x), ζz (x) [6, 13], i.e.:
Bk (x) =

Mη k (y, z) σxx (x, y, z) dA ,

with

k = x, y, z

(12)

A(x)

Quantities Mxp (x), Typ (x) and Tzp (x) are the primary torsional moment and shear stresses, each
resulting as the sum of the corresponding standard stress, Mx (x), Ty (x) or Tz (x), and bi-shear,
Mxs (x), Tys (x) or Tzs (x).
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2.1.1

Derivation of the element governing equations

According to the displacement-based formulations [24], element equilibrium equations are
derived from the stationarity of a Lagrangian functional, L [um (x, y, z), u̇m (x, y, z)], function
of the displacements, um (x, y, z), and velocities, u̇m (x, y, z), and expressed as the difference
of the element kinetic, T [u̇m (x, y, z)], and potential energy, Π [um (x, y, z)], that is:
L [um (x, y, z), u̇m (x, y, z)] = T [u̇m (x, y, z)] − Π [um (x, y, z)]

(13)

Kinetic energy is expressed ﬁrst in terms of cross-section velocities, û˙ s (x), and then in terms
˙ as reported in details in [22]. Hence, it ﬁnally results as:
of nodal velocities, û,
  1
1
(14)
T û˙ = û˙ T (mr + mw ) û˙ = û˙ T m û˙
2
2
where mr and mw are the element rigid and warping mass matrices related to the inertia effects
due to ur (x, y, z) and uw (x, y, z), respectively, while m = mr + mw is the total element
consistent mass matrix.
Similarly, potential energy is expressed ﬁrst in terms of cross-section quantities, ê(x) and
ŝ(x), and then in terms of nodal quantities, û and p̂, this latter collecting in vector p the standard
forces and couples, pi/j and mi/j , work-conjugate to ui/j and θi/j , and in vector β the additional
generalized forces, βi and βj , work-conjugate to the warping DOFs, ηi and ηj , that is:

T  T
T
p̂ = pT βT
= pi mTi pTj mTj βTi βTj
(15)
Hence, it results:



&
T

Π (û) = û


â (x) ŝ(x) dx −

âTv
L

'

N̂ (x) q̂s (x) dx − p̂ + p̂rq

T

T

(16)

L

where p̂rq is the vector collecting the basic reaction forces due to distributed loads, q̂s (x).
Under static loading conditions, the element equilibrium equations state that the term in brackets
must equal the basic nodal force vector, q̂, work-conjugate to v̂ [20]. Hence, by considering
Equations (14) and (16), expression of L in terms of nodal quantities is obtained as:



˙ û = 1 û˙ T m û˙ − ûT âT q̂ − p̂ + p̂rq
L û,
(17)
v
2
and the element governing equations are derived by enforcing its stationarity as:



 

˙ û
˙ û
û,
û˙
û,
∂L
∂T
∂L
∂Π (û)
d
d
−
+
=
=0
(18)
dt
∂ û
dt ∂ û˙
∂ û
∂ û˙
which gives the element equilibrium equations in the form:
¨ + âT q̂ + p̂rq = p̂
m û
v

(19)

Linearization of Equation (19) results as:
¨ + âT Δq̂ = m Δû
¨ + âT k̂v Δv̂ = m Δû
¨ + âT k̂v âv Δû = Δp̂
m Δû
v
v
" v #$ %
k̂

(20)

where Δ indicates the quantity increment and k̂ is the element tangent stiffness matrix, being:
k̂v =

∂ q̂
=
∂ v̂

âT (x)
L

∂ŝ(x) ∂ê(x)
dx =
∂ê(x) ∂ v̂
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∂ŝ(x)
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2.2

Simpliﬁed Warping Mixed Element

The SWME formulation considers an arbitrary number of nodes, nw , located along the element axis (Figure 3), always including end nodes, i and j. At each node, three DOFs are added
  


















 




Figure 3: Standard (black) and warping (blue) nodal DOFs for the SWME model

and used to interpolate cross-section warping due to torsion and shear. These are collected in

T
vector ηn = ηx n ηy n ηz n , where subscript n = 1, . . . , nw indicates the node number.
Hence, the nodal displacement vector is written as:
T  T T
T

= ui θi uTj θTj ηT1 ηT2 . . . ηTnw
(22)
û = uT ηT
The element rigid body motions are removed from the standard DOFs, u, and vector v,
collecting the standard basic nodal displacements, is obtained as follows:
T

(23)
v = uj θzi θzj θxj θyi θyj = av u
being av the standard element compatibility matrix [18]. The total basic deformation displacement vector v̂ reads:

T  T
T
= v ηT
(24)
v̂ = vT ηx 1 ηy 1 ηz 1 . . . ηx nw ηy nw ηz nw
The SWME model follows a mixed beam formulation [25] where standard generalized cross
T
section stresses, s(x) = N (x) Mz (x) Ty (x) Mx (x) My (x) Tz (x) , are interpolated
along the element axis, by enforcing the equilibrium conditions in strong form, i.e.:
(25)
s(x) = b(x) q + sq (x)
T

the vector collecting the basic nodal forces
being q = px j mz i mz j mx j my i my j
work-conjugate to v, b(x) the equilibrium matrix [23] and sq (x) the generalized section stress
vector due to distributed loads.
In addition, the warping displacement ﬁeld uw (x, y, z) is interpolated. To this end, Benscoter’s warping description is adopted [7], where, similarly to Equation (8), uw (x, y, z) is deﬁned as the linear combination of warping functions, Mη (y, z). However, independent warping

T
parameters, ηs (x) = ηx (x) ηy (x) ηz (x) , are considered to describe warping variation
along x. Hence, by exploiting the additional warping DOFs, ηx n , ηy n and ηz n at the element
nodes, polynomial interpolation of ﬁelds ηx (x), ηy (x) and ηz (x), respectively, is introduced and
Equation (8) is written as:
uw (x, y, z) =

nw


Nn (x) Mη (y, z) ηn

n=1

being Nn (x) the Lagrange polynomial shape function associated to node n.
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The material strains εm (x, y, z) are, thus, determined as:
εm (x, y, z) = α(y, z) e(x) + αζ (y, z) ζs (x) + αη (y, z) ηs (x) =

nw 

∂Nn (x)
= α(y, z) e(x) +
αζ (y, z) + Nn (x) αη (y, z) ηn
∂x
n=1

(27)

where three contributions are distinguished, the ﬁrst related to rigid cross-section displacements
and the others to warping. Vector e(x) collects the standard generalized cross-section strains
work-conjugate to s(x) and matrix α(y, z) is the compatibility operator, while vector ζs (x) =
T

ζx (x) ζy (x) ζz (x) contains the strain quantities assumed as equal to the derivatives of the
warping parameters with respect to x (see also Equation (6)). Matrices αζ (y, z) and αη (y, z)
are compatibility operators related to the warping ﬁeld with size 3 × 3 [20].
The virtual work equivalence, enforced by alternatively assigning a virtual variation to the
three ﬁelds composing εm (x, y, z) [20], leads to the deﬁnition of standard, s(x), and warping,
bw (x) and tw (x), generalized cross-section stresses, that is:
αT (y, z) σm (x, y, z) dA

s(x) =

(28)

A(x)

αζ (y, z)T σm (x, y, z) dA,

bw (x) =

αη (y, z)T σm (x, y, z) dA (29)

tw (x) =

A(x)

A(x)

The latter are work-conjugate to ζs (x) and ηs (x), respectively, and are equivalent to the bimoments and bi-shears introduced in the EVDE model.
2.2.1

Derivation of the element governing equations

The element governing equations are derived from the stationarity of an extended Lagrangian
functional, expressed as function of four independent ﬁelds, being these the material rigid displacements, ur (x, y, z), total strains, εm (x, y, z), and stresses, σm (x, y, z), and warping displacement, uw (x, y, z), i.e.:
L(ur , εm , σm , uw , u̇r , u̇w ) = T (u̇r , u̇w ) − Π(ur , εm , σm , uw )

(30)

where dependency of the quantities from spatial coordinates x, y and z is omitted for brevity.
The kinetic energy is expressed ﬁrst in terms of rigid cross-section velocities, u̇s (x), being
T

us (x) = u(x) v(x) θx (x) w(x) θy (x) θz (x) , and then in terms of all nodal velocities, u̇ and η̇, following [23]. This is accomplished by accounting for Equation (26) and by
expressing the rigid cross-section displacements and velocities in terms of nodal DOFs as follows:
us (x) = Ns (x) u + Nw (x) η
and
u̇s (x) = Ns (x) u̇ + Nw (x) η̇
(31)
where Ns (x) and Nw (x) are the shape function matrices relating us (x) to the standard and
warping nodal DOFs, u and η, respectively. These are derived by using the unit load method,
described in more detail in [23] for the EWME. Hence, the kinetic energy results as:
1
1
T (u̇, η̇) = u̇T mrr u̇ + u̇T mrw η̇ + η̇T mwr u̇ + η̇T (mrww + mww ) η̇
2
2
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where mrr , mrw , mwr and mrww are the element mass matrices associated to the generalized
rigid cross-section velocity u̇s (x) and are deﬁned as:
NTs (x) ms (x) Ns (x) dx

mrr =

,

NTs (x) ms (x) Nw (x) dx = mTwr

mrw =

L

L

mrww

NTw (x) ms (x) Nw (x) dx

=

(33)

L

being ms (x) the standard rigid cross-section mass matrix [23], while mww is the element mass
matrix associated to the warping velocity u̇w (x, y, z) and is deﬁned as:
⎡
⎤
N1 (x) msw (x) N1 (x) . . . N1 (x) msw (x) Nnw (x)
⎢
⎥
..
..
...
mww =
(34)
⎣
⎦ dx
.
.
L
Nnw (x) msw (x) N1 (x) . . . Nnw (x) msw (x) Nnw (x)
being msw (x) the cross-section mass matrix associated to u̇w (x, y, z), that results as:
ρ(x, y, z) MTη (y, z) Mη (y, z) dA

msw (x) =

(35)

A(x)

where ρ(x, y, z) indicates the material density.
Similarly, the potential energy is expressed ﬁrst in terms of the standard cross-section quantities, us (x), e(x) and s(x), and warping displacements, uw (x, y, z), and then in terms of standard
cross-section strains and stresses, e(x) and s(x), and nodal DOFs, u and η. Hence, it results:
εTm [e, uw (η)] σm (εm ) dV +

Π(u, e, s, η) =
V

sT {e[us (u, η)] − e} dx +
L

+ Πext [u, η, us (u, η)]

(36)

where Πext [u, η, us (u, η)] is the external load potential.
By considering Equations (32) and (36), expression of L results as:
1
1
L (u, e, s, uw , u̇, η̇) = u̇T mrr u̇ + u̇T mrw η̇ + η̇T mwr u̇ + η̇T (mrww + mww ) η̇ +
2
2
εTm [e, uw (η)] σm (εm ) dV +

+
V

sT {e[us (u, η)] − e} dx + Πext [u, η, us (u, η)]

(37)

L

and four element governing equations are derived, by assuming u, e(x), s(x) and uw as independent variables, that is by imposing the following four stationarity conditions:
d ∂L (u, e, s, uw , u̇, η̇) ∂L (u, e, s, uw , u̇, η̇)
d ∂T (u̇, η̇) ∂Π(u, e, s, η)
−
=
+
= 0 (38)
dt
∂ q̇h
∂qh
dt ∂ q̇h
∂qh
with qh ≡ u, e, s, η.
For qh ≡ e, s, the term related to the kinetic energy vanishes and the resulting equations are
those holding for static loading conditions, that is the nonlinear material constitutive law and
element compatibility enforced in weak form as:
σm (x, y, z) = σ̂m [εm (x, y, z)]
bT (x)e(x) dx

v =
L
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By contrast, for qh ≡ u, η the dynamic equilibrium equations result, related to rigid and
warping motions, respectively, and written as:
mrw üw +

mrr ü +
mwr ü +

(mrww

⎡

⎤

∂N1 (x)
∂x

aTv q − prq
⎡

⎣ . . . ⎦ bw (x) dx +

+ mww ) üw +
L

∂Nnw (x)
∂x

L

⎤

= p (41)

N1 (x)
⎣ . . . ⎦ tw (x) dx = β (42)
Nnw (x)

where prq is the vector collecting the basic reaction forces due to distributed loads, written
considering only the twelve standard nodal components, while vectors p and β contain the
element nodal forces work-conjugate to u and η, respectively. These are arranged in the total
nodal force vector p̂, resulting as:
T  T
T

= pi mTi pTj mTj βT1 βT2 . . . βTnw
(43)
p̂ = pT βT
Linearization of Equations (41) and (42) is written in compact form as [23]:
& ' 
& ' & '

Δü
krr
Δu
Δp
krw
mrw
mrr
=
+
r
r
Δη̈
Δη
Δβ
kwr kww + kww
mwr mww + mww
"
#$
% " #$ % "
#$
% " #$ % " #$ %
¨
m
k
Δû
Δp̂
Δû

(44)

and gives the deﬁnition of the total consistent element mass, m, and stiffness matrix, k. Similarly to m, matrix k is composed by ﬁve contributions. First four, krr , krw , kwr and krww are the
element stiffness matrices associated to the generalized rigid cross-section displacement us (x)
and are deﬁned as:
krr = aTv f −1 av ,

krw = aTv f −1 bsw ,

kwr = bws f −1 av ,

krww = bws f −1 bsw

(45)

where f is the standard consistent element ﬂexibility matrix [25] and bsw and bws are the element warping compatibility and equilibrium matrices, respectively [18, 23]. While, kww is the
element stiffness matrix associated to warping.
2.3

Enhanced Warping Mixed Element

The EWME formulation is the enhanced version of the SWME model. Indeed, a richer
warping interpolation is performed in this case, by introducing an arbitrary number, mw , of
DOFs at each of the nw element nodes. These are located at uniformly distributed points over
the cross-section, as depicted in the examples of Figure 4. Hence, vector ηn collecting all DOFs,
uw nm , with m = 1, . . . , mw , for node n, now reads as:

T
(46)
ηn = uw n1 uw n2 . . . uw nmw
while nodal displacement vector û is arranged as in Equation (22).
As opposed to the SWME, where warping proﬁles, Mη (y, z), over the cross-section are
assigned, for the EWME, warping interpolation involves all three spatial dimensions. Hence,
instead of Equation (26), this assumes:

m
nw
nw
w



uw (x, y, z) =
Nn (x)
Mm (y, z) uw nm =
Nn (x) Mη (y, z) ηn
(47)
n=1

m=1

n=1
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Figure 4: Examples of EWME warping DOFs for typical cross-sections at element node n

where Mη (y, z) is now a row vector containing 2D Lagrange polynomials Mm (y, z) used to
interpolate uw (x, y, z) over the cross-section plane.
The material strains, εm (x, y, z), are expressed in a similar fashion to Equation (27), i.e.:
εm (x, y, z) = α(y, z) e(x) +

nw 

∂Nn (x)
n=1

∂x


αζ (y, z) + Nn (x) αη (y, z) ηn

(48)

although matrices αζ (y, z) and αη (y, z) have, now, size 3 × mw and contain polynomials
Mm (y, z) and their derivatives with respects to y and z [20].
Generalized cross-section stresses playing the role of bi-moments and bi-shears, bw (x) and
tw (x), are derived as in Equation (29) and all other fundamental relationships and governing
equations are obtained through similar derivations performed for the SWME, that lead to formal
identical expressions. Complete details of the element formulation are described in [23].
3

NUMERICAL APPLICATIONS

To validate and compare the performances of the adopted beam formulations, two numerical
applications are considered. First application simulates the behavior of a steel L frame with
beam and column having symmetric cross-sections and subjected to a base earthquake excitation. Second application reproduces the response of a RC U-shaped shear wall under similar
loading conditions.
3.1

Steel L frame with ﬂange continuity

The behavior of the steel frame depicted in Figure 5 is analyzed. The specimen is composed
by a 4 m long column and 3 m long beam having same I-shaped cross-section geometry. Crosssection orientation is such that ﬂange continuity is obtained at the beam-column connection
joint (point C in the ﬁgure) and rigid and warping displacements are prevented at the ends
of the frame (points A and E). Transverse displacement along y direction of point C is also
restrained. Similar specimen was studied in [26, 27] under static loading conditions, while,
here, dynamic response to ground acceleration is investigated. To this end, in addition to the
mass of the frame, a lumped mass M = 7645 kg is considered, applied at mid-span of the beam
(point D) and representing the mass of a typical slab supported by the frame. A small vertical
eccentricity e is assumed between mass and centroidal axis of the beam, being equal to 0.05 m,
that is half of the cross-section width.
Elasto-plastic material response is assumed. Thus, J2 plasticity model with linear kinematic
hardening is adopted, with Young’s modulus E s = 205000 MPa, Poisson ratio ν s = 0.3, yielding stress σys = 150 MPa and hardening modulus Hks = 0.01 E s . Material density is assumed as
equal to ρ = 7850 kg/m3 .
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0.005 m
0.1 m

Z
X

Figure 5: Geometry of the steel L frame with ﬂange continuity.

A uniform mesh made of 10 and 14 FEs for beam and column, respectively, is used to model
the frame. For the SWME and EWME, parabolic warping interpolation is assumed along the
element axis, i.e. nw = 3. Same order of interpolation is considered for torsional warping
in the EVDE, while shear warping is assumed as linear (Equations (5) and (8)). Over the
cross-section plane, EWME considers parabolic and cubic warping interpolation along web and
ﬂanges, respectively, and linear interpolation across the membrature thickness, i.e. mw = 28,
on the basis of the ﬁndings reported in [10, 18, 23, 20]. Same interpolation order is used to
compute warping proﬁle functions Mη (y, z), adopted in the EVDE and SWME.

(a)

(b)

(c)

(d)

(e)

(f)

Figure 6: Steel L frame: deformed shape for mode (a) 1, (b) 2, (c) 3, (d) 4, (e) 5, (f) 6
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Fiber discretization is used to compute nonlinear cross-section response, that is to evaluate
cross-section resultant forces and stiffness. In this case, ﬁbers are distributed according to the
Gauss-Legendre rule, as exact integration of the element torsional stiffness is required to obtain
the correct response of the frame. Fiber grid is arranged to have 6 ﬁbers placed along web and
ﬂanges and 3 across the membrature thickness.
Table 1: Elastic circular frequency ωi [rad/s] obtained for the L portal frame
st

st

1 Flex.

1 Tors.

Shell
EWME
SWME
EVDE
Rigid section beam

10.55
10.49
10.48
10.49
10.48

20.03
19.80
19.80
19.87
9.07



 

FE type
















2

nd

Mode
Flex. 3rd Flex.

123.01
123.67
123.66
123.68
123.64

140.28
143.36
143.35
143.37
143.33

2nd Tors.

4th Flex.

176.37
176.70
176.61
176.28
84.70

356.54
358.47
358.41
358.54
358.27
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Figure 7: Steel L frame: circular frequency errors obtained with beam models with respect to the shell solution

For all models, damping ratio is set equal to 2% and introduced through Rayleigh method
on the basis of the ﬁrst two elastic frequencies of the frame [28]. These correspond to the ﬁrst
in plane ﬂexural and torsional natural modes, respectively, as depicted in Figures 6(a) and 6(b).
Indeed, Figure 6 shows the deformed shapes for the ﬁrst 6 elastic modes obtained with a reference model made of 2268 4-node Discrete Kirchhoff Quadrilateral shell elements. The blue and
colored conﬁgurations indicate the undeformed and deformed shapes, respectively. The circular frequencies ωi are reported in Table 1 and are compared with the values obtained from the
adopted enhanced beam models and with a standard beam model assuming rigid cross-section.
For this latter, cross-section torsional inertia is computed according to the thin-walled beam theory and results equal to J = κt Iρ , being Iρ the cross-section polar inertia and κt = 0.001153 the
correction coefﬁcient. Figure 7 shows the solution differences in terms of percentage error for
ωi with respect to the reference results. As shown, all enhanced beam formulations give similar
results that perfectly agree with the shell solution. By contrast, the standard beam model provides incorrect frequency values for the torsional modes. Indeed, this model neglects warping
and, thus, warping restraints at the boundaries. Moreover, due to the particular orientation, the

2045

Daniela Addessi, Paolo Di Re and Cristina Gatta

end cross-sections of beam and column that meet at the joint C undergo equal warping proﬁle.
As a result, when beam twists, warping of the end cross-section at C produces warping in the
column, which twists as well (see, for instance, Figure 6(e)). As opposed to the standard model,
in the enhanced beam formulations, the additional nodal warping DOFs placed at the nodes permit to correctly account for boundary restraints. Moreover, mesh connectivity ensures warping
continuity between column and beam and, thus, the correct warping transmission at the joint C.
The frame dynamic response is also investigated by applying to the frame the ground acceleration history depicted in Figure 8(a), and considering both linear elastic and elasto-plastic
constitutive behavior. Peak ground acceleration results equal to 0.4167 g, where g indicates
the gravity acceleration. Figure 8(b) shows the resulting Fourier transform and, thus, indicates
the frequency content of the acceleration signal. In the same ﬁgure, the green dotted vertical
line indicates the value of the ﬁrst torsional natural frequency of the frame. Ground acceleration is assumed to act in the direction Y transverse to the frame plane. Newmark method [28]
is adopted for time integration of the structure global equilibrium equations, with coefﬁcients
β = 0.25 and γ = 0.5 and time step set equal to 0.001 s.
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Figure 8: Base excitation signal: ground acceleration (a) history and (b) Fourier transform

Although mass eccentricity, e, is small, the applied ground acceleration mainly induces torsional deformation of the beam and, due to warping continuity, torsion is transmitted to the
column. By contrast, transverse ﬂexural deformation are mainly limited to the beam, as expected, given the assumed boundary restraints. Figure 9 plots the time-evolution of (a) the
torsional rotation, θxB , of the column mid-height cross-section, (b) the torsional rotation, θxD ,
and (c) transverse displacement, v D , of the beam mid-span cross-section, respectively, under
the assumption of linear elastic material. Solid black curves represent the reference solutions
obtained with the shell FEs. Red, yellow and blue curves refer to those obtained with the
EWME, SWME and EVDE models, respectively. Finally, dotted dark gray curves indicate the
response obtained with the standard beam formulations. As observed in the modal decomposition analysis, standard beam model, not considering the boundary warping restraints, provides
a signiﬁcantly more ﬂexible response, as opposed to all enhanced models that perfectly agree
with the reference response. In addition, standard model does not account for warping transmission at the joint and, thus, gives null rotations for the column (horizontal line at zero in
Figures 9(a), as opposed to the enhanced beam models that correctly capture the column torsional deformation.
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Figure 9: Linear elastic response of the steel L frame: time history of (a) the torsional rotation of the column at
mid-height (point B), (b) torsional rotation and (c) transverse displacement of the beam at mid-span (point D)
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Figure 10: Nonlinear response of the steel L frame: time history of (a) the torsional rotation of the column at
mid-height (point B), (b) torsional rotation and (c) transverse displacement of the beam at mid-span (point D)
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Similar results are plotted in Figure 10 for elasto-plastic material response, showing that
all enhanced beam formulations correctly simulate the evolution of the plastic effects in the
material. Indeed, due to warping constraints, torsion of the members induces signiﬁcant shearlag effects and, thus, when ground acceleration reaches the peak value, at almost 1.3 s, axial
stress exceeds material yield stress, at both ends and mid-height of the beam. Consequently,
plastic strains affect the remaining part of the time-history response. As opposed to the beam
model formulations accounting for warping, the standard beam model does not capture shearlag and shows yielding of the material caused by severe torsional shear stresses acting in the
cross-section plane.
Fourier transforms of the beam and column rotation histories, θxB and θxD , are plotted in
Figure 11, for (a-b) linear elastic and (c-d) nonlinear material response, respectively. These
conﬁrm that main frequency content of the response is associated to torsional deformation mode
of the frame. First torsional frequency of the frame is indicated by the green dotted vertical lines.
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Figure 11: Steel L frame: Fourier transform of the torsional rotation of (a-c) the column mid-height (point B) and
(b-d) beam mid-span cross-section (point D), for (a-b) linear elastic and (c-d) nonlinear material response

3.2

RC U-shaped shear wall

To investigate the performances of the presented enhanced beam models describing the interaction between warping and damaging mechanisms, the response of the RC U-shaped shear
wall in Figure 12 is analyzed under dynamic loadings. Same specimen was experimental tested
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(a) Specimen geometry



































(b) Wall cross-section

Figure 12: RC U-shaped shear wall: (a) specimen and (b) cross-section geometry (dimensions in cm)

by Pegon et al. [29] under cyclic transverse loads applied at the top slab, while ground acceleration is considered, here, as base excitation, i.e. the same signal reported in Figure 8 but
scaled so that peak ground acceleration results equal to 0.8334 g. This is assumed to act in the
x direction, parallel to the wall web.
In addition to the weight of the top slab, the wall is vertically loaded by a constant compression force equal to 2000 kN. As a result, a lumped mass M = 203969 kg is applied at the top
of the wall (at z = 3.90 m), representing the mass of the slab and that of the additional vertical
load. Concrete density is assumed as equal to ρ = 2548.42 kg/m3 .
The wall is modeled as a vertical cantilever, where square slabs are assumed to fully prevent
warping deformations of the bottom and top cross-sections. A uniform mesh made of 4 FEs is
used. For the SWME and EWME, parabolic warping interpolation is assumed along the element
axis, i.e. nw = 3. Over the cross-section plane, EWME considers cubic warping interpolation
along web and ﬂanges and linear interpolation across the membrature thickness, i.e. mw = 24.
Same interpolation order is used to compute warping proﬁle functions Mη (y, z), adopted in the
EVDE and SWME.
A cross-section ﬁber discretization is deﬁned so that 9 ﬁbers are placed along web and ﬂanges
and 3 across the membrature thickness, while concrete response is reproduced by adopting the
damage-plastic model proposed in [18]. Table 2 lists the material parameters, being σt and
σc the uniaxial plastic limit stress in tension and compression, respectively, Hk and Hi the
kinematic and isotropic hardening moduli, respectively, Y0t and Y0c the damage thresholds in
tension and compression, respectively, kt , at , kc , ac and β parameters governing the damage
evolution. Young’s modulus and Poisson ratio are assumed as equal to E = 28000 MPa and
ν = 0.25, respectively. The Giuffrè-Menegotto-Pinto model [30] describes the behavior of the
steel reinforcing bars, with E s = 200 000 MPa, σys = 540 MPa and b = 1.0% being the Young’s
modulus, plastic yield strength and ratio between hardening and elastic stiffness, respectively.
The transition coefﬁcient R from the elastic to the plastic state required in the model results
from the following parameters: R0 = 20, a1 = 18.5 and a2 = 0.15 and no isotropic hardening
is assumed.
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Figure 13: Linear elastic response of the RC U-shaped shear wall: time history of the transverse displacement
u, along x, of the top slab obtained with (a) EWME (red dotted curve), (b) SWME (green dotted curve) and (c)
EVDE (blue dotted curve), compared with the reference brick FE solution (black curves)
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Table 2: Material parameters for concrete model in RC U-shaped wall.

σt

σc

Hk

Hi

Y0t

kt

at

Y0c

kc

ac

β

3.3 MPa

30 MPa

0.8 E

0.001 E

6.7 10-5

2.0 10-5

0.8

4.0 10-4

2.8 10-3

0.8

0.5

Damping ratio is set equal to 2% and introduced through Rayleigh method [28] on the basis
of the ﬁrst two elastic frequencies of the frame and Newmark method [28] is adopted for time
integration of the structure global equilibrium equations, with coefﬁcients β = 0.25 and γ = 0.5
and time step set equal to 0.001 s.
Figure 13 shows the evolution of the transverse displacement u, along x, of the top slab, under linear elastic material behavior, for (a) EWME model (red dotted curve), (b) SWME model
(green dotted curve) and (c) EVDE model (blue dotted curve). Each response is compared with
a reference solution (black curve) obtained with a FE model made by 24480 8-node bricks.
As opposed to the steel portal frame analyzed in Section 3.1, in this test, the asymmetric geometry of the wall cross-section induces signiﬁcant coupling between shear/bending in the x-z
plane and torsional behavior. As a consequence, only the most sophisticated EWME model is
able to correctly capture the shear/torsional warping interaction and provide the same solution
as that obtained by the brick 3D model. The SWME provides a correct response only for the
ﬁrst 2 s of the history, while it slightly overestimates the wall horizontal displacement for the
remaining part. Worse results are obtained with the EVDE, whose response also shows a significant overestimation of the maximum displacements occurring during oscillations. However, if
compared with the solution provided by a standard beam model assuming rigid cross-sections,
that obtained with the SWME results signiﬁcantly more accurate, proving that this model can
be considered as a good compromise between more sophisticated, but onerous, formulations
and simpler, but less demanding, approaches. The standard beam solution is plotted in Figure 14 as gray dotted curve. For this model, shear areas in the x and y directions are set equal
to Axt = 0.4286 A and Ayt = 0.7142 A, being A the cross-section area, while torsional inertia is
assumed as J = 0.05495 Iρ , being Iρ the cross-section polar inertia.



 




  




















Figure 14: Linear elastic response of the RC U-shaped shear wall: time history of the transverse displacement
u, along x, of the top slab obtained with reference brick FE (black curve) and standard beam (gray dotted curve)
solutions
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Different trend is observed for nonlinear material behavior. Figure 15 shows the displacement time histories along x of the top slab, obtained by considering the nonlinear response of
concrete and steel. Figure 15(a) compares the solution obtained with the EWME (red curve)
with the linear elastic response provided by the brick FE model (gray curve). When ground
acceleration reaches the peak value, at almost 1.3 s, the wall signiﬁcantly damages at the base,
without collapsing. As a result, structural response with lower frequency content is observed
compared to the linear elastic behavior. As expected, higher peak displacements occur in the
ﬁrst part of the history, around the peak acceleration, while lower amplitude oscillations are
shown in the remaining part.
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Figure 15: Nonlinear response of the RC U-shaped shear wall: time history of the transverse displacement u, along
x, of the top slab obtained with (a) EWME (red curve) and (b) SWME (yellow dotted curve), EVDE (blue dashed
curve) and standard beam (gray dotted curve)

In this case, all beam formulations, including the standard model, are able to correctly reproduce
the wall response, as shown in Figure 15(b). This compares solutions obtained with the other
beam models (SWME as yellow dotted curve, EVDE as blue dashed curve and standard beam as
gray dotted curve) with the EWME results (red curve). Indeed, after damaging, wall behavior is
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mainly governed by the nonlinear hinge that forms at the base and, although shear contribution
is not negligible, warping effects become less important.
Fourier transforms of the displacement histories are plotted in Figures 16, using same curve
styles of Figure 15. Green dotted vertical line indicates the value of the ﬁrst elastic natural
frequency of the wall involving shear/bending in the x direction, coupled with torsion.
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Figure 16: RC U-shaped shear wall: Fourier transform of the transverse displacement histories of the top slab

This plot conﬁrms that, for the nonlinear behavior, natural modes of the wall that are excited by
the seismic action are associated to lower frequencies, compared to the linear elastic response,
as damage reduces the stiffness of the structure.
The values of the ﬁrst four elastic circular frequencies ωi obtained from all models are reported in Table 3.
Table 3: Elastic circular frequency ωi [rad/s] obtained for the RC U-shaped shear wall
st

FE type

1 Flex.(y-z)

Brick
EWME
SWME
EVDE
Rigid section beam

28.24
29.03
29.01
29.18
28.86

4

Mode
1 Flex.(x-z)/Tors. 1st Axial.
st

30.39
31.02
31.60
32.61
35.32

181.91
185.08
185.08
185.08
185.08

2nd Flex.(x-z)/Tors.
465.05
490.81
510.73
542.53
205.75

CONCLUSIONS
• This paper presented three beam FE formulations for the analysis of frame structures
subjected to dynamic shear and torsional actions. These are derived by extending to
the dynamic analysis previously proposed enriched models, where kinematic description includes shear and torsional cross-section warping and, thus, coupling between axial/bending and shear/torsional stress components.
• More sophisticated EWME model considers a detailed two-level warping displacement
ﬁeld interpolation. By contrast, SWME model considers pre-deﬁned proﬁle functions
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to describe warping variation over the cross-section and interpolates warping along the
element axis only, by means of independent quantities, according to Benscoter’s theory.
Similar assumptions are made in the EVDE model, but warping axis variation is directly
linked to torsional curvature and shear strains, according to Vlasov’s theory.
• Numerical analyses performed on the steel L frame showed that, when torsional effects
dominate the response, standard beam formulations based on rigid cross-section assumption fail in reproducing the correct structural behavior. By contrast, all three enhanced
FEs result highly accurate and are preferable to higher order shell/brick FE models for
the analysis of large scale structures, due to the lower computational cost these require.
This is particularly true for the simplest model of the three, EVDE, which, however, gives
satisfactory results only for open symmetric cross-section geometries, as proven in [20].
For closed and/or un-symmetric proﬁles, SWME model is the best alternative of the set,
as this involves a lower number of additional nodal DOFs than EWME.
• Numerical analyses performed on the RC U-shaped shear wall conﬁrm the ﬁndings observed for the steel L frame. Linear elastic response predicted with EWME model perfectly matches that evaluated with the 3D brick FE model. Good approximation is also obtained with the SWME model. Instead, major discrepancies are detected with the EDVE
formulation, as a consequence of the non-symmetric cross-section geometry. However,
tests also showed that nonlinear phenomena due to onset of damage can signiﬁcantly
modify the structural response, making the warping effects less important. As a result,
correct structural response may be obtained also with simpler models and even standard
formulations.
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Earthquake-induced pounding among contiguous building structures with insufficient separation distance, common in highly populated areas, may generate large impact forces that can
significantly modify the overall dynamic behavior of the intervenient buildings. Serious structural damage or global collapse is among the negative consequences of building pounding.
Inelastic behavior is inherent in building structures subjected to moderate to severe seismic
excitations. Hence, the consideration of the inelastic behavior of building structures in the
occurrence of pounding is extremely important to obtain more realistic results in the study
and modeling of these phenomena. To this end, a Matlab-Simulink model was developed to
emulate the elastic and inelastic behavior of two lumped mass SDOF structural systems under
an earthquake excitation, where pounding is likely to occur. Using a smooth hysteresis model
different hysteresis cases will be considered in the inelastic behavior of the structural systems,
namely, stiffness degradation, strength deterioration, and pinching effect, arising in cyclic
behavior of materials that compose civil engineering structures. A non-linear viscoelastic impact model will be used to assess the magnitude of pounding forces and their relation with the
interpenetration depth. It was verified that the consideration of elastic behavior in buildings
prone to pounding overestimates the magnitude and number of impacts that the structures experience, and underestimates structural displacements, especially in flexible structures.
.H\ZRUGV%XLOGLQJSRXQGLQJ(DUWKTXDNHLQGXFHGVWUXFWXUDOSRXQGLQJ,PSDFWPRGHOLQJ
,QHODVWLFEHKDYLRU+\VWHUHWLFPRGHO
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 ,1752'8&7,21
7KHZRUOGKDVEHHQLPSDFWHGE\QXPHURXVHDUWKTXDNHKD]DUGHYHQWVWKDWFDXVHLQDIHZ
DPRXQWVRIWLPHWRWDORUSDUWLDOGHVWUXFWLRQRIEXLOWSDWULPRQ\DQGKXPDQDFWLYLW\DQGSRWHQ
WLDOORVVRIKXPDQOLYHV,QWKLVVHQVHFLYLODQGHDUWKTXDNHHQJLQHHULQJFDPHDORQJWRGHYHORS
PHWKRGVRIDQDO\VLVDQGGHVLJQRIVWUXFWXUHVWKDWHVVHQWLDOO\HVWDEOLVKFHUWDLQUHTXLUHPHQWVWR
DYRLGWKHVWUXFWXUH¶VFROODSVHDQGPLQLPL]LQJGDPDJHWRDOORZSRVVLEOHUHSDLU
7KH VHLVPLF GHVLJQ RI VWUXFWXUHVLVSULPDULO\EDVHGRQDQHODVWLFDQDO\VLVWRFRPSXWHWKH
VHLVPLFVWUHQJWKRIVWUXFWXUHV+RZHYHUQRQOLQHDUEHKDYLRUZLWKVLJQLILFDQWLQHODVWLFGHIRU
PDWLRQ LV JHQHUDOO\ REVHUYHG LQ VWUXFWXUHV XQGHU VHLVPLF HYHQWV 7KXV LQ PRUH DGYDQFHG
PHWKRGVRIDQDO\VLVEXWQRWH[FOXVLYHO\WKLVQRQOLQHDULQHODVWLFEHKDYLRUFDQEHFRQVLGHUHG
LQ WKH FULWLFDO ]RQHV RU SODVWLF KLQJHV ZKLFK ZLWKLQ EXLOGLQJV DUH FRPPRQO\ ORFDWHG DW WKH
EHDPV¶HQGVHPXODWLQJLQWKLVZD\LWVEHKDYLRUZLWKDQDSSURSULDWHK\VWHUHVLVPRGHO
2QHSKHQRPHQRQWKDWKDVEHHQUHFRJQL]HGDQGVWXGLHGIRUWKHODVWWKUHHGHFDGHVJDLQLQJ
LQFUHDVLQJLPSRUWDQFHLVHDUWKTXDNHLQGXFHGVWUXFWXUDOSRXQGLQJEHWZHHQDGMDFHQWEXLOGLQJV
WKDWDUHLQVXIILFLHQWO\VHSDUDWHG
:KHQEXLOGLQJSRXQGLQJLVOLNHO\WRRFFXULHLQDVLWXDWLRQZKHUHWKHEXLOGLQJVDUHYHU\
FORVHWRHDFKRWKHUOHDYLQJLQVXIILFLHQWVSDFHRUJDSVEHWZHHQWKHPRUHYHQZLWKRXWVSDFH
VRPHWKLQJFRPPRQLQPHWURSROLWDQFLWLHVJUHDWLPSDFWIRUFHVDQGDFFHOHUDWLRQVSLNHVFDQEH
JHQHUDWHG DW WKH EXLOGLQJ IORRUV OHDGLQJ WR VXEVWDQWLDO GDPDJH DW WKH YLFLQLW\ RI WKH LPSDFW
DQGLQWKHZRUVWFDVHVFHQDULRLWFDQFDXVHWKHFRPSOHWHFROODSVHRIWKHVWUXFWXUDOV\VWHP%H
VLGHV DQG LQ WKHVH FRQGLWLRQV EXLOGLQJV ZLWK YHU\ GLIIHUHQW G\QDPLF SURSHUWLHV DQG FRQVH
TXHQW G\QDPLF EHKDYLRU ZLOO YLEUDWH RXWRISKDVH LQFUHDVLQJ WKH SRVVLELOLWLHV RI FROOLVLRQV
EHWZHHQEXLOGLQJVXQGHUHDUWKTXDNHORDGV
,WLVNQRZQWKDWSRXQGLQJFDQFRQVLGHUDEO\DPSOLI\WKHVWUXFWXUDOUHVSRQVHVRIWKHEXLOG
LQJV EXW LQ VRPH VLWXDWLRQV LW ZDV DOVR IRXQG WKDW FDQ OHDG WR WKH UHGXFWLRQ RI ODWHUDO GLV
SODFHPHQWV7KHHIIHFWVRIWKLVSKHQRPHQRQDUHYHU\GLVSHUVHGVRPHLQDJUHHPHQWRWKHUVLQ
FRQWUDGLFWLRQZKLOHLWFDQGHFUHDVHWKHGLVSODFHPHQWVGXHWRWKHPXWXDOEORFNLQJRIWKHDGMD
FHQWEXLOGLQJVLWFDQVWLOOFDXVHVLJQLILFDQWORFDOGDPDJH
$QGGXHWRWKHKLJKQRQOLQHDULWLHVLQWKLVFRQWDFWSKHQRPHQRQSRXQGLQJLVYHU\GLIILFXOW
WRPRGHOZLWKKLJKDFFXUDF\VLQFHLWGHSHQGVRQDORWRIYDULDEOHVDQGWKHLUUHODWLRQVKLSV7KLV
LQVXUJHQWSKHQRPHQRQLQYROYHVDQRQOLQHDUUHODWLRQVKLSEHWZHHQWKHFRQWDFWDUHDSUHVVXUH
DQGGHIRUPDWLRQVORFDOLQHODVWLFGHIRUPDWLRQVSURSDJDWLRQRIVWUHVVZDYHVZLWKLQWKHFROOLG
LQJVWUXFWXUHVWDQJHQWLDODQGIULFWLRQIRUFHVYLEUDWLRQVUHVXOWLQJLQWKHUPDODQGDFRXVWLFHI
IHFWVDQGRWKHUFRPSOH[VLWXDWLRQVWKDWPDNHVWKLVSKHQRPHQRQH[WUHPHO\GLIILFXOWWRPRGHO
(DUWKTXDNHLQGXFHGVWUXFWXUDOSRXQGLQJLVXVXDOO\DVVHVVHGFRQVLGHULQJWKDWWKHVWUXFWXUHV
DUH ZLWKLQ WKH HODVWLF UHJLPH 7KLV RYHUVLPSOLILFDWLRQ FDQ OHDG WR DQ RYHUHVWLPDWLRQ RI WKH
PDJQLWXGHRIWKHSRXQGLQJIRUFHVDQGFDQXQGHUHVWLPDWHWKHGLVSODFHPHQWVWKDWWKHVWUXFWXUHV
DFWXDOO\H[SHULHQFH6RPHUHVHDUFKHUVDOUHDG\DGGUHVVHGWKLVPDWWHU >@>@ DOWKRXJKDGGL
WLRQDOUHVHDUFKLVUHTXLUHGWRIXUWKHUXQGHUVWDQGWKHFRQVHTXHQFHVRISRXQGLQJZKHQLQHODVWLF
EHKDYLRULVFRQVLGHUHG
7KHRYHUDOOG\QDPLFEHKDYLRURIWZR6'2)V\VWHPVZLWKYHU\GLIIHUHQWG\QDPLFEHKDYLRU
LVDVVHVVHGLQWKHIROORZLQJVHFWLRQV7KHVHV\VWHPVZLOOUHSUHVHQWWZREXLOGLQJVWUXFWXUHVXQ
GHUDQHDUWKTXDNHH[FLWDWLRQLQZKLFKWKHJDSEHWZHHQLVPRGLILHGWRHYDOXDWHLWVUHVSRQVHV
ZKHQSRXQGLQJLVOLNHO\WRRFFXU7KHHODVWLFDQGLQHODVWLFEHKDYLRURIWKHVWUXFWXUHVZLOOEH
FRQVLGHUHG$VPRRWKK\VWHUHVLVPRGHOZLOOEHDSSOLHGWRHPXODWHWKHQRQOLQHDUK\VWHUHVLVRI
WKHJLYHQVWUXFWXUDOV\VWHPV
7KH XOWLPDWH REMHFWLYH ZLOO EH WKH XQGHUVWDQGLQJ RI WKH LQIOXHQFH RI WKH VWUXFWXUHV¶ QRQ
OLQHDULQHODVWLFEHKDYLRULQWKHRFFXUUHQFHRIHDUWKTXDNHLQGXFHGVWUXFWXUDOSRXQGLQJ

2059

)ROKHQWR33HGUR%DUURV&5XLDQG%UD]&pVDU70DQXHO

 121/,1($5+<67(5(6,602'(/
+\VWHUHVLVLVDSKHQRPHQRORJLFDOFRQFHSWDQGWKXVLWLVEDVHGRQH[SHULPHQWDOGDWDUHODWLQJ
DQLQSXWRXWSXWFRXSOH7KLVUHODWLRQVKLSLQWKHSUHVHQWVFRSHZLOOUHSUHVHQWWKHODWHUDOUHVWRU
LQJIRUFHLQIXQFWLRQRIWKHLQHODVWLFGLVSODFHPHQWH[SHULHQFHGE\WKHVWUXFWXUHV
+\VWHUHVLV LV UHJDUGHG DV D UDWHLQGHSHQGHQW PHPRU\ HIIHFW +RZHYHU DQG LQ UHDOLW\ WKH
UHVSRQVHRIVWUXFWXUDOV\VWHPVGHSHQGVDOZD\VRQWKHUDWHRIWKHDSSOLHGORDG:KHQWKLVUDWH
LV VLJQLILFDQW YLVFRVLW\ PXVW EH LQWURGXFHG ,Q WKH VHLVPLF UHVSRQVH RI VWUXFWXUHV YLVFRVLW\
DQGK\VWHUHVLVZLOOFRQWULEXWHWRWKHRYHUDOOHQHUJ\GLVVLSDWHGE\WKHVWUXFWXUH+HQFHWKHIRO
ORZLQJHTXDWLRQVRIPRWLRQFDQEHGHULYHGIRUWKHHODVWLFDQGLQHODVWLFFDVHVUHVSHFWLYHO\
mx t  cx t  kx t

 mxg t 

mx t  cx t  ak x t  f r ª¬ x t  x t º¼

 mxg t 





ZKHUHmLVWKHPDVVRIWKHVWUXFWXUHcLVWKHYLVFRXVGDPSLQJkLVWKHHODVWLFVWLIIQHVVRIWKH
VWUXFWXUHܬJ t LVWKHJURXQGDFFHOHUDWLRQx t LVWKHVWUXFWXUH¶VGLVSODFHPHQWܪLVWKHVWUXF
WXUH¶V YHORFLW\  ܬt  LV WKH VWUXFWXUDODFFHOHUDWLRQ 3DUDPHWHUV kDQGfr* IRU WKH LQHODVWLF FDVH
DUHUHVSHFWLYHO\WKHLQLWLDOHODVWLFVWLIIQHVVDQGWKHUHVWRULQJIRUFHFRPSULVLQJWKHK\VWHUHVLV
VWLIIQHVVDQGZKLFKGHSHQGVRQWKHGLVSODFHPHQWVDQGYHORFLWLHV
0RUH UHDOLVWLF K\VWHUHVLV PRGHOV DUH HVVHQWLDO WR DFFXUDWHO\ FKDUDFWHUL]H DQ LQHODVWLF UH
VSRQVHDQDO\VLVRIDVWUXFWXUDOV\VWHPVXEMHFWHGWRG\QDPLFORDGVVXFKDVVHLVPLFH[FLWDWLRQV
7KHK\VWHUHVLVPRGHOVLQWKHOLWHUDWXUHFDQEHEURDGO\FKDUDFWHUL]HGLQSRO\JRQDO 3+0 DQG
VPRRWKK\VWHUHVLVPRGHOV 6+0 
,QWKLVVWXG\DQ6+0LVXVHG7KLVPRGHOZDVLQLWLDOO\GHYHORSHGE\%RXF >@>@ PRGL
ILHGE\:HQ >@>@ DQGIXUWKHUPRGLILHGE\PDQ\RWKHUV >@>@ 7KHPRGLILFDWLRQXVHG
KHUHLQLVWKHRQHGHYHORSHGE\6LYDOVHOYDQDQG5HLQKRUQ >@>@ 
)LJXUHGLVSOD\VWKHVFKHPHXVHGLQWKLVK\VWHUHVLVPRGHO7KLVPRGHOLVFDSDEOHRIVLPX
ODWLQJGLIIHUHQWEHKDYLRUVRIDVWUXFWXUDOV\VWHPXQGHUF\FOLFORDGLQJYL]VWUHQJWKKDUGHQLQJ
WKH%DXVFKLQJHUHIIHFWVWLIIQHVVGHJUDGDWLRQVWUHQJWKGHWHULRUDWLRQDQGWKHSLQFKLQJHIIHFW

)LJXUH6LYDVHOYDQDQG5HLQKRUQ¶VVPRRWKK\VWHUHVLVPRGHOVFKHPDWLFUHSUHVHQWDWLRQ

7KUHHGLIIHUHQWVSULQJVDUHXVHGZLWKLQWKHPRGHODSRVW\LHOGVSULQJ 6SULQJ DK\VWHUH
VLVVSULQJ 6SULQJ DQGDVOLSORFNVSULQJ 6SULQJ 
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7KLVPRGLILFDWLRQWRWKHRULJLQDO%RXF:HQSURYLGHVDPRUHSK\VLFDOXQGHUVWDQGLQJWKDQ
WKHSUHYLRXVPRGLILFDWLRQVVLQFHWKHSDUDPHWHUVDUHFKRVHQLQVXFKDZD\WRFDUU\DSK\VLFDO
PHDQLQJ$EULHIGHVFULSWLRQRIWKHPRGHOLVSUHVHQWHGEHORZEDVHGRQ>@
6SULQJ  DQG 6SULQJ  DUH XVHG LQ SDUDOOHO WR PRGHO SRVW\LHOG VWUHQJWK KDUGHQLQJ DQG
VWLIIQHVVGHJUDGDWLRQUHVSHFWLYHO\+HQFHXSRQWKHDSSOLFDWLRQRIDORDGWKHVSULQJVXQGHUJR
WKHVDPHGHIRUPDWLRQDOWKRXJKWKH\VKDUHWKLVIRUFHLQSURSRUWLRQWRWKHLULQVWDQWDQHRXVVWLII
QHVV

k post yield  khyst

k



LQZKLFKWKHSRVW\LHOGLQJVWLIIQHVV kpost-yieldLVUHSUHVHQWHGE\DOLQHDUHODVWLFVSULQJ 6SULQJ
 DQGWKHK\VWHUHVLVVSULQJkhystLVUHSUHVHQWHGE\DSXUHHODVWRSODVWLFVSULQJZLWKDVPRRWK
WUDQVLWLRQIURPWKHHODVWLFWRWKHLQHODVWLFUDQJH 6SULQJ WKDWPD\GLVSOD\GHJUDGDWLRQSKH
QRPHQD 7KH OLQHDU HODVWLF VWLIIQHVV DQG WKH QRQGHJUDGLQJ K\VWHUHVLV VWLIIQHVV DUH JLYHQ E\
WKHIROORZLQJH[SUHVVLRQVUHVSHFWLYHO\

k post yield
khyst
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ZKHUHaLVWKHSRVWWRSUH\LHOGLQJVWLIIQHVVUDWLRnWFRQWUROVWKHVPRRWKQHVVRIWKHWUDQVLWLRQ
IURPHODVWLFWRSODVWLFVWDJHVȘDQGȘDUHSDUDPHWHUVWKDWFRQWUROWKHVKDSHRIWKHXQORDGLQJ
FXUYH F*DQG FY*DUHWKHSRUWLRQRIWKHDSSOLHGIRUFHVKDUHGE\WKHK\VWHUHVLVVSULQJDQGLWV
UHVSHFWLYH\LHOGYDOXHZKLFKDUHJLYHQUHVSHFWLYHO\E\
F
FY

x  x   a k



  a FY



7RPRGHOVWLIIQHVVGHJUDGDWLRQSDUDPHWHUĮLVLQWURGXFHGLQIDFWRU RK ZKLFKLVDSRVLWLYH
SDUDPHWHUZLWKWKHXQLW\DVLWVSRVVLEOHPD[LPXPYDOXH7KLVIDFWRULVJLYHQE\WKHIROORZLQJ
H[SUHVVLRQ

RK

F  DFY
k x  DFY



LV LPSOHPHQWHG LQ WKH SUHVHQW 6+0 LQ WKH K\VWHUHVLV VSULQJ LQWKLV ZD\ RQO\ WKHK\VWHUHVLV
VWLIIQHVVLVPRGLILHGLQWKHIROORZLQJZD\
khyst

° F
RK  a k ® 
FY
¯°
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½
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7RLQFOXGHVWUHQJWKGHWHULRUDWLRQDUXOHEDVHGRQDFRQWLQXRXVHQHUJ\EDVHGGHJUDGDWLRQ
DQGRQDEDFNERQHGHJUDGDWLRQZKLFKRFFXUVZKHQWKHPD[LPXPGHIRUPDWLRQYDOXHDWWDLQHG
LQWKHSDVWLVH[FHHGHGDQGLVJLYHQE\WKHIROORZLQJH[SUHVVLRQ
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ZKHUHFY±LVWKHSRVLWLYHRUQHJDWLYH\LHOGIRUFHFY0±LVWKHLQLWLDOSRVLWLYHRUQHJDWLYH\LHOG
IRUFH xPD[±LVWKHPD[LPXPSRVLWLYHRUQHJDWLYHGLVSODFHPHQWxXOW±LVWKHXOWLPDWHSRVLWLYH
RUQHJDWLYHGLVSODFHPHQW EhLVWKHK\VWHUHVLVHQHUJ\GLVVLSDWHG EhXOWLVWKHK\VWHUHVLVHQHUJ\
GLVVLSDWHG ZKHQ ORDGHG PRQRWRQLFDOO\ XQWLO WKH XOWLPDWH GLVSODFHPHQW ZLWKRXW DQ\ GHJUDGD
WLRQȕLVDSDUDPHWHUEDVHGRQGXFWLOLW\GHPDQGVDQGȕLVDSDUDPHWHUEDVHGRQHQHUJ\GH
PDQGV7KHVHFRQGWHUPRQWKHULJKWVLGHRI(TXDWLRQLVUHODWHGWRVWUHQJWKGHWHULRUDWLRQ
EDVHGRQLQFUHDVHGGHIRUPDWLRQDQGWKHODVWWHUPLVUHODWHGWRWKHK\VWHUHVLVHQHUJ\GLVVLSDWHG
7KHK\VWHUHVLVHQHUJ\GLVVLSDWHGFDQEHJLYHQLQLQFUHPHQWDOIRUPDVIROORZV
ª F  F  'F º §
'F ·
¸
«
» ¨ 'x 
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$³VOLSORFN´VSULQJ 6SULQJ UHSUHVHQWHGLQ)LJXUHZDVLPSOHPHQWHGLQWKHK\VWHUHVLV
PRGHO WR VLPXODWH SLQFKLQJ EHKDYLRU 7KH FRPELQHG VWLIIQHVV IURP WKH WKUHH VSULQJV FDQ EH
JLYHQDV
k post yield 

k

khyst kslip lock



khyst  k slip lock
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LQZKLFKsLVWKHVOLSOHQJWKFı LVDPHDVXUHRIWKHIRUFHUDQJHRYHUZKLFKVOLSRFFXUVDQG
Fm LVWKHPHDQIRUFHOHYHORQHLWKHUVLGHDERXWZKLFKVOLSRFFXUVEHLQJWKHVHWKUHHSDUDPH
WHUVJLYHQUHVSHFWLYHO\DVIROORZV
s



Rs xPD[
 xPD[

 

FV

VFY
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ZKHUHSDUDPHWHUVRsısDQGȜsDUHSDUDPHWHUVWKDWFRQWUROHDFKRIWKHUHVXOWLQJYDOXHVRIWKH
SUHYLRXVWKUHHHTXDWLRQV
:LWKWKHULJKWWXQHGK\VWHUHVLVSDUDPHWHUVSUHVHQWHGLQ(TXDWLRQVWRGLIIHUHQWK\VWHU
HWLFEHKDYLRUVFDQEHDFKLHYHGDQGUHSOLFDWHGUHSUHVHQWLQJGLIIHUHQWVWUXFWXUDOV\VWHPVHOH
PHQWVRUZLWKGLIIHUHQWPDWHULDOV
 ,03$&702'(/65(9,(:

$VPHQWLRQHGLQWKHLQWURGXFWLRQVHFWLRQVWUXFWXUDOSRXQGLQJLQYROYHVGLIIHUHQWDQGFRP
SOH[ SKHQRPHQD WKDW PDNH WKH SUREOHP RI HDUWKTXDNHLQGXFHG VWUXFWXUDO EXLOGLQJ SRXQGLQJ
H[WUHPHO\FRPSOLFDWHGWRPRGHO
:KHQPRGHOLQJVWUXFWXUDOSRXQGLQJEHWZHHQEXLOGLQJVLWLVHQRXJKWRDFFXUDWHO\HVWLPDWH
WKHPDJQLWXGHRIWKHSRXQGLQJIRUFHVWRXQGHUVWDQGKRZWKHVHIRUFHVZLOOLQIOXHQFHWKHRYHU
DOOG\QDPLFEHKDYLRURIWKHLQWHUYHQLHQWVWUXFWXUHV+HQFHLQWKHOLWHUDWXUHWZRSRVVLEOHZD\V
WRPRGHOWKHVHIRUFHVDUHDYDLODEOHVWHUHRPHFKDQLFVRUWKHFODVVLFDOWKHRU\RILPSDFWDQGWKH
XVHRILPSDFWRUFRQWDFWHOHPHQWV>@
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7KH ILUVW DSSURDFK LV OLPLWHG WR WKH VSHFLILFDWLRQ RI WKH LQLWLDO DQG ILQDO LPSDFW YHORFLW\
VWDWHVRIWKHFROOLGLQJULJLGERGLHV (TXDWLRQVDQG DVZHOODVWKHDSSOLHGOLQHDURUDQ
JXODULPSXOVHPRPHQWXP
x f

x    &5

x f

x    &5

m x  m x

 

m  m
m x  m x

 

m  m

7KLVDSSURDFKFDQQRWGHVFULEHWUDQVLHQWVWUHVVHVRUIRUFHVDQGIDLOVWRDFFRXQWIRUORFDOGH
IRUPDWLRQVDWWKHFRQWDFWSRLQWRIWKHERGLHVDVVXPLQJWKDWDQHJOLJLEO\SDUWRIWKHLQLWLDONL
QHWLFHQHUJ\RIWKHV\VWHPLVWUDQVIRUPHGLQWRYLEUDWLRQVRIWKHFROOLGLQJERGLHV>@
7KHLPSDFWYHORFLWLHVDUHUHODWHGWRWKHYHU\LPSRUWDQWSDUDPHWHUFRHIILFLHQWRIUHVWLWXWLRQ
&5 
&5

x f  x f
x  x

 

LQZKLFKLWVYDOXHUHSUHVHQWVWKHHQHUJ\ORVVHVDQGGHJUHHRILQHODVWLFLW\RIWKHFROOLVLRQEHLQJ
GLUHFWO\UHODWHGZLWKWKHNLQHWLFHQHUJ\ORVV ±ǻEk GXULQJLPSDFWDVIROORZV

'Ek

 § mm ·
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$FRHIILFLHQWRIUHVWLWXWLRQHTXDOWRRQHUHSUHVHQWVDSHUIHFWO\HODVWLFLPSDFWDQGHTXDOWR
]HURUHSUHVHQWVDSHUIHFWO\SODVWLFLPSDFW7KLVFRHIILFLHQWLVIRXQGWREHLQWULQVLFDOO\FRUUHODW
HGZLWKWKHSULRULPSDFWYHORFLW\ >@>@ 
7KHFODVVLFDOWKHRU\RILPSDFWLVJHQHUDOO\QRWXVHGLQVWUXFWXUDOSRXQGLQJGXHWRUHIHUUHG
OLPLWDWLRQV,QDGGLWLRQLWQHJOHFWVWKHH[LVWHQFHRIWKHSHULRGRILPSDFWIDLOLQJWRGLUHFWO\DV
VHVVWKHHYROXWLRQRIWKHSRXQGLQJIRUFHVGXULQJFRQWDFW>@
,QUHDOLW\WKHSHULRGRILPSDFWH[LVWVDQGLVGLYLGHGLQWRWKHDSSURDFK FRPSUHVVLRQORDG
LQJ GHIRUPDWLRQ  DQG UHVWLWXWLRQ XQORDGLQJ HODVWLF  SHULRGV 7KHVH SHULRGV DUH H[SOLFLWO\
FRQVLGHUHG LQ PRVW RI WKH LPSDFW PRGHOV WKDW FRQVWLWXWH WKH VHFRQG DSSURDFK DYDLODEOH LQ
PRGHOLQJVWUXFWXUDOSRXQGLQJEHWZHHQEXLOGLQJVXQGHUVHLVPLFH[FLWDWLRQV
7KLVDSSURDFKLVHVVHQWLDOO\EDVHGRQDSHQDOW\PHWKRGLHZKHQWKHEXLOGLQJVLQWHUSHQH
WUDWHWKHLPSDFWHOHPHQWLVDFWLYDWHGJHQHUDWLQJWKHSRXQGLQJIRUFHVWKDWSXVKWKHVWUXFWXUHV
DSDUW &RQVLGHULQJ WKH XQLGLUHFWLRQDO UHODWLYH GLVSODFHPHQWV RI WKH FROOLGLQJ VWUXFWXUHV WKH
LPSDFWHOHPHQWEHFRPHVDFWLYHZKHQ
G t !  ZKHUH G t

x t  x t  *DS 

 

LQZKLFKį t LVWKHLQWHUSHQHWUDWLRQGHSWKRIWKHFROOLGLQJVWUXFWXUHV
7KHVH PRGHOV DUH FRPSUHVVLRQRQO\ ]HUROHQJWK HOHPHQWV FRPSULVLQJ D PDVVOHVV VSULQJ
DQGGDVKSRWLQSDUDOOHO7KHVWUXFWXUHVLQYROYLQJODUJHPDVVHVFDQEHFRQVLGHUHGDVULJLGERG
LHVKDYLQJWKHPDVVHVOXPSHGDWWKHVWRULHV¶OHYHOV
7KHXVHRIWKHVHHOHPHQWVLVEDVHGRQ+HUW] VWKHRU\DQGRYHUVLPSOLILHGDVVXPSWLRQVWKDW
PDNHWKHDQDO\VLVRIWKHSUREOHPVLPSOHU\HWOHVVDFFXUDWH>@
$FFRUGLQJWRWKHRULHVRIFRQWDFWPHFKDQLFV>@LQLPSDFWSUREOHPVWKHVWUHVVZDYHSURS
DJDWLRQ ZLOO KDYH D VLJQLILFDQW LQIOXHQFH RQ WKH GLVWULEXWLRQ RI IRUFHV ZLWKLQ WKH VWUXFWXUH
+RZHYHULIRQHFDQDVVXPHWKDWWKHVWUHVVZDYHVZLOOWUDYHOWKURXJKWKHVWUXFWXUHVEHLQJUH
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IOHFWHGPDQ\WLPHVEHIRUHDQ\RIWKHPLVEURXJKWWRUHVWWKHQWKHVWDWHRIVWUHVVLQWKHVWUXF
WXUHVDWDQ\LQVWDQWFDQEHFRQVLGHUHGDSSUR[LPDWHO\XQLIRUPWKURXJKRXWLWVOHQJWK7KXVWKH
VXGGHQ FKDQJHV LQ VWUHVV DVVRFLDWHG ZLWK WKH SDVVDJH RI WKH HODVWLF VWUHVV ZDYHV ZLWKLQ WKH
VWUXFWXUHDUHVPDOOFRPSDUHGZLWKWKHJHQHUDOVWUHVVOHYHO7KLVMXVWLILHVWKHXVHRIWKHZHOO
NQRZQVSULQJGDVKSRWHOHPHQWZLWKDFFHSWDEOHDFFXUDF\LJQRULQJWKHG\QDPLFHIIHFWVLQWKH
VWUXFWXUHVGXHWRZDYHSURSDJDWLRQDQGDVVXPLQJWKDWVWUXFWXUDOSRXQGLQJEHWZHHQEXLOGLQJV
FDQEHDSSUR[LPDWHO\TXDVLVWDWLFLIWKHGXUDWLRQRIWKHLPSDFWLVORQJHQRXJKWRDOORZVWUHVV
ZDYHVWRWUDQVYHUVHWKHOHQJWKRIWKHERG\PDQ\WLPHV
,QDGGLWLRQWKHFRQWDFWDUHDLVLQJHQHUDOHOOLSWLFDODQGLVDVVXPHGWREHVPDOOLQFRPSDUL
VRQZLWKWKHPDLQGLPHQVLRQVRIWKHERGLHVGHIRUPDWLRQVDUHUHVWULFWHGWRWKHYLFLQLW\RIWKH
LPSDFW FRQWDFW VXUIDFHV DUH QRQFRQIRUPLQJ VPRRWK FRQWLQXRXV DQG IULFWLRQOHVV DQG WKH
FRQWDFWUHJLRQVDUHDVVXPHGWRUHPDLQHODVWLFDQGXQDOWHUHGDIWHULPSDFWHYHQWV
'XULQJLPSDFWWKHVSULQJZLOOFRQWUROWKHHODVWLFUHVWRULQJIRUFHDQGGHIRUPDWLRQDQGWKH
GDVKSRWZLOODFFRXQWIRUWKHHQHUJ\UDGLDWHGGXHWRLPSDFWE\ZDYHPRWLRQ:LWKWKHVHLPSDFW
PRGHOV LV WKXV SRVVLEOH WR GHWHUPLQH ZLWK UHDVRQDEOH DFFXUDF\ WKH PDJQLWXGH RI WKH LPSDFW
IRUFHVDWDQ\LQVWDQWGXULQJVWUXFWXUDOSRXQGLQJEHWZHHQEXLOGLQJVZKLFKLVWKHIXQGDPHQWDO
LQIRUPDWLRQWRXQGHUVWDQGKRZSRXQGLQJLQIOXHQFHVWKHRYHUDOOG\QDPLFUHVSRQVHRIWKHFRO
OLGLQJEXLOGLQJV
1RQHWKHOHVV DQG FXPXODWLYH WR WKH RYHUVLPSOLILHG DVVXPSWLRQV WKH HIIHFWLYHQHVV RI WKH
LPSDFWPRGHOVODUJHO\GHSHQGVRQ LWVSDUDPHWHUVYL]LPSDFWVWLIIQHVVDQGLPSDFWGDPSLQJ
UDWLR 7KH LPSDFW VWLIIQHVV kimp  QDPHO\ GHSHQGV RQ WKH PDWHULDO SURSHUWLHV DQG JHRPHWULF
FKDUDFWHULVWLFVRIWKHUHJLRQRILPSDFWDQGKHQFHLWSUHVHQWVKLJKOHYHOVRIXQFHUWDLQWLHV7KH
LPSDFWGDPSLQJUDWLR ȟimp GHSHQGVPRVWO\RQWKHFRHIILFLHQWRIUHVWLWXWLRQDQGLVJHQHUDOO\
GHULYHGIURPHQHUJ\FRQVLGHUDWLRQV
%DVHGRQWKHUHODWLRQVEHWZHHQWKHVHSDUDPHWHUVVHYHUDOLPSDFWPRGHOVZHUHGHYHORSHGLQ
WKHOLWHUDWXUH
7KH PRVW EDVLF LPSDFW PRGHO LV WKH OLQHDU HODVWLF PRGHO )LJXUH D  FRPSULVLQJ RQO\ D
VSULQJDQGODFNLQJWKHDELOLW\WRDFFRXQWIRUHQHUJ\ORVVGXULQJLPSDFWVZKLFKLVLQHYLWDEOHLQ
WKLVNLQGRISKHQRPHQRQ7KHSRXQGLQJIRUFH fP t FDQWKHQEHGHWHUPLQHGE\WKHIROORZLQJ
H[SUHVVLRQ

fP t

°kimp G t  IRU G t ! 
®
IRU G t d 
°̄

 

7KH QRQOLQHDU HODVWLF PRGHO RU +HUW]¶V FRQWDFW PRGHO IROORZV +HUW]¶V FRQWDFW ODZ >@
ZKLFKGHVFULEHVWKHVWDWLFFRPSUHVVLRQEHWZHHQWZRLVRWURSLFHODVWLFERGLHVDFFRUGLQJWRWKH
SUHYLRXVO\GHILQHGDVVXPSWLRQV,WHVVHQWLDOO\FRQVLVWVRIDQRQOLQHDUVSULQJDVUHSUHVHQWHGLQ
)LJXUH E 7KH VSULQJ QRQOLQHDULW\ LV FDSDEOH RI PRGHOLQJ WKH IRUFHGHIRUPDWLRQ UHODWLRQ
PRUHUHDOLVWLFDOO\LHWKHFRQWDFWDUHDEHWZHHQQHLJKERULQJVWUXFWXUHVLVH[SHFWHGWRLQFUHDVH
DVWKHFRQWDFWIRUFHJURZVOHDGLQJWRDQRQOLQHDUVWLIIQHVV,QRWKHUZRUGVWKHLPSDFWIRUFH
LQFUHDVHVZLWKWKHLQWHUSHQHWUDWLRQGHSWKWRWKHSRZHURI>@
fP t



° E imp ª¬G t º¼ 
®
°¯

IRU G t ! 
IRU G t d 



 

LQZKLFKȕimpLVDSDUDPHWHULQGLFDWLQJWKHQRQOLQHDULPSDFWVWLIIQHVVGHSHQGLQJRQPDWHULDO
SURSHUWLHV DQG JHRPHWU\ RI WKH FROOLGLQJ VWUXFWXUHV 6LPSOLILHG IRUPXODH ZHUH GHYHORSHG E\
*ROGVPLWK>@WRFRPSXWHWKHLPSDFWVWLIIQHVVSDUDPHWHUVGHSHQGLQJRQWKHVKDSHRIWKHFRO
OLGLQJERGLHV
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$OWHUQDWLYHO\DOLQHDUYLVFRHODVWLFLPSDFWPRGHO DOVRFDOOHG.HOYLQ9RLJWPRGHO DVUHS
UHVHQWHGLQ)LJXUHFFDQEHXVHGDFFRXQWLQJIRUWKHHQHUJ\GLVVLSDWLRQGXULQJLPSDFW >@
>@ 7KHSRXQGLQJIRUFHFDQEHFRPSXWHGXVLQJWKHIROORZLQJV\VWHPRIHTXDWLRQV
fP t

°kimp G t  cimp G t  IRU G t ! 
®
IRU G t d 
°̄

 

ZKHUHcimpLVWKHGDPSLQJFRQVWDQWRIWKHSRXQGLQJFRQWDFWHOHPHQWFRPSXWHGE\WKHIROORZ
LQJH[SUHVVLRQ >@>@ 
cimp

 [imp kimp

mm
m  m

ZKHUH [imp

 OQ &5

 


S  > OQ &5 @


$VKRUWFRPLQJWRWKLVPRGHOLVWKHWHQVLRQVWUHVVYHULILHGDWWKHHQGRIWKHUHVWLWXWLRQSHULRG
LHLPPHGLDWHO\EHIRUHVHSDUDWLRQRIWKHERGLHVSURGXFHVDQHJDWLYHSRXQGLQJIRUFHSXOOLQJ
WKHERGLHVWRJHWKHULQWKHXQORDGLQJSKDVHQRWKDYLQJDSK\VLFDOPHDQLQJ7KLVKDSSHQVVLQFH
WKH SDUDOOHO DVVRFLDWLRQ LQ WKH .HOYLQ VROLG PHDQV WKDW WKH WRWDO VWUHVVHV DUH REWDLQHG DV WKH
VXPPDWLRQRIWKHVWUHVVHVLQWKHVSULQJDQGGDVKSRWLHDOOHOHPHQWVZLOOVXIIHUWKHVDPHGH
IRUPDWLRQPHDQLQJWKDWWKHVWUHVVVWUDLQFXUYHVSURGXFHGLQERWKSHULRGVRILPSDFWZLOOKDYH
WKHVDPHGDPSLQJFRHIILFLHQW7KLVZLOOSURGXFHDXQLIRUPGLVVLSDWLRQRIHQHUJ\RQERWKSHUL
RGVRILPSDFWZKLFKLQUHDOLW\GRHVQRWKDSSHQ >@>@ $OVRLWLVREVHUYHGWKDWWKHHODV
WLFVWUDLQHQHUJ\VWRUHGLQWKHILUVWSHULRGRILPSDFWLVUHOHDVHGLQWKHVHFRQGSHULRGZLWKRXW
PDMRUSODVWLFHIIHFWVEHLQJWKDWPRVWRIWKHHQHUJ\GLVVLSDWHGLVYHULILHGWREHORVWLQWKHDS
SURDFKSHULRGZKLOHLQWKHUHVWLWXWLRQSHULRGRQO\DUHODWLYHO\VPDOOTXDQWLW\LVREVHUYHGWREH
GLVVLSDWHG
7R DGGUHVV DQG VROYH WKHVH GUDZEDFNV VRPH PRGLILFDWLRQV WR WKH .HOYLQ9RLJW LPSDFW
PRGHOKDYHEHHQGHYHORSHG.RPRGURPRVHWDO>@SURSRVHGWKHIROORZLQJPRGLILFDWLRQ
fP t

°kimp G t  cimp G t  IRU f P t ! 
®
IRU f P t d 
°̄

 

9DOOHV DQG5HLQKRUQ >@ PRGLILHG WKH .HOYLQ9RLJW PRGHO E\ FRQVLGHULQJ WKH GDPSLQJ
WHUP WR EH DFWLYDWHG RQO\ IRU SRVLWLYH YHORFLWLHV GXULQJ LPSDFW ZKLFK PHDQV RQO\ DFWLYDWHG
GXULQJWKHDSSURDFKSHULRG )LJXUHH 7KHIROORZLQJFRPSDFWH[SUHVVLRQZDVVXJJHVWHG
fP t

^k

imp

`

G t  cimp G t H ª¬G t º¼ H ª¬G t º¼

 

ZKHUHHLVWKHXQLWVWHSRU+HDYLVLGHIXQFWLRQ7KHH[SUHVVLRQVXVHGWRFRPSXWHWKHLPSDFW
GDPSLQJFRHIILFLHQWDQGUDWLRDUHWKHVDPHDVLQ(TXDWLRQDQGDQH[SUHVVLRQWRFRPSXWH
DQHTXLYDOHQWFRHIILFLHQWRIUHVWLWXWLRQZDVGHULYHGEDVHGRQWKHLQVWDQWRIWLPHRIPD[LPXP
GHIRUPDWLRQ HQG RI DSSURDFK SHULRG  LPSDFW IUHTXHQF\ Ȧimp  LPSDFW GDPSHG IUHTXHQF\
Ȧdimp DQGLPSDFWGDPSLQJUDWLR
&5

VLQ Zd imp tPD[ H

[imp Zimp tPD[

ZKHUH tPD[


Zd imp

§ Zd imp
WDQ  ¨
© [imp Zimp

·
¸
¹

 

0DKPRXG>@DGGUHVVHGWKHGUDZEDFNVRIWKHOLQHDUYLVFRHODVWLFLPSDFWPRGHOE\UHGHILQ
LQJWKHSRXQGLQJIRUFHGHSHQGLQJRQWKHWZRSHULRGVRILPSDFW7KHDXWKRUFRQVLGHUHGDVLPL
ODUDSSURDFKWR9DOOHVDQG5HLQKRUQ>@ )LJXUHH DQGWKHIROORZLQJHTXLYDOHQWH[SUHVVLRQ
ZDVVXJJHVWHG
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kimp G t  cimp G t
°
®kimp G t
°
¯

fP t

IRU G t ! 
IRU G t ! 

G t ! 
G t d 

 

IRU G t d 

7KHUHODWLRQVKLSEHWZHHQWKHGDPSLQJUDWLRDQGWKH&5ZDVUHHYDOXDWHGVLQFHWKHHQHUJ\
GLVVLSDWLRQSURSHUWLHVGHSHQGRQWKHGDPSLQJWHUPZKLFKQRZLVRQO\DFWLYHLQWKHILUVWSHUL
RGRILPSDFW7KHDXWKRUXVHGWKHVDPHSURFHGXUHDV-DQNRZVNLLQ>@XVLQJHQHUJ\FRQVLG
HUDWLRQVDUULYLQJDWWKHIROORZLQJH[SUHVVLRQ
[imp

   &5 
S &5

 

<HHWDO>@SURSRVHGWKHIROORZLQJPRGLILFDWLRQWRWKH.HOYLQ9RLJWPRGHO )LJXUHH 
DWWKHLPSDFWGDPSLQJFRHIILFLHQWDQGUDWLR
cimp

[imp G t

 kimp   &5

&5 x  x

ZKHUH [imp

 

3DQWHWDO >@>@ GHYHORSHGDPRGLILFDWLRQRQWKH.HOYLQ9RLJWLPSDFWPRGHO )LJXUH
H FRQVLGHULQJWKHVDPHH[SUHVVLRQSUHVHQWHGE\0DKPRXGLQ(TXDWLRQE\PRGLI\LQJWKH
H[SUHVVLRQRIWKHLPSDFWGDPSLQJUDWLRDVIROORZV
[imp

 kimp   &5 
&5  x  x

 

)ROORZLQJWKHUHVHDUFKLQ0DKPRXG>@0DKPRXGDQG-DQNRZVNL>@VXJJHVWHGDIXU
WKHU PRGLILFDWLRQ WR WKH OLQHDU YLVFRHODVWLF PRGHO )LJXUH H  XVLQJ D GLIIHUHQW DSSURDFK WR
DUULYHDWDQLPSURYHGIRUPXODIRUWKHLPSDFWGDPSLQJUDWLR
[imp

  &5 
&5 > &5 S    @

 

,QWKHPRGLILFDWLRQVWRWKH+HUW]FRQWDFWPRGHOWKHODFNRIHQHUJ\GLVVLSDWLRQSURSHUWLHV
ZDVDGGUHVVHGE\WKHDGGLWLRQRIQRQOLQHDUGDPSLQJEHFRPLQJQRZDQRQOLQHDUYLVFRHODVWLF
PRGHO /DQNDUDQL DQG 1LNUDYHV >@ >@  SURSRVHG D FRQWDFW PRGHO FRQVLGHULQJ D QRQ
OLQHDU VSULQJ XVLQJ +HUW]¶V ODZ LQ SDUDOOHO ZLWK QRQOLQHDU GDPSLQJ LQ K\VWHUHVLV IRUP SUR
SRVHGE\+XQWDQG&URVVOH\>@ )LJXUHG WREHWWHUUHSUHVHQWLPSDFWVEHWZHHQPHFKDQLFDO
V\VWHPV7KHDXWKRUVFRQVLGHUHGWKHSRXQGLQJIRUFHWREHFRPSXWHGDVIROORZV
fP t

n

Eimp ª¬G t º¼  cH G t

 

ZKHUHcHLVWKHQRQOLQHDUGDPSLQJFRHIILFLHQWJLYHQE\
cH

P d ª¬ G t º¼

n

ZKHUH P d

 E imp   &5  
G t
 x  x

 

LQZKLFKȝdLVWKHK\VWHUHVLVGDPSLQJIDFWRUDQGn WRUHSUHVHQW+HUW]¶VODZ0XWKXNXPDU
DQG'HV5RFKHV >@>@ SURSRVHGDQLPSDFWPRGHOWKH³+HUW]GDPS´LPSDFWPRGHOUHSUH
VHQWHGLQ)LJXUHGXVLQJWKHSUHYLRXVFRQVLGHUDWLRQVDSSOLHGWRFLYLOHQJLQHHULQJVWUXFWXUHV
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fP t



° E imp ª¬G t º¼   cH G t
®
°¯

IRU G t t 
IRU G t  



 

ZKHUHWKHLPSDFWGDPSLQJUDWLRLVQRZ
[imp

 Eimp   &5  
G t
 x  x

 

-DQNRZVNL>@SURSRVHGDPRGLILFDWLRQWR+HUW]¶VQRQOLQHDULPSDFWPRGHOE\FRQVLGHULQJ
WKDWWKHQRQOLQHDUGDPSLQJFRPSRQHQWLVRQO\DFWLYHLQWKHDSSURDFKSHULRG )LJXUHI VLQFH
LWLVLQWKLVSHULRGRIWKHLPSDFWWKDWPRVWHQHUJ\LVGLVVLSDWHG7KXVWKHSRXQGLQJIRUFHLV
REWDLQHGXVLQJWKHIROORZLQJSLHFHZLVHIXQFWLRQ




G
E
t
ª
º
° imp ¬
¼  cH t G t
°

®E

t
G
ª
º
¼
° imp ¬
°
¯

fP t

IRU G t !  DQG G t ! 
IRU G t !  DQG G t d 

 

IRU G t d 

7KHLPSDFWHOHPHQW¶VGDPSLQJFDQEHFRQVLGHUHGDVDQH[WHQVLRQRIWKHOLQHDUYLVFRHODVWLF
PRGHO PRGLILHG.HOYLQ9RLJW DQGLVREWDLQHGZLWKWKHIROORZLQJH[SUHVVLRQ
cH t

[imp kimp

mm
m  m

ZKHUH kimp

E imp G t

 

7KHVHFRQGRI(TXDWLRQFDQEHVHHQDVDQHIIHFWLYHLPSDFWVWLIIQHVVIRUDJLYHQYDOXHRI
WKH LQWHUSHQHWUDWLRQ GHSWK $GGLWLRQDOO\ -DQNRZVNL >@>@  UHGHILQHG WKH H[SUHVVLRQIRU
WKH GDPSLQJ UDWLR ZKLFK LV UHODWHG WR WKH FRHIILFLHQW RI UHVWLWXWLRQ VLQFH QRZ WKH QRQOLQHDU
GDPSLQJLVRQO\DFWLYHLQWKHDSSURDFKSHULRG7RGRWKLVWKHDXWKRUGHYHORSHGWZRDOJHEUDLF
H[SUHVVLRQV ZLWKDSSUR[LPDWLQJIXQFWLRQV IRUWKHLPSDFWGDPSLQJUDWLRDQGWKHQFRPSDUHG
WKHPZLWKQXPHULFDOUHVXOWVWRYHULI\LWVYDOLGLW\7KHWZRH[SUHVVLRQVDUH
[imp

   &5 
DQG [imp
S &5

 
  &5 
 &5 > &5 S    @

 

LQ ZKLFK WKH VHFRQG ZDV IRXQG WR SURYLGH EHWWHU DSSUR[LPDWLRQV 7KH DSSUR[LPDWLQJ IXQF
WLRQVXVHGE\-DQNRZVNLLQ>@VHUYHGDVWKHEDVHWRWKHSURFHGXUHDGRSWHGE\0DKPRXGDQG
0DKPRXGDQG-DQNRZVNLLQ>@DQG>@UHVSHFWLYHO\$OVRWKHUHVXOWVUHJDUGLQJWKHUHOD
WLRQVKLSEHWZHHQWKHLPSDFWGDPSLQJUDWLRDQGWKHFRHIILFLHQWRIUHVWLWXWLRQLQLPSDFWPRGHOV
GUHZ DWWHQWLRQ WR WKH IDFW WKDW ZKHQ WKH FRHIILFLHQW RI UHVWLWXWLRQ EHFRPHV ]HUR WKH LPSDFW
GDPSLQJUDWLRVKRXOGJRWRLQILQLW\7KLVZDVDGGUHVVHGE\<HHWDO>@IRUWKHPRGLILFDWLRQ
WRWKHRULJLQDO.HOYLQ9RLJWWKDWSURYLGHGWKHXQLWYDOXHRIWKHLPSDFWGDPSLQJUDWLRIRU]HUR
YDOXHRIWKHFRHIILFLHQWRIUHVWLWXWLRQDQGE\WKHVDPHDXWKRUV>@IRUWKHPRGLILFDWLRQRIWKH
+HUW]GDPS PRGHO WKDWJDYH D ILQLWH YDOXH IRUWKH LPSDFWGDPSLQJ UDWLR IRU SHUIHFWO\ SODVWLF
FROOLVLRQV%HVLGHVDOOPRGHOVFRUURERUDWHGWKHIDFWWKDWDFRHIILFLHQWRIUHVWLWXWLRQRIRQHFRU
UHVSRQGVWRWKHREYLRXV]HURYDOXHRIWKHLPSDFWGDPSLQJUDWLR
<HHWDO>@WKHQDUULYHGDWDPRUHDFFXUDWHH[SUHVVLRQWRDSSUR[LPDWHWKHGDPSLQJFRQ
VWDQWJLYHQE\

2067

)ROKHQWR33HGUR%DUURV&5XLDQG%UD]&pVDU70DQXHO

[imp

 Eimp   &5
&5 x  x

 

ZKLFK FRQILUPV WKH DIRUHPHQWLRQHG SUHPLVHV E\ -DQNRZVNL >@ DQG ZDV WKHQ YDOLGDWHG
WKURXJKQXPHULFDOVLPXODWLRQV

D

E

F

G

H

I

J

K

L

M

)LJXUH6FKHPDWLFUHSUHVHQWDWLRQRIVWDWHRIWKHDUWLPSDFWPRGHOV

0RUHUHFHQWO\ 1DGHUSRXU HW DO >@ FRQVLGHUHG DQ HTXLYDOHQW H[SUHVVLRQ WR (TXDWLRQ 
DQGWKHILUVWRI(TXDWLRQWRFRPSXWHWKHSRXQGLQJIRUFHEHWZHHQEXLOGLQJV8OWLPDWHO\D
QHZH[SUHVVLRQIRUWKHLPSDFWGDPSLQJUDWLRIRUWKHQRQOLQHDUYLVFRHODVWLFPRGHO )LJXUHI 
UHODWHGWRWKHFRHIILFLHQWRIUHVWLWXWLRQZDVREWDLQHGE\DQLWHUDWLYHSURFHGXUHWKDWDWWHPSWVWR
HTXDWHWKHHQHUJ\GLVVLSDWHGE\WKHQRQOLQHDUGDPSLQJLQWKHDSSURDFKSHULRG WUDQVODWHGE\
WKHDUHDRIWKHLPSDFWK\VWHUHVLVORRS WRWKHNLQHWLFHQHUJ\ORVV RIWKHVWHUHRPHFKDQLFDOLP
SDFW UHVXOWLQJLQ
[imp

ª 
 º
« &5 S   &5 »
¬
¼
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$IXUWKHUVWXG\E\1DGHUSRXUHWDO>@VXJJHVWHGDQHZH[SUHVVLRQ VHH(TXDWLRQ IRU
WKH LPSDFW GDPSLQJ FRHIILFLHQW WKDW GHSHQGV RQ WKH SULRULPSDFW YHORFLW\ DQG FRHIILFLHQW RI
UHVWLWXWLRQ
cimp t

&5 E G imp   &5
D
kimp Gn t

G t

 

%DPHU>@DQG%DPHUDQG0DUNHUW>@UHVSHFWLYHO\SURSRVHGDQH[WHQVLRQWRWKH+HUW]
GDPS DQG -DQNRZVNL¶V QRQOLQHDU YLVFRHODVWLF PRGHO E\ LQFOXGLQJ D GU\ IULFWLRQ HOHPHQW LQ
VHULHVZLWKWKHQRQOLQHDUVSULQJ )LJXUHJDQGK WRDGGUHVVRQHRIWKHPHQWLRQHGRYHUVLP
SOLILHGDVVXPSWLRQVWKHXQDOWHUHGFRQWDFWVXUIDFHZKLFKLVWDFLWO\NQRZQWRH[SHULHQFHGDP
DJHDQGPDWHULDOGLVVLSDWLRQFDXVHGE\QXPHURXVDQGUHSHDWHGLPSDFWV7KHDXWKRUVPRGLILHG
WKHFRQGLWLRQRIFROOLVLRQ VHH(TXDWLRQ ILUVWE\FRQVLGHULQJWKHHTXLYDOHQWFRQGLWLRQRI
FROOLVLRQZKHQį ZKHQWKH*DSLVDGGHGLQVWHDGRIVXEWUDFWHG DQGWKHQE\LQFOXGLQJDQ
DGGLWLRQDOLQFUHDVHLQWKHJDSGXHWRGDPDJHPDWHULDOORVVRUSODVWLFGHIRUPDWLRQ\LHOGLQJ
G7 t

G t  G s t   ZKHUH G t

x t  x t  *DS

 

LQ ZKLFK WKH QRQQHJDWLYH SDUDPHWHU įs LV WKH DGGLWLRQDO RIIVHW WR WKH SRVLWLRQ RI WKH LQLWLDO
SRXQGHGVXUIDFH7KUHHVWDWHVZHUHWKHQFRQVLGHUHGZLWKLQWKHSHULRGVRILPSDFWVWDWHUHIHUV
WRWKHFDVHZLWKRXWLPSDFWVWDWH,FRUUHVSRQGVWRWKHDFWLYDWLRQRIWKHLPSDFWPRGHOVDWLVI\LQJ
WKHFRQGLWLRQLQ(TXDWLRQVWDWH,,ZKHQDOLPLWYDOXHRIWKHHODVWLF+HUW]¶VFRQWDFWIRUFHLV
H[FHHGHG VOLGLQJ $FRQVWDQWIULFWLRQIRUFHRREH\LQJ&RXORPE¶VIULFWLRQODZLVFRQVLGHUHG
EDVHG RQ WKH PDWHULDO DQG JHRPHWULF SURSHUWLHV RI WKH FROOLGLQJ VXUIDFHV WRJHWKHU ZLWK WKH
QRQOLQHDUGDPSLQJWHUP$QDGGLWLRQDOVWDWHVWDWH,,,FRQVLGHUHGLQWKHFDVHRI-DQNRZVNL¶V
QRQOLQHDU YLVFRHODVWLFPRGHO ZKHUH WKH GDPSLQJ WHUP LV QR ORQJHU DFWLYH LQWKH UHVWLWXWLRQ
SHULRG (TXDWLRQV  UHSUHVHQWV WKH LPSURYHG PRGHOV RI +HUW]GDPS DQG -DQNRZVNL¶V QRQ
OLQHDUYLVFRHODVWLFPRGHODFFRUGLQJWRWKHVWDWHVGHILQHG >@>@ 

fP t

 f k  fc
°
° f R  fc
®
° fk
°
¯

IRU G7 t
IRU G7 t
IRU G7 t
IRU G7 t

  DQG G 7 t   DQG
  DQG G 7 t   DQG
  DQG G 7 t t 
t


ZKHUH

fk

Eimp ª¬ G t  G s t º¼  

fc

cH t G 7 t 

fk  f R
fk t f R

6WDWH ,
6WDWH ,,
6WDWH ,,, 
6WDWH 

fR

 

 VJQ G7 t R

/DWHU %DPHU HW DO >@ ZHQW IXUWKHU WR LQFOXGH LQ WKH SUHYLRXV PRGHO D GHFUHDVH LQ WKH
VWLIIQHVVGHSHQGLQJRQWKHVOLGLQJJDSZKLFKQRZLVGLYLGHGLQWRWZRDQGDWWULEXWHGWRHDFK
IUDPH$VLPSOHGDPDJHFXUYHZDVWKHQDVVXPHGWRDOORZVWUXFWXUDOGDPDJHGHVFULSWLRQ7KH
LPSDFW PRGHO PD\ WKHQ EH UHSUHVHQWHG UHVSHFWLYHO\ IRU WKH PRGLILHG +HUW]GDPS DQG -DQ
NRZVNL¶VQRQOLQHDUYLVFRHODVWLFPRGHOLQ)LJXUHVLDQGM
.KDWDPLHWDO>@GHYHORSHGDQHIIHFWLYHIRUPXODIRUWKHLPSDFWGDPSLQJUDWLRLQFOXGHG
LQ WKH QRQOLQHDU YLVFRHODVWLF LPSDFW PRGHO )LJXUH I  7KH DXWKRUV XVHG D SURJUDP GHYHO
RSHGFDOOHGWKH&RHIILFLHQWRI5HVWLWXWLRQ9HORFLW\6WLIIQHVV &59. ZKLFKSHUIRUPVVHYHUDO
G\QDPLF DQDO\VHV DQG VROYHV LPSDFW SUREOHPV 7KH DFFXUDF\ RI WKLV QHZ IRUPXOD ZDV DV
VHVVHGEDVHGRQIRXUGLIIHUHQWDSSURDFKHVWKDWLQFOXGHHQHUJ\EDVHGFRQVLGHUDWLRQVQXPHULFDO
VLPXODWLRQVDQGFRPSDULVRQVZLWKH[SHULPHQWDOUHVXOWV7KHH[SUHVVLRQSURSRVHGE\WKHDX
WKRUVLV
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[imp =

  &5
&5

D+

 S &5

&5  ZKHUH D &5 

 

%DVHGRQWKHSUHYLRXVVWXGLHVUHJDUGLQJLPSDFWPRGHOVLWLVSRVVLEOHWRYHULI\WKDWWKHPDLQ
PRGLILFDWLRQVDUHDWWKHSDUDPHWHUVLPSDFWVWLIIQHVVDQGLPSDFWGDPSLQJUDWLR7KHVHSDUDPH
WHUVDORQJZLWKWKHFRHIILFLHQWRIUHVWLWXWLRQZKLFKJHQHUDOO\LVWKHRQO\LQGHSHQGHQWYDULDEOH
RIWKHLPSDFWGDPSLQJUDWLRFRQVWLWXWHWKHFRUHRIWKHLPSDFWPRGHOVDQGLWVDFFXUDF\GHSHQGV
RQKRZDFFXUDWHLVWKHHVWLPDWLRQRIWKHVHSDUDPHWHUV
6RPH H[SHULPHQWDO WHVWV UHJDUGLQJ SRXQGLQJ EHWZHHQ VWUXFWXUHV KDYH EHHQ FDUULHG RXW
>@>@>@ HVVHQWLDOO\FRQFHUQLQJUHGXFHGVFDOHPRGHOV7KHVHH[SHULPHQWDOWHVWVPRWL
YDWHG VHYHUDO LQYHVWLJDWLRQV FRPSDULQJ WKH HIIHFWLYHQHVV RI WKH SUHYLRXV LPSDFW PRGHOV DQG
RWKHUFRPSDULVRQVEHWZHHQWKHP
)RU LQVWDQFH EDVHG RQ GLIIHUHQW H[SHULPHQWDO UHVXOWV DYDLODEOH LQ WKH OLWHUDWXUH UHJDUGLQJ
SRXQGLQJLQYROYHGVWUXFWXUDOUHVSRQVHV-DQNRZVNL>@PDGHFRPSDULVRQVEHWZHHQ-DQNRZ
VNL¶VQRQOLQHDUYLVFRHODVWLFPRGHO.HOYLQ9RLJWPRGHODQG+HUW]¶VQRQOLQHDUPRGHO7KH
DXWKRUYHULILHGWKDWWKH.HOYLQ9RLJWDQGWKHQRQOLQHDUYLVFRHODVWLFPRGHOJDYHWKHVPDOOHVW
VLPXODWLRQHUURUVLQWKHSRXQGLQJIRUFHWLPHKLVWRULHVGXULQJLPSDFWDQGWKDWIXUWKHUUHVHDUFK
FRQILUPHGWKDW-DQNRZVNL¶VPRGHOSURYLGHGVPDOOHUHUURUVLQWKHUHVSRQVHWLPHKLVWRULHVZLWK
WKHVWUXFWXUDOSRXQGLQJ
-DQNRZVNLDQG0DKPRXG >@>@ SHUIRUPHGH[SHULPHQWDOWHVWVEDVHGRQGURSSLQJGLI
IHUHQWEDOOVRIGLIIHUHQWPDWHULDOV VWHHOFRQFUHWHWLPEHUDQGFHUDPLF DQGRQWKHLPSDFWEH
WZHHQUHGXFHGVFDOHPRGHOVH[FLWHGE\VKDNHWDEOHV7KHUHVXOWVFRUURERUDWHGZLWKWKHVWXG\
DGGUHVVHGLQWKHSUHYLRXVSDUDJUDSKDQGUHYHDOHGWKDWWKHLPSURYHGYHUVLRQRIWKHOLQHDUYLV
FRHODVWLFPRGHOE\-DQNRZVNLDQG0DKPRXGGLGQRWOHDGWRLQFUHDVHGDFFXUDF\DQGWKDWWKH
+HUW]GDPS DOVR IXUQLVKHG VPDOO HUURUV LQ WKH UHVSRQVH WLPHKLVWRULHV RI HDUWKTXDNHLQGXFHG
VWUXFWXUDOSRXQGLQJ
%DPHUHWDO >@>@ SURSRVHGDQHZVWUDWHJ\XVLQJVWDWHRIWKHDUWLPSDFWPRGHOVWKDW
LQFOXGHVGDPDJHGHVFULSWLRQDQGIDLOXUHRIWKHSRXQGLQJLQYROYHGVWUXFWXUHV7KHDXWKRUVYHU
LILHGWKURXJKVHQVLWLYLW\DQDO\VLVWKHLPSRUWDQFHRIWKHFRQVLGHUDWLRQRIWKHGDPDJHVWDWHRI
WKHDGMDFHQWVWUXFWXUHV
.KDWDPLHWDO>@FRPSDUHGWKHLULPSDFWGDPSLQJUDWLRIRUPXODZLWKWKHRQHVRIGLIIHUHQW
LPSDFWPRGHOVLQWKHOLWHUDWXUHDQGEDVHGRQGLIIHUHQWH[SHULPHQWDOWHVWVDQGQXPHULFDOVLPX
ODWLRQV SUHVHQWLQJ WKH ORZHVW HUURUV DQG SURYLQJ LWV DFFXUDF\ LQ WKH VWXG\ RI HDUWKTXDNH
LQGXFHGVWUXFWXUDOSRXQGLQJ
6WLOO PRVW RI WKH LPSDFW PRGHOV LQ WKH OLWHUDWXUH ODFN WKH DELOLW\ WR HPXODWH VWUXFWXUDO
SRXQGLQJEHWZHHQWKUHHGLPHQVLRQDOVWUXFWXUHV7KHFHQWUDOLPSDFWLVGHILQHGDVWKHFROOLVLRQ
EHWZHHQWZRQRQURWDWLQJREMHFWVDWDSRLQWEHORQJLQJWRDOLQHWKDWFRQQHFWVWKHWZRFHQWURLGV
$QREOLTXHLPSDFWFRQVLGHULQJDWZRGLPHQVLRQDOLPSDFWPRGHOPD\EHSRVVLEOHWRGHYHORS
WR HPXODWH WKUHHGLPHQVLRQDO SRXQGLQJ WKDW FRQVLGHUV LQ DGGLWLRQ WR WKH WZR GLUHFWLRQV RI
WUDQVODWLRQRIWKHEXLOGLQJVWKHLUURWDWLRQ2QHJRRGH[DPSOHLVWKHPRGHOGHYHORSHGE\3RO\
FDUSRXHWDO>@WKDWFRQVLGHUVWDQJHQWLDOIRUFHVDQGIULFWLRQGXULQJLPSDFWDQGWKHPDWHULDO
SURSHUWLHVDQGJHRPHWU\RIWKHFRQWDFWDUHDZLWKRXWWKHQHHGWRSUHYLRXVO\GHWHUPLQHWKHORFD
WLRQRIWKHLPSDFW7KHPRGHOSURYHGWRIXUQLVKJRRGUHVXOWVDQGFORVHWRWKHUHVXOWVREWDLQHG
ZLWKFRPPHUFLDOVRIWZDUH
 180(5,&$/02'(/,1*

7ZR DGMDFHQW VWUXFWXUDO V\VWHPV ZLOO EH FRQVLGHUHG LQ WKLV HDUWKTXDNHLQGXFHG VWUXFWXUDO
SRXQGLQJVWXG\RQHIOH[LEOHEXLOGLQJDQGWKHRWKHUEXLOGLQJVWLIIHUDVUHSUHVHQWHGLQ)LJXUH
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7KHVWUXFWXUHVDUHDVVXPHGWREHLQVKHDUFRQILJXUDWLRQDQGWKXVFDQEHUHGXFHGWROXPSHG
PDVVPRGHOVZLWKWKHPDVVHVOXPSHGDWWKHIORRUOHYHOV7KHVWUXFWXUDOSURSHUWLHVRIWKHUHSUH
VHQWDWLYHEXLOGLQJVDUHFRQVLGHUHGWREHWKHVDPHDVLQ>@DQGDUHVXPPDUL]HGLQ7DEOH

E /XPSHGPDVVPRGHOV

D ([DPSOHRIUHSUHVHQWDWLRQRIIUDPHVLQVKHDUFRQILJXUDWLRQ

)LJXUH5HSUHVHQWDWLRQRIWKHWZR6'2)VWUXFWXUDOV\VWHPVVHSDUDWHGE\DJDSVL]H
6WUXFWXUDOSURSHUWLHV
)OH[LEOHEXLOGLQJ 6WLIIHUEXLOGLQJ
0DVV kg 
mL 
mR î
6WLIIQHVV kNm 
kL 
kR î
1DWXUDOSHULRG s 
TL 
TR 
'DPSLQJFRHIILFLHQW kgs 
cL 
cR î
'DPSLQJUDWLR  
ȟL 
ȟR 
7DEOH6WUXFWXUDOSURSHUWLHVRIWKHDGMDFHQWEXLOGLQJV

$PRQJWKHGLIIHUHQWW\SHVRIEXLOGLQJSRXQGLQJLPSDFWVZLOOEHDVVXPHGWRKDSSHQH[FOX
VLYHO\EHWZHHQIORRUV7KHLPSDFWPRGHOXVHGLQWKLVVWXG\LVWKHRQHGHYHORSHGE\-DQNRZVNL
>@>@ WKHQRQOLQHDUYLVFRHODVWLFPRGHOZKLFKLVLOOXVWUDWHGLQ)LJXUHIDQGVRWKHH[
SUHVVLRQVWREHXVHGDUH(TXDWLRQVDQGWKHVHFRQGRI7KHVHH[SUHVVLRQVDUHWKHQ
LPSOHPHQWHGLQWKHHTXDWLRQVRIPRWLRQLQ(TXDWLRQVDQGEHLQJPRGLILHGUHVSHFWLYHO\
IRUWKHHODVWLFDQGLQHODVWLFFDVHDVIROORZV
mx t  cx t  kx t  f P t

 mxg t 

mx t  cx t  ak x t  f r ª¬ x t  x t º¼  f P t

 mxg t  

 

 

'HSHQGLQJRQWKHVWUXFWXUDOEHKDYLRURQHRIWKHWZRSUHYLRXVHTXDWLRQVZLOOEHVROYHGIRU
HDFKEXLOGLQJ7KHWHUPUHJDUGLQJWKHSRXQGLQJIRUFHEHFRPHVDFWLYDWHGZKHQWKHEXLOGLQJV
LQWHUSHQHWUDWHVDWLVI\LQJ(TXDWLRQ
7KHVWLIIQHVVRIWKHLPSDFWHOHPHQWLVXVXDOO\WDNHQDVWKHVDPHRUGHURIPDJQLWXGHDVWKH
D[LDOVWLIIQHVVRIWKHVWLIIHUVWRU\7KLVSDUDPHWHUGHSHQGVRQWKHJHRPHWU\RIWKHLPSDFWVXU
IDFHV PDWHULDO SURSHUWLHV YDULDEOH LPSDFW YHORFLWLHV DQG XQFHUWDLQWLHV FRQFHUQLQJ LWV YDOXH
DULVLQJIURPWKHVHIDFWRUV>@*ROGVPLWK>@UHIHUUHGWKDWIRUVWHHOWRVWHHOLPSDFWVWKHLP
SDFWVWLIIQHVVJHQHUDOO\WDNHVKLJKHUYDOXHVWKDQFRQFUHWHWRFRQFUHWHLPSDFWV9DQ0LHUHWDO
>@H[SHULPHQWVUHYHDOWKDWLPSDFWVEHWZHHQFRQFUHWHERGLHVGHSHQGPRVWO\RQWKHFRQWDFW
VXUIDFH JHRPHWU\ DQG UDQJHV W\SLFDOO\ EHWZHHQ  kNmm DQG  kNmm UHVSHFWLYHO\
îNmDQGîNm &ROHHWDO>@UHIHUWKDWWKHLPSDFWVWLIIQHVVLVW\SLFDOO\
VHWDVWHQWLPHVWKHVWLIIQHVVRIWKHODUJHUD[LDOIORRU
7KHYDOXHVXVHGIRUWKHLPSDFWVWLIIQHVVDQGWKHFRHIILFLHQWRIUHVWLWXWLRQDUHUHVSHFWLYHO\
îNmDQG7KHVHYDOXHVZHUHSURYLGHGE\-DQNRZVNL>@EDVHGRQFRPSDUL
VRQVEHWZHHQQXPHULFDOVLPXODWLRQVXVLQJWKHDXWKRU¶VQRQOLQHDUYLVFRHODVWLFPRGHODQGH[
SHULPHQWDOGDWDDYDLODEOHLQWKHOLWHUDWXUH
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$FFHOHUDWLRQ





7KH K\VWHUHVLV SDUDPHWHU YDOXHV FRQVLGHUHG IRU WKH SUHVHQW VWXG\ DUH a  Ș Ș 
Į ȕ ȕ ıV 5V ȜV nW ,QDGGLWLRQWKH\LHOGIRUFHDQGGLVSODFH
PHQW RI WKH OHIW EXLOGLQJ DUH UHVSHFWLYHO\ FYL  kN xYL  cm WKH \LHOG IRUFH DQG GLV
SODFHPHQWRIWKHULJKWEXLOGLQJDUHUHVSHFWLYHO\FYR kNxYR cmDQGWKHGXFWLOLW\
LV ȝ  7KH YDOXHV ZHUH FKRVHQ DFFRUGLQJ WRWKHLQIRUPDWLRQ IXUQLVKHG LQ >@ DQG DUH LQ
WHQGHGWREHUHSUHVHQWDWLYHRIDUHLQIRUFHGFRQFUHWH 5& IUDPHDOWKRXJKWKHYDOXHVDUHQRW
WKHUHVXOWRIGLUHFWFDOLEUDWLRQZLWKH[SHULPHQWDOGDWD+HQFHIRUWKH5&IUDPHDVHYHUHVWLII
QHVVGHJUDGDWLRQPRGHUDWHVWUHQJWKGHWHULRUDWLRQDQGPLOGWRPRGHUDWHSLQFKLQJHIIHFW
$0DWODE6LPXOLQN>@PRGHOZDVGHYHORSHGDQGXVHGWRHPXODWHVWUXFWXUDOSRXQGLQJEH
WZHHQWKHHODVWLFDQGLQHODVWLF6'2)V\VWHPVXQGHUWKH(O&HQWURHDUWKTXDNHUHSUHVHQWHGLQ
)LJXUH7KHVLPXODWLRQVZHUHSHUIRUPHGIRUWKHIROORZLQJYDOXHVRIWKHJDSEHWZHHQWKHDG
MDFHQWVWUXFWXUHVcmcmcmcmDQGcm7RVROYHWKHGLIIHUHQWLDOHTXDWLRQVRI
PRWLRQWKH5XQJH.XWWDRIWKRUGHUZDVXVHGZLWKDIL[HGWLPHVWHSRIîs

)LJXUH16FRPSRQHQWRI(O&HQWURVHLVPLFDFFHOHUDWLRQV6WDWLRQ(O&HQWUR&$6WD,PSHULDO9DOOH\
>@

 5(68/76$1'',6&866,21

$VDQH[DPSOHWKHIROORZLQJUHVXOWVLQIRUPRIJUDSKVDUHSUHVHQWHGRQO\IRUWKHVLWXDWLRQV
ZKHUHWKHEXLOGLQJVKDYHQRJDSLQEHWZHHQDQGDUHVHSDUDWHGE\cmDQGIRUWKHHODVWLFDQG
LQHODVWLF VWUXFWXUDO V\VWHPV GHVFULEHG LQ WKH SUHYLRXV VHFWLRQ 1HYHUWKHOHVVDQG IRU WKH SXU
SRVHRIFRPSDULVRQV7DEOHSUHVHQWVWKHSHDNUHVSRQVHV GLVSODFHPHQWVYHORFLWLHVDFFHOHUD
WLRQV DQG SRXQGLQJ IRUFHV DQG QXPEHU RI LPSDFWV  RI ERWK EXLOGLQJV IRU WKH GLIIHUHQW
VLWXDWLRQV RI WKH VHSDUDWLRQ GLVWDQFH DQG VWUXFWXUDO EHKDYLRU FDVHV ,W VKRXOG EH SRLQWHG RXW
WKDWLQWKHFDVHZKHUHWKHJDSLVcmDQGWKHVWUXFWXUDOV\VWHPKDVLQHODVWLFEHKDYLRUQRLP
SDFWVZHUHYHULILHGDQGVRLWVUHVSRQVHLVWKHVDPHDVIRUWKHFDVHZLWKcmRIJDSVL]HWKXV
LWVUHVXOWVGRQRWH[SOLFLWO\DSSHDULQWKHWDEOH
+HQFH)LJXUHVWRSUHVHQWWKHGLVSODFHPHQWDQGSRXQGLQJIRUFHWLPHKLVWRU\UHVSRQVHV
IRUWKHcmDQG cmRIJDSVL]HDQGIRUWKHHODVWLFDQGLQHODVWLFFDVH&RUUHVSRQGLQJO\WKH
JUDSKVRI)LJXUHSUHVHQWWKHSRXQGLQJIRUFHYVLQWHUSHQHWUDWLRQGHSWKF\FOHVIRUWKHcm
DQG cmRIJDSVL]HIRUWKHHODVWLFDQGLQHODVWLFFDVH)LJXUHVDQGSUHVHQWFRPSDULVRQV
EHWZHHQWKHGLVSODFHPHQWVDQGLPSDFWIRUFHVWLPHKLVWRU\UHVSRQVHVIRUWKHGLIIHUHQWJDSVL]
HVFRQVLGHUHG H[FHSWIRUWKHcmIRUWKHPHQWLRQHGUHDVRQ 
7KHJUDSKVRI)LJXUHVDQGSUHVHQWWKHK\VWHUHVLVF\FOHVRIWKHOHIWDQGULJKWVWUXFWXUDO
V\VWHPVREWDLQHGZLWKWKHDIRUHPHQWLRQHGK\VWHUHVLVPRGHOIRUWKHWZRJDSFDVHVFRQVLGHUHG
UHVSHFWLYHO\
$GGLWLRQDOO\WKHDFFHOHUDWLRQWLPHKLVWRU\UHVSRQVHVDUHDOVRSUHVHQWHGLQ)LJXUHVWR
IRUWKHPHQWLRQHGFDVHVWRDVVHVVWKHDFFHOHUDWLRQVSLNHV
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)LJXUH'LVSODFHPHQWVDQGSRXQGLQJIRUFHVWLPHKLVWRU\UHVSRQVHVIRUWKHHODVWLFFDVHRIWKHUHSUHVHQWDWLYH
VWUXFWXUDOV\VWHPVZLWKQRJDSLQEHWZHHQ

)LJXUH'LVSODFHPHQWVDQGSRXQGLQJIRUFHVWLPHKLVWRU\UHVSRQVHVIRUWKHLQHODVWLFFDVHRIWKHUHSUHVHQWDWLYH
VWUXFWXUDOV\VWHPVZLWKQRJDSLQEHWZHHQ

7KHKXJHGLIIHUHQFHVLQVWLIIQHVVDQGPDVVRIWKHVWUXFWXUHVDOORZIRUEHWWHUFRQFOXVLRQVUH
JDUGLQJWKHHIIHFWVRISRXQGLQJEHWZHHQWKHVHEXLOGLQJV,QJHQHUDODQGDVH[SHFWHGLWFDQEH
YHULILHGIRUHYHU\UHVSRQVHFRQVLGHUHGWKDWWKHPRVWIOH[LEOHVWUXFWXUHLVWKHPRVWDIIHFWHGDQG
WKXVWKHPRVWVHQVLWLYHWRWKHJURXQGPRWLRQH[FLWDWLRQDQGWKHSRXQGLQJIRUFHV
,Q JHQHUDODV WKH JDS EHWZHHQ WKHEXLOGLQJV GHFUHDVHV WKHQXPEHU RI LPSDFWV LQFUHDVHV
1RGLVWDQFHEHWZHHQEXLOGLQJVZLWKYHU\GLIIHUHQWG\QDPLFSURSHUWLHVPD\FRQVWLWXWHRQHRI
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WKH ZRUVW VLWXDWLRQV ZKHQ SRXQGLQJ LV OLNHO\ WR RFFXU 7KLV VLWXDWLRQ SUHVHQWV WKH ELJJHVW
QXPEHURILPSDFWVEHWZHHQWKHEXLOGLQJVDQGWKHLQWHQVLW\RIWKHSRXQGLQJIRUFHVLVFORVHUWR
WKHPD[LPXPYHULILHGLQWKHVLWXDWLRQZLWKDcmRIJDSVL]H
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)LJXUH'LVSODFHPHQWVDQGSRXQGLQJIRUFHVWLPHKLVWRU\UHVSRQVHVIRUWKHHODVWLFFDVHRIWKHUHSUHVHQWDWLYH
VWUXFWXUDOV\VWHPVVHSDUDWHGE\DGLVWDQFHRIcm

)LJXUH'LVSODFHPHQWVDQGSRXQGLQJIRUFHVWLPHKLVWRU\UHVSRQVHVIRUWKHLQHODVWLFFDVHRIWKHUHSUHVHQWDWLYH
VWUXFWXUDOV\VWHPVVHSDUDWHGE\DGLVWDQFHRIcm

$WWHQWLRQVKRXOGEHGUDZQWRWKHDFFHOHUDWLRQVSLNHVWKDWLQFRPSDULVRQZLWKQRSRXQGLQJ
GLVSOD\ KXJH SHUFHQWDJHV RI LQFUHDVH 7KH VXGGHQ FKDQJHV LQ WKH YHORFLW\ UHVSRQVH RI WKH
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EXLOGLQJVGXHWRLPSDFWVFDXVHWKHVHVKRUWGXUDWLRQDFFHOHUDWLRQVSLNHVLQWKHRSSRVLWHGLUHF
WLRQ WKDW FDQ FDXVH JUHDWHU GDPDJH WR WKH EXLOGLQJV¶ VWUXFWXUHV DQG FRQWHQWV 7KH JUDSKV RI
)LJXUHVWRVKRZWKHVHDFFHOHUDWLRQVSLNHVGXHWRSRXQGLQJEHWZHHQWKHEXLOGLQJGXULQJ
WKHVHLVPLFKD]DUGHYHQW



'LVSODFHPHQW
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)LJXUH&RPSDULVRQRIWKHGLVSODFHPHQWVDQGSRXQGLQJIRUFHVWLPHKLVWRU\UHVSRQVHVIRUWKHHODVWLFFDVHRIWKH
OHIWEXLOGLQJIRUGLIIHUHQWJDSVL]HV
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)LJXUH&RPSDULVRQRIWKHGLVSODFHPHQWVDQGSRXQGLQJIRUFHVWLPHKLVWRU\UHVSRQVHVIRUWKHLQHODVWLFFDVHRI
WKHOHIWEXLOGLQJIRUGLIIHUHQWJDSVL]HV
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3RXQGLQJIRUFH

3RXQGLQJIRUFH

2EVHUYLQJWKHHODVWLFFDVH )LJXUHDQG LWFDQEHVHHQWKDWWKHPXWXDOEORFNLQJRIWKH
EXLOGLQJV H[SODLQV WKH SHDN GLVSODFHPHQW UHGXFWLRQV LQ 7DEOH  ,W LV NQRZQ WKDW SRXQGLQJ
WHQGVWRUHGXFHWKHLQERXQGVWUXFWXUDOGLVSODFHPHQWVGXHWREXLOGLQJEORFNLQJ&RQYHUVHO\LW
WHQGVWRLQFUHDVHWKHUHERXQGGLVSODFHPHQWV7KLVLVHYLGHQWLQWKHIOH[LEOHVWUXFWXUHDVFDQEH
VHHQLQ)LJXUHDOWKRXJKWKHVDPHFDQQRWEHYHULILHGLQWKHVWLIIHUEXLOGLQJZKLFKH[SHULHQF
HVJUHDWUHGXFWLRQVLQWKHSHDNVWUXFWXUDOGLVSODFHPHQWV 7DEOH ,QWHUPVRISHDNYHORFLWLHV
WKHIOH[LEOHVWUXFWXUHWHQGVWRVXIIHULQFUHDVHV JDSVL]HVRI cmDQGcm DQGWKHVWLIIHU
VWUXFWXUHRQO\H[SHULHQFHVDVOLJKWGHFUHDVHLQWKHFDVHRIQRVHSDUDWLRQGLVWDQFH,WVKRXOGEH
VWDWHGWKDWDOWKRXJKWKHUHLVDUHGXFWLRQLQWKHSHDNUHVSRQVHVZKHQSRXQGLQJLVFRQVLGHUHG
WKLVLVQRWEHQHILFLDOVLQFHJUHDWORFDOGDPDJHVDWWKHUHJLRQVRILPSDFWDUHLPSOLFLWO\NQRZQ
DQGGDPDJHLQWKHVWUXFWXUHVGXHWRVWUXFWXUDOLQHODVWLFEHKDYLRUVKRXOGEHH[SHFWHGDQGDJ
JUDYDWHGGXHWRSRXQGLQJDVZLOOEHGLVFXVVHGLQWKHQH[WSDUDJUDSKV
7KHLQHODVWLFEHKDYLRURIWKHVWUXFWXUDOV\VWHPVKDVDVLJQLILFDQWLQIOXHQFHRQWKHVWUXFWXUDO
RYHUDOOG\QDPLFEHKDYLRU$VFDQEHVHHQE\FRPSDULQJ)LJXUHVDQGWKHLQHODVWLFFDVH
H[SHULHQFHVIHZHULPSDFWVDQGLWVLQWHQVLW\LVDOVRVPDOOHU+RZHYHUWKHSUHVHQFHRISHUPD
QHQW GHIRUPDWLRQV LV LQHYLWDEOH DQG LQFUHDVHV ZLWK GHFUHDVLQJ JDS VL]H ,Q DGGLWLRQ WKH UH
ERXQG GLVSODFHPHQWV DUH DOVR LQFUHDVHG FRQFHUQLQJ WKH HODVWLF FDVH SDUWLFXODUO\ LQ WKH
IOH[LEOHVWUXFWXUHIRUWKHJDSVL]HVRIcmDQGcmVLQFHLQWKHFRUUHVSRQGLQJcmRIJDS
VL]HDUHGXFWLRQLVYHULILHG,QWKHFDVHRIWKHVWLIIHUVWUXFWXUHSHUPDQHQWGHIRUPDWLRQVDUHVWLOO
H[SHFWHGDOWKRXJKPXFKVPDOOHUWKDQLQWKHIOH[LEOHVWUXFWXUHLQFUHDVHVZHUHYHULILHGLQWKH
JDSVL]HVRIcmDQGcmDQGDGHFUHDVHLQWKHFDVHZLWKQRJDS

3RXQGLQJIRUFH

E

3RXQGLQJIRUFH

D

F

G

)LJXUH3RXQGLQJF\FOHVIRUWKHHODVWLFFDVHRIWKHVWUXFWXUDOV\VWHPV D cm E cmDQGIRUWKHLQHODVWLF
FDVHRIWKHVWUXFWXUDOV\VWHPV F cm G cm
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)LJXUH+\VWHUHVLVF\FOHVZKHQWKHVWUXFWXUDOV\VWHPVKDYHQRJDSLQEHWZHHQ D /HIWDQG E 5LJKWEXLOGLQJ
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D
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E

)LJXUH+\VWHUHVLVF\FOHVZKHQWKHVWUXFWXUDOV\VWHPVDUHVHSDUDWHGE\DGLVWDQFHRIcm D /HIWDQG E 
5LJKWEXLOGLQJ
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)LJXUH$FFHOHUDWLRQWLPHKLVWRU\UHVSRQVHVIRUWKHHODVWLFFDVHRIWKHVWUXFWXUDOV\VWHPVVHSDUDWHGE\DGLV
WDQFHRIcm

)LJXUH  VKRZV WKH SRXQGLQJ F\FOHV WKDW GLVSOD\ WKH UHGXFHG QXPEHU RI F\FOHV DQG WKH
UHODWLYHO\VPDOOPDJQLWXGHRILPSDFWVLQWKHLQHODVWLFFDVH7KHLQIOXHQFHRIWKHJDSVL]HZKHQ
LQHODVWLFEHKDYLRULVFRQVLGHUHGFDQDOVREHVHHQLQWKHJUDSKVRI)LJXUHVDQGLQZKLFK
LQWKHULJKWEXLOGLQJFRUUHVSRQGLQJWRWKHVWLIIHUVWUXFWXUHWKHUHLVQRFOHDUGLIIHUHQFHEHWZHHQ
WKHUHVSRQVHVZLWKDQGZLWKRXWSRXQGLQJ2QWKHFRQWUDU\WKHIOH[LEOHVWUXFWXUHH[KLELWVFOHDU
LQFUHDVHVLQWKHUHERXQGGLVSODFHPHQWVDQGK\VWHUHVLVHQHUJ\GLVVLSDWLRQDVZHOODVWKHSUHV
HQFHRISHUPDQHQWGHIRUPDWLRQVZKLFKLQFUHDVHIRUVPDOOHUJDSVL]HV
6LQJOHGHJUHHRIIUHHGRPVWUXFWXUDOV\VWHPVZLWKHODVWLFDQGLQHODVWLFEHKDYLRUZHUHFRQ
VLGHUHGLQWKLVVWXG\DQGWKHGLIIHUHQFHVEHWZHHQWKHVHZHUHDGGUHVVHG$OWKRXJKLWVKRXOGEH
SRLQWHGRXWWKDWIXUWKHUUHVHDUFKLVUHTXLUHGWREHWWHULQYHVWLJDWHWKLVFRPSOH[EHKDYLRUZLWK

2078

)ROKHQWR33HGUR%DUURV&5XLDQG%UD]&pVDU70DQXHO

$FFHOHUDWLRQ





$FFHOHUDWLRQ





EXLOGLQJ SRXQGLQJ WKDW VKRXOG LQFOXGH PRUH GHJUHHV RI IUHHGRP WKUHHGLPHQVLRQDO DQDO\VLV
LQFOXGLQJWDQJHQWLDOIULFWLRQIRUFHVGLIIHUHQWJURXQGPRWLRQH[FLWDWLRQVSDUDPHWULFDQGVHQVL
WLYLW\DQDO\VLVWRXQGHUVWDQGWKHLQIOXHQFHRILQWHUYHQLHQWLQSXWSDUDPHWHUVRQWKHRXWSXWUH
VSRQVHV SUHVHQFH RI QRQVWUXFWXUDO HOHPHQWV VXFK DV LQILOO ZDOOV ZKLFK DUH FRPPRQ LQ
EXLOGLQJVWUXFWXUHVDQGWKHFRQVLGHUDWLRQRIGLIIHUHQWSRXQGLQJVFHQDULRV

)LJXUH$FFHOHUDWLRQWLPHKLVWRU\UHVSRQVHVIRUWKHLQHODVWLFFDVHRIWKHVWUXFWXUDOV\VWHPVVHSDUDWHGE\DGLV
WDQFHRIcm
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D 7KHSHUFHQWDJHEHORZWKHYDOXHVLQEOXHFRORUVWDQGVIRUWKHDEVROXWHSHUFHQWDJHRILQFUHDVHRUGHFUHDVHUHJDUGLQJWKH
FDVHZLWKQRSRXQGLQJ
E 7KHSHUFHQWDJHEHORZWKHYDOXHVLQJUHHQFRORUVWDQGVIRUWKHDEVROXWHSHUFHQWDJHRILQFUHDVHRUGHFUHDVHUHJDUGLQJWKH
FRUUHVSRQGLQJOLQHDUHODVWLFEHKDYLRUFDVH

7DEOH5HOHYDQWUHVXOWVRIWKHVLPXODWLRQVFDUULHGRXW
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 &21&/86,216

7KH SUHVHQW VWXG\ FRQFHUQV HDUWKTXDNHLQGXFHG VWUXFWXUDO EXLOGLQJ SRXQGLQJ FRQVLGHULQJ
WZR6'2) V\VWHPVZLWKHODVWLFDQGLQHODVWLFEHKDYLRU%XLOGLQJSRXQGLQJFDQEHVLPXODWHG
E\WKHXVHRILPSDFWPRGHOVZKLFKUHO\RQWKHSURSHUHVWDEOLVKPHQWRILWVSDUDPHWHUV6HYHUDO
DQDO\WLFDOH[SUHVVLRQVZHUHSURYLGHGWRFDOFXODWHHDFKRIWKHSDUDPHWHUVRIWKHLPSDFWPRGHOV
ZKLFKGHSHQGHVVHQWLDOO\RQWKHLPSDFWVWLIIQHVVLPSDFWGDPSLQJDQGFRHIILFLHQWRIUHVWLWX
WLRQ 7KH XQFHUWDLQWLHVUHJDUGLQJ WKHVH SDUDPHWHUV DUH LQWULQVLFDOO\ FRQQHFWHG ZLWK WKH RYHU
VLPSOLILHGDVVXPSWLRQVFRQVLGHUHGDVZHOODVWKHXQNQRZQJHRPHWU\DQGPDWHULDOSURSHUWLHV
RI WKH FRQWDFW UHJLRQ ([SHULPHQWDO GDWD DQG SDUDPHWULF VHQVLWLYLW\ VWXGLHV PD\ UHGXFH WKH
OHYHORIXQFHUWDLQWLHVDQGRUUHGLUHFWWKHLQYHVWLJDWLRQVIRUSDUWLFXODULQSXWSDUDPHWHUVWRRE
WDLQPRUHUHOLDEOHUHVXOWV
2QHRIWKHIDFWRUVWKDWPD\LQIOXHQFHSRXQGLQJLQYROYHGUHVXOWVLVWKHFRQVLGHUDWLRQRIWKH
LQHODVWLF EHKDYLRU RI WKH FROOLGLQJ VWUXFWXUHV 3RXQGLQJ IRUFHV FDXVHGSHUPDQHQW GDPDJH RQ
WKH EXLOGLQJV LQ WKH UHERXQG GLUHFWLRQ HVSHFLDOO\ LQ WKH IOH[LEOH VWUXFWXUH LQFUHDVLQJ IRU
VPDOOHUJDSVL]HV,QDGGLWLRQLWZDVREVHUYHGWKDWWKHLQHODVWLFEHKDYLRUVKRXOGEHFRQVLGHUHG
VLQFHWKHPRVWIOH[LEOHVWUXFWXUHSUHVHQWVKLJKHULQFUHDVHVRIGLVSODFHPHQWVZKHQSRXQGLQJLV
FRQVLGHUHGDQGWKHDFFHOHUDWLRQVSLNHVFRQWLQXHWRKDYHODUJHSHDNYDOXHV7KHSRVLWLYHHIIHFW
LVWKHUHGXFWLRQRIWKHQXPEHURILPSDFWVDQGWKHLULQWHQVLW\FRPSDUHGZLWKWKHHODVWLFFDVH
+HQFHWKHQHJOHFWLRQRIWKHVWUXFWXUDOLQHODVWLFEHKDYLRUPD\RYHUHVWLPDWHWKHPDJQLWXGHRI
SRXQGLQJIRUFHVDQGXQGHUHVWLPDWHWKHGLVSODFHPHQWDPSOLWXGHDVZHOODVQHJOHFWWKHSHUPD
QHQWGHIRUPDWLRQVWKDWZLOOFHUWDLQO\DULVHGXULQJHDUWKTXDNHV
)XUWKHUUHVHDUFKLVQHFHVVDU\VLQFHLWLVQRWSRVVLEOHWRILQGDFOHDUSDWWHUQRUWUHQGLQWKH
UHVXOWVFRQFHUQLQJWKHLQSXWSDUDPHWHUVDQGWKHGHVLUHGRXWSXWUHVXOWVXVLQJRQO\6'2)V\V
WHPV ZLWK UHSUHVHQWDWLYH LQHODVWLF EHKDYLRU XQGHU D VSHFLILF JURXQG PRWLRQ )XWXUH VWXGLHV
VKRXOGDGGUHVVPRUHGHJUHHVRIIUHHGRPDQGSRVVLEO\DWKUHHGLPHQVLRQDOVSDWLDOPRGHO WR
DFFRXQWIRUIRUFHVLQWKHWDQJHQWLDOGLUHFWLRQ FDOLEUDWLRQRIWKHK\VWHUHVLVPRGHOZLWKH[SHU
LPHQWDO GDWD DQG WKH FRQVLGHUDWLRQ RI VHYHUDO GLIIHUHQW JURXQG PRWLRQV WR YDOLGDWH WKH SUH
VHQWHGUHVXOWVDVZHOODQGFRQWULEXWHZLWKDGGLWLRQDOLQIRUPDWLRQRQWKHPDWWHURIHDUWKTXDNH
LQGXFHGVWUXFWXUDOEXLOGLQJSRXQGLQJ
$&.12:/('*(0(176

7KLV SDSHU LV ZLWKLQ WKH VFRSH RI WKH ILUVW DXWKRU¶V 3K' GHJUHH LQ SURJUHVV ILQDQFLDOO\
VXSSRUWHGE\WKH3RUWXJXHVH)RXQGDWLRQIRU6FLHQFHDQG7HFKQRORJ\ )&7 WKURXJKWKH3K'
JUDQW UHIHUHQFH 6)5+%' XQGHU WKH SURJUDPPH 32&+ 1 ± 3  DQG
VXEVLGL]HGE\WKH(XURSHDQ6RFLDO)XQG )6( DQGQDWLRQDOIXQGVIURP0&7(67KLVZRUN
ZDVILQDQFLDOO\VXSSRUWHGE\%DVH)XQGLQJ8,'%RIWKH&216758&7,QVWL
WXWR GH , ' HP (VWUXWXUDV H &RQVWUXo}HV  IXQGHG E\ QDWLRQDO IXQGV WKURXJK WKH
)&70&7(6 3,''$& 

5()(5(1&(6

>@ 10DWH6%DNUH2-DLVZDODQG.6D\\DG³(ODVWLFDQG,QHODVWLF5HVSRQVHRI6WUXF
WXUDO6\VWHPVLQ6HLVPLF3RXQGLQJ´Open Journal of Civil EngineeringYROSS

>@ 10DWH6%DNUHDQG2-DLVZDO³6HLVPLF3RXQGLQJ5HVSRQVHRI6LQJOHG'HJUHHRI
)UHHGRP(ODVWLFDQG,QHODVWLF6WUXFWXUHV8VLQJ3DVVLYH7XQHG0DVV'DPSHU´International Journal of Civil Engineering, YROSS
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>@ %RXF5³)RUFHGYLEUDWLRQRIPHFKDQLFDOV\VWHPVZLWKK\VWHUHVLV´3URFHHGLQJVRIWKH
)RXUWK&RQIHUHQFHRQ1RQOLQHDURVFLOODWLRQ3UDJXH&]HFKRVORYDNLD
>@ %RXF 5 ³0RGHOH PDWKHPDWLTXH G K\VWHUHVLV HW DSSOLFDWLRQ DX[ V\VWHPV XQ GHJUH GH
OLEHUWH´7KHVHGH'RFWRUDW0DUVHLOOH)UDQFH
>@ %RXF5³0RGHOHPDWKHPDWLTXHG K\VWHUHVLV´$SSOLFDWLRQDXFLUFXLWRVFLOODQWVHOIVDWX
UDEOH &LQTXLHPH &RQJUHV 2VFLOODWLRQV 1RQ/LQHDLUHV 9ROXPH  SS  .LHY
8NUDLQH
>@ %RXF5³0RGHOHPDWKHPDWLTXHG K\VWHUHVLV$FXVWLFD´9ROXPHSS
>@ <.:HQ³0HWKRGIRU5DQGRP9LEUDWLRQRI+\VWHUHWLF6\VWHPV´Journal of the Engineering Mechanics Division, ASCE, YROQRSS
>@ <. :HQ ³(TXLYDOHQW /LQHDUL]DWLRQ IRU +\VWHUHWLF 6\VWHP XQGHU 5DQGRP ([FLWD
WLRQ´Journal of Applied Mechanics, ASME, YROQRSS
>@ 7 7 %DEHU DQG <. :HQ ³5DQGRP 9LEUDWLRQ RI +\VWHUHWLF 'HJUDGLQJ 6\VWHPV´
Journal of the Engineering Mechanics Division, ASCE, YROQRSS

>@ 7 7 %DEHU DQG 01 1RRUL ³5DQGRP 9LEUDWLRQ RI 'HJUDGLQJ 3LQFKLQJ 6\VWHPV´
Journal of the Engineering Mechanics Division, ASCE, YROQRSS

>@ 77%DEHUDQG011RRUL³0RGHOLQJ*HQHUDO+\VWHUHVLV%HKDYLRUDQG5DQGRP9L
EUDWLRQ$SSOLFDWLRQ´Journal of Vibration, Acoustic, Stress, and Reliability in Design,
ASME, YROQRSS
>@ *&)ROLHQWH³+\VWHUHVLV0RGHOLQJRI:RRG-RLQWVDQG6WUXFWXUDO6\VWHPV´Journal
of Structural Engineering, ASCE, YROQRSS
>@ 096LYDVHOYDQDQG$05HLQKRUQ³+\VWHUHWLF0RGHOVIRU&\FOLF%HKDYLRURI'HWH
ULRUDWLQJ ,QHODVWLF 6WUXFWXUHV´ 7HFKQLFDO 5HSRUW 0&((5 0XOWLGLVFLSOLQDU\
&HQWHUIRU(DUWKTXDNH(QJLQHHULQJ5HVHDUFK6WDWH8QLYHUVLW\RI1HZ<RUNDW%XIIDOR
%XIIDOR1HZ<RUN
>@ 0 9 6LYDVHOYHQ DQG $ 0 5HLQKRUQ ³+\VWHUHWLF PRGHOV IRU GHWHULRUDWLQJ LQHODVWLF
VWUXFWXUHV´Journal of Engineering Mechanics, YROQRSS
>@ 5-DQNRZVNLDQG60DKPRXG(DUWKTXDNH,QGXFHG6WUXFWXUDO3RXQGLQJ6ZLW]HUODQG
6SULQJHU
>@ *ROGVPLWK:,PSDFW7KH7KHRU\DQG3K\VLFDO%HKDYLRXURI&ROOLGLQJ6ROLGV(GZDUG
$UQROG 3XEOLVKHUV /7'/RQGRQ
>@ 5-DQNRZVNL³([SHULPHQWDOVWXG\RQHDUWKTXDNHLQGXFHGSRXQGLQJEHWZHHQVWUXFWXUDO
HOHPHQWVPDGHRIGLIIHUHQWEXLOGLQJPDWHULDOV´Earthquake Engineering and Structural
DynamicsYROSS
>@ 0 0DKPRXG . &KRRQJ DQG 5 -DQNRZVNL ³6HLVPLF SRXQGLQJ EHWZHHQ DGMDFHQW
EXLOGLQJV,GHQWLILFDWLRQRISDUDPHWHUVVRLOLQWHUDFWLRQLVVXHVDQGPLWLJDWLRQPHDVXUHV´
Soil Dynamics and Earthquake EngineeringYROSS
>@ .-RKQVRQ³&RQWDFW0HFKDQLFV´&DPEULGJHXQLYHUVLW\SUHVV
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>@ ++HUW]³hEHUGLH%HUKUXQJIHVWHUHODVWLVFKHU.|USHU 2QWKHFRQWDFWRIHODVWLFVRO
LGV ´ J. für die Reine und Angewandte Mathematik, YRO  SS   LQ
*HUPDQ 
>@ -:ROIDQG36NULNHUXG³0XWXDOSRXQGLQJRIDGMDFHQWVWUXFWXUHVGXULQJHDUWKTXDNHV´
Nuclear Engineering and DesignYROSS
>@ 6$QDJQRVWRSRXORV³3RXQGLQJRIEXLOGLQJVLQVHULHVGXULQJHDUWKTXDNHV´Earthquake
(QJLQHHULQJDQG6WUXFWXUDO'\QDPLFVYROSS
>@ 6 $QDJQRVWRSRXORV ³(TXLYDOHQW YLVFRXV GDPSLQJ IRU PRGHOLQJ LQHODVWLF LPSDFWV LQ
HDUWKTXDNHSRXQGLQJSUREOHPV´Earthquake Engineering and Structural DynamicsYRO
SS
>@ 3.RPRGURPRV33RO\FDUSRX/3DSDORL]RDQG03KRFDV³5HVSRQVHRIVHLVPLFDOO\
LVRODWHGEXLOGLQJVFRQVLGHULQJSRXQGLQJV´Earthquake Engineering and Structural DynamicsYROSS
>@ 59DOOHVDQG$5HLQKRUQ³(YDOXDWLRQSUHYHQWLRQDQGPLWLJDWLRQRISRXQGLQJHIIHFWV
LQEXLOGLQJVWUXFWXUHV´7HFKQLFDO5HSRUW1&((5National Center for Earthquake Engineering Research6WDWH8QLYHUVLW\RI1HZ<RUN%XIIDOR86$
>@ 60DKPRXG³0RGLILHGOLQHDUYLVFRHODVWLFPRGHOIRUHOLPLQDWLRQRIWKHWHQVLRQIRUFHLQ
WKHOLQHDUYLVFRHODVWLF´LQThe Fourteenth World Conference on Earthquake Engineering, October 12-17, 2008,%HLMLQJ&KLQD
>@ 5-DQNRZVNL³$QDO\WLFDOH[SUHVVLRQEHWZHHQWKHLPSDFWGDPSLQJUDWLRDQGWKHFRHIIL
FLHQWRIUHVWLWXWLRQLQWKHQRQOLQHDUYLVFRHODVWLFPRGHORIVWUXFWXUDOSRXQGLQJ´Earthquake Engineering and Structural DynamicsYROSS
>@ .<H//LDQG+=KX³$PRGLILHG.HOYLQLPSDFWPRGHOIRUSRXQGLQJVLPXODWLRQRI
EDVHLVRODWHGEXLOGLQJZLWKDGMDFHQWVWUXFWXUHV´Earthquake Engineering and Engineering VibrationYROSS
>@ '3DQW$:LMH\HZLFNUHPDDQG72KPDFKL³7KUHHGLPHQVLRQDOQRQOLQHDUDQDO\VLVRI
VHLVPLFSRXQGLQJEHWZHHQPXOWLVWRU\UHLQIRUFHGFRQFUHWHEXLOGLQJV´LQProceedings of
the Seventh International Conference on Urban Earthquake Engineering (7CUEE) and
Fifth International Conference on Earthquake Engineering (5ICEE)9RO,,

>@ '3DQW$:LMH\HZLFNUHPDDQG72KPDFKL³6HLVPLF3RXQGLQJEHWZHHQ5HLQIRUFHG
&RQFUHWH%XLOGLQJV$6WXG\XVLQJWZRUHFHQWO\SURSRVHG&RQWDFW(OHPHQW0RGHOV´LQ
Proceeding of the 14th European Conference on Earthquake Engineering, European
Conference on Earthquake Engineering5HSXEOLFRI0DFHGRQLD
>@ 6 0DKPRXG DQG 5 -DQNRZVNL ³0RGLILHG OLQHDU YLVFRHODVWLF PRGHO RI HDUWKTXDNH
LQGXFHGVWUXFWXUDOSRXQGLQJ´Iranian Journal of Science and TechnologyYROQR
&SS
>@ +/DQNDUDQLDQG31LNUDYHVK³$&RQWDFW)RUFH0RGHO:LWK+\VWHUHVLV'DPSLQJIRU
,PSDFW$QDO\VLVRI0XOWLERG\6\VWHPV´Journal of Mechanical DesignYROSS

>@ +/DQNDUDQLDQG31LNUDYHVK³&RQWLQXRXV&RQWDFW)RUFH0RGHOVIRU,PSDFW$QDO\
VLVLQ0XOWLERG\6\VWHPV´Nonlinear DynamicsYROSS
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>@ .+XQWDQG)&URVVOH\³&RHIILFLHQWRIUHVWLWXWLRQLQWHUSUHWHGDVGDPSLQJLQYLEURLP
SDFW´Journal of Applied Mechanics, American Society of Mechanical Engineers, YRO
SS
>@ 60XWKXNXPDU³$FRQWDFWHOHPHQWDSSURDFKZLWKK\VWHUHVLVGDPSLQJIRUWKHDQDO\VLV
DQG GHVLJQ RI SRXQGLQJ LQ EULGJHV´ 3K' 7KHVLV *HRUJLD ,QVWLWXWH RI 7HFKQRORJ\
*HRUJLD(8$
>@ 6 0XWKXNXPDUDQG 5'HV5RFKHV³$ +HUW]FRQWDFW PRGHO ZLWK QRQOLQHDU GDPSLQJ
IRU SRXQGLQJ VLPXODWLRQ´ Earthquake Engineering and Structural Dynamics, YRO 
SS
>@ 5 -DQNRZVNL ³1RQOLQHDU YLVFRHODVWLF PRGHOOLQJ RI HDUWKTXDNHLQGXFHG VWUXFWXUDO
SRXQGLQJ´ Earthquake Engineering and Structural Dynamics, YRO  SS 

>@ .<H//LDQG+=KX³$QRWHRQWKH+HUW]FRQWDFWPRGHOZLWKQRQOLQHDUGDPSLQJ
IRU SRXQGLQJ VLPXODWLRQ´ Earthquake Engineering and Structural Dynamics YRO 
SS
>@ +1DGHUSRXU5%DUURVDQG6.KDWDPL³$QHZPRGHOIRUFDOFXODWLQJLPSDFWIRUFH
DQGHQHUJ\GLVVLSDWLRQEDVHGRQWKH&5IDFWRUDQGLPSDFWYHORFLW\´6FLHQWLD,UDQLFD$
YROSS
>@ +1DGHUSRXU5%DUURV5.KDWDPLDQG5-DQNRZVNL³1XPHULFDO6WXG\RQ3RXQG
LQJEHWZHHQ7ZR$GMDFHQW%XLOGLQJVXQGHU(DUWKTXDNH([FLWDWLRQ´Hindawi Publishing Corporation: Shock and VibrationYRO
>@ )%DPHU³$+HUW]SRXQGLQJIRUPXODWLRQZLWKDQRQOLQHDUGDPSLQJDQGDGU\IULFWLRQ
HOHPHQW´Acta MechanicaYROSS
>@ )%DPHUDQG%0DUNHUW³$QRQOLQHDUYLVFRHODVWRSODVWLFPRGHOIRUVWUXFWXUDOSRXQG
LQJ´ Earthquake Engineering and Structural Dynamics, YRO    SS 

>@ ) %DPHU 1 6WUXEHO - 6KL DQG % 0DUNHUW ³$ YLVFRHODVWRSODVWLF SRXQGLQJ GDPDJH
IRUPXODWLRQ,” Engineering StructuresYRO
>@ 6.KDWDPL+1DGHUSRXU5&%DUURV$-DNXEF]\N*DáF]\QVNDDQG5-DQNRZVNL
³(IIHFWLYH )RUPXOD IRU ,PSDFW 'DPSLQJ 5DWLR IRU 6LPXODWLRQ RI (DUWKTXDNHLQGXFHG
6WUXFWXUDO3RXQGLQJ´Geosciences, MDPI, YROQR
>@ - YDQ 0LHU $ ) 3UXLMVVHUV + 5HLQKDUGW DQG 7 0RQQLHU ³/RDG7LPH 5HVSRQVH RI
&ROOLGLQJ &RQFUHWH %RGLHV´ -RXUQDO RI 6WUXFWXUDO (QJLQHHULQJ 9ROV  1R  QR
SS
>@ . &KDX ; :HL ; *XR DQG & 6KHQ ³([SHULPHQWDO DQG WKHRUHWLFDO VLPXODWLRQV RI
VHLVPLF SRXQGLQJV EHWZHHQ WZR DGMDFHQW VWUXFWXUHV´ Earthquake Engineering and
Structural DynamicsYROSS
>@ 0*RODQG3:LFNHUVKDPDQG0'HQJOHU³3URSDJDWLRQRIHODVWLFLPSDFWLQEHDPVLQ
EHQGLQJ´Journal of Applied MechanicsYROSS
>@ 3 =KX 0$EH DQG < )XMLQR³0RGHOOLQJ WKUHHGLPHQVLRQDO QRQOLQHDU VHLVPLF SHU
IRUPDQFHRIHOHYDWHGEULGJHVZLWKHPSKDVLVRQSRXQGLQJRIJLUGHUV´Earthquake Engineering and Structural DynamicsYROSS
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>@ <.DMLWD7.LWDKDUD<1LVKLPRWRDQG+2WVXND³(VWLPDWLRQRI0D[LPXP,PSDFW
)RUFH RQ 1DWXUDO 5XEEHU GXULQJ &ROOLVLRQ RI 7ZR 6WHHO %DUV´ ,Q 3URFHHGLQJV RI WKH
)LUVW (XURSHDQ &RQIHUHQFH RQ (DUWKTXDNH (QJLQHHULQJ DQG 6HLVPRORJ\ VW (&((6 
*HQHYD6ZLW]HUODQG±6HSWHPEHUS
>@ 33RO\FDUSRX/3DSDORL]RX3.RPRGURPRV³$QHIILFLHQWPHWKRGRORJ\IRUVLPXODW
LQJHDUWKTXDNHLQGXFHG'SRXQGLQJRIEXLOGLQJV´Earthquake Engineering and Structural DynamicsYROSS±
>@ */&ROH53'KDNDO$-&DUUDQG'.%XOO³%XLOGLQJSRXQGLQJVWDWHRIWKHDUW
,GHQWLI\LQJ VWUXFWXUHV YXOQHUDEOH WR SRXQGLQJ GDPDJH´ LQ New Zealand Society of
Earthquake Engineerings (NZSEE) Conference, 26-28 March:HOOLQJWRQ1=
>@ 0$7/$%D1DWLFN0DVVDFKXVHWWV86$0DWK:RUNV,QF
>@ 3DFLILF (DUWKTXDNH (QJLQHHULQJ 5HVHDUFK &HQWHU 3((5  VWURQJ JURXQG PRWLRQ GDWD
EDVH >2QOLQH@ $YDLODEOH KWWSVSHHUEHUNHOH\HGXSHHUVWURQJJURXQGPRWLRQ
GDWDEDVHV
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&216758&7)DFXOGDGHGH(QJHQKDULD8QLYHUVLGDGHGR3RUWR
)(833RUWR3RUWXJDO
^XSUFE`#IHXSSW


&216758&73ROLWpFQLFR,QVWLWXWRGH%UDJDQoD
,3%%UDJDQoD3RUWXJDO
EUD]FHVDU#LSESW

$EVWUDFW
Earthquake-induced structural pounding between buildings is an insurgent field of investigation since in metropolitan areas it is very common to construct buildings very close to each
other leaving small gap distances in between or even no space at all, increasing the likelihood
of structural collisions in an earthquake event. These impacts can provoke substantial structural damage or global collapse of building structures. The overall dynamic behavior is thus
greatly affected by this phenomenon and so importance should be given in the study of the
respective consequences. The most practical and simple approach is to model buildings as
SDOF lumped mass models considering elastic behavior. However, it has been verified previously that neglecting inelastic behavior in these situations can lead to significant overestimations of the magnitude and number of impacts between the adjacent structures and
underestimations of the displacement responses, especially in flexible structures. In this sense,
the influence of inelastic behavior in SDOF structural systems is carried out using a smooth
hysteresis model, implemented in a Matlab-Simulink model, for different levels of hysteresis
degradation phenomena under cyclic loading. This parametric study will enable a further understanding of the inelastic behavior of structures under pounding forces.
.H\ZRUGV%XLOGLQJVWUXFWXUDOSRXQGLQJ(DUWKTXDNHLQGXFHGSRXQGLQJ,PSDFWPRGHOLQJ
,QHODVWLFEHKDYLRU3DUDPHWULFVWXG\
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 ,1752'8&7,21
1RQOLQHDU LQHODVWLF EHKDYLRU DQG VLJQLILFDQW GDPDJH DUH XVXDOO\ REVHUYHG LQ EXLOGLQJ
VWUXFWXUHVZKHQVXEMHFWHGWRHDUWKTXDNHHYHQWV
/RVVRIKXPDQOLYHVWRWDORUSDUWLDOGHVWUXFWLRQRIEXLOWSDWULPRQ\DQGKXPDQDFWLYLW\DUH
FRQVHTXHQFHVWKDWVHLVPLFGHVLJQVHHNVWRDYRLGDQGLQWKHFDVHRIVLJQLILFDQWVWUXFWXUDOGDP
DJH WR OLPLW LW WR SHUPLW IRU SRVVLEOH UHSDLU DQGRU VXEVWLWXWLRQ RI GDPDJHG HOHPHQWV LQ WKH
VWUXFWXUHV
6HLVPLFGHVLJQRIEXLOGLQJVWUXFWXUHVFDQEHSHUIRUPHGXVLQJOLQHDURUQRQOLQHDUVWDWLFRU
G\QDPLFDQDO\VLV:KHQLQHODVWLFEHKDYLRULVFRQVLGHUHGLWLVXVXDOO\DVVXPHGWREHOXPSHGDW
EHDP¶VHQGVFULWLFDOUHJLRQVFRPPRQO\FDOOHGSODVWLFKLQJHVWKDWUHTXLUHDQDGHTXDWHVWUXF
WXUDO GHWDLO WR SRVVHVV DFFHSWDEOH GXFWLOLW\ ZKLOH RWKHU ]RQHV VKRXOG EH NHSW LQ WKH HODVWLF
UDQJHZLWKRYHUVWUHQJWKIRUPLQJWKHVWURQJOLQNVLQWKHVWUXFWXUDOV\VWHPWKHFDVHRIFROXPQV
DQG WKH PLGGOH VSDQ RI EHDPV 1HYHUWKHOHVV WKH EHKDYLRU RI FROXPQV VKRXOG EH DVVHVVHG
VLQFHLQUHDOLW\WKHVHHOHPHQWVZLOOVXIIHUVRPHLQHODVWLFGHIRUPDWLRQ GXHWRUHGLVWULEXWLRQRI
IRUFHVZLWKLQWKHVWUXFWXUH WKDWVKRXOGEHHYDOXDWHGE\DQDO\]LQJLWVODWHUDOUHVWRULQJIRUFHV
7R UHSURGXFH WKLV LQHODVWLF EHKDYLRU WKH FRPPRQ DVVXPSWLRQ LV WR FRQVLGHU IRU SODVWLF
KLQJHVNQRZQFRQVWLWXWLYHEHKDYLRUWUDQVODWHGE\DVXLWDEOHK\VWHUHVLVPRGHOFDSDEOHRIHPX
ODWLQJGLIIHUHQWSK\VLFDOSKHQRPHQDVXFKDVVWLIIQHVVGHJUDGDWLRQVWUHQJWKGHWHULRUDWLRQDQG
WKHSLQFKLQJHIIHFW
+HQFHLWLVZHOONQRZQDQGH[SHFWHGWKDWSHUPDQHQWGDPDJHZLOORFFXUXQGHUPRGHUDWHWR
VHYHUHHDUWKTXDNHV2QHSKHQRPHQRQWKDWKDVEHHQSURJUHVVLYHO\VWXGLHGRYHUUHFHQW\HDUVLV
VWUXFWXUDO SRXQGLQJ EHWZHHQ EXLOGLQJV WKDW KDYH YHU\ OLPLWHG VHSDUDWLRQ GLVWDQFH RU QR GLV
WDQFHDWDOO(DUWKTXDNHLQGXFHGVWUXFWXUDOSRXQGLQJEHWZHHQEXLOGLQJVKDVUHYHDOHGVLJQLIL
FDQW QHJDWLYH HIIHFWV WKDW PD\ OHDG WR WKH JOREDO FROODSVH RI WKH VWUXFWXUDO V\VWHPV /DUJH
GXFWLOLW\DQGHQHUJ\GLVVLSDWLRQGHPDQGVDUHYHULILHGLQEXLOGLQJVXQGHUHDUWKTXDNHLQGXFHG
SRXQGLQJ
7RHPXODWHVWUXFWXUDOEXLOGLQJSRXQGLQJVHYHUDODSSURDFKHVKDYHEHHQGHYHORSHGDQGDUH
SUHVHQWLQWKHOLWHUDWXUH7KHVLPSOHVWDSSURDFKLVWKHFRQVLGHUDWLRQRILPSDFWPRGHOVEDVHGRQ
VRPHVLPSOLILFDWLRQVDQGDVVXPSWLRQVWKDWFDSWXUHWKHHVVHQFHRIWKHLPSDFWVLHLWVPDJQL
WXGH7KLVSKHQRPHQRQLVH[WUHPHO\RUYLUWXDOO\LPSRVVLEOHWRHPXODWHZLWKSHUIHFWDFFXUDF\
EHLQJ DVVRFLDWHG ZLWK QRQOLQHDU UHODWLRQVKLSV EHWZHHQ WKHFRQWDFW DUHD VWUHVVHV DQG GHIRU
PDWLRQVORFDOLQHODVWLFGHIRUPDWLRQVSURSDJDWLRQRIVWUHVVZDYHVLQWKHLQYROYHGVWUXFWXUHV
IULFWLRQIRUFHVYLEUDWLRQVUHVXOWLQJLQWKHUPDODQGDFRXVWLFHIIHFWVHWF
'XHWRWKHVHVKRUWGXUDWLRQLPSXOVHVLHKXJHIRUFHVLQYROYLQJODUJHPDVVHVLQDQLQFUHG
LEO\VKRUWDPRXQWRIWLPHLWLVNQRZQWRFDXVHLQHYLWDEOHORFDODQGJOREDOVWUXFWXUDOGDPDJH
DQGWKXVLQIOXHQFLQJWKHRYHUDOOG\QDPLFUHVSRQVHVRIWKHFROOLGLQJEXLOGLQJV
7KXVWKLVSDSHULQWHQGVWRDQDO\]HKRZGLIIHUHQWNLQGVRIK\VWHUHVLVEHKDYLRUVPD\LQIOX
HQFHWKHSRXQGLQJLQYROYHGUHVSRQVHRIEXLOGLQJVXQGHUVHLVPLFHYHQWV
7R DFKLHYH WKLV WKH XVXDO DSSURDFK RI DVVXPLQJ WZR VLQJOHGHJUHHRIIUHHGRP 6'2) 
OXPSHG PDVV PRGHOV ZLWK YHU\ GLIIHUHQW G\QDPLF EHKDYLRU LV FRQVLGHUHG 7KHVH VWUXFWXUDO
V\VWHPVDUHFRQQHFWHGE\D]HUROHQJWKHOHPHQWDQLPSDFWPRGHO
$VPRRWKK\VWHUHVLVPRGHOLVLPSOHPHQWHGWRHPXODWHWKHQRQOLQHDULQHODVWLFEHKDYLRURI
WKHVWUXFWXUHV
7KHHODVWLFFDVHDQGWKHLQHODVWLFEHKDYLRUZLWKGLIIHUHQWOHYHOVFDVHVRIK\VWHUHVLVGHJUDGD
WLRQSKHQRPHQDXQGHUF\FOLFORDGLQJDQGVWUXFWXUDOSRXQGLQJDUHWKHQVLPXODWHGXVLQJDGH
YHORSHG0DWODE6LPXOLQNPRGHO7KHUHVXOWVDUHWKHQSUHVHQWHGLQWHUPVRIJUDSKVDQGSHDN
UHVSRQVHVWRHQDEOHDIXUWKHUXQGHUVWDQGLQJRIWKHLQHODVWLFEHKDYLRURIEXLOGLQJVWUXFWXUHVXQ
GHUHDUWKTXDNHLQGXFHGSRXQGLQJIRUFHV
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 +<67(5(6,6%(+$9,25&$6(6
7KHUHODWLRQVKLSEHWZHHQWKHLQSXWDQGWKHRXWSXWLQWKHLQHODVWLFUDQJHLVFRQWUROOHGE\WKH
UDWHLQGHSHQGHQWPHPRU\HIIHFWFRQFHSWWKDWLVDK\VWHUHVLVRSHUDWRUWKDWWDNHVLQDQLQSXW
IXQFWLRQDQGUHWXUQVDQRXWSXWIXQFWLRQ7KLVSKHQRPHQRORJLFDOFRQFHSWLVEDVHGRQH[SHUL
PHQWDOGDWDUHODWLQJWKHLQSXWRXWSXWSDLU
7KH UHVSRQVH RI VWUXFWXUDO V\VWHPV GHSHQGV DOZD\V RQ WKH UDWH RI WKH DSSOLHG ORDG ZKHQ
WKLVQHHGVWREHFRQVLGHUHGYLVFRVLW\LVLQWURGXFHGDORQJZLWKWKHUDWHLQGHSHQGHQWUHVWRULQJ
IRUFH+HQFHWKHXVXDOG\QDPLFHTXDWLRQRIPRWLRQLVPRGLILHGLQFOXGLQJWKHODWHUDOUHVWRU
LQJIRUFH LQWKLVVWXG\ WHUPfr WKDWGHSHQGVRQWKHGLVSODFHPHQWVDQGYHORFLWLHVRIWKHV\V
WHPWREHFRPH
mx t  cx t  kx t
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ZKHUHmkDQGcDUHUHVSHFWLYHO\WKHPDVVWKHHODVWLFVWLIIQHVVDQGWKHYLVFRXVGDPSLQJRI
WKHVWUXFWXUHܬJ t LVWKHHDUWKTXDNH¶VDFFHOHUDWLRQx t LVWKHVWUXFWXUDOGLVSODFHPHQWܪLVWKH
VWUXFWXUDOYHORFLW\DQG ܬt LVWKHVWUXFWXUH¶VDFFHOHUDWLRQ
7RDFFRXQWIRUWKHLQHODVWLFEHKDYLRUVHYHUDOHPSLULFDOK\VWHUHVLVPRGHOVZHUHGHYHORSHG
E\ PDQ\ UHVHDUFKHUV DQG FDQ EH EURDGO\ FDWHJRUL]HG LQWR SRO\JRQDO DQG VPRRWK K\VWHUHVLV
PRGHOV,QWKHSUHVHQWVWXG\DVPRRWKK\VWHUHVLVPRGHOLVFRQVLGHUHG7KLVPRGHOZDVGHYHO
RSHGE\6LYDVHOYDQDQG5HLQKRUQ>@DQGLVDVXEVHTXHQWPRGLILFDWLRQRIWKHRULJLQDO%RXF
:HQPRGHO >@>@ 
$VFKHPDWLFUHSUHVHQWDWLRQRIWKHDERYHPHQWLRQHGK\VWHUHVLVPRGHOLVSUHVHQWHGLQ)LJXUH
ZKLFKLVFDSDEOHRIVLPXODWLQJGLIIHUHQWEHKDYLRUVRIDVWUXFWXUDOV\VWHPXQGHUF\FOLFORDG
LQJYL]VWUHQJWKKDUGHQLQJWKH%DXVFKLQJHUHIIHFWVWLIIQHVVGHJUDGDWLRQVWUHQJWKGHWHULRUD
WLRQDQGWKHSLQFKLQJHIIHFW

)LJXUH6LYDVHOYDQDQG5HLQKRUQ¶VVPRRWKK\VWHUHVLVPRGHOVFKHPDWLFUHSUHVHQWDWLRQ

7KHIROORZLQJVXEVHFWLRQVGHVFULEHWKHPRGHOLQ>@DQGSUHVHQWGLIIHUHQWK\VWHUHVLVEHKDY
LRUFDVHVWKDWFDQEHFRQVLGHUHGGHSHQGLQJRQWKHW\SHRIVWUXFWXUDOV\VWHPDQGPDWHULDOXVHG
IRUVLPXODWLRQ7KUHHVSULQJVGHILQHWKHPRGHODQGWKHGLIIHUHQWK\VWHUHVLVFDVHVDSRVW\LHOG
VSULQJ 6SULQJ DK\VWHUHVLVVSULQJ 6SULQJ DQGDVOLSORFNVSULQJ 6SULQJ DVFDQEH
REVHUYHGLQ)LJXUH
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3ODLQK\VWHUHVLV

3ODLQ K\VWHUHVLV EHKDYLRU LV FKDUDFWHUL]HG E\ D FDVH RI K\VWHUHVLV WKDW FDQ DFFRXQW IRU
VWUHQJWKKDUGHQLQJDQGSRVVHVVQRGHJUDGDWLRQIHDWXUHV,QWKHSUHVHQWLQYHVWLJDWLRQWKLVZLOO
EHGHQRPLQDWHGE\&DVHRIK\VWHUHVLVEHKDYLRU7KLVEHKDYLRULVVXLWDEOHIRUZHOOGHWDLOHG
VWHHOVWUXFWXUHVHJVSHFLDOPRPHQWUHVLVWLQJIUDPHV 605)V >@
8SRQ WKH DSSOLFDWLRQ RI D ORDG WKH VSULQJV  DQG  LQ SDUDOOHO XQGHUJR WKH VDPH GHIRU
PDWLRQDOWKRXJKWKH\VKDUHWKLVIRUFHLQSURSRUWLRQWRWKHLULQVWDQWDQHRXVVWLIIQHVV

k post yield  khyst

k



LQZKLFKWKHSRVW\LHOGLQJVWLIIQHVV kpost-yieldLVUHSUHVHQWHGE\DOLQHDUHODVWLFVSULQJ 6SULQJ
 DQGWKHK\VWHUHVLVVSULQJkhystLVUHSUHVHQWHGE\DSXUHHODVWRSODVWLFVSULQJZLWKDVPRRWK
WUDQVLWLRQIURPWKHHODVWLFWRWKHLQHODVWLFUDQJH 6SULQJ 
7KHSUHYLRXVVWLIIQHVVHVWHUPVWKHHODVWLFVWLIIQHVVDQGWKHQRQGHJUDGLQJK\VWHUHVLVVWLII
QHVVDUHJLYHQUHVSHFWLYHO\E\WKHIROORZLQJH[SUHVVLRQV

k post yield
khyst
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LQZKLFK aLVWKHSRVWWRSUH\LHOGLQJVWLIIQHVVUDWLR nWFRQWUROVWKHVPRRWKQHVVRIWKHWUDQVL
WLRQIURPHODVWLFWRSODVWLFVWDJHVȘDQGȘDUHSDUDPHWHUVWKDWFRQWUROWKHVKDSHRIWKHXQ
ORDGLQJFXUYH F*DQG FY*DUHWKHSRUWLRQRIWKHDSSOLHGIRUFHVKDUHGE\WKHK\VWHUHVLVVSULQJ
DQGLWVUHVSHFWLYH\LHOGYDOXH


6WLIIQHVVGHJUDGDWLRQ

6WLIIQHVV GHJUDGDWLRQ LV FRQVLGHUHG E\ WKH LQWURGXFWLRQ RI DQ DGGLWLRQDO SDUDPHWHU RK D
SRVLWLYHSDUDPHWHUZLWKWKHXQLW\DVLWVSRVVLEOHPD[LPXPYDOXH7KLVIDFWRULVJLYHQE\WKH
IROORZLQJH[SUHVVLRQ
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7KH VWLIIQHVV GHJUDGDWLRQ LV LPSOHPHQWHG LQ WKH 0DWODE6LPXOLQN PRGHO WKURXJK WKH VR
FDOOHGSLYRWUXOH>@7KLVGHJUDGDWLRQSKHQRPHQRQLVREVHUYHGLQVHYHUDOVWUXFWXUDOHOHPHQWV
DQGV\VWHPVXQGHUF\FOLFORDGLQJDQGRFFXUVGXHWRQRQOLQHDUJHRPHWULFHIIHFWV>@DQGWKH
HODVWLFVWLIIQHVVGHJUDGHVZLWKLQFUHDVLQJGXFWLOLW\>@7KHGHJUHHRIVWLIIQHVVGHFD\GHSHQGV
RQ WKH FKDUDFWHULVWLFV RI WKH VWUXFWXUH HJ PDWHULDO SURSHUWLHV JHRPHWU\ GXFWLOLW\ FDSDFLW\
DQGFRQQHFWLRQW\SHDQGRQWKHORDGLQJKLVWRU\HJWKHLQWHQVLW\LQHDFKF\FOHQXPEHURI
F\FOHVDQGVHTXHQFHRIORDGLQJF\FOHV>@
,QWKHFDVHRIUHLQIRUFHGFRQFUHWH 5& FRPSRQHQWVXQGHUVHYHUHF\FOLFORDGLQJWKLVGHJ
UDGDWLRQ FDQ EH WKH UHVXOW RI FUDFNLQJ ORVV RI ERQG RU LQWHUDFWLRQ ZLWK KLJK VKHDU RU D[LDO
VWUHVVHV>@5HGXFHGVWLIIQHVVLQVWHHOHOHPHQWVFDQEHDWWULEXWHGWRWKH%DXVFKLQJHUHIIHFW>@
DQGLVFDXVHGE\DFFXPXODWHGGDPDJHRUIDWLJXH
7KLVW\SHRIK\VWHUHVLVEHKDYLRULQWKLVVWXG\ZLOOEHGHVLJQDWHGDV&DVH+HQFHWKHK\V
WHUHVLVVWLIIQHVVLQ(TXDWLRQLVPRGLILHGE\LQFOXGLQJSDUDPHWHU RKLQ(TXDWLRQZKLFKGH
SHQGVRQSDUDPHWHUĮ PHDVXULQJWKHGHJUHHRIVWLIIQHVVGHJUDGDWLRQ DVIROORZV
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6WUHQJWKGHWHULRUDWLRQ

7ZRPDLQW\SHVRIVWUHQJWKGHWHULRUDWLRQFDQEHLGHQWLILHGF\FOLFVWUHQJWKGHJUDGDWLRQDQG
LQF\FOHVWUHQJWKGHJUDGDWLRQ>@&\FOLFVWUHQJWKGHJUDGDWLRQUHIHUVWRWKHORVVRIVWUHQJWKDQG
VWLIIQHVVLQVXEVHTXHQWF\FOHV$VIRUWKHLQF\FOLFVWUHQJWKGHJUDGDWLRQLVFKDUDFWHUL]HGE\D
UHGXFWLRQRIVWUHQJWKGXULQJWKHFXUUHQWF\FOHOHDGLQJWRDQHJDWLYHVWLIIQHVV7KLVW\SHRIEH
KDYLRU RFFXUV ZKHQ D VWUXFWXUDO FRPSRQHQW VXEMHFWHG WR LQFUHDVLQJ GHIRUPDWLRQ UHDFKHV WKH
FDSDFLW\ERXQGDU\6LQFHDF\FOLFORDGSDWKFDQQRWSDVVWKURXJKWKLVOLPLWWKHUHVSRQVHFRQ
WLQXHVDORQJWKHERXQGDU\XQWLOXQORDGLQJRFFXUVSURGXFLQJWKHLQF\FOHVWUHQJWKGHJUDGDWLRQ
$FFRUGLQJ WR )(0$¶V UHSRUW >@ F\FOLF UHGXFWLRQ RI ODWHUDO VWUHQJWK LV EDVHG RQ WKH LQ
FUHDVLQJLQHODVWLFGLVSODFHPHQWDQGXOWLPDWHO\RQWKHSHDNGLVSODFHPHQWDQGRQWKHWRWDOK\V
WHUHVLVHQHUJ\GHPDQGVRIWKHV\VWHPWUDQVODWHGE\WKHDUHDHQFORVHGE\WKHK\VWHUHVLVF\FOHV
2QWKHRWKHUKDQGLQF\FOLFVWUHQJWKGHJUDGDWLRQDORQJZLWKVWLIIQHVVGHJUDGDWLRQPD\RFFXU
GXHWRJHRPHWULF 3GHOWDHIIHFWV DQGRUPDWHULDOQRQOLQHDULWLHV0DWHULDOQRQOLQHDULWLHVWKDW
PD\FDXVHLQF\FOHVWUHQJWKGHJUDGDWLRQLQFOXGHFRQFUHWHFUXVKLQJVKHDUIDLOXUHEXFNOLQJRU
IUDFWXUH RI ORQJLWXGLQDO UHLQIRUFHPHQW DQG VSOLFH IDLOXUHV IRU 5& FRPSRQHQWV DQG IRU VWHHO
FRPSRQHQWV LQFOXGH EXFNOLQJ RI EUDFLQJ HOHPHQWV ORFDO EXFNOLQJ LQ IODQJHV RI FROXPQV RU
EHDPVDQGIUDFWXUHRIEROWVRUZHOGV7KHILUVWW\SHRIGHWHULRUDWLRQXVXDOO\VSHFLILHVWKLVGH
FD\LQWHUPVRIWKHGXFWLOLW\UDWLRDQGWKHVHFRQGLVWKHUHVXOWRIDVLQJOHOHYHORILQHODVWLFGLV
SODFHPHQWLPSRVHGPDQ\WLPHV DORQJZLWKWKHF\FOHV UHGXFLQJWKHODWHUDOVWUHQJWKOHYHODV
WKHQXPEHURIF\FOHVLQFUHDVHV
7KHDXWKRUV>@FRQVLGHUHGLQWKHFXUUHQWPRGHODGHWHULRUDWLRQUXOHWKDWUHGXFHVWKHFDSDFL
W\ RI WKH EDFNERQH FXUYH 7KLV UXOH RI GHWHULRUDWLRQ LV EDVHG RQ D FRQWLQXRXV HQHUJ\EDVHG
GHJUDGDWLRQ DQG RQ D EDFNERQH GHJUDGDWLRQ ZKLFK RFFXUV ZKHQ WKH PD[LPXP GHIRUPDWLRQ
YDOXHDWWDLQHGLQWKHSDVWLVH[FHHGHGDQGLVJLYHQE\WKHIROORZLQJH[SUHVVLRQ
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ZKHUHFY±LVWKHSRVLWLYHRUQHJDWLYH\LHOGIRUFHFY0±LVWKHLQLWLDOSRVLWLYHRUQHJDWLYH\LHOG
IRUFH xPD[±LVWKHPD[LPXPSRVLWLYHRUQHJDWLYHGLVSODFHPHQWxXOW±LVWKHXOWLPDWHSRVLWLYH
RUQHJDWLYHGLVSODFHPHQW EhLVWKHK\VWHUHVLVHQHUJ\GLVVLSDWHG EhXOWLVWKHK\VWHUHVLVHQHUJ\
GLVVLSDWHG ZKHQ ORDGHG PRQRWRQLFDOO\ XQWLO WKH XOWLPDWH GLVSODFHPHQW ZLWKRXW DQ\ GHJUDGD
WLRQȕLVDSDUDPHWHUEDVHGRQGXFWLOLW\GHPDQGVDQGȕLVDSDUDPHWHUEDVHGRQHQHUJ\GH
PDQGV 7KH VHFRQG WHUP RQ WKH ULJKW VLGH RI (TXDWLRQ  LV UHODWHG WR VWUHQJWK GHWHULRUDWLRQ
EDVHGRQLQFUHDVHGGHIRUPDWLRQDQGWKHODVWWHUPLVUHODWHGWRWKHK\VWHUHVLVHQHUJ\GLVVLSDWHG
6WLIIQHVVDQGVWUHQJWKGHJUDGDWLRQZLOOEHFRQVLGHUHGWRJHWKHUDV&DVHRIK\VWHUHVLVEH
KDYLRUIRUWKHSUHVHQWLQYHVWLJDWLRQ


3LQFKLQJHIIHFW

7KHSLQFKLQJHIIHFWLVDQRWKHUSKHQRPHQRQREVHUYHGLQVWUXFWXUDOFRPSRQHQWVDQGFRQQHF
WLRQVVXEMHFWHGWRF\FOLFODWHUDOORDG7KHQDPHSLQFKLQJDULVHVIURPWKHHIIHFWWKDWKDVRQWKH
K\VWHUHVLVORRSV3LQFKHGRUFRPSUHVVHGK\VWHUHVLVF\FOHVDUHREWDLQHGE\JUHDWUHGXFWLRQVLQ
VWLIIQHVVGXULQJUHORDGLQJDQGVWLIIQHVVUHFRYHU\ZKHQWKHRSSRVLWHGLVSODFHPHQWLVLPSRVHG
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7KLVSKHQRPHQRQLVPRVWO\REVHUYHGLQEULWWOHPDWHULDOVYL]5&HOHPHQWVWLPEHUFRP
SRQHQWV DQG VRPH W\SHV RI PDVRQU\ FRPSRQHQWV 6RPHFRQQHFWLRQV LQ VWHHO VWUXFWXUHV DOVR
H[KLELWWKLVNLQGRIHIIHFW,Q5&HOHPHQWVSLQFKLQJLVWKHFRQVHTXHQFHRIFUDFNVWKDWRSHQ
ZKHQWKHHOHPHQWGHIRUPVLQDFHUWDLQGLUHFWLRQ2QORDGUHYHUVDOWKHGHIRUPDWLRQLQWKHRS
SRVLWHGLUHFWLRQFORVHVWKHFUDFNVDQGWKHVWLIIQHVVLVSDUWLDOO\UHFRYHUHG,QWLPEHUVWUXFWXUHV
WKHPDLQFDXVHRISLQFKLQJLVWKHRSHQLQJDQGFORVLQJRIJDSVLQERUGHULQJHOHPHQWVGXHWR
QDLOSXOORXW5HLQIRUFHGPDVRQU\DOVRH[SHULHQFHVSLQFKLQJGXHWRWKHRSHQLQJDQGFORVLQJRI
IOH[XUDOFUDFNVJDSVEHWZHHQWKHPDVRQU\LQILOODQGWKHERUGHULQJVWUXFWXUDOIUDPHDQGEH
WZHHQ SODWHV LQ VWHHOHQG FRQQHFWLRQV >@ ,Q DGGLWLRQ WKH GHJUHH RI SLQFKLQJ HVVHQWLDO GH
SHQGVRQWKHPDWHULDOSURSHUWLHVJHRPHWU\GXFWLOLW\DQGFRQQHFWLRQVRIWKHVWUXFWXUHDVZHOO
DVWKHORDGLQJKLVWRU\LQWHUPVRIWKHLQWHQVLW\DQGVHTXHQFHRIWKHORDGLQJF\FOHV
$Q DGGLWLRQDO VSULQJ 6SULQJ   LV WKXV LPSOHPHQWHG LQ WKH K\VWHUHVLV PRGHO WR VLPXODWH
SLQFKLQJEHKDYLRU>@$³VOLSORFN´VSULQJLVDGGHGLQVHULHVWRWKHK\VWHUHVLVVSULQJDVLOOXV
WUDWHGLQ)LJXUH7KHFRPELQHGVWLIIQHVVQRZEHFRPHV

k

k post yield 

khyst k slip lock
khyst  k slip lock



ZKHUH kslip lock
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LQZKLFKsLVWKHVOLSOHQJWKFı LVDPHDVXUHRIWKHIRUFHUDQJHRYHUZKLFKVOLSRFFXUVDQG
Fm LVWKHPHDQIRUFHOHYHORQHLWKHUVLGHDERXWZKLFKVOLSRFFXUVEHLQJWKHVHWKUHHSDUDPH
WHUVJLYHQUHVSHFWLYHO\DVIROORZV
s



Rs xPD[
 xPD[



FV

VFY

 

Fm

O s FY

 

ZKHUHSDUDPHWHUVRsısDQGȜsDUHSDUDPHWHUVWKDWFRQWUROHDFKRIWKHUHVXOWLQJYDOXHVRIWKH
SUHYLRXVWKUHHHTXDWLRQV
3URSHUFDOLEUDWLRQRIWKHVHK\VWHUHVLVSDUDPHWHUVSUHVHQWHGLQWKHSUHVHQWVHFWLRQ LQ(TXD
WLRQV   FDQ PRGHO GLIIHUHQW K\VWHUHVLV EHKDYLRUV GHSHQGLQJ RQ PDWHULDO SURSHUWLHV DQG
VWUXFWXUDOV\VWHPV
7KLVK\VWHUHWLFPRGHOZLOOEHIXUWKHULPSOHPHQWHGLQWKLVLQYHVWLJDWLRQWRDVVHVVWKHLQHODV
WLFEHKDYLRURIWKHVWUXFWXUHVXQGHUWKHHDUWKTXDNHLQGXFHGSRXQGLQJ
6WLIIQHVV DQG VWUHQJWK GHJUDGDWLRQ ZLWK WKH SLQFKLQJ HIIHFW ZLOO EH GHQRWHG DV &DVH  RI
K\VWHUHVLVEHKDYLRULQWKHIROORZLQJVHFWLRQV
 6758&785$/3281',1*02'(/,1*

6WUXFWXUDO SRXQGLQJ LQYROYHV FRPSOH[ SKHQRPHQD PDNLQJ WKH SUREOHP RI HDUWKTXDNH
LQGXFHGVWUXFWXUDOEXLOGLQJSRXQGLQJH[WUHPHO\GLIILFXOWWRPRGHOZLWKKLJKDFFXUDF\+RZ
HYHULQVWUXFWXUDOSRXQGLQJWKHHVWLPDWLRQRIWKHPDJQLWXGHRISRXQGLQJIRUFHVZLWKVDWLVIDF
WRU\ DFFXUDF\ LV HQRXJK WR YHULI\ LWV LQIOXHQFH RQ WKH RYHUDOO G\QDPLF UHVSRQVH RI WKH
FROOLGLQJVWUXFWXUHV
7ZR SRVVLEOH ZD\V RI HDUWKTXDNHLQGXFHG VWUXFWXUDO SRXQGLQJ PRGHOLQJ DUH DYDLODEOH LQ
WKHOLWHUDWXUHWKHFODVVLFDOWKHRU\RILPSDFWDQGWKHXVHRILPSDFWRUFRQWDFWHOHPHQWV>@
7KHFODVVLFDOWKHRU\RILPSDFWIDLOVWRGHVFULEHWUDQVLHQWVWUHVVHVDQGWRDFFRXQWIRUORFDO
GHIRUPDWLRQVDWWKHFRQWDFWSRLQWRIWKHERGLHVDVVXPLQJWKDWDQHJOLJLEO\SDUWRIWKHLQLWLDO
NLQHWLFHQHUJ\RIWKHV\VWHPLVWUDQVIRUPHGLQWRYLEUDWLRQVRIWKHFROOLGLQJERGLHV>@$GGL
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WLRQDOO\LWGRHVQRWFRQVLGHUWKHH[LVWHQFHRIWKHSHULRGRILPSDFWIDLOLQJWRGLUHFWO\DVVHVVWKH
HYROXWLRQRIWKHSRXQGLQJIRUFHVGXULQJFROOLVLRQ>@
7KHFRHIILFLHQWRIUHVWLWXWLRQ &5 LVDSDUDPHWHUGHULYHGLQWKHILUVWDSSURDFKRISRXQGLQJ
PRGHOLQJ7KLVSDUDPHWHUGHSHQGVRQWKHUHODWLYHILQDO ܪf± ܪf DQGLQLWLDO ܪ±  ܪLP
SDFWYHORFLWLHVDQGUHSUHVHQWVWKHHQHUJ\ORVVHVDQGGHJUHHRISODVWLFLW\RIWKHLPSDFWEHLQJ
GLUHFWO\UHODWHGZLWKWKHNLQHWLFHQHUJ\ORVVGXULQJLPSDFW&5LVJLYHQE\WKHIROORZLQJH[
SUHVVLRQ
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,PSDFWPRGHOVFRQVWLWXWHWKHVHFRQGDSSURDFKWRPRGHOEXLOGLQJSRXQGLQJODUJHO\XVHGLQ
PDQ\LQYHVWLJDWLRQVWRDVVHVVWKHGHWULPHQWDOHIIHFWVRILPSDFWVLQEXLOGLQJVWUXFWXUHV)URP
WKH FRQVLGHUDWLRQ RI WZR SHULRGV RI LPSDFW DSSURDFK DQG UHVWLWXWLRQ SHULRGV WR WKH SHQDOW\
PHWKRGDQGHVWDEOLVKPHQWRISDUDPHWHUVVXFKDVLPSDFWVWLIIQHVVDQGLPSDFWGDPSLQJUDWLR
WKHLPSDFWPRGHOVKDYHEHHQZLGHO\XVHGSURYLGLQJUHODWLYHVDWLVIDFWRU\DFFXUDF\LQUHSOLFDW
LQJWKHSRXQGLQJIRUFHVDULVLQJIURPWKHFRQWDFWRIEXLOGLQJVGXULQJHDUWKTXDNHHYHQWV$OW
KRXJK WKH IRUPXODWLRQ RI WKHVH HOHPHQWV LV EDVHG RQ +HUW]¶V WKHRU\ DQG RYHUVLPSOLILHG
DVVXPSWLRQVPDNLQJWKHSUREOHPVLPSOHU\HWOHVVDFFXUDWH
$PRQJ WKHVH VLPSOLILFDWLRQV RQH FDQ PHQWLRQ >@ WKH VWUHVV ZDYH SURSDJDWLRQ LV QH
JOHFWHGDQGWKHVWDWHRIVWUHVVLQWKHVWUXFWXUHVDWDQ\LQVWDQWFDQEHFRQVLGHUHGDSSUR[LPDWHO\
XQLIRUP7KLVLJQRUHVWKHG\QDPLFHIIHFWVLQWKHVWUXFWXUHVGXHWRZDYHSURSDJDWLRQDVVXP
LQJWKDWVWUXFWXUDOSRXQGLQJEHWZHHQEXLOGLQJVFDQEHDSSUR[LPDWHO\TXDVLVWDWLFLIWKHGXUD
WLRQRIWKHLPSDFWLVORQJHQRXJKWRDOORZVWUHVVZDYHVWRWUDQVYHUVHWKHOHQJWKRIWKHERG\
PDQ\WLPHVMXVWLI\LQJLQWKLVZD\WKHXVHRIVSULQJGDVKSRWHOHPHQWVWKHFRQWDFWDUHDLVLQ
JHQHUDOHOOLSWLFDODQGLVDVVXPHGWREHVPDOOLQFRPSDULVRQZLWKWKHSULQFLSDOGLPHQVLRQVRI
WKHERGLHVGHIRUPDWLRQVDUHUHVWULFWHGWRWKHYLFLQLW\RIWKHLPSDFWFRQWDFWVXUIDFHVDUHQRQ
FRQIRUPLQJVPRRWKFRQWLQXRXVDQGIULFWLRQOHVVDQGWKHFRQWDFWUHJLRQVDUHDVVXPHGWRUH
PDLQHODVWLFDQGXQDOWHUHGDIWHULPSDFWHYHQWV
,QWKHVHFRPSUHVVLRQRQO\LPSDFWPRGHOVZLWK]HUROHQJWKWKHVSULQJZLOOFRQWUROWKHUH
VWRULQJIRUFHDQGGHIRUPDWLRQDQGWKHGDVKSRWZLOODFFRXQWIRUWKHHQHUJ\UDGLDWHGGXHWRLP
SDFWE\ZDYHPRWLRQ+HQFHWKHVHWZRHOHPHQWVLQWKHPRGHOUHSUHVHQWWKHLPSDFWVWLIIQHVV
kimp ZKLFKGHSHQGVRQPDWHULDOSURSHUWLHVDQGWKHFRQWDFWJHRPHWU\DQGWKHLPSDFWGDPS
LQJUDWLR ȟimp WKDWGHSHQGVPRVWO\RQWKH&5EHLQJGHULYHGIURPHQHUJ\FRQVLGHUDWLRQV
'LIIHUHQWLPSDFWPRGHOVKDYHEHHQGHYHORSHG7KHVLPSOHVWPRGHOLVWKHFRQVLGHUDWLRQRID
VSULQJKHQFHSRVVHVVLQJRQO\WKHHODVWLFSDUWRIWKHLPSDFWFRUUHVSRQGHQWWRWKHLPSDFWVSULQJ
DQGODFNLQJWKHDELOLW\WRDFFRXQWIRUHQHUJ\GLVVLSDWLRQGXULQJDFROOLVLRQ6LPLODUO\WKHQRQ
OLQHDUHODVWLFPRGHOIROORZLQJ+HUW]¶VFRQWDFWODZ>@GHVFULEHVWKHVWDWLFFRPSUHVVLRQEH
WZHHQWZRLVRWURSLFHODVWLFERGLHVDQGLVDOVROLPLWHGE\WKHODFNRIHQHUJ\GLVVLSDWLRQGXULQJ
LPSDFW7KHVSULQJQRQOLQHDULW\LVFDSDEOHRIPRGHOLQJWKHIRUFHGHIRUPDWLRQUHODWLRQPRUH
UHDOLVWLFDOO\7KHLPSDFWIRUFHLQFUHDVHVZLWKWKHLQWHUSHQHWUDWLRQGHSWKWRWKHSRZHURI
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LQZKLFKȕimpLVDSDUDPHWHULQGLFDWLQJWKHQRQOLQHDULPSDFWVWLIIQHVVGHSHQGLQJRQPDWHULDO
SURSHUWLHVDQGJHRPHWU\RIWKHFROOLGLQJVWUXFWXUHV
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7KHWZRLPSDFWPRGHOVPHQWLRQHGLQWKHSUHYLRXVSDUDJUDSKZHUHWKHWDUJHWRIPDQ\PRG
LILFDWLRQV WKURXJK WKH \HDUV PRVWO\ WR FRUUHFW LWV GUDZEDFNV DQG LQFUHDVH WKH DFFXUDF\ LQ
PRGHOLQJSRXQGLQJIRUFHV
$FHQWUDOPRGLILFDWLRQWRWKHOLQHDUHODVWLFPRGHOZDVFDUULHGRXWJLYLQJULVHWRWKHOLQHDU
YLVFRHODVWLFRU.HOYLQ9RLJWLPSDFWPRGHO>@KDYLQJQRZWKHDELOLW\WRDFFRXQWIRUWKHORVV
RIHQHUJ\GXULQJLPSDFW3RXQGLQJIRUFHVDUHWKXVFRPSXWHGXVLQJWKHIROORZLQJH[SUHVVLRQV
fP t
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ZKHUHcimpLVWKHGDPSLQJFRQVWDQWRIWKHSRXQGLQJFRQWDFWHOHPHQWFRPSXWHGE\WKHIROORZ
LQJH[SUHVVLRQ >@>@ 
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+RZHYHUWKLVPRGLILFDWLRQUHYHDOHGDWHQVLOHIRUFHDWWKHHQGRIWKHLPSDFWSHULRGGXHWR
WKHXQLIRUPGLVVLSDWLRQRIHQHUJ\RQERWKSHULRGVRILPSDFWZKLFKLQUHDOLW\GRHVQRWKDSSHQ
>@ >@  7KLV PRGHO IXUWKHU VXIIHUHG GLIIHUHQW PRGLILFDWLRQV WR DGGUHVV WKLV GUDZEDFN
.RPRGURPRV HW DO >@ PRGLILHG WKH OLQHDU YLVFRHODVWLF PRGHO E\ HOLPLQDWLQJ WKH QHJDWLYH
IRUFHPDNLQJLW]HUR9DOOHVDQG5HLQKRUQ>@PRGLILHGWKH.HOYLQ9RLJWPRGHOE\DVVXP
LQJWKDWWKHGDPSLQJWHUPLVDFWLYDWHGRQO\IRUSRVLWLYHYHORFLWLHVGXULQJLPSDFWZKLFKPHDQV
RQO\DFWLYDWHGGXULQJWKHDSSURDFKSHULRG0DKPRXG>@DGGUHVVHGWKHGUDZEDFNVRIWKHOLQ
HDUYLVFRHODVWLFLPSDFWPRGHOZLWKWKHVDPHOLQHRIUHDVRQLQJLQ>@EXWUHGHILQLQJWKHH[
SUHVVLRQRIWKHLPSDFWGDPSLQJUDWLRWKURXJKHQHUJ\FRQVLGHUDWLRQV<HHWDO>@DQG3DQWHW
DO >@>@ SURSRVHGGLIIHUHQWPRGLILFDWLRQVSURYLGLQJDGLIIHUHQWH[SUHVVLRQIRUWKHLP
SDFWGDPSLQJUDWLR)ROORZLQJWKHUHVHDUFKLQ>@0DKPRXGDQG-DQNRZVNL>@VXJJHVWHGD
IXUWKHUPRGLILFDWLRQWRWKHOLQHDUYLVFRHODVWLFPRGHOXVLQJDGLIIHUHQWDSSURDFKWRDUULYHDWDQ
LPSURYHGIRUPXODIRUWKHLPSDFWGDPSLQJUDWLR
+HUW]¶VPRGHO (TXDWLRQ ZDVPRGLILHGE\/DQNDUDQLDQG1LNUDYHV >@>@ WRDG
GUHVVWKHPDWWHURIWKHODFNRIHQHUJ\GLVVLSDWLRQSURSHUWLHVE\LQFOXGLQJLQSDUDOOHOZLWKWKH
QRQOLQHDUVSULQJDQRQOLQHDUGDPSLQJSURSRVHGE\+XQWDQG&URVVOH\>@WREHWWHUUHSUH
VHQWLPSDFWVEHWZHHQPHFKDQLFDOV\VWHPV6LPLODUWRWKHSUHYLRXVPRGLILFDWLRQVWKLVPRGHO
QRZEHFRPHVDQRQOLQHDUYLVFRHODVWLFLPSDFWPRGHO0XWKXNXPDUDQG'HV5RFKHV >@>@ 
FRQVLGHUHGWKHSUHYLRXVPRGHODSSOLHGWRFLYLOHQJLQHHULQJVWUXFWXUHVEHLQJGHVLJQDWHGE\WKH
³+HUW]GDPS´LPSDFWPRGHO$QLPSRUWDQWPRGLILFDWLRQWRWKH+HUW]GDPSPRGHOZDVFDUULHG
RXWE\-DQNRZVNL>@VXJJHVWLQJWKDWWKHQRQOLQHDUGDPSLQJFRPSRQHQWEHFRPHVDFWLYHRQ
O\LQWKHDSSURDFKSHULRGZKHUHPRVWHQHUJ\LVGLVVLSDWHG)LJXUHSUHVHQWVDUHSUHVHQWDWLRQ
RI-DQNRZVNL¶VQRQOLQHDUYLVFRHODVWLFPRGHO

)LJXUH6FKHPDWLFUHSUHVHQWDWLRQRI-DQNRZVNL¶VQRQOLQHDUYLVFRHODVWLFPRGHO

7KHSRXQGLQJIRUFHFDQWKXVEHFDOFXODWHGXVLQJWKHIROORZLQJV\VWHPRIHTXDWLRQV>@

2092

)ROKHQWR33HGUR%DUURV&5XLDQG%UD]&pVDU70DQXHO

fP t





E
G
t
ª
º
° imp ¬
¼  cH t G t
°

®E

G
t
ª
º
¼
° imp ¬
°
¯

IRU G t !  DQG G t ! 
IRU G t !  DQG G t d 

 

IRU G t d 

ZKHUHWKHGDPSLQJFRHIILFLHQWLVGHWHUPLQHGDVIROORZV
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DQGWKHLPSDFWGDPSLQJUDWLRZKLFKKDGWREHUHGHILQHGZDVDSSURDFKHGE\XVLQJWZRGLIIHU
HQWDSSUR[LPDWLQJIXQFWLRQVLQWKHSURFHVVOHDGLQJWRWZRH[SUHVVLRQVIURPZKLFKRQHZDV
IRXQGPRUHDFFXUDWHDQGLVWKXVVKRZQEHORZ>@
[imp

 
  &5 
 &5 > &5 S    @

 

)XUWKHU PRGLILFDWLRQV ZHUH FDUULHG RXW WR WKH +HUW]GDPS LPSDFW PRGHO <H HW DO >@
EDVHGRQWKHUHVXOWLQJUHODWLRQVKLSEHWZHHQWKH&5DQGWKHLPSDFWGDPSLQJUDWLRGHYHORSHGD
QHZDQGPRUHUDWLRQDOH[SUHVVLRQIRUWKHGDPSLQJUDWLR
0RUH UHFHQW PRGLILFDWLRQV WR WKH FRUH LPSDFW PRGHOV SUHVHQWHG LQ SUHYLRXV SDUDJUDSKV
ZHUHFDUULHGRXWPRVWO\PRGLILFDWLRQVWRWKHUHODWLRQEHWZHHQWKHLPSDFWGDPSLQJUDWLRDQG
WKH&5HJ1DGHUSRXUHWDO >@>@ DQG.KDWDPLHWDO>@
$ GLIIHUHQW PRGLILFDWLRQ ZDV FDUULHG RXW E\ %DPHU HW DO >@>@  WR LQFOXGH GDPDJH
SURYRNHGE\UHSHWLWLYHLPSDFWVZKLFKDUHNQRZQWRKDSSHQLQLQHODVWLFLPSDFWVWUDQVODWHGLP
SOLFLWO\E\SDUDPHWHU&57KLVZDVPDGHE\WKHLQFOXVLRQRIDGU\IULFWLRQHOHPHQWLQVHULHV
ZLWKWKHQRQOLQHDUVSULQJIURPWKH+HUW]GDPSPRGHORUWKH-DQNRZVNL¶VQRQOLQHDUYLVFRH
ODVWLFPRGHO UHVSHFWLYHO\>@DQG>@ 
+HQFHPRVWRIWKHLQYHVWLJDWLRQVFRQFHUQLQJWKHGHYHORSPHQWRILPSDFWPRGHOVDUHEDVHG
RQWKHFRUUHFWHVWDEOLVKPHQWRUFDOLEUDWLRQRIWKHLPSDFWVWLIIQHVVDQGLPSDFWGDPSLQJUDWLR
7KHVHSDUDPHWHUVDORQJZLWKWKHFRHIILFLHQWRIUHVWLWXWLRQDUHWKHFRUHRIWKHLPSDFWPRGHOV
DQGWKHLUDFFXUDF\GHSHQGVRQKRZDFFXUDWHLVWKHHVWLPDWLRQRIWKHVHSDUDPHWHUV8QIRUWX
QDWHO\WKHVHSDUDPHWHUVDUHDOVRVXEMHFWHGWRJUHDWVRXUFHVRIXQFHUWDLQWLHVYL]WKHJHRPHWU\
RIWKHUHJLRQRILPSDFWPDWHULDOSURSHUWLHVLPSDFWYHORFLWLHVVWLIIQHVVDQGPDVVSURSHUWLHVRI
WKH LQYROYHG EXLOGLQJV HWF 7KHVH XQFHUWDLQWLHV PD\ EH DGGUHVVHG E\ SHUIRUPLQJ YDOLGDWLRQ
H[SHULPHQWDOWHVWVDQGSHUIRUPLQJSDUDPHWULFVHQVLWLYLW\DQDO\VLVZKLFKDOORZVIRUDGGLWLRQDO
LQIRUPDWLRQUHGXFLQJWKHHSLVWHPLFHUURULQWKHPRGHOVDQGXQGHUVWDQGLQJZKLFKSDUDPHWHUV
DUHLPSRUWDQWDQGUHOHYDQWWRFRQVLGHUDQGWKHRQHVWKDWKDYHQRRUOLWWOHLQIOXHQFHLQWKHPRG
HO6RPHH[SHULPHQWDOWHVWVUHJDUGLQJLPSDFWVDQGWKHFDOLEUDWLRQRIWKHDERYHPHQWLRQHGSD
UDPHWHUVKDYHEHHQFDUULHGRXW >@>@ 
,W VKRXOG EH UHIHUUHG WKDW WKH SUHYLRXV PRGHOV PRVWO\ DGGUHVVHG FHQWUDO LPSDFW LH LP
SDFWVLQRQHGLUHFWLRQDQGDSUHGHILQHGORFDWLRQDQGJHRPHWU\RILPSDFW,QUHDOLW\EXLOGLQJV
ZLOOKDYHFRUUHODWHGWUDQVODWLRQDODQGURWDWLRQDOUHVSRQVHVZKLFKPDNHVWKHORFDWLRQDQGJH
RPHWU\RILPSDFWVXQNQRZQEHLQJDPRUHFRPSOH[PRGHOWRVWXG\,QDGGLWLRQWKHQHJOHFWLRQ
RIWDQJHQWLDOIRUFHVDQGIULFWLRQFRQVWLWXWHVRQHRIWKHDVVXPSWLRQVRIWKHSUHYLRXVPRGHOVWKDW
PD\ KDYH D VXEVWDQWLDO HIIHFW RQ WKH RYHUDOO G\QDPLF UHVSRQVH RI EXLOGLQJ VWUXFWXUHV XQGHU
HDUWKTXDNHLQGXFHGSRXQGLQJ7KHZRUNRI3RO\FDUSRXHWDO>@DGGUHVVHGWKHVHVLWXDWLRQV
E\XVLQJDUDWLRQDOWKUHHGLPHQVLRQDOVSDWLDOPRGHOVXSSRUWHGE\SUHYLRXVFRQVLGHUDWLRQVRI
LPSDFWPRGHOVDQGE\FODVVLFDOWKHRU\RIFRQWDFWPHFKDQLFVFRQVLGHUDWLRQV
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 180(5,&$/02'(/,1*352&('85(

7KHQXPHULFDOPRGHOVFRQVLVWRIWZR6'2)V\VWHPVWKDWFDQKDYHHODVWLFRULQHODVWLFEH
KDYLRU7KHLQHODVWLFEHKDYLRUZLOOEHFRQVLGHUHGE\IRXUUHSUHVHQWDWLYHFDVHVRIIUDPHEHKDY
LRU 7KH WZR 6'2) V\VWHPV ZLOO UHSUHVHQW WZR EXLOGLQJV ZLWK YHU\ GLIIHUHQW G\QDPLF
SURSHUWLHVDQGDUHDVVXPHGDVOXPSHGPDVVPRGHOVDVVNHWFKHGLQ)LJXUH

)LJXUH5HSUHVHQWDWLRQRIWKHWZR6'2)OXPSHGPDVVPRGHOVVHSDUDWHGE\DFHUWDLQGLVWDQFH

7DEOH  SUHVHQWV WKH FRQVLGHUHG G\QDPLF SURSHUWLHV RI HDFK 6'2) VWUXFWXUDO V\VWHP DF
FRUGLQJWR>@
6WUXFWXUDOSURSHUWLHV
)OH[LEOHEXLOGLQJ 6WLIIHUEXLOGLQJ
0DVV kg 
mL 
mR î
6WLIIQHVV kNm 
kL 
kR î
1DWXUDOSHULRG s 
TL 
TR 
'DPSLQJFRHIILFLHQW kgs 
cL 
cR î
'DPSLQJUDWLR  
ȟL 
ȟR 
7DEOH6WUXFWXUDOSURSHUWLHVRIWKHDGMDFHQWEXLOGLQJV

(TXDWLRQLVPRGLILHGWRLQFOXGHWKHSRXQGLQJIRUFHDFFRUGLQJWR(TXDWLRQVWREH
FRPLQJQRZUHVSHFWLYHO\IRUWKHHODVWLFDQGLQHODVWLFFDVHDVIROORZV
mx t  cx t  kx t  f P t

 mxg t 

mx t  cx t  ak x t  f r ª¬ x t  x t º¼  f P t

 mxg t 

 


7KHVH VWUXFWXUDO V\VWHPV ZLOO EH VXEMHFWHG WR D VHLVPLF JURXQG PRWLRQ WKH (O &HQWUR¶V
HDUWKTXDNHZKRVHDFFHOHUDWLRQVLJQDOLVSUHVHQWHGLQ)LJXUH

)LJXUH16FRPSRQHQWRI(O&HQWURVHLVPLFDFFHOHUDWLRQV6WDWLRQ(O&HQWUR&$6WD,PSHULDO9DOOH\
>@
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(TXDWLRQRULVXVHGWRHPXODWHUHVSHFWLYHO\WKHHODVWLFDQGLQHODVWLFEHKDYLRURIWKH
FRQVLGHUHGVWUXFWXUDOV\VWHPV7KHK\VWHUHVLVFDVHVSUHVHQWHGLQVHFWLRQZLOOEHFRQVLGHUHG
7DEOHSUHVHQWVWKHYDOXHVFRQVLGHUHGWRDFFRXQWIRUHDFKFDVHRIK\VWHUHVLVEHKDYLRU7KHVH
YDOXHVZHUHEDVHGRQWKHFRQVLGHUDWLRQVJLYHQLQ>@
&DVH





+\VWHUHVLVEHKDYLRU
Į ȕ ȕ ıV 5V
3ODLQ
 



6WLIIQHVVGHJUDGDWLRQ
 



6WLIIQHVVDQGVWUHQJWKGHJUDGDWLRQ
   

6WLIIQHVVDQGVWUHQJWKGHJUDGDWLRQZLWKSLQFKLQJHIIHFW     

ȜV





7DEOH1RQOLQHDUK\VWHUHVLVSDUDPHWHUVIRUWKHVWUXFWXUDOV\VWHPIRUGLIIHUHQWK\VWHUHVLVEHKDYLRUFDVHV LQDOO
FDVHVȘ Ș nW a FYL kNxYL cmFYR kNxYR cmȝ  

7KHSRXQGLQJZLOOEHFRQVLGHUHGEHWZHHQWKHEXLOGLQJV¶VODEVDQGDVLPSOLFLWO\PHQWLRQHG
WKH LPSDFW PRGHO ZLOO EH WKH QRQOLQHDU YLVFRHODVWLF PRGHO GHYHORSHG E\ -DQNRZVNL >@
>@ 7KHLPSDFWVWLIIQHVVDQGWKHFRHIILFLHQWRIUHVWLWXWLRQDUHUHVSHFWLYHO\î Nm
DQG>@
$0DWODE6LPXOLQN>@PRGHOZDVGHYHORSHGWRVLPXODWHVWUXFWXUDOSRXQGLQJEHWZHHQWKH
HODVWLF DQG LQHODVWLF 6'2) V\VWHPV VXEMHFWHG WR WKH (O &HQWUR (DUWKTXDNH 7KH 6LPXOLQN
PRGHO LV UHSUHVHQWHG LQ )LJXUH  DQG FRQWHPSODWHV WKH FDVH RI VWUXFWXUDO SRXQGLQJ EHWZHHQ
6'2)V\VWHPV7KHJDSEHWZHHQWKHDGMDFHQWVWUXFWXUHVZDVYDULHGcmcmcmcm
DQG  cm 7R VROYH WKH GLIIHUHQWLDO HTXDWLRQV RI PRWLRQ WKH 5XQJH.XWWD RI WK RUGHU ZDV
XVHGZLWKDIL[HGWLPHVWHSRIîs

)LJXUH/D\RXWRIWKHPDFUR0DWODE6LPXOLQNPRGHOXVLQJWKHQRQOLQHDUYLVFRHODVWLFLPSDFWPRGHOPRGLILHG
E\-DQNRZVNLIRUSRXQGLQJEHWZHHQQRQOLQHDUV\VWHPV
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 5(68/76$1'',6&866,21

3RXQGLQJIRUFH

'LVSODFHPHQW

)RUFRQYHQLHQFHRQO\WKHUHVXOWVFRQFHUQLQJWKHJDSVL]HEHWZHHQWKHDGMDFHQWEXLOGLQJVRI
 cmDQG cmDUHSUHVHQWHGLQJUDSKLFDOIRUPH[FHSWIRUWKHK\VWHUHVLVF\FOHVIRUWKHIRXU
K\VWHUHVLVFDVHVLQZKLFKRQO\WKHZRUVWFDVHZDVSUHVHQWHGIRUWKHFDVHRIQRJDSGLVWDQFH
7KHJUDSKVRIWKHDFFHOHUDWLRQWLPHKLVWRULHVDUHSUHVHQWHGRQO\IRUFDVHRIK\VWHUHVLVEH
KDYLRUFRPSDUHGZLWKWKHHODVWLFFDVHIRUERWKWKHJDSVRIcmDQGcm1RQHWKHOHVV7DEOH
 VKRZV WKH SHDN YDOXHV UHJDUGLQJ GLVSODFHPHQWV YHORFLWLHV DFFHOHUDWLRQV DQG SRXQGLQJ
IRUFHVIRUHDFKEXLOGLQJDQGIRUWKHK\VWHUHVLVFDVHVFRQVLGHUHGDQGHYHU\YDOXHIRUWKHJDS
VL]HVWXGLHG,QDGGLWLRQWKHQXPEHURILPSDFWVDVVRFLDWHGZLWKHDFKFDVHLVDOVRSUHVHQWHG
7KH SHUFHQWDJHV RI LQFUHDVH RU GHFUHDVH GHSHQGLQJ RQ WKH FDVHVEHLQJ FRPSDUHG DUH VKRZQ
EHORZWKHSHDNYDOXHVIRUEHWWHUFRPSDULVRQVDQGXQGHUVWDQGLQJRIWKHLQIOXHQFHRIWKHLQHODV
WLFEHKDYLRULQHDUWKTXDNHLQGXFHGSRXQGLQJEHWZHHQEXLOGLQJV
$WWHQWLRQLVGUDZQWRWKHIDFWWKDWWKHJDSVL]HRIcmZKHQWKHVWUXFWXUDOV\VWHPKDVLQH
ODVWLFEHKDYLRUGRHVQRWDSSHDULQ7DEOHVLQFHLWGLGQ¶WSURGXFHDQ\LPSDFWDQGWKXVWKHUH
VSRQVHVDUHH[DFWO\WKHVDPHDVIRUWKHJDSVL]HRIcm
)LJXUHVWRSUHVHQWWKHJUDSKLFUHVXOWVUHJDUGLQJWKHGLVSODFHPHQWWLPHKLVWRULHVRIWKH
WZRFROOLGLQJVWUXFWXUHVZLWKQRVSDFHLQEHWZHHQDQGWKHFRUUHVSRQGLQJUHVXOWLQJSRXQGLQJ
IRUFHVIRUWKHHODVWLFFDVHDQGWKHGLIIHUHQWK\VWHUHVLVFDVHVFRQVLGHUHG,QWKHVDPHZD\)LJ
XUHVWRSUHVHQWWKHVDPHJUDSKVPHQWLRQHGEXWIRUWKHJDSVL]HRIcm
7KH JUDSKV RI )LJXUHV  WR  SUHVHQW UHOHYDQW FRPSDULVRQV EHWZHHQ WKH GLVSODFHPHQWV
DQGSRXQGLQJIRUFHVKLVWRULHVRIWKHOHIWVWUXFWXUHWKHPRVWVHQVLEOHWRLPSDFWVDQGWKHJURXQG
PRWLRQIRUWKHGLIIHUHQWK\VWHUHVLVEHKDYLRUVFRQVLGHUHGDQGWKHHODVWLFFDVH
7KHSRXQGLQJF\FOHVLQ)LJXUHDUHSUHVHQWHGIRUERWKWKHHODVWLFFDVHDQGWKHGLIIHUHQW
K\VWHUHVLVFDVHVFRQVLGHUHG
)LJXUH  VKRZV WKH K\VWHUHVLV F\FOHV RI HDFK FROOLGLQJ EXLOGLQJ LQ FRPSDULVRQ ZLWK WKH
FDVHRIQRSRXQGLQJ
)LQDOO\)LJXUHSUHVHQWVWKHDFFHOHUDWLRQUHVSRQVHKLVWRULHVRIERWKEXLOGLQJVIRUFDVH
RIK\VWHUHVLVFRPSDUHGZLWKWKHHODVWLFFDVH

)LJXUH'LVSODFHPHQWVDQGSRXQGLQJIRUFHVWLPHKLVWRU\UHVSRQVHVIRUWKHHODVWLFFDVHRIWKHUHSUHVHQWDWLYH
VWUXFWXUDOV\VWHPVZLWKQRJDSLQEHWZHHQ
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)LJXUH'LVSODFHPHQWVDQGSRXQGLQJIRUFHVWLPHKLVWRU\UHVSRQVHVIRUWKHK\VWHUHVLVFDVHRIWKHUHSUHVHQWD
WLYHVWUXFWXUDOV\VWHPVZLWKQRJDSLQEHWZHHQ

)LJXUH'LVSODFHPHQWVDQGSRXQGLQJIRUFHVWLPHKLVWRU\UHVSRQVHVIRUWKHK\VWHUHVLVFDVHRIWKHUHSUHVHQWD
WLYHVWUXFWXUDOV\VWHPVZLWKQRJDSLQEHWZHHQ

$VH[SHFWHGLWLVSRVVLEOHWRYHULI\WKHVHQVLWLYHQHVVRIWKHIOH[LEOHEXLOGLQJWRERWKSRXQG
LQJIRUFHVDQGWKHJURXQGPRWLRQ,WLVFOHDUE\WKHDQDO\VLVRIWKHUHVXOWVLQ)LJXUHVWR
WKDW WKH LQHODVWLF FDVHV SUHVHQW IHZHU LPSDFWV DQG WKH PDJQLWXGH RI WKH IRUFHV LV VPDOOHU
+RZHYHUWKHDPSOLWXGHRIWKHLQHODVWLFGLVSODFHPHQWVJHQHUDOO\H[FHHGVWKHGLVSODFHPHQWV
LQWKHHODVWLFFDVHDVFDQEHYDOLGDWHGE\WKHSHDNYDOXHVSUHVHQWHGLQ7DEOH7KLVLVSDUWLFX
ODUO\WUXHZKHQWKHUHVSRQVHVLQYROYHSRXQGLQJDQGIRUK\VWHUHVLVFDVHVZLWKGHJUDGDWLRQIHD

2097

)ROKHQWR33HGUR%DUURV&5XLDQG%UD]&pVDU70DQXHO

WXUHV:KHQSLQFKLQJLVFRQVLGHUHGLVSRVVLEOHWRYHULI\WKHODUJHVWLQHODVWLFGLVSODFHPHQWVDQG
PDJQLWXGHRIWKHSRXQGLQJIRUFHV
$QDO\]LQJWKHJUDSKVIURP)LJXUHVWRUHJDUGLQJWKHIOH[LEOHEXLOGLQJRQHFDQYHULI\
WKDWWKHFDVHZLWKQRJDSSUHVHQWVODUJHUGLVSODFHPHQWVDQGLPSDFWIRUFHVDVZHOODVDQLQ
FUHDVHGQXPEHURILPSDFWV
,Q WKH JUDSKV RI )LJXUHV  WR  DQG  WR  LWLV SRVVLEOH WR YHULI\ WKH SHUPDQHQW GLV
SODFHPHQWVLQWKHUHERXQGGLUHFWLRQFDXVHGE\WKHDFWLRQRIWKHJURXQGH[FLWDWLRQDQGDJJUD
YDWHGE\WKHLPSDFWIRUFHV

)LJXUH'LVSODFHPHQWVDQGSRXQGLQJIRUFHVWLPHKLVWRU\UHVSRQVHVIRUWKHK\VWHUHVLVFDVHRIWKHUHSUHVHQWD
WLYHVWUXFWXUDOV\VWHPVZLWKQRJDSLQEHWZHHQ

)LJXUH'LVSODFHPHQWVDQGSRXQGLQJIRUFHVWLPHKLVWRU\UHVSRQVHVIRUWKHK\VWHUHVLVFDVHRIWKHUHSUHVHQWD
WLYHVWUXFWXUDOV\VWHPVZLWKQRJDSLQEHWZHHQ
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3RXQGLQJIRUFH

'LVSODFHPHQW

)LJXUH'LVSODFHPHQWVDQGSRXQGLQJIRUFHVWLPHKLVWRU\UHVSRQVHVIRUWKHHODVWLFFDVHRIWKHUHSUHVHQWDWLYH
VWUXFWXUDOV\VWHPVVHSDUDWHGE\DGLVWDQFHRIcm

)LJXUH'LVSODFHPHQWVDQGSRXQGLQJIRUFHVWLPHKLVWRU\UHVSRQVHVIRUWKHK\VWHUHVLVFDVHRIWKHUHSUHVHQWD
WLYHVWUXFWXUDOV\VWHPVVHSDUDWHGE\DGLVWDQFHRIcm

7KHVH SHUPDQHQW GLVSODFHPHQWV DUH PRVW YLVLEOH LQ WKH IOH[LEOH VWUXFWXUH ZKLFK SURYHV
RQFHPRUHWKHVHQVLWLYHQHVVRIWKHIOH[LEOHEXLOGLQJWRSRXQGLQJIRUFHV
7KHUHVLGXDOGLVSODFHPHQWVLQFUHDVHDVWKHJDSEHWZHHQWKHDGMDFHQWVWUXFWXUHVGHFUHDVHV
DQGVLQFHWKHQXPEHURILPSDFWVDQGLWVPDJQLWXGHLQFUHDVHVIRUWKHVHVFHQDULRVWKHQLWSURYHV
DQG VXSSRUWV WKH LQIOXHQFH WKDW WKH SRXQGLQJIRUFHV KDYHZKHQ LQHODVWLF EHKDYLRU LV FRQVLG
HUHG6XFKDIDFWZRXOGQRWEHQRWLFHGZKHQHODVWLFEHKDYLRULVFRQVLGHUHG
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)ROKHQWR33HGUR%DUURV&5XLDQG%UD]&pVDU70DQXHO

)LJXUH'LVSODFHPHQWVDQGSRXQGLQJIRUFHVWLPHKLVWRU\UHVSRQVHVIRUWKHK\VWHUHVLVFDVHRIWKHUHSUHVHQWD
WLYHVWUXFWXUDOV\VWHPVVHSDUDWHGE\DGLVWDQFHRIcm

)LJXUH'LVSODFHPHQWVDQGSRXQGLQJIRUFHVWLPHKLVWRU\UHVSRQVHVIRUWKHK\VWHUHVLVFDVHRIWKHUHSUHVHQWD
WLYHVWUXFWXUDOV\VWHPVVHSDUDWHGE\DGLVWDQFHRIcm

,W LV QRW FOHDU IRU ZKLFK FDVH RI K\VWHUHVLV EHKDYLRU WKH XQUHFRYHUDEOH GLVSODFHPHQWV DUH
ELJJHUVLQFHLWDOVRGHSHQGVRQWKHVHSDUDWLRQGLVWDQFHEHWZHHQWKHDGMDFHQWEXLOGLQJV1HYHU
WKHOHVV WKHVH WHQGWR EH VOLJKWO\ ELJJHU LQ FDVH RI K\VWHUHVLV EHKDYLRU ZKHQ VWLIIQHVV DQG
VWUHQJWKGHJUDGDWLRQDUHFRQVLGHUHG
2EVHUYLQJWKHJUDSKVRI)LJXUHUHJDUGLQJWKHSRXQGLQJF\FOHVLWLVHYLGHQWWKHGLIIHU
HQFHEHWZHHQWKHPDJQLWXGHRILPSDFWVZKHQHODVWLFDQGLQHODVWLFFDVHVDUHFRQVLGHUHG7KH
QXPEHURIF\FOHVIRUWKHHODVWLFFDVHLVDOVRELJJHUIRUWKHLQHODVWLFFDVHV7KHQXPEHURILP

2100

)ROKHQWR33HGUR%DUURV&5XLDQG%UD]&pVDU70DQXHO

3RXQGLQJIRUFH

'LVSODFHPHQW

SDFWVLVVPDOOHUIRUWKHK\VWHUHVLVFDVHDQGELJJHUIRUWKHFDVHVZKHUHVWLIIQHVVGHJUDGDWLRQ
VWUHQJWKGHWHULRUDWLRQDQGWKHSLQFKLQJHIIHFWDUHFRQVLGHUHG,QDGGLWLRQWKHLQFUHDVHLQWKH
JDSVL]HGHFUHDVHGWKHPDJQLWXGHRILPSDFWVDVDOUHDG\PHQWLRQHGE\WKHREVHUYDWLRQRIRWKHU
JUDSKV +HQFH ZLWK D IHZ H[FHSWLRQV ZLWKLQ WKH LQHODVWLF FDVHV FDVH  SUHVHQWHG VOLJKWO\
KLJKHUPDJQLWXGHVIRUWKHLPSDFWIRUFHV
7KHK\VWHUHVLVORRSVIRUWKHGLIIHUHQWFDVHVFRQVLGHUHGDQGIRUWKHVFHQDULRRIQRJDSFRQ
ILUPWKHFRQFOXVLRQVZLWKGUDZQSUHYLRXVO\YL]WKHSUHVHQFHRISHUPDQHQWGHIRUPDWLRQVLQ
WKHUHERXQGGLUHFWLRQLQWKHOHIWEXLOGLQJ

3RXQGLQJIRUFH

'LVSODFHPHQW

)LJXUH'LVSODFHPHQWVDQGSRXQGLQJIRUFHVWLPHKLVWRU\UHVSRQVHVIRUWKHK\VWHUHVLVFDVHRIWKHUHSUHVHQWD
WLYHVWUXFWXUDOV\VWHPVVHSDUDWHGE\DGLVWDQFHRIcm

)LJXUH&RPSDULVRQRIWKHGLVSODFHPHQWVDQGSRXQGLQJIRUFHVWLPHKLVWRU\UHVSRQVHVIRUWKHHODVWLFFDVHRI
WKHOHIWEXLOGLQJIRUGLIIHUHQWJDSVL]HV
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)ROKHQWR33HGUR%DUURV&5XLDQG%UD]&pVDU70DQXHO

)LJXUH&RPSDULVRQRIWKHGLVSODFHPHQWVDQGSRXQGLQJIRUFHVWLPHKLVWRU\UHVSRQVHVIRUWKHK\VWHUHVLVFDVH
RIWKHOHIWEXLOGLQJIRUGLIIHUHQWJDSVL]HV







/HIW%XLOGLQJ*DSFP
/HIW%XLOGLQJ*DSFP
/HIW%XLOGLQJ*DSFP
/HIW%XLOGLQJ*DSFP












7LPH




 





3RXQGLQJIRUFH *DSFP
3RXQGLQJIRUFH *DSFP
3RXQGLQJIRUFH *DSFP













7LPH







)LJXUH&RPSDULVRQRIWKHGLVSODFHPHQWVDQGSRXQGLQJIRUFHVWLPHKLVWRU\UHVSRQVHVIRUWKHK\VWHUHVLVFDVH
RIWKHOHIWEXLOGLQJIRUGLIIHUHQWJDSVL]HV

7KH K\VWHUHVLV F\FOHV DOVR UHYHDO WKDW SRXQGLQJ KDV YHU\ OLWWOH RU QR HIIHFW RQ WKH ULJKW
VWUXFWXUH 7KH K\VWHUHVLV ORRSV ZKHQ SRXQGLQJ LV FRQVLGHUHG DUH DOPRVW FRLQFLGHQW VKRZLQJ
YHU\OLWWOHGHYLDWLRQIURPWKHFDVHZLWKQRSRXQGLQJ
7DEOHDOVRVKRZVWKDWWKHVWLIIHUVWUXFWXUHZLWKLQHODVWLFEHKDYLRUJHQHUDOO\SUHVHQWVSHU
FHQWDJHV RI LQFUHDVH RU GHFUHDVH RI WKH SHDN GLVSODFHPHQW ZLWK UHVSHFW WR WKH FDVH ZLWK QR
SRXQGLQJ ZKLFK DUH DSSUR[LPDWHO\ ]HUR FRQFHUQLQJ WKH K\VWHUHVLV FDVHV DQG WKH JDS VL]HV
SUHVHQWLQJLPSDFWVYL] cmDQG cm7KHH[FHSWLRQLVWKHVFHQDULRZLWKRXWVSDFHLQEH
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)ROKHQWR33HGUR%DUURV&5XLDQG%UD]&pVDU70DQXHO

WZHHQWKHVWUXFWXUHVWKDWSUHVHQWDQLQFUHDVHRIWKHSHDNGLVSODFHPHQWLQHYHU\K\VWHUHVLVFDVH
7KLVLQFUHDVHFRUUHVSRQGVWRWKHFDVHSUHVHQWHGLQ)LJXUH
7DEOHDOVRVKRZVWKDWLQWKHHODVWLFFDVHWKHVWLIIHUVWUXFWXUHH[KLELWVDUHGXFWLRQRIWKH
SHDNGLVSODFHPHQWVIRUHYHU\JDSVL]HZKHQSRXQGLQJLVFRQVLGHUHG
5HJDUGLQJWKHDFFHOHUDWLRQUHVSRQVHVLQ)LJXUHVDQGLWLVSRVVLEOHWRYHULI\WKHUH
GXFWLRQ RI WKH QXPEHU DQG PDJQLWXGH RI WKH DFFHOHUDWLRQ VSLNHV RI ERWK WKH OHIW DQG ULJKW
VWUXFWXUHVZKHQWKHLQHODVWLFEHKDYLRU &DVHRIK\VWHUHVLVEHKDYLRU LVFRQVLGHUHGZLWKUH
VSHFWWRWKHHODVWLFFDVH

)LJXUH&RPSDULVRQRIWKHGLVSODFHPHQWVDQGSRXQGLQJIRUFHVWLPHKLVWRU\UHVSRQVHVIRUWKHK\VWHUHVLVFDVH
RIWKHOHIWEXLOGLQJIRUGLIIHUHQWJDSVL]HV
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/HIW%XLOGLQJ*DSFP












7LPH




 





3RXQGLQJIRUFH *DSFP
3RXQGLQJIRUFH *DSFP
3RXQGLQJIRUFH *DSFP













7LPH







)LJXUH&RPSDULVRQRIWKHGLVSODFHPHQWVDQGSRXQGLQJIRUFHVWLPHKLVWRU\UHVSRQVHVIRUWKHK\VWHUHVLVFDVH
RIWKHOHIWEXLOGLQJIRUGLIIHUHQWJDSVL]HV
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)LJXUH3RXQGLQJF\FOHVIRUWKHK\VWHUHVLVFDVHVRIWKHIUDPHVWUXFWXUHVFRPSDUHGWRWKHHODVWLFFDVH D  F 
H DQG J cm E  G  I DQG K cm
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)ROKHQWR33HGUR%DUURV&5XLDQG%UD]&pVDU70DQXHO

D

E

F

G

H
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J

K

)LJXUH+\VWHUHVLVF\FOHVZKHQWKHVWUXFWXUDOV\VWHPVKDYHQRJDSLQEHWZHHQ D DQG E &DVH F DQG G 
&DVH H DQG I &DVH J DQG K &DVH
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$FFHOHUDWLRQ





$FFHOHUDWLRQ





)ROKHQWR33HGUR%DUURV&5XLDQG%UD]&pVDU70DQXHO

)LJXUH$FFHOHUDWLRQWLPHKLVWRU\UHVSRQVHVIRUWKHK\VWHUHVLVFDVHRIWKHVWUXFWXUDOV\VWHPVZLWKQRVSDFHLQ
EHWZHHQ

)LJXUH$FFHOHUDWLRQWLPHKLVWRU\UHVSRQVHVIRUWKHK\VWHUHVLVFDVHRIWKHVWUXFWXUDOV\VWHPVVHSDUDWHGE\D
GLVWDQFHRIcm

)URP WKH SHDN DFFHOHUDWLRQ YDOXHV SUHVHQWHG LQ 7DEOH  ZLWK SDUWLFXODU HPSKDVLV RQ WKH
IOH[LEOH VWUXFWXUH LW LV SRVVLEOH WR VHH WKH LQIOXHQFH RI WKH SRXQGLQJ IRUFHV LQ WKH ODUJH LQ
FUHDVHVRIWKHSHDNDFFHOHUDWLRQYDOXHVIRUERWKWKHHODVWLFDQGLQHODVWLFFDVHV H[FHSWIRUWKH
FDVH cmZLWK cmRIJDSVL]HWKDWSUHVHQWHGQRLPSDFW±VHH)LJXUH +RZHYHUWKHDF
FHOHUDWLRQVSLNHVDUHVPDOOHUZKHQWKHK\VWHUHVLVFDVHVDUHFRQVLGHUHGDVFDQEHVHHQLQWKH
SHUFHQWDJHVLQJUHHQFRORUWKDWSUHVHQWQHJDWLYHYDOXHV
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)ROKHQWR33HGUR%DUURV&5XLDQG%UD]&pVDU70DQXHO
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7DEOH5HOHYDQWUHVXOWVRIWKHVLPXODWLRQVFDUULHGRXW

 &21&/86,216

(DUWKTXDNHLQGXFHGVWUXFWXUDOSRXQGLQJEHWZHHQWZR6'2)VWUXFWXUDOV\VWHPVZDVLQYHV
WLJDWHG7KHVHV\VWHPVFDQKDYHHODVWLFEHKDYLRURURQHRIWKHIRXUGLIIHUHQWW\SHVRIK\VWHUH
VLVEHKDYLRUFRQVLGHUHGZLWKDQGZLWKRXWGHJUDGDWLRQIHDWXUHV
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,QHODVWLFEHKDYLRUZDVIRXQGWREHYHU\UHOHYDQWZKHQLPSDFWVEHWZHHQWKH6'2)VWUXF
WXUHVRFFXUUHG8OWLPDWHO\HODVWLFEHKDYLRURYHUHVWLPDWHVWKHQXPEHUDQGPDJQLWXGHRILP
SDFWIRUFHVDQGXQGHUHVWLPDWHVWKHGLVSODFHPHQWVDQGDFFHOHUDWLRQVWKDWWKHVWUXFWXUHVPLJKW
H[SHULHQFH7KHVHFRQFOXVLRQVDUHSDUWLFXODUO\UHOHYDQWIRUWKHFDVHRIWKHIOH[LEOHVWUXFWXUH
,WZDVIRXQGWKDWWKHDPSOLWXGHRIWKHLQHODVWLFGLVSODFHPHQWVJHQHUDOO\H[FHHGVWKHGLV
SODFHPHQWVLQWKHHODVWLFFDVHSDUWLFXODUO\ZKHQWKHUHVSRQVHVLQYROYHSRXQGLQJDQGIRUK\V
WHUHVLV FDVHV ZLWK GHJUDGDWLRQ IHDWXUHV $PRQJ WKH K\VWHUHVLV FDVHV WKH FDVH ZLWK SLQFKLQJ
SUHVHQWHGWKHODUJHVWSHDNGLVSODFHPHQWDQGPDJQLWXGHRIWKHSRXQGLQJIRUFHVIRUWKHVFHQDULR
ZLWKRXWVSDFHEHWZHHQWKHVWUXFWXUHV
3HUPDQHQWGLVSODFHPHQWVZHUHYHULILHGLQWKHUHERXQGGLUHFWLRQYL]LQWKHIOH[LEOHVWUXF
WXUHFDXVHGE\WKHDFWLRQRIWKHJURXQGH[FLWDWLRQDQGDJJUDYDWHGE\WKHLPSDFWIRUFHV7KHVH
UHVLGXDO GLVSODFHPHQWV LQFUHDVH DV WKH JDS EHWZHHQ WKH DGMDFHQW VWUXFWXUHV GHFUHDVHV $OW
KRXJK WKHUH LV QR FOHDU XQGHUVWDQGLQJ RI ZKLFK K\VWHUHVLV EHKDYLRU WKH XQUHFRYHUDEOH GLV
SODFHPHQWVDUHELJJHUVLQFHLWDOVRGHSHQGVRQWKHVHSDUDWLRQGLVWDQFHEHWZHHQWKHDGMDFHQW
EXLOGLQJV+RZHYHUWKHVHWHQGWREHVOLJKWO\ELJJHUIRUWKHFDVHZKHUHVWLIIQHVVDQGVWUHQJWK
GHJUDGDWLRQDUHFRQVLGHUHG
7KHK\VWHUHVLVF\FOHVUHYHDOHGWKDWSRXQGLQJKDVYHU\OLWWOHRUQRHIIHFWRQWKHULJKWVWUXF
WXUH7KHK\VWHUHVLVORRSVZKHQSRXQGLQJLVFRQVLGHUHGDUHDOPRVWFRLQFLGHQWZLWKWKHFDVHRI
QRSRXQGLQJVKRZLQJYHU\OLWWOHGHYLDWLRQIURPLW
5HJDUGLQJWKHDFFHOHUDWLRQUHVSRQVHVLWLVSRVVLEOHWRYHULI\WKHUHGXFWLRQRIWKHQXPEHU
DQGPDJQLWXGHRIWKHDFFHOHUDWLRQVSLNHVRIERWKWKHOHIWDQGULJKWVWUXFWXUHVZKHQWKHLQHODV
WLFEHKDYLRULVFRQVLGHUHGZLWKUHVSHFWWRWKHHODVWLFFDVH
7KLVVWXG\RQO\FRPSULVHV6'2)VWUXFWXUDOV\VWHPVXQGHUDVSHFLILFJURXQGPRWLRQ)XU
WKHUVWXGLHVVKRXOGLQFOXGHPXOWLSOH'2)VDWKUHHGLPHQVLRQDOVSDWLDOPRGHOFDOLEUDWLRQRI
WKHK\VWHUHVLVPRGHOZLWKH[SHULPHQWDOGDWDDQGWKHFRQVLGHUDWLRQRIVHYHUDOGLIIHUHQWJURXQG
PRWLRQV WR IXUWKHU YDOLGDWH WKH UHVXOWV SUHVHQWHG LQ WKLV VWXG\ DQG DGG PRUH UHOHYDQW LQIRU
PDWLRQWRWKHSUREOHPRIHDUWKTXDNHLQGXFHGVWUXFWXUDOEXLOGLQJSRXQGLQJ
$&.12:/('*(0(176

7KLV SDSHU LV ZLWKLQ WKH VFRSH RI WKH ILUVW DXWKRU¶V 3K' GHJUHH LQ SURJUHVV ILQDQFLDOO\
VXSSRUWHGE\WKH3RUWXJXHVH)RXQGDWLRQIRU6FLHQFHDQG7HFKQRORJ\ )&7 WKURXJKWKH3K'
JUDQW UHIHUHQFH 6)5+%' XQGHU WKH SURJUDPPH 32&+ 1 ± 3  DQG
VXEVLGL]HGE\WKH(XURSHDQ6RFLDO)XQG )6( DQGQDWLRQDOIXQGVIURP0&7(67KLVZRUN
ZDVILQDQFLDOO\VXSSRUWHGE\%DVH)XQGLQJ8,'%RIWKH&216758&7,QVWL
WXWR GH , ' HP (VWUXWXUDV H &RQVWUXo}HV  IXQGHG E\ QDWLRQDO IXQGV WKURXJK WKH
)&70&7(6 3,''$& 

5()(5(1&(6

>@ 0 9 6LYDVHOYHQ DQG $ 0 5HLQKRUQ ³+\VWHUHWLF PRGHOV IRU GHWHULRUDWLQJ LQHODVWLF
VWUXFWXUHV´Journal of Engineering Mechanics, YROQRSS
>@ %RXF5³)RUFHGYLEUDWLRQRIPHFKDQLFDOV\VWHPVZLWKK\VWHUHVLV´3URFHHGLQJVRIWKH
)RXUWK&RQIHUHQFHRQ1RQOLQHDURVFLOODWLRQ3UDJXH&]HFKRVORYDNLD
>@ <.:HQ³0HWKRGIRU5DQGRP9LEUDWLRQRI+\VWHUHWLF6\VWHPV´ Journal of the Engineering Mechanics Division, ASCE, YROQRSS
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SS
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VIRTUAL SENSING AND STRAIN ESTIMATION ON AN OFFSHORE
WIND TURBINE USING SUPERVISED LEARNING
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Abstract. Virtual sensing enables expansion and transformation of measured quantities from
physical sensors into new quantities at unmeasured locations. This allows for estimating the
strain and stress in unmeasured locations of a system by transforming the physical sensors
(input) into the desired strain and stress response (output). This transformation model can be
based on either knowledge of the systems, data from the system, or any combination of these.
In this paper, supervised learning and data-driven models are applied to strain estimation of
an offshore wind turbine through Principal Component Analysis (PCA). Training data are used
to establish the data-driven model that enables a versatile strain estimation that functions well
under different wind scenarios than the training data set.
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1

INTRODUCTION

Virtual sensing transforms measured data into other quantities and/or expands the data to
unmeasured locations through virtual sensors [1]. We can categorise stress/strain estimation
technique as a subcategory within virtual sensing that estimates the full-ﬁeld stress/strain response of a system [2]. The reader should note that there is unfortunately not a consensus or
common terminology in the ﬁeld of virtual sensing and stress/strain estimation [2].
Stress/strain estimation started in the 1950s with models of analytical relationships between
response and strain [3]. In the 1990s, transformation matrices started to replace the analytical
relationships with Okubo and Yamaguchi [4] introducing a displacement-to-strain transformation matrix, which is based on data of both strain and displacement. Hjelm et al. [5] used
mode shapes to create a transformation matrix - called the modal expansion technique - that
enabled full-ﬁeld strain estimation. The techniques of stress/strain estimation were expanded
to include adaptive ﬁlters as Papadimitriou et al. [6] introduced the Kalman ﬁlter to full-ﬁeld
strain estimation in 2011. In 2016, Maes et al. [7] compared the different techniques of the
transformation matrix (modal expansion) and adaptive ﬁlters (Kalman ﬁlter and the joint inputstate estimation algorithm) for strain estimation on an offshore monopile wind turbine and they
found the technique to be equal performance-wise. Accounting for the quasi-static response,
Iliopoulos et al. [8] fused both accelerometers and strain gauges into the modal expansion technique while Skafte et al. [9] applied Ritz vectors to the modal expansion technique. Risaliti
et al. [10] introduced the augmented extended Kalman ﬁlter on a nonlinear system using the
implicit equation of motion. Tarpø et al. [11] studied expansions of experimental mode shapes
used for stress estimation and they concluded that expansions of mode shapes is equivalent to
updating the system model. Nabuco et al. [12] estimated the dynamic full-ﬁeld strain of an
offshore tripod structure during operation with high accuracy. Tarpø et al. [13] proved that the
modal expansion technique applies to a subsystem within a nonlinear and time-varying system
when the nonlinear and time-varying effects act externally on the subsystem. At the end of the
2010s, machine learning and data-driven models enter the portfolio of stress/strain estimation
techniques where Lu et al. [14] applied pattern recognition and Deng et al. [15] applied deep
learning to modal expansion.
In this paper, we will study data-driven strain estimation on an operating offshore wind turbine in the Great Belt in Denmark. In general, a data-driven model consists of relationships between input and output of a system and is constructed through training data without any explicit
knowledge of the system [16]. Therefore, data-driven strain estimation enables a transformation
from physical sensors (input) to strain (output) at locations where temporary strain gauges were
placed during the training data. Thus, this form of strain estimation is unextendable to other
locations without adding information or new data to the model. This is the main drawback of
data-driven strain estimation. Data-driven strain estimation, however, has the advantage over
strain gauges in the form of prolonged service life. Strain gauges are known to be unreliable
over long-term monitoring - especially in an offshore environment where they are damaged
by the corrosive seawater. The service life of the data-driven strain estimation depends on the
utilised physical sensors (eg. geophones or accelerometers) and these often have longer service
life and are easier to replace than strain gauges. Furthermore, data-driven strain estimation is
independent of a system model (often a ﬁnite element model) and the accuracy of this model.
In this paper, we utilize training data to construct a data-driven model that can estimate the
strain response with high accuracy and reliability. The model works for different wind scenarios
than the one from the training data.
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2

STRAIN ESTIMATION USING PRINCIPAL COMPONENT ANALYSIS

In this paper, we apply the Principal Component Analysis (PCA) [17] in a supervised learning approach to ﬁnd a transformation matrix between the displacement (the input) and the strain
response of that system (the output) based on training data. Essentially, principal component
analysis is a dimensionality reduction of data to set of uncorrelated principal components ordered by contribution [17].
In this technique, we will stack the displacement vector, y(t), and the strain response, ε(t),
in a vector.


y(t)
(1)
yc (t) =
ε(t)
We estimate the covariance matrix of this stacked response and apply the singular value
decomposition on the covariance matrix.


USUT = E yc (t)yc (t)T

(2)

where S is a diagonal matrix holding the singular values, U holds the singular vectors as column
vectors, E[·] denotes the expectation operator, and (·)T denotes the transpose of a vector or
matrix.
We use the singular values, S, to ﬁnd the dominating principal components to represent the
majority of the response. Then we can create a displacement-to-strain matrix, H, using the
singular vectors corresponding to these dominating singular components. We can estimate the
strain response in other data set by the displacement-to-strain matrix.
ε(t) = Hy(t)

(3)

We must avoid an ill-posed problem, which requires a redundant sensor network with more
 Fortunately, we can separate the data into
physical sensors than included singular vectors in U.
multiple frequency bands and ﬁnd a set of singular vectors for each band.
3

CASE STUDY

3.1

Quality measures

In the literature or industry, there are no rules or guidelines for an evaluation of virtual
sensors. The most common approach is to compare the virtual sensors with a set of reference
sensors through different quality measurements. In this paper, we will use two different quality
measurements.
3.1.1

Coefﬁcient of determination (R2 )

The coefﬁcient of determination (R2 ) [18] is a popular quality measure in statistics and modal
validation where a value of one indicates perfect correlation with the same amplitudes.


ε i (t))2
E (εεi (t) − 
2
(4)
Ri = 1 −
Var [εεi (t)]
εi (t) is the estimated strain
where εi (t) is the measured strain response for the ith strain gauge, 
response at the same location, and Var [·] denotes the variance operator.
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Figure 1: Wind turbine near Sprogø and the Great Belt Bridge in Denmark

3.1.2

Normalised error in equivalent stress range

It is important to evaluate stress estimation in terms of the fatigue damage when the estimation is intended for a fatigue analysis. When we have varying stress amplitudes, we must apply
cycle counting [19], like rainﬂow counting [20]. Sometimes, we might prefer to access fatigue
damage for variable amplitude loading in the form of a damage equivalent stress range, which
leads to the same fatigue damage as all stress cycles [19]. We calculate the damage equivalent
stress range for both reference and the estimated as follows

Δσeq =

1

ncycles
1

ncycles

j=1

1/m

Δσjm

, Δσ̂eq =

1

n̂cycles
1

n̂cycles

j=1

1/m

Δσ̂jm

(5)

where ncycles and n̂cycles are the total number of counted cycles for the measured and estimated
signal, respectively, Δσj and Δσ̂j denote the stress range from cycle counting, and m is the
”slope” of the SN curve. For this paper, we will assume m = 3, which corresponds to welded
steel structures [19].
The normalised error of the equivalent stress range is given as
ηi =

Δσ̂eq − Δσeq
Δσeq

(6)

Here ηi = 0 indicates a correct strain estimation in terms of equivalent fatigue damage while
a negative value suggests an underestimation and a positive value suggests an overestimation of
fatigue damage.
3.2

Wind turbine

The case study is an offshore wind turbine in the Great Belt in Denmark and the model of
the wind turbine is a Vestas V90, 3 MW installed on a gravitation foundation, see Fig. 1. The
wind turbine is equipped with a sensor network consisting of four Sigicom triaxial geophones
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Figure 2: Monitoring campaign during a month with the measured wind speed, wind direction, and the production
of power of the wind turbine. The chosen data sets are marked with a line and numbered where the training data
set is marked with a green line and the others are marked with red.

attached at the lower part of the tower and two strain gauges located just above the foundation.
The monitoring campaign was during a one month period, see Fig. 2, with a sampling frequency
of 20 Hz.
To exclude the quasi-static response of the wind turbine, we apply a high-pass ﬁltered to all
data with a cut-off frequency of 0.2 Hz. We calibrate the geophones using digital correlation
[21] and we reduce the tilt effects on the geophones through the vertical geophones [22]. We integrate signals from the geophones into displacement by the integration theorem for the Fourier
transformation [23]. Then, the data is divided into 3 frequency bands: 0.2-0.7, 0.7-4.5, and
4.5-10 Hz using complementary ﬁlters. These ﬁlters are applied to avoid an ill-posed problem
for the strain estimation. We applied 40 minutes of training data to the principal component
analysis, as explained in Section 2, to generate the transformation matrix for each frequency
band. The training data set is marked with green in Fig. 2 and it has a wind direction of 180◦
and a low power production. The results of the strain estimation is shown in Fig. 3 for the
training data sets. This displacement-to-strain matrix is saved as the data-driven model for the
strain estimation for the entire monitoring period.
To illustrate the accuracy of the data-driven model, we apply the strain estimation model to
three other data sets with different wind direction and power production distributed over the
entire monitoring campaign, see the data sets marked with red in Fig. 2. Figs. 4, 5, and 6 show
the strain estimation in both time and frequency domain for the three data sets. Finally, Fig. 7
(a) shows the coefﬁcient of determination (R2 ), Eq. (4), for all three data sets while Fig. 7 (b)
displays the normalised error of equivalent strain range, Eq. (6).
All coefﬁcient of determination values are above 0.965 and the estimated equivalent stress
range is within ±7% of the measured one. All these values indicate that the data-driven model
estimates the strain response with high accuracy and low uncertainty. Furthermore, strain estimation of the training data has similar quality measurements as the other data sets. This
indicates that the displacement-to-strain matrix is versatile and applies to different wind scenarios of wind directions, wind speeds, and power production than the original training data set,
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Figure 3: First data-set (training data) corresponding to the marking in Fig. 2 with measured strain (black line) and
estimated strain (red line): (a) frequency domain with the ﬁrst two singular values of the spectral density matrix
calculated using Welch averaging method with segments of 2048 data points and 50 % overlap and (b) time domain
with a zoom on the strain response.
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Figure 4: Second data-set corresponding to the marking in Fig. 2 with measured strain (black line) and estimated
strain (red line): (a) frequency domain with the ﬁrst two singular values of the spectral density matrix calculated
using Welch averaging method with segments of 2048 data points and 50 % overlap and (b) time domain with a
zoom on the strain response.
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Figure 5: Third data-set corresponding to the marking in Fig. 2 with measured strain (black line) and estimated
strain (red line): (a) frequency domain with the ﬁrst two singular values of the spectral density matrix calculated
using Welch averaging method with segments of 2048 data points and 50 % overlap and (b) time domain with a
zoom on the strain response.

2117

Marius Tarpø, Sandro Amador, Evangelos Katsanos, Mattias Skog, Johan Gjødvad, and Rune Brincker

(a)

(b)
-20
Strain

5

dB rel. to unit

-40

10-3

0
-5
1500

-60

5
Strain

-80

2

4
6
Frequency [Hz]

8

1510
Time [s]
Strain gauge 2

1515

1520

1505

1510
Time [s]

1515

1520

10-3

0
-10
1500

10

1505

-5

-100
0

Strain gauge 1

Figure 6: Fourth data-set corresponding to the marking in Fig. 2 with measured strain (black line) and estimated
strain (red line): (a) frequency domain with the ﬁrst two singular values of the spectral density matrix calculated
using Welch averaging method with segments of 2048 data points and 50 % overlap and (b) time domain with a
zoom on the strain response.
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Figure 7: Quality measurements where training data set is marked with × and the other data sets are marked with
◦: (a) the coefﬁcient of determination (R2 ), Eq. (4), for the estimated and measured strain, and (b) the normalised
error in equivalent strain range, Eq. (6), for the estimated and measured strain.

which was constructed from.
4

CONCLUSION

In this paper, a data-driven strain estimation technique was introduced based on principal
component analysis and temporary strain gauges. After the creation of the data-driven model,
the temporary strain gauges become unessential for the future monitoring of the strain response
and they can be removed. The technique was applied to an offshore wind turbine equipped with
both triaxial geophone and strain gauges. A single data set was used to generate the data-driven
model that could estimate the strain response - using only vibration responses from the geophones - with high precision in other data sets under different wind scenarios. Recapitulating,
the virtual sensors were reliable and robust regardless of wind direction, wind speed, and power
production of the wind turbine.
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$EVWUDFW
The design process of a slender structure, such as a wind turbine tower, goes through the analysis of the natural frequency, since it is important that this frequency is away from the frequencies generated by the excitation sources. The simplified analysis models and formulations are
an important tool in the frequency evaluation on design phase, even though most formulations
consider the structure with constant mass and inertia, which is not the case of wind turbine
tower, that have a tapered shape. The main objective of this study is to evaluate the accuracy
of the simplified models when applied to structures with variable inertia. The results of the
simplified models applied to a small wind tower were compared with the finite element method
and experimental results. The large scatter of the simplified method’s results, frequencies in
the range of 0.8 – 2.12 Hz, emphasizes the importance of a reliable model to evaluate the frequency. The Rayleigh and SDOF reduction methods were found to be accurate in evaluating
the first frequency of the investigated tower under consideration.
.H\ZRUGV:LQGWXUELQHWRZHU6LPSOLILHGIUHTXHQF\HVWLPDWLRQ(LJHQIUHTXHQF\
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WKHGDZQRIFLYLOL]DWLRQ5HFHQWZLQGWXUELQHWRZHUV :77 VWXGLHVLQWHQGWRRSWLPL]HWKHFRVWV
RILQVWDOODWLRQDQGSURGXFWLRQQRWRQO\IRUODUJHRQHVEXWDOVRIRUVPDOORQHVWKHODWHUFDQEH
XVHGIRUGRPHVWLFRUVSHFLILFHQHUJ\SURGXFWLRQ7KHZLQGWXUELQHWRZHULVDSDUWRIWKHV\VWHP
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7KHVLPSOHVWZD\WRGHWHUPLQHWKHIUHTXHQF\RIDFDQWLOHYHUWRZHULVWRFRQVLGHUWKHVWUXFWXUH
DVDEHDPZLWKDFRQFHQWUDWHGPDVVDWWKHWRSDQGZLWKFRQVWDQWVWLIIQHVVDQGPDVVWKDWLVDVD
VWUXFWXUHZLWKRQHGHJUHHRIIUHHGRP 6'2) ,QVXFKFDVHIRUWRZHUVRIKHLJKWHZLWKFRQVWDQW
LQHUWLDDQGFRQVWDQWGLVWULEXWHGIOH[XUDOVWLIIQHVVEIWKHODWHUDOVWLIIQHVVLVFDOFXODWHGE\
͵ܫܧ

ܪଷ
$FFRUGLQJWR.R>@LIWKHWRZHULVPRGHOOHGDVD6'2)V\VWHPZLWKDWLSPDVVXVLQJD
FRQVWDQWFURVVVHFWLRQWKDQWKHQDWXUDOIUHTXHQF\LV
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ZKHUHߙLVWKHHTXLYDOHQWPDVVUDWLRRIWKHWRZHUFRQFHQWUDWHGDWWKHWRS7KHZLQGWXUELQH
GHVLJQVWDQGDUG'1926->@HVWDEOLVKHVߙ ൌ ͲǤʹͷZKLOHWKH,(&VWDQGDUG>@
LQGLFDWHVWKDWߙ ൌ ͲǤͷDQRWKHUYDOXHRIߙ ൌ ͵͵ȀͳͶͲLVSURSRVHGE\%OHYLQV>@
$GLIIHUHQWSURFHGXUHLVWRPRGHOWKHZLQGWXUELQHWRZHUDV(XOHU%HUQRXOOLEHDPV\VWHP
>@ZLWKGLVWULEXWHGPDVVmDQGGLVWULEXWHGIOH[XUDOVWLIIQHVVEI7KHJRYHUQLQJHTXDWLRQRI
PRWLRQIRUXQGDPSHGIUHHYLEUDWLRQVRIDXQLIRUP(XOHU%HUQRXOOLEHDP>@LV
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6HSDUDWLQJWKHVSDWLDODQGWHPSRUDOIXQFWLRQVXVLQJWKHPHWKRGRIVHSDUDWLRQRIYDULDEOHV>@
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ZKHUH$%&'(DQG)DUHXQNQRZQFRQVWDQWVDQG
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7KHQRQWULYLDOVROXWLRQIRUߔሺݖሻLVREWDLQHGE\WKHGLIIHUHQWLDOHLJHQYDOXHSUREOHPXVLQJ
WKHVSDWLDOIRUPRIWKHERXQGDU\FRQGLWLRQVWRILQGWKHYDOXHVRIȜ>@7KHQWKHFKDUDFWHULVWLF
HTXDWLRQRIWKHV\VWHPLV
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,IWKHWLSPDVVLVPRGHOHGDVDSRLQWPDVVWKHURWDWLRQDOLQHUWLDRIWKHWLSPDVVLVQHJOLJLEOH
ܫ௧ ൌ Ͳ7KHILUVWURRWRIWKHFKDUDFWHULVWLFHTXDWLRQLVWKHILUVWQDWXUDOIUHTXHQF\FDOFXODWHGE\
VROYLQJ(T
7KHPDLQGLIILFXOW\LVWRGHWHUPLQHWKHYDOXHVRImDQGEIWREHXVHGVLQFHWKHWRZHUKDV
GLVWULEXWHGPDVVDQGHODVWLFLW\LHWKHVWUXFWXUHLVQRQXQLIRUP1HYHUWKHOHVVWKLVVWUXFWXUH
FDQEHPRGHOHGDVDJHQHUDOL]HG6'2)V\VWHPDQGSURYLGHDQDSSUR[LPDWHVROXWLRQ7KLVSUR
FHGXUHLVFDOOHG6'2)UHGXFWLRQDQGFRQVLVWVLQFUHDWLQJD6'2)HTXLYDOHQWV\VWHPZLWKGLV
WULEXWHGPDVVDQGVWLIIQHVVZKHUHDFFRUGLQJWRWKHSULQFLSOHRIYLUWXDOZRUNWKHJHQHUDOL]HG
PDVV כܯDQGVWLIIQHVV כ ܭFDQEHREWDLQHG>@
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2QWKHRWKHUKDQGDQDOWHUQDWLYHPHWKRGWRHVWDEOLVKWKHVWLIIQHVVRIWKHVWUXFWXUHLVWKURXJK
WKHOLQHDUUHODWLRQVKLSEHWZHHQWKHIRUFHDQGGLVSODFHPHQW(T%XWWKHGLIILFXOW\ZLWKWKLV
SURFHGXUHLVWKDWRQHPXVWNQRZWKHIRUFHDQGWKHGLVSODFHPHQWFDXVHGE\WKDWIRUFH
 ܨൌ  ݔܭ՜  ܭൌ

ܨ
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7KH GLVSODFHPHQW FDQ EH GHWHUPLQHG E\ WKHRUHWLFDO FDOFXODWLRQV RU E\ VWUXFWXUDO DQDO\VLV
VRIWZDUH%DODJRSDOet al.>@SUHVHQWDVLPSOLILHGPRGHOIRUFDOFXODWLQJWKHGLVSODFHPHQWDW
WKHWRSFRQVLGHULQJWKHDSSOLFDWLRQRIDXQLWIRUFHRQWKHVWUXFWXUH7KHSURFHGXUHGHILQHGWKH
FURVVVHFWLRQDODUHDRIWKHWRZHUDQGWKHPRPHQWRILQHUWLDDUHFDOFXODWHGEDVHGRQ$6&(
>@
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:KHQWKHODZRIFRQVHUYDWLRQRIHQHUJ\LVXVHGWRREWDLQWKHGLIIHUHQWLDOHTXDWLRQRIPRWLRQ
IRUDQXQGDPSHGV\VWHPLQIUHHYLEUDWLRQWKHVRFDOOHG5D\OHLJK VPHWKRGLVGHULYHGWRILQGWKH
QDWXUDOIUHTXHQF\E\HTXDOL]LQJWKHPD[LPXPNLQHWLFHQHUJ\WRWKHPD[LPXPSRWHQWLDOHQHUJ\
DWGLIIHUHQWVSHFLILFLQVWDQWV EXWIRUWKLVLWLVQHFHVVDU\WRDVVXPHDGHIRUPHGVKDSH8VXDOO\
WKHVKDSHLVGHWHUPLQHGDVWKDWSURGXFHGE\WKHJUDYLWDWLRQDOORDGVDFWLQJLQWKHGLUHFWLRQRIWKH
H[SHFWHGGLVSODFHPHQWV>@7KHQDWXUDOIUHTXHQF\LVH[SUHVVHGDV
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ZKHUHߜ LVGHIOHFWLRQDWWKHFRRUGLQDWHLDQGܹ LVWKHFRQFHQWUDWHGZHLJKWDWWKLVFRRUGLQDWH
+ROPHV>@XVHVDVHPLHPSLULFDOIRUPXODIRUFDQWLOHYHUHGWDSHUHGFLUFXODUWRZHUWKDWZDV
DOVRUHFRPPHQGHGE\WKH(XURSHDQ&RQYHQWLRQIRU6WUXFWXUDO6WHHOZRUNLQJLYHQE\
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$QRWKHUVLPSOLILHGH[SUHVVLRQLVSUHVHQWHGLQWKH$QQH[)RI(1>@
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ZKHUHߜ௪ǡ௫ LVWKHPD[LPXPGLVSODFHPHQW H[SUHVVHGLQPHWHUV GXHWRVHOIZHLJKWDSSOLHG
LQWKHYLEUDWLRQGLUHFWLRQ
 72:(5$1',19(67,*$7,21'(6&5,37,21
7RGHWHUPLQHWKHQDWXUDOIUHTXHQF\RIDVWUXFWXUHWKHUHDUHWKUHHPDLQDSSURDFKHVWKHRUHW
LFDO FDOFXODWLRQ DSSOLFDWLRQ RIWKHILQLWHHOHPHQWPHWKRG )(0 XVLQJUREXVWFRPSXWDWLRQDO
VRIWZDUHDQGH[SHULPHQWDOGHWHUPLQDWLRQRQWKHUHDOVWUXFWXUH,QJHQHUDOWKH)(0PHWKRGDQG
WKHH[SHULPHQWDOGHWHUPLQDWLRQVKRZPRUHDFFXUDWHUHVXOWVEXWWKH\DUHDOVRPRUHH[SHQVLYH
WRDFKLHYHDQGSHUIRUP
7RDQDO\]HWKHDFFXUDF\RIWKHVLPSOLILHGPRGHOVLQGHWHUPLQLQJWKHILUVWQDWXUDOIUHTXHQF\
RIFRQLFDOKROORZWRZHUVWKHUHVXOWVRIWKHIRUPXODWLRQVSUHVHQWHGLQWKHOLWHUDWXUHUHYLHZDUH
FRPSDUHGWRWKHQXPHULFDO)(0PRGHODQGWKHH[SHULPHQWDOUHVXOWV
'HVFULSWLRQRIWKHWRZHU
$PHWDOWRZHUPKHLJKWORFDWHGDWWKH6FKRRORI7HFKQRORJ\DQG0DQDJHPHQWRIWKH
3RO\WHFKQLF,QVWLWXWH RI %UDJDQoD 3RUWXJDO  FRQVLVWV RI D VWHHO 6 VWUXFWXUH ZLWK D KH[D
GHFDJRQDOVHFWLRQZLWKDQRXWVLGHGLDPHWHURIPDWWKHEDVHDQGPDWWKHWRS
ZLWKDFRQVWDQWZDOOWKLFNQHVVRIPP7KHWRZHULVIL[HGWRWKHJUDYLW\EDVHIRXQGDWLRQE\
DQFKRUEROWVFRQQHFWHGWRDIODQJHDWWKHEDVHWKHIODQJHKDVDQH[WHUQDOGLDPHWHURIP
DQGDWKLFNQHVVRIPP7KHPDLQSURSHUWLHVRIWKHWRZHUDUHSUHVHQWHGLQ7DEOHDQGWKH
JHRPHWULFSODQYLHZFRQILJXUDWLRQLVVKRZQLQ)LJXUH
'HQVLW\
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)LJXUH7RZHUJHRPHWULHV

1XPHULFDOPRGHO
7KH DQDO\VLV RI WKH VWUXFWXUH XVLQJ WKH ILQLWH HOHPHQW PHWKRG LV SHUIRUPHG XVLQJ WKH
6$36RIWZDUH7KHWRZHULVPRGHOHGZLWKWKHJHRPHWU\SUHVHQWHGDERYHFRQVLGHULQJWKH
ERWWRPERXQGDU\FRQGLWLRQRIWKHW\SH%&I &(1 >@IRUWKHORFDWLRQRIWKHDQFKRU
EROWVWKHWRSERXQGDU\LVFRQVLGHUHGIUHHZLWKWKHDFWLRQRIDWLSPDVVRINJWKDWFRUUHVSRQGV
WRWKHZHLJKWRIWKHZLQGWXUELQH7KHVLPXODWLRQLVSHUIRUPHGFRQVLGHULQJWKHOLQHDUEHKDYLRU
RIWKHPDWHULDO
([SHULPHQWDODQDO\VLV
7RGHWHUPLQHWKHG\QDPLFFKDUDFWHULVWLFVRIWKHVWUXFWXUHWKHH[SHULPHQWDOPRGDODQDO\VLV
ZDVFDUULHGRXWXVLQJDGDWDDFTXLVLWLRQV\VWHPFRPSRVHGRI1,86%GDWDDFTXLVLWLRQ
ERDUGZLWKLQSXWFKDQQHOVELW$&'UHVROXWLRQVDPSOLQJUDWHIURPN6VWRN6V
UHVROXWLRQP6VSLH]RUHVLVWLYHDFFHOHURPHWHU,&3ZLWKDIUHTXHQF\UDQJHIURPWR
+]DQGDODSWRSZLWK6LJQDO([SUHVVVRIWZDUH
7ZRDFFHOHURPHWHUVDUHSODFHGDWPHWHUVKLJKLQWZRGLVWLQFWSHUSHQGLFXODUGLUHFWLRQV
[DQG\ 7KHLQSXWIRUFHLVFDXVHGE\WKHLPSDFWKDPPHU3&%E7KHILUVW DQGRWKHUV
LIUHTXLUHG QDWXUDOIUHTXHQF\LVGHILQHGE\WKHSHDNSLFNLQJWHFKQLTXH
6XPPDU\RIDQDO\VLV
,Q7DEOHDUHV\QWKHVL]HGWKHPHWKRGRORJLHVXVHGLQWKLVZRUNIRUWKHGHWHUPLQDWLRQRIWKH
:77 IXQGDPHQWDO IUHTXHQF\ UDQJLQJ IURP VHYHUDO VLPSOLILHG IRUPXODWLRQV SUHVHQWHG LQ WKH
OLWHUDWXUHWRWKHQXPHULFDOPRGHODQGH[SHULPHQWDODQDO\VLVVRPHIRUPXODVUHTXLUHWKHXVHRI
DVRIWZDUHWRILQGWKHGLVSODFHPHQWLQZKLFKFDVHWKH)722/VRIWZDUHZDVXVH

2127

'LFN$QHOLVH&DUQHLUR%DUURV5XLDQG%UD]&pVDU70DQXHO

(TXDWLRQ
ࢌൌ

ࡷࡸ


ඨ
࣊ ࡹ࢚  ࢻࡹ࢚࢝ࢋ࢘

ࢌൌ

 ࣅ ࡱࡵ
ඨ
࣊ ࡴ 

ࢌൌ

ࢌൌ

ࢌൌ

6WLIIQHVV
SDUDPHWHUV
ܭ ൌ

͵ܫܧ
ܪଷ

 ܫൌ ܫ 

ߙ ൌ Ͳǡʹͷ
ߙ ൌ Ͳǡͷ
ߙ ൌ ͵͵ȀͳͶͲ
ͳ   ߣ  ߣ
݉ ൌ ݉ 
ߣܯ௧
ሾ  ߣ  ߣ
ͳ   ߣ  ߣ 
݉ܪ
െ  ߣ  ߣሿ
݉ ൌ ݉ 

 ࡷכ
ඨ
࣊ ࡹכ

 ࡷ
ඨ
࣊ ࡹ

ܰሺݖሻ ൌ ݃ܯ௧ 

ܭൌ

ߜ௨௧ ൌ ߜ௧  ߜ௩௧ 
 ܯൌ ͵ǡͳͻ݀ ݁ܪɏ

ͳ

ߜ െ)WRROVHJPHQWV݀ǡ 

ࡱࡵ࢈
ࣅ
ඨ
ࢌൌ

࣊ࡴ ࢈

1DPH
UHIHUHQFH
'1926-
,(&
%OHYLQV
&KDUDFWHULVWLF
HTXDWLRQ
&KDUDFWHULVWLF
HTXDWLRQࡹ࢚ 
6'2)
UHGXFWLRQ
%DODJRSDO

ߜ௨௧ െ)WRRO
VHJPHQWV݀ 
 ܯൌ ܯ௧  ܯ௧௪ 

ߜ௨௧

 ࢍ σ ࢃ ࢾ
ඨ
࣊ σ ࢃ ࢾ 

ࢌൌ

*HQHUDOSDUDPHWHUV

ߣ ൌ ͳǡͻ   כ൬

െͶ݀௧
൰
݀


ࢍ

ඨ
࣊ ࢾ࢝ǡࢇ࢞

ǡͷ

Ͳǡͻ  ሺ݁௧ Τ݁ ሻǡ

ߜ௪ǡ௫ െ)WRRO
VHJPHQWV݀ 

ࢌ

)(0

ࢌ

([SHULPHQWDO

5D\OHLJK¶V
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+ROPHV
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7DEOH$QDO\VLVVXPPDU\

 5(68/76$1'',6&866,21
7KHDGYDQWDJHRIXVLQJDILQLWHHOHPHQWPRGHOLVWKHGHWHUPLQDWLRQRIWKHPRGHVKDSHVRI
WKHVWUXFWXUHDVWKHIXQGDPHQWDORUVWPRGHVKDSHVKRZQLQ)LJXUH D $VPHQWLRQHGLQ3D]
DQG.LP>@WKHDFFXUDWHGHWHUPLQDWLRQRIWKHPRGHVKDSHVLVRQHRIWKHFUXFLDOSRLQWVIRUWKH
FRUUHFW FDOFXODWLRQ RI WKH IUHTXHQF\ E\ WKH DSSOLFDWLRQ RI 6'2) UHGXFWLRQ >@ )LJXUH  E 
FRPSDUHVWKH)(0PRGHVKDSHDQGWKHDSSUR[LPDWHPRGHVKDSHJLYHQE\(T
,QUHODWLRQWRWKHUHVXOWVRIWKHH[SHULPHQWDODQDO\VLVWKHSRZHUVSHFWUDGHQVLW\LVSUHVHQWHG
LQ)LJXUH D IRUWKH[GLUHFWLRQDQGLQ)LJXUH E IRUWKH\GLUHFWLRQ$VVKRZQWKHILUVW
QDWXUDOIUHTXHQF\LVFRKHUHQWO\HYDOXDWHGDV+]
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'HIRUPDWLRQ
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)(0PRGHVKDSH
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)UHTXHQF\>+]@











)UHTXHQF\>+]@

D [GLUHFWLRQ

E \GLUHFWLRQ
)LJXUH3RZHUVSHFWUDOGHQVLW\

7KHYDOXHVREWDLQHGE\WKHGLIIHUHQWPHWKRGVIRUWKHILUVWQDWXUDOIUHTXHQF\DUHVKRZQLQ
)LJXUH,WLVSRVVLEOHWRREVHUYHDODUJHGLVSHUVLRQRIUHVXOWVZLWKUHODWLYHGLIIHUHQFHVLQWKH
RUGHURILQFRPSDULVRQZLWKWKHH[SHULPHQWDOYDOXHWKLVLVGXHWRWKHIDFWWKDWPRVWRIWKH
IRUPXODWLRQVDUHHVWDEOLVKHGIRUDWRZHURIFRQVWDQWPDVVDQGFRQVWDQWLQHUWLDSHUXQLWOHQJWK
$OWKRXJKWKH\DUHVLPSOLILFDWLRQVWKHSUREOHPOLHVPDLQO\LQWKHGHILQLWLRQRIWKHLQHUWLDWREH
XVHGVLQFHLWYDULHVFXELFDOO\
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([SHULPHQWDO 
)LJXUH)LUVWQDWXUDOIUHTXHQF\E\GLIIHUHQWPHWKRGRORJLHV

,WLVREVHUYHGWKDWWKHVLPSOLILHGPRGHOVWKDWSUHVHQWWKHUHVXOWVFORVHVWWRWKHH[SHULPHQWDO
YDOXHDUHWKH)(0PRGHOWKH5D\OHLJKPHWKRGDQGWKH6'2)UHGXFWLRQPHWKRGKRZHYHUWKH
ILUVWWZRPHWKRGVUHTXLUHWKHXVHRIVRIWZDUHDQGDUHPRUHWLPHFRQVXPLQJ7KHGLIILFXOW\LQ
DSSO\LQJWKH6'2)UHGXFWLRQPHWKRGFRQVLVWVLQVROYLQJWKHLQWHJUDOVEXWWKH\DUHHDVLO\VROYHG
ZLWKDJUDSKLFVFLHQWLILFFDOFXODWRULQIDFWWKLVPHWKRGSUHVHQWVWKHEHVWUHVXOWVZKHQDQDO\]LQJ
WKHIUHTXHQF\YDOXHDQGWKHWLPHWDNHQWRFDOFXODWHLW
1RWLFHWKDWWKHYDVWPDMRULW\RIUHVXOWVE\GLIIHUHQWPHWKRGVXQGHUHVWLPDWHWKHYDOXHRIWKH
IXQGDPHQWDO IUHTXHQF\ WKDW LV FRQVLGHU WKH VWUXFWXUH PRUH IOH[LEOH WKDQ LW UHDOO\ LV 7KLV LV
PDLQO\GXHWRFRQVLGHUWKHLQHUWLDDQGWKHPDVVGHILQHGLQWKHILUVWKDOIRIWKHVWUXFWXUH XSWR
+ DQGEHFDXVHWKHWRZHUKDYLQJDFRQLFDORUWDSHUHGVKDSHLWVPDVVLVPRUHFRQFHQWUDWHG
QHDUWKHEDVH$OVRWKHUHVXOWVRIWKHH[SUHVVLRQVXVLQJWKHGLVSODFHPHQWYDOXHDWWKHWRSGLV
WULEXWHGE\DVLPSOLILHGPRGHORIDYHUDJHGLDPHWHULQWKH)722/RYHUHVWLPDWHWKHIUHTXHQF\
YDOXHE\DERXW
 &21&/86,216
7KHPHWDOOLFKROORZFDQWLOHYHUWDSHUHGWRZHUDQDO\]HGKDVWKHILUVWQDWXUDOIUHTXHQF\RI
+]7KLVIUHTXHQF\FDQEHDFFXUDWHO\HYDOXDWHGE\WKHDSSOLFDWLRQRIWKHILQLWHHOHPHQWPRGHO
HYHQWKRXJKWKLVPHWKRGLVWLPHFRQVXPLQJ7KH5D\OHLJK¶VPHWKRGDOVRVKRZVDFFXUDWHUHVXOW
IRU WKH :77 DQDO\]HG EXW WKH VLQJOH GHJUHH RI IUHHGRP UHGXFWLRQPHWKRG LV WKHVLPSOLILHG
PHWKRGWKDWKDVWKHEHVWSHUIRUPDQFHVLQFHLWLVVLPSOHDQGWKHUHVXOWLVDFFXUDWH
7KHDQDO\VLVVKRZVWKDWWKHPDLQGLIILFXOW\RIVLPSOLILHGIRUPXODVLVWKHGHWHUPLQDWLRQRI
WKHPRPHQWRILQHUWLDDQGPDVVZKLFKVLJQLILFDQWO\DIIHFWWKHUHVXOWV7KHUHVXOWVVKRZODUJH
GLIIHUHQFHEHWZHHQWKHIUHTXHQFLHVDQDO\WLFDOO\HYDOXDWHGE\GLIIHUHQWPHWKRGV ZLWKYDOXHVLQ
DUDQJHRIWR+] VRPHRIWKHPZLWKDVLJQLILFDQWGLIIHUHQFHIURPWKHUHDOQDWXUDO
IUHTXHQF\DQGWKHPDMRULW\RIWKHPXQGHUHVWLPDWHWKHYDOXHRIWKHIUHTXHQF\
7KHGLVSHUVLRQRIWKHUHVXOWVUHIOHFWVWKHLPSRUWDQFHRIDFFXUDWHDVVHVVPHQWRIWKHVWUXFWXUDO
LQHUWLDDQGPDVVRQWKHXVHRIVLPSOLILHGPHWKRGVIRUWDSHUHGWRZHUZLWKWLSPDVVQHYHUWKHOHVV
IXUWKHU LQYHVWLJDWLRQ RQ WKH DFFXUDWH HVWLPDWLRQ RI PDVV DQG LQHUWLD IRU WKH WDSHUHG WRZHUV
VKRXOGEHFDUULHGRXW
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$&.12:/('*(0(176
7KLVSDSHULVZLWKLQWKHVFRSHRIWKHILUVWDXWKRU¶V3K'GHJUHHLQSURJUHVVILQDQFLDOO\VXS
SRUWHGE\WKH3RUWXJXHVH)RXQGDWLRQIRU6FLHQFHDQG7HFKQRORJ\ )&7 WKURXJKWKH3K'JUDQW
UHIHUHQFH6)5+%'XQGHUWKHSURJUDPPH32&+ 1±3 DQGVXEVL
GL]HGE\WKH(XURSHDQ6RFLDO)XQG )6( DQGQDWLRQDOIXQGVIURP0&7(67KLVZRUNZDV
ILQDQFLDOO\VXSSRUWHGE\%DVH)XQGLQJ8,'%RIWKH&216758&7,QVWLWXWR
GH , ' HP (VWUXWXUDV H &RQVWUXo}HV  IXQGHG E\ QDWLRQDO IXQGV WKURXJK WKH )&70&7(6
3,''$& 
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&216758&7)DFXOGDGHGH(QJHQKDULD8QLYHUVLGDGHGR3RUWR
)(833RUWR3RUWXJDO
^DQHOLVHGLFNUFE`#IHXSSW


&216758&7,QVWLWXWR3ROLWpFQLFRGH%UDJDQoD
,3%%UDJDQoD3RUWXJDO
EUD]FHVDU#LSESW

$EVWUDFW
Analysis and modeling of structures, under the influence of dynamic loads, is usually carried
out through the application of the finite element method (FEM). These analyses are intrinsically
dependent on the parameters considered in the model, and the parameters must translate the
real properties of the structure so that the model's behavior is reliable as compared wih the
physical behavior of the structure; for these purposes the model calibration using experimental
data aims to improve the uncertainty of model parameters or inaccuracies in modeling.
In the present work a numerical analysis was carried out, on a small wind turbine metallic
hollow tower with hexa-decagon section and 17.80m high, applying the finite element theory
with SAP2000® software. The FEM model was updated with the frequency results of in-situ
vibration tests; to compare the results, two methods Experimental Modal Analysis (EMA) and
the Operational Modal Analysis (OMA) were applied in the experimental tests to evaluate the
dynamic properties of the tower.
It is noticed that the first frequency of the model without calibration has a value of 2.129 Hz
that is 32,2% above the real measured 1.610 Hz; after calibration update, the first frequency
of the tower has a value of 1.590 Hz consistent with the results of the vibration tests. The static
response of the structure to loading at the top, also shows a significant difference between the
uncalibrated and the calibrated model: after calibration there is a 25% increase in displacement at the top of the structure; the compression force is the one with the smaller differences,
while the base shear and base moments increased tremendously but maintained the location of
points of maximum stresses.
.H\ZRUGV)LQLWHHOHPHQWPRGHOFDOLEUDWLRQ$PELHQWYLEUDWLRQWHVW,PSDFWKDPPHUWHVW
KROORZWDSHUHGWRZHU6PDOOZLQGWXUELQHWRZHU
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 ,1752'8&7,21
'HYHORSLQJDQGLPSURYLQJVXVWDLQDEOHDQGDIIRUGDEOHHQHUJ\SURGXFWLRQV\VWHPVLVRQHRI
WRGD\ VHQJLQHHULQJFRQFHUQV:LQGHQHUJ\LVRQHRIWKHVRXUFHVRIUHQHZDEOHHQHUJ\WKDWKDV
EHHQUHFHQWO\FRQWLQXRXVO\VWXGLHGDOVRZLWKWKHSXUSRVHRIRSWLPL]LQJWKHFRVWVRILQVWDOODWLRQ
DQGSURGXFWLRQ7KHZLQGWXUELQHWRZHU:77LVDSDUWRIWKHV\VWHPWKDWDIIHFWVSURGXFWLRQ
HIILFLHQF\DQGLVXVXDOO\DVOHQGHUDQGIOH[LEOHVWUXFWXUHLWLVFRQVLGHUHGWKHFULWLFDOSDUWRIWKH
ZLQGWXUELQHVLQFHLWVKRXOGVXSSRUWWKHGHDGORDGVRIHTXLSPHQWDQGDGGLWLRQDOORDGVFDXVHG
E\ ZLQG 7KH ZLQG WXUELQH WRZHU KDVWZRFUXFLDOIXQFWLRQVVXSSRUWVLQWKHKHLJKWWKHURWRU
QDFHOOHV\VWHPLQWKHKHLJKWDQGWUDQVIHUWKHORDGV DFWLQRQWKHVWUXFWXUHWRWKHIRXQGDWLRQ
7KHDQDO\VLVDQGPRGHOLQJRIWKHVHW\SHRIVWUXFWXUHVXQGHUWKHLQIOXHQFHRIG\QDPLFORDGV
LVXVXDOO\DFKLHYHGWKURXJKDQDO\WLFDOFRPSXWDWLRQDOPRGHOLQJWHFKQLTXHVRQWKHDSSOLFDWLRQ
RIWKHILQLWHHOHPHQWPHWKRG )(0 7KHVHDQDO\VHVDUHLQWULQVLFDOO\GHSHQGHQWRQWKHYDOXHV
FKRVHQIRUWKHSDUDPHWHUVFRQVLGHUHGLQWKHPRGHOZKLFKPXVWWUDQVODWHWKHUHDOSURSHUWLHVRI
WKHVWUXFWXUHVRWKDWWKHPRGHO VEHKDYLRULVUHOLDEOHDVWKHSK\VLFDOEHKDYLRURIWKHVWUXFWXUH
,QFRPSOH[VWUXFWXUHVWKHPRGHOJHQHUDOO\FRQVLVWVRIVRPHVLPSOLILFDWLRQRIWKHVWUXFWXUH
EXWLWPXVWDGHTXDWHO\UHSUHVHQWWKHUHDOVWUXFWXUHVRWKHUHLVDQHHGWRYDOLGDWHWKHQXPHULFDO
PRGHOZLWKWHVWUHVXOWVLQUHDOVWUXFWXUHVWRDGMXVWWKHSDUDPHWHUVXVHG$GMXVWLQJWKHDQDO\WLFDO
PRGHOXVLQJH[SHULPHQWDOGDWDLVNQRZQDVPRGHOFDOLEUDWLRQLQVWUXFWXUDOG\QDPLFVDQGDLPV
WRLPSURYHWKHXQFHUWDLQW\RIPRGHOSDUDPHWHUVRULQDFFXUDFLHVLQPRGHOLQJ
7RGHWHUPLQHWKHG\QDPLFFKDUDFWHULVWLFVRIDVWUXFWXUHWKHUHDUHWZRH[SHULPHQWDOPHWKRGV
DFFHVVLEOH([SHULPHQWDO0RGDO$QDO\VLV (0$ DQG2SHUDWLRQDO0RGDO$QDO\VLV 20$ DQG
WKHPDLQGLIIHUHQFHEHWZHHQWKHVHPHWKRGVLVWKHQHHGRUQRWIRUDFRQWUROOHGH[FLWDWLRQVRXUFH
,Q(0$LWLVQHFHVVDU\WRNQRZWKHH[FLWDWLRQIRUFHDQGWKHUHVSRQVHRIWKHVWUXFWXUHRQWKH
RWKHUKDQGLQ20$RQO\WKHUHVSRQVHRIWKHVWUXFWXUHLVPHDVXUHG,QIDFWIRUJHQHUDOVWUXFWXUHV
20$LVODUJHO\PRUHDSSOLHGDVLQEULGJHV>@±>@WDOORUTXLWHVSHFLILFEXLOGLQJV>@±>@
DQGWRZHUV>@±>@±IRUH[DPSOHWKURXJKVWUXFWXUDOKHDOWKPRQLWRULQJDVVRFLDWHGZLWKVHULHV
RIDPELHQWYLEUDWLRQPHDVXUHPHQWV
,QWKHFDVHRIG\QDPLFH[FLWDWLRQVLQWRZHUVRIPDMRUZLQGWXUELQHVWKHUHDUHVHYHUDOVWXGLHV
LQWKHELEOLRJUDSK\WKDWFRPSDUHGDQDO\WLFDODQGH[SHULPHQWDOUHVXOWV>@±>@IRUVXFKLWLV
FRPPRQWRXVHWKH15(/0:ZLQGWXUELQHDVWKHREMHFWRIVWXG\>@±>@DQGWKHQDSSO\
GLIIHUHQWWHFKQLTXHVRIG\QDPLFWHVWVDQGVWUXFWXUDOPRQLWRULQJ
+RZHYHUZKHQLWFRPHVWRVPDOOZLQGWXUELQHVWKRVHWKDWKDYHDURWRUVZHSWDUHDVPDOOHU
WKDQPFRPSDUDWLYHVWXGLHVDUHOLPLWHG&DVWHOODQLHWDO>@FDOLEUDWHGDQGXSGDWHGWKH
SDUDPHWHUVRIDVPDOOZLQGWXUELQHXVLQJWKHSRZHUVSHFWUDGHQVLW\IXQFWLRQRIPDMRUH[FLWHG
IUHTXHQFLHVHYDOXDWHGZLWKDQLPSDFWKDPPHUWHVWLQDSURWRW\SHWRZHUIRUZLQGWXQQHOWHVW
EXWLQKLVZRUNWKHPDLQREMHFWLYHZDVWKHVWXG\RIWKHZLQGWXUELQH,QWKHSUHVHQWZRUND
QXPHULFDODQDO\VLVZDVFDUULHGRXWRQDVPDOOZLQGWXUELQHPHWDOOLFKROORZWRZHUZLWKKH[D
GHFDJRQDOVHFWLRQDQGPHWHUVKLJKDSSO\LQJWKHILQLWHHOHPHQWPHWKRGZLWK6$3
VRIWZDUHDQGXVLQJWKHUHVXOWVRIG\QDPLFYLEUDWLRQWHVWVLQWKHUHDOWRZHUWRFDOLEUDWHWKHPRGHO
 '(6&5,37,212)7+(72:(5
7KHDQDO\]HGPHWDOWRZHULVORFDWHGDWWKH6FKRRORI7HFKQRORJ\DQG0DQDJHPHQWRIWKH
3RO\WHFKQLF ,QVWLWXWH RI %UDJDQoD 3RUWXJDO  FRQVLVWV RI D VWHHO VWUXFWXUH ZLWK WKH KHLJKW RI
PKDYLQJDKH[DGHFDJRQDOVHFWLRQZLWKDQRXWVLGHGLDPHWHURIPDWWKHEDVHDQG
PDWWKHWRSDQGZLWKFRQVWDQWZDOOWKLFNQHVVRIPP7KHWRZHULVIL[HGWRWKHJUDYLW\
EDVHIRXQGDWLRQE\DQFKRUEROWVFRQQHFWHGWRDIODQJHDWWKHEDVHWKHIODQJHKDVDQH[WHUQDO
GLDPHWHURIPDQGDWKLFNQHVVRIPP
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7KHGHVLJQHGWRZHUVWUXFWXUHKDVDVWUDLJKWJHRPHWULFFRQILJXUDWLRQDVVKRZQLQ)LJ D 
EXWWKHUHDOWRZHUVWUXFWXUHSUHVHQWVDQLQLWLDORXWRIVWUDLJKWQHVVZLWKDWRWDORIIVHWRIP
DWWKHWRSLQUHODWLRQWRWKHD[LVRIWKHWRZHUDVVKRZQLQ)LJ E 7KHWRZHULVSURGXFHGIURP
6VWHHOZKRVHSURSHUWLHVDQGGHVLJQFKDUDFWHULVWLFVZHUHHVWDEOLVKHGLQDFFRUGDQFHZLWKWKH
(XURFRGH>@FRQVLGHULQJWKHWKLFNQHVVWPPWKHSURSHUWLHVDUHVKRZQLQ7DEOH7KH
FRPSXWDWLRQDOVLPXODWLRQVXVLQJ)(0FRQVLGHUHGWKHOLQHDUEHKDYLRURIWKHPDWHULDO

)LJXUH7RZHUJHRPHWULHV D 6WUDLJKWWRZHU E &URRNHGWRZHU

/LQHDU
'HQVLW\



>NJPñ@

<RXQJ VPRGXOXV



>*3D@

3RLVVRQ VUDWLR





<LHOGVWUHQJWK



>03D@

8OWLPDWHVWUHQJWK



>03D@

7DEOH6WHHO6SURSHUWLHV

,QVLWXYLEUDWLRQPHDVXUHPHQW
7RGHWHUPLQHWKHG\QDPLFFKDUDFWHULVWLFVRIWKHVWUXFWXUHWZRPHWKRGVZHUHDSSOLHGLQWKH
VWXGLHGWRZHU(0$DQG20$
0HDVXUHPHQWV DVVRFLDWHG ZLWK WKHH[SHULPHQWDO PRGDO DQDO\VLV ZHUH FDUULHG RXW XVLQJ D
GDWDDFTXLVLWLRQV\VWHPFRPSRVHGRI1,86%GDWDDFTXLVLWLRQERDUGZLWKLQSXWFKDQ
QHOVELW$&'UHVROXWLRQVDPSOLQJUDWHIURPN6VWRN6VUHVROXWLRQP6V
SLH]RUHVLVWLYHDFFHOHURPHWHU,&3ZLWKDIUHTXHQF\UDQJHIURPWR+]DQGDODSWRS
ZLWK6LJQDO([SUHVVVRIWZDUH
)LUVWO\WKHG\QDPLFORDGWHVWZDVSHUIRUPHGZLWKWZRDFFHOHURPHWHUVSODFHGDWPHWHUV
KLJKLQWZRGLVWLQFWSHUSHQGLFXODUGLUHFWLRQV [DQG\ 7KHLQSXWH[FLWDWLRQIRUFHLVFDXVHGE\
WKHLPSDFWKDPPHU3&%E7KHILUVW DQGRWKHUVLIUHTXLUHG QDWXUDOIUHTXHQF\LVGHILQHG
E\WKHSHDNSLFNLQJWHFKQLTXH
7KHSRZHUVSHFWUDGHQVLW\ 36' IXQFWLRQVDVVRFLDWHGZLWKWKLV(0$LVSUHVHQWHGLQ)LJXUH
 D IRUWKH[GLUHFWLRQDQGLQ)LJXUH E IRUWKH\GLUHFWLRQ
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7KHDYHUDJHYDOXHVRIWKHILUVWWKUHHHLJHQIUHTXHQFLHVLQRQHGLUHFWLRQZHUHREWDLQHG
+] IRU WKH ILUVW QDWXUDO YLEUDWLRQ IUHTXHQF\  +] IRU WKHVHFRQG QDWXUDO IUHTXHQF\ DQG
+]IRUWKHWKLUGQDWXUDOIUHTXHQF\
$VWKHVWUXFWXUHLVPDLQO\V\PPHWULFWKHVHIUHTXHQFLHVIRUWKHWZRPHDVXUHGGLUHFWLRQV [
DQG\ DUHSUDFWLFDOO\FRQVLGHUHGWKHVDPHDVLVSRVVLEOHWRYHULI\LQWKHJLYHQ36'¶V
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)LJXUH36'(0$ D [GLUHFWLRQ E \GLUHFWLRQ

7KHDPELHQWYLEUDWLRQWHVWLQJDVVRFLDWHGZLWK20$ZDVFDUULHGRXWIRUPLQXWHVUHFRUGV
ZLWKWKHVDPHORFDWLRQRIWKHWZRDFFHOHURPHWHUVDQGZDVH[HFXWHGWKUHHWLPHV'XULQJWKH
WHVWWKHDYHUDJHZLQGVSHHGZDVPVLQWKH6::GLUHFWLRQZLWKDSHDNYHORFLW\RI
PVLQWKH6GLUHFWLRQ$VLWLVSRVVLEOHWRYHULI\LQWKH36'¶VSUHVHQWHGLQ)LJXUHWKHH[WHUQDO
H[FLWDWLRQZDVQRWFDSDEOHWRH[FLWHDOOWKHUDQJHRIVWUXFWXUDOIUHTXHQFLHVVRLWLVRQO\SRVVLEOH
WRGHWHUPLQHWKHILUVWIUHTXHQF\WKDWLVFRQJUXHQWZLWKWKH(0$UHVXOWV
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)LJXUH36'20$ D [GLUHFWLRQ E \GLUHFWLRQ
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 180(5,&$/02'(/
7KHDQDO\VLVRIWKHVWUXFWXUHXVLQJWKH)LQLWH(OHPHQW0HWKRG )(0 LVSHUIRUPHGXVLQJWKH
6$3VRIWZDUH,QLWLDOO\WKHPRGHOFRQVLVWVRIDVWUDLJKWWRZHUZLWKWKHJHRPHWU\SUHVHQWHG
DERYHLQFOXGLQJZLQGWXUELQH VZHLJKWDVDVWDWLFERXQGDU\FRQGLWLRQFRUUHVSRQGLQJWRDFRQ
FHQWUDWHGPDVVDWWKHWRSRIWKHWRZHU7KHERXQGDU\FRQGLWLRQVDVVXPHGLQWKHDQDO\VLVPXVW
EHFKRVHQLQVXFKDZD\DVWRJXDUDQWHHDQGDFKLHYHDUHDOLVWLFRUFRQVHUYDWLYHPRGHORIWKH
DFWXDOVWUXFWXUH$FFRUGLQJWR(XURFRGH3DUW>@WKHXSSHUH[WUHPLW\LVDIUHHERXQGDU\
FRQGLWLRQ W\SH%& DQGIRUWKHILUVWPRGHOWKHORZHUH[WUHPLW\ERXQGDU\FRQGLWLRQLVFRQ
VLGHUHGULJLG W\SH%&ULQILQLW\VXSSRUWIRUZKLFKDQ\W\SHRIPRYHPHQWLVSUHYHQWHG 
$OWKRXJK)(0LVDSRZHUIXOWRROIRUHQJLQHHUVVRPHDVSHFWVQHHGWREHYHULILHGFDUHIXOO\
DQGWKHUHILQHPHQWRIWKHPHVKVKRXOGEHFKHFNHGWRDYRLGXQUHDOLVWLFORFDOEHKDYLRUDOVRWKH
PHVKVKRXOGVDWLVI\WKHVRFDOOHGSDWFKWHVW)LJXUHGLVSOD\VWKHIUHTXHQF\FRQYHUJHQFHRIWKH
PRGHODFFRUGLQJWRWKHQXPEHURIHOHPHQWVVRWKHLGHDOPHVKIRUWKHILUVW)(0PRGHOGLYLGHV
WKHWRZHULQWRHOHPHQWVIRUVXFKILUVWPRGHOWKHFRQYHUJHGIXQGDPHQWDOIUHTXHQF\ZDV
HYDOXDWHGDV+]


)UHTXHQF\>+]@






















1XPEHURIHOHPHQWV

)LJXUH)UHTXHQF\FRQYHUJHQFH

)LQLWHHOHPHQWPHWKRGPRGHOXSGDWLQJSURFHGXUH
7KH )(0 PRGHO JHQHUDOO\ FRQVLVWV RI D VLPSOLILFDWLRQ RI WKH VWUXFWXUH FRUUHVSRQGLQJ WR
VRPHDVVXPSWLRQVPDGHEXWLWPXVWDGHTXDWHO\UHSUHVHQWWKHUHDOVWUXFWXUHVRWKHUHLVDQHHG
WRYDOLGDWHWKHQXPHULFDOPRGHOZLWKWHVWUHVXOWVLQUHDOVWUXFWXUHVWRDGMXVWWKHSDUDPHWHUVXVHG
7KHSURFHGXUHRIDGMXVWLQJWKHDQDO\WLFDORUFRPSXWDWLRQDOPRGHOXVLQJH[SHULPHQWDOGDWDLV
NQRZQDVDPRGHOFDOLEUDWLRQRUPRGHOXSGDWLQJLQVWUXFWXUDOG\QDPLFVLWDLPVWRLPSURYHWKH
XQFHUWDLQW\RIPRGHOSDUDPHWHUVRULQDFFXUDFLHVLQPRGHOLQJWKDWRULJLQDWHWKHXQFHUWDLQWLHVLQ
VLPSOLI\LQJDVVXPSWLRQVRIWKHVWUXFWXUDOJHRPHWU\PDWHULDOVDQGHYHQRILQDFFXUDWHERXQGDU\
FRQGLWLRQV>@
7KHFRPSDULVRQEHWZHHQWKHUHVXOWVRIWKHH[SHULPHQWDOG\QDPLFWHVWV (0$20$ WKH
LQLWLDO)(PRGHODQGWKHXSGDWHG)(PRGHOVDUHVKRZQLQ7DEOH
([SHULPHQWDO ,QLWLDO)(0

VWXSGDWH

QGXSGDWH

UGXSGDWH

)LUVWIUHTXHQF\>+]@











6HFRQGIUHTXHQF\>+]@











7DEOH5HVXOWVRIH[SHULPHQWDODQGDQDO\WLFDOPRGDOLGHQWLILFDWLRQDQGPRGLILFDWLRQRIVWUXFWXUHSDUDPHWHUV
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$VWKHILUVWIUHTXHQF\RIWKHPRGHO+]GRHVQRWPDWFKZLWKWKHPHDVXUHG+]
IUHTXHQF\WKHILUVWPRGHOXSGDWHZDVWKHLQFOXVLRQRIWKHIODQJHDQGWKHFKDQJHRIWKHORZHU
ERXQGDU\FRQGLWLRQDSSO\LQJERXQGDU\FRQGLWLRQRIWKHW\SH%&I>@ RQO\URWDWLRQLVIUHH 
LQWKHORFDWLRQRIWKHEROWV7KHVHFRQGXSGDWLQJZDVWKHFRQVLGHUDWLRQRIWKHRXWRIVWUDLJKW
QHVVRIWKHWRZHUDQGWKHHFFHQWULFLW\RIWKHZLQGWXUELQH(YHQWKRXJKWKHIUHTXHQF\LVVWLOO
DERYHWKHUHDORQHDVWKHVWUXFWXUHSUHVHQWVDVHUYLFHODGGHUDQGLWVHTXLYDOHQWPDVVZDVQRW
FRQVLGHUHGLQWKHQXPHULFDOPRGHOLWLVUHVSRQVLEOHIRUDOWHULQJWKHLQHUWLDRIWKHVWUXFWXUHVR
WKHODVWFKDQJHRUWKLUGXSGDWLQJZDVWRFRQVLGHUWKDWHTXLYDOHQWPDVVWKURXJKDIDFWRU1RZ
WKHILUVWIUHTXHQF\RIWKHPRGHOLVWKHVDPHDVWKHPHDVXUHGRQHDQGWKHPRGHOLVFRQVLGHUHG
FDOLEUDWHG(YHQWKRXJKWKHVHFRQGIUHTXHQF\LVQRWH[DFWLWLVYHU\FORVHDQGWKHILQDOXSJUDGH
RIWKHLQLWLDO)(PRGHOSURGXFHGDTXLWHJRRGDJUHHPHQWZLWKWKHH[SHULPHQWDOUHVXOWV7KHILUVW
IUHTXHQF\YDOXHVKRZVDUHGXFWLRQDERXWIURPGHQRQFDOLEUDWHGPRGHOWRWKHFDOLEUDWHG
RQHDQGLQ)LJXUHLWLVSRVVLEOHWRREVHUYHWKHFKDQJHLQWKHIRUPRIWKHPRGHVKDSHV

1RQFDOLEUDWHG

&DOLEUDWHG
D

1RQFDOLEUDWHG

&DOLEUDWHG
E

)LJXUH&KDQJHGIRUPRIWKHPRGHVKDSHV D ILUVWPRGH E VHFRQGPRGH
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6WDWLFDQDO\VLV
7RHYDOXDWHWKHHIIHFWVRIWKHFDOLEUDWLRQXSJUDGLQJLQDVWDWLFDQDO\VLVWKHH[WHUQDOIRUFHV
DFWLQJRQWKHWRSRIWKHWRZHUWKDWDUHLQGXFHGE\WKHZLQGWXUELQHZHUHGHWHUPLQHGDFFRUGLQJ
WR'19JXLGHOLQHV>@)RUVLPSOLILFDWLRQWKHZLQGIRUFHDFWLQJODWHUDOO\RQWKHWRZHUZDVQRW
FRQVLGHUHGLQWKLVDQDO\VLV
7KHDHURG\QDPLFGUDJIRUFHSURGXFHGE\WKHEODGHVRQWKHWRSRIWKHWRZHUFDQEHSUHGLFWHG
E\VLPSOLILHGFDOFXODWLRQVEDVHGRQWKHSURMHFWHGDUHDSHUSHQGLFXODUWRWKHIORZ7KHURWRUORDGV
DUHH[SUHVVHGE\WKUHHORDGTXDQWLWLHVVWDWLFKRUL]RQWDODLUIORZ (T GULYLQJWRUTXH (T 
DQGZHLJKWRIWKHURWRU
ܨ ൌ ͵ͲͲ ή ܣ

ܯǡ ൌ





ܲ
ʹߨ݊ூ ߟ

ZKHUH$LVWKHVZHSWDUHDRIWKHURWRULQ P ܲ LVWKHQRPLQDOSRZHURIWKHZLQGWXUELQH
݊ூ LVWKHURWRUIUHTXHQF\DQGȘWKHQRPLQDOHIILFLHQF\
7KHZLQGWXUELQHVXSSRUWHGE\WKHWRZHULVD)RUWLV3DVVDW N: DQGWKHFKDUDFWHULVWLFV
DUHSUHVHQWHGLQ7DEOHLQFOXGLQJVWDWLFORDGVSUHGLFWHGRQWRSRIWKHWRZHU
)RUWLV3DVVDW N: 
*UDYLWDWLRQDODFFHOHUDWLRQ
݃
5RWRUEODGHUDGLXV
ݎ
$UHDRIURWRU
ܣ
5RWRUPDVV
݉
5RWRUIUHTXHQF\
݊ூ 
1RPLQDOSRZHURIZLQGWXUELQH
ܲ 
1RPLQDOHIILFLHQF\
ߟ
&DOFXODWLRQV
6WDWLFKRUL]RQWDODLUIORZORDG
ܨ 
ܯǡ 
'ULYLQJWRUTXH
(FFHQWULFLW\
݁
0RPHQWDERXWKRUL]RQWDOD[LVURWRUSODQH
+RUL]RQWDOIRUFHDORQJURWRUD[LV
0RPHQWDERXWD[LVURWRU
9HUWLFDOIRUFH
0RPHQWDERXWYHUWLFDOD[LV

ܯ௫ 
ܨ௬ 
ܯ௬ 
ܨ௭ 
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>PVð@
>P@
>Pð@
>NJ@
>+]@
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6WDWLFORDG






>1@
>1P@
>P@
>1P@
>1@
>1P@
>1@
>1P@

7DEOH6LPSOLILHGORDGFDOFXODWLRQVRQWRSRIWKHWRZHU

7KHVWUXFWXUDODQDO\VLVUHVXOWVVKRZQLQ7DEOHIRUWRSGLVSODFHPHQWVDQGJHQHUDOL]HGVWUHVV
UHVXOWDQWVEHIRUHDQGDIWHUPRGHOFDOLEUDWLRQXSGDWLQJDQGXSJUDGLQJLQGLFDWHWKHGLIIHUHQFHV
EHWZHHQWKHFRUUHFWFDOLEUDWHGPRGHODQGWKHLQLWLDOPRGHOWKHPRVWLPSRUWDQWGLIIHUHQFHVRFFXU
IRUWKHPD[LPXPEDVHVKHDUIRUFHDQGWKHPD[LPXPDQGPLQLPXPEDVHPRPHQWV
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)LQDO)(0

'LIIHUHQFH  

)LUVWIUHTXHQF\>+]@
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7DEOH&RPSDULVRQRIUHVXOWVEHIRUHDQGDIWHUPRGHOFDOLEUDWLRQXSGDWLQJ

)LJXUHVKRZVWKDWWKHSRLQWVRIPD[LPXPVWUHVVHVDUHWKHVDPHLQERWKPRGHOVKRZHYHU
WKHLQWHQVLW\RIWKHVWUHVVLVPXFKODUJHULQWKHFDOLEUDWHGPRGHO

)LJXUH1RUPDOL]HGPD[LPXPVWUHVV D QRQFDOLEUDWHG E FDOLEUDWHGPRGHO

 &21&/86,216
,QWKLVSDSHUPRGDOWHVWLQJDQGILQLWHHOHPHQWPRGHOXSGDWLQJRIDVWHHOKROORZWDSHUHGWRZHU
ZHUHSUHVHQWHG$'ILQLWHHOHPHQWPRGHORIWKHWRZHUZDVGHYHORSHGXVLQJWKH6$3
VRIWZDUH'\QDPLFWHVWVZHUHSHUIRUPHGXVLQJWKHLPSDFWKDPPHUWHFKQLTXHDQGDOVRDPELHQW
YLEUDWLRQWHVWLQJLQRUGHUWRH[WUDFWWKHQDWXUDOIUHTXHQFLHVRIWKHWRZHU7KH)(0PRGHOZDV
FDOLEUDWHGFKDQJLQJWKHERXQGDU\FRQGLWLRQVEXWDOVRLQFOXGLQJVRPHJHRPHWULFFKDUDFWHULVWLFV
FRPSOHPHQWHGE\EHWWHUGHWDLOLQJRIVRPHXQFHUWDLQPRGHOLQJSDUDPHWHUV
%DVHGRQWKHUHVXOWVRIWKLVVWXG\WKHIROORZLQJFRQFOXVLRQVFDQEHPDGHZLWKUHVSHFWWR
GLIIHUHQFHVLQG\QDPLFFKDUDFWHULVWLFVUHGXFWLRQRILQWKHILUVWQDWXUDOIUHTXHQF\RIWKH
WRZHUIURPWKHLQLWLDO)(0PRGHOWRWKHILQDOFDOLEUDWHGPRGHODQGDUHGXFWLRQRIIRUWKH
VHFRQGQDWXUDOIUHTXHQF\FRQVLGHUDEOHFKDQJHVLQWKHIRUPRIWKHVWDQGQGPRGHVKDSHV:LWK
UHVSHFWWRGLIIHUHQFHVLQWKHVWDWLFEHKDYLRURIWKHVWUXFWXUHUHVXOWVVKRZHGDLQFUHDVHLQ
WRZHUWRSGLVSODFHPHQWWKHFRPSUHVVLRQIRUFHLVWKHRQHZLWKWKHVPDOOHUGLIIHUHQFHVZLWKDQ
LQFUHDVHRIDURXQGWRLQPD[LPXPDQGPLQLPXPYDOXHVWKHPDMRUGLIIHUHQFHVLQ
FDOFXODWHGYDOXHVRFFXULQWKHEDVHVKHDUDQGWKHEDVHPRPHQWYDOXHVZLWKLQFUHDVHVUDQJLQJ
IURPWREXWPDLQWDLQLQJWKHORFDWLRQRIWKHSRLQWVRIPD[LPXPVWUHVVHV
7KHVHUHVXOWVVKRZWKHLPSRUWDQFHDQGWKHQHHGRIFDOLEUDWLQJ)(0QXPHULFDOPRGHOVWR
SURSHUO\UHSUHVHQWWKHUHDOG\QDPLFEHKDYLRURIWKHVWHHOVWUXFWXUHV
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$&.12:/('*(0(176
7KLVSDSHULVZLWKLQWKHVFRSHRIWKHILUVWDXWKRU¶V3K'GHJUHHLQSURJUHVVILQDQFLDOO\VXS
SRUWHGE\WKH3RUWXJXHVH)RXQGDWLRQIRU6FLHQFHDQG7HFKQRORJ\ )&7 WKURXJKWKH3K'JUDQW
UHIHUHQFH6)5+%'XQGHUWKHSURJUDPPH32&+ 1±3 DQGVXEVL
GL]HGE\WKH(XURSHDQ6RFLDO)XQG )6( DQGQDWLRQDOIXQGVIURP0&7(67KLVZRUNZDV
ILQDQFLDOO\VXSSRUWHGE\%DVH)XQGLQJ8,'%RIWKH&216758&7,QVWLWXWR
GH , ' HP (VWUXWXUDV H &RQVWUXo}HV  IXQGHG E\ QDWLRQDO IXQGV WKURXJK WKH )&70&7(6
3,''$& 

5()(5(1&(6
>@

,5RVHOOL00DOHQD00RQJHOOL1&YDODJOL0*LRIIUq*&DQLR*)HOLFH+HDOWK
DVVHVVPHQWDQGDPELHQWYLEUDWLRQWHVWLQJRIWKHµ3RQWHGHOOH7RUUL¶RI6SROHWRGXULQJWKH
± &HQWUDO ,WDO\ VHLVPLF VHTXHQFH Journal of Civil Structural Health
Monitoring9RO±GRLV

>@

$%UHQFLFK'6DELD([SHULPHQWDOLGHQWLILFDWLRQRIDPXOWLVSDQPDVRQU\EULGJH7KH
7DQDUR%ULGJHConstruction and Building Materials9RO±GRL
MFRQEXLOGPDW

>@

+:DQJ$4/L-/L3URJUHVVLYHILQLWHHOHPHQWPRGHOFDOLEUDWLRQRIDORQJVSDQ
VXVSHQVLRQEULGJHEDVHGRQDPELHQWYLEUDWLRQDQGVWDWLFPHDVXUHPHQWVEnginering ans
StrucutresYRO±GRLMHQJVWUXFW

>@

*%RVFDWR$'DO&LQ([SHULPHQWDODQGQXPHULFDOHYDOXDWLRQRIVWUXFWXUDOG\QDPLF
EHKDYLRURI5LDOWR%ULGJHLQ9HQLFHJournal of Civil Structures and Health Monitoring
YROS±GRLV

>@

' 5LEHLUR 3 -RUJH & &RVWD 5 6LOYD $ $UrGH DQG 5 &DOoDGD &DOLEUDomR
H[SHULPHQWDO GH PRGHORV QXPpULFRV GH SRQWHV IHUURYLiULDV HP DOYHQDULD GH SHGUD
XXXVII Iberian Latin American Concress on Computational Methods in Engineering


>@

%6HYLP$%D\UDNWDU$&$OWXQLLN6$WDPWUNWU)%LULQFL)LQLWHHOHPHQWPRGHO
FDOLEUDWLRQHIIHFWVRQWKHHDUWKTXDNHUHVSRQVHRIPDVRQU\DUFKEULGJHVFinite Element
Analisys and Design.YRO±GRLMILQHO

>@

$ & $OWXQLúLND $ %D\UDNWDU % 6HYLPD ) %LULQFLD 9LEUDWLRQEDVHG RSHUDWLRQDO
PRGDODQDO\VLVRIWKHPLNURQKLVWRULFDUFKEULGJHDIWHUUHVWRUDWLRQCivil Engineering and
Environmental
Systems
YRO



±

GRL


>@

& ( 9HQWXUD -) /RUG DQG 5 ' 6LPSVRQ (IIHFWLYH 8VH RI $PELHQW 9LEUDWLRQ
0HDVXUHPHQWV IRU 0RGDO 8SGDWLQJ RI D  6WRUH\ %XLOGLQJ LQ 9DQFRXYHU &DQDGD
International Conference on Structural Dynamics Modeling–Test, Analysis, Correlation
and Validation,±

>@

0 %DSWLVWD 3 0HQGHV $ &RVWD $ $ILOKDGR 3 6LOYD & 2OLYHLUD $QiOLVH
H[SHULPHQWDO SDUD D REWHQomR GDV FDUDFWHUtVWLFDV GLQkPLFDV GR HGLItFLR GD 3RUWXJDO
7HOHFRP QR 3DUTXH GDV 1Do}HV 6º Congresso Nacional de Sismologia e Engenharia
Sísmica - Sísmica 2004$YHLUR3RUWXJDOYRO±
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>@ 03LHUDFFLQL''HL0%HWWL*%DUWROL*7XFFL1*XDUGLQL'\QDPLFLGHQWLILFDWLRQ
RIKLVWRULFPDVRQU\WRZHUVWKURXJKDQH[SHGLWLRXVDQGQRFRQWDFWDSSURDFK$SSOLFDWLRQ
WRWKHµ7RUUHGHO0DQJLD¶LQ6LHQD ,WDO\ Journal of Cultural HeritageYRO±
GRLMFXOKHU
>@ $'HPLU+1RKXWFX((UFDQ(+RNHOHNOL*$OWLQWDV(IIHFWRIPRGHOFDOLEUDWLRQ
RQVHLVPLFEHKDYLRXURIDKLVWRULFDOPRVTXHStructural Engineering and MechanicsYRO
±GRLVHP
>@ 03DYORYLF67UHYLVDQL$&HFFKL$3URFHGXUHIRUWKH6WUXFWXUDO,GHQWLILFDWLRQRI
0DVRQU\7RZHUVJournal of Nondestructive EvaluationYRO±GRL
V
>@ 0 *LUDUGL & 3DGRYDQL ' 3HOOHJULQL / 5RERO $ ILQLWH HOHPHQW PRGHO XSGDWLQJ
PHWKRG EDVHG RQ JOREDO RSWLPL]DWLRQ Mechanical Systems and Signal Processing
GRLM\PVVS
>@ * 6DXGL 6WUXFWXUDO DVVHVVPHQW RI D JX\HG PDVW WKURXJK PHDVXUHPHQW RI QDWXUDO
IUHTXHQFLHV Engineering
Structures YRO  ±  GRL
MHQJVWUXFW
>@ $)0HQVDK/'XHxDV2VRULR,PSURYHGUHOLDELOLW\RIZLQGWXUELQHWRZHUVZLWKWXQHG
OLTXLG FROXPQ GDPSHUV 7/&'V  Structural Safety YRO  ±  GRL
MVWUXVDIH
>@ 0$/DFNQHU0$5RWHD3DVVLYHVWUXFWXUDOFRQWURORIRIIVKRUHZLQGWXUELQHVWind
EnergyYRO±GRLZH
>@ * 2OLYHLUD ) 0DJDOKmHV $ &XQKD ( &DHWDQR '\QDPLF PRQLWRULQJ V\VWHP IRU
XWLOLW\VFDOHZLQGWXUELQHVGDPDJHGHWHFWLRQDQGIDWLJXHDVVHVVPHQWJournal of Civil
Structures and Health MonitoringYRO±GRLV

>@ %)LW]JHUDOG%%DVX$FWLYHWXQHGPDVVGDPSHUFRQWURORIZLQGWXUELQHQDFHOOHWRZHU
YLEUDWLRQVZLWKGDPDJHGIRXQGDWLRQVKey Engineering MaterialsYRO±±
GRLZZZVFLHQWLILFQHW.(0
>@ + =XR . %L + +DR 8VLQJ PXOWLSOHWXQHGPDVV GDPSHUV WR FRQWURO RIIVKRUH ZLQG
WXUELQHYLEUDWLRQVXQGHUPXOWLSOHKD]DUGVEngineering StructuresYRO±
GRLMHQJVWUXFW
>@ 7 *HQWLOV / :DQJ  $ .ROLRV ,QWHJUDWHG VWUXFWXUDO RSWLPLVDWLRQ RI RIIVKRUH ZLQG
WXUELQH VXSSRUW VWUXFWXUHV EDVHG RQ ILQLWH HOHPHQW DQDO\VLV DQG JHQHWLF DOJRULWKP
Applied EnergyYRO±GRLMDSHQHUJ\
>@ <<.R$VLPSOLILHGVWUXFWXUDOPRGHOIRUPRQRSLOHVXSSRUWHGRIIVKRUHZLQGWXUELQHV
ZLWK WDSHUHG WRZHUV Renewable Energy, YRO  ±  GRL
MUHQHQH
>@ = =KDQJ $ 6WDLQR % %DVX 6 5 . 1LHOVHQ 3HUIRUPDQFH HYDOXDWLRQ RI IXOOVFDOH
WXQHGOLTXLGGDPSHUV 7/'V IRUYLEUDWLRQFRQWURORIODUJHZLQGWXUELQHVXVLQJUHDOWLPH
K\EULG WHVWLQJ Engineering Structures YRO  ±  GRL
MHQJVWUXFW
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>@ )&DVWHOODQL'$VWROIL0%HFFKHWWL)%HUQR)&LDQHWWL$&HWULQL([SHULPHQWDO
DQG QXPHULFDO YLEUDWLRQDO DQDO\VLV RI D KRUL]RQWDOD[LV PLFURZLQG WXUELQH Energies
YROGRLHQ
>@ &(1(XURFyGLJR±3URMHFWRGHHVWUXWXUDVGHDoR3DUWH5HJUDVJHUDLVHUHJUDVSDUD
HGLItFLRV
>@ 0($UVODQ$'XUPXú0RGDOWHVWLQJDQGILQLWHHOHPHQWPRGHOFDOLEUDWLRQRILQILOOHG
UHLQIRUFHFRQFUHWHIUDPHVJVC/Journal Vibration and ControlYRO±
GRL
>@ &(1(XURFRGH'HVLJQRIVWHHOVWUXFWXUHV3DUW6WUHQJWKDQG6WDELOLW\RI6KHOO
6WUXFWXUHV
>@ '195LV¡Guidelines for Design of Wind Turbines'HQPDUN
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&203'<1
WK(&&20$67KHPDWLF&RQIHUHQFHRQ
&RPSXWDWLRQDO0HWKRGVLQ6WUXFWXUDO'\QDPLFVDQG(DUWKTXDNH(QJLQHHULQJ
03DSDGUDNDNLV0)UDJLDGDNLV HGV 
6WUHDPHGIURP$WKHQV*UHHFH-XQH

3$5$0(75,&678'<2)/$77,&(72:(56217+(,1)/8(1&(
2):,1'$&7,21)25',))(5(177<32/2*,(62)%5$&,1*
&DUQHLUR%DUURV5XLDQG%DUURV5*/XtV


&216758&7)DFXOGDGHGH(QJHQKDULD8QLYHUVLGDGHGR3RUWR
)(833RUWR3RUWXJDO
UFE#IHXSSW


%66(/GD±3RUWR3RUWXJDO
OXLVJXLPDUDHVEDUURV#JPDLOFRP

$EVWUDFW
The telecommunications sector is a fundamental pillar of today's society. The answer to the
need for constant communication is based on a network of structures, that allows the uninterrupted functioning of the communication system. Among these structures of the communication infrastructure are the so-called telecommunications towers, which are fundamental
elements for the functioning of the system. Therefore, given the importance and actual demand for these structures, there is a great need for a deep knowledge of their behaviour, to
find more economically viable and safer solutions. Since the wind action is in fact the most
significant and conditioning for the design of this type of structures, this work focusses on the
study of different bracing schemes, which were divided into three groups differing by specific
parameters or even locations. Starting from a base or initial model of a lattice tower designed
according to Eurocodes (EC1 and EC3), five conceptual tower models were redesigned with
different lay-out schemes, but without changing the territorial location and their height and
width. These models were analysed and compared to understand how different bracing
schemes can affected the wind action determination and what are their consequences on the
behaviour of the structures and their design.
.H\ZRUGV/DWWLFHWRZHUVZLQGORDGLQJDFWLRQ(1(1SDUDPHWULFVWXG\
RQEUDFLQJ
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 ,1752'8&7,21
7KHGHYHORSPHQWRIWRGD\ VVRFLHW\LVDOVRVWURQJO\OLQNHGWRWKHHDVHDQGVSHHGRIFRP
PXQLFDWLRQDQGLQIRUPDWLRQVKDULQJDQGVRLWLVQRWGLIILFXOWWRXQGHUVWDQGWKHLPSRUWDQFHRI
WHOHFRPPXQLFDWLRQVWRZHUVFRPPRQO\SUHVHQWLQWKHXUEDQODQGVFDSHDQGHOVHZKHUH7KHVH
VWUXFWXUHV QRUPDOO\ RI JUHDW KHLJKW KDYH DV PDLQ REMHFWLYH WKH SODFHPHQW RI WUDQVPLVVLRQ
HTXLSPHQWRQLWVWRSWKDWDOORZVWKHDGHTXDWHWUDQVPLVVLRQRIVLJQDOV:LWKDQLQFUHDVLQJXVH
RIPRELOHSKRQHVDQGWKHRIIHURIVHUYLFHVVXFKDVFKDQQHOWHOHYLVLRQWKHUHLVDJUHDWHUQHHG
IRUWKHLPSODQWDWLRQRIWKHVHVWUXFWXUHVWRJXDUDQWHHDJRRGTXDOLW\RIDOOWKHVHUYLFHVSURYLGHG
>@%XWGHVSLWHWKHJUHDWLPSRUWDQFHRIWHOHFRPPXQLFDWLRQVWRZHUVWRVRFLHW\WKHVHVWUXFWXUHV
H[KLELW VWDWLVWLFDOO\ D KLJKHU QXPEHU RI IDLOXUHV ZKHQ FRPSDUHG ZLWK PDQ\ RWKHU VWUXFWXUHV
>@7KXVLWLVHVVHQWLDOWRXQGHUVWDQGWKHEHKDYLRXURIWKHVHVWUXFWXUHVVRWKDWLWLVSRVVLEOHWR
GHVLJQWKHPDVHFRQRPLFDOO\YLDEOHDVSRVVLEOHEXWVWLOOFRPSO\LQJZLWKVDIHW\FULWHULD
7KLVZRUNIRFXVVHVRQWKHVWXG\RIGLIIHUHQWEUDFLQJVFKHPHVZKLFKFDQEHGLYLGHGLQWR
WKUHHJURXSVGLIIHULQJE\VSHFLILFSDUDPHWHUVRUHYHQORFDWLRQVDFKDQJHRUPRGLILFDWLRQGRQH
WRDVSHFLILFWRZHUSDUDPHWHUFDXVHVUHVL]LQJRIVWUXFWXUDOPHPEHUVWRVDWLVI\WKHVWUXFWXUDO
GHVLJQFRQGLWLRQVIRUWKHWRZHUZLQGDFWLRQVDWWKHLPSODQWDWLRQVLWH>@6WDUWLQJIURPDEDVH
PRGHORIDODWWLFHWRZHUGHVLJQHGDFFRUGLQJWR(XURFRGHV (&DQG(& FRQFHSWXDOWRZHU
PRGHOVZHUHUHGHVLJQHGZLWKGLIIHUHQWOD\RXWRIEUDFLQJVFKHPHVEXWZLWKRXWFKDQJLQJWKH
WHUULWRULDOORFDWLRQDQGWKHWRZHUKHLJKWDQGZLGWK7KHVHPRGHOVZHUHDQDO\VHGDQGFRPSDUHG
WRXQGHUVWDQGKRZGLIIHUHQWEUDFLQJVFKHPHVFDQDIIHFWHGWKHZLQGDFWLRQGHWHUPLQDWLRQDQG
ZKDWDUHWKHLUFRQVHTXHQFHVRQWKHEHKDYLRXURIWKHVWUXFWXUHVDQGWKHLUGHVLJQ

 '(6&5,37,212)&21&(378$/72:(502'(/6

 ,QLWLDO7RZHU0RGHOIRU5HIHUHQFH&RPSDULVRQ

7KHLQLWLDOPRGHORIWKHWRZHUSUHGHVLJQHGE\WKHLQGXVWULDOSDUWQHU0HWDORJDOYD,UPmRV
6LOYD 6$ DFFRUGLQJWR WKLV PHWDORPHFKDQLFDOFRPSDQ\H[SHULHQFHRQODWWLFHWRZHUVDQG LWV
LQGXVWULDOSURGXFWLRQFKDUDFWHULVWLFV LQFOXGLQJGHOLYHU\DQGDVVHPEODJHDWVSHFLILFORFDWLRQV 
FRQVLVWV RI D VHOIVXSSRUWLQJ ODWWLFH WRZHU ZLWK D WULDQJXODU VHFWLRQ  PHWHUV KLJK DQG 
PHWHUVZLGHDWWKHEDVH
7KH WRZHU FDQ EH GLYLGHG LQWR WZR GLVWLQFW WRZHU VHJPHQWV WKH ILUVW RU ORZHU VHJPHQW
IURPWKHEDVHWRDERXWWZRWKLUGVRIWKHKHLJKWXSWRPHWHUVXVHVWKH.W\SRORJ\VFKHPH
DVWKHPDLQEUDFLQJV\VWHPLQHOHYDWLRQDORQJWKHKHLJKWWKHVHFRQGRUXSSHUVHJPHQWLQWKH
ODVW  PHWHUV XVHV ODWWLFH GLDJRQDO EUDFLQJ EHFDXVH WKLV WRZHU VHJPHQW ZLGWK LV PXFK
VPDOOHU
7KH GLDSKUDJPV ZKLFK FRQVWLWXWH KRUL]RQWDO VWLIIHQLQJ ]RQHV RU KRUL]RQWDO EUDFLQJ V\V
WHPVDUHVSDFHGPHWHUVDSDUWXSWRPHWHUVLQKHLJKWRIWKHILUVWWRZHUVHJPHQWLQWKH
ODVWPHWHUVWKHGLDSKUDJPVRIWKHVHFRQGWRZHUVHJPHQWDUHVSDFHGPHWHUVDSDUW
7DEOH  LQGLFDWHV WKH FKDUDFWHULVWLFV RI WKH LQLWLDO WRZHU PRGHO DQG )LJXUH  VKRZV WKH
JHQHUDO'OD\RXW
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7DEOH&KDUDFWHULVWLFVRIWKHLQLWLDOWRZHUPRGHO

7RWDOKHLJKW
7RSZLGWK
%DVHZLGWK
1XPEHURIVXEVHJPHQWV  
7\SHRISURILOHXVHG
6WHHOFODVV
8OWLPDWHVWUHVV fu 
<LHOGVWUHVV fy 
(ODVWLFLW\PRGXOXV E 
'LVWRUWLRQPRGXOXV G 
PoissonFRHIILFLHQW Ȟ 
&RHIILFLHQWRIWKHUPDOH[SDQVLRQ Į 

)LJXUH,QLWLDOWRZHUPRGHO
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 7RZHU0RGHO$
7KLVWRZHUPRGHO$ VKRZQLQ)LJXUH LVYHU\VLPLODUWRWKHLQLWLDOWRZHUPRGHOWKHRQO\
FKDQJHRFFXUULQJLQWKHXSSHUWRZHUVHJPHQWZLWKDWUXVVV\VWHPZKHUHDQHZFLUFXODUSURILOH
PHPEHUZDVDGGHGLQWKHRSSRVLWHGLUHFWLRQWRWKHH[LVWLQJRQHWKHUHIRUHPDNLQJLWDFURVV
RU; EUDFLQJV\VWHPLQVWHDGRIWKHGLDJRQDOEUDFLQJRIWKHLQLWLDOWRZHUPRGHO
7KLVDOWHUDWLRQDWWULEXWHVDJUHDWHUVWLIIQHVVWRWKHDOWHUHGXSSHUWRZHUVHJPHQWLQFUHDVLQJ
LWVWRUVLRQDOVWLIIQHVVKRZHYHUZLWKWKHDGGLWLRQRIWKHGLDJRQDOVWKHH[SRVXUHDUHDWRZLQG
DFWLRQVLQFUHDVHV

)LJXUH7RZHUPRGHO$

 7RZHU0RGHO%
,QWRZHUPRGHO% VKRZQLQ)LJXUH D  WKHFKDQJHPDGHFRQVLVWVRIYDU\LQJWKHVSDFLQJ
EHWZHHQ WKH KRUL]RQWDO GLDSKUDJPV EUDFLQJ V\VWHP 6XFK FKDQJH RFFXUUHG RQO\ LQ WKH ILUVW
WKLUG SDUW RI WKH VWUXFWXUH XS WR  PHWHUV LQ KHLJKW DQG WKH VSDFLQJ FKRVHQ EHWZHHQ GLD
SKUDJPOHYHOVLVPHWHUV
 7RZHU0RGHO&
7KHWRZHUPRGHO& VKRZQLQ)LJXUH E  LVOLNHWRZHUPRGHO%EXWQRZVWXG\LQJWKH
YDULDWLRQ RI UHVXOWV IRU D FKRVHQ VSDFLQJ RI  PHWHUV EHWZHHQ KRUL]RQWDO GLDSKUDJPV LQ WKH
ILUVWPHWHUVRIWKHWRZHUVWUXFWXUHVRLQLWLDOWRZHUPRGHOKDVKRUL]RQWDOGLDSKUDJPEUDFLQJ
V\VWHPZLWKPHWHUVVSDFLQJZKLOHIRUWRZHUPRGHOV%DQG&VXFKVSDFLQJLVRIPHWHUV
DQGPHWHUVUHVSHFWLYHO\
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D   E 
)LJXUH D 7RZHUPRGHO% E 7RZHUPRGHO&

 7RZHU0RGHO'
7KHGHYHORSPHQWRI WKHWRZHU PRGHO'DLPVWRDQDO\VHWKHVWUXFWXUH VEHKDYLRXULQFDVH
WKHPDLQEUDFLQJV\VWHPLQHOHYDWLRQLVDOWHUHGLQWKHILUVWWKLUGSDUWRIWKHVWUXFWXUHXSWR
PHWHUVLQKHLJKWIURPWKHRULJLQDO³.´EUDFLQJV\VWHPWRDGLVFRQWLQXRXVEUDFLQJV\VWHPDV
VKRZQLQ)LJXUH D WKLVWRZHUPRGHO'VWLOOSUHVHQWVWKHFRQWLQXRXVKRUL]RQWDOGLDSKUDJP
EUDFLQJV\VWHPDWVSHFLILFKRUL]RQWDOLQWHUVHFWLRQV
 7RZHU0RGHO(
7KHWRZHUPRGHO(VKRZQLQ)LJXUH E OLNHWKHWRZHUPRGHO'DOVRDLPVWRVWXG\KRZ
VRPH DOWHUDWLRQV RI WKH EUDFLQJ V\VWHP LQIOXHQFHV WKH RSHUDWLRQ RI WKH WRZHU XVLQJ DQRWKHU
YDULDWLRQRIGLVFRQWLQXRXVPDLQEUDFLQJV\VWHPLQHOHYDWLRQ,QWKLVPRGHOWRZHU(WKHPDLQ
³.´EUDFLQJV\VWHPWKDWH[LVWVLQHOHYDWLRQLQWKHRULJLQDOWRZHUZDVUHSODFHGHQWLUHW\XSWR
PHWHUVLQKHLJKWE\DGLVFRQWLQXRXVEUDFLQJORFNLQJV\VWHPLQHOHYDWLRQEXWVWLOOZLWK
FRQWLQXRXVKRUL]RQWDOGLDSKUDJPEUDFLQJV\VWHPDWVSHFLILFKRUL]RQWDOLQWHUVHFWLRQV
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 D  E 
)LJXUH D 7RZHUPRGHO' E 7RZHUPRGHO(

,Q7DEOHDEULHIV\QWKHVLVLVJLYHQDERXWWKHVL[WRZHUPRGHOVGHVLJQHGDQGDQDO\VHGLQ
WKLVSDUDPHWULFVWXG\EXWVWLOOFRPSO\LQJZLWKWKHPHWDORPHFKDQLFDOFRPSDQ\H[SHULHQFHRQ
ODWWLFHWRZHUVDQGLWVLQGXVWULDOSURGXFWLRQFKDUDFWHULVWLFV)RUHDFKGHVLJQDOWHUQDWLYHHPSKD
VLVLVJLYHQWRWKHILQDOWRWDOZHLJKWRIWKHWRZHU GLUHFWO\UHODWHGWRFRVWV DQGWRWKHH[SRVHG
DUHDWRZLQGLQHDFKWRZHUIDFHRULQFLGHQFHSODQHWRZLQG
7DEOH)LQDOZHLJKWDQGH[SRVHGDUHDVIRUDOWHUQDWLYHWRZHUPRGHOV

7RZHUODEHO

7RWDOZHLJKWRIWRZHU
NJI NJI§N1

([SRVHGDUHDSHUIDFH
P 

,QLWLDOWRZHUPRGHO





7RZHUPRGHO$





7RZHUPRGHO%





7RZHUPRGHO&





7RZHUPRGHO'





7RZHUPRGHO(
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 :,1'$&7,216217+(72:(56
7KHGHVLJQJXLGHOLQHVIRUWKHUHJXODWRU\QRUPDWLYHRIWKHZLQGDFWLRQVRQWKHWRZHUVZHUH
WKH FRUUHVSRQGLQJ SDUWV RI (XURFRGHV (& DQG (& QDPHO\ (1  >@ DQG 
>@$GGLWLRQDOFRPSUHKHQVLYHELEOLRJUDSK\XVHGDVVXSSRUWZHUHWKHERRNFKDSWHURI%DUURV
et al.>@DQGWKHDUWLFOHRI&DORVWHVFX>@$OVRWKHJUDGXDWLRQPDVWHU¶VWKHVLVRIWKHVHFRQG
FRDXWKRU>@GHWDLOVWKHUHPDLQLQJH[SUHVVLRQVDQGFDOFXODWLRQV
 :LQGYHORFLW\DQGG\QDPLFZLQGSUHVVXUH
7KH WRZHU LV ORFDWHG LQ =RQH % PHQWLRQHG LQ 13 (11$ >@ WR ZKLFK FRUUH
VSRQGV D UHIHUHQFH ZLQG EDVH YHORFLW\ RI  PV WKH DGRSWHG RURJUDSK\ FRHIILFLHQW ZDV
FR ] 
)RUJURXQGFDWHJRU\,,SDUDPHWHUV]DQG]PLQDUHUHVSHFWLYHO\] PDQG]PLQ P
7KHWXUEXOHQFHFRHIILFLHQW XVHGZDVWKHUHFRPPHQGHGYDOXHRI8VLQJVSHFLILFPDVV
RIDLUȡDLU NJP±PHQWLRQHGLQFODXVH  RI(XURFRGH(1>@±DQG
UHVRUWLQJWRWKHH[SUHVVLRQVRI(&>@DQG(&>@ZLWKUHVSHFWWRFKDUDFWHUL]DWLRQRIZLQG
DFWLRQV E\ RQH RI WKH WZR PHWKRGRORJLHV LQ (XURFRGH DQQH[HV  RU WR WKH H[SUHVVLRQV DOVR
XVHGLQWKHDERYHPHQWLRQHGFRPSUHKHQVLYHELEOLRJUDSK\RI%DUURVet al.>@DQG&DORVWHVFX
>@ 7DEOH  FDQ EH V\VWHPDWLFDOO\ REWDLQHG 7KH ODVW WZR FROXPQV LQ WKLV WDEOH FDOFXODWLRQ
SURFHGXUHRIZLQGDFWLRQVVWHS, SUHVHQWUHVSHFWLYHO\WKHG\QDPLFZLQGSUHVVXUH LQ3D DQG
WKHZLQGSHDNYHORFLW\ LQPV DWVHFWLRQOHYHOV OLPLWLQJGLVWLQFWWRZHUSDQHOV LQZKLFK
WKH WRZHUV ZHUH GLVFUHWL]HG DORQJ KHLJKW DW VSHFLILF HOHYDWLRQV ] LQ P  IRULPSURYLQJ PRUH
DFFXUDWHGHWHUPLQDWLRQRIGLVWULEXWHGZLQGUHODWHGTXDQWLWLHV
7DEOH&DOFXODWLRQSURFHGXUHVWHS,
6HFWLRQ
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 :LQGIRUFHFRHIILFLHQW
7KHFRHIILFLHQWRIZLQGIRUFHRIDODWWLFHPHWDOOLFWRZHU  GHSHQGVRQWKHLQGH[RIILOOHG
SDUWVĳGHILQHGDVWKHUDWLREHWZHHQWKHVROLGDUHDSHUSDQHODQGWKHDUHDRIWKHSDQHOLILWZDV
FRPSOHWHO\ILOOHG,QWKLVGHWHUPLQDWLRQRIWKHFRHIILFLHQWRIZLQGIRUFHUHTXLUHGIRUWKHFDOFX
ODWLRQRIZLQGDFWLRQVLWLVFRQVHUYDWLYHO\DVVXPHGWKDWWKHWRZHULVVXEMHFWHGWRDVXSHUFULWLF
ZLQG IORZ )RU ODWWLFH WRZHUV RI WULDQJXODU FURVV VHFWLRQ PDGH RI HTXLODWHUDO WULDQJOHV WKH
ZLQGFDXVHVWKHPD[LPXPGUDJZKHQLWVGLUHFWLRQLVQRUPDOWRWKHIDFHDV>@6RLWLVJRLQJ
WREHFRQVLGHUHGLQWKHVHDQDO\VHVDQXOORU]HURDQJOHRIDWWDFNWKDWLVWKHZLQGDFWVQRUPDOWR

WKHIDFHRIWKHWRZHU ș  DQGWKHQWKHZLQGLQFLGHQFHIDFWRU
7DEOH  GHWDLOVIRUWKHVHFWLRQ OHYHOVDVVRFLDWHGZLWKWRZHUSDQHOVWKHFDOFXODWLRQSURFH
GXUHRIZLQGDFWLRQVVWHS,,LQGH[RIILOOHGSDUWVDQGFRUUHVSRQGLQJZLQGIRUFHFRHIILFLHQW
7DEOH&DOFXODWLRQSURFHGXUHVWHS,,
6HFWLRQ
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ĳ













































































 6WUXFWXUDOFRHIILFLHQW
WKHG\QDPLFSDUDPHWHUVRIWKHWRZ
)RUWKHGHWHUPLQDWLRQRIWKHVWUXFWXUDOFRHIILFLHQW
HU ZHUH REWDLQHG XVLQJ D ILQLWH HOHPHQW PHWKRG PRGHO 7KH ILUVW YLEUDWLRQ PRGH KDV D IUH
TXHQF\YHU\FORVHWRXQLWVRWKDW LQ(XURFRGHVV\PERORJ\ Q DOVRIRUWKHORJDULWKPLF
GHFUHPHQWRIVWUXFWXUDOGDPSLQJWKHYDOXHįV ZDVDVVXPHG7KHUHPDLQLQJLQWHUPHGL
DWHYDOXHVQHFHVVDU\IRUWKHFDOFXODWLRQRIWKHVWUXFWXUDOFRHIILFLHQWVDUHVKRZQLQWKHIROORZ
LQJ7DEOHWKURXJK7DEOHIRUPRUHGHWDLOVUHIHUWR>@>@>@
7DEOH&DOFXODWLRQSURFHGXUHVWHS,,, D 
/

.JP 




2150



&DUQHLUR%DUURV5XLDQG%DUURV5*/XtV
7DEOH&DOFXODWLRQSURFHGXUHVWHS,,, E 
6HFWLRQ





































































































































































































































































































































7DEOH&DOFXODWLRQSURFHGXUHVWHS,,, F 
6HFWLRQ
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 :LQGIRUFHV

7KHZLQGIRUFHVDUHFDOFXODWHGXVLQJWKHIROORZLQJHTXDWLRQ

  

ZKLFKZDVVKRZQLQGHWDLODQGZLWKLWVXVHGH[SODLQHGLQWKHWKLUGFKDSWHURI>@
,Q 7DEOH  DUH SUHVHQWHG WKH TXDQWLWLHV XVHG IRU WKH FDOFXODWLRQ RI ZLQG IRUFH WKH ZLQG
IRUFHYDOXHDQGWKHZLQGIRUFHYDOXHSHUQRGHLQHDFKSDQHODJDLQIRUPRUHGHWDLOVUHIHUWR
>@>@>@


7DEOH&DOFXODWLRQSURFHGXUHVWHS,9

6HFWLRQ
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 :LQGIRUFHVRQHTXLSPHQWDX[LOLDU\VWUXFWXUHV

)RU WKH FDOFXODWLRQ RI WKH IRUFHV DFWLQJ RQ HTXLSPHQW DX[LOLDU\ VWUXFWXUHV DQ HTXLSPHQW
H[SRVHGDUHDRIPZDVDOORZHGLQWKHODVWPHWHUVIURPWKHWRSRIWKHWRZHU$FFRXQW
ZDVDOVRWDNHQRQWKHH[LVWHQFHRIDQDFFHVVVWDLUFDVHWKURXJKRXWWKHKHLJKWRIWKHWRZHUDV
ZHOODVPRIFDEOLQJVZLGWKDFURVVWKHKHLJKW
7DEOHVKRZVWKHYDOXHVRIZLQGIRUFHVLQDX[LOLDU\VWUXFWXUHVDQGWKHLUVHFWLRQOHYHORI
DFWXDWLRQ



2152
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7DEOH:LQGIRUFHVRQHTXLSPHQWDX[LOLDU\VWUXFWXUHV
6HFWLRQ

 N1 

SHU
QRGH N1 































&RPELQDWLRQVRIDFWLRQV
7KHFRPELQDWLRQVRIDFWLRQVXVHGLQWKLVSDUDPHWULFVWXG\IRUWKHXOWLPDWHOLPLWVWDWH 8/6 
DUHVKRZQLQ7DEOHV7DEOHVDQGGHWDLOWKHFRQGLWLRQLQJFRPELQDWLRQVIRUWKH
GHWHUPLQDWLRQRIJHQHUDOL]HGIRUFHVDQG7DEOHGHWDLOVWKHFRQGLWLRQLQJFRPELQDWLRQIRUWKH
GHWHUPLQDWLRQRIGLVSODFHPHQWV
7DEOHGHWDLOVWKHFRQGLWLRQLQJFRPELQDWLRQRIDFWLRQVXVHGLQWKLVSDUDPHWULFVWXG\IRU
WKHGHWHUPLQDWLRQRIGLVSODFHPHQWVXQGHUWKHVHUYLFHDELOLW\OLPLWVWDWH 6/6 
)RU D EHWWHU XQGHUVWDQGLQJ RI WKH FRPELQDWLRQV GHWDLOHG WKH QRPHQFODWXUH XVHG DQG LWV
PHDQLQJLVWKHIROORZLQJ33UHIHUVWRVHOIZHLJKW:LQGB<UHIHUVWRZLQGDFWLQJDORQJWKH
GLUHFWLRQ<:LQG<UHIHUVWRZLQGDFWLQJDORQJWKHGLUHFWLRQ<:LQGB;UHIHUVWRZLQG
DFWLQJ DORQJ WKH GLUHFWLRQ ;  3/$7 6: UHIHUV WR SODWIRUP VHOIZHLJKW3/$7 // UHIHUV WR
SODWIRUPOLYHORDG
7DEOH&RPELQDWLRQRIDFWLRQVIRU8/6±JHQHUDOL]HGIRUFHV VWFRPELQDWLRQ 
)DFWRU

$FWLRQ
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3/$76:



3/$7//



:LQGB<

7DEOH&RPELQDWLRQRIDFWLRQVIRU8/6±JHQHUDOL]HGIRUFHV QGFRPELQDWLRQ 
)DFWRU

$FWLRQ



33



3/$76:



3/$7//



:LQGB;
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7DEOH&RPELQDWLRQRIDFWLRQVIRU8/6±GLVSODFHPHQWV
)DFWRU

$FWLRQ



33



3/$76:



3/$7//



:LQGB<


7DEOH&RPELQDWLRQRIDFWLRQVIRU6/6±GLVSODFHPHQWV



)DFWRU

$FWLRQ
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3/$76:



:LQGB<

$1$/<6,62)5(68/76

7DEOHVKRZVWKHYDOXHVRIWKHJHQHUDOL]HGUHDFWLRQVDWWKHEDVHRIWKHWRZHUVREWDLQHG
DWHDFKWRZHUPRGHODQDO\VHGLQDFFRUGDQFHZLWKWKH8/6FRPELQDWLRQVRI7DEOHVDQG
7KHVH JHQHUDOL]HG UHDFWLRQV DUH UHVSHFWLYHO\ WKHIRUFHUHDFWLRQV LQ WKH KRUL]RQWDO EDVH SODQH
)[DQG)\ DQGWKHYHUWLFDOIRUFHUHDFWLRQ)]DVZHOODVWKHWZRPRPHQWUHDFWLRQV0[DQG0\
DWWKHEDVHRIWKHWRZHUV
7DEOH9DOXHVRI5HDFWLRQVDWWKHEDVHRIWKHWRZHUVIRU8/6
)[ N1 

)\ N1 

)] N1 
0tQ

0[
N1P 

0\
N1P 







































































7RZHUODEHO

0D[

0tQ

0D[

0tQ

0D[

,QLWLDOWRZHU
PRGHO
7RZHUPRGHO$















7RZHUPRGHO%





7RZHUPRGHO&





7RZHUPRGHO'



7RZHUPRGHO(



)URPWKHDQDO\VLVRIWKHUHVXOWVRIWKLVSDUDPHWULFVWXG\HDFKWRZHULGHQWLW\RUSDUDPHWHU
RIFKDQJHFDQEHHDVLO\GLVWLQJXLVKHG7RZHUPRGHO$KDVWKHKLJKHVWEHQGLQJPRPHQWV 0[
DQG0\ DWWKHEDVHGXHWRWKHLQFUHDVHLQWKHZLQGIRUFHEHFDXVHRIWKHLQFUHDVHLQWKHH[SR
VXUHDUHDRIWKLVPRGHOKDVEHHQPDGHDWWKHWRSRIWKHVWUXFWXUHJUHDWO\LQIOXHQFLQJWKHYDOXH
RIWKHPRPHQWVDWWKHEDVH
,Q WKH WRZHU PRGHOV % DQG & WKH WZR EHQGLQJ PRPHQWV DW WKH EDVH DUH VXSHULRU WR WKH
PRPHQWVDWWKHEDVHRIWKHLQLWLDOWRZHUPRGHOIRUUHDVRQVDOUHDG\H[SODLQHGDERYHDQGDOVR
EHFDXVH WKH FRPSURPLVH EHWZHHQ LQFUHDVHG ZLQG DFWLRQ DQG LQFUHDVHG VWLIIQHVV GXH WR WKH
UHVL]LQJ GLGQRWSURYHWREHEHQHILFLDODWWKLVSRLQW

2154

&DUQHLUR%DUURV5XLDQG%DUURV5*/XtV

,QWKHWRZHUPRGHOV'DQG(WKHWZREHQGLQJPRPHQWVDWWKHEDVHDUHVOLJKWO\ORZHUWKDQ
WKHPRPHQWVDWWKHEDVHRIWKHLQLWLDOWRZHUPRGHOEHFDXVHWKHDFWLRQRIWKHZLQGRQWKHVH
WRZHUPRGHOVLVVOLJKWO\OHVVWKDQWKHDFWLRQRIWKHZLQGRQWKHRULJLQDOWRZHUWKXVJHQHUDWLQJ
VPDOOHUPRPHQWV
5HJDUGLQJWKHYDOXHVRIWKHJHQHUDOL]HGGLVSODFHPHQWV ODWHUDOGLVSODFHPHQWVDQGWRUVLRQDO
URWDWLRQ WKURXJK YHUWLFDO JOREDO D[LV  LQ DFFRUGDQFH ZLWK WKH 6/6 FRPELQDWLRQ RI 7DEOH 
WKHLUUHVXOWVDUHSUHVHQWHGLQ7DEOHIRUWKHWRSDVZHOODVIRUVHFWLRQVDWWZRWKLUGVDQGRQH
WKLUGRIWKHWRZHUKHLJKW + 
7DEOH9DOXHVRIODWHUDOGLVSODFHPHQWVDQGURWDWLRQVIRUWKH6/6

/DWHUDOGLVSODFHPHQW FP 

5RWDWLRQDORQJYHUWLFDOD[LV  

7RZHUPRGHO

,QLWLDOWRZHU
7RZHU$
7RZHU%

7RS

+

+

7RS

+

+









































































7RZHU&
7RZHU'
7RZHU(

,QJHQHUDOLWLVREVHUYHGWKDWWKHGLIIHUHQFHLQODWHUDOGLVSODFHPHQWVLVQRWVLJQLILFDQWRI
WKHRUGHURIFPLQWKHWRSVHFWLRQIRUPRGHOV$%&(DQGPPIRUPRGHO'PXFKVPDOO
HUGLIIHUHQFHVDWWKHRWKHUWRZHUVHFWLRQV:LWKUHJDUGVWRURWDWLRQDORQJYHUWLFDOD[LVDOOWKH
WRZHUPRGHOVKDYHURWDWLRQYDOXHVTXLWHLGHQWLFDOH[FHSWWKHWRSURWDWLRQRIWRZHUPRGHO$LQ
IDFWIRUWKLVWRZHUPRGHO$WKHPD[LPXPURWDWLRQLVWRORZHUWKDQPD[LPXPURWDWLRQ
RIWKHRWKHUWRZHUPRGHOV7KLVFRXOGEHH[SHFWHGEHFDXVHWKHLQFUHDVHRIWKHVWLIIQHVVRIWKH
WRSWKLUGSDUWRIWKHWRZHUVWUXFWXUH DERYHP E\DGGLQJDQDGGLWLRQDOGLDJRQDOPHPEHU
FRQYHUWLQJWKHLQLWLDOGLDJRQDOEUDFLQJLQWRDFURVV;EUDFLQJOHDGVWRDQH[SHFWHGUHGXFWLRQ
RIWRUVLRQDOURWDWLRQVDWWKHWRSWRZHUOHYHOV
 &21&/86,216
$OOWKHSURSRVHGWRZHUPRGHOVZHUHUHVL]HGRUUHGHVLJQHGOHDGLQJWRFKDQJHVLQWKHW\SH
RI FLUFXODU SURILOH XVHG LQ YDULRXV VHFWLRQV DQGLQ WKH WRWDO QXPEHU RI HOHPHQWV XVHG 7KHVH
FKDQJHV EHVLGHV OHDGLQJ WR GLIIHUHQW VWUXFWXUDO UHVSRQVHV ZKHQ WKH WRZHUV ZHUH VXEMHFW WR
ZLQGDFWLRQ DVSUHYLRXVO\H[SODLQHGDQGDQDO\VHG DOVROHDGWRGLIIHUHQWFRVWVRIWKHPRGHOV
SURSRVHGWRZHUVWUXFWXUHV7DEOHVKRZVDQHVWLPDWHRIWKHWRWDOZHLJKWRIHDFKWRZHUDQG
DQHVWLPDWHRIWKHSULFHRIHDFKWRZHUFRQVLGHULQJDPDUNHWYDOXHIRUWKHVWHHOSULFHRIDURXQG
HXURVSHUNLORJUDPIRUFHRIZHLJKW
,QYLHZRIWKHIRUHJRLQJFRQVLGHUDWLRQVERWKLQWHUPVRIWKHJHQHUDOL]HGUHDFWLRQYDOXHV
DQGJHQHUDOL]HGGLVSODFHPHQWVDQGLQWHUPVRIHVWLPDWHGWRWDOFRVWDVVRFLDWHGZLWKWKHVWXGLHG
VROXWLRQVLQWKLVSDUDPHWULFVWXG\LWLVWKRXJKWWKDWLQDGGLWLRQWRWKHRULJLQDOVROXWLRQDVVR
FLDWHGZLWKWKHLQLWLDOWRZHUPRGHOVWUXFWXUHWKHPRVWLQGLFDWHGDOWHUQDWLYHVPD\EHWKHWRZHU
PRGHOV'DQG(
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7DEOH&RVWHVWLPDWHRIWKHWRZHUPRGHOV
7RZHUPRGHO

7RWDOZHLJKWRIWRZHU
NJI NJI§N1

&RVWHVWLPDWHRIWRZHU
(XUR 

,QLWLDOWRZHU





7RZHU$





7RZHU%





7RZHU&





7RZHU'





7RZHU(





$&.12:/('*(0(176
7KLV ZRUN ZDV ILQDQFLDOO\ VXSSRUWHG E\ %DVH )XQGLQJ  8,'% RI WKH
&216758&7  ,QVWLWXWR GH , ' HP (VWUXWXUDV H &RQVWUXo}HV  IXQGHG E\ QDWLRQDO IXQGV
WKURXJKWKH)&70&7(6 3,''$& 
5()(5(1&(6
>@

66UHHYLG\DDQG16XEUDPDQLDQ$HVWKHWLFDSSUDLVDORIDQWHQQDWRZHUVJ. Archit.
Eng.YROQRSS±GRL $6&(     

>@

%:6PLWKCommunication Structures7KRPDV7HOIRUG/WG/RQGRQ

>@

' 9LHLUD DQG 5 &DUQHLUR%DUURV  7XEXODU 6WHHO /DWWLFH 7HOHFRPPXQLFDWLRQ
7RZHUV 6XEMHFWHG WR :LQG /RDGLQJ DQG 9RUWH[ 6KHGGLQJ LQ COMPDYN 2017 Proceedings of the 6th International Conference on Computational Methods in
Structural Dynamics and Earthquake Engineering ± 1DWLRQDO 7HFKQLFDO
8QLYHUVLW\RI$WKHQV 178$ GRL

>@

&(1(urocódigo 1 – Acções em estruturas±3DUWH$Fo}HVJHUDLV±$F
o}HVGRYHQWR13(11RUPD(XURSHLD3RUWXJDO,34

>@

&(1   Eurocode 3: Design of Steel Structures  3DUW  7RZHUV 0DVWV DQG
&KLPQH\V%UXVVHOV

>@

5&%DUURV1)HUUHLUDDQG5'HOJDGR(IIHFWVRI:LQGLQ7DOO%XLOGLQJVDFRP
SDULVRQIRUDUHDOFDVHDQGLWVYLEUDWLRQFRQWUROXVLQJD7XQHG0DVV'DPSHUFKDSWHU
RI WKH ERRN Tall Buildings: Design Advances for Construction HGLWHG E\ -: %XOO 
6D[H&REXUJ3XEOLFDWLRQV8.,6%1

>@

, dDORVWHVFX  :LQG /RDGV RQ 6WUXFWXUHV 6RIWZDUH $SSOLFDWLRQ ,, 7RZHUV
Buletinul Institutului Politehnic Din IASI7RPXO/,; /;,,, )DVFSS6HF
WLD&RQVWUXFWLL$UKLWHFWXUD

>@

/05*%DUURV(VWXGR3DUDPpWULFRGH7RUUHV7UHOLoDGDV &RPSDUDomRGH(VTXH
PDVGH&RQWUDYHQWDPHQWR M.Sc. thesis in structural engineeringVXSHUYLVHGE\3URI
5XL&DUQHLUR%DUURV)(833RUWR3RUWXJDO2FWREHU LQ3RUWXJXHVH 

>@

36DFKVWind Forces in Engineering, QG(G3HUJDPRQ3UHVV2[IRUG1HZ<RUN
VWind Forces in Engineering
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Abstract
A large amount of world population lives nowadays in earthen buildings, often constructed
only based on construction practice and within earthquake-prone regions. In the recent history, several strong earthquakes had dramatic consequences on these structures, highlighting
their significant seismic vulnerability due to multiple reasons, such as poor mechanical properties, poor detailing, and large inertia mass. Several aspects of seismic performance of existing earthen constructions need to be investigated through full-scale experimental testing. In
this regard, the present study aims at contributing to the investigation by testing a full-scale
adobe masonry wall with a central door-type opening under in-plane lateral loading with cyclic fashion. The mechanical behaviour of materials, specimen’s design, loading protocol and
instrumentation setup are described. The experimental response curves, observed damage
evolution and failure mode are discussed, especially focusing on dissipation capacity of the
wall.
Keywords: Full-scale tests; Adobe masonry; Walls; Cyclic tests; Seismic capacity.
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1

INTRODUCTION

Unreinforced masonry (URM) structures represented the most popular solution for buildings adopted in many countries up to the last century, when other construction technologies
became progressively more common [1]. Thus, a large portion of the existing building stock
around the world is made of URM structures, often within high-seismicity regions such as Europe and Pacific Rim countries [2]. Among URM typologies, adobe masonry (AM) represents
one of the most ancient and widespread for historical construction as well as currently still
used for construction of low-cost dwellings in less developed areas of the world [3-4]. Recently, several reconnaissance missions after strong earthquakes [5-9] revealed the considerable
vulnerability of existing URM structures, with severe damages and frequent global collapses
resulting in significant losses.
This framework led researchers in increasing interest on the seismic assessment and retrofitting of URM members during last few decades, resulting in numerous experimental investigations. Firstly, these studies were mainly focused on the mechanical behaviour of URM
walls representative of masonry piers, on the basis that these latter governed seismic response
of the structure, whereas spandrel panels were considered secondary elements [10-11, among
many others]. Then, several studies established the key role of spandrel panels in loadcarrying capacity under lateral actions [12-13], thus several testing programs were performed
on both reduced-scale full-buildings and spandrels. Benedetti et al. [14] presented the experimental results of 24 shaking-table tests on 1:2 scaled models of two-story masonry buildings
before and after cracks-repairing and strengthening of spandrels. The as-built specimens were
characterized by severe cracks localized on spandrel-panels and showed higher capacity than
strengthened ones for which critical damage occurred in the piers resulting in premature collapse. A full-scale prototype of two-story URM building was tested under increasing cyclic
lateral load in both as-built and strengthened conditions by Moon and his co-authors [2, 15].
A combined strengthening system was applied to the structure, made of fibre reinforced plastic e post-tensioning devices, proving to be considerably effective in improving original seismic capacity. Bothara et al. [1] performed a shaking-table test on a half-scale model of an
existing New Zeland URM structure with two stories, gable walls, inclined roof and slightly
eccentricity. The unreinforced test-building was prior shacked along longitudinal direction,
then repaired and tested in the opposite direction. Intense rocking and out-of-plane phenomena were observed, especially on gable walls and experimentally-based fragility curves were
derived. The results of an experimental campaign on URM spandrels ware presented in [1618]. Specific testing setups were realized in order to reproduce piers constraint effects and
properly apply the cyclic lateral loading. Different spandrel configurations were tested showing that their strength and failure modes were governed by the axial load acting along the
member. Chourasia et al. [19] carried out quasi-static cyclic tests on full-scale single-room
URM building composed of four orthogonal walls connected to a reinforced concrete (RC)
slab on top, before and after strengthening by means of RC bands. Typical Indian materials
were adopted for masonry. Brittle failure was observed for the unreinforced specimen, with
huge diagonal cracks and sliding of RC roof, whereas the repaired one showed substantial
strength improvement.
A first example of in-plane cyclic testing on full-sized URM wall with door-opening representative of a structural sub-assemblage was reported in [20]. Firstly, monotonically increasing lateral load was applied until damage occurred in the spandrel. Then, this latter was
strengthened by means of inorganic reinforced matrix and further cyclic tests were carried out
on the wall. Experimental evidence showed that most of the observed damage was localized
in the spandrel-panel, whereas rocking of piers governed the hysteretic response, and the
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strengthening system was effective in improving lateral response. Knox and his co-authors
presented two experimental studies [21-22] focusing on the influence of spandrel panels on
the mechanical response of URM structures under in-plane cyclic lateral loads. Pier-spandrel
sub-assemblages were tested in [21] in which different failure modes of the whole structure
were observed depending on different spandrel’s aspect-ratio (namely, height-to-width ratio).
The experimental outcomes derived from testing a half-scale two-story perforated (i.e., with
multiple door- and window-type openings) URM wall were provided in [22]. The shallow
spandrels behaved as coupling beams for masonry piers which were governed by rocking
mechanism resulting in an elastic-perfectly plastic response with notable displacement ductility. More recently, an experimental and numerical study was carried out by Choudhury et al.
[23] on typical Indian URM buildings. Specifically, the Authors performed cyclic in-plane
tests on three different full-scale walls (respectively, with a door in the middle, a window in
the centre and a solid wall) and a single-story one-room building, observing combined flexural action and sliding shear. Finally, Howlader et al. [24] experimentally investigated in-plane
cyclic response of eight full-scale URM walls with semi-circular arched openings and materials typical of Australian last-century constructions. Specimens were different in terms of dimensions of spandrels and piers as well as imposed vertical loads. The observed lateral load
capacity and failure modes were governed by changes in wall geometry.
The experimental study presented in this paper fits in this line of research focusing on the
mechanical response of a perforated adobe masonry wall, with a central door-type opening,
under quasi-static in-plane cyclic loading. Notice that, currently, no similar experimental studies are available in literature. A proper experimental characterization carried out for the
adopted materials, i.e. adobe bricks and mud mortar representative of existing Italian earthen
buildings and largely widespread in Sardinia island [25-26], is described according to a multiscale approach. Then, geometry of the wall specimen and details of the experimental program are illustrated. Then, test results are presented and discussed in terms of both observed
damage and response curves.
2

EXPERIMENTAL PROGRAM

A full-scale AM wall with a central door-type opening was constructed within the structural laboratory at the University of Naples Federico II. The wall specimen was tested into place
under cyclically increasing lateral displacements and constant vertical loading. In the following, a detailed description of material properties is reported according to a multiscale approach, from constituents to the behaviour of the adobe masonry under uniaxial compression
and shear. Then, the geometry of the wall specimen, test set-up and monitoring instrumentation along with loading protocol are described.
2.1

Material properties

The wall specimen was made of adobe bricks and mud mortar. Bricks were obtained by reproducing the non-industrial manufacturing process, mainly based on the worker’s experience,
in compliance with Sardinian construction practice. Local soil, classified as clayey-silty sand,
was mixed with water and straw fibres by volume. Specifically, randomly oriented straw fibres with different dimensions were added to a first soil/water mixture. Subsequently, some
water or soil was added based on the mixture appearance evaluated by the manufacturer. Then,
the final form was achieved by filling a prismatic wood formwork characterized by internal
grooved surface and the wet brick was left to dry to the sun. On average, straw fibres had diameter equal to 3 mm, 70 mm length and 0.64% percentage by weight. Density and water
content were 2.68 g/cm3 and 27%, respectively. Each adobe bricks was 200×400×100 mm3 in
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size. The resulting mean unit weight was equal to 16.80 kN/m3 with a very limited coefficient
of variation (CoV = 2%). Mud mortar used for masonry joints had same particle size of earth
bricks, but no fibres were added to the mixture as typical of Sardinian adobe masonry [25, 27].
Nevertheless, a different amount of water was added during the mixing operations until a 20%
optimal water content by volume was reached, in tune with trend from literature [28]. More
detailed description of the production process and physical properties can be found in [26].
Mechanical properties of both adobe bricks and mud mortar were derived through uniaxial
compression and three-point bending tests. Overall, compressive standard tests [29] were performed on 6 and 36 cubic specimens, respectively for mortar and bricks, from which mean
values of compressive strength (fc) equal to 0.50 MPa (CoV = 14%) and 1.08 MPa (CoV =
36%) were derived. Standard three-point bending tests on specimens 40 × 40 × 160 mm3, in
compliance with the European standard EN 1015-11 [30], were carried out for assessing tensile properties. In this case, for the adobe bricks test-specimens were extracted from original
units, whereas for mortar characterization they were moulded into standard formwork. A total
of 8 tests were performed on mud mortar and 36 on adobe bricks. Notice that higher number
of experimental tests were systematically conducted for bricks in order to properly taking into
account the further source of variability in mechanical response due to straw fibres with respect to mud mortar. On average, tensile strength (ft) of adobe bricks was 0.56 MPa (CoV =
36%) whereas a lower value (ft = 0.45) was obtained for mud mortar, as expected due to absence of fibres reinforcement, with CoV equal to 20%. Typical observed failure modes of
tested specimens in tension and compression are shown in Figure 1. Furthermore, main materials mechanical properties are summarized in Table 1.

(a)

(b)

Figure 1: Typical failure modes of material test specimens in tension (a) and compression (b).

Material
Bricks
Mortar

fc

ft

Ec

Et

[MPa]

[MPa]

[MPa]

[MPa]

1.08
(36%)
0.50
(14%)

0.56
(36%)
0.45
(20%)

143
(40%)
47.5
(35%)

69
(29%)
20.5
(33%)

* Coefficient of variation reported in round brackets.

Table 1: Main mechanical properties of AM constituents*.
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2.2

Experimental characterization of adobe masonry under uniaxial compression and
shear

In addition to base materials, associated to bricks and mortar, the mechanical behaviour of
the adobe masonry used for construction of the wall specimen was furtherly investigated by
testing at the level of the elementary sub-assemblage. Specifically, mechanical properties of
adobe masonry wallets under compression and shear, respectively, were assessed by means of
uniaxial compression and diagonal compression tests.
Uniaxial compression tests were carried out on 8 adobe masonry single-leaf running-bond
wallets with size 610 × 650 × 200 mm3, composed of six horizontal courses and 10-mm-thick
mud mortar joints. Wallets were subjected to monotonically increasing vertical displacement
by means of a universal electro-hydraulic testing machine with a 2000 kN force capacity and
total stroke of ±150 mm. In order to achieve uniform distribution of axial stress a rigid steel
beam was interposed between machine loading head and top of masonry prism. A load cell
was used to measure applied force acting on specimen, whereas the deformations were measured by means of a specific monitoring-system composed of linear variable displacement
transducers (LVDTs) installed vertically in the middle of the panel and horizontally along
specimen’s thickness to monitor splitting phenomena at failure. Normal stress (σ) was derived
considering the gross cross-section of the wallet whereas vertical strain (H) was computed
from records of vertical LVDTs.
For all specimens, failure mode was characterized by cracks along compressive isostatic
lines, involving both bricks and joints (see Figure 2a,b), and considerable splitting observed
within specimen thickness. Resulting stress-strain (σ-H) curves are reported in Figure 2c.
Compressive strength of the adobe masonry (fc,am) was equal to 1.32 MPa, on average, slightly higher than bricks, with low dispersion (CoV = 8%). Conversely, larger scatter was recorded for Young’s modulus (Ec,m), evaluated at half peak-stress, the mean value of which was
425.4 MPa with CoV = 25%.
2

V [MPa]

1.5

1

0.5

0
0

0.01

0.02

0.03

H[-]

(a)

(b)

(c)

Figure 2: Typical damage state corresponding to compression failure (a,b) and stress-strain response curves (c).

Shear response of AM masonry was assessed by means of diagonal compression tests on
seven wallets of total size of 410×1230×1230 mm3 and running bond configuration Such
specimens were built on specific supports in order to allow for the execution of testing by
means of the portable loading set-up depicted in Figure 3a. This latter was composed of a
steel closed reaction-system acting as contrast to ejection of the hydraulic-jack interposed on
the specimen. The adopted testing set-up was able to reduce either disturbance of wallets due
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to transportation to laboratory and preparation time. The testing machine reached maximum
load of 500 kN and total stroke equal to ±75 mm. Double pair of linear variable differential
transformers (LVDTs), with 400 mm gauge length, were installed in the middle of masonry
external panels to monitoring the deformations along specimen’s diagonal. Experimental records were processed according to the American standard ASTM E519-15 [31] in order to derive shear stress and strain (τ-γ). Typical final damage state is reported in Figure 3b. Diagonaltension failure mode occurred with cracking patterns characterized by wide passing-through
diagonal cracks generally involving both joints and bricks. Response τ–γ curves of all tested
wallets are shown in Figure 3c. AM specimens were characterised by a pseudo-elastic branch
up to peak shear stress followed by limited softening until collapse occurred. Post-peak softening response was considerably different among specimens. Peak shear stress (τmax,m) equal
to 0.107 MPa was obtained on average, with limited dispersion (CoV = 7%), whereas the
mean value of the initial shear modulus (Gi), assumed as secant at τmax/4, was equal to 185
MPa (CoV = 33%).
Table 2 summarizes strength and stiffness mean properties obtained for elementary AM
sub-assemblage under axial compression and shear along with their CoV.
0.15

LVDTs

W [MPa]

0.1

Hydraulic
jack

0.05

Reaction
system
0
0

0.02

0.04

0.06

J [-]

(a)

(b)

(c)

Figure 3: Diagonal compression tests on AM wallets: test set-up (a), typical failure mode (b), τ-γ curves (c).

Statistic

Compressive properties

Shear properties

fc,m

Ec,m

τmax,m

Gi

[MPa]

[MPa]

[MPa]

[MPa]

Mean

1.32

425.4

0.107

185

CoV

(8%)

(25%)

(7%)

(33%)

* Coefficient of variation reported in round brackets.

Table 2: Mean values of mechanical properties of adobe masonry*.

2.3

Geometry of the specimen

The AM specimens was a full-scale single-leaf masonry wall with a door-type opening in
the middle-length (Figure 4). The latter was 1.70 m-long and 2.00 m-high. The two adjacent
masonry piers had same opening’s dimensions and were interconnected by a spandrel panel
with height of 1.00 m. Three masonry layers were built above the piers in order to ensure
proper vertical-load distribution. At the spandrel-panel intrados a wooden lintel was installed
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with 150 mm anchorage-length within the piers. Therefore, the wall had total height and
length equal to 3.60 m and 5.10 m, respectively, and 400 mm thickness.
1.0

3.6
2.0

1.7

1.7

1.7
0.4

Figure 4: Frontal and lateral views of the adobe wall specimen (dimensions in m).

2.4

Test set-up and instrumentation

The specimen was erected on a rigid reinforced concrete (RC) beam, acting as wallfoundation. Such basement was anchored to the strong floor of the testing laboratory by
means of pre-tensioned high-strength steel rebars. Vertical load on piers, kept constant during
the test, was applied by means of two hydraulic jacks (one for each pier). Each hydraulic jack
pushed against a steel reaction closed-system made of a rigid short beam, perpendicular to the
wall, to which two steel rebars were connected. These latter were hinged to both ends so that
any parasite contribution of the test set-up to the overall response of the specimen was prevented. Similarly, spherical hinges were introduced in-between hydraulic jack and the overlying beam. In order to uniformly distributing the vertical load, two rigid I-beam were
interposed between hydraulic-jacks and pier tops, on which levelled mortar layers were priorly realized. Horizontal cyclic displacement was applied to the wall top by means of a servohydraulic actuator, with a nominal capacity of 1250 kN and ± 25 cm stroke, anchored to a vertical RC contrast. The actuator was equipped with a hinged head, with the aim to accommodate the actual deformed shape of the wall, fixed to a steel collar made of a couple of rigid
plates located on the opposite sides of the wall and interconnected each-other by means of six
steel bars, slightly pre-tensioned.
Main deformation sources were monitored during the test by means of a proper instrumentation system installed on both front and back sides of the wall specimen. Specifically, on the
front side, a total of eight linear variable differential transformers (LVDTs) were installed at
the location of critical end sections of the piers and central spandrel element, in order to
measure axial displacements due to bending. On the backside, specific vertical LVDTs were
mounted piers/foundation interface in order to measure the width of rocking-induced cracks.
Those displacement transducers were complemented by two couples of vertical wire potentiometers (PTs) that measured the axial and bending deformations of each pier. Additional PTs
were arranged along diagonals of piers and spandrel panel with the aim of monitoring shear
deformations. Finally, a horizontal PT was installed at the same elevation of the actuator (i.e.,
y = 3055 mm) and connected to a wall edge.
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Figure 5: Test set-up and instrumentation installed on the adobe wall specimen before testing.

2.5

Loading protocol

Load application was performed in two consecutive stages. Firstly, vertical loads were applied on top of piers under force control in order to simulate gravity loads transferred by an
ideal floor. After that effective contrast between jacks and piers were obtained, the axial load
on piers was monotonically increased according to a force rate equal to 1 kN/s until load value of 88 kN was reached (corresponding to 10% of the mean ultimate load of pier cross sections). Then, such value was kept constant during the second stage of the test when in-plane
horizontal cyclic displacement was applied to the wall corresponding to the top of the spandrel, reproducing slab/wall transfer. The cyclic displacement history was composed of increasing displacement blocks of three cycles at a given amplitude peak until failure was
observed. The amplitude was increased between consecutive blocks of 5.6 mm. The displacement rate was set at 0.70 mm/s. The cyclic displacement history is shown in Figure 6. A
sampling rate equal to 5 Hz was of all instruments to ensure a proper monitoring of deformations during the entire test. The positive orientation was assumed as associated to a pushing action of the actuator. A total number of twelve displacement cycles were imposed on the
specimen for a maximum displacement reached equal to 33.6 mm.
150
100

d [mm]

50
0
-50

-100
-150
0

10000

20000

30000

t [s]

Figure 6: Cyclic displacement time history.
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3

OBSERVED DAMAGE AND FAILURE MODE

Figure 7 shows the damage occurred to the specimen at the end of the experimental test.
Horizontal cracks were observed on both sides of the spandrel panel along different bed joints
and extended to the whole length. On the lower part of the spandrel, in the proximity of the
lintel, a partially inclined crack was observed towards the left-hand side end. Such a crack
pattern is representative of shear failure mode. Overall, a quite moderate damage was observed on the spandrel. Conversely, both piers suffered large cracks on the bottom part. Specifically, sub-horizontal cracks concentrated in the first six/seven masonry layers from the
base were firstly observed, subsequently evolving along inclined directions, mainly developed
along mortar-joints. Corresponding to peak load condition, vertical cracks were observed
within piers thickness due to failure of masonry in the compressed zone. Therefore, bending
failure was experienced by the piers. Beyond the peak load, the wide cracks located at the
base of the piers caused piers buckling and the experimental test was arrested when significant out-of-plane deformations were identified.

Figure 7: Damages observed on the specimen at the end of the experimental test.

4

RESPONSE CURVES

The horizontal load recorded by the actuator load-cell is plotted against the horizontal displacement measured by the PT positioned at the same height in Figure 8. Globally, the hysteresis curve appears quite symmetrical both in force and displacement for the first three cycles,
whereas the fourth group of cycles was slightly asymmetrical due to onset of vertical cracks
widening and piers buckling. The maximum horizontal force was reached in the positive orientation and was equal to 86.4 kN, whereas 81.4 kN peak force was recorded in the opposite
orientation. By assuming the lateral resisting force as the average of such values (Fmax = 83.9
kN), a load-capacity value equal to approximately 31% of vertical load (apart from the effect
of self-weight) was reached by the AM wall. Therefore, an in-plane acceleration-capacity of
0.31g can be assumed for the specimens. The experimental test was stopped during the first
cycle of the fifth loading block when a horizontal force of 61.4 kN was attained on the last
positive displacement cycle, evidencing approximately a 25% reduction in lateral resistance,
for which evident out-of-plane deformations were observed. Regarding the deformation ca-
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pacity of the adobe wall, the maximum horizontal displacements reached in the positive and
negative orientations of lateral loading were respectively equal to 31.81 mm and 34.50 mm.
100
80

60

F [kN]

40
20
0
-20
-40
-60
-80

-100
-40 -30 -20 -10

0

10

20

30

40

d [mm]
Figure 8: Force-displacement (F-d) curve recorded during the experimental test.

The experimental response curve of the AM wall is reported in Figure 9 as backbone of the
hysteresis cycles expressed in terms of lateral force versus inter-storey drift ratio (F-IDR), the
latter assumed as the measured lateral displacement normalized to the height of the horizontal
loading line from the base of the piers. Within the framework of seismic performance-based
assessment of masonry structures, establishing a relationship between limit states and observed damage appears crucial for response assessment as well as repair costs. Therefore, on
the envelope curve, three performance levels (PLs) were identified representative of significant limit states of the wall:
x elastic limit (PL1), corresponding to diffuse cracks on wall members and herein associated to 0.6Fmax;
x peak condition (PL2), related to lateral peak-load attainment and for which severe damage was observed on the wall (such as, vertical cracks due to rupture of masonry under
compression);
x ultimate limit state (PL3), identified when a drop in lateral force equal to 0.2Fmax was
recorded and representative of incipient loss of load-bearing capacity for the wall.
Mean values, between positive and negative directions, of force (F) and inter-storey drift
ratio (IDR) corresponding to the above-defined PLs are summarized in Table 3. The AM
specimen reached a IDR value higher than 1.00% at failure, significant for a masonry structures, whereas peak condition was attained at about IDR = 0.61%. Finally, the elastic behaviour was overcome at very early stage (IDR = 0.02%).
PL1
IDR

F

PL2
IDR

F

PL2
IDR

F

[%]

[kN]

[%]

[kN]

[%]

[kN]

0.023

50.3

0.606

83.9

1.043

67.1

Table 3: Forces and inter-storey drift ratios associated with different performance limit states.
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Figure 9: Experimental envelope in terms of force versus inter-storey drift ratio (F-IDR).

5

CONCLUSIONS

In this study, the nonlinear response of a full-scale adobe masonry wall with a central doortype opening to cyclic lateral loading and constant vertical loading has been described. A detailed experimental characterization of masonry constituents, i.e. adobe bricks and mud mortar with peculiarities of existing Sardinian earthen dwellings, and of adobe masonry as a
whole was carried out according to a multiscale approach. The geometry of the wall specimen,
test set-up, measuring system and loading protocol have been described. Preliminary experimental results on the wall specimen have been discussed. Specifically, observed crack patterns and failure modes have been firstly described; then, damage states were related to the
force-drift response by identifying specific performance levels. Based on such discussion, the
following remarks can be pointed out:
x The wall specimen reached its lateral strength due to bending failure of masonry piers associated with extensive toe crushing at the base of piers.
x The spandrel panel suffered a relatively moderate damage, mainly due to shear action.
x The ultimate limit state of the wall was characterized by incipient loss of wall loadbearing capacity with visible out-of-plane deformations.
x The in-plane response of the wall was defined by premature cracking and relatively large
ultimate inter-storey drift ratio, which was slightly larger than 1%.
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Abstract
It is worldwide recognized the importance of assessing the vulnerability of structures in seismic prone zones. Focusing on steel structures, it is well-known that the behavior of beam-tocolumn connections plays a key role in the seismic response of any moment-resisting frame
system. Recently, a research project funded by European Commission investigated the seismic
performance of pre-qualified connections through numerical analyses and pseudo-static cyclic testing. From a designer perspective, it is, however, necessary to understand the efficiency of such connections in terms of building performance to take a rational and conscious
decision when designing a building. With this in mind, this paper investigates the influence of
different beam-to-column connections on the seismic response and vulnerability of mediumrise steel frame structures. The behavior of these structures has been investigated by means of
non-linear dynamic analysis for increasing seismic intensity levels using the OpenSeesPy finite element software. The record selection has been carried out through the Average Sabased method. The building performance has been assessed computing both maximum and
residual interstory drifts, as well as fragility curves and absolute acceleration floor response
spectra. The last mentioned enables to evaluate the likely damages experienced by acceleration sensitive non-structural elements, giving an additional point-of-view for estimating the
building content performance. The outcomes of this study provide useful information for practitioners and designers interested in adopting the new set of pre-qualified connections, clarifying their effects on performance of common buildings and their content.
Keywords: Beam-to-Column Connections, Steel Structures, Seismic Vulnerability, Fragility
Curves, Non-structural Elements.
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1

INTRODUCTION

The importance of explicit modeling for beam-to-column connections is well-known and
recognized in literature with unanimous consensus [1]. The stiffness and strength of beam-ofcolumn connections could affect both the static and dynamic response of structures, leading to
unrealistic or unconservative results if their behavior is not adequately considered. To deal
with such an issue, experimental data is necessary in order to study the hysteretic response of
the connections and to calibrate numerical models that have to be accurate and computationally efficient at the same time. However, analyzing data available in literature, it appears evident that exhaustive test results on the cyclic response of different typologies of beam-column
connections are still missing, which could call for further efforts towards standardization.
Following damage observed after the 1994 Northridge (CA, USA) earthquake to steel
structures, some significant efforts have been done by US researchers to investigate the response of a wide set of selected joints, commonly adopted in moment-resisting frames
(MRFs). The research outcomes allowed to conceive a specific standard [2] that describes criteria for design, detailing, fabrication, and quality of the set of pre-qualified connections.
Regarding the European context, a recent research project [3] tried to fulfill such gaps. The
EQUALJOINTS project [3], funded by the European Commission, aimed at providing a qualification of European beam-to-column joints adopted for seismic design. In order to accomplish such a goal, this project selected a set of common joint configurations and focused on
the standardization of design and manufacturing procedures. In particular, bolted haunched,
bolted extended stiffened end-plate, bolted extended unstiffened end-plate and welded dogbone joints were experimentally and numerically studied. From the results of the project, it is
possible to obtain the cyclic hysteretic response curves, in terms of moment-rotation relationships, which are useful for the explicit modeling of the behavior of connections when integrated in steel MRFs.
Recent studies also focused on the evaluation of the seismic response of steel MRFs considering the influence of joint behavior by means of numerical analyses [4] and shake-table
tests [5].
The present study is meant to provide a further contribution on the evaluation of the influence of the explicit modeling of beam-to-column connections in the seismic vulnerability assessment of steel MRFs; in addition, the results of the undertaken nonlinear dynamic analyses
are used here to estimate the seismic demand on non-structural elements (NSEs) via floor absolute acceleration spectra [6].
The consideration of NSEs in performance-based earthquake engineering is of paramount
importance since they significantly contribute to economic losses and buildings' functionality
issues [7-9]. Indeed, recent earthquakes have shown that earthquake-induced direct (i.e.,
structural and non-structural damages, deaths) and indirect (i.e., downtime and business disruption) losses might be socio-economically arduous [7].
Regarding the seismic performance assessment, several studies dealt with the selection of
the most suitable parameter for measuring the damage of steel MRFs due to seismic actions.
Generally, the choice bias for the interstory drift [10,11]. Besides, further studies comprised
the computation of performance and fragility functions [12-17] or robustness [18] for steel
MRFs.
This study aims to evaluate the influence of beam-column connections in the performance
of a MRF steel building by employing fragility curves and interstory drift profiles; moreover,
for a non-structural perspective, the connections' influence in the seismic demand on NSEs
was assessed through acceleration profiles and floor absolute acceleration response spectra.
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2

NUMERICAL MODEL OF THE CASE-STUDY BUILDING

The case-study building is a medium-rise steel MRF structure. The structural layout is presented in Figure 1. The building has 6-floor levels, with an interstory height of 3.0 m and a
total height of 18 m. In the X-direction, the lateral stability is provided by a 4-bay MRF (Figure 1a) with all the beams spanning 6 m; contrariwise, the lateral support system in the Y direction is offered by diagonal braces (Figure 1b), located in the two end frames (Figure 1c). In
this direction, the bay length is equal to 5 m.

Figure 1: Structural layout: a) moment-resisting frame, b) concentrical braced frame, c) plan-view of the building.

The structure was designed in compliance with European standards [19,20] for steel structures under seismic actions. Table 1 reports the profiles assumed for both beams and columns.
It should be noted that all the sections are composed of an S355 material, the behavior of
which has been simulated by means of a Menegotto-Pinto material model [21]. The choice of
the sections and the bay length in the X-direction was made according to the available data
from the experimental tests conducted in [3]. The diagonal braces are composed of hollow
square sections with a width of 100 mm and a thickness of 10 mm. Following the load analysis, a uniform load equal to 40.5 kN/m and 30.25 kN/m was applied to the main internal and
external beams (parallel to X-direction), respectively. At the roof level, the loads applied to
the beams are equal to 33.25 kN/m and 16.78 kN/m for internal and external beams, respectively. Secondary external beams (parallel to Y-direction) are supposed to carry infills' weight,
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computed and turned into a uniform load equal to 10 kN/m; the same beams at the roof are
instead subjected to a load equal to 0.15 kN/m due to the parapet.
From a numerical point of view, the MRF connections were modeled following two different approaches: 1) full-rigid beam-to-column connections, namely Rigid (R) model and 2)
explicit modeling of connections. This latter modeling option makes use of the outcomes of
EQUALJOINTS [3], and in particular of results corresponding to the bolted extended stiffened end-plate connections, thus leading to the nomenclature of Extended Stiffened (ES)
model. It should be noted that the bolted extended stiffened end-plate joint, in practical design,
is generally assumed as rigid; therefore, the comparison between the two modeling approaches is consistent and is meant to shed light into the effects produced by basic modeling assumptions made at the design level. To deal with the geometry of the building, and the
selected beams and columns, four connections tested in the EQUALJOINTS project were selected. Using the experimental results, the numerical models simulating the beam-column
connections were developed using the pinching4 material model [22] available in OpenSeesPy. For illustrative purposes, and to demonstrate the good prediction capability of the calibrated numerical models, Figure 2 reports the numerical-experimental comparison of the
hysteretic curves. Assuming the nomenclature adopted in EQUALJOINTS [3], the joint E1TB-E-C1 (Figure 2a) and E1-XW-P-C1 (Figure 2a) refer to the HEB280-IPE360 and
HEB340-IPE360 connection, respectively.
Floor level
1
2
3
4
5
6

Internal column
HEB500
HEB500
HEB340
HEB340
HEB340
HEB340

External column
HEB340
HEB340
HEB280
HEB280
HEB280
HEB280

Internal beam
IPE450
IPE450
IPE450
IPE450
IPE450
IPE450

External beam
IPE360
IPE360
IPE360
IPE360
IPE360
IPE360

Brace
100x100x10
100x100x10
100x100x10
100x100x10
100x100x10
100x100x10

Table 1: Selected sections for columns, beams, and braces.

The beam-to-column connections in the frames along the Y-direction were modeled as
pinned. In this direction, only the braces act as lateral load-bearing elements. These members
were modeled as truss elements, i.e., they sustain only tension and compression loads. However, due to their propensity for buckling, the braces were modeled with an asymmetric material, which offers a full-strength for the tension load and a partial-strength for the compression
load. It should be noted that the partial strength was calibrated in order to permit the brace to
reach its critical load.
The three-dimensional numerical models were developed by the finite-element software
OpenSeesPy [23]. Both columns and beams were modeled by force-based beam-column elements with two-point Gauss integration for the interior element and two-point Gauss-Radau
integration over each plastic hinge length at the element ends [24]. Such an approach permits
to capture the material nonlinearity by discretizing the sections in fibers (about 100 fibers, in
this study).

2173

G. Gabbianelli, D. Perrone and E. Brunesi

Figure 2: Calibration of the beam-column connection models with the test results provided by EQUALJOINTS
[3].

Finally, a modal analysis was performed in order to capture both the free-vibration modes
of the building with the two different modeling approaches and obtain essential information
for the PSHA and record selection procedure, described in Section 3. Table 2 shows the first
six periods of the building obtained from the two modeling approaches. The first, fourth, fifth,
and sixth mode are predominantly translational in the X-direction; the second mode is translational in the Y-direction, while the third mode is torsional. Note that these considerations are
valid for both R and ES models. As can be observed in Table 2, the actual connections' effect
increases the first period by approximately 41%, while minor changes were obtained for the
other periods.
Mode R-model ES-model
Mode shape
st
1
1.24 s
1.75 s Translational, X-direction
2nd
0.96 s
0.96 s Translational, Y-direction
rd
3
0.71 s
0.77 s
Torsional
4th
0.60 s
0.60 s Translational, X-direction
5th
0.49 s
0.54 s Translational, X-direction
6th
0.41 s
0.49 s Translational, X-direction
Table 2: Free-vibration periods for the R- and ES-model.

In the nonlinear dynamic analyses, a Rayleigh damping model with 2% of critical damping
was set for the first and third modes of vibration resulting from each eigenvalue analysis performed.
3

PSHA AND RECORD SELECTION

To obtain a suitable seismic threat for a specific location, a probabilistic seismic hazard
analysis (PSHA) should be performed. As it is well-known, the PSHA gives the earthquake
rate causing exceedance of any arbitrary ground-motion Intensity Measure (IM) at the site
[25]. Therefore, the PSHA provides the seismic actions necessary to perform the structural
design and assessment. In this study, the PSHA was performed with the assistance of the
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OpenQuake platform [26]. The chosen location to perform the PSHA is the city of L'Aquila, a
high seismicity zone in Italy, also tragically known for the catastrophic 2009 earthquake. An
average seismic shear-wave velocity from the surface to a depth of 30 m (Vs30) equal to 200
m/s was selected, corresponding to a class soil C in accordance with the soil classification
proposed in Eurocode 8 [20]. Note that for the PSHA, an appropriate ground motion prediction equation (GMPE) should be selected; in this study, the GMPE proposed by Lanzano et al.
[27] has been used, since such equation is the latest revision for shallow crustal earthquakes in
Italy.
Return Period [years] Probability of Exceedance Limit state
30
81% in 50 years
SLO – Immediate Occupancy
50
63% in 50 years
SLD – Damage Control Range
475
10% in 50 years
SLV – Life Safety
975
5% in 50 years
SLC – Collapse Prevention
2475
2% in 50 years
4975
1% in 50 years
Table 3: Return period of the record selection.

The Multiple-Stripe Analysis (MSA) [28] has been used to perform the seismic vulnerability assessment. Therefore, for each stripe, a PSHA has to be performed, varying the IM increasing the return periods. In Table 3, the six return periods (RPs) selected are reported,
together with the probability of exceedance and the limit state associated in accordance with
the Italian standard [29].

Figure 3: Ground motion spectra for the four selected limit states.
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Regarding the choice of the IM and the calculation of the conditional mean spectra (CMS)
necessary for the record selection, the average spectral acceleration (AvgSA) was adopted
[30]. The AvgSA permits to consider spectral accelerations in a wide range of periods; as
suggested by Kohrangi and Bazzurro [30], the calculation of the mean of the log spectral accelerations should be approximately in the range of 0.2T1 and 1.5T1, where T1 is the first vibration period of the building. Since in this study there are two models with different first
vibration periods, the computation of the range was performed considering the lower first period (1.24s) for the lower bound and the higher first period (1.75s) for the upper bound, leading to a range equal to 0.2s – 2.6s.
For each RP 20 ground motions were selected and, for the return periods associated to the
limit state in accordance with the Italian standard [29], depicted in Figure 3 together with Uniform Hazard Spectrum (UHS), the CMS, the median of the selected records, and the median
plus/minus the standard deviation, i.e., the 2.5% and 97.5% percentile.
4

STRUCTURAL RESPONSE RESULTS

The MSA is a powerful tool to assess the seismic performance of a structure and, in this
case, to investigate the effects of the two considered modeling approaches. The main performance metric considered for steel structures is the interstory drift. Besides, this measure can
be discerned in two parts, namely the transient drift and the residual (or permanent) drift. The
former one represents the drift experienced during the analysis, and generally, from a performance metric perspective, it corresponds to the maximum drift reached during the whole
analysis. Instead, the latter represents the drift in which the structure lies after the dynamic
analysis due to permanent deformations caused by the nonlinear behavior of the buckled or
yielded components. Therefore, for the sake of completeness, both maximum and residual interstory drifts were recorded.
Moreover, after collecting the accelerations experienced by the case study structures, the
floor absolute acceleration response spectra were computed to offer an overview of the differences between the two modeling approaches (R and ES model) in terms of seismic demand on
NSEs.
4.1

Interstory drift profiles

The maximum peak interstory drift profiles, for each record, were recorded and are plotted
in Figure 4. In particular, Figure 4 shows all the outcomes derived from the six RPs selected
and for the two considered configurations. It is worth mentioning that only the results in the
X-directions are reported because in the Y-direction pinned connections are assumed. The results in the Y-direction are not discussed also because, from the eigenvalue analysis, it was
observed that the different modeling approaches adopted in the two configurations modified
the vibration periods but did not affect the global behavior of the structure in terms of modal
shapes.
As a general remark, for both R and ES models and for all the RPs, the median peaks drift
along the height are concentrated at the fourth and fifth floors. For instance, in the case of life
safety limit state (i.e., 475-year RP), the median peak drift occurs at the fourth floor and it is
equal to 1.83% for the R model and to 2.61% for the ES model. Similar considerations can be
conceived for the other RPs.
As far as the seismic behavior for higher RPs is concerned, both modeling techniques revealed a soft-story mechanism activated between the second and third floors. Therefore, one
may deduce that explicit modeling of connections does not change the overall seismic behavior of the structure when subjected to high seismic input.
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Figure 4: Interstory drift peak profiles for each RP in the X-direction.

However, although the drift trends are quite similar, the inclusion of the actual connections
significantly increased the experienced drift values. This is especially true if medium-high
RPs are considered. For the 475-year RP an increase of the peak drift equal to 43% is recorded, while for the 975-year RP an increase of 55% is observed. Lower percentage increases of
the drifts are instead estimated for the 2475-year and 4975-year RPs, since the experienced
drifts present a significant increment of 34% and 17%, respectively. The lower difference of
the peak for the two higher RPs (2475-year and 4975-year) is due to the fact that both models,
with these RPs, are subjected to large displacements, which induced significant plastic deformation in joints and elements, reducing in turn the stiffness and flattening the dissimilarity
between the two structural models. Considering the FEMA-356 [31] interstory drift limitations, the two models behaved quite well. In fact, according to FEMA-356 [31], the maximum
drifts are equal to 0.7%, 2.5% and 5% for the immediate occupancy (30-year RP), life safety
(475-year RP) and collapse prevention (975-year RP) performance levels, respectively. Only
in the case of life safety (Figure 8c) such limits are exceeded since, for the ES model, a maximum peak interstory drift of 2.61% located at the fourth floor is assessed. It is worth mentioning that, although the structure was designed according to EC8 [20], the comparison in
terms of maximum interstory drift has been conducted considering the thresholds provided by
FEMA-356 [31] because the EC8 [20] only provides some indications for the serviceability
limit states.
4.2

Residual drift profiles

The median residual interstory drifts, together with the 16% and 84% percentile and the
single drift profiles for each record, are reported in Figure 5. At first glance, it can be noted
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that the higher differences between the R and ES models can be appraised for the lower RPs,
namely 30- and 50-year RP. In these cases, the increase in terms of residual drifts is around
125% and 280% for the 30- and 50-year RP, respectively. However, considering the first four
RPs, it can be noted that the record-to-record variability is considerably higher for the ES
model; nevertheless, for the 475- and 975-year RPs, this discrepancy is due to few records
with very large residual drift demands.
Overall, both structures behave well with respect to the FEMA-356 [31] limitations. Regarding the immediate occupancy limit state (30-year RP), FEMA-356 [31] indicates a negligible residual drift; in this context, a negligible maximum median value of 0.09% was
obtained for the ES model, while an even smaller value was estimated for the R model, i.e.,
0.04%. In the case of the life safety limit state (475-year RP), the limitation coincides with
1.0% of residual drift. Again, both models experienced smaller values, i.e., 0.39% and 0.3%
for the ES and R models, respectively. Finally, concerning the collapse prevention performance level (975-year RP), a limit of 5% is defined, while the two models did not reach such
value, since the maximum median residual drifts corresponded to 0.53% and 0.39% for the
ES and R model, respectively.

Figure 5: Residual interstory drift peak profiles for each RP in the X-direction.

4.3

Floor acceleration response spectra

Although floor response spectra are generally not considered to assess the structural performance, their evaluation could provide useful information regarding the dynamic response
of the building and could also give an insight about the seismic demand at which the NSE installed in the building are prone.
Floor absolute acceleration response spectra were computed for each floor and RP. Figure
6 shows the absolute acceleration floor response spectra related to the roof floor for all the
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RPs under investigation. In the first two RPs, namely the 30-year and 50-year RP, distinct
peaks can be observed in proximity to the first and fifth (R-model) or sixth (ES-model) freevibration periods (Figure 6a and 6b). Note that the spectra collected in Figure 6 are related to
the X-direction; hence, a peak at the second free-vibration period, which involves masses in
Y-direction, is not expected. Considering the differences between the two modeling approaches, it can be inferred that the median peaks in proximity to the sixth and fifth period for
the R and ES model reached quite similar values (i.e., 0.8g and 0.66g for the 30-year RP and
1.23g and 1.24g for the 50-year RP, considering the R and ES models, respectively).
As regards the peaks at the first period, the differences are remarkable both in terms of
spectral acceleration (0.74g and 0.25g for the 30-year RP and 1.0g and 0.49g for the 50-year
RP, referring to R and ES models) and in terms of period shifting. Obviously, the first period
elongation was expected for the ES model, as confirmed by the outcomes of the modal analyses performed prior to NLTHAs. For higher RPs, a flattening effect in the first periods can
be observed; this phenomenon is quite common and it is due to the nonlinear response of the
structures. In all RPs, the absolute acceleration response spectra present significant peaks in
proximity to the structures' higher modes. Again, this outcome is not surprising since it is
well-known that, in some circumstances, the floor acceleration response spectra are highmode dominated [32-34]. This behavior is also the consequence of the high fundamental period of the structure, which is associated with lower ground spectral accelerations with respect
to the higher modes, although the associated seismic masses are lower.

Figure 6: Absolute acceleration floor response spectra at the roof floor for each RP in the X-direction.
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5

FRAGILITY CURVES

The calculation of fragility functions was carried out in accordance with the indications
provided by Baker [35], in which the fitting technique of the maximum likelihood was suggested. Fragility curves obtained from the NLTHAs are shown in Figure 7; median and dispersion for each curve are also reported.
The limit states were defined following the indications provided by FEMA-356 [31] and
already mentioned in the previous sections. FEMA-356 [31], concerning the steel MRFs, suggests adopting a 0.7% transient interstory drift and negligible residual drift for the immediate
occupancy limit state; 2.5% transient and 1% residual drift for the life safety limit state and
5% transient or residual drift for the collapse prevention limit state. In addition, a further limit
state was considered, namely collapse limit state, in which a limit of 10% transient or residual
interstory drift was defined. Therefore, such parameters and thresholds were considered in the
fragility curves computation for both models (R and ES model). Note that the curves constructed only refer to the X-direction of the structure.
As can be clearly seen from Figure 7, the ES model (dashed lines) presents a higher seismic vulnerability for most of the limit states. In particular, the median for the attainment of
the life safety limit state is equal to 0.34g against a higher value for the R model, i.e., 0.48g.
The same applies to the collapse prevention (0.77g versus 0.83g) and collapse (2.06g versus
2.14g) limit states. Only in the case of the immediate occupancy, the median presents identical values (0.09g), although the dispersion is different.

Figure 7: Fragility curves of the case study structure in the X-direction.

A straightforward conclusion can be done from a structural seismic performance perspective, adopting concepts similar to the collapse margin ratio (CMR), i.e. the ratio between the
median collapse intensity and the intensity at the collapse limit state. The seismic intensities
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(i.e., the AvgSA) for each limit state are 0.05g, 0.37g and 0.54g for the immediate occupancy,
life safety and collapse prevention limit states. Therefore, the ratios between the median of
each fragility curve and these last intensities are 1.8 (both models) for the immediate occupancy, 1.3 and 0.92 (R and ES model) for the life safety, and 1.54 and 1.43 (R and ES model)
for the collapse prevention limit state, respectively. Reflecting the outcomes related to the
maximum peak interstory drifts, only in the ES model case for the life safety limit state the
ratio fell behind the unity, indicating a dangerous probability of reaching such limit state. This
consideration also provides further insights into the importance of an accurate numerical
modeling of the beam-column connections.
6

CONCLUSIONS

Past earthquakes demonstrated that, although less attention is generally paid to the seismic
performance assessment of steel buildings with respect to, for instance, reinforced concrete
and masonry structures, this structural typology could suffer significant damages, both from a
structural and non-structural point of view. For this reason, it is of paramount importance to
determine suitable models and methods to define the seismic performance correctly. As such,
recent researches and projects focused on closing those gaps. In a European context, accurate
investigations on pre-qualified joints' seismic behavior for steel buildings were missing until
the very last years. Therefore, this study focused on evaluating the influence of the explicit
modeling of joints in the structure's seismic performance. The performance metrics considered glanced at both structural and NSEs. Outlining that further research is necessary to define
general conclusions for different steel buildings typologies and for all the pre-qualified joints,
the outcomes of the analyses conducted in this study are listed in the following:
x The explicit modeling of a rigid joint reduced the structure's overall stiffness; therefore, a
significant increment of the interstory drift can be observed. Similar considerations can
be made referring to the residual interstory drift.
x The evaluation of the fragility functions, for different performance limit states, pointed
out a high vulnerability of the structure if the actual behavior of the joints is explicitly
modeled. For the case study structure, only in the case of life safety limit state, for the
configuration in which the joints' behavior is modeled, the minimum requirements were
not meet.
x The shape of the floor absolute acceleration response spectra is significantly affected by
the modeling of the joints, in particular for lower return periods. This consideration is of
particular interest because the variation of the periods at which the maximum spectral accelerations are observed could significantly modify demand on and, thus, design of NSEs
installed in the structure.

REFERENCES
[1] G. Della Corte, G. De Matteis, R. Landolfo, F.M. Mazzolani, Seismic analysis of MR
steel frames based on refined hysteretic models of connections. Journal of Constructional Steel Research, 58, 1331-1345, 2002. https://doi.org/10.1016/S0143974X(02)00014-7

2181

G. Gabbianelli, D. Perrone and E. Brunesi

[2] ANSI/AISC 358, Prequalified Connections for Special and Intermediate Steel Moment
Frames for Seismic Applications, including Supplements No. 1 (2018) and No. 2 (2020).
American Institute of Steel Construction (AISC), CHICAGO, IL, 60601, 2016.
[3] R. Landolfo et al., European pre-qualified steel joints (EQUALJOINTS). Research fund
for coal and steel (RFCS), Grant agreement RFSR-CT-2013-00021, 2013-2016.
[4] S. Costanzo, M. D'Aniello, R. Landolfo, The influence of moment resisting beam-tocolumn connections on seismic behavior of chevron concentrically braced frames. Soil
Dynamics
and
Earthquake
Engineering,
113,
136-147,
2018.
https://doi.org/10.1016/j.soildyn.2018.06.001
[5] R. Tartaglia, M. D'Aniello, R. Landolfo, Numerical simulations to predict the seismic
performance of a 2-story steel moment-resisting frame. Materials, 13, 4831, 2020.
https://doi.org/10.3390/ma13214831
[6] I. González, A. Silva, L. Macedo, R. Monteiro, J.M. Castro, Critical assessment of estimation procedures for floor acceleration demands in steel moment-resisting frames.
Frontiers in Built Environment, 5:139, 2019. https://doi.org/10.3389/fbuil.2019.00139
[7] A. Silva, L. Macedo, R. Monteiro, J.M. Castro, Earthquake-induced loss assessment of
steel buildings designed to Eurocode 8. Engineering Structures, 208, 110244, 2020.
https://doi.org/10.1016/j.engstruct.2020.110244
[8] G. Cantisani, G. Della Corte, T.J. Sullivan, R. Roldan, Displacement-based simplified
seismic loss assessment of steel buildings. Journal of Earthquake Engineering, 24:sup1,
146-178, 2020. https://doi.org/10.1080/13632469.2020.1713932
[9] A. Silva, J.M. Castro, R. Monteiro, Brace-to-frame connection modelling effects on
seismic loss assessment of steel concentrically-braced frames. Journal of Constructional Steel Research, 172, 106230, 2020. https://doi.org/10.1016/j.jcsr.2020.106230
[10] A. Gupta, H. Krawinkler, Estimation of seismic drift demands for frame structures.
Earthquake Engineering and Structural Dynamics, 29, 1287-1305, 2000.
https://doi.org/10.1002/1096-9845(200009)29:9<1287::AID-EQE971>3.0.CO;2-B
[11] J. Ruiz-García, J.C. Negrete-Manriquez, Evaluation of drift demands in existing steel
frames under as-recorded far-field and near-fault mainshock-aftershock seismic sequences.
Engineering
Structures,
33(2),
621-634,
2011.
https://doi.org/10.1016/j.engstruct.2010.11.021
[12] R.J. Merino Vela, E. Brunesi, R. Nascimbene, Seismic assessment of an industrial
frame-tank system: development of fragility functions. Bulletin of Earthquake Engineering, 17(5), 2569-2602, 2019. https://doi.org/10.1007/s10518-018-00548-2
[13] E. Brunesi, R. Nascimbene, G.A. Rassati, Seismic fragility analysis of MRFs with PR
bolted connections using IDA approach. Key Engineering Materials, 763, 678-685,
2018. https://doi.org/10.4028/www.scientific.net/KEM.763.678
[14] F. Gutiérrez-Urzua, F. Freddi, L. Di Sarno, Comparative analysis of code-based approaches for seismic assessment of existing steel moment resisting frames, Journal of
Constructional
Steel
Research,
181,
106589,
2021.
https://doi.org/10.1016/j.jcsr.2021.106589
[15] G. Gabbianelli, F. Cavalieri, R. Nascimbene, Seismic vulnerability assessment of steel
storage pallet racks, Ingegneria Sismica, 37(2), 18-40, 2020.

2182

G. Gabbianelli, D. Perrone and E. Brunesi

[16] A. Silva, Y. Jiang, L. Macedo, J.M. Castro, R. Monteiro, N. Silvestre, Seismic performance of composite moment-resisting frames achieved with sustainable CFST members.
Frontiers of Structural and Civil Engineering, 10(3), 312-332, 2016.
https://doi.org/10.1007/s11709-016-0345-y
[17] A. Silva, Y. Jiang, L. Macedo, J.M. Castro, R. Monteiro, N. Silvestre, Monotonic and
cyclic flexural behaviour of square/rectangular rubberized concrete-filled steel tubes.
Journal
of
Constructional
Steel
Research,
139,
385-396,
2017.
https://doi.org/10.1016/j.jcsr.2017.09.006
[18] D. Rodríguez, E. Brunesi, R. Nascimbene, Fragility and sensitivity analysis of steel
frames with bolted-angle connections under progressive collapse. Engineering Structures, 228, 111508, 2021. https://doi.org/10.1016/j.engstruct.2020.111508
[19] EN 1993-1-1, Eurocode 3: Design of steel structures - Part 1-1: General rules and
rules for buildings. European Committee for Standardisation, Brussels, Belgium, 2014.
[20] E N 1998-1, Eurocode 8: Design of structures for earthquake resistance - Part 1: General rules, seismic actions and rules for buildings. European Committee for Standardisation, Brussels, Belgium, 2011.
[21] K. Kolozvari, K. Orakcal, J. W. Wallace, Shear-flexure interaction modeling for reinforced concrete structural walls and columns under reversed cyclic loading, PEER
2015/12. Pacific Earthquake Engineering Research Center, 2015.
[22] L.N. Lowes, N. Mitra, A. Altoontash, A beam-column joint model for simulating the
earthquake response of reinforced concrete frames, PEER 2003/10. Pacific Earthquake
Engineering Research Center, 2004.
[23] M. Zhu, F. McKenna, M.H. Scott, OpenSeesPy: Python library for the OpenSees finite
element
framework.
SoftwareX,
7,
6-11,
2018.
https://doi.org/10.1016/j.softx.2017.10.009
[24] M.H. Scott, G.L. Fenves, Plastic hinge integration methods for force-based beamcolumn elements. Journal of Structural Engineering, 132(2), 244-252, 2006.
https://doi.org/10.1061/(ASCE)0733-9445(2006)132:2(244)
[25] C.A. Cornell, Engineering seismic risk analysis. Bulletin of the Seismological Society of
America, 58(5), 1583-1606, 1968.
[26] M. Pagani, D. Monelli, G. Weatherill, L. Danciu, H. Crowley, V. Silva, P. Henshaw, L.
Butler, M. Nastasi, L. Panzeri, M. Simionato, D. Vigano, OpenQuake Engine: An Open
Hazard (and Risk) Software for the Global Earthquake Model. Seismological Research
Letters, 85(3), 692-702, 2014. https://doi.org/10.1785/0220130087
[27] G. Lanzano, L. Luzi, F. Pacor, C. Felicetta, R. Puglia, S. Sgobba, M. D'Amico, A revised ground-motion prediction model for shallow crustal earthquakes in Italy, Bulletin
of
Seismological
Society
of
America,
109(2),
525-540,
2019.
https://doi.org/10.1785/0120180210
[28] F. Jalayer, C.A. Cornell, Alternative non-linear demand estimation methods for probability-based seismic assessments, Earthquake Engineering and Structural Dynamics,
38(8), 951-972, 2009. https://doi.org/10.1002/eqe.876
[29] NTC18, Norme Tecniche per le Costruzioni, DM 17/1/2018. Gazzetta Ufficiale della
Repubblica Italiana, Italian Ministry of Infrastructure and Transport, Rome, Italy, 2018.

2183

G. Gabbianelli, D. Perrone and E. Brunesi

[30] M. Kohrangi, P. Bazzurro, D. Vamvatsikos, A. Spillatura, Conditional spectrum-based
ground motion record selection using average spectral acceleration, Earthquake Engineering
and
Structural
Dynamics,
46(10),
1667-1685,
2017.
https://doi.org/10.1002/eqe.2876
[31] FEMA-356, Prestandard and commentary for the seismic rehabilitation of buildings.
Federal Emergency Management Agency, Washington, DC 20472, 2000.
[32] G. Gabbianelli, D. Perrone, E. Brunesi, R. Monteiro, Seismic acceleration and displacement demand profiles of non-structural elements in hospital buildings, Buildings,
10(12), 243, 1-19, 2020. https://doi.org/10.3390/buildings10120243
[33] V. Vukobratović, S. Ruggieri, Floor acceleration demands in a twelve-storey RC shear
wall
building,
Buildings,
11(2),
38,
1-20,
2021.
https://doi.org/10.3390/buildings11020038
[34] R. Merino, D. Perrone, A. Filiatrault, Consistent floor response spectra for performancebased seismic design of non-structural elements, Earthquake Engineering and Structural Dynamics, 49(3), 261-284, 2021. https://doi.org/10.1002/eqe.3236
[35] J.W. Baker, Efficient analytical fragility function fitting using dynamic structural analysis,
Earthquake
Spectra,
31(1),
579-599,
2015.
https://doi.org/10.1193/021113EQS025M

2184

COMPDYN 2021
8th ECCOMAS Thematic Conference on
Computational Methods in Structural Dynamics and Earthquake Engineering
M. Papadrakakis, M. Fragiadakis (eds.)
Streamed from Athens, Greece, 230 June 2021

ASSESSMENT OF RC HOLLOW-PIERS FOR SEISMIC LIMIT STATE
OF DAMAGE - DIRECT REPAIR COSTS
Pedro Delgado1,3, Naiara Silva2, Mário Marques3 and António Arêde3
1

PROMETHEUS, Instituto Politécnico de Viana do Castelo,
Rua Escola Industrial e Comercial de Nun’Álvares, 4900-347, Viana do Castelo, Portugal,
pdelgado@estg.ipvc.pt, ORCID 0000-0002-4024-0442
2

Instituto Politécnico de Viana do Castelo
Rua Escola Industrial e Comercial de Nun’Álvares, 4900-347, Viana do Castelo, Portugal
naialexandrep@gmail.com
3

CONSTRUCT-LESE, Faculdade de Engenharia (FEUP) Universidade do Porto
R. Dr. Roberto Frias, s/n 4200-465 Porto, Portugal
mario.marques@fe.up.pt; aarede@fe.up.pt

Abstract
Due to the vulnerability of reinforced concrete hollow piers subjected to seismic actions, it
becomes urgent to assess the expected shear damage and its evolution with the increase of the
intensity level. Additionally, the focus of the scientific research dedicated to seismic behaviour of these elements is still reduced, in particular with regard to the limit states of damage and to the economic consequences of repairing and retrofitting the physical damages existing in RC hollow piers subjected to the seismic action. This information is deemed crucial
when cost-benefit analysis is concerned for the definition of measures for repair and retrofit
of seismic damage.
This paper focus on the issue of damage to hollow piers due to the seismic action, proposing a
methodology to characterize the limit states of damage under the perspective of the physical
behaviour. It also intends to discuss adequate strengthening strategies and their direct costs,
associated with each seismic physical limit state of damage. An extensive review of numerous
cyclic experimental works on RC hollow piers will be performed, and in liaise with specialized construction companies, the direct repair costs will be estimated.
Keywords: Repair cost; Shear limit state damage, RC hollow-piers, Non-linear cyclic behavior.
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1. INTRODUCTION
The hollow section piers are often used in high-rise bridges, particularly when it is necessary to ensure high stiffness and simultaneously low weight, thus leading to a more economical construction. Hollow piers can be compared to reinforced concrete walls, however when
such components are subjected to high intensity seismic actions can, in certain circumstances,
evidence a significant vulnerability associated mainly to the low shear capacity.
Due to the expected vulnerability of these piers, when subjected to seismic actions, it becomes urgent to assess the expected damage and its evolution with the increase of the intensity level. Additionally, it is noted that the focus of the scientific research devoted to seismic
behaviour of these elements is still reduced, in particular with regard to damage and to the
limit states of damage. This paper focus on the analysis of damages on hollow piers due to the
seismic action, proposing a methodology to characterize the limit states of damage under the
perspective of the physical behaviour. To establish a correspondence between physical damage states and structural parameters, a set of results of quasi-static experimental tests was analysed, in hollow piers of reinforced concrete subject to cyclic loading [1-3].
An experimental test campaign was conducted in the Laboratory of Earthquake and Structural Engineering (LESE), located at the Faculty of Engineering of University of Porto, where
a test setup was developed and that served to several research works on this field of study.
This experimental test campaign consisted of 12 piers, 6 with a squares cross section (PO1)
and 6 with a rectangular section (PO2). The square piers have a section of 0.45x0.45m and a
wall thickness of 7.5cm. The rectangular piers have a section of 0.90x0.45m also with a wall
thickness of 7.5cm. All piers are 1.40m tall and were built with ¼ scale from the original size.
All the piers have different characteristics of materials, arrangement of shear reinforcement or
cross areas of reinforcement. Table 1 shows these characteristics of the piers [1-3] and Figure
1 illustrate the reinforcement details. An axial load of 250 kN was considered, that corresponds to a normalized axial force of 0.08.

Designation
PO1-N1
PO2-N1
PO1-N2
PO1-N3
PO2-N2
PO2-N3
PO1-N4
PO1-N5
PO1-N6
PO2-N4
PO2-N5
PO2-N6

Geometry
Square
Rectangular
Square
Square
Rectangular
Rectangular
Square
Square
Square
Rectangular
Rectangular
Rectangular

fcm (Mpa)
19,8
19,8
27,9
27,9
27,9
27,9
28,5
28,5
28,5
28,5
28,5
28,5

Longitudinal
Reinforcement
area

fsy (Mpa)

40φ8
64φ8
40φ8
40φ8
64φ8
64φ8
40φ8
40φ8
40φ8
64φ8
64φ8
64φ8

625
625
435
435
435
435
560
560
560
560
560
560

Shear Reinforcement
ø
(mm)
3,8
3,8
2,6
2,6
2,6
2,6
2,6
2,6
2,6
2,6
2,6
2,6

Table 1 :Properties of tested piers.
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fsy
(Mpa)
390
390
437
437
437
437
443
443
443
443
443
443

Type
2 legs
2 legs
2 legs
2 legs
2 legs
2 legs
2 legs
2 legs (EC8)
4 legs (EC8)
2 legs
2 legs (EC8)
4 legs (EC8)
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Figure 1: Piers PO1-N5 and PO2-N5 reinforcement details [1].

2. LIMIT STATES OF SEISMIC DAMAGE
With the analysis of the experimental test it was possible to perform an evaluation of the
damages in the columns. The types of damages that were observed correspond to: concrete
cracking, concrete spalling and concrete crushing. After quantifying and analysing the damages due to the displacement applied on the top of the column, it was possible to identify several response levels corresponding to the seismic damage limit states. The seismic damage
limit states chosen for the present study were those defined by Delgado et al. [4]. These seismic damage limit states are in line with other studies and documents, e.g. [5] and [6].
The methodology proposed by Delgado et al. [4] defines a total of four damage limit
states. The first state of damage corresponds to slight damage. In this state, the damage is
barely visible and does not compromise the structural stability. The visible damages are essentially the beginning of cracking, in a small extension and density, concentrated on the lower third of the columns. The second state of damage, referred to as moderate damage, is
distinguished from the previous state limit by the increase in cracking. The cracks have reduced openings, smaller than 1mm, being a large part of the typical cracks, shear cracking,
which reach a maximum of 1mm of opening. The third state of damage is the state of extensive damage. When a pier reaches this level of damage the element already requires attention
and a significant repair. The most visible damages in the piers are the appearance of cracks
openings of up to 3 mm and with a high density. In this state of damage the cracks are essentially due to shear in the webs and to bending in the flanges also noting the effect of "shear lag
effect". The cracks are evenly distributed over the entire section of the pier. It is also possible
to observe some concrete spalling. The ultimate damage state is the collapse. When damage to
the pier reaches this level, it is no longer economically and feasible to repair the structural element and its structural safety is seriously compromised. Between this state and the state of
extensive damage, there is a significant evolution of damages, with emphasis on the concrete
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crushing and an increase of the detachment of the concrete cover. Numerically, this state is
defined when the shear stress is higher than the theoretical resistant value or the conventional
shear occurs. Figure 2 illustrates the evolution of damage, in the various limit states of damage.

a)

b)

c)

d)

Figure 2: a) Slight damage, b) Moderate damage, c) Extensive damage, d) Collapse.

After defining the several damage states, it is necessary to identify a response parameter
capable to translate the evolution of the physical damages of the column in each of the above
limit states. Thus, and with the purpose of using a single structural parameter for all limit
states, which can be easily evaluated in any numerical model, the drift response parameter
was selected. The correspondence between the four previously defined limited states of damage and the drift values was established from the analysis of the experimental tests of the hollow piers, and considering a description of each boundary state. Table 2 translates the drift
limit values associated with each physical damage state.
Limit State
Slight
Moderate
Extensive
Collapse

Drift (%)
0.6
1.3
2.0
3.0

Table 2 :Limit states and corresponding drift value.

3. SEISMIC REHABILITATION TECHNIQUES
Currently, there are several techniques for the repair and strengthening of structures, with
the aim to ensure the replacement or improving of seismic behaviour and capacity. This study
was followed by the approach and characterization of repair techniques proposed in the research project "PRISE - Evaluation of Losses and Seismic Risk of Buildings in Portugal" [7],
funded by the Portuguese Foundation for Science and Technology, in which the authors of
this study were involved, and as presented in the work conducted by Delgado et al. [4]. In this
project was built a database of unit repair costs for each repair technique, which includes materials and labour costs, obtained from surveys collected from several construction companies
existing in Portugal and specialized in repairing/strengthening these damages. In this study,
the costs of the access to the pier to be repaired and other works, were considered.
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3.1. Slight Damage
This limit state is characterized by minor or irrelevant, and almost imperceptible visualized
damages, with very small cracks, up to 0.5mm of opening. For such pattern, with crack width
less than or equal to 0.1mm, three possible repair techniques are identified and may or may
not occur together, namely: surface painting; Surface plaster of the piers; Scrub surface with
epoxy resin. If the environmental conditions of aggression are zero, no repair is necessary. For
crack width between 0.1mm and 0.5mm, the most appropriate repair technique is the injection
of epoxy resin.
The painting of the concrete surfaces of the piers must be carried out through water-based
monolayer paint scheme. This painting should be done in two coats, with a smooth finish, resistant to the alkalis of the hydraulic binders and complying with the minimum requirements
of EN 1504-2 [8]. This painting should be done with elastic paints to prevent further fissure of
the piers. The surface plater repair technique consists of a generalized treatment of the cracks
at an unspecified location. The same plastering should be done with an adjuvant mortar. The
last repair technique, applied on crack width lower than 0.1mm is to scrub the surface with
epoxy resin. This technique consists on the application of impregnation product with one coat,
resistant to the alkali of the hydraulic binders and fulfilling the minimum requirements of EN
1504-2, [8].
3.2. Moderate Damage
The state of moderate damage is characterized by small cracks in the abutment faces, corresponding to an opening between 0.5mm and 1.0mm. Structural stability is not compromised, and any type of structural intervention is unnecessary. To repair crack openings, the
most appropriate repair technique is the injection of epoxy resin, which must comply with EN
1504-5 [9], regarding injections in reinforced concrete structures
3.3. Extensive Damage
In the limit state of extensive damages the crack width is, approximately, between 2mm to
3 mm, and is visible some concrete spalling. When a pier reaches this state of damage it already requires some attention, and needs to be repaired in a short term in order not to compromise the structural stability. For this reason, it is necessary to proceed with a structural
reinforcement of the element. The repair technique for the cracks consists of the injection of
epoxy resin, respecting EN 1504-5 [9], as previously mentioned. When the pier has cracks
and some spalling, it is necessary to proceed with the reconstruction of the piers. With respect
to the structural reinforcement of the element this can be realized in three distinct ways: increase of the section with the use of reinforced concrete; Bonding of metal sheets and Pier
engagement with carbon fibre blankets (CFRP).
When the piers have some concrete spalling, it is necessary to replace this same concrete.
It is first necessary to remove the damaged concrete, to clean and to perform a surface treatment with a needle hammer. Once the degraded concrete has been cleaned, it is necessary to
place a new concrete in compliance with EN 1504-2 [8].
One of the most used strengthening techniques is the jacketing with carbon fibre blankets
(CFRP). This technique has the advantage of causing a minimal increase of the section and
greatly increasing the strength. This technique consists of bonding carbon fibre blankets using
epoxy resins and then finishing with a self-adhesive mortar. In this type of strengthening, it is
necessary to ensure that the ends are well bonded. Figure 3 illustrates the result of a CFRPreinforced piers. All of these glues referred to in the previous reinforcements must comply
with EN 1504-4 [10].
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Figure 3: Pier reinforced with CFRP.

3.4. Collapse
As previously mentioned, the damage limit state corresponding to the collapse is characterized by a large concrete spalling and in which the theoretical resistance is exceeded. Thus,
when a pier reaches this state of damage, it becomes economically impracticable to repair. If
the demolition operation is not possible, there is no feasible repair techniques and only structural reinforcement is possible, using the reinforcement techniques described above.
4. DIRECT REPAIR COSTS ESTIMATION
After identifying the unit costs associated with the tasks and resources required for each
rehabilitation and strengthening technique of the piers, the evolution of the cost according to
the response of the structural element was quantified. The pier behavior develops according to
its material and geometric characteristics, and the level of seismic action. The drift was considered as the response parameter, thus allowing to estimate the cost of piers rehabilitation for
each seismic damage limit state [7]. The quality of the cost estimate for repair or strengthening is very important in the identification of the technique to be adopted. In the case of rehabilitation works, construction presents several sources of uncertainty, due, for example, to the
difficulty in performing some of the tasks, making it difficult to quantify the necessary resources, such as man cost and equipment needed in the intervention. However, in this work an
estimate of the average costs of the pier rehabilitation was carried out according to its damage
limit state and separating the cost by type of work to be carried out, that is, the cost of materials, the cost of labor and cost of access to the pier area to be repaired and other additional
works.
4.1. Slight Damage
For the limit state of slight damage, if the cracks have openings less than 0.5mm, the
cracked surface must be repaired, corresponding to the pier bottom, in this case approximately
equal to the dimension of the cross section. Table 3 illustrates the separation of repair costs
according to the type of work to be carried out.
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Average Cost (€)
Material
Labors
Accessibility and other works
Total

77
49
21
154

Table 3 :Pier repair costs for limit state of slight damage.

4.2. Moderate Damage
For the limit state of moderate damage with cracks between 0.5mm and 1mm, the injection
of epoxy resin should be used. In this case, about 2/3 of the pier surface is cracked, including
the repair costs associated with each task in Table 4.
Average Cost (€)
Material
Labors
Accessibility and other works
Total

112
98
49
259

Table 4 :Pier repair costs for limit state of moderate damage.

4.3. Extensive Damage
The limit state of extensive damage is characterized by the deteriorating of the state of the
structure, with the appearance of large cracks, with openings that can vary between 1 mm and
3 mm, distributed on all sides of the pier, and it is also possible to verify the spalling of the
concrete cover. When the pier reaches this state of damage, the surface treatment is not sufficient to guarantee the necessary minimum requirements, thus it is necessary to proceed with a
structural reinforcement of the element. Table 5 represents the different costs by type for repair, taking into account an average estimate of the three structural reinforcement techniques
namely: increase in section with reinforced concrete, reinforcement with the addition of metallic profiles and reinforcement with carbon fiber blankets (CFRP).
Average Cost (€)
Material
Labors
Accessibility and other works
Total

245
252
105
602

Table 5 :Pier repair costs for limit state of extensive damage.

4.4. Collapse
Finally, for the limit state of collapse, which is characterized by a large detachment of the
covering concrete, its repair is economically unfeasible. Thus, the demolition and construction
of a new pier corresponds to the work to be applied in this case. The total cost will reflect all
the demolition work on the pier, involving the recycling of all materials, loading, transport
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and unloading, as well as the auxiliary tasks necessary for cleaning the site. The cost of building a new pier includes the execution of an identical reinforced concrete pier, including the
supply, placement, compaction and curing of the concrete. The total price for demolition and
construction of this reinforced concrete pier is around € 699. Table 6 shows the costs separated according to the type of work to be carried out. Unit costs were estimated and validated
through contact with specialized construction companies.
Average Cost (€)
Material
Labors
Accessibility and other works
Total

209
280
210
699

Table 6 :Pier repair costs for limit state of collapse.

4.5. Evolution of structural intervention costs
After analysing the costs of each structural repair and strengthening technique, it is necessary to understand how the cost evolution occurs as a function of the structural response, considering in this case the drift as a response parameter. Thus, it will be possible to quantify the
economic weight of each state limit for the repair or strengthening of the piers.
In order to make this analysis more global, it was adopted to represent the evolution of the
ratio between the cost of repair and the cost of replacing the pier as a function of the drift, as
illustrated in Figure 4, for each Limit State of Damage (LSD). This transfer evolution of damage into costs, provides an important indicator for any cost estimate in hollow section reinforced concrete piers. Additionally, it also allows to assess the impact and efficiency of each
repair or strengthening technique. Figure 4 reveals that the repair costs associated with the
extensive and collapse damage levels mean that the repair of the structural element is not viable. However, even in the case of slight and moderate damages the respective costs are already quite significant.

Figure 4: Evolution of the repair cost ratio (%) for each LSD/drift.
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In the case of this study, for structures that suffered from the impact of an earthquake and
therefore in need of rehabilitation, factors such as the type, size of the bridge and how it will
be made accessible must be taken into account. The places where structures are found that are
damaged by earthquakes are usually difficult to access, and the debris on the site and the size
of the structure contribute to a considerable increase in the budget. The piers previously studied are usually implemented in different types of bridges, with different dimensions and
which, in terms of accessibility, can vary between easy access, moderately difficult access and
difficult access.
5. CONCLUSIONS
In the present study, the evolution of structural damage in hollow reinforced concrete piers
(whose behaviour is also representative of reinforced concrete walls) due to the action of
earthquakes, with the purpose of defining limit states of damage (LSD), is based on a previous study of the authors of this study Delgado et al. [4]. This information was associated with
repair and strengthening techniques, which are commonly applied in Portugal. Finally, the
respective costs were estimated, which allowed to characterize the evolution of the costs of
piers repair and strengthening as a function of the structural response. This work uses the construction techniques and their unit costs established under the PRISE project.
In this study, it was intended to obtain a methodology that is capable of predicting an assessment of the damage to the different piers, and the cost estimation of piers repair and
strengthening, allowing to assess, in a simplified way, the cost estimate of the piers rehabilitation with insufficient shear capacity for each limit state of seismic damage. The proposed
methodology allows to conclude that the repair of hollow reinforced concrete piers has significant costs even for moderate damage, and the replacement costs for collapse and extensive
damage are practically identical. Thus, both from the point of view of costs and seismic safety, this study identifies the urgency of verifying the shear capacity of bridge piers and, in case
it is insufficient, proceed to strengthening it in order to avoid the most severe LSD or collapse.
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Abstract. The European Union has sponsored the development of a new friction dissipating
system, for improving seismic behaviour of existing buildings. The proposed system consists
of CLT-elements connected to the external beams of existing reinforced concrete building using
steel proﬁles. Each of the steel proﬁles consists of two separate plates connected by a friction
connection made by preloaded bolts in elongated holes. The authors carried out the experimental testing of the friction connection by estimating the corresponding hysteresis curve. A
Duhem-like mechanical model, matching with the experimental results, simulates the cyclic
response of the connection. The authors investigate the seismic performance of a structural
archetype, a plane RC frame with CLT shear walls equipped with this sort of friction dampers.
It is assessed the optimum preload condition to achieve an optimal seismic performance according to the Italian seismic scenario by the fragility assessments. A selected suite of earthquakes
is the basis of Incremental Dynamic Analysis (IDA) of the structural archetype, without and
with the friction device. The optimum preload of the dissipating systems descends by optimizing
the structural performance: maximizing the dissipated energy by preventing damage to the CLT
panel and the reinforced concrete frame.
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1

INTRODUCTION

The vulnerability of the existing building entails developing non-invasive retroﬁtting approaches, based on passive devices [1, 2, 3].
The use of passive devices could be advantageous due to low-invasiveness and reduced installation time [4, 5], compared to more traditional seismic retroﬁtting strategies [6, 7, 8].
Among them, friction-based dampers have shown great potential, compared to the most diffuse buckling restrained braces and ﬂuid viscous dampers [9, 10]. The performance of frictionbased systems is sensitive to dampers’ location and the value of the slip forces. The ﬁrst studies
about friction dampers directed on experimental tests and technological development of the
friction-based devices with the hysteresis loop’s rectangular shape [11], as the Slotted Bolted
Connection (SBC) discussed by [12, 13, 14]. Lately, several researchers proposed alternative
friction dampers featured by nonrectangular hysteresis curves. Among the others, Clifton et
al. [15] introduced the asymmetric sliding hinge joint (SHJ) for steel moment-resisting frames
with a nonrectangular hysteresis.
A few investigations dealt with applications of friction devices on timber shear walls. Filiatrault
et al. [16] proved the advantage in using friction sliders in timber sheathed shear walls. Loo
et al. [17] conﬁrmed the ﬁndings by [16]: they applied symmetric slip friction connections to
replace the traditional nail plate hold-downs for timber Laminated-Veer-Lumber (LVL) walls.
Hashemi et al. [18] extended the study by [17] to Cross-Laminated Timber (CLT) coupled walls
and hybrid timber–steel core walls. Recently, Hashemi et al. [19] developed an innovative, resilient slip friction joint (RSFJ) characterized by a nonrectangular hysteresis shape.
The current research focuses on the e-CLT technology, developed on the ongoing multidis-

(a)

(b)

Figure 1: (a) Proposed friction energy dissipating system; (b) Illustration of a working application.

ciplinary Horizon 2020 research project e-SAFE (Energy and Seismic AFfordable rEnovation
solutions): an application of Asymmetric Friction Connection (AFC) dampers and CLT panels
on existing reinforced concrete structures for seismic retroﬁtting purposes.
The AFC is an arrangement of ﬁve plates, three steel plates and two thinner plates, named
shims, assembled using high strength bolts. The AFC were studied by [15]. Primary attempts
used brass shims based on the energy dissipation mechanism proposed by [14] for slotted bolted
connections. Succeeding studies carried out by [20] extended the SHJ idea to mild steel and aluminium shims. Fresh studies carried out by [21] introduced bisalloy grades 80 and 400 shims.
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Figure 2: (a) Possible proﬁle design with front mounted CLT panel; (b) Possible proﬁle design with back mounted
CLT panel.

The e-CLT technology consists of the external application of prefabricated Cross-Laminated
Timber (CLT) [22, 23, 24] structural panels by connecting them to the RC beams through AFC,
see Fig.1 and 2. If moderate earthquakes occur, the dampers rigidly connect the CLT panels to the RC structure, by enhancing the lateral stiffness and strength. During strong ground
motions, the friction dampers activate with possible signiﬁcant energy dissipation. The e-CLT
system aims at reducing the storey drift demand and the damage to nonstructural and structural
components. The presented retroﬁtting intervention may combine the e-CLT technology with
nonstructural pre-assembled panels made of wooden frames and provided with high-performing
windows to replace the existing ones. Not secondarily, structural and nonstructural panels integrate bio-based insulation materials and the desired ﬁnishing layer to improve the energy
performance and the architectural image of the renovated building [25].
The e-CLT technology comprises the installation of AFC, whose response is mostly driven by
Columbian forces. The damper consists of a contacting friction interface clamped by pretension
high strength bolts: the friction interface sliding guarantees energy dissipation. The device has
two cold-bent steel proﬁles that connect the CLT panels of two consecutive storeys with the existing interposed RC beam. The upper proﬁle is connected to the RC beam by anchor bolts. The
bottom proﬁle is provided with slotted holes and is connected to the upper one by pre-tensioned
high strength bolts. Standard timber screws connect both the upper and bottom proﬁle to the
CLT panels. The authors present the experimental cyclic response of the considered AFC by
addressing the slip force’s role for its optimum design.
To the authors’ knowledge, a few studies focused on the optimum design of friction-based
dampers. The most recent researches examine the optimum design of friction-based dampers
installed on structural archetypes through nonlinear dynamic analysis driven by optimization
algorithms [26].
So far the most signiﬁcant achievements about the optimum design of friction-based dampers
are:
• Optimum distribution of the friction device and optimum selection of the slip force value
can lead to a more than 50% reduction of the inter-storey drift in RC frames. Additionally,
a nonuniform distribution of the total slip force along the building’s height can further
reduce the inter-storey drift [27, 28].
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• The optimum slip load values are more affected by the amplitude and frequency of the
input earthquakes (e.g. peak ground acceleration) rather than the characteristics of the
structure [16].
• [29] derived an empirical equation which predicts the optimum slip load:
R = 1.12 e−0.11n

(1)

where R is the ratio between the average of the slip loads with uniform cumulative distribution and the average shear strengths of the storeys, n is the number of storeys.
The mentioned studies, focused on optimizing slip-forces in friction dampers, required extensive parametric studies, which involved modelling a large variety of structural archetypes. However, the analyses’ main drawback stood in the adoption of simpliﬁed constitutive models for
concrete and the dampers and the modelling of the frames without the inﬁll. The use of an elementary Coulomb-like friction model may be inadequate due to the possible higher slip force
during the ﬁrst cycles. The stability of the hysteresis loop and the magnitude of the friction
forces developed by AFC specimens are directly related to the shim material hardness [30].
The presence of the masonry inﬁll affects the seismic performance of RC frames signiﬁcantly
by increasing both the stiffness and resistance, as well as the ductility and pinching phenomena
[31].
This paper investigates the performance of the e-CLT technology on an RC frame with masonry inﬁll, which is the primary unit of many existing RC buildings. The main novelties of the
research are:
• Discussion of the experimental cyclic response of a novel AFC, included in the e-CLT
technology, and presentation of an enhanced Coulomb-like model.
• Investigation of the seismic response of an elementary RC frame equipped with the AFC
using the Atan model calibrated on the experimental cyclic response of an RC frame with
clay inﬁll. Estimation of the optimum slip-force in the considered system, which yields
the minimum displacement drift.
• Comparison between the optimization results with existing empirical formulations useful
for preliminary design.
The paper has the following organization. The second section formulates the optimization
problem, while the third presents and discusses the experimental tests on the friction-based
dampers. The fourth section addresses the modelling choices and the calibration of the hysteresis models for simulating the RC frame and the friction damper. The ﬁfth section discusses
the ﬁrst results obtained from the coupled system, while the sixth section deals with the optimization problem’s solution. The last section compares the obtained results to the existing
formulations by proposing alternative design approaches.
2

ACTIVATION CONDITION

The preliminary design of friction-based dampers may descend from the deﬁnition of their
activation condition. The activation identiﬁes the phase when the inertial forces win the connection’s slip resistance, and the device starts dissipating energy.
The activation condition deﬁnition is crucial: a precocious activation may lead to a non-optimum
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exploit of the structure’s elastic energy. A late activation determines the safety margin’s erosion: the damper may start dissipating when the system has already suffered extensive and
critical damage. Therefore, the activation phase must occur just in time to yield the maximum
beneﬁts to the structure.
Likely, the activation is not contemporary between all devices, since the structural deformation is not uniform within the structure. Therefore, the activation condition’s optimum design
is the most crucial task in designing a retroﬁtting intervention based on friction dampers. The
practitioner must design both the slip force and the distribution of the dampers inside the structure.
Let us consider an elementary structural archetype, a plane frame, representing the primary
structural unit in an RC frame building. The dampers’ activation at the i-th storey occurs when
the inter-storey drift exceeds a given threshold.
The authors will focus on estimating the slip force associated with a structural archetype’s
optimum seismic performance and will neglect to determine the dampers’ optimum distribution,
which can be the object of future investigations.
Why is the design of the slip resistance a minimum problem? Let us consider the maximum
inter-story drift, which is an acknowledged indicator of the damage level in both structural
and non-structural elements of RC structures [32]. The displacement drift depends on multiple
factors. The authors will consider the sole slip resistance of the damper:
dmax = f (Fs,R , x)

(2)

where dmax denotes the maximum displacement demand, Fs,R is the damper slip resistance
and x collects additional variables affecting the maximum drift demand (structural stiffness,
e.g.). The following paragraphs explain the presumed evolution of the maximum displacement
demand as a function of the slip resistance, qualitatively illustrated in Fig.3.

Figure 3: Qualitative illustration of the trend of the maximum displacement dmaximum as a function of the slip
resistance of the AFC.

The displacement drift is related to the dissipated energy during the seismic excitation. If the
damper’s slip resistance tends to zero, the structure behaves as if no damper is installed.
lim dmax = dmax,c

Fs,R →0
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where dmax is the maximum displacement demand, and dmax,c is the maximum displacement
demand of the RC structure without dampers. If the slip resistance tends to inﬁnity (Eq.4), the
damper does not activate, and the structure behaves as if no damper is installed and the CLT
panel behaves as an additional stiffening element reducing the maximum displacement demand:
the slip resistance would be higher than the shear resistance of the RC structure, expressed by a
double vertical line in Fig.3.
lim dmax = dmax,c − dCLT

Fs,R →∞

(4)

where dCLT is a contribution which lowers the displacement demand due to the additional stiffness of the CLT panel. If the slip resistance increases from the zero value, see Fig.3, the dissipated energy increases. The damper activates when there are low inertial forces. Still, the
friction-based device must endure signiﬁcant displacement to obtain a meaningful energy dissipation. However, the drift should reduce, and the following derivative would be negative:
∂dmax
<0
Fs,R →0 ∂Fs,R
lim

(5)

If the slip force is lower than the shear resistance of the structure, the damping device can
activate, green region in Fig.3. However, if the slip resistance reduces from the value corresponding to the structure’s shear resistance (red area in Fig.3), the expected drift should reduce.
The damper may start dissipating when the system did not attain the maximum displacement
capacity, thus increasing the dissipated energy and possibly lowering the drift demand. The
AFC has larger displacement margin for dissipation. Therefore, the following derivative would
be positive:
∂dmax
>0
(6)
lim
Fs,R →Fc,R ∂Fs,R
where Fc,R is the shear resistance of the RC frame. The design of the slip force resembles a
minimum problem. Likely, there is a force value which may minimize the drift demand during
seismic excitation. The mathematical problem cannot have a closed-form formulation. The
optimum performance depends on the expected seismic scenario. Therefore, the authors followed an a posteriori approach, conventional in earthquake engineering. They select a set of
earthquakes, matching a given design spectrum. Then, they estimated the nonlinear dynamic
response of a speciﬁc structural archetype by varying the slip resistance in a given range—the
minimum of these values obtained from the considered list of earthquakes identiﬁes the optimum solution.
Fs,R,optimum = arg min dmax (FR,s , ag )

(7)

FR,s

where ag represents a seismic scenario. The paper aims to solve the minimum problem in a
speciﬁc structural conﬁguration, representing the anatomical unit of the e-CLT technology.
3

Experimental tests

The authors investigated the cyclic behaviour of the AFC devised for e-CLT technology. The
considered setup focuses on the friction damper and does not include CLT elements. The experimental setup consists of a rigid steel frame, namely the columns have a 12.5mm thickness
and 100×200mm rectangular section, the bottom proﬁle of the specimen is attached to the right
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column, while the top proﬁle is in the central part of the frame and is free to slide, being connected to the actuator of the press. An additional steel cap plate and two aluminium shim layers
were inserted between the proﬁles, to obtain an asymmetrical friction connection. The goal of

(a)
Figure 4: (a) Setup with all measuring instruments mounted; (c) illustration of the setup

the friction connection in the current setup is to have a 30kN sliding force, this threshold originates from the working limit of the press machine and previous FEM models [33]. The preload
force in the bolt was set to FP,c = 36kN, which resulted in an experimental slip resistance
Fs,R = 29.57kN, calculated as [17]. The experimental friction coefﬁcient is calculated as:
μ=

Fs,R
29.57
= 0.21
=
ns nbFp,C
2 · 2 · 36

(8)

where Fs,R is the experimental slip resistance, ns = 2 is the number of shear surfaces, nb = 2
is the number of the preloaded bolts and FP,c is the preload force in the bolts. Interestingly, the

(a)

(b)

(c)

Figure 5: (a)Experimental hysteresis loop; (b) Force-Time function; (c) Dissipated Energy-time function.

estimation of resistant slip force is not unmistakable. The hysteresis loop does not display an
expected rectangular shape. There is a signiﬁcant increment of the slip resistance in the ﬁrst few
cycles at lower displacements, while it stabilizes at higher displacement to an almost constant
value equal to 30kN, as seen in Fig.5. This effect is not negligible, since there is an approximate
56% increment of the peak to the stable value at higher deformations. The modelling of this
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phenomenon is mandatory to achieve a reliable prediction of the performance of this system.
This aspect is in full accordance with the experimental tests reported by [30]. Speciﬁcally, the
adoption of an aluminium plate, characterised by low hardness, causes moderately stable loops.
The friction coefﬁcient corresponding to the peak force value is, in fact:
μ=

47.03
Fpeak
=
= 0.33
ns nbFp,C
2 · 2 · 36

(9)

This value is in accordance with the ﬁndings by [30], who, in the case of aluminium shims,
obtained a static friction coefﬁcient of 0.34 and a dynamic of 0.21.
4

MODELLING OF THE COUPLED SYSTEM: RC FRAME, CLT PANEL AND AFC
CONNECTION

The authors modelled the hysteretic response of the RC frame in Fig.6(a). Fig.6(b) shows the
experimental cyclic response by increasing the displacement at each cycle up to a drift of 2.5
%. The authors reproduced the hysteretic response in Fig.6(b) using the Atan model, presented

(a)

(b)

(c)

Figure 6: (a) RC frame subject to cyclic loading after [31]; (b) Experimental hysteresis loop; (c) Comparison with
the Atan model.

by [34], which suits the simulation of mechanical systems with pinching, and both strength and
stiffness degradation. It is a hysteresis model based on the arctangent function characterized by
the following piece-wise deﬁnition:
123456-

a1 arctan(b1 x − |c1 |)
a2 arctan(b2 x − |c2 |)
a3 arctan(b3 x + |c3 |)
a4 arctan(b4 x − |c4 |)
a5 arctan(b5 x + |c5 |)
a6 arctan(b6 x + |c6 |)

if
if
if
if
if
if

{ẋ > 0,
{ẋ < 0,
{ẋ < 0,
{ẋ > 0,
{ẋ > 0,
{ẋ > 0,

x > 0, |x| > q max(|x(t)|)∀t ∈ [0, t)}
x > 0}
x < 0}
x > 0, |x| < q max(|x(t)|)∀t ∈ [0, t)}
x < 0, |x| ≤ q max(|x(t)|)∀t ∈ [0, t)}
x < 0, |x| ≤ q max(|x(t)|)∀t ∈ [0, t)}

(10)

where the six conditional statements identify the transition between the different parts of the
hysteresis. A set of three parameters deﬁne the arctangent function in each section of the loop:
ai characterise the amplitude of the force, bi the x axis resolution and ci the residual displacement. The subscript i varies between 1 and 6. The strength and stiffness degradation descend
from the use of an exponential function, like in [35, 36]. The exponential function expresses
the force and stiffness degradation as a function of the dissipated hysteretic energy (). The
energy-dependent deﬁnition of ai and bi is:
ai () = e(−ξai ) a0
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bi () = e(−ξbi ) b0,i

(12)

where ξai and ξbi are properly calibrated to the degradation of the strength and stiffness respectively. The parameters are a0 = 2Fπu and b0,i = ka00,i , where k0,i is the tangent stiffness, and Fu is
the ultimate resistance.
Fig.6(c) displays the superposition between the experimental cyclic response of the RC frame
and the simulated one using the Atan model with the parameters in Tab.1. The model satisTable 1: Parameters of the Atan model for the simulation of the cyclic response of the RC frame in Fig.6.
Parameter

Value

a0
b0,1 ,b0,4
b0,2 ,b0,3
b0,5 ,b0,6
c1−6
ξai ,ξbi
q

140.12
0.71
0.32
0.25
0.20
0.00005
0.80

factorily follows the experimental data by exhibiting the expected degradation behaviour. The
model’s signiﬁcant stability under dynamic excitation endorsed this model’s adoption: it was
explicitly conceived to enhance the stability of hysteresis models with pinching, which present
several convergence issues due to the stiffness boost in the pinched branches.
Columbian friction mainly drives the cyclic response of the AFC. Therefore, the authors adopted
the following deﬁnition of the slip force:
Fs () = μ()Fp,C sign(ẋ)

(13)

where Fs () is the slip force, Fp,C is the absolute value of the preload force, ẋ the velocity of
deformation,  is the dissipated hysteretic energy. The deﬁnition of the friction coefﬁcient is:
μ() = μ0 [exp(−ξ(i)) + 1]

(14)

where the μ0 and ξ from an ordinary least squares optimization are 0.33 and 0.00005 respectively. The authors noticed that an exponential function closely follows the strength evolution

(a)

(b)

(c)

Figure 7: Comparison between the experimental data and the Coulomb-like friction model: (a) Hysteresis loop;
(b) Force-Time function; (c) Dissipated Energy-time function.
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of the AFC. Fig.7 presents the comparison between the experimental data and the Coulomb-like
friction model. The model seizes the experimental response, but it exhibits an energy dissipation
higher than expected due to the loop’s non-rectangular shape due to the corner chirping effect.
The authors neglect this phenomenon in the current investigation due to its limited inﬂuence on
the dissipated hysteretic energy.
4.1

Modeling the coupled system

The assemblage of the RC frame with masonry inﬁll, a CLT wall panel and the AFC represents the structural unit of the e-CLT technology. In the considered system, the CLT panel’s
in-plane resistance must be higher than the slip resistance of the AFC. The CLT panel increases
the RC frame’s strength and stiffness, but the sole AFC provides the extra dissipation capacity.
Accordingly, a linear elastic behaviour of the CLT is assumed for the modelling of the panel.
In the current case, the structural unit consists of the RC frame equipped with a 90mm thick
CLT panel, circumscribed by the frame. Likely, the CLT panel behaves like a clamped-clamped
beam. Therefore, the lateral stiffness is:
kCLT =

h3
12EI

1
+

1.2h
GA

(15)

where kCLT is the lateral stiffness, h the panel’s height, E the longitudinal elastic modulus, I the
cross-section inertia, G the shear modulus, A the cross-section area. The authors adopted the
following parameters E = 11600MPa and G = 450MPa. The assemblage’s lateral resistance,
FT , is the summation of the three contributes, conditional of the exceeding of the slip resistance:
the resistance of the RC frame Fc , the slip resistance of the AFC Fs and the CLT panel contribute
FCLT .
FT (x, ẋ, max(|x(t)|), t, ) = Fc (x, ẋ, max(|x(t)|), t, ) + FCLT (x) if FT ≤ Fs

(16)

FT (x, ẋ, max(|x(t)|), t, ) = Fc (x, ẋ, max(|x(t)|), t, ) + FCLT (x) + Fs (ẋ, ) if FT > Fs (17)
where x is the top displacement of the frame, Fc is described by the Atan model, Fs by Eqs.(13)(14), and FCLT = kCLT x. Likely, the combination of Eqs.(16)-(17) would simulate the lateral
response of the structural unit obtained by assembling the RC frame, the CLT panel and the
AFC connection.
5

SEISMIC PERFORMANCE OF THE STRUCTURAL ARRANGEMENT

The inelastic restoring force in Eqs.(16)-(17) participates to the equilibrium of single-degreeof-freedom oscillator (SDOF), representative of the RC frame dynamic response. The equilibrium of a lumped mass above the frame yields the following ordinary differential equation under
earthquake excitation:
(18)
mẍ + FT = −mẍg
where m is the mass, x the displacement, ẍ the double derivative of x with respect to time, FT
the resisting inelastic force deﬁned in Eqs.(16)-(17), and ẍg the ground acceleration. A SDOF
system is the most elementary structure. Nevertheless, it is the most meaningful, and the results
obtained from this basic structure have universal application. The SDOF model is used to assess the slip force, which guarantees the lowest inter-storey drift. An RC frame represents any
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storey distinguished by a prevalent shear-type response. Accurately, any structure is a standalone case, but an elementary model’s accurate analysis supports a mindful assessment of the
optimum ranges to be expected in more complicated structures. In contrast with the previous
section, the displacement is unknown and must descend from the numerical integration of the
ODE. Precisely, the authors used the explicit fourth-order Runge–Kutta method for the temporal discretization of the approximate solution of the ODE. The optimization of the slip force in
AFC descends from an indirect approach. The authors simulated the response of an RC frame
equipped with the AFC to a set of 41 earthquakes by varying the value of the slip force in a given
range. A list of 41 Italian earthquake records with magnitude ML ranging between 5 and 6.5,
reported in [37, 38], represented the base for generating 41 artiﬁcial earthquakes, scaled to the
same PGA and optimized to match a given design spectrum. The design spectrum corresponds
to the seismic scenario expected in L’Aquila, Italy, according to the National Seismic Code.
The algorithm presented by [39] is used to scale the accelerograms to a 0.3PGA, and carry out
the analyses based on coherent inputs. The algorithm modiﬁes the frequency content without
producing substantial shape modiﬁcations. The force slip varied in the range 0-100kN, with a
1kN step. Fig.8 displays the results of the analyses. Fig.8(a) reports the maximum displacement drift due to a single earthquake. Maximum inter-story drift is widely used to evaluate the
level of damage to both structural and non-structural elements in RC structures [32]. Fig.8(b)
superposes the curves in Fig.8(a) by considering the responses to the 41 earthquakes. The mean
and variance of the minima of the curves in Fig.8(b) leads to the normal distribution pictured in
Fig.8(c).

(a)

(b)

(c)

Figure 8: (a) Maximum drift of the RC frame from the response to the El Centro earthquake as a function of the
slip force; (b) Superposition of the maximum drifts of the considered system under the earthquakes in Tab.??; (c)
Half-Normal distribution of the slip force vales corresponding to the minimum drift.

The curves do not exhibit a smooth trend: they are very jagged. Still, despite the oscillation, each curve has a minima range with a concave shape by the minima. Hence, the authors
picked the argument corresponding to the lowest value, considered representative of the optimum slip force. There are considerable differences between the curves obtained from different
earthquakes. This evidence agrees with the ﬁndings by [16]. They observed that the optimum
slip load values are more affected by the amplitude and frequency of the input earthquakes (e.g.
peak ground acceleration) rather than the structure’s characteristics.
Interestingly, the range of local minima gathers by the lower values of the slip force.
Also [29], [40] and [41] observed that the use of friction dampers leads to an optimum range
of slip load ratios that, on average, leads to lower inter-story drifts. According to [29], the
slip load ratio is the ratio between the slip value and the resistance of the structure without the
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passive device. They found the following empirical function for the prediction of the optimum
slip force as a function of the number of storeys n:
R = 1.12 e−0.11n

(19)

If there is one storey, the R ratio is almost one. As the number of storeys grows, the R ratio
reduces to 0.12. This emirical equation does not agree with the outcomes of this investigation.
The R ratio in the considered conﬁguration is R ≈ 0.23.
According to [29], in the considered case, the optimum slip resistance should be approximately
equal to 200kN. Numerous factors are affecting the optimum value of the slip force. Both the
RC frame and the AFC dissipate the seismic energy. The energy dissipated by the friction
dampers is proportional to both the slip force and the mutual drift. If the slip force is kept low,
the dissipated energy increment must descend from the increment in displacement. If the slip
force is higher, a lower displacement can generate the same dissipation. However, higher forces
cause the device activates when the RC frame has already experienced a signiﬁcant displacement drift. In the considered system, characterized by strength and stiffness degradation, if the
slip force was equal to 200kN, the AFC’s beneﬁt was reduced by its tardy intervention.
Still, the RC frame with masonry inﬁll can exhibit more the 50% strength increment to the same
structure without inﬁll. If R is the ratio between the slip resistance and the RC lateral capacity without the inﬁll, the ﬁndings of this research and those by [29] become coherent, R will
approximate one. The masonry inﬁll is determinant for the correct assessment of the optimum
slip force.
6

Conclusions

The paper addresses the seismic performance of the e-CLT technology via nonlinear dynamic
analysis on an elementary RC frame with masonry inﬁll. The e-CLT technology is a seismic
retroﬁtting solution of existing RC building based on the use of cross-laminated timber (CLT)
panels and asymmetric friction connectors (AFC). In an RC frame, one end of the CLT panel
is ﬁxed on the lower beam, while the other end is equipped with an AFC, connected to the RC
frame’s upper beam. The slip force’s exceeding in the AFC activates the dissipating device,
which possibly contributes to the seismic energy absorption and the reduction of the displacement drift demand. The authors experimented the cyclic behaviour of the AFC and proposed
a Coulomb-like model with a friction coefﬁcient dependent on the dissipated hysteretic energy.
The experimental data are used to simulate a frame’s coupled response with masonry inﬁll
equipped with the AFC. The Atan model, which is an empirical hysteresis model proposed by
[34], simulates the experimental cyclic response of an RC frame with masonry inﬁll, tested by
[31]. The authors tested the frame’s response, represented by an SDOF oscillator with a lumped
mass on the top, under a set of 41 earthquakes by varying the slip force in a given range. Interestingly, there is a range of minima where the slip force is associated with a signiﬁcant reduction
of the storey drift. The displacement reduction can be higher than 50%. However, as observed
by [16], seismic input’s nature signiﬁcantly affects the optimum slip force’s value, which exhibits a signiﬁcant scatter. The mean value of the optimum slip forces found in the considered
structure is 45kN, which is approximately the 21% of the shear resistance of the frame. This
evidence does not match the ﬁndings by [29], who predicted higher optimum slip force values
in bare RC structural archetypes with friction dampers; while in the analyses of this paper the
RC frame was modelled with its real behaviour including the masonry inﬁll. The masonry inﬁll
can add more than 50% increment in strength and stiffness to the same RC frame without inﬁll,
in which case the results from this paper would align with [29].
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Abstract
Recently, timber has gained increasing importance as a structural material, as it offers competitive structural performance and efficient production combined with a significant reduction
of the environmental impact. Light-weight timber frames provide an efficient structural solution
for wooden multi-storey buildings, in which the wall elements - acting as diaphragms - provide
lateral stiffness and resistance to wind and earthquake loads. Light-weight timber frame elements are built up of several components (sheeting, fasteners, frame, support and anchorages),
each of them contributing to the total performance of the structure. The current paper presents
the outcome of experimental and numerical investigations on a ductile and replaceable supporting and anchoring system for wood shear walls. The aim of the examined novel system is
two-fold: (i) to limit the damage of the superstructure under seismic loads by concentrating
plastic deformations on the anchoring elements, placed at the base of the building and (ii) to
be replaced after getting damaged because of a significant earthquake. The supporting and
anchoring detail is made of steel and designed appropriately to behave nonlinear in a ductile
manner under severe seismic loads and thus to provide additional energy dissipation. The damage is concentrated on the steel part, which acts as a dissipative mechanism limiting the forces
transferred into the timber building. Consequently, the timber members remain undamaged for
moderate earthquakes and slightly damaged in case of strong seismic events. A parametric
study, using FE models validated based on experimental results, was conducted with the objective to investigate the influence of the geometrical characteristics of the anchorage. Moreover,
a built-up anchoring configuration optimized for replaceability was developed and analyzed.
Finally, recommendations for applications are provided, as well as the main conclusions of the
study.
Keywords: timber shear walls, ductile and replaceable anchoring system, experimental tests,
FE-investigation
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1

INTRODUCTION

Recently, timber has gained increasing importance as a structural material, as it offers competitive structural performance and efficient production combined with a significant reduction
of the environmental impact. Light-weight timber frames provide an efficient structural solution
for wooden multi-storey buildings, in which the wall elements - acting as diaphragms - provide
lateral stiffness and resistance to wind and earthquake loads. Light-weight timber frame elements are built up of several components (sheeting, fasteners, frame, support and anchorages);
each of them contributes to the total performance of the structure.
Rising demand for multi-storey timber buildings leads to new challenges regarding stiffness,
strength and ductility - properties responsible for the seismic performance. On the one hand,
because of their relatively low structural mass, timber buildings are exposed to lower seismic
loads compared to other structural materials. On the other hand, the anisotropic and naturally
scattering characteristics of wood material settle the design of timber structures for dissipative
behavior a challenging process. Fundamental for the dissipation is the capacity design, which
guarantees a reliable and accurate prediction of the nonlinear response of the dissipative elements. Therefore, an innovative support and anchoring system acting as a dissipative element
was developed, aiming at improving the seismic performance of light-weight timber frame
structures.
Currently, tension ties made of galvanized flat steel represent the common solution for anchoring timber frames to the foundation. These ties are designed for uplift forces only; they are
connected to the timber studs by means of screws or nails and to the foundations by anchor
bolts. In [1][2], tension ties were investigated and it was found that, although the tested specimens can resist adequate tensile forces and provide ductility redundancies, they are susceptible
to sudden failures. The limited predictability of the governing failure mode of the tension ties
was confirmed by own tests (Figure 8 b & c). Tlustochowicz [3], compared two different alternative techniques for the transmission of shear and tension forces: either through nailing plates
welded to a foundation steel plate or via a HEB profile, which was connected to the studs of the
timber wall by glued rods and anchored in the foundation. The specimens with glued rods failed
suddenly in the glued interface [4]. The alternative with nailing plates is widely used in timber
structures. Sufficient ductility can be provided by adequate number and strength of nails, but
sudden block failure of the connectors must be prevented.
In light-weight timber frames, the key component governing the ductility (stiffness and
strength as well) is the shear connection between sheathing and frame. The investigated anchoring detail was developed to enhance the ductility and dissipation capability of the structure by
adding a dissipative mechanism at the base of the timber wall. The development of the novel
anchorage targeted at eliminating the drawbacks of existing solutions, by providing a simple,
reliable and replaceable element which, to some extent, also prevents damages to the main timber structure. To this end, the anchorage must provide a stable hysteretic performance in the
plastic domain. Additionally, the opportunity to strengthen or substitute the anchorage after a
significant seismic event resulting in plastic deformations limited to the anchor system was also
taken into account. This concept allows for a rapid restoration of the occupancy of the building
after an earthquake.
The novel anchorage examined within the current study is made of steel and is integrated
into the corner studs of a timber wall, as shown in Figure 1. It consists of a steel rectangular
hollow section (RHS) and a steel plate, welded to the upper flange of the hollow section. The
steel plate is used for transferring vertical forces from the slitted timber stud by means of a
double shear connection with steel dowels or bolts. The anchoring device is designed to transfer
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vertical loads (tension and compression) only. Shear forces are transferred by separate shear
keys or angle profiles to the foundation.
The response of the structure to seismic loads can be “controlled” through definition of different performance levels for the proposed anchorages. Following the principles of the modern
codes [6], three main performance levels are considered: damage limitation, significant damage
and near collapse. By adjusting the elastic limit of the examined anchorage, the performance of
the total building can be subdivided into: (i) damage limitation performance level: both superstructure and anchorage respond elastic, (ii) the significant damage performance level (or ultimate limit state): the anchoring device behaves nonlinear and dissipates energy, the timber
superstructure remains undamaged or slightly damaged and (iii) near collapse level, damages
(nonlinear response) are expected both at the anchorage and at the superstructure.

Figure 1: Innovative ductile and replaceable anchorage for timber shear walls

Crucial point of the developed concept is the capacity design of the detailing. The non–
dissipative elements should be designed appropriately to remain elastic, permitting yielding and
nonlinear response of the dissipative elements. Material hardening and overstrength of the dissipative elements must be considered. Concerning the tested subassemblies, fasteners, internal
steel plate and timber studs were considered as non-dissipative elements. Regarding global systems, depending on the desired performance level, shear walls can also be considered as nondissipative for specific scenarios.
The reliability of the novel ductile anchorage was investigated experimentally and validated
numerically by the Institute of Steel Construction of RWTH University in Aachen, Germany.
The investigation was part of a national funded research project (HOLZBEBEN), in which the
seismic response of light-weight timber frames was holistically examined including tests on
connections details, on wall elements and on a reference structure [7].
2

EXPERIMENTAL INVESTIGATIONS

Two series of experimental tests both monotonic and cyclic were carried out. The aim of the
first series (S1) was the investigation of the principle of the novel anchorage and the validation
of the numerical models, whereas the target of the following tests (S2) was to examine the
performance of the anchorages as parts of a realistic building, including the interaction with the
timber members. For comparison reasons also tests on commercial tension ties were executed.
Table 1 provides an overview of the tested specimens and their characteristics.
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Dimensions
Series Specimen Anchorage (b x t x h x d)
in mm

Material

Connectors
Ø in mm

3 x threaded rods
12-8.8
3 x threaded rods
S235
12-8.8
3 x threaded rods
S235
12-8.8
3 x threaded rods
S235
12-8.8
3 x threaded rods
S235
12-8.8
14 x dowels 12S355
S355
49 screws 5.0x80
S350GD
+ 1 bolt 24-8.8
49 screws 5.0x80
S350GD
+ 1 bolt 24-8.8

S1

M01

novel anch. 200x100x100x6.3 S235

S1

M01*

novel anch. 200x100x100x6.3

S1

Z01

novel anch. 200x100x100x6.3

S1

Z02

novel anch. 200x100x100x6.3

S1

Z03

novel anch. 200x100x100x6.3

S2

A01

novel anch. 200x100x100x12.5

S2

A02

tension tie HTT31 [9]

S2

A03

tension tie HTT31 [9]

Loading
monotonic
tension
monotonic
compression
cyclic
(ECCS)
cyclic
(ECCS)
cyclic
(ECCS)
monotonic
tension
monotonic
tension
monotonic
tension

Table 1: Overview of experimental tests

2.1 Investigation of Series 1
2.1.1. Test set-up and instrumentation
The tests of this series were conducted on a ZwickRoell Z100 testing machine. The specimens were fixed through a bolt on a steel plate, which was rigidly clamped at the testing machine. The loads were transmitted from the machine jack through the timber element using a
steel to timber connection.
Firstly, a monotonic tensile test (M01) was performed, in order to define the yield displacement, according to ECCS testing procedure [8]. The determination of the yield displacement is
necessary to define the amplitudes for the following cyclic tests (Z01-Z03).
During the tests, the machine jack displacement and the applied load were recorded by the
testing machine. In addition, the vertical displacement in the middle of the hollow cross-section
(W1), the vertical displacement at the upper corner of the hollow profile (W2) and the relative
displacement between the inner steel plate and the timber member (W3) were measured by
displacement transducers. During the cyclic tests (Z01-Z03), the inclination of the right and left
part of the hollow steel member flange were recorded by inclinometers (N1 and N2). The monotonic and the cyclic tests were conducted in displacement control with a constant speed rate
of 0.1 mm/s. The instrumentation configuration is presented in Figure 2.
2.1.1. Results
Regarding the monotonic (M01 and M01*) tests, it was observed, that: (i) the novel anchorage presented significantly different stiffness in tension Kt =2.69 kN/mm and in compression
Kc=23.92 kN/mm, (ii) in tension the behavior was ductile and a remarkable amount of energy
could be dissipated, (iii) no brittle failure occurred despite extreme tensile displacement, and
(iv) the high compression stiffness is present, when the system anchorage-stud returns to the
initial position and the compression load was transferred by contact between the timber stud
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and the flange of the RHS. The response of the anchorage is displayed in Figure 3, whereas the
initial stiffness, the yield point (according to ECCS [8]), the dissipated energy and the damping
ratio are depicted in Table 2.
Concerning the cyclic tests, it was observed, that the envelope curve is very close to the
monotonic curve. Moreover, the anchorage was proved to be capable of dissipating energy and
resisting a large number of loading cycles, without significant strength reduction (less than 7.5%
as illustrated in Figure 4). In addition, the measurements of inclinometers confirmed, that the
anchoring device responded in a symmetric way.

Figure 2: Series 1 test
set-up

Figure 3: Load displacement curves M01 - M01* and Z01

9%

strength reduction

1. interval

2. interval

3. interval

6%

3%

0%
Z01

Z02

Z03

Figure 4: Strength reduction between 1. & 3. cycle of each interval

2215

Figure 5: Deformed shapes of the
specimen

Georgios Balaskas, Vera Wilden, Benno Hoffmeister

Test results
Initial stiffness in tension
Stiffness in compression
Yield force
Yield displacement
Dissipated energy
Equiv. damping ratio

Values
2.69 kN/mm
23.92 kN/mm
12.30 kN
4.48 mm
865 J
7%

Table 2: Series 1; results M01-M01*

2.2 Investigation of Series 2
2.2.1. Test set-up and instrumentation
After the applicability of the novel anchoring devices was experimentally proven in testseries S1, the anchorages were designed for the shear walls of a multi-storey timber building.
In addition, commercial tension ties (HTT31, Simpson Strong Tie [9]), which could be used as
a conventional solution for the same building, were selected as reference anchorages. Tensile
tests were carried out on one specimen of the innovative anchorage and on two HTT31 specimens. The innovative anchorage was made of steel S355 and its thickness was t=12.5 mm.
HTT31 anchoring elements are made of galvanized steel S350GD. According to [9], they can
resist R1,c = 85.1 kN characteristic tensile load. They are considered to be very ductile and capable of dissipating energy and are assumed to provide sufficient dissipation capability for ductility classes DCM or even DCH.

Figure 6: Series 2, test set-up and instrumentation configuration

For the test-series S2 a new test set-up was used, accounting for the increased dimensions
and expected loads. The test configuration, the specimens and the instrumentation system are
depicted in Figure 6. The instrumentation of the novel anchorage consisted of eight displacement transducers, two of them (d7 and d8) measuring the relative displacement between the
internal steel plate and the timber stud. The other sensors (d1÷ d6) were measuring the response
of the anchorage in terms of displacement at three points (left, right, middle) at the upper and
at the lower flange of the hollow profile. The instrumentation of the tension ties included measurement of the relative displacement between steel plate and timber member by displacement
transducers d5 and d6 and measuring of the displacement in the middle of the bottom angle part
by the transducer d7. In addition, the strains at three characteristic positions along flat steel part

2216

Georgios Balaskas, Vera Wilden, Benno Hoffmeister

of the ties were measured (s1÷ s3), in order to determine, the load distribution to the connectors.
In all tests the hydraulic jack load and displacement were measured too.
2.2.2. Results
In Figure 7, the experimental results are presented. The novel device displays no failure until
a load of 230 kN (max. load capacity of the hydraulic jack) with a corresponding displacement
of about 90 mm. It is obvious, that such displacements are not considered as accepted under
seismic loads. The maximum accepted displacement depends on the requirements of each building. Regarding the specimen, it is to underline, that after a displacement of about 40 mm, membrane effects appear and are responsible for the change of inclination. Concerning the HTT31
tension ties, it is to be noted, that their stiffness, calculated according to [14], was close to the
suggested values and their capacity about 27% higher than characteristic strength provided in
the approval [9]. The results of the experiments are included in Table 3. In addition, it is worth
mentioning, that the two HTT31 specimens presented different failure modes (Figure 8: b & c).
The first one exposed net cross-section failure in tension, while the second one failed in the
bottom part responsible for the connection to the foundation. Both failure mechanisms provided
some plastic ductility followed by a sudden drop of resistance. Measurements by strain gauges
showed a non-uniform force distribution along the HTT31 and the corresponding fasteners. The
measured force decreases from 1 kN (point s3) to 0.67 kN (point s2) and 0.25 kN (point s3) (the
values are normalized). Comparing the test configuration of the novel anchorage with the reference anchorage, the main conclusions are: (i) the novel anchorage is slightly stiffer and presents higher strength, (ii) the yield point is clearly identifiable and is about 50% higher (96.01
kN to 62.65 kN), (iii) both anchors are very ductile in monotonic tension however, the novel
anchorage has the potential to dissipate significantly more seismic energy by developing stable
Test results
Initial stiffness
Yield load
Yield displacement
Max. load
Max. displacement
Ductility factor

Novel A01
29.63 kN/mm
96.01 kN/mm
3.14 mm
>230 kN
>90 mm
-

HTT31 A03
27.39 kN/mm
62.65 kN
2.42 mm
109.17 kN
19.62 mm
8.1

Table 3: Series 2; results A01, A03

Figure 7: Test results A01 (novel anchorage) and A03 (HTT31)
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hysteresis in tension and compression. In general, the examined novel anchorage shows an excellent performance, regarding the decisive properties for the seismic design – stiffness,
strength and ductility - compared with a very effective reference tension tie (HTT31).

(a)
(b)
(c)
Figure 8: (a) Novel anchorage after loading with 230 kN and 94 mm deformation, (b) Failure mode of
HTT31- (A2) specimen, (c) Failure mode of HTT31 - (A3) specimen

3

NUMERICAL AND ANALYTICAL INVESTIGATION

Numerical simulations were used to verify and to predict the behavior (load transfer, plastic
hinges) of the examined specimens and to extend the study to other parameters (geometry, material properties) allowing for an adjustment of the anchorage to the design situation. The numerical investigations in this study were developed using the FEM software Abaqus Simulia
2018 [12].
3.1 FEM modeling procedure
The numerical models consisted of solid elements and included the rectangular hollow section (RHS), the steel plate, a foundation plate and the connectors, as depicted in Figure 9. The
RHS, the steel plate and the foundation plate were modeled with a simplified isotropic bilinear
material law for steel S235 and S355, according to the minimum requirements for steel as proposed by Eurocode 3[11]. The material law for the steel to timber connectors is taken from
experimental results published in [10]. The timber element was modeled assuming elastic behavior, based on observations from the tests. Regarding the interactions and boundary conditions, the following options were applied: (i) “tie constraint” – for the welded connection
between internal steel plate and hollow profile, (ii) “contact interaction” – for the interaction of
different model components (bolts-timber, timber - RHS, RHS – foundation plate) in contact.
The ‘normal hard contact’ used in the model, allows for separation between the parts and the
‘friction/penalty contact’ for considering friction effects. Sensitivity study for penalty values
between 0.01 and 0.25 exposed that the penalty value does not influence the results. Regarding
the boundary conditions, the foundation plate was fixed on both transverse edges, which approaches very close the real boundary conditions of the testing machine. The external loading
was applied as imposed vertical displacement on the upper surface of the timber stud. For convergence reasons ‘Dynamic Explicit Analysis’, with a smooth step amplitude was selected,
considering geometrical and material nonlinearities. The kinetic energy at all stages of the analyses (monotonic and cyclic) remained negligible. Regarding the discretization method, the
mesh was adapted to the different components (4 mm for the timber stud and the hollow profile,
1.5 mm for the connectors and 1 mm at the areas of the RHS, where plastic strains were
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expected). The element type was linear hexahedral elements type C3D8R. The size of the mesh
elements was adapted until the results were independent of the mesh.

Figure 9: Assembled finite element model and discretization

3.2 Calibration of the model
The numerical model was developed with the characteristics described above and was calibrated with the monotonic and pseudo cyclic load – displacement curve from the tests A01 and
M01 - M01*. In Figure 10, the results of the test and of the numerical simulation both in tension
and compression are compared.

Figure 10: Comparison of response curves: test versus numerical reference model

Taking into consideration the simplified material law, the numerical and experimental results
are in good agreement. The differences between the numerical and the experimental results are
within an acceptable range for the intended application. In detail, the following deviations between A1 test and simulation are observed: (i) 1.0 % at yield force, (ii) 1.8 % at initial stiffness.
Between M01-M01* test and FE model the deviations are: (i) 5.6 % at yield, (ii) 9.49 % at
initial stiffness, (iii) 2.9 % at maximum load and (iii) 13.2 % at dissipated energy. The stress
and stain distribution of the numerical model, that represented the specimen M01-M01* are
displayed at the image series of Figure 11. The distribution of stresses and equivalent strain
(PEEQ) illustrates the symmetric response of the anchoring and the sequential formation of
plastic zones in the RHS, initially, near the foundation connector and at the sides of the vertical
plate and afterwards at both ends of the webs.
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(a)

(b)

(c)
(d)
Figure 11: (a) stress distribution U2 = 5 mm, (b) plastic strains at U2 = 5 mm,
(c) stress distribution U2 = 25 mm, (d) plastic strains at U2 = 25 mm

3.3 Parametric Study
After the calibration of the numerical models based on the experimental results, a parameter
study was performed, in order to investigate the influence of the geometrical characteristics of
the novel anchorage. The influence of wall thickness (t), width (w) and depth (d) of RHS was
examined by varying separately these parameters in numerical models. As reference the anchorage with the properties as tested in first experimental series is used. The load-displacement
curves in tension for various values of (t), (w) and (d) determined by FEM are presented in
Figure 13. Furthermore, a simple analytical approach for the determination of the

(a)
(b)
Figure 12: (a) Simplified model for analytical investigation, (b) Influence of thickness on yield force according
to numerical and analytical approach

yield force was developed. For the analytical approach, the plastic zones are reduced to plastic
hinges Figure 12a.The influence of the thickness on the yield force by the analytical and the
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numerical approach is illustrated in the Figure 12b. For the upper part of the plastic mechanism
with four plastic hinges, the following equations apply:
ݓ
(1)
ܯ௫ ൌ ܨ௬ ή
ʹ
ܯ௫ ൌ Ͷ ή ܯ
ܯ ൌ ൬݀ ή

ݐ
ݐ
ή ݂௬ ൰  ή
ʹ
ʹ

(2)
(3)

Combining the equations (1÷3) allows the calculation of the yield force Fy as function of
thickness t, depth d, width w and material (fy):
ʹ ή  ݂௬  ή ݀ ή   ݐଶ
ܨ௬  ൌ 
ݓ

(4)

Parametric studies have shown, that the thickness t has the strongest influence on the initial
stiffness, the yield load and the dissipation capacity. The influence of the depth and width variation is less significant, but changes of these parameters allow for a fine-tuning of the anchors,
according to the specific structure and loading situation. Finally, the dependency of the dissipated energy on thickness, depth and width of the RHS was examined by FE-analysis. To this
end, each of these values was increased by 20% compared to the reference dimensions. The
dissipated energy was determined for a loading cycle with a deformation amplitude of 30 mm
in tension. It was found that 20% thickness increase (t = 7.5mm) leads to 53% more energy
dissipation, 20% increase depth (d = 120 mm) absorbs 19.8% more energy and a 20% wider
RHS dissipated 29.3% less energy.

(a)
(b)
(c)
Figure 13: Load-displacement parametric curves of the anchorage (a) wall thickness varying between 6.3 mm
to 16 mm, (b) depth varying between 80 mm to 120 mm and (c) width varying between 180 mm to 250 mm

3.4 Optimization for replaceability
One of major aims of the development of the novel anchorage was its replaceability after a
significant earthquake. The substitution of dissipating structural parts is always a great challenge, as the existing structure should be temporarily supported and residual forces in the members or details are expected [15][16]. On the other hand, considering the concept of
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replaceability in the design and detailing of a structure inherently includes the option of recentering the main structure, under condition that the residual (plastic) deformations are limited to
the specific dissipative objects. The introduced innovative anchoring solution can be also designed for disassembling and replacing, as long as the connection of the anchor to the timber
studs remains elastic. Also, the main timber structure shall not suffer significant damages. Using the validated numerical models, different alternatives following this concept were investigated. The research focused on built-up members, in which one part only (the lower one in
particular) is considered to be dissipative and needs to be replaced. The upper (non-dissipative)
part must remain robust and undamaged. After investigating several alternatives, the configuration illustrated in Figure 14a, was selected as the most efficient one. It enables the transfer of
gravity forces by contact and simultaneously the lower part (dissipative part) is activated only
when uplift forces are present. The investigated hybrid built-up member consists of an outer
profile with thickness t =16 mm and width w = 200 mm. Regarding the internal profile, the
dissipative flange was selected as t = 6.3 mm; the webs are t = 16 mm thick as well. The total
height of the anchorage remains 100 mm, the steel material is S235 for both the lower and the
upper part. Τhe connecting bolts are M16-10.9.

(b)

(a)
(c)
Figure 14: (a) Built up optimized anchoring device, (b) Stress and plastic strain distribution, U2 = 5 mm, (c)
Stress and plastic strain distribution, U2 = 15 mm

The results of the numerical simulation, plotted in Figure 15, are very encouraging, as the
optimized configuration presents a similar initial stiffness to the RHS anchoring configuration
with t = 10 mm thickness (Kt=10 = 14.57 kN/mm) and a performance (yield force and plastic
behaviour), which corresponds to the novel RHS anchorage with a thickness between t = 8 mm
and t = 10 mm. The plastic hinges form in three regions (around the foundation bolt and at both
ends of the dissipative flange), as illustrated in Figure 14 (b & c: plastic strains). The performance limit was estimated to be at an uplift deformation of about 26 mm, where the concentration of strains is significantly beyond those in the reference configuration (RHS). Nevertheless,
the ratio between ultimate displacement (du = 26 mm) and yield displacement (dy = 1.4 mm)
combined with the stable cyclic response without pitching effects (Figure 15b) indicate that the
optimized configuration is also capable of dissipating considerable amount of seismic energy.
In order to keep the lower part replaceable, the webs of the lower profile must remain elastic,
to enable unscrewing the connecting bolts.
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Figure 15: Load – displacement curves of the optimized anchoring configuration

4

APPLICATION

For the application of the novel anchors in timber buildings, the stiffness and strength characteristics and relations of the timber superstructure and the anchors need to be considered. The
anchors have different stiffness properties in pure compression (e.g., gravity loads govern the
force) and if uplift forces (overturning moment governs) are present. In pure compression the
elastic stiffness of the anchors is very high, thus having limited influence on the stiffness of the
building. The plastic deformations and cyclic energy dissipation are activated as soon as uplift
forces appear. In order to avoid damages to the timber building, it needs to be designed using
the lateral seismic actions corresponding to the yield force of the anchors. This shall comprise
material overstrength and hardening effects of the dissipative part. Also, the transfer of the base
shear force to the foundation and of the shear force between the storeys must follow this principle. If designing for deformations on top of the building, the whole horizontal displacement
shall be determined considering two components:
(i)
the displacement Δ1, which is the sum of the horizontal head displacement of the wall
on each floor due to shear loads and depends on the applied shear force on each floor
and on the stiffness of the wall and
(ii)
the displacement Δ2, which is the result of the rocking effect due to usage of the novel
ductile anchorage and depends on the presence of uplift forces and the corresponding
stiffness of the anchoring
In order to achieve an optimum seismic performance in combination with limited damage to
the building, the following aspects shall be considered:
x anchorage should be equipped with sufficient strength to remain elastic under moderate
earthquakes (local damage limitation);
x light timber shear walls should be designed appropriately according to capacity design as
non–dissipative elements for the design earthquake, in order to concentrate the damages in
the ductile anchoring device;
x the inherently available ductility of the light timber shear walls should be activated only for
a near collapse seismic scenario. In such case, lateral deformations may become critical
(inter-storey drift, theory 2nd order effects). This can be controlled either by selecting stiffer
profiles or by using additional tension ties, which get activated after a certain, pre-defined
uplifting displacement.
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As horizontal displacements and drifts are decisive for the design of the ductile anchorage,
a pushover analysis is recommended for the evaluation of the different performance levels. Finally, the novel anchorage is designed to transfer vertical loads only (uplifting and compression).
In order to prevent unintended transfer of base shear forces, slotted holes for the innovative
anchorage should be used. Additional shear keys preferably at the middle of the wall, are suggested.

Figure 16: Shear displacements (left), displacement due to rocking effects at the base (right)

5

CONCLUSIONS

The current paper described the results of experimental and numerical investigations of an
innovative, ductile and replaceable anchorage for timber shear walls. Aim of the developed
device is the protection of the timber superstructure. One additional advantage of the investigated system is its replaceability. The monotonic experimental tests have shown that the anchoring device behaves in a very ductile manner, when uplift forces are present; in pure
compression the loads are transferred by contact and the anchor behaves elastically with a high
stiffness. Buckling effects under compressive loads should also be taken into consideration.
Cyclic tests have proved, that the investigated anchoring can withstand many loading cycles
even of high amplitude, without any significant reduction of its strength. Simultaneously a reasonable amount of seismic energy can be absorbed. After validating the numerical models based
on experimental results, a parametric study was conducted and proved that the governing parameter for the behavior of the introduced anchorage is the thickness of the profile. Thicker
profiles have an increased stiffness, yield force and dissipation capacity. Finally, the examined
anchorage was optimized aiming at its replaceability. The most effective solution among several investigated cases was a built-up member, in which only the lower part is dedicated to
dissipate energy and must be replaced after a significant earthquake. The achievement of the
intended plastic mechanism requires the application of capacity design rules, in order to prevent
plastic deformations or damages in the connections to the timber studs and to the parts of the
anchorage, which are supposed to remain in the structure.
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Abstract
In the region of Groningen (NL), human-induced earthquakes initiated by gas extraction are
causing structural damage. In that area, the building stock is mainly composed of unreinforced masonry (URM) buildings with light and flexible timber floors and roofs. Thus, an experimental campaign was arranged for assessing the in-plane response of these diaphragms,
and a retrofitting method was developed, consisting of an overlay of plywood panels screwed
to the existing sheathing around their perimeter. This light, reversible stiffening measure
showed a great increase in the in-plane strength, stiffness, and energy dissipation of the
floors. Subsequently, an analytical model was developed, showing very good agreement with
experimental results, and enabling the design of retrofitting interventions with this technique.
Starting from the formulated model, a user-supplied subroutine was implemented in the finite
element software DIANA FEA, allowing to represent the in-plane response of the diaphragms,
including their energy dissipation. Finally, the impact of this retrofitting intervention on a
case study of an existing building was evaluated by means of nonlinear time-history analyses.
The results of numerical analyses show that the user-supplied subroutine accurately describes
the in-plane behaviour of the retrofitted timber floors. Besides, the proposed retrofitting technique greatly increases the global seismic performance of the building, compared with both
its as-built configuration and to stiffer and less reversible strengthening measures.
Keywords: Timber floors, Seismic Rehabilitation, Retrofitting, Seismic capacity, Masonry.
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1

INTRODUCTION

In-plane response of timber diaphragms greatly influences the seismic response of existing
unreinforced masonry (URM) buildings. As-built floors are often too flexible to withstand inplane loads without causing the out-of-plane collapse of the walls. Hence, a proper retrofitting
of the diaphragms, as well as an improvement of their connections to the walls, have to be
performed. In this framework, several strengthening techniques have been investigated in the
recent years [1]-[14], aiming at enhancing the seismic properties of the existing diaphragms.
Among these techniques, reversible ones are usually preferred when they are applied to monumental structures, because of their lower impact [15].
Retrofitting interventions on timber diaphragms appear to be urgent and delicate in the region of Groningen, in the northern part of the Netherlands, where earthquakes induced by gas
extraction are causing structural damage. The seismic events up to now have been light and
have not caused collapses, but according to probabilistic studies, more intense events might
occur. In that area, the building stock is mainly composed of URM low-rise buildings with
light and flexible timber floors and roofs. This construction typology is widely present and
very vulnerable to horizontal loads, because the buildings were not designed to withstand
earthquakes, since seismic events were absent until recently. Thus, in 2018-19 a full-scale test
campaign, recalled in Section 2, was arranged at Delft University of Technology for assessing
the in-plane response of as-built and strengthened timber diaphragms typical of the Groningen
area. The retrofitting measure consisted of an overlay of plywood panels screwed to the existing sheathing around their perimeter. This light, reversible strengthening measure showed a
great increase in the in-plane strength, stiffness, and energy dissipation of the floors [14].
In this work, the analytical and numerical modelling of the refurbished floors is presented.
An analytical model was firstly developed to enable a detailed design of the retrofitting intervention with the proposed strengthening technique. The formulated model, presented in detail
in [16] and recalled in Section 3, estimates well the floors’ strength, stiffness and energy dissipation, including pinching behaviour.
After these first steps, the impact of this retrofitting intervention in a case study of an existing building was evaluated by means of nonlinear time-history analyses. Three configurations
were studied: an as-built one with flexible floors; one where a stiff and not reversible retrofitting intervention was applied, such as the cast of a concrete slab on the existing diaphragms;
one where the proposed strengthening method was applied. For the latter case, given the high
amount of energy dissipation of floors already at limited in-plane deflection, and their characteristic pinching behaviour, it was important to model in detail their seismic response for fully
evaluating the impact of this retrofitting method. For this purpose, starting from the developed
analytical model, a user-supplied subroutine was implemented in the finite element software
DIANA FEA [17], allowing to represent the global in-plane response of the diaphragms. In
this way, it was possible to simulate the nonlinear behaviour of both masonry (already featured by the software) and timber floors. The subroutine implementation is presented in Section 4, while results from the analyses on the case-study building are discussed in Section 5.
2

IN-PLANE EXPERIMENTAL TESTS ON TIMBER DIAPHRAGMS

To gain more insight into the in-plane behaviour of timber diaphragms with Dutch features,
an experimental campaign was arranged at Delft University of Technology [14]. The floors
were initially tested in their as-built configuration, and then retested after being strengthened
with an overlay of plywood panels screwed along their perimeter to the existing sheathing.
Prior to testing, portions of diaphragms were extracted from existing buildings in the Groningen area, so that the material properties of the tested samples could be accurately replicat-
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ed and representative for the actual floors. Five full-scale samples representing half of a floor
were tested in a vertical configuration (Fig. 1): two specimens were tested parallel to the joists
(DFpar-1, DFpar-2) and two perpendicular to them (DFper-3, DFper-4), the last represented
a roof pitch (DRpar-5). For the strengthened samples, the same nomenclature was adopted,
adding the letter s at the end of each specimen name. As can be noticed from Fig. 1, the retrofitted floors exhibited a great improvement in strength, stiffness, and energy dissipation. To
facilitate a detailed design of retrofitting interventions by adopting the proposed strengthening
technique, an analytical model was formulated, which is presented in the next section. For further details on this experimental campaign, the reader can refer to [14].
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Figure 1: Main characteristics and cyclic in-plane response of the timber diaphragms; floors tested parallel (a)
and perpendicular to the joists (b), roof pitch (c) [14].
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3

ANALYTICAL MODELLING OF THE STRENGTHENED DIAPHRAGMS

3.1

General

The starting point for the formulation of the model was the evaluation of the load-slip behaviour of the screws fastening planks and plywood panels (Section 3.2). Based on their response, the global in-plane response of the diaphragm was then derived analytically (Section
3.3). The developed calculation model enables a good prediction of the diaphragms’ in-plane
behaviour [16], as shown in Section 3.4.
3.2

Evaluation of the load-slip behaviour of the fasteners

Besides the experimental campaign on full-scale floors, tests were also performed on fourteen small-size replicates for evaluating the response of the screws connecting plywood panels and planks. These specimens were composed of a plank and a plywood panel portion
fastened together by means of two screws (Fig. 2). The samples were tested in shear, under
the quasi-static reversed-cyclic loading protocol of ISO 16670 [18]: seven replicates were
tested parallel to the main direction of the plank, and the other seven orthogonal to it (Fig. 2a).
Similar load-slip curves were obtained between the two loading directions (Fig. 3).
Based on the obtained results, the load-slip response was modelled by means of a combination of a linear and a parabolic branch, representing the initial stiffness and the global behaviour, respectively [16]. A continuous curve was created with an extension of Foschi’s loadslip model for nails [19]. With the proposed model, both post-yielding and softening behaviour of the fasteners can be described. The equation of the curve was defined as follows:
Fs = (F0 + a ds + b ds2)[1 – exp(– K0 ds/F0)] ≥ 0; with a > 0, b < 0

(1)

In Eq. 1, Fs and ds are the force and displacement of the screw, respectively; F0, a and b are
the coefficients of the parabola representing the global behaviour, while K0 is the slope of the
line representing the initial stiffness. This curve fits the experimental points with R2 = 0.83
when the panel is loaded parallel to the plank, and with R2 = 0.95 if the force is applied perpendicular to it (Fig. 3). As a failure criterion, the ultimate displacement was considered as
the one for which the transferred load drops below 80% of the peak strength during the softening phase, in agreement with the provisions of ISO 16670 [18] and EN 12512 [20]. As a
last consideration, a scatter is present in the data points and the backbones, as it is usually observed when analysing tests on timber joints. Yet, since a large number of screws is used in
the whole floor, the global behaviour will approach the average trend.
Loading orthogonal to the
plank’s main direction
Loading parallel
to the plank’s
main direction

18 mm plywood panel
4.5h40 mm screws

18 mm existing plank

(a)

(b)

Figure 2: Samples prepared for testing the screws fastening the plywood panels to the existing sheathing:
schematic description (a) and example of specimen (b) [16].
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With the aforementioned procedure, it is possible to construct the load-slip curve starting
from experimental tests, but in order to further generalize the proposed model, a fully analytical estimation of the curve was proposed as well [16]. This generalization was also necessary
because some of the full-scale strengthened floors had different characteristics from the smallsize replicates: sample DFpar-2s featured 24 mm planks, and in specimens DFpar-2s, DFper3s, DFper-4s screws with a 5 mm diameter were used [14]. Therefore, the parameters K0, F0,
a and b were also estimated according to formulations from standards or literature.
The initial stiffness K0 was found to be well predicted with the expression provided in [21]
for non-predrilled nails, thus K0 = 50 d1.7, with d nominal diameter of the screw.
F0 can be predicted starting from the knowledge of the maximum force Fmax determined
according to EN 1995 [22] and Johansen’s theory [23] for timber-to-timber joints, and with a
screw sufficiently slender to develop two plastic hinges. Then, F0 can be estimated as Fmax/8
(Fig. 4).
To determine the parameters a and b, three points crossed by the parabola have to be identified. The last quantity to be estimated is thus the slip dmax of the screw at Fmax. To this end,
firstly the expression of EN 409 [24] can be used for determining the angle α at which the
screws’ bending moment is evaluated, and adopting for its calculation the shank or inner diameter d1 of the screw. Secondly, the distance (b1 + b2) between the two plastic hinges according to Johansen’s theory [23] is determined. By combining these two quantities, the slip
at Fmax can be estimated as dmax = (b1 + b2) tan(α) (Fig. 4). The parabola is thus now identified
by the three points (0, F0), (dmax, Fmax), and (2dmax, F0). Further details on the analytical derivation of the proposed load-slip curve can be found in [16].
F0
K0
a
b

(kN)
(kN/mm)
(kN/mm)
(kN/mm2)

0.488
1.153
0.417
-0.015

F0
K0
a
b

5

0.341
1.061
0.464
-0.019

5

R2 =

4.5

0.83

R2 = 0.95

4.5

4

4

3.5

3.5

Force (kN)

Force (kN)

(kN)
(kN/mm)
(kN/mm)
(kN/mm2)

3
2.5
2

3
2.5
2

1.5

1.5

1

1

0.5

0.5

0

0
0

5

10
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20
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Displacement (mm)

30

0

(a)

5

10
15
20
25
Displacement (mm)

30

(b)

Figure 3: Proposed load-slip curve (dashed) in comparison to experimental data points and backbones for the
direction parallel (a) and perpendicular to planks (b). The main parameters of the equation are also reported [16].
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5
4.5
4
Force (kN)

3.5
3
2.5

Experimental, // to plank

2

Experimental, ٣ to plank
Analytically predicted

1.5
dmax = (b 1 + b 2) tan D

1
0.5

F0 = Fmax /8

D = 110/d1 degrees

0
0

5

10

15

20

25

30

Displacement (mm)

Figure 4: Comparison between the analytically derived curve and the ones obtained from the experimental
data [16]. In the reported equations, the same notation as in EN 1995 [22] and EN 409 [24] is used.

3.3

Prediction of the global response of the retrofitted diaphragms

The floors were retrofitted by screwing plywood panels along their perimeter to the existing sheathing. This type of refurbishment is particularly advantageous, because the screws are
placed in such a way that it is possible to identify their specific contribution to the overall resisting mechanism. With reference to Fig. 5, when the strengthened floor is subjected to a horizontal load and the panels are vertically arranged, the force is subdivided among the columns
of panels, and the screws are opposing to it with their stiffness. Each column of panels is subjected to rotation and sliding: the rocking behaviour is taken into account by considering the
vertical screws, while the (very limited) slip is evaluated through the horizontal screws (Fig.
5). In general, the diaphragms retrofitted with this method can be regarded as very similar to
timber shear walls. Therefore, once the load-slip response of the single screw is known, the
global behaviour can be predicted by considering equilibrium relations [16].

Rocking (vertical rows of
screws)

+

Sliding (average number
of horizontal screws)

Figure 5: Determination of the global floors’ response from single screws through equilibrium relations [16].
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Additionally, the evaluation of energy dissipation was essential, because the strengthened
diaphragms proved to provide significant values of equivalent hysteretic damping, of approximately 14-15% [25]. In order to consider this potentially beneficial effect in numerical modelling, an analytical formulation for determining the evolution of pinching cycles was
proposed [16].
The pinching behaviour implies the presence of a residual force at zero displacement: this
load approximately corresponds to the force causing the very first yielding of the tested sample. In the analytical curve equation, F0 is the intercept on the y-axis (force) of the parabola
representing the global response of the specimens. To capture the very first yielding on the
analytical curve, the intercept on the y-axis assumed for the pinching cycle was 2/3F0, a value
around which the initial slope of the curve starts to change.
Starting from this first intercept, the pinching cycle can be estimated for a certain amplitude identified by a point (δc, Fc(δc)) on the curve. As a first step, two lines are determined:
one joining the points (0, 2/3F0) and (δc, Fc(δc)), and one crossing the point (δc, Fc(δc)) with
slope K0 (Fig. 6, step 1). Then, the bisector of these two lines is found (step 2). In step 3, the
remaining part of the cycle is defined: firstly, the line joining (0, 2/3F0) and the point on the
bisector having x-coordinate equal to δc/2 is determined; secondly, a line parallel to the former
one intersects the branch having slope K0, starting from the point (0, -2/3F0).
In step 4, the whole multilinear cycle is determined, and could already be used for software
implementation, as it was exemplified in [16]. The negative part of the pinching cycle (points
B’, C’, D’ of Fig. 6) is antisymmetric to the positive one, as is assumed for the backbone
curve equation. For a more refined evaluation of both pinching and damping properties of the
diaphragms, this multilinear cycle is used in step 5 to construct four exponential branches,
smoothening the straight lines, again similarly to Foschi’s formulation. The equations of these
branches are reported in Section 4.3, in which the implementation of the user-supplied subroutine is presented. A graphical representation of them is given in step 6 of Fig. 6, showing
the pinching cycles evolution.
3.4

Comparison between analytical and experimental results

By combining the derived analytical curve and the pinching cycles estimation, the cyclic
response of the tested diaphragms was predicted: the reliability of the developed model can
now be evaluated by comparing the analytical results with experimental ones. Therefore, this
section presents a comparison of the analytical backbone (always depicted in red) and an estimated representative pinching cycle (always shown in dark blue), with the experimental hysteretic cycles (light blue). The results are shown in Figs. 7-9 for a diaphragm tested parallel to
the joists (sample DFpar-1s, Fig. 7), a floor tested perpendicular to the joists (sample DFper4s, Fig. 8), and the roof pitch (Sample DFper-5s, Fig. 9); both the global behaviour and the
initial response (up to 20 mm displacement) are displayed. For a more detailed comparison
and overview, the reader is referred to [16]. As can be noticed, the analytical model proves to
well predict the in-plane behaviour of all diaphragms, also when variations are present with
respect to the reference tests on plank-plywood panel joints. In general, the initial stiffness
and pinching response are accurately captured by the model, along with strength and displacement at failure of the specimens.
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STEP 1

STEP 2

2/3 F0

Force F

Force F

Fc(Gc)
Line joining
2/3 F0 and Fc(Gc)
K0

Gc
Line at (Gc, Fc(Gc))
having slope K0

Bisector of the
former two lines

Backbone curve
Displacement G

Displacement G

STEP 4

Line joining 2/3 F0 with
the bisector at Gc/2,
and its parallel starting
from -2/3 F0

C
B

Force F

Force F

STEP 3

Gc/2

A
D’
B’
C’

Displacement G

D
E
Reference lines and
points of pinching
cycle are
determined, and can
be used for software
implementation

Displacement G

STEP 6

Force F

Force F

STEP 5

Refined pinching
cycle constructed
with four exponential
branches

Pinching cycles’
evolution at
different given
displacements G

Displacement G

Displacement G

Figure 6: Procedure for the determination of the pinching cycles from the analytical backbone curve [16].
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Figure 7: Comparison between analytical backbone (red) and a representative pinching cycle (dark blue) with the
experimental hysteretic response (light blue) for sample DFpar-1s: global (left) and initial (right) response [16].
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Figure 8: Comparison between analytical backbone (red) and a representative pinching cycle (dark blue) with the
experimental hysteretic response (light blue) for sample DFper-4s: global (left) and initial (right) response [16].
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Figure 9: Comparison between analytical backbone (red) and a representative pinching cycle (dark blue) with the
experimental hysteretic response (light blue) for sample DFpar-5s: global (left) and initial (right) response [16].
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4
4.1

NUMERICAL MODELLING OF THE STRENGTHENED DIAPHRAGMS
General

Given the great improvement in relevant seismic properties of the retrofitted timber diaphragms, it was important to properly model their in-plane response. In this way, the potentially beneficial effect of their energy dissipation, provided at an already limited deflection,
could be described. Yet, when considering existing URM buildings with timber floors, the
behaviour of the diaphragms is usually simplified in numerical models. Existing or not stiff
diaphragms are often modelled as (very flexible) linear elastic orthotropic slabs [26], while
after retrofitting them the hypothesis of infinitely stiff diaphragms is frequently assumed, given its compliance with the pushover method [27].
Therefore, the potential energy dissipation of the floors is neglected, and their global inplane response is not fully considered. However, if it is possible to properly account for both,
then an optimized design of the retrofitted diaphragms could be achieved, so that the floors
can become an additional source of energy dissipation for the buildings in which they are present. In order to further investigate these aspects, the aforementioned analytical model was
implemented in a user-supplied subroutine to be imported in the software DIANA FEA, version 10.4 [17]. This software already featured an advanced nonlinear model for masonry, but
lacked suitable materials and constitutive laws for modelling timber floors. In the following
sections, the adopted modelling strategy, the subroutine implementation, and its validation are
discussed.
4.2

Modelling strategy for timber floors

In order to properly capture the in-plane and out-of-plane behaviour of the diaphragms,
while simultaneously implementing the analytical model, a macro-element strategy was
adopted (Fig. 10). The floors were modelled by combining linear elastic shell elements, for
representing the out-of-plane behaviour under static vertical loads, and nonlinear macroelements overlapped to them for describing the in-plane behaviour.
These macro-elements consisted of six trusses: four rigid trusses connected to form a quadrilateral, and two nonlinear trusses placed diagonally (Fig. 10), in which the nonlinear inplane behaviour of the floor was implemented adopting the proposed analytical model. This
modelling strategy proved to be accurate and efficient, and was also adopted in past research
studies [28], [29]. For the linear elastic orthotropic shells, the flexural characteristics were assigned considering an equivalence between the actual inertial properties of the joists, and
those of the slab, so that the same vertical deflection could be achieved.
In-plane behaviour

Out-of-plane behaviour

Rigid linear trusses

+

Linear elastic orthotropic
flat shell elements with
equivalent flexural
characteristics and density

Nonlinear trusses with implemented
analytical model

Figure 10: Adopted strategy for modelling in-plane and out-of-plane behaviour of timber diaphragms.
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4.3

Implementation of the user-supplied subroutine

In order for the user-supplied subroutine to be compatible with the DIANA FEA environment, the constitutive laws for the diagonal trusses of the macro-elements were implemented
adopting the FORTRAN 90 programming language. Two types of input variables are required
by the software: user-specified initialization parameters (not changing within the subroutine
calculations), and initial state variables (varying during subroutine calculations, e.g. for determining loading and unloading points). As output, DIANA FEA requires user-supplied subroutines to provide the stress-strain relation, to be adopted at every calculation step.
Three relevant parameters for initialization were chosen: the strain Hmax at peak stress Vmax,
the peak stress Vmax itself, and the initial elastic modulus K0 (Fig. 11). These parameters are
known, once the retrofitting of the diaphragm is designed through the analytical model, according to the expected seismic loads. Besides, ten initial state variables were adopted, necessary for describing all loading and unloading branches, and their initial value was set to 0.
With reference to Fig. 11, these variables are the maximum strains ever reached in tension and
compression (Ht,max and Hc,max, respectively), and the stress-strain coordinates identifying the
end of the loading and unloading branches in tension (points (Ht,l ,Vt,l) and (Ht,ul ,Vt,ul), respectively) and compression (points (Hc,l ,Vc,l) and (Hc,ul ,Vc,ul), respectively). Through these variables, the pinching behaviour during unloading and reloading can be defined. The constitutive
laws implemented through the user-supplied subroutine are now presented for the tensile
branch only, since the compressive one follows antisymmetric relations.
The material follows the tensile loading branch as long as H > 0 and H > Ht,max, with the
constitutive law of Eq. 2 (Fig. 12, blue branch):

V = (Vy + a H + b H2)[1 – exp(– K0 H /Vy)]

(2)

In Eq. 2, Vy = Vmax/8, following the analytical derivation presented in Section 3.2.

V

Vmax

Ht,max
K0

(Ht,l ,Vt,l)

(Hc,ul ,Vc,ul)
(Ht,ul ,Vt,ul)

Hmax

H

(Hc,l ,Vc,l)

Hc,max
Figure 11: Representation of the input parameters for the user-supplied subroutine.
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V
Vmax

DK3

Vt,max

Eq. (2)

K0

(Ht,l ,Vt,l) p0,l

p0,ul

Eq. (3)
Eq. (5)

K4
(Ht,ul ,Vt,ul) Ht,max

Hmax

H

Eq. (4)
Figure 12: Loading, unloading and reloading branches implemented in the user-supplied subroutine.

After reaching Ht,max, the tensile unloading phase is defined if H > 0, H < Ht,max, and H < H0,
with H0 initial strain at the beginning of the current step. In this case, the response is distinguished between the case in which the unloading starts from the envelope curve (at Ht,max, yellow branch of Fig. 12), and when the unloading occurs after a reloading phase (red branch of
Fig. 12). In the first case, Ht,l ≡ Ht,max, and the constitutive law is formulated as (see Fig. 12 for
the meaning of the various parameters):

V = ft,ul = Vt,max – [Vt,max – p0,ul – K4(H – Ht,max)]{1 – exp[2K0(H – Ht,max)/(Vt,max – p0,ul)]} (3)
In the second case, instead, the relation is (Ht,l ≠ Ht,max):

V = Vt,l – (Vt,l – ft,ul){1 – exp[2K0(H – Ht,l)/(Vt,l – ft,ul)]}

(4)

Finally, the tensile reloading phase is defined if H > 0, H < Ht,max, and H > H0, according to
the constitutive law of Eq. 5:

V = Vt,ul + (ft,l – Vt,ul){1 – exp[–2K0(H – Ht,ul)/(ft,l – Vt,ul)]}

(5)

ft,l = Vt,max – [Vt,max – p0,l – K4(H – Ht,max)]{1 – exp[D·K3(H – Ht,max)/(Vt,max – p0,l)]}

(6)

D = 1 + (Ht,max/Hmax)3

(7)

with:
and:

With reference to Eq. 7, the parameter D is a factor accounting for the progressive degradation of the pinching cycles, becoming progressively less stiff when the floor drift increases
(Fig. 6, step 6).
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4.4

Validation of the user-supplied subroutine

As already presented in section 3.4, the analytical model proved to be accurate for predicting the global in-plane response of the retrofitted timber diaphragms. Since the model was
implemented in the user-supplied subroutine, very close results were expected, useful to validate both the subroutine itself, and the adopted modelling strategy for timber diaphragms.
As validation example, a retrofitted timber diaphragm with similar characteristics to sample DFpar-1s was modelled. A 4×6 m floor was considered, supported on the long sides, having as in-plane properties an initial stiffness of 10 kN/mm, and a strength of 150 kN activated
at 60 mm displacement. The floor featured 60×130 mm joists at a heart-to-heart distance of
500 mm, while the thickness of both plywood panels and planks was 18 mm. The elastic
modulus of timber was assumed to be 10000 MPa. On the basis of these characteristics,
equivalent input properties were determined for the elements in the numerical model.
The modelled diaphragm consisted of a mesh of 1×1 m macro-elements (capturing the inplane response), overlapped to flat shell elements (accounting for the out-of-plane behaviour),
as shown in Fig. 13. The three initial parameters, required by the user-supplied subroutine for
determining the constitutive law of the nonlinear diagonal trusses, can be derived from geometrical considerations. Starting from the whole floor deflection u, the displacement δ of a
truss is given by:
δ = (u cos α)/m

(8)

where α is the angle between the truss and the loading direction (Fig. 13), and m the number
of macro-elements rows parallel to the applied load in half of the floor (in this case, m = 2).
The shear force F/2 is then subdivided among the s trusses in one macro-elements row, and
transformed into an axial force N on a single one:
N = F/(2 s cos α)

(9)

From the knowledge of the geometrical relations for N and δ, also the initial stiffness of the
diagonal trusses can be calculated. For convenience, a unitary section was adopted for the
truss elements, so that force and stress could be coincident in their values.
The properties of the shell elements were derived by considering an equivalence in flexural
properties between the joists and the slab, defining an equivalent elastic modulus Eeq:
Eeq = EtimberIjoists/Islab

(10)

where Ijoists is the sum of the moments of inertia of the single joists, and Islab is the moment of
inertia of the slab, defined by attributing to the shell elements a thickness of 36 mm (planks
and plywood panels). According to the reference system of Fig. 13, the elastic modulus Eeq
was assigned to all directions, while the shear moduli were different: a value of 0.1 MPa was
assigned to Gxy, because the in-plane behaviour was already described by the macro-elements,
while Gxz = Gzy = Eeq/16 (similarly to an actual timber material). The main material properties
assigned to the model are summarized in Table 1. Hinged supports were placed to the two lateral edges parallel to the application of the in-plane load (Fig. 13).
The floor was firstly subjected to a linear static analysis to verify the equivalence in flexural properties between the slab and the joists (Fig. 14a). Both the self-weight and a vertical
load of 1.5 kN/m2 were applied. Then, two in-plane cyclic analyses were performed, one to
assess the global cyclic behaviour (Fig. 14b), and one in which local loops were imposed (Fig.
14c). These analyses were displacement-based, and the displacement was applied at the floor
midspan (Fig. 13). Finally, a time-history analysis was conducted (Fig. 14d), subjecting the
floor to a scaled seismic signal, representative for the Groningen area.
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As can be noticed (Fig. 14), both out-of-plane and in-plane behaviour of the floor are
properly captured by the adopted modelling strategy and the implemented subroutine. The
deflection under vertical loads proved the correct application of the flexural properties to the
shell elements: the obtained displacement was practically coincident with the one calculated
analytically by considering the floor joists. With regard to the in-plane response, strength,
stiffness, energy dissipation and pinching behaviour are well described in all in-plane analyses,
with a response quite close to that of reference sample DFpar-1s (Fig. 7a).
Cyclic loading

Nonlinear diagonal trusses
(in-plane response)
α

Shell elements
(out-of-plane response)
u

δ

Hinged supports

Figure 13: Model of the retrofitted diaphragm for the validation of the user-supplied subroutine.

Table 1: Properties adopted in the floor model.

Function

Macro-elements
representing the
in-plane behaviour
of the floor

Shell elements
describing the outof-plane response
of the floor

Element type

Property

Value

Rigid trusses

Elastic modulus Et (MPa)

1010

Hmax

0.01

Vmax (MPa)

12000

K0 (MPa)

5520000

Elastic moduli Ex, Ey, Ez (MPa)

62000

In-plane shear modulus Gxy (MPa)

0.1

Shear moduli Gxz, Gzy (MPa)

3880

Diagonal trusses

Shell elements
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Figure 14: Results from the analyses conducted for the validation of the user-supplied subroutine and the overall
modelling strategy for timber floors: out-of-plane static analysis under vertical loads (a); complete displacementbased in-plane cyclic analysis (b); displacement-based in-plane cyclic analysis with local loops (c); in-plane
time-history analysis under an induced Groningen earthquake accelerogram (d).

5
5.1

CASE STUDY: A MASONRY DETACHED HOUSE WITH TIMBER FLOORS
Introduction

The implemented user-supplied subroutine opened up the opportunity to analyse the beneficial impact of a dissipative retrofitting of timber diaphragms in an existing URM building.
The effect of floors strengthened with plywood panels, and thus with a light, reversible technique, was compared to that of the as-built configuration, and of another not reversible retrofitting measure, widely applied also in the past, and namely the cast of a reinforced concrete
slab on the existing diaphragms. Several studies have already shown that the latter retrofitting
measure could be detrimental for masonry buildings [28]-[30], and not advisable if the construction is protected or part of the architectural heritage of a certain context [15]. Yet, the
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need of stiffening in their plane the existing, inadequate floors, combined with design rules
based on the hypothesis of infinitely stiff diaphragms [27], could often result in realizing a
concrete slab. This intervention undoubtedly increases the overall seismic masses, but contemporarily improves the static out-of-plane behaviour of the floor, and also the in-plane capacity of walls. After applying these retrofitting measures, or similar ones making the floors
almost infinitely stiff, the contribution that is missing is the potential energy dissipation that
the floors could provide. If, instead, the diaphragms are strengthened with a dissipative technique, allowing efficient shear transfer and horizontal loads redistribution, and at the same
time a controlled deflection, then their role can be quite beneficial. With the adopted retrofitting solution, this advantageous effect can be obtained, and through the user-supplied subroutine it can be evaluated through numerical analyses, fully accounting for the nonlinear inplane response of the floors.
5.2

Characteristics of the analysed building

A detached house typical of the Groningen area was selected as the case-study building
(Fig. 15). This URM low-rise house has a relatively simple structure, but some irregularities
are present, such as the position and shape of wall openings, and the thickness of the walls,
not constant along the height, with gables featuring a single-leaf wall (100 mm thick) instead
of the ground floor double-wythe walls (210 mm thick). Besides, one more single-leaf wall
was present, supporting one of the floors approximately at midspan, in correspondence to the
staircase (Fig. 15). Three configurations were studied: one represented the as-built house with
flexible diaphragms; in the other two, the floors were retrofitted with plywood panels or with
a concrete slab. The properties of masonry, reported in Table 2, were assumed to be the same
for the three configurations. The adopted values are in line with the characteristics of medium-low quality masonry: these material properties fall on the conservative side with respect to
experimental tests performed on both existing and replicated Dutch masonry [31], [32], and
were also defined according to calibration studies [33]. Shell elements with the implemented
DIANA FEA Engineering Masonry Model [34] were used for modelling the masonry.
For all configurations, nonlinear incremental dynamic analyses were performed, by subjecting the house to seven accelerograms of induced earthquakes retrieved from the seismic
database of the Nederlands Normalisatie-instituut (NEN) [35]. The main loading directions x
and y were studied separately, therefore a total of 42 analyses were performed. The signals
were referred to an average peak ground acceleration (PGA) of 0.17g, and are shown in Fig.
16; a Rayleigh damping of 2% was considered in the analyses. While for walls a density of
2000 kg/m3 was assumed, for the diaphragms the density values included the self-weight of
structural elements, a dead load of 1.00 kN/m2 (accounting for further elements such as nonstructural walls, finishes, plants, pipes), and 30% of the live load, equal to 1.75 kN/m2 for
Dutch residential buildings [36].
The as-built configuration featured flexible diaphragms: the 4.0×4.6 m floor presented
75×180 mm joists at a heart-to-heart distance of 800 mm; the 4.6×6.8 m floor had 60×160
mm joists arranged at 750 mm heart-to-heart distance; the roof presented 50×105 mm rafters
at 900 mm heart-to-heart distance; all diaphragms had 18 mm thick planks. These structural
properties were translated in the numerical model by following the modelling strategy for
shell elements described in Section 4.2. In this case, because of the very small energy dissipation observed from tests on replicated as-built floors [14], the diaphragms were modelled with
linear elastic orthotropic shell elements (thus without overlapping the nonlinear macroelements), whose properties are reported in Table 3. The in-plane shear moduli of the diaphragms were derived by considering the flexural properties of the planks or the joists [14].
These values would correspond to equivalent shear stiffnesses of 108 to 216 kN/m, and are
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thus in line with other similar stiffness estimations for existing floors from literature [3], [4],
[7], [8], [11]-[14]. From an in-situ inspection, it was noticed that a timber wall plate surrounded the whole roof, and the floor joists were also connected to this structure. Therefore, a
continuous hinged connection was assumed between diaphragms and walls at the floors supports. A continuous connection among masonry walls was assumed as well. In general, the
main elements of vulnerability due to the diaphragms flexibility, are related to the lack of
seismic load redistribution among the walls in the x direction, and to the very low stiffness of
the roof structure in the y direction, with possible local collapses of the north and south wall
gables. These issues were confirmed by the observed failures, as discussed in the next section.

South side

East side

North side

West side
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6800
4000

2400

8400

Staircase

100

210

4600
Plan view
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Figure 15: Main properties and geometry of the case-study building.
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Figure 16: Adopted signals for time-history analyses; their average response spectrum is also reported. Data
from NPR 9998 Webtool [35].

2244

Michele Mirra, Marianthi Sousamli, Michele Longo, Geert Ravenshorst

The following modelling strategies were adopted for the building with retrofitted floors:
x

x

In the configuration with diaphragms retrofitted by casting a concrete slab on them,
the floors were also modelled with linear elastic orthotropic shell elements, having
the properties of structural reinforced concrete (Table 4). The thickness of the slab
was 50 mm, as it would commonly be realized in practice [1], [6], [27]-[30].
For the configuration featuring floors retrofitted with plywood panels, the modelling strategy discussed in section 4.2 was adopted: besides the linear elastic orthotropic shell elements, also the nonlinear macro-elements were present. The
retrofitting interventions on the diaphragms were designed according to the global
in-plane capacity of the piers, and conservative out-of-plane drift limits for the
walls. The maximum base shear of the house (approximately 450 kN) was evaluated through a preliminary pushover analysis applied to the configuration with stiff
diaphragms, and then the loads at floor and roof level were estimated through the
lateral force method. The retrofitting intervention was designed accordingly,
providing sufficient strength to activate in-plane failure mechanisms, but at the
same time deflection capacity. With regard to this latter aspect, to prevent out-ofplane walls failure, the maximum midspan displacement, at which the diaphragms
reached their strength, was fixed at 2% of the out-of-plane walls (or gables, for the
roof) height. This value is in line with the 2.5% global drift suggested by New Zealand standards [37], which includes, however, also the displacement contribution of
the in-plane walls. The potential stiffening effect of the out-of-plane walls was conservatively not taken into account, also because of the presence of large openings.
Besides, use of dry screed made of loose material was assumed. Table 5 reports the
properties of the retrofitted diaphragms adopted as input for the numerical model.
Table 2: Properties adopted for masonry shell elements based on [31]-[33].

Property
Young modulus Ex parallel to bed joint(MPa)
Young modulus Ey perpendicular to bed joint (MPa)
Shear modulus Gxy (MPa)
Mass density ρ (kg/m3)
Bed joint tensile strength ft (MPa)
Fracture energy in tension GF1 (N/mm)
Compressive strength fc (MPa)
Fracture energy in compression Gc (N/mm)
Friction angle (°)
Cohesion (MPa)
Fracture energy in shear (N/mm)
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Value
1500
2000
800
2000
0.15
0.01
14
30
34
0.2
0.1
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Table 3: Properties adopted for the shell elements (thickness = 18 mm) representing the flexible diaphragms.

Value
4.0×4.6 m floor 4.6×6.8 m floor
978000
620000
Young moduli Ex, Ey, Ez (MPa)
In-plane shear modulus Gxy (MPa)
12
7
Shear moduli Gxz, Gzy (MPa)
61125
38750
3
Mass density ρ (kg/m )
9440
9270
Property

Roof
405000
6
25312
6170

Table 4: Properties adopted for the shell elements (thickness = 68 mm) representing the concrete slabs.

Property
Young moduli Ex, Ey, Ez (MPa)
Shear moduli Gxy, Gxz, Gzy (MPa)
Mass density ρ (kg/m3)

Value
4.0×4.6 m floor 4.6×6.8 m floor
30000
30000
12500
12500
4336
4290

Roof
30000
12500
4250

Table 5: Properties adopted for the macro-elements and shell elements (thickness = 36 mm) representing the
diaphragms retrofitted with plywood panels.

Property

Value
4.0×4.6 m floor 4.6×6.8 m floor

Roof

Macro-elements

Hmax
K0 (MPa)

0.027
12700
2490000

0.019
21200
5980000

0.012
13700
5980000

Shell elements
Young moduli Ex, Ey, Ez (MPa)
In-plane shear modulus Gxy (MPa)
Shear moduli Gxz, Gzy (MPa)
Mass density ρ (kg/m3)

122000
0.1
7640
4940

77500
0.1
4840
4860

50700
0.1
3170
3310

Vmax (MPa)

5.3

Results of the time-history analyses and discussion

The three configurations of the house were subjected to the seven signals shown in Fig. 16,
by progressively scaling them until collapse. The results in terms of PGA at collapse of the
configurations are presented in Fig. 17. The reference design response spectrum (2475 years
return period) for the location of the house (Godlinze) corresponded to an expected maximum
PGA of 0.17g: as can be noticed, the as-built configuration already collapsed at this level of
intensity under almost all signals, making a retrofitting intervention necessary to increase the
seismic performance of the house. Instead, the floors stiffened with a concrete slab greatly
improve the capacity of the building, but the best performance is obtained with the plywood
panels overlay, in both directions. The latter retrofitting intervention is easily applicable, light,
reversible, and provides a beneficial energy dissipation to the diaphragms, improving even
more the seismic capacity of the house.
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Figure 17: PGA at collapse for the three configurations in the x (left) and y direction (right).

The effect of the diaphragms on the response of the building is represented in Fig. 18: the
base shear-displacement curves are reported at collapse, and refer, as a representative example,
to signal 1 applied in the x direction (the weakest); the control node for displacement corresponds to the centre of mass of the roof. The as-built configuration shows a very flexible response: the floors undergo large displacements at an already limited signal amplitude, and the
in-plane walls are not brought into play. Besides, the crack pattern (Fig. 18a) shows a partial
out-of-plane collapse of the 100 mm thick central wall, and of the north gable, probably due
to torsional effects.
A very different situation is noticeable with the floors retrofitted with concrete slabs. In
this case, the failure of the building is fully related to the in-plane walls, and a beneficial redistribution of horizontal loads is achieved among the various walls; the force-displacement
graph also confirms a typical in-plane failure of masonry (Fig. 18b).
A hybrid response between the first two configurations is obtained when the floors are retrofitted with plywood panels: a larger displacement capacity of the diaphragms together with
an in-plane failure of the walls is noticeable (Fig. 18c). The crack pattern is similar to that observed for the concrete slab configuration, with a slightly higher amount of damage in the outof-plane walls, because of the lower stiffness of the floors. Yet, the beneficial dissipative effect of the diaphragms leads to a 30% higher performance of the building in terms of PGA.
The possibility of withstanding more intense earthquakes does not only depend on the lower seismic mass provided by the reversible retrofitting intervention, but also because of its energy dissipation capacity. In fact, first of all, the higher mass of the concrete slab has a
beneficial effect on the in-plane capacity of the wall, which is increased due to the larger vertical precompression applied. Secondly, by performing a modal analysis, the fundamental period of the house retrofitted with concrete slabs resulted as 0.1 s, while for the configuration
with diaphragms strengthened with plywood panels it was 0.14 s. In both cases, the structure
in the elastic phase is stiff, as expected when studying a low-rise masonry building; however,
the plateau of the design average response spectrum starts at a period of 0.19 s (Fig. 16).
Since the displacement capacity of the diaphragms retrofitted with plywood panels immediately brings into play their nonlinearity (including pinching cycles and energy dissipation),
this configuration has a rapid increase of its period, and becomes quickly subjected to the
maximum spectral acceleration. When concrete slabs are present, the diaphragms can be regarded as infinitely stiff, thus the response is approximately linear elastic until the in-plane
capacity of the weakest wall is reached. The combination of a higher precompression on the
walls (and therefore a higher in-plane strength) with a limited displacement capacity, compared to the floors retrofitted with plywood panels, implies a slower evolution of the period
due to nonlinearities, and the spectral plateau is reached at a later stage. Nevertheless, the reversible retrofitting still shows a higher capacity, confirming its beneficial dissipative role.
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Signal 1, PGA = 0.16g

Control node

Earthquake direction
(a)
Signal 1, PGA = 0.40g
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Earthquake direction
(b)
Signal 1, PGA = 0.73g

Control node
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Figure 18: Base shear vs. roof displacement response and crack opening (Ecw1) pattern of the three configurations: as-built (a), floors strengthened with concrete slabs (b), diaphragms retrofitted with plywood panels (c).
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The dissipation provided by the floors is furtherly highlighted by Figs. 19 and 20, both
showing the positive effect of the plywood panels retrofitting on the response of the building.
Fig. 19 compares the in-plane behaviour of the most solicited wall at the collapse PGA for the
concrete slab configuration, and the same response with the plywood panels overlay. As can
be noticed, in the latter case the wall has not yet reached its capacity, but has just started to
behave nonlinearly. Fig. 20 shows the total hysteretic energy dissipated by the structural
components of the house: the amount of energy dissipated by the floors is relevant and, especially in the early phase of an earthquake, this can helpfully reduce in-plane loads on the walls.
As last consideration, in [25] a value of equivalent hysteretic damping ratio ξ = 15% was
determined for the diaphragms retrofitted with plywood panels. The difference in PGA at collapse between the configuration with stiff floors and that with the dissipative diaphragms was
on average 30% (Fig. 17). This result appears to confirm the obtained 15% damping ratio: if
the floors were retrofitted with plywood panels, and for a simplified modelling (e.g. a pushover analysis) they were assumed as stiff, their dissipative contribution could be taken into account by considering an overdamped spectrum reduced by the factor η = [10/(5+ξ)]1/2 [38]. It
is interesting to notice that η = 0.71 for ξ = 15%, a value suggesting that the collapse response
spectrum could indeed correspond to approximately 30% higher spectral acceleration when a
dissipative retrofitting of the floors is designed, and in addition to the further nonlinear contribution of the in-plane masonry walls.
Diaphragms retrofitted with concrete slab

Diaphragms retrofitted with plywood panels

PGA = 0.48g
(collapse at 0.76g)

PGA = 0.48g
(collapse)

Figure 19: Comparison between the in-plane response of the most solicited wall under the application of signal 4
in the configuration having floors strengthened with concrete slabs (left) and with plywood panels (right).
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Figure 20: Hysteretic energy vs. time response under seismic signal 1 for the building having floors retrofitted
with plywood panels: the dissipative role of the diaphragms is evident.
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6

SUMMARY AND CONCLUSIONS

In this work, starting from an experimental campaign on as-built and strengthened timber
diaphragms, the analytical and numerical modelling of the retrofitted floors was presented,
including an application to a case-study existing building.
The strengthening technique, consisting of an overlay of plywood panels screwed along
their perimeter to the existing sheathing, showed a great improvement in strength, stiffness
and energy dissipation of the diaphragms. In order to enable the design of the proposed retrofitting method, and to account for the nonlinear and dissipative response of the floors, an analytical model was formulated, starting from the load-slip behaviour of the single screws
fastening plywood panels and planks. The analytical model shows good agreement with the
experimental results, and can be adopted to determine the relevant seismic properties of the
retrofitted diaphragms.
The formulated model opened up the opportunity to implement a user-supplied subroutine
in the software DIANA FEA: the subroutine validation demonstrated that an accurate numerical modelling of the in-plane response of the floors can be achieved. Then, the proposed retrofitting intervention was applied to the case-study of an existing building, and the seismic
response was compared to both that of the as-built house, and that of a configuration in which
the floors were stiffened with concrete slabs. The numerical time-history analyses showed that
the diaphragms retrofitted with plywood panels can greatly improve the seismic capacity of
the building, mainly because high energy dissipation is provided, and already at limited deflections. This allows to beneficially dampen the in-plane loads on the walls, obtaining the
best performance, even in comparison to the configuration retrofitted with concrete slabs.
Therefore, the choice of light, reversible and dissipative retrofitting like the proposed one
could be not only a more suitable technique for seismic strengthening of buildings belonging
to architectural heritage, but also more beneficial in improving seismic capacity compared to
stiffer, not reversible, and less sustainable techniques.
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Typically, panel-to-panel and panel-to-foundation connection zones in Cross-Laminated Timber (CLT) walls consist of steel-to-timber mechanical connections (hold-downs and anglebrackets) and timber-to-timber contact. While hold-downs and angle brackets are extensively
studied in literature, the role of timber-to timber contact is underestimated. The platform constructional technology used for build CLT walls requires that the vertical timber panels compresses the horizontal CLT floors, engaging the orthogonal to grain timber properties in the
seismic response.
This paper discusses a new development concerning a theoretical sectional model for CLT
panels proposed by the authors in a recent work, where strength of the panels subjected to
combined axial force and bending moment was studied accounting for orthogonal to grain
timber properties. As advancement, a theoretical moment-curvature model for CLT panels is
proposed in this paper and the displacement capacity (i.e., ductility) is investigated. The main
parameters which affect the ductile behavior of the panels have been studied by means of
parametric analyses, i.e. varying cross-section dimensions, amount of axial force, and holddowns resistance.
Theoretical results have been also compared with numerical ones derived from a bidimensional finite element model developed by the authors and a good matching between the
results has been highlighted.
.H\ZRUGV&/7SDQHOV2UWKRJRQDOWRJUDLQFRPSUHVVLRQ&RQQHFWLRQ0RGHOOLQJ7KHRUHWL
FDOPRGHO0RPHQW&XUYDWXUHGLDJUDPV
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 ,1752'8&7,21
&URVV/DPLQDWHG7LPEHU &/7 UHSUHVHQWVDKLJKHIILFLHQWHQJLQHHUHGPDVVWLPEHUSURGXFW
RULJLQDWHGLQ$XVWULDLQWKHHDUO\V,Q(XURSH&/7SDQHOVDUHRQHRIWKHPRVWGLIIXVHG
PDVV WLPEHU SURGXFW XVHG IRU ORZ DQG PLGULVH UHVLGHQWLDO DQG QRQUHVLGHQWLDO EXLOGLQJV LQ
VHLVPLFSURQHDUHD,WKDVEHHQHVWLPDWHGWKDWWKHJOREDODQQXDOSURGXFWLRQRI&/7LVJURZLQJ
H[SRQHQWLDOO\LQ(XURSHIURPPLQXSWRPLOOLRQRIPLQ>@1HYHU
WKHOHVVDVLJQLILFDQWDQQXDOLQFUHDVHRIWKHPDQXIDFWXUHG&/7KDVEHHQDOVRUHFRUGHGLQWKH
8QLWHG6WDWHV&DQDGD$XVWUDOLD-DSDQDQG1HZ=HDODQG>@
6KDNHWDEOHWHVWVGHPRQVWUDWHGWKHVDWLVIDFWRU\VHLVPLFEHKDYLRURIPXOWLVWRU\&/7EXLOG
LQJV7KH\UHVLVWHGVHLVPLFDFFHOHUDWLRQVXSWRgIRUDVHYHQVWRU\EXLOGLQJ>@DQGXSWR
gIRUDWZRVWRU\EXLOGLQJ>@WKDQNVWRWKHLUJRRGGLVVLSDWLYHEHKDYLRU7KHGLVVLSDWLRQLV
PDLQO\FRQFHQWUDWHGLQWKHSDQHOWRSDQHODQGLQSDQHOWRIRXQGDWLRQPHFKDQLFDOFRQQHFWLRQ
]RQHVJHQHUDOO\FRPSRVHGE\WKLQZDOOHGVWHHOSODWHVQDLOHGRUVFUHZHGWRWKHYHUWLFDOSDQHOV
DQGEROWHGLQIRXQGDWLRQQDPHGDV+ROG'RZQV +'V DQG$QJOH%UDFNHWV $%V +'VDUH
GHYRWHGWRZLWKVWDQGWHQVLOHIRUFHVSURGXFHGE\WKHRYHUWXUQLQJPRPHQWVZKLOH$%VUHVLVWWR
VKHDU IRUFHV &RPSUHVVLRQ IRUFHV LQVWHDG DUH IDFHG E\ WLPEHUWRWLPEHU RU WLPEHUWR
IRXQGDWLRQFRQWDFW
([SHULPHQWDOORFDOWHVWVRQPHFKDQLFDOFRQQHFWLRQVDLPHGDWLQYHVWLJDWLQJWKHLUF\FOLFEH
KDYLRUKLJKOLJKWHGWKDWGXFWLOHIDLOXUHPHFKDQLVPVFDQEHDFKLHYHGZKHQSURSHUO\GHVLJQHG>
@&RQWUDULZLVHEULWWOHIDLOXUHPHFKDQLVPVFRXOGRFFXULIWKHUHTXLUHPHQWVIRUHQGDQGHGJH
GLVWDQFHVDUHQRWUHVSHFWHG>@&RPPRQO\LQWLPEHUSUDFWLFHLWLVDVVXPHGWKDWGXFWLOHPHFK
DQLVPV DUH WKRVH UHVSHFWLQJ WKH -RKDQVHQ¶V IDLOXUH PRGHV >@ DOVR LQFOXGHG LQ (XURFRGH 
>@$OWKRXJKSURYLGHGRIDQDSSUHFLDEOHGLVVLSDWLYHEHKDYLRUVXFKPHFKDQLVPVHQWDLOVLJ
QLILFDQWGDPDJLQJRIYHUWLFDOWLPEHUSDQHOVPDNLQJWKHPXQXVDEOHDIWHUWKHVHLVPLFHYHQW>@
,QDGGLWLRQWRWKHVHLVPLFUHVLVWDQFHPRGHUQVHLVPLFGHVLJQDSSURDFKHVEDVHGRQWKH3HU
IRUPDQFH%DVHG'HVLJQUHTXLUHWKDWDOVRGDPDJLQJRIVWUXFWXUDO DQGQRQVWUXFWXUDO FRPSR
QHQWVVKRXOGEHSUHYHQWHGRUUHGXFHGDVIDUDVSRVVLEOH7KXVDOWHUQDWLYHFRQQHFWLRQV\VWHPV
EDVHGRQWKHµSOXJDQGSOD\¶FRQFHSWKDYHEHHQLQWURGXFHGE\UHVHDUFKHUV>@7KH\FRQ
VLVWRIUHSODFHDEOHVWHHOIXVHVRURWKHUVWHHOEDVHGPDWHULDOIDVWHQHGWRWLPEHUSDQHOVZKLFK
GLVVLSDWH HQHUJ\ WKURXJK WKH F\FOLF SODVWLFL]DWLRQ RI WKH VWHHO SDUWV RQO\ ZKLOH WLPEHU SDUWV
UHPDLQ HODVWLF 6WHHO SDUWV ZKLFK FDQ EH VXEVWLWXWHG DIWHU WKH VHLVPLF HYHQW DUH GHYRWHG WR
SUHYHQWWKHGDPDJLQJRIWLPEHU&/7SDQHOVDQGFRQVHTXHQWO\WRUHGXFHHFRQRPLFDOORVVHVIRU
WKHLUUHSDLULQJ
7R GDWH WKHRUHWLFDO PRGHOV IRU HYDOXDWLQJ IOH[XUDO ORDGEHDULQJ FDSDFLW\ RI &/7 SDQHOV
VXEMHFWHGWRFRPELQHGEHQGLQJDQGD[LDOIRUFHDUHSUHVHQWHGLQOLWHUDWXUHWDNLQJLQWRDFFRXQW
WKH FRQWULEXWLRQ RI WKH +'V DQG $%V DW WKH EDVH RI WKH SDQHOV > @ 7ZR DUH WKH PDLQ
VKRUWFRPLQJVWKDWFKDUDFWHUL]HVXFKPHWKRGVa WKHUROHRIWLPEHUWRWLPEHUFRQWDFWLVXQGHU
HYDOXDWHGb QRIRUPXODWLRQIRUHYDOXDWLQJWKHGXFWLOLW\DUHSUHVHQWHG
8VXDOO\WKHWLPEHUWRWLPEHUFRQWDFWLVPRGHOOHGFRQVLGHULQJWKHSDUDOOHOWRJUDLQGLUHFWLRQ
WLPEHU SURSHUWLHV >@ &RQWUDULZLVH GXH WR WKH SODWIRUP FRQVWUXFWLRQDO WHFKQRORJ\ XVHG WR
UHDOL]H &/7 EXLOGLQJV WKH SHUSHQGLFXODU WR JUDLQ WLPEHU SURSHUWLHV LH <RXQJ¶V PRGXOXV
XOWLPDWHFRPSUHVVLRQVWUHQJWKDQGVWUDLQ DUHXQDYRLGDEO\LQYROYHGLQWKHVHLVPLFEHKDYLRURI
WKHSDQHO,QIDFWDWHDFKVWRU\WKHKRUL]RQWDO&/7IORRUSDQHOVDUHLQVHUWHGEHWZHHQWZRFRQ
VHFXWLYH YHUWLFDO &/7 SDQHOV ZKLOH DW JURXQG OHYHO D KRUL]RQWDO WLPEHU EHDP LV FRPPRQO\
LQWHUSRVHG EHWZHHQ YHUWLFDO SDQHO DQG IRXQGDWLRQ )LJ   &RQYHUVHO\ LI LQWHUSRVHG WLPEHU
EHDPVDUHQRWXVHGDQGWKHYHUWLFDOSDQHOVDUHGLUHFWO\SODFHGRQWKHUHLQIRUFHGFRQFUHWHIRXQ
GDWLRQWKHSDUDOOHOWRJUDLQWLPEHUSURSHUWLHVPXVWEHHPSOR\HGLQWKHFDOFXODWLRQV
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1RZDGD\VQRVSHFLILFLQIRUPDWLRQUHODWLYHWRWKHRUWKRJRQDOWRJUDLQFRPSUHVVLYHEHKDY
LRURI&/7HOHPHQWVDUHSURYLGHGLQWKH(XURSHDQVWDQGDUGV ZLWKH[FHSWLRQIRUWKH$XVWULDQ
1DWLRQDO$QQH[>@ DVZHOODVOLPLWHGH[SHULPHQWDODQGQXPHULFDOUHVXOWVFDQEHIRXQGLQ
OLWHUDWXUH>@
7KLVSDSHUVGHDOVZLWKDQHZGHYHORSPHQWRIDWKHRUHWLFDOVHFWLRQDOPRGHOIRU&/7SDQHOV
VXEMHFWHGWRFRPELQHGD[LDOIRUFHDQGEHQGLQJPRPHQWSUHVHQWHGE\WKHDXWKRUVLQDUHFHQW
SDSHU>@7KHPHWKRGSUHVHQWHGLQ>@SHUPLWWHGWRGHILQHWKHIOH[XUDOORDGEHDULQJFDSDFL
W\RIWKHSDQHOVWKURXJKD[LDOIRUFHEHQGLQJPRPHQWLQWHUDFWLRQGRPDLQV$VDGYDQFHPHQWD
WKHRUHWLFDOPRPHQWFXUYDWXUH 0F PRGHOIRU&/7SDQHOVLVKHUHLQSUHVHQWHG
$ SDUDPHWULF VWXG\ DLPHG DW LQYHVWLJDWLQJ WKH LQIOXHQFH RI GLIIHUHQW IDFWRUV RQ WKH SRVW
HODVWLF GLVSODFHPHQW FDSDFLW\ RI WKH SDQHOV  VXFK DV SHUFHQWDJH RI UHLQIRUFHPHQW UDWLR LQ
WHQGHG DV WKH FRQWULEXWLRQ SURYLGHG E\ +'V LQ WHQVLRQ  WKH DPRXQW RI D[LDO IRUFH DQG WKH
OHQJWKWRZLGWKUDWLRVRIWKHSDQHOFURVVVHFWLRQKDVEHHQFDUULHGRXW'XHWRWKHDEVHQFHRI
H[SHULPHQWDOWHVWVWKHYDOLGLW\RIWKHSURSRVHG0FGLDJUDPVKDVEHHQDVVHVVHGE\FRPSDUL
VRQZLWKDILQLWHHOHPHQWQXPHULFDOPRGHORIWKH&/7SDQHOVGHYHORSHGE\WKHDXWKRUV
7KH UHVXOWV DOORZHG WR LQYHVWLJDWH WKH UROH RI WKH PHFKDQLFDO FRQQHFWLRQV DQG WLPEHUWR
WLPEHU FRQWDFW RQ WKH GXFWLOH EHKDYLRU RI WKH SDQHOV KLJKOLJKWLQJ D JRRG PDWFKLQJ EHWZHHQ
WKHRUHWLFDODQGQXPHULFDOUHVXOWV0RUHRYHUWKHFRPSDUDWLYHDQDO\VHVSHUPLWWHGWRGHYHORSD
GHVLJQRULHQWHGDSSURDFKIRUHYDOXDWLQJWKHXOWLPDWHFXUYDWXUHDQGWKHXOWLPDWHEHQGLQJPR
PHQWRIWKHSDQHOVWKURXJKFORVHGIRUPXODVXVHIXOLQHQJLQHHULQJSUDFWLFH
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)LJXUH3ODWIRUPFRQVWUXFWLRQDOWHFKQRORJ\IRU&/7EXLOGLQJV

 &211(&7,2160(&+$1,&$/02'(/
:LWK DLP RI FDOFXODWLQJ WKH IOH[XUDO ORDGFDUU\LQJ FDSDFLW\ RI &/7 SDQHOV XQGHU JUDYLW\
DQGKRUL]RQWDOORDGVGLIIHUHQWPHWKRGVIRUVFKHPDWL]LQJWKHSDQHOWRSDQHODQGWKHSDQHOWR
IRXQGDWLRQFRQQHFWLRQ]RQHDUHSURSRVHGLQOLWHUDWXUH7KHVHPHWKRGVH[WHQVLYHO\FRPSDUHG
LQ >@ DQG LQ >@ DUH PDLQO\ EDVHG RQ VWDWLF HTXLOLEULXP HTXDWLRQV 7KH\ DVVXPH WKH K\
SRWKHVLV WKDW &/7 SDQHO EHKDYHV DVDULJLGERG\ZLWKGHIRUPDWLRQVFRQFHQWUDWHGLQWKHPH
FKDQLFDO FRQQHFWLRQV WKH RYHUWXUQLQJ PRPHQWV DUH IDFHG E\ +'V WHQVLRQ  DQG WLPEHUWR
WLPEHU FRQWDFW FRPSUHVVLRQ  ZKLOH VKHDU IRUFHV DUH UHVLVWHG E\ $%V H[FOXVLYHO\ 'XH WR
EXFNOLQJWKHFRQWULEXWLRQRI+'VXQGHUFRPSUHVVLRQLVJHQHUDOO\GLVUHJDUGHG
5HFHQWO\DPHFKDQLFDOPRGHOWRVFKHPDWL]HWKHFRQQHFWLRQVKDVEHHQSURSRVHGE\WKHDX
WKRUVLQ>@7KHJRDORIWKHPHWKRGZDVWKDWRIGHWHUPLQLQJWKHIOH[XUDOORDGEHDULQJFDSDFL
W\RI&/7SDQHOVDQGGHULYLQJWKHD[LDOIRUFHEHQGLQJPRPHQWLQWHUDFWLRQGRPDLQV7KHVDPH
PRGHOKDVEHHQHPSOR\HGIRUGHULYLQJ PRPHQWFXUYDWXUHGLDJUDPVLQWKHSUHVHQWSDSHUDO
ORZLQJWRLQYHVWLJDWHWKHSRVWHODVWLFGLVSODFHPHQWFDSDFLW\RIWKH&/7SDQHOVZLWKPHFKDQL
FDOFRQQHFWLRQVDWWKHEDVH
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7KH SURSRVHG PRGHO FRXOG EH FRQVLGHUHG DV DQ DGYDQFHPHQW ZLWK UHVSHFW WR WKH PHWKRG
SUHVHQWHGLQ>@LQZKLFKWKHEHKDYLRURISDQHOWRSDQHODQGSDQHOWRIRXQGDWLRQFRQQHFWLRQ
]RQH KDV EHHQ PRGHOOHG LQ DQDORJ\ ZLWK 5HLQIRUFHG &RQFUHWH 5&  FURVVVHFWLRQV+'V DUH
FRQVLGHUHG DV WKH WHQVLOHUHVLVWDQW HOHPHQWV ZKLFK \LHOG LQ WHQVLRQ ZKLOH WLPEHUWRWLPEHU
FRQWDFW LV DVVLPLODWHG WR FRPSUHVVHG FRQFUHWH ZKRVH EHKDYLRU LV OLPLWHG WR WKH HODVWLF ILHOG
)RUWLPEHUWRWLPEHUFRQWDFWWKHPD[LPXPFRPSUHVVLRQVWUHQJWKLVDVVXPHGHTXDOWRWKDWLQ
SDUDOOHOWRJUDLQGLUHFWLRQZKLOHWKH<RXQJ¶VPRGXOXVLVWKDWLQRUWKRJRQDOWRJUDLQGLUHFWLRQ
&RQYHUVHO\ IRU WLPEHUWR5& IRXQGDWLRQ FRQWDFW WKH SDUDOOHO WR JUDLQ <RXQJ¶V PRGXOXV LV
FRQVLGHUHG ZKLOHWKHFRPSUHVVLRQVWUHQJWKUHPDLQVWKDWLQSDUDOOHOGLUHFWLRQ 
,QWKHSURSRVHGPHWKRGLQVWHDGERWKRUWKRJRQDORUSDUDOOHOWRJUDLQWLPEHUSURSHUWLHVIRU
SDQHOWRIRXQGDWLRQFRQQHFWLRQVFDQEHXVHGDVDIXQFWLRQRIFRQVWUXFWLRQDOWHFKQRORJ\XVHG
DWWKHJURXQGOHYHO LHLILQWHUSRVHGWLPEHUEHDPEHWZHHQYHUWLFDOSDQHODQGIRXQGDWLRQLV
XVHGRUQRW :KLOHRQO\WKHRUWKRJRQDOWRJUDLQFRQWDFWLVDVVXPHGIRUSDQHOWRSDQHOFRQ
QHFWLRQVDWXSSHUVWRUH\


2UWKRJRQDOWRJUDLQFRPSUHVVLRQEHKDYLRU

2UWKRJRQDOWRJUDLQFRPSUHVVLRQVLWXDWLRQVDUHDGLUHFWFRQVHTXHQFHRIWKHSODWIRUPFRQ
VWUXFWLRQDOWHFKQRORJ\XVHGWREXLOG&/7VWUXFWXUHV8QGHUVHLVPLFDFWLRQVWKHYHUWLFDOSDQHO
URFNVDURXQGDSLYRWSRLQWRIWHQQRWFRLQFLGHQWZLWKWKHFRUQHURIWKHSDQHOORDGLQJLQRU
WKRJRQDO WR JUDLQ GLUHFWLRQ WKH &/7 WLPEHU IORRUV DW XSSHU VWRUH\ RU WKH WLPEHU EHDPV DW
JURXQGIORRUZKHQSUHVHQW>@ )LJ 
7KLVSKHQRPHQRQFDQQRWEHQHJOHFWLQHYDOXDWLQJWKHORDGFDUU\LQJFDSDFLW\RIWKHSDQHO
EHFDXVH
i WKHRUWKRJRQDOWRJUDLQFRPSUHVVLYHVWUHQJWKfFLVOHVVWKDQWKDWLQSDUDOOHOWRJUDLQGL
UHFWLRQfF fFfFa 
ii WKH<RXQJ¶VPRGXOXVLQSHUSHQGLFXODUGLUHFWLRQ(LVPXFKOHVVWKDQWKDWLQSDUDOOHO
GLUHFWLRQE EEa 
iii WKHRUWKRJRQDOWRJUDLQXOWLPDWHVWUDLQHFLVPXFKKLJKHUWKDQLQSDUDOOHOGLUHFWLRQHF
HFHFa 
$OWKRXJK WKH RUWKRJRQDO WR JUDLQ FRPSUHVVLYH EHKDYLRU IRU PRQRGLPHQVLRQDO HOHPHQWV
KDVEHHQH[WHQVLYHO\VWXGLHGDQGWHVWVSURFHGXUHVFRGLILHG>@IHZDUHWKHUHVXOWVDYDLOD
EOH IRU &/7 VSHFLPHQV 6RPH H[SHULPHQWDO UHVXOWV RQ &/7 VSHFLPHQV VXEMHFWHG WR SHUSHQ
GLFXODUWRJUDLQFRPSUHVVLRQORDGVZLWKGLIIHUHQWORDGVFRQILJXUDWLRQVDUHSUHVHQWHGLQ>
@ ([SHULPHQWDO VWUHVV V VWUDLQ H GLDJUDPVDUHFKDUDFWHUL]HGE\DILUVWQRQOLQHDUHODVWLF
EUDQFKIROORZHGE\DVLJQLILFDQWSHUIHFWO\SODVWLFEUDQFKZLWKKDUGHQLQJDWWKHHQG
%\DWKHRUHWLFDOSRLQWRIYLHZWKHVKDSHRIWKHVHGLDJUDPFDQEHGHVFULEHGE\SDUDEROD
UHFWDQJOHFRQVWLWXWLYHODZ )LJ 7KHVKDSHLVVLPLODUWRWKDWRIFRQFUHWHVXEMHFWHGWRFRP
SUHVVLRQDQGWKHQE\DQDORJ\WKHVDPHFRQVWLWXWLYHODZVXJJHVWHGIRUFRQFUHWHLQWKH(XUR
FRGH  >@ KDV EHHQ DGRSWHG WR GHVFULEH WKH RUWKRJRQDO WR JUDLQ FRPSUHVVLYH EHKDYLRU RI
WLPEHU 7KH SDUDEROLF DQG WKH FRQVWDQW EUDQFKDUH GHVFULEHG E\ WKH IROORZLQJ HTXDWLRQV UH
VSHFWLYHO\
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ZKHUHK HHFHOUHSUHVHQWVWKHUDWLREHWZHHQWKHYDOXHVRIVWUDLQ H LQFOXGHGLQWRWKHLQ
WHUYDO > HFHO@ IRU HT   DQG LQWR WKH LQWHUYDO >HFHOHFX@ IRU HT   ZKLOH HFHO DQG
HFXUHSUHVHQWWKHOLPLWHODVWLFDQGXOWLPDWHVWUDLQRIWLPEHUUHVSHFWLYHO\
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&RQWUDULO\WRWKHPD[LPXPSHUSHQGLFXODUFRPSUHVVLRQVWUHQJWKZKRVHYDOXHVDUHFRGLILHG
DOVR E\ (XURFRGH  >@ IRU RUWKRJRQDO WR JUDLQ XOWLPDWH VWUDLQ QR YDOXHV DUH VXJJHVWHG E\
FRGHV([SHULPHQWDOVWXGLHVFRQGXFWHGE\6HUUDQRDQG(QTXLVW>@DQGE\%UDQGQHU>@RQ
&/7SDQHOVXQGHUFRPSUHVVLRQVKRZQVLJQLILFDQWSODVWLFVWUDLQVJUHDWHUWKDQDWWKH
HQGRIWHVWV
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)
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)LJXUH2UWKRJRQDOWRJUDLQFUXVKLQJRI&/7IORRUVGXHWRURFNLQJRIWKHYHUWLFDOSDQHO
V
JUDLQ GLUHFWLRQ
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)LJXUH&RQVWLWXWLYHVWUHVVVWUDLQEHKDYLRUIRUWLPEHUFRPSUHVVHGLQRUWKRJRQDOWRJUDLQGLUHFWLRQ



&URVVVHFWLRQDOEHKDYLRUPRGHOOLQJ

,QWKLVSDSHUDPRGHOIRUGHVFULELQJWKHFURVVVHFWLRQDOEHKDYLRURI&/7SDQHOVGHYHORSHG
E\ DQDORJ\ ZLWK 5& FURVVVHFWLRQV LV SUHVHQWHG 7KH WHUP µVHFWLRQ¶ LQGLFDWHV WKH WLPEHUWR
WLPEHUFRQWDFWDUHDGHILQHGEHWZHHQWKHYHUWLFDODQGWKHKRUL]RQWDOWLPEHUSDQHOV
,QWKLVPRGHOWHQVLOHUHVLVWDQWFRQWULEXWLRQVDUHSURYLGHGE\KROGGRZQV HDs H[FOXVLYH
O\RUFRPELQLQJKROGGRZQVDQGDQJOHEUDFNHWV ABs LIERWKDUHDVVXPHGDEOHWRUHVLVWWHQ
VLOHIRUFHV>@,QVWHDGFRPSUHVVLRQIRUFHVDUHWRWDOO\IDFHGE\WLPEHUWRWLPEHURUE\
WLPEHUWR5&IRXQGDWLRQFRQWDFW
%\DQDORJ\ZLWK5&WKUHHGLIIHUHQWEHKDYLRUDOVWDJHVIRUWKHFURVVVHFWLRQKDYHEHHQGH
ILQHG )LJ  VWDJHI LQ ZKLFK ERWK WLPEHUWRWLPEHU FRQWDFW DQGWHQVLOHUHVLVWDQWHOHPHQWV
EHKDYHHODVWLFDOO\ERWKLQFRPSUHVVLRQDQGLQWHQVLRQVWDJHIIZKHQWKHPD[LPXPVWUHQJWK
LQWR WLPEHUWRWLPEHU FRPSUHVVHG FRUQHU LV UHDFKHG ZKHUHDV WHQVLOHUHVLVWDQW HOHPHQWV VWLOO
ZRUN LQ OLQHDUHODVWLF ILHOG RU YLFH YHUVD  VWDJH III ZKHQ WKH RUWKRJRQDO WR JUDLQ XOWLPDWH
VWUDLQDWFRPSUHVVHGFRUQHULVDWWDLQHGZKLOHWHQVLOHUHVLVWDQWHOHPHQWVDUHµ\LHOGHG¶
,WVKRXOGWREHKLJKOLJKWHGWKDWWKHSURSRVHGWKHRUHWLFDOPHWKRGLVRIJHQHUDOYDOLGLW\,Q
IDFWIDLOXUHPHFKDQLVPVEDVHGRQ A WLPEHUHPEHGGLQJFRPELQHGZLWKPHWDOIDVWHQHUV>
@ RU RQ B  \LHOGLQJ RI PHWDO VWHHO HOHPHQWV VWHHO SODWHV VWHHO IXVHV EDVHG RQ µSOXJ DQG
SOD\¶FRQFHSWHWF ZLWKWLPEHULQHODVWLFILHOGFDQEHERWKLPSOHPHQWHG$VDOUHDG\QRWHGLQ
6HFWWKHIDLOXUHPHFKDQLVPV B DUHIDUSUHIHUUHGWRDYRLGSHUPDQHQWGDPDJHLQWRWLPEHU
SDQHOVLQFDVHRIHDUWKTXDNHVDQGUHSUHVHQWVDQHZIURQWLHUIRUORZGDPDJHDQGPRUHVXVWDLQ
DEOH&/7EXLOGLQJV>@
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0RPHQWFXUYDWXUHGLDJUDPVUHSUHVHQWDXVHIXOWRROIRUHYDOXDWLQJWKHGXFWLOHEHKDYLRURI
&/7SDQHOVVXEMHFWHGWRFRPELQHGKRUL]RQWDOVHLVPLFDFWLRQVDQGJUDYLW\ORDGV
7KH0FFURVVVHFWLRQDOEHKDYLRUKDVEHHQLQYHVWLJDWHGEDVHGRQWKH(XOHU%HUQRXOOLK\
SRWKHVLVFRQFHUQLQJWKHFRQVHUYDWLRQRISODLQWUDQVYHUVDOFURVVVHFWLRQVDIWHUWKHGHIRUPDWLRQ
0RUHRYHULWKDVEHHQDVVXPHGWKDWWKHPHFKDQLFDOFRQQHFWLRQVIDLODFFRUGLQJWRWKHPHFKD
QLVPW\SH%RQO\WKXVPD[LPXP\LHOGLQJVWUHQJWKDQGXOWLPDWHVWUDLQLQWHQVLRQRIWKLQVWHHO
SODWHV HJ+'V DUHLQYROYHGLQWKHSODVWLFPHFKDQLVP,QRWKHUWHUPVDPHFKDQLFDOFRQQHF
WLRQ EDVHG RQ D µSOXJ DQG SOD\¶ V\VWHP RU KDYLQJ LQQRYDWLYH GRJERQH VKDSHG KROGGRZQV
SUHVHQWHGLQ>@KDVEHHQKHUHLQFRQVLGHUHG:KLOHIRUWKHFRPSUHVVHGWLPEHUWKHRUWKRJRQDO
WRJUDLQGLUHFWLRQSURSHUWLHVKDYHEHHQWDNHQLQWRDFFRXQW
2Q WKH RWKHU VLGH DOVR IDLOXUH PHFKDQLVPV W\SH$ -RKDQVHQ¶V PHFKDQLVPV  FDQ EH LP
SOHPHQWHGLQWKHSURSRVHGPRGHOEXWZLWKWKHGLVDGYDQWDJHWKDWLWLVPRUHFRPSOH[WRHVWDE
OLVK D VXLWDEOH DQG UHOLDEOH YDOXH RI XOWLPDWH VWUDLQ D[LDO HORQJDWLRQ  GXH WLPEHUWRVWHHO
LQWHUDFWLRQ,QIDFWDYDLODEOHH[SHULPHQWDOWHVWVSURYLGHGRQO\PD[LPXPYDOXHVRID[LDOGLV
SODFHPHQW LQ WLPEHUWRVWHHO LQWHUDFWLRQ EHFDXVH LW LV GLIILFXOW WR HYDOXDWH WKH FRUUHVSRQGLQJ
VWUDLQ
&RQVWLWXWLYHVWUHVVVWUDLQEHKDYLRUVDGRSWHGIRUWLPEHU )LJD DQGVWHHO )LJE LQWKLV
SDSHU DUH UHSUHVHQWHG LQ )LJ  )RU WLPEHU WKH SDUDERODUHFWDQJOH FRQVWLWXWLYH EHKDYLRU KDV
EHHQREWDLQHGE\XVLQJWKHHTV  DQG  ZLWKHFX  DVVXPHGDVDUHDVRQDEOHYDOXHE\
WKHDXWKRUV HFHO DQGGHVLJQSHUSHQGLFXODUWRJUDLQFRPSUHVVLRQVWUHQJWKfFG 
03D7KHODWWHUKDVEHHQHYDOXDWHGFRQVLGHULQJWKHVSDWLDOGLVSHUVLRQRIORFDOO\DSSOLHGFRP
SUHVVLRQSHUSHQGLFXODUWRJUDLQVWUHVVHVWKHLQFUHDVLQJFRHIILFLHQWkF LQWKLVFDVHHTXDOWR
 KDVEHHQPXOWLSOLHGIRUWKHSHUSHQGLFXODUFRPSUHVVLRQVWUHQJWKDFFRUGLQJWR>@1RWH
WKDW WKH PDWHULDO SURSHUWLHV RI WKH SO\ &/7 SDQHOV KDYH EHHQ GHULYHG IURP (7$
>@DVWKRVHFRUUHVSRQGLQJWRVROLGZRRGRIFODVV&
)RU VWHHO LQVWHDG DQ HODVWLFSHUIHFWO\ SODVWLF FRQVWLWXWLYH VWUHVVVWUDLQ EHKDYLRU KDV EHHQ
DGRSWHG FRQVLGHULQJ VWHHOW\SH 6 DV GHILQHG LQ (XURFRGH  >@  ZLWK GHVLJQ \LHOGLQJ
VWUHQJWKf\G 03D\LHOGLQJVWUDLQH+'\ DQGXOWLPDWHVWUDLQH+'X 
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)LJXUH&RQVWLWXWLYHVWUHVVVWUDLQEHKDYLRUIRU D WLPEHUFRPSUHVVHGLQRUWKRJRQDOWRJUDLQGLUHFWLRQ
E VWHHOLQWHQVLRQ



0HWKRGRORJ\

0RPHQWFXUYDWXUHGLDJUDPVKDYHEHHQREWDLQHGE\PHDQVRIDQLWHUDWLYHSURFHGXUHVFKH
PDWLFDOO\UHSUHVHQWHGLQWKHIORZFKDUWUHSRUWHGLQ)LJ7KHSURFHGXUHFRQVLVWVRIDVVLJQLQJ
DSDLURIILUVWDWWHPSWYDOXHV FxQ ZKHUHFUHSUHVHQWVWKHFXUYDWXUHRIDQGxQWKHQHXWUDO
D[LVGHSWKIRUSDQHOWRSDQHORUSDQHOWRIRXQGDWLRQFRQWDFWFURVVVHFWLRQDQGRIYHULI\LQJ
E\PHDQVRIHTXLOLEULXPFRQGLWLRQVWKDWVXFKDVVXPSWLRQLVULJKW,QWKHIROORZLQJLVVXPPD
UL]HGVWHSE\VWHSWKHSURFHGXUH
i DVVLJQDWWHPSWYDOXHVRI FxQ 
ii FDOFXODWLRQRIYDOXHVRIVWUDLQV H FRUUHVSRQGLQJWRWKHFRXSOH FxQ LQHDFKSRLQWRI
WKHFURVVVHFWLRQWKDQNV(XOHU%HUQRXOOLK\SRWKHVLV
iii FDOFXODWLRQRIQRUPDOVWUHVVHVDVVRFLDWHGWRWKHVHVWUDLQVIURPWKHFRQVWLWXWLYHVWUHVV
VWUDLQFRQVWLWXWLYHEHKDYLRUDGRSWHGIRUERWK&/7DQG+'
iv GHWHUPLQDWLRQRIERWKLQWHUQDOFRPSUHVVLRQDQGWKHWHQVLRQUHVXOWDQWIRUFHVE\LQWHJUDW
LQJWKHVWUHVVHVGLDJUDPRYHUWKHFURVVVHFWLRQV
v WKHVXSSRVHGYDOXHVRIFDQGxQDUHULJKWLIWKHWUDQVODWLRQHTXLOLEULXPRYHUWKHFURVV
VHFWLRQDPRQJWKHLQWHUQDOIRUFHVDQGWKHDSSOLHGD[LDOIRUFHLVVDWLVILHG,ILWLVQRWVDWLVILHG
WKHSURFHGXUHPXVWEHUHLWHUDWHGE\FKRRVLQJDQRWKHUFRXSOHRIYDOXHV FxQ LILWLVVDWLVILHG
WKHFRUUHVSRQGLQJPRPHQW M FDQEHGHWHUPLQHGWKURXJKWKHHTXLOLEULXPURWDWLRQ ZLWKUH
VSHFWWRWKHFHQWHURIJUDYLW\RIWKHVHFWLRQ 
7R REWDLQ WKH HQWLUH 0F GLDJUDP WKH SURFHGXUH PXVW EH GHYHORSHG IRU WKH LQWHUYDO EH
WZHHQF DQGWKHXOWLPDWHFXUYDWXUHFX


3DUDPHWULFDQDO\VHVUHVXOWV

%DVHGRQWKHLWHUDWLYHSURFHGXUHWKHRUHWLFDO0FGLDJUDPVKDYHEHHQREWDLQHG,QSDUWLFX
ODUSDUDPHWULFDQDO\VHVFRQVLGHULQJGLIIHUHQWIDFWRUVZKLFKLQIOXHQFHWKHFURVVVHFWLRQDOEH
KDYLRUKDYHEHHQFRQGXFWHG7KHLQYHVWLJDWHGSDUDPHWHUVDUHOLVWHGLQWKHIROORZLQJ
 JHRPHWULFDOµUHLQIRUFHPHQW¶SHUFHQWDJHUDWLR

U

AHD

ACLT

  

ZKHUH $+' UHSUHVHQW WKH FURVVVHFWLRQ DUHD RI +'V LQYROYHG LQ WKH SODVWLF PHFKDQLVP
ZKLOH$&/7LVWKHFURVVVHFWLRQDUHDRIWKH&/7SDQHO
 &URVVVHFWLRQVOHQGHUQHVVUDWLR
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O

Lp

  

B

ZKHUH/SUHSUHVHQWVWKHSDQHOOHQJWKZKLOH%WKHSDQHOZLGWK
 'LPHQVLRQOHVVD[LDOIRUFHUDWLR

X

N Ed

N Rd

  

ZKHUH1(GLVWKHDFWLQJD[LDOIRUFHDQG15GWKHXOWLPDWHVWUHQJWKRIWKHIXOO\FRPSUHVVHG
VHFWLRQ
,Q)LJXUHDUHUHSUHVHQWHGWKH0FGLDJUDPVREWDLQHGE\YDU\LQJWKHJHRPHWULFDOµUHLQ
IRUFHPHQW¶SHUFHQWDJHUDWLRVIURPU WRU 7RREWDLQWKHVHGLDJUDPVD&/7SDQ
HOKDYLQJDVOHQGHUQHVVUDWLRO  FURVVVHFWLRQZLWK/S PPDQG% PP DQGDQ
D[LDOIRUFHUDWLRQ KDVEHHQFRQVLGHUHGDVUHSUHVHQWDWLYHDQGKRZHYHUUHDOLVWLFIRU&/7
EXLOGLQJV$VLWFDQEHQRWHGLQ)LJXUHIRULQFUHDVLQJYDOXHRIUWKHXOWLPDWHPRPHQWVRI
WKH SDQHO LQFUHDVHV ZKHUHDV WKH GXFWLOLW\ UHGXFHV PRUH WKDQ  SDVVLQJ IURP U   WR
U 7KLVPHDQVWKDWKLJKHUUHLQIRUFHPHQWSHUFHQWDJHV LHVHYHUDO+'V OHDGWKHSDQHO
WRZDUGEULWWOHEHKDYLRULQWKHIDFHRILQFUHDVHRIIOH[XUDOUHVLVWDQFH
2QWKHVDPHGLDJUDPVVTXDUHGEOXHGRWVLQGLFDWHWKHFXUYDWXUHFRUUHVSRQGLQJWRWKH+'V
ZKLFK\LHOGLQWHQVLRQ H+'\ JUHHQGRWVWKHSRLQWVLQZKLFKWKHWLPEHUWRWLPEHUFRQWDFWDW
WDLQVLWV\LHOGLQJVWUDLQ HF\ ZKLOHUHGWULDQJOHVWKHDFKLHYHPHQWRIWKHXOWLPDWHVWUDLQRI
WLPEHUFRPSUHVVHGLQRUWKRJRQDOWRJUDLQGLUHFWLRQ HFX ,WFDQEHREVHUYHGWKDWIRUDZLGH
UDQJHRIU IURPWR WKH\LHOGLQJRI+'VLQWHQVLRQSUHFHGHWKDWRIWLPEHULQFRP
SUHVVLRQZKLOHIRUUJUHDWHUWKDQWLPEHU\LHOGEHIRUHWKDQ+'0RUHRYHUDVULQFUHDV
HVWKHLQWHUYDORIWKHILUVW\LHOGLQJFXUYDWXUHEHWZHHQ+'VDQGFRPSUHVVHGWLPEHUUHGXFHV
,Q)LJXUHDUHUHSUHVHQWHGWKH0FGLDJUDPVIRUVOHQGHUQHVVUDWLRVUDQJLQJIURPO WR
O UHODWLYHWRDSDQHOKDYLQJFRQVWDQWZLGWK % HTXDOWRPPZKLOHWKHSDQHOOHQJWK
/S YDULHVIURPWRPP7KH0FGLDJUDPVVKRZWKDWDVOLQFUHDVHVWKHGXFWLOLW\GH
FUHDVHV ZKLOH XOWLPDWHPRPHQW LQFUHDVHV $OVR LQWKHVH GLDJUDPV WKH \LHOGLQJ LQ WHQVLRQ RI
WKH+'VDQWLFLSDWHVWKDWRIWLPEHUVWUHVVHGLQRUWKRJRQDOWRJUDLQFRPSUHVVLRQZKLOVWWKHXO
WLPDWHFXUYDWXUHLVDWWDLQHGZKHQWKHFRPSUHVVHGWLPEHUUHDFKHVWKHLWVXOWLPDWHVWUDLQDWWKH
FRPSUHVVHGHGJH
$WWHPSW YDOXH RI
FxQ
,QHDFK SRLQW
H90V90, HHDVHD
5HVXOWDQW IRUFHV
171&

7UDQVODWLRQ
HTXLOLEULXP
1 171&

1R

<HV
5RWDWLRQ HTXLOLEULXP
0F

)LJXUH)ORZFKDUWRIWKHLWHUDWLYHSURFHGXUHGHYHORSHGIRUREWDLQLQJWKH0FGLDJUDPV
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,Q )LJXUH  LQVWHDG DUH UHSRUWHG WKH 0F GLDJUDPV IRU GLPHQVLRQOHVV D[LDO IRUFHV UDWLRV
YDU\LQJIURP SXUHEHQGLQJ WR$JDLQWKH\LHOGLQJRI+'VSUHFHGHVWKDWRIFRP
SUHVVHGWLPEHUH[FHSWIRUWKHFDVHKDYLQJQ 7KLVODWWHUILQGLQJLVFRQYLQFLQJEHFDXVH
KLJK YDOXHV RI WKH DSSOLHG D[LDO IRUFH LQYROYHV VLJQLILFDQW RUWKRJRQDO WR JUDLQ FRPSUHVVLRQ
VWUHVVHVRQWKHFURVVVHFWLRQZKLFKOHDGWRDµ\LHOGLQJ¶RIWLPEHUEHIRUHRI+'V)RUWKHVDNH
RIVLPSOLFLW\WKHFXUYHZLWKQ KDVQRWEHHQUHSRUWHGLQWKH)LJXUHEHFDXVHUHVXOWHGTXLWH
VXSHULPSRVHGZLWKWKHFXUYHKDYLQJ Q 7KLVLVUHDVRQDEOHREVHUYLQJWKH10LQWHUDF
WLRQGRPDLQVDERXWQ WKHGRPDLQYDULHVVPRRWKVXFKWKDWXOWLPDWHPRPHQW ZKLFK
LVUHDFKHGDWQ  YDULHVOLWWOHIURPQ WRQ >@2QWKHFRQWUDU\SDVVLQJIURP
Y WRWKHGXFWLOLW\UHGXFHVIXUWKHU
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)LJXUH0RPHQWFXUYDWXUHGLDJUDPVREWDLQHGYDU\LQJWKHµUHLQIRUFHPHQW¶DUHDUDWLR
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)LJXUH0RPHQWFXUYDWXUHGLDJUDPVREWDLQHGYDU\LQJWKHGLPHQVLRQOHVVD[LDOIRUFH

 &203$5,621:,7+7+(180(5,&$/02'(/

7RDVVHVVWKHLUHIIHFWLYHQHVVWKHRUHWLFDO0FGLDJUDPVKDYHEHHQFRPSDUHGZLWKWKRVHRE
WDLQHG WKURXJK D QXPHULFDO )LQLWH (OHPHQW 0RGHO )(0  GHYHORSHG ZLWK WKH VRIWZDUH 6$3
Y>@7KLVUHTXLUHGWRPRGHOERWK&/7µPDWHULDO¶DQGPHFKDQLFDOFRQQHFWLRQVDQG
WRFDUU\RXWQRQOLQHDUVWDWLFDQDO\VLV HJSXVKRYHUDQDO\VHV 


0DWHULDOPRGHOOLQJ

&/7 SDQHOV KDYH EHHQ PRGHOOHG WKURXJK D WZRGLPHQVLRQDO )(0 FRQVLVWLQJ RI VTXDUHG
VKHOO HOHPHQWV SURYLGHG E\ LQSODQH VKHDU DQG IOH[XUDO VWLIIQHVV ZLWK D PHVK [ PP
DQGWKLFNQHVVHTXDOWRWKRVHRIWKHSDQHO
'XH WR LWV FURVVOD\HUHG QDWXUH WKH LQSODQH EHKDYLRU RI &/7 SDQHOV KDV EHHQ VLPXODWHG
WKURXJKDQHTXLYDOHQW LQGHILQLWHO\ HODVWLFRUWKRWURSLFPDWHULDO,QRWKHUWHUPVRQO\WKHOD\HUV
RIERDUGVFDSDEOHRIZLWKVWDQGLQJWKHLQWHUQDOIRUFHVKDYHEHHQDVVXPHGDVHIIHFWLYHZLWKUH
JDUGV WR ERWK IOH[XUDO DQG VKHDU HODVWLF VWLIIQHVV LH WZR H[WHUQDO OD\HUV IRU SO\ YHUWLFDO
SDQHOV 7KHQ<RXQJ¶VPRGXOLRI&/7KDYHEHHQREWDLQHGDVLWLQWKHIROORZLQJ
EL

nl
E
ntot

  

ET

nt
E
ntot

  

ZKHUH(/DQG(7UHSUHVHQWWKHUHGXFHG<RXQJ¶VPRGXOLLQORQJLWXGLQDODQGWUDQVYHUVDOGL
UHFWLRQUHVSHFWLYHO\(WKH<RXQJ¶VPRGXOXVRIUDZPDWHULDOnODQGnWWKHQXPEHURIOD\HULQ
ORQJLWXGLQDODQGWUDQVYHUVDOGLUHFWLRQUHVSHFWLYHO\nWRWWKHWRWDOQXPEHURIOD\HURIWKHSDQHO
7KHVDPHUHGXFWLRQKDVEHHQDOVRDSSOLHGWRWKHWDQJHQWLDOPRGXOXV * LQERWKORQJLWXGLQDO
DQGWUDQVYHUVDOGLUHFWLRQ7KLVPDWHULDOPRGHOOLQJJLYHVEDFNDQDFFHSWDEOHUHSUHVHQWDWLRQRI
WKHPDWHULDOHODVWLFSURSHUWLHVDQGLVIUHTXHQWO\DGRSWHGLQOLWHUDWXUH>@
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&RQQHFWLRQVPRGHOOLQJ

0HFKDQLFDOFRQQHFWLRQVDUHXVXDOO\PRGHOOHGXVLQJOLQNVWUXVVHVRUIUDPHHOHPHQWVKDYLQJ
XQLD[LDORUELD[LDOEHKDYLRU>@,QWKHXQLD[LDOFDVH+'VDQG$%VUHVLVWRQO\LQ
WKHLUSULPDU\GLUHFWLRQ HJ+'VLQWHQVLRQDQG$%VLQVKHDURQO\ ,QWKHELD[LDOFDVHERWK
+'VDQG$%VUHVLVWWRD[LDODQGVKHDUIRUFHVVLPXOWDQHRXVO\
,QWKLVSDSHUYHUWLFDOWUXVVHOHPHQWVDUHXVHGWRPRGHOWKH+'VDQGWKHWLPEHUWRWLPEHU
FRQWDFWZKLOHIUDPHHOHPHQWVDUHXVHGIRUWKH$%V>@7KUHHGLIIHUHQWHOHPHQWVKDYHEHHQ
GHILQHGWRPRGHOWKHFRQQHFWLRQ]RQHV )LJ 
 +'HOHPHQWFRQVLVWVRIDQRFRPSUHVVLRQWUXVVHOHPHQWGHYRWHGWRIDFHWKHWHQVLOHIRUF
HVDWWKHERWWRPRIWKH&/7SDQHO
 $%HOHPHQWFRQVLVWVRIDQRFRPSUHVVLRQIUDPHHOHPHQWGHYRWHGWRIDFHWKHVKHDUIRUF
HVDWWKHERWWRPRIWKH&/7SDQHO
 &HOHPHQWFRQVLVWVRIDQRWHQVLRQWUXVVHOHPHQWGHYRWHGWRIDFHWKHFRPSUHVVLRQDWWKH
ERWWRPRIWKHSDQHO
7KHQRQOLQHDUEHKDYLRURIWKHFRQQHFWLRQHOHPHQWVKDVEHHQVLPXODWHGWKURXJKDOXPSHG
SODVWLFLW\ PRGHO $Q HODVWLFSHUIHFWO\ SODVWLF D[LDO IRUFH 1  GLVSODFHPHQW '  EHKDYLRU IRU
ERWK+'DQG&HOHPHQWVDQGDQHODVWLFSHUIHFWO\SODVWLFVKHDU 9 GLVSODFHPHQW ' EHKDYLRU
IRU$%VKDYHEHHQDVVXPHG )LJ &RQFHUQLQJ+'VDQG$%VWKLVPRGHOOLQJDSSURDFKKDV
EHHQ FRQVLGHUHG VXLWDEOH DOVR LQ RWKHU OLWHUDWXUH ZRUNV DQG WKHQ HIIHFWLYHO\ XVHG WR SHUIRUP
QRQOLQHDUDQDO\VHV>@:KLOHIRU&HOHPHQWVWKHHODVWLFSHUIHFWO\SODVWLFEHKDYLRUUHSUH
VHQWVDQDFFHSWDEOHDSSUR[LPDWLRQRIWKHSDUDERODUHFWDQJOHEHKDYLRU VHH)LJD 
'XHWREXFNOLQJSKHQRPHQRQZKLFKLQWHUHVWVWKH+'VORDGHGLQFRPSUHVVLRQWKHLUFRQWUL
EXWLRQ KDV EHHQ GLVUHJDUGHG LQ WKH PRGHO ZKLOH ERWK KROGGRZQV DQG DQJOH EUDFNHWV KDYH
EHHQ PRGHOOHG ZLWK ELD[LDO EHKDYLRU EXW QHJOHFWLQJ WKH UHGXFWLRQ RI VWUHQJWK GXH WR D[LDO
VKHDUIRUFHLQWHUDFWLRQ>@
+ROGGRZQ +' 
DQJOH EUDFNHWV $%
1

&/7
3$1(/

'
7LPEHUWRWLPEHU
FRQWDFW &
'

& & &

+'

& & &

$%

&

+'

&RQQHFWLRQ ]RQH

&

1

)LJXUH5HSUHVHQWDWLYHVFKHPHRIWKHFRQQHFWLRQPRGHO



&RPSDULVRQV

,QWKLV6HFWLRQWKHWKHRUHWLFDO0FGLDJUDPVDUHFRPSDUHGZLWKWKHQXPHULFDORQHV$WWKLV
VWDJH RI WKH UHVHDUFK RQO\ WZR FDVHV KDYH EHHQ DQDO\VHG DQG FRPSDUHG 0F GLDJUDPV
REWDLQHGE\YDUL\QJUHLQIRUFHPHQWDUHDUDWLR U DQGWKHGLPHQVLRQOHVVD[LDOIRUFHUDWLR Q 
)LJ  UHSRUWV WKH FRPSDULVRQ LQ WKHPV RI UHLQIRUFHPHQW DUH UDWLRV 2Q WKH JUDSKV DUH
LQGLFDWHG WKH SRLQWV FRUUHVSRQGLQJ WR WKH ILUVW \LHOGLQJ RI ERWK +'V DQG FRPSUHVVHG WLPEHU
DQG WKRVH LQGLFDWLQJ WKH DWWDLQHPHQW RI XOWLPDWH VWUDLQ E\ WLPEHU 1XPHULFDO FXUYHV ILW WKH
WKHRUHWLFDO RQHV VDWLVIDFWRULO\ WKH FXUYDWXUH FRUUHVSRQGLQJ WR ILUVW \LHOGLQJ RI VWHHO RU
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FRPSUHVVHG WLPEHU DUH EHVW TXDQWLILHG ZKLOH XOWLPDWH FXUYDWXUH SURYLGHG E\ WKH QXPHULFDO
PRGHOUHVXOWHGJUHDWHUWKDQWKHWKHRHUHWLFDORQH
,Q )LJ  LQVWHDG WKHRUHWLFDO DQG QXPHULFDO 0F FXUYHV REWDLQHG E\ YDUL\QJ WKH
GLPHQVLRQOHVVD[LDOIRUFHUDWLRVDUHFRPSDUHG$OVRLQWKLVFDVHDJRRGPDWFKLQJEHWZHHQWKH
FXUYHVLQWHUPVRI\LHOGLQJFXUYDWXUH SURYLGHGE\VWHHOLQWHQVLRQ LVUHVXOWHGZKLOHXOWLPDWH
FXUYDWXUHSURYLGHGE\WKHQXPHULFDOPRGHOLVJUHDWHUWKDQWKHRUHWLFDO
,QJHQHUDOWKHQXPHULFDOUHVXOWVFRQILUPWKHWUHQGWKDW i WKH\LHOGLQJFXUYDWXUHLVUHXOHG
E\VWHHOLQWHQVLRQEHFDXVHLWSUHFHGHWKHµ\LHOGLQJ¶RIWLPEHUXQGHUFRPSUHVVLRQDQGWKDW ii 
WKH XOWLPDWH FXUYDWXUH GHSHQGV RQ XOWLPDWH VWUDLQ LQ RUWKRJRQDO WR JUDLQ GLUHFWLRQ RI
FRPSUHVVHGWLPEHU

)LJXUH&RPSDULVRQEHWZHHQWKHRUHWLFDODQGQXPHULFDO0FGLDJUDPVE\YDU\LQJWKH
UHLQIRUFHPHQWDUHDUDWLRV

)LJXUH&RPSDULVRQEHWZHHQWKHRUHWLFDODQGQXPHULFDO0FGLDJUDPVE\YDU\LQJWKH
GLPHQVLRQOHVVD[LDOIRUFHUDWLRV



'HVLJQRULHQWHGIRUPXODVIRUHVWLPDWLQJWKHXOWLPDWHFXUYDWXUH

%RWK WKHRUHWLFDO DQG QXPHULFDO DQDO\VHV SURYHG WKDW \LHOGLQJ LQWHQVLRQ RI +'V SUHFHGHV
WKRVHLQFRPSUHVVLRQRIWLPEHUDQGWKDWXOWLPDWHFXUYDWXUHRIWKHFURVVVHFWLRQLVUXOHGE\WKH
XOWLPDWHVWUDLQRIWKHFRPSUHVVHGWLPEHU
,QWKHOLJKWRIWKLVLWLVUHDVRQDEOHWRDVVXPHDVRSWLPDOfailure conditionDW8OWLPDWH/LPLW
6WDWH 8/6 IRUWLPEHUWRWLPEHUFRQWDFWFURVVVHFWLRQWKRVHFRUUHVSRQGLQJWR+'V\LHOGHGLQ
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WHQVLRQ DQG WLPEHU DW LWV XOWLPDWH VWUDLQ HFX  LQ FRPSUHVVLRQ )LJ   %DVHG RQ WKLV DV
VXPSWLRQ design-oriented IRUPXODV IRU HYDOXDWLQJ ERWK XOWLPDWH FXUYDWXUH DQG WKH FRUUH
VSRQGLQJXOWLPDWHPRPHQWRIWKHFURVVVHFWLRQKDYHEHHQGHILQHGLQWKHIROORZLQJ
:LWK UHJDUGV WKH XOWLPDWH FXUYDWXUH D FORVHG IRUP IRUPXOD KDV EHHQ REWDLQHG VWDUWLQJ
IURPDWUDQVODWLRQHTXLOLEULXPFRQGLWLRQRQFURVVVHFWLRQEHWZHHQWKHDSSOLHGD[LDOIRUFH N(G 
DQGWHQVLOHDQGFRPSUHVVLRQLQWHUQDOUHVXOWDQWV

EBxn u f c d 
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¦

AHDV HD

i

N Ed



HD 

ZKHUH EUHSUHVHQWV WKH ILOOLQJ FRHIILFLHQW RI WKHDGRSWHG SDUDERODUHFWDQJOH QRUPDOVWUHVV
GLVWULEXWLRQ DVVXPHG HTXDO WR  IRU UHFWDQJXODU FURVVVHFWLRQ DOVR DFFRUGLQJ WR 5HIV
>@ %WKHSDQHOZLGWKfFGWKHGHVLJQFRPSUHVVLRQVWUHQJWKRIWLPEHULQRUWKRJRQDOWR
JUDLQGLUHFWLRQ$+'WKHFURVVVHFWLRQDUHDRIWKHWHQVLOHUHVLVWDQWHOHPHQWDQGV+'WKHDVVRFL
DWHGQRUPDOVWUHVV
7KHPD[LPXP RUXOWLPDWH D[LDOIRUFHRIWKHFURVVVHFWLRQVXEMHFWHGWRSXUHFRPSUHVVLRQ
LV

N Rd

BL p f c d



ZKHUH/SUHSUHVHQWVWKHSDQHOOHQJWK
'LYLGLQJWKHHT  E\HT  WKHHTXLOLEULXPWUDQVODWLRQEHFRPHV
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7KH\KDYHEHHQGHILQHGZLWKWKHV\PEROVZDQGQWKHPHFKDQLFDOUHLQIRUFHPHQWSHUFHQW
DJHDQGWKHGLPHQVLRQOHVVD[LDOIRUFHUHVSHFWLYHO\
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BL p f c d

Zi

N Ed
BL p f c d

Q

+'

fF

H +'
H F\

1&

kxQ

FX

0
/

 

H FX

xQ

*

 

1
+'

G*

H +'\

f\G

17

%

)LJXUH)DLOXUHFRQGLWLRQIRUWKHWLPEHUWRWLPEHUFURVVVHFWLRQDW8/6 LHVWDJH,,, 

2266

$6DQGROL&'¶$PEUD0/LSSLHOOR&&HUDOGL%&DOGHURQLDQG$3URWD

%\LQWURGXFLQJZDQGQWKHHTXLOLEULXPWUDQVODWLRQHTXDWLRQFDQEHZULWWHQDV

E

xn u

n

¦Z

Lp

i

Q

 

HD 

,QJHQHUDOWKHXOWLPDWHFXUYDWXUHLVJLYHQE\

H c u

Fu

  

xn u

ZKHUH HFX UHSUHVHQWV WKH XOWLPDWHVWUDLQ RI WLPEHU DW FRPSUHVVHG HGJHDQG xQX WKHXOWL
PDWHQHXWUDOD[LVGHSWK%\VXEVWLWXWLQJWKHHT  LQWKHHT  WKHXOWLPDWHFXUYDWXUHRI
WKHFURVVVHFWLRQFDQEHH[SUHVVHGZLWKWKHFORVHGIRUPXOD

Fu
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,Q 7DEOH  DQG  DUH VXPPDUL]HG DQG FRPSDUHG WKH YDOXHV RI WKH XOWLPDWH FXUYDWXUH RE
WDLQHGIURPWKHRUHWLFDOPRGHO LQGLFDWHGDVFXWK ZLWKWKRVHGHULYHGWKHSURSRVHGFORVHGIRUP
IRUPXODGHVFULEHGE\WKHHT   LQGLFDWHGDVFX&) ,QSDUWLFXODU7DEOHUHIHUVWRWKHXOWL
PDWHFXUYDWXUHREWDLQHGE\YDU\LQJWKHUHLQIRUFHPHQWSHUFHQWDJHUDWLRVZKLOH7DEOHUHIHUV
WR XOWLPDWH FXUYDWXUH REWDLQHG E\ YDU\LQJ WKH GLPHQVLRQOHVV D[LDO IRUFH UDWLRV ,Q WKH VDPH
7DEOHV WKH SHUFHQWDJH GLIIHUHQFHV EHWZHHQ FXWK DQG FX&) LQGLFDWHG ZLWK WKH V\PERO ' FX 
DUHDOVRUHSRUWHG7KHUHVXOWVSURYHGWKDWWKHSHUFHQWDJHGHYLDWLRQV' FX DUHTXLWHFRQVWDQW
DQGLQFOXGHGLQWKHLQWHUYDOWKXVFRQILUPLQJWKDWWKHFORVHGIRUPIRUPXODJLYHVDF
FHSWDEOHUHVXOWV
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7DEOH&RPSDULVRQVDPRQJXOWLPDWHFXUYDWXUHGHULYHGE\WKHRUHWLFDODQGFORVHGIRUPIRUPXODREWDLQHGE\
YDU\LQJWKHGLPHQVLRQOHVVD[LDOIRUFHUDWLR

 &21&/86,216

'HVSLWHWKDW&/7FRQVWUXFWLRQDOWHFKQRORJ\LVZLGHO\GLIIXVHGLQPDQ\FRXQWULHVDXQLILHG
DSSURDFKIRUHYDOXDWLQJWKHIOH[XUDOORDGEHDULQJDQGGLVSODFHPHQWFDSDFLW\RIWKHSDQHOVXE
MHFWHGWRVHLVPLFDQGJUDYLW\ORDGVKDVQRWEHHQ\HWGHILQHG'LIIHUHQWWKHRUHWLFDOPHWKRGVDUH
SURSRVHGLQOLWHUDWXUHZKRVHPDLQVKRUWFRPLQJVFRQVLVWRIXQGHUHYDOXDWLQJWKHUROHRIFRP
SUHVVHGWLPEHULQWKHWLPEHUWRWLPEHUFRQWDFW]RQHDQGLWVLQIOXHQFHRQWKHGXFWLOHEHKDYLRU
RIWKHSDQHOV
7KLV SDSHU SUHVHQWV D QRYHO PRPHQWFXUYDWXUH 0F  WKHRUHWLFDO PRGHO IRU &/7 SDQHOV
7KH PHWKRG EDVHG RQ DQ LWHUDWLYH SURFHGXUH DOORZHG WR GHYHORSV WKH HQWLUH 0F GLDJUDPV
DQGWRLQYHVWLJDWHWKHGXFWLOHEHKDYLRURI&/7DFFRXQWLQJIRUWKHRUWKRJRQDOWRJUDLQSURSHU
WLHVRIFRPSUHVVHGWLPEHU
7KHLQIOXHQFHRIGLIIHUHQWSDUDPHWHUVRQWKHSRVWHODVWLFGLVSODFHPHQWFDSDFLW\RIWKHSDQ
HOV KDV EHHQ LQYHVWLJDWHG WKURXJK D SDUDPHWULF VWXG\ 7KH REWDLQHG UHVXOWV SURYHG WKDW i 
&/7 SDQHOV DUH SURYLGHG RI JRRG GXFWLOH EHKDYLRU ii  LQFUHPHQWV RI SHUFHQWDJH UHLQIRUFH
PHQWUDWLRVDVZHOODVRIVOHQGHUQHVVFURVVVHFWLRQUDWLRVDQGDPRXQWRID[LDOIRUFHLQGXFH
VLJQLILFDQWUHGXFWLRQVRIWKHSDQHOV¶GXFWLOLW\ZKHUHDVWKHXOWLPDWHPRPHQWLQFUHDVHVVLPXO
WDQHRXVO\ iii WKH\LHOGLQJFXUYDWXUHLVUXOHGE\+'VLQWHQVLRQZKLOHWKHXOWLPDWHFXUYDWXUH
GHSHQGVRQWLPEHUFRPSUHVVHGLQSHUSHQGLFXODUWRJUDLQGLUHFWLRQ
7RDVVHVVWKHYDOLGLW\RIWKHWKHRUHWLFDO0FGLDJUDPVDFRPSDULVRQZLWKDILQLWHHOHPHQW
QXPHULFDOPRGHOKDVEHHQFDUULHGRXW7KHRUHWLFDOvsQXPHULFDOUHVXOWVVKRZHGDJRRGPDWFK
LQJWKXVFRQILUPLQJWKHYDOLGLW\RIWKHWKHRUHWLFDOPHWKRG
)LQDOO\ EDVHG RQ WKH UHVXOWV DFKLHYHG ZLWK WKH SDUDPHWULF VWXG\ D GHVLJQRULHQWHG DS
SURDFK IRU HYDOXDWLQJ WKH XOWLPDWH FXUYDWXUH WRJHWKHU ZLWK WKH DVVRFLDWH XOWLPDWH PRPHQW 
WKURXJK D FORVHGIRUP IRUPXOD KDV EHHQ SUHVHQWHG LQ WKH SDSHU &RPSDULVRQ RI WKH UHVXOWV
VKRZQDJRRGDFFRUGDQFHRIWKHFORVHGIRUPIRUPXODZLWKWKHWKHRUHWLFDODSSURDFK
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Abstract
Repairing stop-splayed scarf-joints in beams or truss-rods is a frequent occurrence in restoring
ancient timber structures. Reinforcement of carpentry joints by means of metallic elements as
well as unconventional materials is extensively investigated in literature, while timber pegs in
timber to timber connections are studied referring mainly to new timber structures.
In the present paper, authors’ previous research analysing the mechanical behaviour of stopsplayed scarf joints reinforced with timber pegs has been carried on, focusing on the evaluation
of ductility which can be achieved by reinforcement with timber pegs. Moreover, the role of
slenderness, the rate between jointed timber thickness and peg diameter is analysed.
An experimental program has been carried out testing in axial tension two samples of fir scarf
joints with an ash key: one sample constituted of two simple scarf joints, and one constituted of
three scarf joints reinforced with two ash pegs of 20 mm of diameter. Comparing experimental
results has allowed to better understand the role played by timber pegs in reinforcement and to
evaluate the influence of reinforcement on ductility of reinforced scarf joints behaviour.
Experimental results have also been compared with those obtained in a previous experimental
study where an analogous experimental program has been made on smaller scarf joints reinforced with two ash pegs of 8 mm of diameter. So, the role played by slenderness has been
focused.
The evaluation of the attained results, even if not exhaustive for a reliable theoretical formulation of timber peg behaviour in reinforcing stop-splayed joints, has allowed the identification
of some interesting features, that is stiffness and reinforcement due to timber pegs.
Keywords: stop-splayed scarf joint, reinforcement, timber peg, ductility, slenderness, timber
structures.
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1

INTRODUCTION

In the field of ancient timber structures restoration, the need of substituting rotten portions
of structural elements, preserving the original spatial configuration without modifying their
structural behavior is advisable. At this aim, when total or partial substitution of an element is
needed, the employment of traditional carpentry joints normally leads to a more conservative
approach. In particular, in ancient trusses and floors, taking off the end portions of rafters or
beams, damaged by biotic agents often due to high moisture content inside the masonry walls,
is sometimes inevitable.
A quite speared methodology of restoration envisages the introduction of new timber elements connected to the standing structure. This connection is generally realized with metallic
bolted plates, steel pins, or epoxy resin adhesives. According to their arrangement and geometry,
common traditional carpentry joints can be divided in four main types: a) tenon and mortise
joints; b) notched joints; c) lap joints and d) scarf joints. These connections are generally fixed
or reinforced with metallic connectors, or epoxy resin adhesive, even if some disadvantages
may occur such as (i) moisture condensing problems in the interface between timber and steel
elements, (ii) questionable aesthetic output in uncovered structures, and (iii) the difficult reversibility of the intervention with resin adhesives [1, 2]. Nowadays an efficient alternative is
the use of timber pegs in timber to timber connections. In literature, reinforcement of carpentry
joints by means of metallic elements, as well as unconventional materials, is extensively investigated, while fewer papers can be found regarding the employment of timber pegs. In a review
paper by Branco and Descamps [3] a state of art is described where many interesting references
are quoted concerning the main themes as modelling and simulation of analysis and strengthening of carpentry joints. Moreover, several papers focusing on birds mouth joint [1, 2], mortise
and tenon joint [4-6], and dowel joint [7, 8] can be found. A general overview regarding lapped
scarf joints is presented by Kunecký et al. [9] in which the stiffness assessment of jointed structural elements for different joint positions and element sizes is investigated. ArciszewskaKędzior et al. [10] performed both experimental and numerical analyses to study the mechanical
behavior of a lapped scarf joint with inclined contact faces and four oak dowels. Sangree and
Schafer [11] presented an experimental study on the mechanical behavior of a stop-splayed
scarf joint with transverse key. Mechanical tests on four specimens simulating real joints have
been performed and the study has been completed using a three-dimensional finite element
model created using ABAQUS. Ceraldi et al. [12] analyze the mechanical behavior of stopsplayed scarf joints unreinforced and reinforced with timber pegs and with steel pins, subjected
to tension test, to assess the reliability of employing timber fasteners. The role of the fastener
inside this tensile-resistant carpentry joint and its contribution in yield strength and stiffness
have been investigated. Aira et al. [13] experimentally analyze the structural behavior of halved
and tenoned scarf joint subjected to tensile stresses in order to describe the different failure
modes. In Perria et al. [14] results of an experimental campaign and an analytical model for the
behavior of the halved under-squinted scarf joint are presented. Different aspects that influence
the behavior of the connection subjected to pure compression, pure bending and combined compression and bending are analyzed. The stiffness of scarf joints with keys and timber pegs has
been investigated and modelled by Fajman and Màca [15], including the role of friction forces,
already studied in [16]. An experimental evaluation of traditional scarf joinery behavior in
bending can be found in Hirst et al. [17]. More recently, in Karolak et al. [18] a more in-depth
analysis on the current state of knowledge related to scarf and splice carpentry joints in flexural
elements as well as selected examples of tensile elements is presented.
The rheological behavior of timber to timber joints connected by timber pegs, its modelling
and the formulation of corresponding design rules, can be more extensively found in literature
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referred to new structures, such as timber frames. Generally, research about timber peg behaviour in simple and double shear plane joints fastened with timber pegs and its theoretical and
numerical interpretation aims to the identification of codified design rules, usually starting from
those derived from Johansen’s theory [19] prescribed for calculating strength capacity of steel
fasteners [20-23]. Design rules validated for mortice and tenon joints have been proposed in
[24, 25]. Many research, instead, have investigated the role of the different parameters influencing the joint behavior: rate of diameter and timber board thickness [21]; dowel bearing
strength [22, 26, 27, 28]; shear and bending of the peg [19, 29, 30, 31]; direction of the load
[32]; ductility [21, 33, 34, 35].
In the present paper, authors’ previous research analyzing the mechanical behaviour of stopsplayed scarf joints reinforced with timber pegs has been carried on, focusing on the evaluation
of ductility which can be achieved by reinforcement with timber pegs.
Ductility describes the ability of a structure to attain large deformation in the plastic range
before its collapse. In timber structures, it may predominantly be supplied by plastic behaviour
of the connections which are the critical regions for load transfer. There are several definitions
of ductility, all related to stress, strain or energy, which may be useful in different situations
[34]. For connection design, definitions referring to absolute values of rotation and displacement may be the most applicable [33]. Also, ductility may further be divided into static ductility
for constant loads, and dynamic ductility for cyclic loads [33]. Commonly, it is defined as the
ratio between ultimate and yield displacement, according to the European code EN 12512 [36]
and the Swiss code SIA 265 [37] for timber structures.
Since knowledge of the yield point and ductility of a structure is important in seismic design,
their investigation has become more and more of interest within recent years. From structural
engineering point of view in general and for timber engineering, there is not a unified definition
of the ductility term, nor is there a common understanding on how ductility shall be used in
structural design. As a result, several methods have been developed in order to determinate the
point of yield and, consequently several measures for evaluating of the ductility of timber structures and connections are obtained. In Northern America is widely used the equivalent energy
elastic-plastic method (EEEP); in the European code EN 12512 (CEN method) the 1/6 method
is adopted [36]; the 0.5 Fmax method so as deduced from Karacabeyli and Ceccotto and finally,
according to Yasamura and Kawei, the 10-40-90 method are also employed. A detailed description and discussion of those different methods can be found in [33]. According to these approaches, the evaluation of ductility can be carried out on the analysis of the load- displacements
diagrams resulting from experimental tests or, alternatively, on approximating curves. This paper is focused on comparing two analysis methods commonly used in determination of yield
load and deformation and of failure load and deformation, respectively.
An experimental program has been carried out testing in axial tension two samples of fir
scarf joints with an ash key: one sample constituted of two simple scarf joints, and one constituted of three scarf joints reinforced with two ash pegs of 20 mm of diameter. Comparing
experimental results has allowed to better understand the role played by timber pegs in reinforcement and to evaluate the influence of reinforcement on ductility of reinforced scarf joints.
Experimental results have also been compared with those obtained in a previous experimental study where an analogous experimental program has been made on smaller scarf joints
reinforced with two ash pegs of 8 mm of diameter. So, the role played by slenderness has been
focused.
The evaluation of the attained results, even if not exhaustive for a reliable theoretical formulation of timber peg behaviour in reinforcing stop-splayed joints, has allowed the identification
of some interesting features, that is stiffness and reinforcement due to timber pegs.
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2

EXPERIMENTAL PROGRAM

2.1 Samples and test set-up
The experimental program concerns two samples of stop splayed scarf joints made of fir,
(Abies alba) with a key made of ash, (Fraxinus excelsior), whose dimensions and geometry are
illustrated in Figure 1.
Sample A_D20 consists of two unreinforced joints, while sample B_D20 is constituted by
three specimens of the same type of sample A_D20 but reinforced with two ash pegs with diameter of 20 millimeters (Figure 1).
Proportions and limit dimensions recommended for traditional configuration of scarf joints,
with length three times the height of the cross section, have been assumed in their design.

Figure 1: Specimen geometry of samples A_D20 e B_D20 (dimensions in mm)

Density and parallel to grain compression strength (Vc,0) of the two employed essences
quoted in Table 1 have been experimentally determined in previous research [22, 31] with an
average moisture content approximately equal to 12%.
Timber

Density (kg/m3)

σc,0 (MPa)

Ash

652

56.3

Fir

472

39.2

Table 1: Mean values of density and parallel-to-grain compression strength.

Samples have been tested in tension with a universal electromechanical test machine with
hydro pump LOSENHAUSENWERK, Mod: UHP 60, electronic control with control unit
Zwick Roell, (Figure 2), in displacement control, at a speed of 0.8 mm/min, until a complete
loss of bearing capacity was reached.
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Figure 2: Test set-up

2.2 Unreinforced sample (Sample A_D20)
Final collapse of an unreinforced scarf joint with a key loaded in tension [32], can occur on
the following critical surfaces: (i) compression failure at key contact inclined surface (notch
area), (ii) shear failure through the horizontal plane in the heel surface, (iii) combined tension
and bending failure at the reduced section above the notch and (iv) compression failure perpendicular to grain of the key (Figure 3).

Figure 3: Failure surfaces of an unreinforced scarf joint with a key

Both specimens of sample A_D20 have failed due to shear stresses through the heel area
(Figure 4). Force-displacement diagrams (Figure 5) show that the observed behavior can be
schematized with two linear steps: the elastic one, and, after the yielding point, the plastic one,
with a relevant hardening. Stiffness, which is governed only by the level of confinement of the
key, increases in the plastic phase, due to the enforcement of the key, which has shown no
deformation at all after collapse of both unreinforced joints. In specimen 1A_D20 this increase
is more than in specimen 2A_D20 as its elastic stiffness is 26% of the plastic one, while that of
test 2A_D20 is 35%.
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Figure 4: Failure mode

of specimens 1A_D20 e 2A_D20

Figure 5: Force-displacement diagrams of sample A_D20

2.3 Sample reinforced with pegs (Sample B_D20)
In addition to the failure mode on the critical surfaces of a scarf joint with key, the reinforced
joint can collapse in the single plane shear joint for embedment of the connected parts or failure
of the peg in bending or “effective peg shear” failure mode, which is a combination of peg
shearing, peg bending and embedding of timber boards [31].
Specimens 1B_D20 e 2B_D20 have both failed due to shear stresses through the heel area,
while bending of the peg and embedding in the connected zone have been of little intensity in
the first test and absent in the second. The key hasn’t shown deformations (Figure 6).
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Figure 6: Failure mode of specimens 1B_D20 e 2B_D20

Specimen 3B_D20 has shown a different failure mode as collapse has been determined by
embedding of the lower connection, with scarce deformation in the pegs, while the key has been
undeformed (Figure 7).

Figure 7: Failure mode of specimen 3B_D20

Comparing force-displacement diagrams for sample B_D20, quoted in Figure 8, it can be
noted that only the specimen 2B_D20 doesn’t have the ductile phase expected for the presence
of the pegs [12], as collapse has been attained without deformations in the peg connection.
Nonetheless, while specimens 2B_D20 and 3B_D20 present the same behaviour until the rupture of the first, specimen 1B_D20 differs from both. During the test of specimen 1B_D20, an
initial crack developed in the notch area, parallel to the grain. This splitting due to tension perpendicular to the grain induced by compression parallel to the grain of the fibres, has generated
a little crack which has not extended to the edge of the joint, as the presence of the peg connections delayed this occurrence, which at the end has induced shear collapse in the heel area.
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Figure 8: Force-displacement diagrams of sample B_D20

2.4 Discussion of experimental results
In Table 2 yielding force Fy and maximum force Fmax values are summarized, together with
corresponding displacement. In sample B_D20, due to the presence of the peg, the yielding
point has been determined following the American procedure ASTM 5764 [38], consisting in
choosing as yield point the intersection of the load-displacement curve with a straight line parallel to the linear phase of the diagram shifted to a distance equal to 5% of fastener diameter.
Specimen

d
mm

Fy
(N)

uy
mm

Fmax
(N)

uf
mm

1A_D20
2A_D20
1B_D20
2B_D20
3B_D20

20
20
20
20
20

11664.1
10025.0
16507.5
14701.3
16590.3

8.1
5.6
8.3
3.8
4.4

13514
13129
21227
15959
18340

8.1
5.6
8.2
3.7
5.4

Table 2: Force and displacement values for sample A_D20 e B_D20

The reduced number of performed tests doesn’t allow choosing a diagram fully representative of each sample behavior; so, with aim of comparing the rheological behavior of the two
samples, all the diagrams are together compared in Figure 9.
The reinforcement with timber pegs is resulted efficient as it has induced a considerable
increase of yielding and maximum forces values with respect to the unreinforced sample. In
fact, sample B_D20 mean values Fy,mean=15933 N and Fmax,mean= 18509 N are 47% and 39%
larger than the corresponding values of sample A_D20 Fy,mean=10845 N and Fmax,mean= 13322
N. This enforcement can be ascribed to the interaction between the timber peg and the joint,
which has delayed the failure along the typical critical surfaces of the scarf joint. So, a reliable
prediction of load-bearing capacity of the reinforced stop-splayed scarf joint depends upon
evaluating the amount of load transferred to the joint, inducing the collapse of critical surfaces,
as observed in [12].
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Figure 9: Comparison of force-displacement diagrams of samples A_D20 and B_D20

The observed rheological behaviors are quite different both in elastic and plastic range.
While sample A_D20 shows a liner response in the elastic as well as in the plastic phase, sample
B_D20, when deformation appears in the simple shear plane joint constituted by the timber peg
connection, shows a stiffer behavior in the elastic phase and a more ductile behavior, in the
plastic one. In fact, the overall behavior of the reinforced joint is conditioned by the force distribution among the resisting elements, i.e., the ash key and the added fasteners, which act as
damping elements in transferring loads. Moreover, the stiffening effect can be related to the
friction forces generated by the contact between the two timber elements, which help hold tight
the connection and enhance the level of confinement of the key. The presence of no negligible
friction forces when timber pegs are used and the influence of the key on the joint axial stiffness
have been already noticed and measured in [11, 15, 16], highlighting that the more the key is
confined, the stiffer is the joint behavior.
3

INFLUENCE OF SLENDERNESS ON DUCTILITY

3.1 Ductility
Ductility is related to the ability of a structure to attain large deformations in the plastic range
before its collapse and without substantial reduction in strength in specimen loaded in displacement control. There are several definitions of ductility, all related to stress, strain, or energy,
which may be useful in different situations. For connection design, definitions referring to absolute values of rotation and displacement may be the most applicable (see [33]).
Commonly, ductility ratio is defined as the proportion of the displacement at failure uf to the
displacement at yielding uy, so as deduced in the European and Swiss codes [36,37], which is
given by:

Df

uf
uy

(1)

An additional definition of the ductility ratio is also based on the displacement uu at ultimate
load Fu and it is represented by the following equation:
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Du

uu
uf

(2)

These parameters can be determined from the analysis of the load-displacements graphs resulting from experimental tests. The displacement at yield uy, with the corresponding yielding
load Fy, describes the point where the elastic behavior passes into a plastic behavior. So, in
order to estimate ductility, the identification of yield point is necessary and as a yield criterion
for timber connections is not well defined, several methods for its determination have been
developed [36,37,39,40,41].
In the present paper, Eqs (1) (2) have been used to estimate the level of ductility of the two
stop splayed scarf joints samples tested: sample A_D20, unreinforced, and sample B _D20 reinforced with timber pegs. In figure 10, referring to a graph for a specimen of sample B_D20,
are identified: Fy as the force at the yield point, determined by the method based on a 5%
diameter offset, Fmax as the maximum value registered and Fu as the ultimate force at the failure
point.

Figure 10: Identification of force values for samples B_D20

A summary of load and displacements at the yield and failure points, for the two samples
under consideration is given in Table 3.
Specimen
1A_D20
2A_D20
1B_D20
2B_D20
3B_D20

d
mm
20
20
20
20
20

Fy
uy
(N)
mm
11664.1 8.1
10025.0 5.6
16507.5 8.3
14701.3 3.8
16590.3 4.4

Fmax
(N)
13514
13129
21227
15959
18340

uf
Fu (N)
mm
8.1 3593.8
5.6 5669.5
8.2 9807.7
3.7 12944.1
5.4 15163.5

uu
mm
8.21
5.74
8.35
4.15
8.01

Df
1.00
1.00
0.99
0.97
1.23

Du
1.01
1.02
1.00
1.08
1.83

Table 3: Determination of the displacements at point of yielding (u y) and failure (uf) and ductility ratio based
on Eqs (1) and (2).

As can be seen from Table 3, the ductility values show a uniformity of results in unreinforced
and reinforced samples, respectively. Also, the mean value of ductility, at the yield point, in-
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creases by approximately 6% in the reinforced joint compared to the unreinforced one. Furthermore, the mean ductility value increases if the ultimate displacement is considered. As can be
easily seen, in this case the increase in ductility is about 30%. However, evaluating the plastic
displacement (uf - uy) only the reinforced specimen 3B_D20 shows a definite ductile behavior.
3.2 Role of slenderness
The present experimental results have also been compared with those obtained in a previous
study [12], where an analogous experimental program has been made on smaller scarf joints,
unreinforced sample A_D8, and reinforced with two ash pegs of 8 mm of diameter, sample
B_8D (see Figure 11).

Fig. 11. Specimen geometry of samples A_D8 and B_D8 [12] (dimensions in mm)

So, the role played by slenderness in reinforcement with timber pegs has been evaluated. In
that regard, the slenderness λ is defined as follows:

O

s
d

(3)

where “s” is the smallest thickness of the pegged joint and “d” is the diameter of peg.
The slenderness values of B_D20D and B_D8 are quoted in Table 4:
Specimen

h
cm

s
cm

d
cm

λ

B_D20
B_D8

140
100

48
44

20
8

2.4
5.5

Table 4: Slenderness values for samples B_20D and B_D8
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Specimen
1A_D20
2A_D20
1B_D20
2B_D20
3B_D20
1A_D8
2A_D8
1B_D8
2B_D8
3B_D8

d
mm
20
20
20
20
20
8
8
8
8
8

Fy
uy
Fmax
uf
Fu (N)
uu
(N)
mm
(N)
mm
mm
11664.1 8.1 13514 8.1 3593.8 8.21
10025.0 5.6 13129 5.6 5669.5 5.74
16507.5 8.3 21227 8.2 9807.7 8.35
14701.3 3.8 15959 3.7 12944.1 4.15
16590.3 4.4 18340 5.4 15163.5 8.01
5849.7 5.9 6070.5 6.7 6058.9 6.72
6837.6 6.4 7504.61 8.6 4772.2 15.41
6955.6 4.5 8678.9 12.7 6918.3 14.10
9264.8 6.9
9486
8.8 9327.0 9.01
6969.1 4.9
8770
8.5 7945.0 14.73

Df
1.00
1.00
0.99
0.97
1.23
1.14
1.34
2.83
1.28
1.74

Du
1.01
1.02
1.00
1.08
1.83
1.15
2.42
3.13
1.31
3.03

Table 5: Comparison of samples_D8 and samples_D20

Also, the ductility gain obtained reinforcing the scarf joint with timber pegs is larger for the
slenderer samples. In fact, for samples_D8, Df and Du increase of 57% and 40% respectively
with the reinforcement, while for samples_D20 they increase only of 6% and 30%, respectively.
4

CONCLUSION

The reduced dimensions of the tested samples in this step of the research do not allow definitive conclusions about the influence of reinforcing stop-played scarf joints with timber pegs
on ductility. Nonetheless, some interesting remarks have been deduced with can guide modelling the reinforced joint behavior.
First of all, the reinforcement with timber pegs is resulted efficient as it has induced a considerable increase of yielding and maximum forces values with respect to the unreinforced sample and it leads to a ductility increase. A fundamental question is given by the reference point:
the European code and Swiss code for timber structures set the reference to the displacement at
failure, whereas other methods consider the displacement at ultimate load to evaluate the ductility ratio.
Moreover, the observed rheological behaviors are quite different both in elastic and plastic
range. While sample A_D20 shows a liner response in the elastic as well as in the plastic phase,
sample B_20, when deformation appears in the simple shear plane joint constituted by the timber peg connection, shows a stiffer behavior in the elastic phase and a more ductile behavior,
in the plastic one.
Finally, a more sensitive gain in ductility can be observed when the slenderness is low. In
particular, according the Eqs (1-2) for samples_D8, Df and Du increase of 57% and 40% respectively with the reinforcement, while for samples_D20 they increase only of 6% and 30%,
respectively. So, in designing reinforcement with timber pegs checking slenderness is necessary,
as one of the parameters orienting the choice of peg diameter to be employed.
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Abstract
In Italy, as well as in other earthquake-prone countries, most buildings have been erected without considering the effects of seismic excitation or according to obsolete seismic design provisions. Furthermore, they also suffer from significant structural deficiencies because of the low
mechanical characteristics or the natural decay of the materials. The seismic vulnerability of
the existing building stock is a serious economic and social concern and the need for retrofitting or rebuilding grows as time progresses. In this framework, this study investigates a newly
developed retrofit technique for buildings with RC framed structure. The intervention is realized
by means of Cross-Laminated Timber (CLT) panels placed over the exterior walls and connected
to the RC structure by friction dampers. The CLT panels provide the existing structure with additional lateral stiffness and strength. The role of the friction dampers is twofold. On one hand they
cap the internal forces of CLT panels, thus controlling the reaction forces transmitted to the existing structure and avoiding the failure of CLT panels themselves. On the other, friction dampers
dissipate part of the input earthquake energy. The effect of these multiple features could reduce
the storey drifts demanded by the earthquake to values compatible with the structure capacity.
This paper aims at sounding the impact of the proposed retrofit solution on the response of
the RC framed structure to be upgraded. To this end, a one storey RC frame representative of
existing RC framed structures designed considering only gravity loads is upgraded by a CLT
panel and friction dampers of usual size. The impact of the retrofit intervention is investigated
in terms of the achieved increase of stiffness, strength and energy dissipation capacity. The
bare RC frame and the frame equipped with CLT panel and friction dampers are modelled in
OpenSEES environment. Hence, the nonlinear responses of the two frames are assessed by monotonic and cyclic pushover analyses and the comparison between the results obtained for the bare
and the upgraded frame quantifies the expected impact of the proposed retrofit intervention.
Keywords: Existing buildings, RC framed structure, seismic retrofit, CLT, friction dampers.
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1

INTRODUCTION

In European seismic countries – such as Italy, Greece, Bulgaria, Turkey, Romania and the
Balkan peninsula [1] – the building stock designed without anti-seismic criteria or according
to old seismic standards is extremely wide, including mainly masonry or Reinforced Concrete
(RC) framed buildings. For instance, in Italy, over 55% of the existing residential buildings
was built before the 1970s [2], when seismic regulations were not in force and only gravity
loads were considered at the design stage. Moreover, these buildings are over 50 years old,
which means that they have reached their nominal service life, exhibiting structural deficiencies mainly due to the naturally decay of the materials originally used.
In this framework, seismic upgrading of the existing buildings is strongly needed, in order
to ensure a higher level of safety for inhabitants, meanwhile to reduce the economic losses
and environmental harm which could be caused by the damage or collapse of buildings in the
event of earthquakes.
With reference to RC framed structures, the current seismic upgrading techniques are
aimed at increasing the strength, stiffness, and ductility capacity of the structure and/or reducing the seismic demand. The most common techniques include the strengthening of the existing structural members by traditional materials (i.e. steel, concrete) or innovative ones (fibrereinforced polymer, textile-reinforced mortar), as well as the addition of new RC shear walls
or steel-braced frames. Other techniques include the installation of base isolators or energy
dissipation devices. The main drawbacks that limit the wide applicability of these techniques
are the excessive costs and time for implementation as well as the high occupants’ disturbance.
In fact, common strengthening techniques require the temporary downtime of the building and
considerable demolition and reconstruction actions, which may affect up to 70-75% of the
total construction costs in a new building [3]. Instead, the addition of a new seismic-resistant
system requires relevant enlargements and reinforcement of the foundations and is not always
possible if located externally to the building.
In order to overcome these drawbacks, newly seismic retrofit techniques need to be investigated, which can be able to meet the current needs of cost-effectiveness, quick installation
and reduced users’ disturbance. To this purpose, the use of Cross Laminated Timber (CLT)
has been recently investigated as an alternative and sustainable solution to increase the seismic performance of the existing buildings, thanks to its high mechanical performance [4].
CLT is a plate-like engineered timber product, commonly composed of an uneven number of
timber board layers, which are arranged crosswise to each other at an angle of 90° and quasi
rigidly connected by adhesive bonding. The crosswise build-up provides the material high capacity of bearing loads both in-plane and out-of-plane, allowing its use for structural purpose
[5].
Strengthening technique based on coupling the infill outer walls of the existing RC framed
buildings by CLT panels has been investigated by Sustersic e Dujic [6-7], in view of an integrated retrofitting approach aimed also at increasing the energy efficiency of the buildings.
Specifically, they proposed to realize the connection between the panels and the structure
through special steel brackets, provided of ductility and energy dissipation capacity. The external application of CLT panels has been recently investigated also within the AdESA project
[8], resulting in a real application on a case study characterized by a prefabricated RC structure.
Stazi et al. [9] proposed CLT shear walls in replacement of the existing masonry infill walls.
In particular, the results of preliminary numerical studies proved that CLT infills allows the
RC frame to reach higher lateral stiffness and peak load values compared to common masonry
infills. CLT infilled shear walls have been also analysed by Haba et al. [10], who investigated
narrow CLT elements bonded to each other and onto the RC frame with epoxy resin, with po-
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tential results in terms of stiffness and ductility capacity according to the experimental activities conducted. Then, the use of post-tensioned, dissipative, and re-centering rocking CLT
walls located in the external perimeter of the building has been investigated by Sandoli et al.
[11]. In this work, nonlinear analyses on a case study showed the considerable effectiveness
of this intervention in terms of seismic capacity increase, even using a small number of CLT
walls with limited size.
The research on the topic of seismic upgrading of RC frame structures through strengthening CLT panels is still ongoing, and further studies are needed. Additional investigations on
connection systems between the CLT panels and the existing structure are also required, in
order to make this renovation solution concretely and widely applicable [12]. In this framework, this study investigates an innovative seismic retrofit technology (named e-CLT) for RC
framed buildings based on the use of CLT panels placed over the exterior walls and connected
to the structure by means of friction dampers [13]. This solution is currently under development within the ongoing multidisciplinary Horizon 2020 innovation project, called e-SAFE
(energy and Seismic AFfordable rEnovation solutions), aimed at investigating innovative and
combinable integrated retrofitting interventions. In this work, the impact of the e-CLT retrofit
intervention on the response of the RC framed building structures is investigated, referring to
existing structures designed considering only gravity loads. In the following sections, first the
proposed retrofitting system is presented focusing on its components, mechanics, and installation. Hence, a RC frame is designed according to old building regulations and from this a set
of single-storey frames with and without e-CLT is derived. The aim is to analyse the seismic
response of RC frames upgraded by the e-CLT system, considering the number of CLT panels
and friction dampers applied, as well as the contribution/presence of infill walls.
2

SEISMIC UPGRADING BY e-CLT SYSTEM

The e-CLT system is aimed at reducing the drifts demanded by earthquakes and improving
the seismic performance of the building for the expected levels of seismic excitation. It consists in the application of CLT panels on the outer side of the existing walls, by connecting
them to the RC structure through friction dampers (Figure 1a). The system is conceived so
that in occurrence of moderate ground motions, the dampers rigidly connect CLT panels to
the RC structure, thus making available additional lateral stiffness and strength that reduce
drifts and may protect non-structural elements. Conversely, dampers activate in occurrence of
stronger ground motions, thus dissipating part of the input seismic energy. This further resource of the system activated at this seismic excitation level, after cracking of non-structural
elements, reduces the damage of structural components and protect the building from collapse. Furthermore, the activation of the dampers defines an upper bound to the force sustained by the CLT panels, thus preventing their failure even under strong ground motions. The
installation of CLT panels from the outside of the building minimizes the occupants’ disturbance, while maintaining the building operativity.
The mechanical characterization of the proposed friction damper is currently under investigation within the e-SAFE project [14]. The damper is basically made by two steel profiles,
which connect the CLT panels of two consecutive floors to the existing interposed RC beam
(Figure 1a). One profile (named “anchor profile”) is connected to the RC beam by anchor
bolts and to the other profile (named “free profile”) by slotted holes and pretensioned highstrength bolts. Common timber screws connect both the steel profiles to the CLT panels. The
shear force is transmitted from the free to the anchor profile by means of the friction exerted in the
contact surface. During an earthquake, when the force transmitted by the damper attains the value
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of the friction force, the free profile slides on the anchor one and thus dissipates seismic energy
(Figure 1b).

existing
infill wall

RC beam

friction
damper
e-CLT
system

(a)

(b)

Figure 1: (a) e-CLT system and (b) behaviour of e-CLT system under seismic loads

The e-CLT system is designed also to allow a quick and easy external installation, which
can be performed by means of a mobile lifting equipment (cranes, aerial platforms, etc.), proceeding to apply panels from the ground floor to the top of the building. In particular, the anchor profiles of each damper can be pre-assembled on the top of CLT panels off-site, in order
to connect directly the panels to the existing RC beams through chemical anchors.
Moreover, the e-CLT system is designed to be combined with energy-efficient solutions, in
view of an integrated (seismic and energy) approach to the buildings renovation. More details
can be found in [15].
3

CASE STUDY

The case study is a one storey, three-bay RC frame having net height and net width of
3.2 m and 11.1 m, respectively. The columns have cross-section of 30x30 cm and are reinforced by four rebars with diameter of 14 mm, while the beams have cross-section of
30x50 cm and are reinforced by nine rebars with the 14 mm diameter. Both columns and
beams have been designed according to the regulations in force in Italy during the 1970s, as
well as the construction practices of that period. In particular, the cross-sections size and the
steel reinforcements area of the frame members have been designed by means of the allowable stress method [16], considering gravity loads only. Columns have been designed to resist
only to axial force, that was evaluated on the assumption of a 4-storey RC frame.
Steel grade Feb38K with a characteristic yield stress fyk=375 MPa is assumed for rebars,
while the characteristic compressive cubic strength Rck of concrete is assumed equal to
20 MPa (corresponding to cylinder strength fck equal to 17 MPa).
The case study frame has been analysed considering both the bare and the infilled configuration. Specifically, the infill wall has been assumed made of two leaves of hollow clay bricks
(8-cm and 12-cm thick, internally and externally respectively, with an intermediate air cavity),
according to the construction techniques used in Southern Italy between the 1950s and 1980s.
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Window openings in the infill walls have been considered according to two layouts. In the
first and the second layout, openings are assumed in the two lateral bays and in the central one,
respectively.
The impact of the e-CLT system on the seismic response of both bare and infilled case
study frame has been investigated, considering two different configurations of the seismic retrofit system (configurations 1 and 2 in Figure 2). Specifically, configuration 1 (Figures 2a, c)
involves the application of a single CLT panel to the central bay of the frame, while in configuration 2 (Figures 2b, d) the RC frame is retrofitted by 2 CLT panels applied to the lateral
bays of the frame.
CONFIGURATION 1

CONFIGURATION 2

(a)

(b)

(c)

(d)

friction damper

Figure 2: Investigated configurations of the e-CLT retrofitting intervention on the case study frame: (a) bare and
(c) infilled frame with e-CLT in configuration 1; (b) bare and (d) infilled frame with e-CLT in configuration 2.

In both configurations, 10-cm thick, 3-ply CLT panels made of C24-class boards are assumed. Each CLT panel is 2.9-m high and 3.7-m wide and is connected to the RC beam by
means of two anchor profiles arranged on its top. Two friction dampers connect the bottom of
each CLT panel to the foundation of the RC frame. The friction dampers are 450-mm wide
and 8-mm thick and are arranged symmetrically each other, at a distance of 0.45 m from the
side edge of the panel.
4

NUMERICAL MODELLING

A numerical model has been implemented in OpenSees environment, in order to analyse
the nonlinear response of the investigated RC frame at pre- and post-intervention state, considering the configurations described in Section 3.
Figure 3 shows the numerical model schema, referring to a single infilled bay of the case
study frame, equipped with CLT panel and friction dampers. The detailed description of the
parts the numerical model (RC frame, CLT panel, friction damper and infill) is reported in the
following Sections.
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Beam discretization
Anchor profile

CLT panel

Truss
element

Y
X

FRICTION
DAMPER

Free
Anchor profile
profile

Elastic
shell element + truss element

Homogenised-orthotropic
shell element

Figure 3: Numerical model schema, referring to a single infilled bay of the case study frame
at post-intervention state.

4.1

RC frame

Beams and columns of the RC frame have been modelled differently. Specifically, the
“beamWithHinges Element” is used for columns. This element consists in a member with a
linear-elastic region in the middle and plastic hinges at its ends. The length of the plastic
hinges is equal to the depth of the column cross section. Instead, beams where the CLT panels
are fixed at post-intervention state are discretized in five elements (elements B1-B5 in Figure
3). The intent was to locate along each beam four intermediate nodes (nodes nb2, nb3, nb4 and
nb5 in Figure 3) to connect the beam and the two anchor profiles. The two lateral beam portions (elements B1 and B5) and the central one (element B3) are modelled by the “nonlinearBeamColumn Element”, a nonlinear force-based beam-column element able to replicate the
spread of plasticity along the member. Three and five Gauss integration points are assigned to
the lateral and central portions of the beam, respectively. Whereas, the “elasticBeamColumn
Element” is used to model the beam portions B2 and B4, assuming that plastic hinges form
outside of the damper length. Instead, the beams belonging to the span without CLT panels
are modelled by nonlinear force-based beam-column elements, with five Gauss integration
points.
A fibre cross section is assigned to each plastic zones of nonlinear RC members, considering both the concrete part and steel rebars. The concrete part is dived into fibres having constant 5-mm depth, to which the Mander constitutive law (“Concrete 04” uniaxial material) is
assigned. Instead, single fibres enclosed in the cross section are used to model the steel rebars.
In particular, an elastic-plastic material with isotropic strain hardening (“Steel 02” uniaxial
material) is assigned to steel rebars. The parameters used for the two materials are summarized in Table 1.
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Concrete
Average compressive strength
Strain at maximum strength
Strain at crashing strength
Young’s modulus

25 MPa
0.002
0.0035
31,500 MPa

Rebars
Average yielding strength
Young’s modulus

380 MPa
200,000 MPa

Table 1: Material properties of RC frame members.

4.2

CLT panel

The 3-ply CLT panel (layers thickness: 30-40-30 mm) is modelled as an assembly of 10cm thick “MITC4 Shell Elements”, as shown in Figure 3. In order to model the multi-layer
panel layout, an orthotropic and homogenized material is assigned to the cross section of each
shell element, according to the reduced cross section method proposed in [17]. This method is
based on the reduction of a multi-layer material into a single-layer one by means of specific
composition factors, assuming a plane stress state of the timber panel. This assumption is
widely adopted to define the material properties of CLT for the needs of seismic modelling,
when building nonlinear behaviour is mostly localized in connections [6,18].
The material properties of the homogenized CLT material are reported in Table 2 and are
based on the mechanical characteristics of C24-class spruce wood, according to EN 338 [19].
The value of shear modulus was reduced to 500 MPa since generally CLT panels are not
glued on their narrow face. For the same reason, the value of Poisson’s ratio has been set
equal to 0.0 [20].
CLT
Perpendicular-to-grain Young’s modulus (Ewx)
Parallel-to-grain Young’s modulus (Ewy)
Perpendicular-to-grain Young’s modulus (Ewz)
Shear modulus
Poissont’s ratios
Density

4622 MPa
6748 MPa
370 MPa
500 MPa
0.0
420 kg m-3

Table 2: Material properties of CLT panel.

4.3

Friction damper and connection elements

As shown in Figure 1a, the proposed friction damper is made by two steel profiles (i.e. anchor and free profile), which mainly consist of a middle web and two side flanges. The
“ShellMITC4 Element” and the “Truss Element” are used to model both these components.
Specifically, the web of each profile is modelled by five 8-mm thick shell elements (Figure 3),
while the flanges are modelled by truss elements (8-mm thick and 100-mm depth) which connect the edge nodes of the above-mentioned shell elements. An elastic material is assigned to
web and flanges of the steel profiles, assuming that they do not yield. The Young modulus of
steel (Es=210.000 MPa) is considered for the assigned material.
A “zeroLength Element” is used to connect the adjacent nodes of the anchor profile and
“free profile” of each friction damper. In the X direction, an elasto-plastic material with strain
kinematic hardening constitutive law (“Steel01” uniaxial material) is assigned to each element,
in order to model the sliding movement of the upper profile when the shear force attains the
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value of 30 kN. In the Y direction, two of these elements are characterized by a large stiffness,
in order to simulate the pretensioned high strength bolts that connect the two steel profiles.
Then, “Two Node Link Elements” are used to model the connection between the friction
damper and CLT panel by means of timber screws. An elastic material is assigned to each element, whose stiffness is calculated in accordance with the Eurocode 5 [21] assuming the use
of 30 screws for each damper.
The same modeling is used for the anchor profiles on the top of each CLT panel, using
“zeroLength Elements” with large stiffness to connect the web to the RC beams, in order to
simulate the connection by means of chemical anchors.
4.4

Infill wall

The infill walls are modelled by a pair of diagonal “Truss Elements”, which connect the
top of each column with the bottom of the subsequent one (Figure 3). These elements are
supposed to have no tension resistance and their force-displacement relationship is calibrated
to replicate the shear force-drift relationship of the infill panel, as proposed by Panagiotakos
and Fardis [22] and Celarec et al. [23]. This relationship consists of four branches: a first elastic branch up to the first cracking of panel, a second branch with a lower stiffness up to the
complete cracking of panel, a degrading branch and a last branch with a residual resistance.
The stiffness and the value of the maximum force of each branch are determined according to
the equations proposed in [23]. The multi-linear force-displacement relationship thus obtained
is then converted into an equivalent stress-strain relationship. The values of stress and strain
corresponding to the three corners of the envelope are assigned to the truss member by means
of the “Hysteretic” uniaxial material implemented in OpenSees. The force-displacement relationship is first determined for the infill without openings assuming that it is 20-cm thick, as
reported in Section 3, the shear cracking strength is equal to 0.28 MPa, while Young modulus
and shear modulus are equal to 4130 and 1240 MPa, respectively. The ordinates of this forcedisplacement relationship have been reduced to 50% for the infill with openings. These relationships define a layout of infills with high mechanical properties. Other two infill layouts
are defined reducing the ordinates of the force-displacement relationships of the first layout to
80% and 60%, in order to represent infills with lower mechanical properties and/or window
openings having larger size.
5

ANALYSES AND RESULTS

Monotonic and cyclic pushover analyses in displacement control have been carried out
both on bare and infilled RC frame at pre- and post-intervention state (Figure 4a). First, a vertical load of 292.5 kN has been applied at the top of the two central columns, a vertical load of
146.25 kN at the top of the two lateral ones, and a uniformly distributed load of 26 kN has
been applied on each beam. These loads are consistent with those used to design the frame.
The top horizontal displacement corresponding to the near collapse limit state of the bare
RC frame is determined by monotonic pushover analysis. In this case, the top horizontal displacement is increased until in one column the chord rotation has attained its ultimate value
determined according to Eurocode 8 – part 1-3 [24]. The cyclic pushover analysis is performed for all the considered frames. The applied top horizontal displacement is cycled according to the loading protocol reported in Figure 4b, where the maximum amplitude is equal
to the top displacement corresponding to the near collapse limit state of the bare RC frame.
The hysteretic responses of bare and infilled frame are shown in Figures 5 and 6, respectively.
Specifically, the seismic response of the masonry infilled frame has been investigated assum-
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ing the three different levels of quality of masonry infill, i.e. mechanical properties equal to
100%, 80% and 60% of the reference infill defined in Section 4.4.

(a)

(b)

Figure 4: (a) Cyclic pushover analysis on bare RC frame equipped with e-CLT in configuration 2
and (b) cycling loading protocol.

CONFIGURATION 1

CONFIGURATION 2

(a)

(b)

Figure 5: Hysteretic responses of the investigated bare frame at pre- and post-intervention state,
with e-CLT system in (a) configuration 1 and (b) configuration 2.

The impact of the retrofit by e-CLT system on the seismic capacity of the case study
frames has been investigated in terms of the achieved increase of lateral strength, stiffness,
and energy dissipation capacity. The lateral strength is assumed equal to the maximum horizontal force sustained by the system during cyclic loading. The lateral stiffness is calculated
as the ratio of the lateral strength to the corresponding displacement. Finally, energy dissipation capacity is quantified as the energy dissipated during cyclic loading, which is calculated
as the area enclosed by the hysteresis loops.
The hysteretic responses of the bare frame at pre- and post-intervention state (Figures 5a,
b) show a considerable increase of the seismic capacity after the application of the e-CLT system. In particular, the lateral resistance of the structure upgraded by the e-CLT in configurations 1 and 2 reaches the values of 231 kN and 300 kN. Compared to the lateral strength of
165 kN at pre-intervention state, the achieved percentage increase is 40% and 82% for configurations 1 and 2, respectively. Furthermore, the application of a single CLT panel equipped
with two friction dampers (configuration 1) provides the RC frame with an increase of lateral
stiffness and energy dissipation capacity of 93% and 128%, respectively. Instead, by adding
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two CLT panels and four friction dampers (configuration 2) the stiffness of the structure increases of 165%, while the energy dissipation capacity of 275%.
CONFIGURATION 1

CONFIGURATION 2

Values of masonry infill at 100%, high mechanical properties

(a)

(b)

Values of masonry infill at 80%, intermediate mechanical properties

(c)

(d)

Values of masonry infill at 60%, low mechanical properties

(e)

(f)

Figure 6: Hysteretic responses of the investigated infilled frame at pre- and post-intervention state, with e-CLT
system in (a-c-e) configuration 1 and (b-d-f) configuration 2, assuming the mechanical characteristic values
of the masonry infill at: (a,b) 100%; (c,d) 80%; (c,d) 60%.
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The impact of the e-CLT system on the capacity of infilled frames (Figure 6) is less remarkable, because the infills make the frame stiffer and stronger, and significantly depends on
the capacity parameter. As showed by the comparison of the hysteretic responses of the infilled frame at pre- and post- intervention state, the application of CLT panels determines a
negligible increase of the lateral stiffness, regardless of the mechanical properties of infills.
The increase of lateral strength is also low, with higher percentage increase for infills with
low mechanical properties (increase of 16% and 26.3% in configuration 1 and 2, respectively). However, the introduction of the e-CLT still leads to a significant increase of the lateral
residual strength of the RC frame after the infill failure and even a more remarkable increase
of energy dissipation capacity. The percentage increase of lateral residual strength achieved
by the retrofit with e-CLT in configuration 1 and 2 is about 38% and 77%, respectively. Finally, the percentage increase of energy dissipation capacity achieved for infills with high, intermediate and low mechanical properties is 82%, 89.5% and 98.5% after the application of the
e-CLT in configuration 1 and 146%, 162.7% and 182.6% in configuration 2.
6

CONCLUSIONS

This paper investigates the potential impact of an innovative seismic retrofit technology on
the response of RC framed structures. This technology, named e-CLT system, consists in the
application of CLT panels on the outer side of the existing walls, by connecting them to the
RC structure through innovative friction dampers. The friction damper is still under development and here it is idealised with a connection with rigid-plastic cyclic behaviour. The results
reported in this work evidence the potential of the e-CLT system in enhancing the seismic
performance of existing RC framed buildings considering different features of the buildings to
be upgraded (with and without infill walls) and different importance of the retrofit solution
(one or two CLT panels with dampers for the one storey, three-bay RC frame considered as
case study).
Even the configuration with the single CLT panel, if applied to the bare RC frame, leads to
a significant improvement of all the seismically relevant features of the building: lateral
strength, stiffness and energy dissipation capacity. In this case, the largest impact is on energy
dissipation capacity. Significant is also the impact on lateral stiffness. However, when the eCLT system is applied to infilled frames, even considering the solution with two CLT panels,
the impact on the lateral stiffness is minor. Instead, the improvement achieved in terms of increase of energy dissipation capacity remains significant: for instance, even in the case of the
stiffest and strongest considered infill, it was found equal to 82% and 146% for the configurations with one or two CLT panels, respectively. The increase of lateral strength of the infilled
frame provided by the e-CLT system is fair.
Based on these results, the e-CLT system appears to be a promising tool for seismic upgrading of RC framed buildings. Its effectiveness is expected to be great in fulfilling the Near
Collapse performance objective, which relies mostly on energy dissipation capacity of the
structure. Instead, when the improvement of seismic performance is mainly related to the increase of lateral stiffness, as in the case of damage limitation performance objective, the effectiveness of the-CLT system could be limited when it is applied to infilled frames. In the
future, more comprehensive investigation will be performed, based on the experimental mechanical characterization of the proposed friction damper. Furthermore, the effectiveness of
the e-CLT system will be also investigated by multi-storey numerical models.
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Abstract
The retrofit of existing masonry buildings plays a relevant role in the Italian building context,
both for preservation and requalification of the cultural and architectural heritage.
Historically, timber has been widely used in unreinforced masonry (URM) buildings, mainly
for horizontal structures. In recent years, the use of timber in the retrofit of existing buildings
has gained an increasing interest for the improvements of both structural and energetic
performances. Indeed, wooden elements present good hygrothermal properties and, thanks to
their lightweight and stiffness, they are suitable for the seismic improvement of masonry
buildings. The aim of this paper is to numerically investigate the seismic strengthening of
existing URM structures by means of cross laminated timber (CLT) panels, evaluating the
coupling degree of the timber-masonry integrated system. The investigation was carried out
through a finite element modelling. First a parametric local model of a CLT-masonry coupled
wall was calibrated with literature experimental data. Then, the study was extended to a
XVII-century URM building located in the Italian Alpine region (Roana, Vicenza province).
Non-linear static analyses were carried out in order to assess the local and global behavior
of the URM-CLT system and its potential benefits. Results suggested a seismic capacity
improvement due to shear strength increase and global weight reduction.
Keywords: masonry building, CLT, seismic retrofitting, integrated intervention technique,
FEM.
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1

INTRODUCTION

The seismic retrofit of existing buildings has gained more and more interest in the Italian
context due to the necessity of protecting the cultural and architectural heritage. The great variability of the building typologies and the sustainability requirements lead to the necessity of
finding alternative solutions to invasive interventions. As a matter of fact, massive replacements of the wooden floors with RC elements, insertion of RC curbs, etc., within unreinforced
masonry (URM) buildings aimed at activating an ideal ‘box-like behavior’, proved to be damaging, by excessively weighing down the structure and leading to local collapses of vulnerable portions of the buildings [1].
These observations led to the need for a more accurate study on the effects of the interventions and the search for innovative methods. Timber structural elements, which were historically used in masonry buildings even for seismic purposes [2][3], present favorable
characteristics for some of the problems that characterize conventional reinforcement interventions, such as reduced weight, which permits widespread intervention in the structure with
a limited variation of the total seismic mass, and good mechanical properties, often more
compatible with URM historical structures. Furthermore, the rapidly evolving of timber technology in recent decades developed more efficient materials, e.g., Cross Laminated Timber CLT, widening its application field and possibilities.
The intervention described in this paper is addressed to existing URM buildings which
need an improvement in terms of structural-seismic capacity, functionality and energetic performances. Based on the effectiveness of URM-CLT coupling walls for shear capacity [4][5]
and energetic performances improvement [6], such as the benefits of stiffened timber diaphragms [7][8], an integrated intervention aimed at the insertion of a CLT endoskeleton within a URM structure was designed.
The intervention consists in inserting a CLT structure inside the perimeter walls, substituting the un-strengthened existing floors and inner partitions and assembling a inner core able
to bear part of the static and eventual seismic loads. The paper presents the procedure implemented to simulate the intervention. First, a coupled URM-CLT wall was modeled within finite element (FE) software (i.e., DIANA FEA [8]): the model was validated through the
comparison with literature studies [10][11] and the influence of FEM parameters involved in
the system were evaluated. Following, global models of an existing URM structure and the
proposed integrated CLT-URM were created. The CLT nest was designed through a specific
software for timber structures ([12]), defining the structural properties such as panel thickness
and connection types. Modal and non-linear static analyses were performed, and the results
compared.
1.1

State of Art

The CLT technology consists of layered panels of solid timber, in which each layer is oriented perpendicular to adjacent ones. This configuration permits the use of the material for the
realization of large boards that can be used for both wall and floor elements, being able to
bear both in-plane and out-of-plane loads. Those characteristics make the CLT an efficient
and versatile element, which use has spread largely in recent years. CLT products are widely
used for new buildings, but in recent years are also gaining attention for the retrofit of existing
buildings [4][10][13][14].
One of the most acknowledged intervention consists in coupling CLT panels to masonry
walls, thus providing benefits on structural, energetical and architectural fields [6][15]. In this
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framework, two main approaches can be adopted, depending on the location of CLT reinforcement panels, at the exterior or interior of walls [4][14], as shown in Figure 1.

Figure 1: Approaches for CLT intervention on existing structures [6]

Particular attention has to be paid to connection systems among the existing structure and
CLT elements. Different approaches can be adopted, such as connection at floor levels, taking
advantage of existing RC curbs [14], or distributed URM-to-CLT connections realized with
screwed joints [16]. The connection system plays a crucial role in the intervention, having to
transmit actions from one system to the other and to provide ductility and resistance. However, studies proved that coupling at floors levels, without specific URM-CLT diffused connectors, is enough for shear and displacement capacities improvement of a URM wall [4].
1.2

Case Study

The case-study belongs to a building system known as “Cattedra”, rised in Canove di Roana (Vicenza), in the North-East Italian Alps. The intervention is limited to this original building which dates back to the XVII century. It’s a three-story building with a rectangular plan
(10m x 13m)(Figure 2). The structure is composed of stone masonry (SB) walls in the lower
section, and hollow clay brick (HCB) masonry in the upper one (due to an elevation intervention), while floor and roof structures are RC based.

Figure 2: Plans and elevations of the case study.
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The intervention concerned the upper stories of the building, excluding the first floor, due
to the toned of preserving the existing conditions at this level (Figure 3). Indeed, the intervention consisted of removing the existing floors and roof structures and inserting a CLT nest,
connected with the existing URM structure at floor levels. No direct connections were provided between CLT panels and URM walls.

ሾሿ

ሾሿ

ሾ ሿ

Figure 3: Intervention scheme: a) existing structure, b) demolished parts, c) new CLT nesting structure.

2

COUPLED WALL SIMULATION

The FE modeling of the global structure had to be preceded by the study of a local model,
consisting of a 40 cm-thick masonry wall retrofitted with three 6 cm-thick CLT panels (Figure
4). The model was compared and validated with a literature example provided by [10], since
the same FE code was used and later subjected to a parametric analysis involving both masonry and CLT systems.

Figure 4: Local FEM model for URM-CLT interaction

2.1

Model Generation

The FEM model was realized with DIANA FEA software [8]. The masonry panel was
modeled with 4-noded quadrilateral linear flat shell elements: a macro-modeling approach for
material behavior was implemented, and units and mortar properties were merged into a continuum homogeneous material [17]. Physical non-linearities follow the smeared crack approach (Total Strain Based Crack in DIANA), in which tensile and compressive behaviors are
described by stress-strain curves. Specifically, a linear softening behavior in tension and a
parabolic behavior in compression were chosen. CLT panels were modeled with 4-noded
quadrilateral linear curved shell. The layered structure of CLT was simplified into a homoge-
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neous linear orthotropic material, which elastic properties were calculated according to the
analytical approach for composite sections suggested by Eurocode 5 [18]. Table 1 reports the
material parameters.
Masonry
Elastic Properties
E
2500 MPa
ν
0.25
WURM
14 kN/m3
Total Strain Parameters
ft
0.01 MPa
Gt
0.00135 N/mm
fc
3 MPa
Gc
4.8 N/mm
β
0.01

Ex
Ey
Ez
Gxy
Gxz
Gyz

CLT
Material Properties
9000 MPa
4500 MPa
1000 MPa
821 MPa
370 MPa
121 MPa

WCLT

4.5 kN/m3

Table 1: FEM parameters for masonry and CLT material models (Young’s and shear moduli E and G, Poisson’s
ratio ν, specific weight W, compressive and tensile strength fc and ft, compressive and tensile fracture energy Gc
and Gt, shear retention factor β).

The panels were externally connected via nodal springs, which represent the tension and
shear connections (i.e., hold-down and angle bracket), while 3D line interface elements were
introduced to simulate in-plane joints between panels. The CLT panels were connected to the
URM wall through 3D surface interface elements. At last, a no-tension non-linear 3D line interface element was modeled, which represents the contact interactions at the base of the panel; this was to simulate base compression and neglect tensile retention during shear loads.
Table 2 shows the FE parameters implemented for the connection elements.

Figure 5: Local reference axes for connection elements in FE model.

Connection
Hold-down
Angle brackets
in-plane joints

Typology
nodal spring
nodal spring

ks,x [N/mm]
50000
0
ki,x [N/mm3]

ks,y [N/mm]
0
50000
ki,y [N/mm3]

ks,z [N/mm]
0
50000
ki,z [N/mm3]

3D line interface

10

0.16

0.16

1

0.05

0.05

URM-CLT connection 3D surface interface

Table 2: FEM parameters for connections: linear spring stiffness ks and interface stiffness ki along x, y and z local axes [4].
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Pushover analyses were carried out on the URM wall and on the coupled one to evaluate
the in-plane response of both systems.
By comparing the capacity curves (Figure 6), no significant differences can be noticed on
the elastic branch [4]; this suggests that, in this phase, the response of the reinforced system
was still determined by the masonry characteristics. When cracking occurred, an increase both
in post-elastic stiffness (and consequently maximum shear) and in the ultimate displacement
capacity was observed in the coupled model. These results suggest that the CLT system is
more effective in the masonry damaged conditions, leading to a significant increase of system
ductility (almost doubled with the CLT panels reinforcement).
The capacity curves compared to the ones provided by the reference case resulted in a
good match both in terms of maximum shear resistance and ultimate displacement capacity
was detected.

Figure 6: Comparison between FE models of URM and retrofitted walls compared to Giongo et al. [4]

2.2

Parametric Study

A parametric study was performed to assess input parameters and evaluate the incidence of
various characteristics on the wall behavior. The investigated parameters involved both masonry and CLT systems, starting from the reference values used in the previously described
model. In the Total Stain Based Crack model used for masonry, the main uncertainties concern tensile and compressive energy fracture and shear behavior (rotating crack and fixed
crack models); therefore, these parameters were taken in account for the parametric analyses
carried out on the URM model (Table 3), which led to the analysis of 9 cases.

Parameter

Gt [N/mm]
Gc [N/mm]

GT
GC

1
0.012
4.8

Shear behavior

S

rotating

2
0.005
3.6
fixed
β = 0.01

3
0.00135
2.5
fixed
β = 0.05

Table 3: Parameters for masonry analyses. Reference parameters cells, used for the previously validated model,
are filled in grey.

The obtained pushover curves (Figure 7) revealed that the Gc parameter had low impact on
global behavior, presumably because compressive strength of masonry is way higher than tensile one, which play the major role in shear failure. The differences observed for Gt parameter
are more evident, as a higher value provided a much higher displacement capacity (+71% on
the reference one). An even major influence was noticed for the shear behavior. In particular,
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rotating crack model provided a higher ideal yielding point and, consequently, higher shear
resistance, while the two fixed crack model curves presented equal elastic branch. However,
the higher shear retention factor β led to both higher post-elastic stiffness and ultimate displacement values.

Figure 7: Pushover curves by variation of a) compressive fracture energy Gc, b) tensile fracture energy Gt, and c)
shear behavior model

The parameters of the CLT system, i.e., hold-down stiffness, in-plane joints stiffness and
panel’s thickness (Table 4), were evaluated through 9 cases on the reinforced model.

Parameter

HD ks,x [N/mm]
in-plane ki,y [N/mm3]
panel thickness [mm]

HD
K
T

1
10000
0.05
60

2
20000
0.16
90

3
50000
1.5
140

Table 4: Parameters for CLT system. Reference parameters cells, used for the previously validate model, are
filled in grey.

By comparing the obtained capacity curves (Figure 8), small dissimilarities can be noticed
by changing connection type, as both for hold-downs and in-plane joints, with slightly higher
shear values reached by the system as elements’ stiffness increases. However, differences are
not very significant, which suggest that relevant improvements could be achieved by intervening on both connection systems. No major differences were observed with the variation of
CLT panel thickness, since the shear behavior of the panel is still ruled by connections in the
range of the measured displacements.
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Figure 8: Pushover curves by variation of a) hold-down stiffness, b) in-plane joints stiffness, and c) panel’s
thickness.

3

MODELING OF THE INTEGRATED INTERVENTION

The extension of the local simulation to a real-scale structure was carried out by assessing
a URM case study and then its retrofitted configuration with the endoskeleton integrated solution. FE models within DIANA FEA environment were generated, preceded by the preliminary design and dimensioning of the CLT inner structure.
3.1

Preliminary design of CLT nest

The internal CLT nest was sized by the means of TimberTech Buildings software [12], by
assuming the CLT nest as independent from the URM structure. The numerical model was
based on the definition of a macro-element for CLT system, which considers the different
contributions in deformation and resistance provided by panels and connection elements. The
software allows to easily design the structure through pre-defined elements and to verify it by
means of linear static and dynamic analyses, for both vertical and horizontal loads. The process led to the definition of three-layered 10 cm panels for walls and five-layered 14 cm and
16 cm panels for the first and the second floor, respectively. Table 5 reports the details of the
panels’ types.
Element

Material

Walls
First floor
Second floor

Spruce C24
Spruce C24
Spruce C24

n. of
layers
3
5
5

Thickness [mm]
100
160
140

Table 5: CLT panels typology
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Tensile and shear connections were sized with reference to the most common commercial
typologies. Three types of hold-down and one type of angle bracket were used (Table 6), depending on their location in the structure.
Furthermore, panels were connected through in plane joints, consisting in 6 mm x 80 mm
screws, spaced 150 mm and coupled with a 27 mm Laminated Veneer Lumber (LVL) board.
Element

Typology

Connector

n. connectors

HD340

Hold-Down

Nail 4x60mm

20

HD440

Hold-Down

Nail 4x60mm

30

HD540

Hold-Down

Nail 4x60mm

45

AB240

Angle Bracket

Nail 4x60mm

36

Table 6: Hold-down and angle brackets types.

3.2

Global FE model generation

The overall FE study was carried out with DIANA FEA [8]. Firstly, a URM model of the
existing structure was created. As in the local model, masonry walls were modeled as 4-noded
linear flat shell elements. A Total Strain Based Crack material model was chosen, which
properties are reported in Table 7. Tensile and compressive strength values were obtained
from the Italian seismic code [19][20] following the results of IQM (masonry quality index)
analyses carried out for walls [21]. The fracture energy values were chosen by the previous
local modal and from multiple values suggested by scientific literature [22], assuming a conservative low tensile fracture energy, close to the brittle behavior.

Figure 9: FEM model of a) URM building and b) CLT nest.

Masonry properties of the retrofitted model did not change since no intervention was provided for masonry, in order to assess directly the benefits of the endoskeleton addition. The
CLT structure was modeled in reference to the preliminary design . CLT material properties
and connection elements were the same of those of the local FE model (Table 1), i.e., nodal
springs for hold-downs and angle brackets and linear interface elements for in-plane joints.
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Parameter
E [MPa]
ν
w [kN/m3]
Tens. function
ft [MPa]
Gt [N/mm]
Comp. function
fc [MPa]
Gc [N/mm]
β

Masonry
SB Masonry
1740
0.25
20
Linear softening
0.018
0.00135
Parabolic
1.12
4.8
0.01

HCB Masonry
4550
0.25
14
Linear softening
0.037
0.0045
Parabolic
1.85
5
0.01

Table 7: Mechanical parameter for masonry type (SB: stone blocks; HCB: hollow clay bricks).

The values for the connections’ stiffness were analytically identified according to the European regulations for steel-to-timber fasteners and connectors [18]. As the project did not
provide for any connection between the masonry walls and the CLT panels, the 3D surface
interface elements were not considered, likewise the layout in [4]. At last, non-linearities were
located in the masonry material model only.
Modal and pushover analyses were performed on the URM and the URM-CLT models.
Uniform loads in both principal directions were considered for pushover analysis.
3.3

Results

The modal analyses results (Table 8) showed an increase in modal frequencies due to nesting intervention, partly due to the decrease of total mass for the reinforced model (about
25%). The modal participation mass factor also decreases to around 65% for the first two
bending modes, in each principal direction. This could be due to the difference in terms of
masses and stiffnesses distributions generated by the presence of the endoskeleton only at the
second and third floors, whereas the first one remained unchanged.
Mode
1
2
3

URM model
f [Hz]
% mx
% my
6.147
0.00%
75.55%
8.052
76.15%
0.00%
9.787
2.21%
0.01%

Reinforced model
f [Hz]
% mx
% my
7.298
0.09%
66.89%
8.491
65.66%
0.10%
10.845
0.56%
0.01%

Table 8: Frequencies and mass participation factors for the first three modes: URM and reinforced (URM+CLT)
models.

Pushover analyses results were evaluated in terms of equivalent acceleration at the base,
thus normalizing the results to the mass of the model to obtain comparable curves (Figure 10).
This comparison shows an increase in maximum equivalent acceleration for the retrofitted
model. Differences were more pronounced for Y direction analyses than X direction’s ones;
this suggests that the intervention could be more effective on the shear capacity of the weaker
direction. Ultimate displacement capacity does not get significantly affected instead.
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Figure 10: Pushover curves for X e Y directions analyses

Further observations can be made from the contour of tensile strain, where cracks should
rise. On the URM model (Figure 11a), damage is mainly located on the piers of the ground
floor, while upper levels are less damaged. With the intervention (Figure 11b), the damage
involves all stories, thus exploiting the resistant elements along the entire height. Moreover, in
the URM model, tensile strains significantly spread in piers and lintels, whereas in the URMCLT model strains are lumped in piers, i.e., the resistant elements of masonry structures.

Figure 11: Damage patterns for a) URM and b) retrofitted models.

At last, to measure the intervention benefits, seismic safety verifications were carried out
according to the Italian code [19], by comparing PGA (peak ground acceleration) values for
derived from the capacity curves. The results showed an improvement on the global behavior
of the building thanks to the intervention, with an increase of +8.6% and +19.8% in X and Y
directions, respectively (Table 9). Further improvements can be obtained, taking into consideration that, currently: i) the intervention is lumped at second and third stories, whereas the
first one is the most solicited by uniform mass distribution and, ii) no improving interventions
such as injections or joints rebars were adopted for masonry walls.
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Direction
+X
+Y

URM URM+CLT
PGAC [g]
PGAC [g] Δ PGAC [%]
0.222
0.241
8.6%
0.187
0.224
19.8%

Table 9: Near-collapse PGA capacities (PGAC) and percentage variation between un-strengthened and retrofitted
cases.

4

CONCLUSIONS

The modelling of a novel intervention technique for URM buildings was discussed in this
paper. The study was carried out both at local and overall scale. The local model, on which
parametric analyses were performed showed that:
x the CLT reinforcement is effective on the post-elastic phase of masonry, when
cracking occurs and cause a loss in masonry stiffness;
x the timber connections (i.e., hold-down and angle brackets) play a fundamental role
in the effectiveness of the system, since they affect its stiffness more than CLT
panel thickness.
The local FE model allowed the connections of timber (both panel-to-panel and floor-topanel) to be calibrated and to be implemented within a global FE model of an existing URM
building. Modal and pushover analyses were carried out, on both as-built and retrofitted models. Results suggested that:
x mass reduction due to substitution of RC floors with lighter timber panels induced
the increment in mode frequencies;
x retrofitted configuration can bear a higher equivalent acceleration than as-built one;
x the intervention led to a more homogeneous damage pattern, involving more resistant elements than the un-strengthened case;
x the intervention was effective, taking into consideration that it is limited to the second and third floor (demolition of two RC floors and RC roof), and provided an
improvement in terms of PGAC up to 20%.
The results showed that the CLT endoskeleton proposed here is a promising technique to
improve the seismic performances of URM buildings. However, further studies need to be
carried out to better clarify the effectiveness of the intervention and to extend its field of application.
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Abstract
In the last decades, low-damage post-tensioned technologies have been introduced in the field
of timber constructions, with the aim to obtain structural solutions able to guarantee, in case
of seismic events, not only the safeguarding of human life, but also the rapid re-use of the
buildings without permanent damage. To this aim, structural systems based on rocking dissipative timber walls have been conceived, which rocking behaviour is due to the presence of
post-tensioning cables, and the dissipative contribution is provided by steel dampers, easily
replaceable after an intense seismic event. The paper presents a numerical non-linear model
to predict the response of PT-timber walls, particularly useful to support the design. In particular, the geometrical non-linearity due to the rocking behavior of the walls and material
non linearities that characterize the dampers, are specifically taken into account. The posttensioned systems characterized by the single wall configuration with axial dampers are analyzed by considering different initial post-tensioning levels. The proposed numerical modelling strategy has been validated with experimental literature tests, demonstrating its
effectiveness in predicting the behavior of post-tensioned walls subjected to cyclic loads.
Keywords: post-tensioning timber walls, dissipative dampers, numerical modelling.
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1

INTRODUCTION

In the last two decades, the employment of timber buildings is increasing in seismic prone
areas, thanks to the significant evolution of performances of these constructions against seismic actions, mainly due to the development of new technologies [1]. The most common timber buildings are composed of engineered timber walls, i.e. Cross Laminated Timber (CLT)
or Laminated Veneer Lumber (LVL), connected to each other and to the foundation through
steel connectors, such as angle-brackets, hold-downs, nails, and screws. During a seismic
event, the energy dissipation is mainly devoted to connectors, which could be severely damaged [2-5]. Moreover, both internal and external timber walls are load bearing elements, leading to an excessive use of the material and to the impossibility of moving the internal walls,
so their position constitutes an architectural constraint. In order to avoid these drawbacks,
low-damage post-tensioned (PT) technologies have been introduced [6], which entrust the energy dissipation to rocking timber walls equipped with dampers, whose main advantages are:
the re-centering of walls at the end of the seismic motion, additional energy dissipation, and
easy replacement of dampers. Since this system is predominantly employed in seismic prone
zones, the assessment of a numerical modelling strategy to predict the cyclic behavior of posttensioned timber walls assumes significant importance within the structural engineering field.
Downstream of this brief discussion, the paper presents numerical models to predict the response of PT-timber walls, particularly useful to support the design. In particular, the geometrical non-linearity due to the partial uplift of the walls and material non-linearities that
characterize the dissipaters, are specifically taken into account. The responses in terms of horizontal load-displacement curves and post-tensioning (PT) force-displacement curves are presented. The post-tensioned systems characterized by the single wall configuration with axial
dampers are analyzed by considering different initial post-tensioning levels. The proposed
numerical modelling strategy has been validated with literature experimental tests, demonstrating its effectiveness in predicting the behavior of post-tensioned walls subjected to cyclic
loads.
2

LOW DAMAGE TIMBER SYSTEMS

Low damage timber systems arise from the need to guarantee, in case of a critical seismic
event, not only the safeguarding of human life, but also the rapid re-use of the buildings without permanent damage. Laboratory tests and numerical investigations highlight that CLT traditional buildings can resist high intensity seismic actions [7]; however, a high-permanent
damage in connection steel elements and on timber panels is generally observed. From these
observations comes the idea of conceiving a system able to prevent damage to the loadbearing structural elements. In this regard, low damage timber systems were thought to be
constituted of timber elements destined to remain in the elastic field during a seismic event,
and steel dampers, destined to be severely damaged and then easily replaced. It deals with
rocking dissipative walls, which rocking behaviour is due to the presence of post-tensioning
cables placed inside cavities in the wall, fixed at the base and anchored at the top of the wall,
while the dissipative contribution is due to steel dampers. The dampers can work as axial
dampers, positioned at the base of the walls, and/or shear dampers, i.e. connecting adjacent
rocking timber elements along elevation [6, 8–12]. The contribution of post-tensioning cables
and steel dampers could be simply recognizable by observing a typical flag-shape forcedisplacement curve of a post-tensioning wall subjected to cycling loading (Figure 1), in which
the bilinear envelope is mainly due to the rocking behaviour, controlled by the post-tensioning
cables, and the amplitude of the flag is mainly due to the dissipative contribution of the steel
dampers. This system takes inspiration from precast post-tensioned concrete elements that
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were firstly developed by Stone et al. [13], and then investigated by Priestley et al. [14] within a five-story building.

Figure 1: Typical flag-shape force- top displacement (F-Δ) curve of a PT- wall subjected to cycling loading.

To confirm the validity and the growing diffusion of this structural idea, some buildings are
recently constructed in New Zealand adopting this innovative solution. Furthermore, it is important to underline that the design of post-tensioned timber buildings is also proposed in the
Australian and New Zealand design guidelines [15].
3

LITERATURE EXPERIMENTAL CAMPAIGNS

The firsts experimental campaigns have been performed on Laminated Veneer Lumber (LVL)
PT- walls, in reference to single-wall [9] and double [6] systems. In particular, these configurations have been tested with and without dampers to highlight their benefits in terms of dissipative contribution. The dampers employed for the single wall systems are fuse-type
dampers [8, 16, 17], which connect the PT wall to the foundation and works along the axial
direction. These are characterized by a mild steel round bar placed inside a confining tube,
and the space between them is filled with grout or epoxy, which act as a buckling restraint.
Instead, the dampers employed for the double-wall systems are U-shape dampers [18, 19]
connecting the walls along elevation.
Similarly, Ganey et al. [10] carried out an experimental campaign on single PT- wall systems
without damping, and on double walls connected by U-shape dampers, while Massari et al.
[11] conducted experimental tests on a single PT-wall system provided by fuse-type dissipaters, but using CLT walls.
Some authors have also proposed a configuration in which the PT- walls are connected to
boundary columns by means of dampers [20], ensuring the support to the inter-floor beams
connected to the diaphragm. This system avoids the vertical uplift generated by the rocking
behaviour that causes vertical displacements incompatible with the diaphragm system, leading
to unexpected damage. 
In the present paper, the results of the experimental campaign conducted by Sarti et al. [9]
was employed to validate the proposed numerical model, which will be presented in the next
section. The experimental campaign concerns single wall systems, made of LVL characterized by a modulus of elasticity Et of 11 GPa. The rocking behavior is entrusted to two posttensioned steel bars characterized by a diameter of 32 mm, a Young modulus of Ep of 170
GPa, and a yield strength fpy of 835 MPa. The dissipative contribution is due to fuse-type
dampers characterized by a diameter of 14 mm, a mild steel with a Young modulus of Es of
200 GPa, and yield stress fsy of 400 MPa. The single wall system has been tested in the various configuration:
x post-tensioned configuration (no dampers), with initial post-tensioning levels of 200
kN, 400 kN, and 600 kN;
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x

post-tensioned configuration with two couple of fuse-type dampers, with initial posttensioning levels of 400 kN and 600 kN;

x

post-tensioned configuration with four couple of fuse-type dampers, with initial posttensioning level of 400 kN.

Figure 2 shows the geometric and mechanical characteristics of the experimental setup.
Material
LVL

PT- bar
steel
Mild steel

4.1 m

Property
Young Modulus Et
Compression strength
parallel to grain fct
Yield stress fpy
Ultimate stress fpu
Young Modulus Ep
Yield stress fsy
Ultimate stress fsu
Young Modulus Es

Value
11 GPa
45 MPa
835 MPa
1030 MPa
170 GPa
400 MPa
500 MPa
200 GPa

PT-bar
Fuse-type damper
LVL
0.61 m 0.24 m 0.61 m
0.19 m
0.35 m

0.35 m

1.57 m

Figure 2: Geometric and mechanical characteristics of the reference experimental setup.

4

NUMERICAL MODELING

In order to predict the response of PT-timber walls, a numerical model was developed, particularly useful to support the design of the described system. The proposed numerical model
has been validated on the experimental campaign results conducted by Sarti et al. [9] described in section 3. For the sake of brevity, the comparison between experimental and numerical results will be shown for post-tensioned configurations with two couple of fuse-type
dampers, and initial post-tensioning levels of 400 kN and 600 kN.
4.1

Description of the numerical model

The proposed numerical model has been developed in the OpenSees [21], a software framework for simulating the seismic response of structural and geotechnical systems, realized by
the Pacific Earthquake Engineering Research Center.
The numerical model of the structural system, shown in Figure 3, accounts for the geometrical
and mechanical non-linearities. In particular, the first is due to the rocking behaviour of the
system allowed by introducing unilateral constraints at the base, the second is mainly due to
the presence of axial dampers simulated by non-linear springs. LVL walls and columns have
been schematized with 2D Quadrilateral elements (Quad) associated with an elastic orthotropic material, supposing that timber elements remain in the elastic range.
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The PT- bars have been modelled with truss elements, which is associated with an elasticplastic force-displacement response with an initial imposed strain that simulates the initial
post-tensioning level. Furthermore, to capture the rocking behaviour of LVL panels, the unilateral constraints at the base have been represented by inserting zero-length elements, characterized by an elastic no-tension material (gap elements).
For the simulation of the test performed with axial dampers, non-linear springs that simulate
their behaviour are included in the model. The two pairs of axial dampers, placed at the base,
are simulated with non-linear springs using zero-length elements.
PT-BARS
TRUSS ELEMENTS
WALL
QUAD ELEMENTS
AXIAL DAMPERS
NON-LINEAR ZERO LENGTH ELEMENT
Fd
Δd
GAP ELEMENTS

Figure 3: Numerical model.

4.2

Validation of the proposed numerical model

In this section, a comparison between experimental results and numerical simulations is
reported in terms of horizontal load/ drift curves and PT-force/ drift curves, by considering the
post-tensioned configuration with two couple of fuse-type dampers, with initial posttensioning levels of 400 kN and 600 kN. The horizontal load/ drift curves are shown in Figure
4(a) and Figure 4 (b) for initial post-tensioning levels of 400 kN and 600 KN, respectively.
The monotonic envelopes are characterized by a well-defined bilinear curve, in which the
transition point between the first branch and the second one, corresponds to the drift at which
the first cable is subjected to an increment of tension due to the wall rocking. The comparison
shows a good agreement between experimental and numerical results, in terms of initial stiffness, strength and cyclic behaviour. In this regard, the predicted cyclic behaviour is slightly
underestimated, because of the presence of frictional dissipations not included in the numerical model. It is interesting observing that the model is able to capture also the effect of increasing the initial post-tensioning level on the global response of the system: a greater
strength characterizes the configuration with the higher PT-level, and it shows a greater recentering capacity, recognizable by the typical flag shape. Focusing on the behaviour of the
PT-bars, these are subjected to an axial deformation make the PT force increase with respect
to the initial imposed load, due to the wall uplift. This variation will be higher for the cable
close to the wall edge that is uplift. To clarify this behaviour, the numerical wall base uplifts,
evaluated at 20 cm from the base, are reported in Figure 5 for various drift levels, where the
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position of the cables is drawn in order to perceive their increasing deformation as the drift of
the wall increases. It is interesting to highlight that the base uplifts for fixed values of drift are
similar for both the post-tensioning levels of 400 kN (Figure 5(a)) and 600 kN (Figure 5(b)),
suggesting that the kinematic of the system is almost independent from the initial posttensioning level. However, it affects the lateral strength of the wall (Figure 4). The good
agreement between experimental tests results and numerical simulations is well confirmed
also by the comparison in terms of PT force-drift response of the walls for both the initial
post-tensioning levels of 400 kN (200 kN for each cable) and 600 kN (300 kN for each cable)
reported in Figure 6(a) and (b), respectively. For both the post-tensioning levels, graphs show
that the numerical model well captures the PT force variation in both the loading and unloading phases, showing a slight difference for the cable further from the uplifted wall corner.

(a)

(b)

Figure 4: Horizontal load/ drift curves: (a) initial PT-force of 400 kN and (b) initial PT-force of 600 kN.

(a)

(b)

Figure 5: Numerical wall base uplift for various drift levels, evaluated at 20 cm from the base: (a) initial PTforce of 400 kN and (b) initial PT-force of 600 kN.
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(a)

(b)

Figure 6: PT-force/ drift curves: (a) initial PT-force of 400 kN and (b) initial PT-force of 600 kN.

CONCLUSIONS
The paper deals with a proposal for a non-linear numerical model, developed in the OpenSees
framework, for the prediction of the cyclic response of rocking dissipative timber walls, by
virtue of the fact that in the last decade, a diffusion of low damage systems have been observed, so it is particularly important to develop numerical models that can support the design
phase. The proposed numerical model specifically considers geometric and material nonlinearities associated with the rocking behavior and the entry into the plastic field of the
dampers, respectively. A first validation with experimental results from literature is presented
here. In particular, the global response in terms of horizontal load-displacement curves and
post-tensioning force-drift curves has been investigated, demonstrating its effectiveness in
predicting the behavior of post-tensioned walls subjected to cyclic loads with different levels
of post-tensioning force.
Further developments will be to verify the numerical model's capability to predict the nonlinear response of different experimental tests on various PT wall configurations, also including shear dampers. After the proper validation of the rocking wall numerical model, it will be
employed for design purpose in a more complex framework, togheter with the timber frame
structure designed for gravital loading.
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Abstract
Southern regions of Europe are characterized by presenting a large number of existing buildings with reinforced concrete (RC) structures with masonry infills. From a structural point of
view, they are characterized by one-way RC frames, with poor structural details and masonry
infills, contributing to the high seismic vulnerability of these constructions.
Current retrofitting technologies, such as reinforced concrete jacketing of columns, concrete
shear walls or FRP wrapping, could be effective but require the occupants’ relocation, available perimetral space and legislative constraints. The use of CLT panels, as an innovative retrofitting technique, seems to be a reasonable alternative for existing buildings given their
easy and fast assembly, high performance and reversibility.
This paper presents a numerical analysis to evaluate the seismic behavior of masonry-infilled
RC portal frames strengthened by an external CLT panel. The 20 cm thick masonry wall was
represented by two nonlinear diagonal elements with a multi-linear plastic constitutive law,
including a Pivot hysteresis type in the axial direction. On the other hand, the 100 mm thick
CLT panel was modeled through an orthotropic elastic shell-element. The study comprises
four different connections between the RC frame and CLT panels. These connections are
modeled through nonlinear Pivot links in both uplift and lateral directions. Their cyclic response, including degradation parameters, effective stiffness and force-deformation envelope
curve, was calibrated based on previous experimental results. Numerical results confirm that
CLT panels can be an efficient strengthening solution to increase the initial stiffness, as well
as energy dissipation, while decreasing the impact of strength degradation on the response of
masonry-infilled RC frames against in-plane quasi-static cyclic loading.
Keywords: RC Frame; Masonry infills; Cross Laminated Timber; Quasi-static Analysis
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1

INTRODUCTION

Masonry-infilled reinforced concrete (RC) buildings constitute a significant part of the existing building stock across southern regions of Europe [1]. Consequently, many studies have
been conducted to analyze the properties of infilled RC frames, in order to improve their
weaknesses and prevent their failure under cyclic loading [2][3].
The presence of infill walls on the bare frame can induce unexpected force distributions
that can lead to local failures during intense ground shaking [4]. The main failure modes in
masonry-infilled RC frames that have been shown in experimental, analytical, and numerical
research works are: corner crushing mode; sliding shear mode; diagonal cracking mode; diagonal compression mode; and the failure of the RC frame [5]. Furthermore, when subjected to
seismic loads, RC frames are susceptible to non-ductile failure modes, particularly the frames
built according to previous codes and standards [6]. Therefore, seismic retrofitting seems inevitable. Some of the available retrofitting techniques aim to directly strengthen the masonry
infill, besides an improvement of the RC frame structure. Indeed, there is a wide range of retrofitting techniques that are divided into two general approaches: structure-level retrofit and
member-level retrofit [7].
Cross-laminated timber (CLT) panels are a combination of several crosswise-stacked lumber boards that confer high in-plane stiffness. These panels allow fastening the construction
work and can contribute to meet societal goals in terms of environmental sustainability, improving the energy performance of buildings, while reducing CO2 emissions of construction.
Sustersic et al. [8] introduced CLT as a seismic retrofitting method for infilled RC buildings
by developing a three-step over strengthened connection. This study showed that longer CLT
panels are more efficient than shorter segments under seismic forces for a better bending behavior.
On the other hand, Stazi et al. [9] showed that RC frames strengthened by CLT can reach
higher lateral stiffness and peak load values than masonry-infilled RC frames. In both cases,
the use of prefabricated timber panels improves the energy efficiency of the building by reducing global energy demand up to nearly 60% [10].
Experimental evaluations have shown that the connection used to connect panels and the
main RC structures play a crucial role in the overall seismic response, given their nonlinear
behavior that promotes energy dissipation [11][12]. Considering this fact, special attention
should be given to their design and assessment.
The present work studies the response of strengthened RC frame under cyclic loadings
with a special focus on strength degradation, stiffness deterioration, ductility and energy dissipation. A one-story one-bay infilled reinforced RC frame is used as a case study, where its
seismic response is improved through a collaborative CLT panel. Four different connections
between the CLT panel and RC frame, are evaluated by adopting distinct properties to nonlinear link connection elements. It is worth noting that these properties were defined based on
tests results obtained through previous experimental campaigns [13][14][15]. The masonry
infill is represented by an equivalent diagonal element, consisting on a macro-modeling procedure that exploits the multi-linear plastic link element with Pivot hysteresis law, available in
SAP2000 NL software [16]. Moreover, the CLT panel is represented by the HomogenizedOrthotropic-plane stress-reduced cross-section (HOBS) approach [17].
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2

DESCRIPTION OF THE INFILLED RC FRAME

The RC frame employed here, representing the actual building practice in Portugal, was
built and tested at the University of Minho's laboratory in the 2/3 scale RC frame by Silva et
al. [13]. Figure 1 shows the geometry and reinforcement scheme.

(a)
(b)
Figure 1: RC frame used in this study, Geometry, (b) Reinforcement scheme (Silva et al. [13])

The frame length and height are 2575 mm and 1770 mm, respectively. Beam and columns
sections are 270×60 mm and 160×160 mm, respectively. The masonry infill was built with
294x187x140mm bricks with vertical perforation, using murfor RND 0.5 100 reinforcement
in every two rows, and murfor L +100 anchors to connect the infill to the RC frame at the
same level of reinforcements. The rebars used in the RC frame and masonry infill are an
A400NR, and A500NR, respectively. The concrete of the RC elements is from the C55/67
class. For lying of masonry units, an M10 mortar is employed. The thickness of the horizontal
joints is assumed to be 0.5 cm. More details can be found in Silva et al. [18].
3

CLT PANEL AND CONNECTIONS

The CLT panel has a thickness of 97 mm, comprising three layers with thicknesses 35, 27,
and 35 mm. The panel’s mechanical properties, including moduli of elasticity and shear modulus, are determined according to standard EN 338 [19] and DIN 1052 [20], while the Poisson
coefficients are obtained according to Bodig et al. [21].
Four different connections were considered in this study. The first (Figure 2 (a)) consists of
a prefabricated mechanical connector, angle bracket AE116, widely used in the CLT structures [14]. The second one, Figure 2 (b), comprises three parts: a steel strap and steel threaded
rods connecting to the beams, a steel bracket connected to the panel through self-tapping
screws, and a steel plate connecting the steel strap with the steel bracket. The first two are designed to behave essentially elastic, whereas the last part is designed with a controlled failure,
ductility and energy dissipation. This connection was developed and characterized by Sustersic [15]. The third and fourth connections, developed by Sustersic [15], adopt a newly designed angle bracket and two steel threaded rods with a length of 50 mm and grade rods of 4.6
and 8.8, respectively (Figure 2 (c)). The connections of Figure 2 (a) were selected because
they represent a common in CLT buildings, while the remaining ones have presented an adequate response under cyclic loading both for sliding (shear) and uplift (tension) motions [15].
It important to mention that the availability of experimental tests [14][15] allows calibrating
numerical models, increasing the reliability of their results.
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(a) Connection I
(b) Connection II
(c) Connections III and IV
Figure 2: The CLT connections considered in this study. (a) Angle bracket AE116; (b) Steel strap &
bracket; (c) Steel bracket & rods

4
4.1

MODELLING METHODOLOGY
Characteristics of RC plastic hinges

The RC frame is represented through linear elastic frame elements with plastic hinges at
their ends that concentrate the nonlinear behavior of the beam-column joints. These plastic
hinges whose properties are obtained according to Eurocode 8 (part 3) provisions [22] are
governed by the Pivot hysteresis model, available in SAP2000 NL software [16]. The Pivot’s
coefficients are then adjusted in order to obtain an agreement between the numerical model
and the test results from Silva et al. [13], in terms of the envelope curve, as shown in Figure 3.

Figure 3: Experimental/analytical cyclic response of the selected RC frame from Silva et al. [13]

4.2

Characteristics of the masonry infill

The confined masonry infill is represented with two diagonal multi-linear link elements
following the Pivot hysteresis law. The parameters of the links, including Pivot coefficients
and Force-Deformation envelope definition, along with plastic hinges assigned to RC joints,
are obtained after a calibration process based on the test data available in Silva et al. [10].
Figure 4 allows evaluating the response of the masonry infilled RC frame under cyclic loading
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and verifying the agreement between the numerical model and the experimental data in terms
of force-displacement curves. The accuracy of the method is satisfactory in terms of the envelope curve, while the model is not accurate enough in terms of unloading stiffness.

Figure 4: Experimental/analytical cyclic response of the selected infilled RC frame from Silva et al. [13]

4.3

Characteristics of connections between the CLT and frame

The connections between the CLT panel and the RC frame are represented by multi-linear
plastic link elements that are governed by the Pivot hysteresis law. The force-deformation definition and Pivot’s coefficients are obtained by a calibration process based on the experimental campaign developed by Matos et al. [14]. For connection I (angle bracket AE116),
Figure 5 allows the numerical and experimental results of cyclic tests, for both lateral (a) and
uplift (b) motions, in terms of force-deformation curves. In turn, Figure 6 presents the tension
and shear response of an over strengthened connection (II), according to the experimental results obtained by Šušteršič [15]. The connections III and IV, presented in Figure 2 (c), were
tested for loads applied in horizontal and vertical directions. In this regard, Figure 7 shows the
behavior in shear for both numerical and experimental responses under cyclic loads for connections III (4.6 grade rods) and IV (8.8 grade rods).

(a) Lateral Loading
(b) Uplift Loading
Figure 5: Experimental/analytical cyclic response of the first connection I
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Figure 6: Uplift and Lateral force versus deformation in connection II [15]

(a)
(b)
Figure 7: Experimental/analytical cyclic response, (a) Connection III, (b) Connection IV

4.4

Simulation of the infilled frame strengthened by CLT

The CLT panel and connections are simulated separately in this study. The panel is discretized according to the homogenized-orthotropic-plane stress-reduced cross-section method.
The modeling approach adopted considered the three-layered panel as a single-layer shell element [17], based on reduction coefficients that result in a simplification, which requires less
computational efforts, where most of the attention must be paid to connections modeling.
Their correspondent links, divided into two sliding and uplift springs, can be distributed along
panels’ borders (beams and columns) or concentrated in four positions (corners). Considering
the latter, in which the upper and lower beams corners are linked to the panel so that the end
of connections is set to the end of beams, all springs are attributed by multi-linear plastic link
elements.
The loading pattern applied in the experimental campaign [10] followed FEMA 461 [14],
in which the displacement is applied throughout 16 steps, starting from 0.5 mm, and ending in
75 mm. Each step is repeated two times except for the first one, which is repeated six times.
The numerical study adopts the same loading pattern as the experimental work.
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5

NUMERICAL RESULTS

In this section, one can evaluate the structural responses, under cyclic loading, obtained
through the numerical modes used to represent the distinct connection schemes under study.
The behavior is evaluated in terms of base shear versus top displacement, dissipated energy,
and ductility factor.
5.1

Force-displacement response of frames

Figures 8-11 present the force-displacement responses of the bare frame, the bare frame
strengthened by CLT, infilled frame, and infilled frame strengthened by CLT, subjected to
cyclic loading considering the four CLT connections.

(a)
(b)
Figure 8: Force-displacement response considering connection I: (a) Bare frame and bare frame
strengthened by CLT; (b) Infilled frame and infilled frame strengthened by CLT

(a)
(b)
Figure 9: Force-displacement response considering connection II: (a) Bare frame and bare frame
strengthened by CLT; (b) Infilled frame and infilled frame strengthened by CLT
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(b)
(a)
Figure 10: Force-displacement response considering connection III: (a) Bare frame and bare frame
strengthened by CLT; (b) Infilled frame and infilled frame strengthened by CLT

(b)
(a)
Figure 11: Force-displacement response considering connection IV: (a) Bare frame and bare frame
strengthened by CLT; (b) Infilled frame and infilled frame strengthened by CLT

The overdesigned connection II makes 473% and 107% improvement in the maximum capacity of the bare frame and infilled frame, respectively. In this joint, unlike others, no
strength degradation is observed for both bare and infilled frame strengthened. On the other
hand, connection I has an increase of 104% and 27% in the strength capacity of the bare and
infilled frame, respectively, which seems negligible compared to connection II, while the
pinching effect as an index for evaluating energy dissipation is the same as previous. Figures
10 and 11 show the substantial ability of connections III and IV to dissipate energy, even
more than connection II, although these connectors are simpler and then cheaper than threepart connection II, indicating that more efficient joints associating seismic reliability are possible at a lower cost. Connection IV shows about 30% and 15% improvement in strength capacity for bare and infilled frames, respectively, which is not satisfactory enough based on the
differences in their rod strength. In other words, it proves that the geometry of connection,
such as plate’s thickness, number of rods and their size, makes a more contribution to modifying seismic properties of structures.
With regards to Figures 8-11, it is proved again that infills generally improve the postelastic behavior of bare frames with increasing maximum strength and dissipating more seismic energy despite the fact that the ultimate strength stays almost unchanged. Comparing the
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results of the bare frame strengthened by CLT panel and those of infilled frame, a result is that
the bare frame strengthened by CLT has higher seismic performance than the infilled frame
due to the considerable potential shown to increase the energy dissipated, the initial stiffness,
unloading and reloading stiffness, load carrying capacity, and decreasing strength/stiffness
degradation.
It should be pointed out irregular responses in two opposite loading directions, as shown in
Figure 11, due to unequal inelastic behavior in tension and compression.
In summary, Figure 12, through the backbone curves obtained from the cyclic analysis,
compares the strengthening effect of the CLT panel connected to the RC frame considering
four different connections. The comparisons are divided into two cases: bare frame (Figure 12
(a)) and masonry-infilled frame (Figure 12 (b)).

(b)
(a)
Figure 12: Pushover curves considering all connections, (a) Bare frame and bare frame strengthened by
CLT; (b) Infilled frame and infilled frame strengthened by CLT

Figure 12 shows that connection II, which presents a higher strength capacity than the remaining ones, did not achieve its post-peak strength, while other connections underwent that
region. Furthermore, connection III presented higher peak strength per rod strength in comparison with connection IV; maybe referring to that strength itself is not a priority in the seismic design of connections. It should be stated that the CLT strengthening using connection I
(AE116), which has a small contribution to the frame, has about the same peak capacity as the
infilled frame (~160 kN).
5.2

Structural ductility

Having extracted the Pushover curves from the cyclic curves, the structural ductility factor
(R), according to FEMA 2004 [23], is computed for all cases as:
R 'm / ' y

(1)

In which, Δy and Δm indicate the yield displacement and the displacement associated with
the structure's maximum shear capacity, respectively. These amounts are achieved by calculating the equivalent bilinear curve, which has the same area as the envelope curve, as shown
below.
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Figure 13: Definition of yield and maximum displacement

Therefore, all envelope curves in Figure 12 are transformed to equivalent bilinear curves,
and then the ductility factor is calculated for the bare frame, infilled frame, and infilled frame
strengthened by adding a CLT panel, considering the four selected connections (Table 1).

Bare Frame
14.29
Infilled Frame
7.04

Table 1: Structural Ductility Factor
Bare Frame Strengthened by CLT
Connection I

Connection II

Connection III

Connection IV

18.87

11.63

15.63

10.00

Connection I
15.63

Infilled Frame Strengthened by CLT
Connection II Connection III Connection IV
9.17

9.09

9.01

As shown in the above table, the infilled frame and infilled frame strengthened by CLT
have mostly a lower ductility factor than the bare frame and bare frame strengthened by CLT,
respectively, owing to failures of masonry that usually happens before the frame or connections. In addition, adding CLT led to an enhanced ductility in the infilled frame strengthened
by CLT compared to the infilled frame due to transferring a part of loading from the masonry
infill to the CLT panel. However, regarding the bare frame, adding CLT panels might not result in ductility increment, as shown in the case of the bare frame strengthened by CLT with
connection II and IV. Nevertheless, there are other definitions for ductility that may be accompanied by increasing these amounts.
5.3

Energy dissipation

In order to have better comparisons between all frames under cyclic loading, in terms of
energy dissipation, the accumulated energy versus displacement was calculated from base
shear versus top displacement (Figure 8-11) and presented in Figure 14. According to Figure
14 (a), energy dissipation of the bare frame strengthened by CLT with connections I-IV is 1.6,
4.4, 3.1, and 3.4 times higher than that of the bare frame, respectively. In addition, Figure 14
(b) shows that energy dissipation of infilled frame strengthened by CLT with connections I-IV
is respectively 1.3, 2.2, 1.9, and 2 times of infilled frame. The direct result is the seismic efficacy of CLT panels as a renovation of infilled RC frames. On the other hand, for comparing
the effect of masonry infill in dissipation, energy dissipation of infilled frame and infilled
frame strengthened with CLT with connections I-IV (Figure 14 (b)) are, respectively, 95%,
57%, 0%, 18%, and 15% larger than those of bare frame in Figure 14 (a). As a matter of fact,
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while masonry infills contribute to increasing energy dissipation of bare frames, there are not
as efficient as adding CLT panels to bare frames.

(a)
(b)
Figure 14: Accumulated dissipated energy considering all connections, (a) Bare frame and bare frame
strengthened by CLT; (b) Infilled frame and infilled frame strengthened by CLT

6

CONCLUSIONS

In the present study, the seismic resistance of masonry-infilled RC frames retrofitted with
CLT panels was evaluated. A collection of previous experimental tests on RC frame, masonry
infills and connections was considered for calibrating finite element models that comprise
four distinct connection techniques. The numerical simulations performed allowed to draw the
following remarks:
x Adding a CLT panel increases the frame's load-carrying capacity, accompanied by an
increment of the initial stiffness and post-yielding stiffness. However, in spite of the
lessening pinching effect, stiffness and strength degradation, which is widely found in
masonry-infilled frames, does not change considerably;
x Connections play a critical role in the post-yielding behavior of frames. An essential
part of energy in cyclic loading is dissipated by these joints. The simulations showed a
connection with lower load-carrying capacity and cheaper might result in better seismic behavior, mainly depending on joints' geometry;
x Regarding the ductility factor, defined by FEMA 2004, adding CLT panels does not
always result in a ductility increment for bare frames, in opposition to what was expected. However, the ductility of infilled frames might be increased by adding CLT.
x Due to the first nonlinearity and failure observed in the structure by infill, along with
the elastic behavior of CLT panels and high load-carrying capacity of connections in
the post-elastic range, it can be concluded that CLT panels make much more contribution than masonry infills to energy dissipation under cyclic loadings.
Finally, it seems clear that CLT panels can be used as a strengthening measure that improves
the seismic response of RC structures. However, it is crucial to develop connections able to
ensure accurate performance, as the existing ones were not designed for this particular application.
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Abstract. Cross-Laminated Timber (CLT) walls are used in CLT buildings to carry both
vertical and horizontal loads. The mechanical behaviour of CLT shear walls for lateral loads
is typically assumed to be governed from the base connections, which transfer the horizontal
loads from the upper storeys to the foundations. However, in a CLT building, other connection
typologies, such as the connection between shear walls and perpendicular walls, can contribute
to the mechanical performances of the CLT shear walls. This paper presents a study on the
effects of the perpendicular walls on the lateral stiffness of Cross-Laminated Timber shear
walls. An analytical model for the calculation of the lateral stiffness of CLT shear walls
connected at the base with typical hold-downs and angle brackets and to perpendicular walls
by means of wall-to-wall connections is presented. The analytical model is compared with
different models taken from the literature and validated against a numerical model developed
in SAP2000. The analytical model is used to perform a parametric study in which the geometry
and the connections are varied while different assumptions on the mechanical behaviour of the
perpendicular walls are considered. Results of the parametric analyses showed that the
perpendicular walls increase the lateral stiffness of CLT shear walls. The increase of lateral
stiffness depends on the stiffness of the wall-to-wall connections, position and assumption on
the behaviour of the perpendicular walls. Results of this study represent a basis for future
studies in which the contribution of the perpendicular walls is investigated at building level.
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1. INTRODUCTION
1.1. Background
The wooden structures sector has been growing strongly in recent decades due to a
combination of different factors, such as the sustainability of the material, the fact that the
structures are made of prefabricated elements which permit a fast erection of buildings and their
good mechanical performances in case of seismic actions. In this context, Cross-Laminated
Timber (CLT) structures play an important role that strongly contributes to the growth of the
sector.
CLT structures are realized by means of CLT panels, which are mutually connected with
metal fasteners and mechanical anchors. The Lateral Load Resisting System (LLRS) of this
structural typology is composed of the CLT shear walls, which are connected to foundations by
steel brackets, such as hold-downs and angle brackets, using small diameter fasteners like
screws and nails. The CLT panels have a stiff behaviour if compared to that of the mechanical
connections, therefore in a CLT building most of the structural flexibility is provided from the
connections, which consequently play the most important role in terms of stiffness, strength
and ductility of the structure.
The seismic performance of CLT structures has been the central topic of several
experimental research projects that were carried out on wall systems and full-scale buildings.
In Europe several experimental campaigns were performed to investigate the seismic behaviour
of CLT shear walls, see for instance [1-3]. The results of these studies showed that the layout
of connections influence the cyclic behaviour of shear walls and that the CLT panels act as rigid
bodies with low in-plane deformations. One of the largest experimental research activities on
the seismic behaviour of low-and-medium-rise CLT buildings was carried out within the SOFIE
Project [4], in which shake table tests on a three- and a seven-story CLT building were
performed. The outcomes of tests on the buildings showed that the CLT panels remained
undamaged and failures were observed only locally in joints and connections.
In CLT buildings, the lateral deformation mechanisms of the shear walls are considered
when determining their lateral stiffness and resistance. CLT shear walls subjected to lateral
loads typically deform with a combined mechanism of rocking and sliding. Regarding the
lateral resistance, a global failure mechanism related to rocking behaviour is typically observed
in CLT shear walls with a low width-to-height aspect ratios, while sliding failures occur in CLT
shear walls with high width-to-height aspect ratios [3, 5]. Regarding the lateral stiffness, several
analytical models are available in literature to calculate the shear wall lateral stiffness and some
of these analytical studies are discussed in the next sections.
Knowing the lateral stiffness of CLT shear walls is important for determining the distribution
of the lateral loads among the shear walls of CLT buildings. If a rigid behaviour can be assumed
for the floor diaphragms, the distribution of the lateral loads among the shear walls can be
assumed – in elastic analyses – proportional to their lateral stiffness. The load undertaken from
each shear wall can be then used for designing the wall base connections, unless capacity design
strategies are adopted. The overall lateral stiffness and capacity of the CLT building is therefore
calculated as the sum of the capacities of the individual shear walls, which work as an in-parallel
system.
However, the lateral stiffness of CLT shear walls can be influenced from other connections
typologies that are present in CLT buildings, such as the connections between the shear walls
and perpendicular walls, see Fig.1. Such connections can contribute to variate the lateral
stiffness of CLT shear walls and contribute mostly to the so-called box-behaviour of the CLT
buildings.
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Fig.1: Representation of a typical CLT building with shear and perpendicular walls.

1.2. Effect of perpendicular walls
The behaviour of shear walls can be influenced from the three-dimensional behaviour of the
building. In this respect, the perpendicular walls and the connections to the shear walls can play
an important role. However, the research on the effects of perpendicular walls on seismic
performance of CLT shear walls is limited.
The effects of perpendicular walls was found in several experimental campaigns on full-size
Light Frame Timber (LFT) platform buildings [6, 7]. Such effects were found also from
Popovski and Gavric [8], who investigated the three-dimensional performance of a two-story
CLT building under lateral cyclic loads. In this experimental study, uplift of the perpendicular
walls, which contributed to the overall building capacity, were detected. Such result highlighted
that perpendicular walls may act as a hold-down system and have a significant effect on the
lateral-load resistance and deformability of CLT structures. In a subsequent study [9] the same
authors calculated the building lateral capacity and found an additional contribution to the
lateral resistance given from the perpendicular walls. In the study, the authors concluded that
the influence of perpendicular walls shall be included in the analytical design of CLT shear
walls.
The influence of the perpendicular walls on the lateral stiffness and capacity of CLT
buildings was found also in analytical and numerical studies.
Shahnewaz et al.[10], presented closed-form equations to estimate the deflection of single
and coupled CLT shear walls under lateral loading considering the influence of wall-to-wall
and floor-to-wall connections. Parametric analyses showed that the presence of perpendicular
wall reduces the deflections as a function of the stiffness of the connections.
Hummel et al. [11] considered the influence of the perpendicular walls in seismic analyses
of CLT buildings, to evaluate the q-factor. From this study, it is emerged that connecting shear
walls to perpendicular walls provides an increase of the lateral resistance and of the deformation
capacity of the building.
Tamagnone et al. [12], proposed a simplified non-linear procedure for seismic design of CLT
wall systems that was validated against two- and tree-dimensional numerical models. While
acceptable accuracy was obtained in the comparison with two-dimensional numerical models,
larger errors were detected in comparisons with three-dimensional models due to the box effect
of the CLT building provided from the connection between perpendicular walls. In this study,
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the authors concluded that the box behaviour has a stiffening influence on the response of shear
walls, which decreases the sliding and rocking deformations of the shear walls.
Typically, in the practical design, the influence of the perpendicular walls on the mechanical
behaviour of CLT buildings is not taken into account. Although this approach simplifies the
seismic design procedure, from the other side it neglects the effects of the perpendicular walls
and the box behaviour of the building, which was found in several studies to be significative.
With the aim to quantify these effects, this paper proposes an analytical model for the
evaluation of the elastic horizontal stiffness of CLT shear walls connected to perpendicular
walls through wall-to-wall connections.
2. HORIZONTAL STIFFNESS OF CLT SHEAR WALLS
2.1. Analytical models from the literature
Analytical models for the design of CLT shear walls are based on the different contributions
of the shear wall deformations.
The evaluation of lateral stiffness of CLT shear walls is carried out with analytical models
that consider the kinematic behaviour of the wall. Typically, three displacement contributions
take place in CLT shear walls under lateral loads: rigid-body rotation (rocking), rigid-body
translation (sliding), and panel deformation which has a shear and a bending contribution, see
Fig.2.

(a)

(b)

(c)

(d)

Fig. 2: CLT shearwall deformation mechanisms: rocking (a), sliding (b), in plane shear deformation (c), in
plane bending deformation (d).

The total displacement of CLT shear wall,ߜ௪ , subject to a horizontal force F, can be
written as shown in equation Eq.(1):
ߜ௪ ൌ ߜ  ߜ௦ௗ  ߜீ  ߜாூ

(1)

Eq.(1) is valid for a single CLT shear wall, while in the case of multi-storey shear wall
assemblies the contribution of the cumulated rotation should be also taken into account.
Several models for calculating the horizontal displacement of a CLT shear wall, which are
based on different assumptions regarding the deformation mechanisms, are available in
literature, see for instance [3, 5, 13-15]. In the next, three of these models are discussed to report
a short state-of-the-art. The models are reported by considering the effect of the lateral loads
and neglecting the contribution of the vertical loads, as not of interest for the scope of this work.
2.1.1.
Casagrande et al. [5]
Casagrande et al. [5] presented a simplified analytical method to evaluate the horizontal
displacement of a CLT shear wall. Three deformation mechanisms are considered: rigid-body
rotation, rigid-body translation and in plane shear panel deformation. In this model, the bending
deformation of panel is neglected.
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The contribution of rocking deformation depends on the stiffness of the hold-down and on
the wall geometry, according to Eq.(2):
ߜ ൌ ቆ

݄ܨଶ
ቇ
ܭு ሺܾ߬ሻଶ

(2)

In which:
F is the horizontal force,
h is height of the CLT shear wall,
(τb) is the distance of hold-down from the point of rotation of the CLT panel,
KHD is the stiffness of the hold-down
The horizontal sliding contribution depends on the angle bracket’s stiffness, see Eq.(3):
ߜ௦ௗ ൌ

ܨ
݊ ݇

(3)

In which:
nAB is the number of angle brackets,
kAB is the stiffness of one angle bracket.
The shear panel deformation depends on the geometry and the shear modulus of the CLT
panel, see Eq.(4):
݄ܨ
ܩ் ܣ

ߜீ ൌ

(4)

In which:
GCLT and Aeff are the shear modulus and the effective shear area of the CLT panel.
2.1.2.
Hummel et al. [13]
Hummel et al. [13] proposed a method that takes into account the four deformation
contributions shown in Fig.2.
Two cases are considered for the rocking deformation: a rigid foundation (for instance,
concrete foundation) and an elastic foundation (for instance, CLT floor). While in case of rigid
foundation, the rocking contribution is the same of Eq.(2), in case of elastic foundation, the
rocking contribution is given in Eq.(5):
ߜ ൌ

݄ଶ
݈
݈  כെ ͵

ή

ʹܨ
ܭ ݈ଶ

(5)

In which KD is the stiffness of elastic foundation and l* is the distance between the centre of
rotation of the wall and the furthest hold-down and lc is the length of zone in compression. The
ா
stiffness of elastic foundation can be calculated as ܭ ൌ ௧ೞ ೞ , where bs and ts define the wall
ೞ

width and thickness, respectively, and Es is the modulus of elasticity of the elastic foundation.
The contributions due to sliding and shear deformation can be calculated with Eq.(3) and (4)
respectively.
The contribution due to the bending deformation can be calculated with Eq.(6):
ߜாூ ൌ

݄ܨଷ
͵ܧ் ܫ

In which:
ECLT and Ieff are the elastic modulus and the effective inertia of the CLT panel.
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2.1.3.
Gavric et al. [3]
The model proposed from Gavric et al. [3] takes into account the whole load-displacement
curve of the connectors and it is able to predict the entire elasto-plastic behaviour of the shear
wall, by means of a step-by-step analysis. In this paper, only the part related to elastic
displacements is presented. The difference between the model proposed from Gavric et al. [3]
and the previous two models regards the behaviour of angle brackets for tensile loads. The
analytical model from Gavric et al. [3] assumes that all wall base connections react with vertical
tensile loads.
This model considers the four shear wall deformation contributions given in Fig.2. The
lateral displacement due to rigid-body rotation is given by the rotational equilibrium
considering the tensile force in the generic connection. The contribution of rocking deformation
can be calculated with Eq.(7)
ߜ ൌ ቆ

݄ܨଶ
ቇ
σୀଵ ܭ ݔଶ

(7)

In which:
Ki and xi are the vertical stiffness and the distances from the point of rotation of the CLT
panel of the ith wall base connection.
The contributions due to sliding, shear and bending panel deformations can be calculated
with Eq.(3), (4) and (6), respectively.
2.2. CLT shear walls connected to perpendicular walls
In the next, an analytical model of laterally loaded CLT that considers the contribution of
the wall base connections and the contribution of the connection between the shear wall and the
perpendicular wall is presented. The model is defined with the aim to quantify the additional
contribution of the connection between the shear wall and the perpendicular wall on the lateral
stiffness of the shear wall.
The model, shown in Fig.3, is based on the following assumptions: only the wall-base
connections and the wall-to-wall connections between the shear wall and perpendicular wall
are considered. The monodirectional behaviour of the wall base connection is considered,
therefore hold-downs are modelled as vertical elastic springs whereas angle brackets as
horizontal elastic springs. It is assumed that the CLT walls behave as rigid bodies, hence the
deformations due to CLT panels are not taken into account.

Fig. 3: Mechanical system of CLT shear wall connected to a perpendicular wall.
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Consider the kinematic variables of the mechanical system shown in Fig.3, v and ϑ, whose
meaning is given in Fig.3 and the substitutions shown in Eq.8.
ߜ ൌ ߴ݄

(a)

ߜ௦ௗ ൌ ݒ

(b)

(8)
(9)

ߜ௦௬௦ ൌ ߴ݄  ݒ

The total potential energy principle is used for defining the equilibrium equations of the
system shown in Fig.3, with the aim to define the horizontal displacement of the model as
function of the stiffness of the connections. The total potential energy of the mechanical system
can be evaluated as the difference between the elastic energy of the system and the energy
associated to the external horizontal force, see Eq.(10).
ೢషೢ

߃௧௧

ͳ
ͳ
ͳ
ͳ
ൌ ܭ  ݒଶ  ܭு ሺߴܾሻଶ   ܭ௫ ሺ ݒ ߴݕ ሻଶ  ݊௪ି௪ ܭ௬ ሺߴܽሻଶ െ ܨሺ ݒ ߴ݄ሻ
ʹ
ʹ
ʹ
ʹ

(10)

ୀଵ

In which KAB represents the sum of the horizontal stiffness of the angle brackets, KHD
represents the vertical stiffness of the hold-down, Kx and Ky are the stiffness of the wall-to-wall
connections in the horizontal and vertical direction, respectively, and nw-w is the number of wallto-wall connections.
According to the total potential energy principle, the equilibrium condition of the mechanical
system shown in Fig.3 can be found by equating the first derivative of the total potential energy
respect to the kinematic variables of the system to zero.
ೢషೢ

∂߃௧௧
ൌ ܭ  ݒ ݊௪ି௪ ܭ௫  ݒ ܭ௫  ݕ Ԃ   ܨൌ Ͳ
∂ݒ

(11)

ୀଵ

ೢషೢ

ೢషೢ

∂߃௧௧
ൌ ܭு ܾଶ ߴ  ܭ௫  ݕଶ ߴ  ܭ௫  ݕ  ݒ ݊௪ି௪ ܭ௬ ܽଶ ߴ   ݄ܨൌ Ͳ
∂ߴ
ୀଵ

(12)

ୀଵ

Eq.(11) and Eq.(12) represent the system of two equations, one of translational equilibrium
and one of rotational equilibrium, which describe the analytical model shown in Fig.3.
ۓ
ۖ
ۖ

ೢషೢ

 ܨൌ ሺܭ  ݊௪ି௪ ܭ௫ ሻ ݒ ቌܭ௫  ݕ ቍ ߴ
ୀଵ
ೢషೢ

ೢషೢ

۔
ଶ
ଶ
ଶ
ۖ
ۖ ݄ܨൌ ቌܭ௫  ݕ ቍ  ݒ ቌܭு ܾ  ܭ௫  ݕ  ݊௪ି௪ ܭ௬ ܽ ቍ ߴ
ୀଵ
ୀଵ
ە

(13)

2.3. Comparison of elastic stiffness matrix
The different wall displacement contributions described in the previous sections represent
equilibrium equations of different elastic systems. On this basis, the displacement contributions
of the CLT wall system can be written in the form shown in Eq.(14).
ሼࡲሽ ൌ ሾࡷሿ ή ሼࢾሽ

(14)

In which F is the vector of the forces, K is the elastic stiffness matrix of the system and δ is
the vector of the displacements.
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The analytical model of Casagrande et al. [5], described in section 2.1.1, can be written as
shown in Eq.(15).
ቄ

݊ ݇
ܨ
ቅൌ
Ͳ
݄ܨ

Ͳ
ݒ
ଶ ଶ ൨ ቄߴ ቅ
ܭு ߬ ܾ

(15)

The analytical model of Hummel et al. [13] can be written as in Eq.(15) in case of rigid
foundation, whereas in case of elastic foundation can be written as shown in Eq.(16).
݊ ݇

Ͳ

ݒ
݈ ൩ ቄ ቅ
ͳ
(16)
ଶ כ
ܭ ݈ ൬݈ െ ൰ ߴ
Ͳ
͵
ʹ
The analytical model of Gavric et al. [3], described in section 2.1.3, can be written as shown
in Eq.(17).
ܨ
ቄ ቅൌ
݄ܨ

݊ܤܣ݇ ܤܣ
ܨ
ቄ ቅൌ൦
݄ܨ

Ͳ


 ܭ ݔଶ

Ͳ

ݒ
൪ቄ ቅ
ߴ

(17)

ୀଵ

The analytical model presented in this work, described at the Section 2.2, can be written as
shown in Eq.(18).
ೢషೢ

ۍ
ې
ቌܭ௫  ݕ ቍ
ێሺܭ  ݊௪ି௪ ܭ௫ ሻ
ۑ
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ێ
ݒ ۑ
ܨ
ቄ ቅൌێ
 ۑቄߴቅ
ೢషೢ
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ێ
ۑ
ቌܭு ܾଶ  ܭ௫  ݕଶ  ݊௪ି௪ ܭ௬ ܽଶ ቍۑ
 ێቌܭ௫  ݕ ቍ
ୀଵ
ୀଵ
ۏ
ے

(18)

It is possible to observe that, the equations (15) to (17) describe diagonal matrices, in which
sliding and rocking of a single shear wall are independent. In these cases, the stiffness of rocking
(Krocking) and the stiffness of sliding (Ksliding) depend on terms in the diagonal of the stiffness
matrix.
The new model of shear wall with wall-to-wall connections given in Eq.(18) describes an
elastic stiffness matrix in which sliding and rocking are mutually influenced. Shear wall
connected to perpendicular wall model constitute a system, which is statically indeterminate,
differently from the shear wall models without wall-to-wall connections between perpendicular
walls.
From the resolution of the system described with Eq.(18), it is possible to obtain the
horizontal contribution of deformation due to rocking (δrocking), see Eq.8(a), and sliding (δsliding),
see Eq.8(b), which depend on the stiffness of hold-down, angle brackets and wall-to-wall
connections. As consequence, the rocking stiffness (Krocking) and the sliding stiffness (Ksliding)
of the system depend on hold-down, angle brackets and wall-to-wall connections, and can be
calculated with Eq.19(a) and (b).
ܭ ൌ

ܭ௦ௗ ൌ

ܨ

(a)

ߜ
ܨ

(b)

(19)

ߜ௦ௗ

Since the CLT walls deform under lateral load as an in-series system, the overall stiffness of
the system can be calculated with Eq.(20). According to Casagrande et al. [5], Eq.(20) can

2343

E. Ruggeri, G. D’Arenzo, M. Fossetti and W. Seim
schematized as shown in Figure 4(a) in the case of shear wall without the wall-to-wall
connections. Considering the effect of the wall-to-wall connections the system can be modified
as shown in Figure 4(b), from which is possible to observe that the sliding and rocking stiffness
continue to work as in-series system. However in this case, the mutual influence of the
connections system contribute to increase their magnitude working as an internal in-parallel
system.
ܭ௦௬௦ ൌ ቆ

ͳ
ܭ



ͳ
ܭ௦ௗ

(a)

ିଵ

(20)

ቇ

(b)

Fig. 4: Scheme of two elastic in-series springs for single shear wall (a) and for shear wall connected to
perpendicular wall (b).

The horizontal elastic displacement of the CLT shear wall can be calculated as function of
the overall stiffness of the system as shown in Eq.(21):
ߜ௦௬௦ ൌ

ܨ
ܭ௦௬௦

(21)

3. NUMERICAL MODEL
To validate the correctness of the analytical model presented in the previous section, an
analogous numerical model of CLT shear wall anchored with wall base and wall-to-wall
connections is presented in this section. The numerical model, developed in the FE software
SAP2000 [16], is a two-dimensional model composed of shell elements and elastic springs, see
Fig.5.
To simulate the assumption of wall panel rigid behaviour, the CLT panel was modelled as
isotropic shell element from SAP2000 library with a high elastic modulus equal to
200.000 MPa. Analogously to the analytical model, hold-downs and angle brackets were
considered effective along their primary direction. Hold-downs were modelled as 1-joint
vertical elastic springs connected to the tense side of the wall end. Angle brackets were
modelled as a unique lumped 1-joint horizontal elastic springs connected to the wall end. The
compressed corner of the CLT shear wall was modelled with a vertical support that allowed
horizontal translation and rotation. The wall-to-wall connections were modelled with a series
of 1-joint elastic springs acting in the vertical and horizontal direction, z and x according to
Fig.5.

2344

E. Ruggeri, G. D’Arenzo, M. Fossetti and W. Seim

Fig. 5: FEM model of CLT shear wall and connections.

The values of stiffness of the elastic springs representing the different CLT connections were
taken from experimental campaigns from the literature. Such values and the wall geometries
are given in the next section, in which a parametric analysis is presented with the aim to check
the correctness of the analytical model and to investigate the stiffening effect of the wall-towall connections in different geometrical and mechanical conditions.
4. PARAMETRIC ANALYSIS
The analytical model presented in section 2.2 and the numerical model presented in the
previous sections are used in this chapter to perform a parametric analysis in which different
geometrical and mechanical properties of CLT walls are considered.
Since the lateral behaviour of a CLT shear wall strongly depends on the wall aspect ratio
three different wall aspect ratio equal to b/h=0.5, b/h=1.0 and b/h=1.5 were analysed in the
parametric analysis, see Fig.6.

(a)

(b)

(c)

Fig. 6: Aspect ratio of the shear walls: b/h=0.5 (a), b/h=1 (b) and b/h=1.5 (c).

The parametric analysis was carried out by considering mechanical properties of wall base
connections based on experimental results from Gavric et al. [3]. In this study, hold-downs with
twelve 4×60 mm nails, and angle brackets with eleven 4×60 mm nails were tested under tension
and shear loads, respectively. Based on these experimental results, the values of stiffness of
hold-downs and one angle bracket used in the parametric analysis were set equal to 4.59 kN/mm
and 1.96 kN/mm, respectively. As shown in Fig.6, one, two and three angle brackets were
considered for the three different wall aspect ratios b/h=0.5, b/h=1.0 and b/h=1.5, respectively.
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The stiffness of the wall-to-wall connections was assigned based on experimental results
from [17], in which wall-to-wall connections between perpendicular walls with self-tapping
screws 10×180 mm, installed with an inclination of 90° respect to the plane of the shear wall,
were tested. A stiffness equal to 1.53 kN/mm was considered for the wall-to-wall connections
in both vertical and horizontal direction. The spacing between each connection was set equal to
300 mm that for a wall height of 3 m led to a number of wall-to-wall connections equal to nww=10.
As shown in Fig.1, perpendicular walls can be connected to shear walls in different positions.
Such positions can differently influence the mechanical behaviour of the shear wall. To
evaluate such aspect, three different position of the wall-to-wall connections were considered
in this study, as shown in Fig.7:
i.
Perpendicular wall on tense side of the shear wall,
ii.
Perpendicular wall on central side of the shear wall,
iii.
Perpendicular wall on compressed side of the shear wall.

(i)

(ii)

(iii)

Fig. 7: Position of perpendicular wall respect to shear wall: tense side (i), central side (ii) and compressed
side (iii).

It should be mentioned that the stiffening contribution of the perpendicular walls on the
lateral stiffness of the shear wall depends on the wall-to-wall connections as well as on the
stiffness of the wall base connections of the perpendicular wall. From Fig.8(a), it is possible to
observe that the rocking mechanism of the shear wall is influenced from the vertical stiffness
of the wall-to-wall connections and on the vertical stiffness of the hold-downs of the
perpendicular wall. On the other hand, the sliding mechanism is differently influenced from the
perpendicular walls, which cannot undertake the horizontal load of the wall-to-wall connections
since their wall base connections mostly have a hinge behaviour in the direction out of the
plane, which do not permit the transfer of such forces, see Fig.8(b). To investigate such aspects,
the parametric analysis was performed in three different conditions:
iv.
v.
vi.

Both vertical and horizontal stiffness considered with Ky=Kx=1.53 kN/mm;
Only the vertical stiffness considered with Ky=1.53 kN/mm and Kx=0;
Only the vertical stiffness considered with Ky=0.35 kN/mm and Kx=0;

While the condition iv is representative of the potential condition in which the lateral load
can be transfer to the perpendicular wall by means of both rocking and sliding mechanism, the
conditions v and vi represent the realistic conditions in which only the rocking mechanism
contributes to transfer the lateral load to the perpendicular walls. The condition v represents the
case of perpendicular wall connected at the base with highly rigid hold-downs whereas in the
condition vi represents the case of perpendicular wall connected at the base with flexible hold-
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downs. In the case vi the stiffness Ky is calculated assuming an in-series behaviour of wall-towall connections and hold-down of the perpendicular wall.
The parameters used for the parametric analyses are summarized in Table 1.

(a)

(b)

Fig. 8: Rocking (a) and sliding (b) mechanism of shear wall connected to perpendicular wall.

Perp. wall
Position

h

h/b

KHD

KAB

Ky

Kx

nw-w

[m]

[-]

[kN/mm]

[kN/mm]

[kN/mm]

[kN/mm]

[-]

1.96

1.53(iv,v)

1.53(iv)

3.92

0.35(vi)

0(v,vi)

Tense side
Central side
Compressed
side

0.5
3

1.0
1.5

4.59

5.88

10

Tab. 1: Parameters used for the parametric analyses.

5. RESULTS AND DISCUSSION
To evaluate the influence of the wall-to-wall connection on the lateral stiffness of the shear
walls, the parametric analysis was carried out considering the conditions given in Table 1 and
the benchmark condition in which the wall-to-wall connections are not considered. Such
analyses were performed by using the equations of the analytical model given in Section 2.2
and the numerical model presented in Section 3. Results in terms of wall stiffness from the
analytical and numerical models showed differences smaller than 1% for all the conditions
analysed.
The results of parametric analysis are reported in Fig.9, Fig.10 and Fig.11, for the cases iv,
v and vi described in the previous section, respectively. The figures show graphs organized in
matrix form representing the different wall aspect ratios and perpendicular wall positions. Each
graph reports the lateral stiffness and the rocking and sliding displacement contributions of the
shear wall. The rocking and sliding displacement contributions were calculated as the ratio
between the rocking and sliding displacement, calculated from Eq.8(a) and (b), and the total
displacement, calculated from Eq.9.
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Aspect ratio shear walls
1.0

1.5

Compressed side

Central side

Tense side

0.5

Fig. 9: Results of parametric analysis for the case iv.

It is possible to observe that there is an increase of the lateral stiffness in all cases analysed,
due to the effect of the wall-to-wall connections. Such effect is always larger in the case of the
perpendicular wall is anchored to the tense side of the shear wall and reduces as the
perpendicular wall is moved toward the compressed side of the shear wall. The highest
increases of stiffness are observed for wall aspect ratios equal to b/h=0.5 and such stiffening
effect decreases as the wall aspect ratio b/h increases.
In the case iv, in which the shear walls can potentially transfer both uplift and lateral forces
to the perpendicular walls, the highest increases of stiffness are observed. In this case, increases
of the lateral stiffness up to 14 times respect to the case without the wall-to-wall connections
can be observed. The results in terms of increase of lateral stiffness of the case iv show the
potential effect of the wall-to-wall connections on the stiffness of the shear wall.
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Aspect ratio shear walls
1.0

1.5

Compressed side

Central side

Tense side

0.5

Fig. 10: Results of parametric analysis for the case v.

In the case v, in which the shear walls transfer only uplift forces to the perpendicular walls
and the latter are anchored with stiff hold-downs, great reductions of the increase of lateral
stiffness in comparison to the case iv are observed. In this case, increases of the lateral stiffness
up to 2 times respect to the case without the wall-to-wall connections can be observed. Such
result is due to the absence of the stiffening contribution for the sliding mechanism, which
consequently become the predominant deformation mechanism. Such aspect can be observed
also from the deformation mechanism contributions: in the cases where there are the highest
increases of lateral stiffness there are also the greatest change in the deformation mechanisms
of the shear wall.
In the case vi, in which the shear walls transfer only uplift forces to the perpendicular walls
and the latter are anchored with flexible hold-downs, further reductions of the increase of lateral
stiffness in comparison to the case v are observed. In this case, increases of the lateral stiffness
up to 1.4 times respect to the case without the wall-to-wall connections can be observed.
In both cases v and vi, it is interesting to note the when the perpendicular wall is placed on
the compressed side of the shear wall, none increase of stiffness is detected.
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Aspect ratio shear walls
1.0

1.5

Compressed side

Central side

Tense side

0.5

Fig. 11: Results of parametric analysis for the case vi.

CONCLUSIONS
In this paper, a study on the effect of the perpendicular walls on the lateral stiffness of CLT
shear walls is presented. A new analytical model capable of calculating the stiffness of CLT
shear walls connected to perpendicular walls through wall-to-wall connections is presented.
The new analytical model is compared with several analytical models taken from the literature
and the differences among the models are described through their stiffness matrices.
The analytical model was validated against numerical models developed in SAP2000 and
used to perform a parametric analysis in which different wall geometries, anchoring
configurations, position of the perpendicular walls and assumptions of the load transfer from
the shear wall to the perpendicular walls were considered. The results of the parametric analysis
showed that considering the effect of the perpendicular walls increase the lateral stiffness of the
shear walls and modifies the contributions of rocking and sliding displacement of the shear
walls in comparison to the cases in which the perpendicular walls are not taken into account. It
was also shown that stiffening effect of the perpendicular walls strongly depends on the
capability of their wall base connections to undertake the uplift and out-of-the-plane forces
transferred from the shear walls. With current connection technologies available on the market,
the perpendicular walls can contribute to increase up two times the lateral stiffness of shear
walls.
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Future studies of the authors will focus on the contribution of the perpendicular walls on the
lateral capacity and ductility of the shear walls and on the effects of the box-behaviour at
building level.
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Abstract
This paper deals with the conception, the experimental and numerical characterization of an
innovative post-tensioned CLT wall system equipped with external and replaceable hysteretic
devices. The cyclic behavior of the post-tensioned walls was firstly investigated at the mechanical laboratory of CIRI-EC of University of Bologna by means of experimental tests on single
component of the structural system and on the full-scale post-tensioned CLT walls prototypes.
Results from experimental tests demonstrate the capability of the conceived post-tensioned wall
systems to withstand significant drift without damage on the main timber and steel components.
A good dissipative capacity of the wall configurations equipped with dissipaters was also observed. A nonlinear Finite Element model capable of reproducing the wall system hysteretic
behavior was developed in the OpenSees framework. Implemented FE numerical model demonstrated a good capability of reproducing the experimental response.
Keywords: CLT walls, Experimental test, Hysteretic devices, Numerical Model, Post-tension
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1

INTRODUCTION

The growing diffusion of timber buildings in seismic areas drawn the scientific community's
attention to this kind of structures[1–4], leading to the conception of structural solutions able to
preserve the buildings after a seismic event. To this aim, low damage post-tensioned technologies were introduced [5–8], which entrust the horizontal load to rocking dissipative timber
walls. The rocking behavior is mainly controlled by PT (Post-Tensioned) bars positioned into
cavities in the walls, fixed at the base and connected at the top of the wall, that control the recentering of the system. The dissipative contribution is devoted to hysteretic dampers, simply
replaceable after a seismic event, connecting the base wall to the foundation [9,10] or adjacent
timber elements along elevation [10,11]. This paper deals with the experimental characterization, and numerical investigation of an innovative post-tensioned CLT wall system, equipped
with external and replaceable hysteretic dampers. The investigated wall system was conceived
referring to previous experience on GluLam and LVL post-tensioned technology available in
literature [5,6,12] and then improved adapting the system to the use of CLT panel [7,8] and
external replaceable hysteretic dampers [9].
The cyclic behaviour of the post-tensioned walls was investigated at the mechanical laboratory
of CIRI-EC of University of Bologna by means of experimental tests on a single component of
the structural system and on the full-scale post-tensioned CLT walls prototypes. Results from
experimental tests demonstrated the capability of the conceived post-tensioned wall system to
withstand significant drift without damage to the timber elements. A good dissipative capacity
was also observed, mainly due to the entering into the plastic field of the dampers, which result
severely damaged and easily replaceable.
A nonlinear Finite Element model capable of reproducing the wall system cyclic behaviour was
developed in the OpenSees framework. The implemented FE numerical model demonstrated a
good capability to reproduce the experimental response, resulting in an efficient tool for simulating the response of the entire building realized using the developed technology.
2

EXPERIMENTAL CAMPAIGN

The analyzed configuration is characterized by a single dissipative rocking wall connected to
GluLam boundary columns. The GluLam columns are assumed to be part of a timber frame
aiming to resist to vertical loads, while the CLT PT-wall system preserves the building against
the horizontal action. The boundary columns were thought to be connected to the inter-floor
beams, to avoids their direct connection with the rocking wall, that could lead to vertical displacements incompatible with the diaphragm system, as suggested by previous authors [12].
The rocking behavior is entrusted to the PT-bar and the dissipative contribution is devoted to
hysteretic dampers. In particular, two pairs of dampers are placed along the base of the wall,
working predominantly in the axial direction (axial dampers), and two pairs of dampers are
positioned at the wall/column interfaces, working predominantly in the transversal direction
(shear dampers). In addition, a post-tensioned only configuration (with no dampers) was considered, to highlight the dissipative and resistant contribution of the dampers. The PT-bars are
also positioned in columns to simulate the presence of axial load.
The adopted hysteretic dampers are the so-called X-brackets [10,13], which was conceived to
be employed both as axial and shear dampers. At the component level, tests were conducted to
characterize the connection system developed for the fastening of the hysteretic dampers to the
CLT panel adopting a superficial FRP reinforcement [14]. Results demonstrated the effectiveness of the fasting system, especially with regard to the replaceability of the hysteretic dampers.
At the system level, the single wall configuration with boundary columns was considered with
an initial post-tension load of 350 kN. Figure 1 reports the test setup, the sample's geometry,
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and the cyclic protocol used to impose the top displacement to the wall, evaluated according to
UNI EN 12512 [15], reaching 1.5% drift. The CLT panel was realized with C24 wood layers,
while the initial PT (Post-Tensioned)- Force was conferred through a dywidag steel bar
(“www.dywidag-systems.com/emea”) of 32 mm, characterized by a modulus of elasticity of
205 GPa and a yielding stress of 950 MPa. In addition, the X-Brackets are characterized by
steel S275 and a thickness of 8 mm.
The horizontal cyclic displacement was applied to the system by means of an hydraulic actuator
with a capacity of 1000 kN, positioned at 3.1 from the wall base, while the initial PT force was
applied to the PT-bars by means of a hydraulick jack. Furtermore, the horizontal loads were
measured during the test togheter with the PT forces. These records are essential for the reconstruction of the global responce of the system. Moreover, in order to obtain information on the
local responce of the system, Linear Variable Displacement Transducers (LVDTs) were employed to measure displacements in crucial points of the system, as shown in Figure 1. In particular, one LVDT was positioned in correspondence of the actuator, to record the
displacements imposed to the system; two LVDTs measured the slip between the wall and the
steel foundation; eight LVDTs measured the base uplifts of the wall and columns, in order to
derive the neutral axis dephts; two LVDTs measured the vertical slip between column to wall
interfaces.

Figure 1: Column-wall-column test setup and adopted load protocol.

At tile of example, Figure 2 (a) show the view of the PT configuration equipped with both axial
dampers (framed in red) and shear dampers (framed in blue). In Figure 2(b), global results in
terms horizontal load/ drift curves are shows for the PT configuration (red) and for the PT configuration with dampers (blue). The two curves show an almost bilinear trend, more evident for
the PT configuration, which transition point represents the drift at which the PT bar in the wall
starts to deform. From the comparison between the two curves, it clearly emerges the contribution of dampers in terms of energy dissipation and strength, appreciable through the amplitude
of the cycles and the horizontal load values reached with the same drift, respectively.
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Figure 2: (a) View of the setup and (b) Experimental Horizontal load - Drift curves.

3

EXPERIMENTAL AND NUMERICAL RESULTS

In order to design, and then to simulate, the experimental campaign, a non-linear numerical
model was developed in the OpesSees frame work[17]. The model took into account both geometrical and material non-linearities, the former due to the rocking behaviour of the system,
and the latter due to the presence of axial and shear dampers. In particular, the behaviour of
axial and shear dampers were calibrated on the base of experimental results obtained on the
single components.
In this section, the main results of the experimental campaign are shown, compared with outputs
of the numerical simulations. In particular, results obtained for the PT configuration (no dampers) and for the PT configuration equipped with axial and shear dampers are shown. Figure 3(a)
and (b) report the horizontal load/ drift curves for the PT configuration and for the PT configuration equipped with dampers, respectively, highlighting their benefits in terms of energy dissipation and strength. The comparison between experimental and numerical results shows a
good agreement in terms of initial stiffness, strength and cyclic behaviour. However, a slight
underestimation of the cyclic behavior can be observed in the numerical simulations, mainly
due to some frictional dissipation neglected in the numerical model.
The good agreement between experimental and numerical results is also confirmed by comparing the local behavior of the system, particularly on the wall uplifts measured along the base at
the height of 20 cm shown in Figure 4. Furthermore, this plot helps to understand the behavior
of the PT-bars, which, during the wall rocking, was subjected to elongation, and so to a PTforce increase, to accommodate the kinematic of the system. Figure 5 (a) shows the comparison
between the experimental and numerical column to wall vertical slip versus drift, in which the
left column, the wall and the right column are denoted as C1, W and C2, respectively. This
comparison show a good agreement between results, even if the numerical model slightly overestimated vertical slips. These results are of particular interest, since the dissipative contribution
of the shear dampers maily depends on the colum to wall vertical slip; it is therefore possible
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to find information on the behavior of dampers even if it is not directly investigated from an
experimental point of view. In this regard it is also useful to analyze some results carried out
by the numerical model: as an example, the Figure 5 (b) shows numerical vertical slip/ shear
force curves of the pair of shear dampers connecting the left column with the wall. In particular,
it is evident that the shear dampers work in the plastic field ensuring a strong contribution in
terms of energy dissipation; furthermore, it was predominantly exploited in one direction. In
fact, due to the rocking behavior, when the system is pulled, the vertical slips between the left
column and the wall is reduced, due to the limited width of the column, compared to that observed when it is pushed. The opposite is observed for the vertical slips between the wall and
the right column.
PT configuration

PT configuration with dampers
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Figure 3: Horizontal Load-Drift curves: (a) PT configuration; (b) PT configuration with dampers.
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Figure 4: Base vertical uplifts: PT configuration.
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Figure 5: (a) Vertical slip/ Drift curves for the PT configuration with damper; (b) numerical vertical slip/ dampers’ shear force.

CONCLUSIONS
Results of an experimental campaign on post-tensioned CLT wall system equipped with external and replaceable hysteretic devices were reported in this paper, demonstrating the capability
of the developed system to withstand significant drift, until 1.5%, without damage in the structural timber elements and the principal connection systems. Moreover, a good dissipative capacity of the wall configuration equipped with both axial and shear dampers was observed, and
the replaceability of the hysteretic dampers was also proved during the experimental campaign.
Furthermore, a numerical model was specifically developed to predict the response of the proposed systems', considering the geometric and material non-linearities mainly due to the wall
rocking behavior and to the hysteretic dampers. The proposed numerical model demonstrated
a good capability of reproducing the experimental response both at global and local levels, and
the ability to provide reliable prediction on behaviors not directly investigated during the experimental tests on the PT-wall system, such as the response of the hysteretic dampers. Therefore, it can be employed for the modelling of similar PT-wall systems supporting the design
phase.
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Abstract
For the design of dissipative heavy timber frame structures, in the context of modern seismic
design approach based on the mechanical triad of strength, stiffness and ductility, brittle timber failure modes can be avoided by integrating hybrid timber-steel system into modern timber connection technology. Thus, the overall seismic performance of timber structures can be
improved, entrusting the dissipation function to ad hoc conceived devices, like steel links.
With reference to the structural type of Moment Resisting Frames (MRF), steel links located
at the ends of the beams are able to provide a significant dissipative capacity, by means of
cycles of plastic deformations, while timber members and steel connections, to be designed
with an adequate overstrength as respect to the link, behave in elastic field.
In this regards, the paper presents the capacity design and the mechanical characterization
through monotonic numerical analyses of two different timber beam-to-column joint with
steel link for MRF structures, consisting of a timber beam and a steel link connected each
other by means of a stiffened end-plate and glued-in steel rods.
The proposed design criteria of the joint are validated through the evaluation of performance,
by means of nonlinear pushover analyses on the joint refined FEM models, in terms of key
parameters, such as ultimate resistance, stiffness, rotation capacity and failure modes. The
numerical results confirm the plastic deformation of the link, which large dissipative capacity
of the joint corresponds to.
Keywords: Seismic resistant timber structures, beam-to-column joints for dissipative timber
moment resisting frames, steel link, component method for timber joints, capacity design for
timber structures, FEM analysis of beam-to column joints for timber MRFs.
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1

INTRODUCTION

Toward the dissipative seismic resistant timber structures design, steps must be taken to
overcome the seismic deficiencies related to the inherent fragility of wood. Since timber is a
material with an elastic-fragile behavior, in the present anti-seismic regulations, such as in
Europe the Eurocode 8 [1], it is indicated that the joints could dissipate through the plastic
deformations of metallic connectors. However, joints are structural elements with an important role in bearing the design loads. In view of the development of heavy timber seismic
resistant structures, in the context of modern seismic design approach based on the mechanical triad of strength, stiffness and ductility, the dissipative capabilities should be delegated to
specific devices [2]. In fact, by integrating modern steel connection technology into timber
system, brittle wood failure modes can be avoided and the overall seismic performance of
timber structures can be improved. Some recent research has focused on the development of
hybrid timber-steel, instead of relying on an all-timber structure, showing good potential for
improving the behaviour of seismic resistant timber structures [2-4]. Very efficient solutions
are steel links, to be located in timber members depending on the seismic resistant structural
type, which are able to provide a significant dissipative capacity, by means of cycles of deformations in plastic field, if designed with adequate strength, stiffness and ductility.
It is therefore possible to take advantage of the knowhow on steel constructions related to
the seismic design criteria, according to the approach based on the ductile and dissipation requirements (capacity design), adopting necessary adaptations corresponding to the peculiarities of timber, which should be based on the calibration of the fundamental parameters. With
reference to the structural types of Moment Resisting Frames (MRF), steel links located at the
ends of the beams [5-12] have the function of ductile fuses, where the plastic hinge in bending
is concentrated, while the timber members should be designed with an adequate overstrength,
to remain in elastic field. Recently Montuori and Sagarese [9] have applied the steel reduced
beam sections, commonly proposed for steel MR frames [10, 11], to timber beams.
The crucial aspect is the design of joints. In timber structures engineering this issue is certainly innovative, it requiring a significant detailed study aimed at characterizing the mechanical behavior of connections in terms of stiffness, strength and ductility.
In this regards the paper focuses on the design of two beam to column timber joints, with
the same configuration, equipped with different steel links, for dissipative heavy timber MRF.
It illustrates a part of a wider study, including both numerical and experimental investigations
on either joints or whole structural systems.
The joints are designed through the capacity design approach, by applying the component
method, with the aim to allow the plastic hinge formation in the steel links, while the timber
member and the connections are designed to remain elastic, with adequate overstrength.
The mechanical characterization of the joints is carried out through monotonic numerical
analyses, on refined FE models, already calibrated upon past experimental tests [8], by means
of the structural calculation program ABAQUS FEA (2019). As a result, the numerical F-u
(vertical force-displacement) and M-ș (bending moment-rotation) curves obtained are compared to evaluate the capabilities of the joints and the adequacy of the proposed design criteria.
2
2.1

DISSIPATIVE JOINTS DESIGN
Design criteria of the joint

The detail of the configuration of the beam-to-column joint with steel link under study is
shown in Figure 1a. In particular the steel link is connected to the timber members by means
of bolted endplates stiffened by triangular plates. The capacity design is applied on two levels
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[12]: for macro-components, they being timber beam and column, steel link, connection between link and timber members, so that timber members and connections have an over
strength as respect to the steel link; for sub-components, they being timber members, steel
link, connection elements, such as, end-plate, stiffeners and steel bars, imposing a collapse
hierarchy of components for achieving an overall ductile failure of the joint (Fig. 1).

Figure 1: a) Identification of the joint components; b) the reference joint [mm; 12].

With regards to the capacity design for macro-components, the dissipative link should be
designed in order to achieve a pure bending behavior, so that the full plastic bending resistance and the rotation capacity of the dissipative link should be not affected by axial and
shear forces (Eurocode 3 (EC3) part 1-1[13]. At the same time, the link cross sections should
have high ductility, according to EC8 [1]. For non-dissipative elements, such as timber beams
and columns, the capacity design criterion should be satisfied, according to EC8 [1].
With regards to the capacity design for sub-components, according to the component
method (EC3 part 1-8 [13]) the joint is assumed as an assembly of components, whose mechanical behavior is studied separately, taking into consideration the contribution of each one
in terms of strength, stiffness and rotation. The link to column connection is assumed as rigid.
The design bending resistance of the joint is determined as it follows [12]:
Mi,Rd = Fi,Rd · z

(1)

where z is the lever arm of the resistant bending moment (Fig. 2) and Fi,Rd is the resistance
of the weakest joint component, such as the smallest value among the following ones, where
the stiffened endplate is studied as an equivalent T-stub (Fig. 2b, c; EC3 part 1-8 [13]).

a) Stiffened endplate joint

b) T-Stub in tension

c) T-Stub in compression

Figure 2: Joint models [13].

For the T-stub in tension (Fig. 2b), Ft,T-stub,Rd is the minimum contribution provided by the
following possible failure modes (EC3 part 1-8 [13]: 1) complete yielding of the flange; 2)
bars failure with yielding of the flange in presence of prying forces; 3) bar failure in tension.
For the T-stub in compression (Fig. 2c; EC3 part 1-8 [13], Fc,T-stub,Rd is evaluated with reference to an effective compression area, assuming the compression centre (cp) approximately
located at the centroid of the T section identified by the stiffener and the steel link flange.
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For the steel stiffeners, Fs,Rd is determined through the equivalent truss model [14], which
defines the equivalent strut area of the stiffener, with a possible yielding failure mode.
For the glued-in steel bars in tension (pull-out; CNR-DT 206 R1/2018 [15]), Fax,Rd is evaluated with reference to the following possible failure modes: a) bar failure in tension; b) failure for debonding at the adhesive to timber interface; c) failure of timber in tension; d) failure
of timber for splitting in the bar direction. The latter can be avoided by respecting the minimum distances from the edge and minimum spaces between the glued bars in tension [15].
2.2

The joints studied

The reference joint [12] is shown in Figure 1b. New link devices are here adopted, such as
HE100A (Fig. 3a) and IPE100 (Fig. 3b) steel profiles. The hierarchy resistance criteria are
applied to design the joints components (timber beam, end-plate, stiffeners, bars). Definitely
the two study joints have the features shown in Figure 3, they also differ for the endplates
thickness, they being 20 and 15 mm thick, respectively. Material grades are given in Figure 4.
In Table 3 the results of the joints design are presented. The outputs are provided for the
joint components in terms of design resistance Fi,Rd, bending resistance Mi,Rd (eq. 1) and overstrength (OSi), evaluated as the ratio Mi,Rd/Ml,pl,Rd, where Ml,pl,Rd is the bending design resistance of the link. It is apparent that the dissipative link is the first component to reach the
elastic limit (yielding). Moreover the overstrength coefficient of the timber beam as respect to
the link is larger for the IPE100 device and the collapse hierarchy changes for the two cases.

Figure 3: Geometrical features: a) HE100A and b) IPE100 joints.

HE100A
Collapse hierarchy
Link yielding
Pull-out (Mode d)
Stiffners yielding
Pull-out (Mode c)
T-stub in tension (Mode 1)
T-stub in compression
Bar failure in tension
Timber beam in bending

Fi,Rd
[kN]
/
137
183
208
219
220
226
/

Mi,Rd
[kNm]
26
27
35
40
42
42
43
50

OSi
[%]
1,00
1,04
1,35
1,53
1,61
1,62
1,66
1,95

IPE100
Collapse hierarchy

Fi,Rd
[kN]
Link yielding
/
Stiffners yielding
89
T-stub in tension (Mode 1) 132
Pull-out (Mode d)
137
T-stub in compression
165
Pull-out (Mode c)
208
Bar failure in tension
226
Timber beam in bending
/

Mi,Rd
[kNm]
12
17
26
27
32
40
43
50

OSi
[%]
1
1,43
2,12
2,19
2,64
3,39
3,62
4,16

Table 3: Study joints: collapse hierarchy, design force (Fi,Rd) and bending resistance (Mi,Rd), over-strength (OSi).

3

MECHANICAL CHARACTERIZATION OF THE JOINTS

3.1

Monotonic numerical analysis

The mechanical behavior of the HE100A and IPE100 joints is examined through a mono-
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tonic nonlinear numerical analysis through the software ABAQUS FEA (2019). The implicit
dynamic analysis is performed applying a load history in displacement control. The displacement is imposed at the end of the cantilever beam, with increment of 20mm up to collapse,
corresponding to the test speed of 0,2 mm/s [16]. The F-u and M-ș curves are drawn to evaluate the global and local behavior of the joints. In particular, the bending moment at the joint
(M) and the corresponding rotation (ș) are evaluated at the mid section of the link; the displacement (u) in z-direction is evaluated at the applied force (F) section (Fig. 4a).
Component Beam
Timber
Material
GL24h
U [N/mm3] 3,80 e-6
E0=390
E [MPa]
E90=11600
ıel [MPa]
24
ıu [MPa]
/
İu [MPa]
/

Bars
10.9

End-Plates Link
Steel
S275
S355
7,85 e-5
210000

900
275
1000 430
0,178 0,376

255
510
0,261

Figure 4: a) Geometric model and performance parameters of the joint; b) Materials features: density (U), elastic
modulus (E), elastic (ıel) and ultimate resistance (ıu) resistance, elastic (İel) and ultimate (İu) strains.

With regard to the material models, timber is assumed with an elastic fragile behavior,
while for end-plate, bolts and link steels an isotropic hardening model is adopted, according to
EC3 part 1-1 ([13] Fig. 4b), and true stress-true strain equations.
In Figure 5 the Force-displacement (F-u) and Moment-rotation (M-ș) curves of the
HE100A and IPE100 joints are presented and compared. Specific performance points are evidenced, corresponding to the link yielding (PY), full plasticization (PP) and ultimate strength
(PC), as collapse condition and the end of the numerical analysis, it corresponding to the buckling of the link web (HE100A) or flange (IPE100).

Figure 5: F-u and M-ș curves; performance points: Y-yielding, P- plasticization, C- collapse.

It is observed that the HE100A joint has greater stiffness, strength and ductility as respect
to the IPE100 joint thanks to the link steel profile and the larger end-plate thickness. In both
joints the plastic deformation of the link occurs, achieving the formation of the plastic hinge.
3.2

Analysis of results

The stress distribution in the joint and the AC yield (Actively Yielding) distribution that
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identifies the attainment of yield stresses in the joint are shown in Table 5 at the collapse condition, where the maximum stress value (ımax) of each joint component is also given.
HE100A

ımax

Link End Plate Threaded Bars
438 260
537

IPE100

Timber beam Stiffeners
11,9
299

Link
402

End Plate
222

Threaded Bars Timber beam
308
7,5

Stiffeners
289

Table 5: Stress [MPa] distributions and maximum value in the joint components at collapse PC.

For each i-th component (end-plate, stiffeners, threaded bars or timber beam) of the joints,
the demand capacity ratio (DCRi,j,el=ıi,j/ıi,el) between the maximum stress value evaluated at
PC point (ıi,PC) and the stress value at the elastic limit PY point (ıi,el;) is provided in Table 6.
[%]

Link
HE100A
DCRi,el,C 123

IPE100
113

End Plate
HE100A
95

IPE100
81

Thread Bars
HE100A IPE100
60
34

Timber beam
HE100A IPE100
50
31

Stiffeners
HE100A
109

IPE100
105

Table 6: DCR [%] at PC for HE100A and IPE 100 joints.

The following collapse hierarchy of the joint components is evidenced: Link web
(HE100A) or flange (IPE100) buckle, thus inducing the joint collapse, stiffeners undergoes
plastic deformation, while end-plate, bars and timber beam are still in elastic field.
4

CONCLUSIVE REMARKS

The paper focuses on beam to column joints with dissipative steel link in the beam for
seismic moment resistant heavy timber framed structures. In particular, the capacity design is
applied through the component method, defining a collapse hierarchy on two levels, macrocomponents and sub-components. For both the joints, the numerical non linear pushover analysis has confirmed both the formation of the plastic hinge in the link which dissipates the energy through plastic deformation and the collapse hierarchy of the joint components,
validating both the efficiency of the system and the proposed design method.
Future developments include the numerical evaluation of the cyclic behavior of the joints.
Moreover, experimental tests will allow to check the accuracy of the proposed design criteria
and the calibration of the design parameters.
The topic is noteworthy, as background for the development of the chapter on seismicresistant timber structures of the technical standards for constructions.
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Abstract
The paper focuses on a retrofit strategy applicable to existing reinforced concrete (RC) frame
structures to reduce their seismic vulnerability. The intervention strategy, for the sake of brevity
named RC-TP (Reinforced Concrete-Timber Panels), consists in the removal of the existing
masonry infills and in their replacements with Cross Laminated Timber (CLT) panels fixed to
the concrete elements by means of a timber subframe and a dissipative connection comprised
of metal dowel-type fasteners. The analyses were performed via finite element modelling by
adopting numerical strategies with different levels of refinement. In particular, refined 3-dimensional models (created using the software Abaqus) and simpler 2-dimensional models (created using the software SAP2000) were used. At first, the refined modelling approach was
validated on experimental evidence on timber and concrete connectors available from the literature. Then, such 3-dimensional models were used to investigate the connection system of the
proposed retrofit strategy paying particular attention to possible out-of-plane effects that cannot be directly observed with 2-dimensional models. The obtained results were used to calibrate
the 2-dimensional models so that these “secondary” effects could be accounted for even in the
simplified modelling. Subsequently, both modelling approaches were used to analyse an isolated one-storey one-bay frame via nonlinear static analyses that addressed the a) bare, b)
original masonry infilled, and c) retrofitted configurations. The two alternative numerical strategies showed consistent results, both suggesting that the proposed intervention can significantly improve the seismic behaviour of existing RC frames.
Keywords: Structural rehabilitation; Seismic engineering; Concrete structures; Timber panels; Finite-element modelling; Nonlinear analyses.
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1

INTRODUCTION

Reinforced concrete (RC) buildings represent a large percentage of the built heritage stock
of many countries. Over the last decade, numerous studies have shown that, even in the case of
minor earthquakes, past construction practices often led to vulnerabilities that resulted in extensive damage and collapse of the RC structure or portions of it [1], [2]. Examples of such
vulnerabilities are the collapse of the masonry infills, the brittle shear failure of the RC elements
or the activation of soft-storey mechanisms. Most of these buildings, indeed, were designed
using codes that when they did not neglect the seismic action, accounted for it only partially. In
addition, the presence of masonry infills was often disregarded in the modelling phase although
nowadays it is well-known that their presence has a strong influence on the seismic behaviour
of the structure [3], [4].
As a consequence, the interest of the scientific community towards such issues has grown
over the years, with new solutions to improve the seismic behaviour of RC structures being
proposed more and more frequently. Among these, the solutions that see the use of timber elements are gaining attention (e.g., [5]-[8]). In this regard, a retrofit intervention presented by
Smiroldo et al. [9], [10] is being developed at the University of Trento (Italy). Such intervention
strategy aims at mitigating the seismic vulnerability of existing RC structures without modifying the original structural system. The intervention, named RC-TP (Reinforced Concrete-Timber Panels), consists in the removal of the existing masonry infills and in their replacement with
Cross Laminated Timber (CLT) structural panels connected to the existing RC frame so as to
redistribute the stresses due to the seismic action in order to avoid the development of brittle
collapses and to favour the development of ductile mechanisms.
In this paper, the RC-TP retrofit strategy was studied via finite element modelling by adopting numerical strategies with two different levels of refinement: a 3-dimensional (3D), refined
modelling approach was developed by using the finite element software Abaqus [11], while a
2-dimensional (2D), simpler approach was developed using the software SAP2000 [12]. In the
first phase, the refined approach was calibrated on experimental evidence from the literature
[13]-[15] concerning concrete-to-timber and timber-to-timber connections. Then, the 3D approach was used to reproduce the connection details implemented in the proposed intervention.
Starting from the outcomes of the refined 3D models and focusing on the observed out-of-plane
secondary effects that could have not been explicitly reproduced by 2-dimensional models, the
2D approach was tweaked to take implicitly into account such effects. Subsequently, the analyses were extended to more complex models of multiple-fastener connections and then to complete one-storey, one-bay RC frames retrofitted with the RC-TP intervention. The frame was
analysed also considering the “bare frame” and “original masonry-infilled” configurations.
Both in the refined and in the simplified approach, the masonry infills were simulated with
modelling strategies adapted from the literature [16]-[18].
In all the configurations analysed, the alternative modelling approaches led to consistent
results and confirmed the ability of the proposed intervention system to enhance the seismic
behaviour of existing RC frames.
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2

PRE-INTERVENTION RC FRAME

The intervention system presented in this paper is designed to be applied to existing structures. Consequently, the geometry, the detailing and the material properties of the case-study
RC frame and masonry infill were selected so as to reflect the typical characteristics of buildings
belonging to the existing stock. Table 1 reports the mechanical properties assumed for concrete
(frame elements), steel (rebars and confinement reinforcement) and masonry (infills) in the numerical models.
Concrete
fc
[MPa]
16,73

Steel

Ec
[MPa]
25673

fy
[MPa]
440

Es
[MPa]
21000

fm
[MPa]
6,00

Masonry
fv,0
[MPa]
0,25

Em
[MPa]
3000

Table 1: Mechanical properties of existing materials

Table 2 reports the geometrical and load characteristics of the RC frame used in the numerical analyses, where n is the number of longitudinal rebars, Φ is the diameter of rebars in millimetres and @ is the stirrup spacing in millimetres.
Pre-intervention characteristics

Value

Concrete
frame

Length l [mm]
Height h [mm]
Column section (base × height) [mm]
Beam section (base × height) [mm]

5000
3000
300 × 300
300 × 500

Reinforcements

Column longitudinal rebars
Column confinement reinforcement (2-legged stirrups)
Beam longitudinal rebars at ends (top – bottom side)
Beam longitudinal rebars at mid-span (top – bottom side)
Beam confinement reinforcement (2-legged stirrups)

n3+3 Φ16
Φ6 @150
6 Φ14 – 4 Φ14
2 Φ14 – 4 Φ14
Φ6 @200

Masonry infill

Thickness [mm]

200

Loads

Vertical distributed (upper beam) [kN/m]
Vertical concentrated (each column) [kN]

10
100

Table 2: Geometrical and load pre-intervention characteristics

3

INTERVENTION SYSTEM

Because the proposed intervention strategy has been fully illustrated in [9] and [10], in the
present paper, only a brief description is reported. Starting from the masonry-infilled original
configuration (Figure 1a), the first step is the removal of the masonry infill (Figure 1b).
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Gap
RC-Conn

(a)

(b)

(c)

T-Conn

(d)

Figure 1: Intervention procedure

Subsequently, a timber subframe is connected to the RC elements through metal screw fasteners (Figure 1c). This connection is reported in Figure 2 and is named “RC-Conn” for the
sake of brevity. It comprises partially-threaded concrete screws (named RC-F), inserted with
washers (RC-W). The fasteners are regularly spaced at 15 cm and are designed not to exceed
the elastic range when the structure is subjected to design-intensity earthquakes.

RC-F

RC-W

Figure 2: RC frame – timber subframe connection (RC-Conn)

In the last step of the implementation procedure (Figure 1d), a timber panel is inserted inside
the RC frame and is connected to the timber subframe by using partially threaded timber screws
(CLT-F) and washers (CLT-W) as those represented in Figure 3. This connection is named “TConn”. In the models described in the present paper, the screws were spaced at 10 cm. The role
of the T-Conn is that of transferring the stresses from the timber subframe to the CLT panel and
of dissipating seismic energy by engaging the post-elastic behaviour of the fasteners.

CLT-F

CLT-W

Figure 3: Timber subframe – CLT panel connection (T-Conn)

Table 3 and Table 4 give the geometrical characteristics of screws and washers, respectively.
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L
[mm]
200
120

RC-F
CLT-F

Lt
[mm]
80
60

d1
[mm]
12,0
10,0

d2
[mm]
8,8
6,4

Table 3: Geometrical properties for screws

W1
[mm]
44,0
30,0

RC-W
CLT-W

W2
[mm]
13,5
10,8

s
[mm]
4,0
6,4

Table 4: Geometrical properties for washers

At the perimeter of the CLT panel, between the panel edges and the internal faces of the RC
frame there is a gap (visible in Figure 1d). This gap creates the necessary space for the insertion
of the panel into the frame and, above all, ensures that the transfer of stress between the frame
and the panel is governed by the T-Conn rather than by direct contact. In this way, it is possible
to optimize the force-transfer mechanism so as to favour the development of ductile mechanisms (bending) instead of brittle failures (shear).
In the present study, the timber subframe is made of Glued Laminated Timber (grade class
GL24h according to [19]) with b × h dimensions equal to 100 × 120 mm (Figure 1c), while the
CLT panel (grade class C24 according to [20]) is 3-layered and 60 mm thick. The mechanical
properties and the density of the timber elements are reported in Table 5 and were defined
considering the relative Standard Codes [19], [20], and the studies of Bogensperger et al. (2011)
[21], Harris et al. (2013) [22] and Gečys at al. (2015) [23].
Bending

GL24h
C24

fm
[MPa]
24,0
24,0

Tension

ft,0
[MPa]
19,2
14,5

Compression

ft,90
[MPa]
0,5
0,4

Elastic modulus

GL24h
C24

fc,0
[MPa]
24,0
21,0

fc,90
[MPa]
2,5
2,5

Shear modulus

EL
[MPa]

ER
[MPa]

ET
[MPa]

11500
11000

300
370

300
370

650
690

Density

fv
[MPa]
3,5
4,0

ߩ
[kg/m3]
420
420

Poisson ratio

GRL
GTL
GTR
[MPa] [MPa] [MPa]
650
690

Shear

65
69

νRL

νTL

νRT

0,00894
0,0420

0,00894
0,0270

0,538
0,602

Table 5: Mechanical properties and density for the timber elements

Additionally, in case of damage or collapse of the RC frame the use of structural CLT panel
leads to a “bearing capacity reserve” for vertical actions. For this reason, the external layers of
the CLT panel are oriented along the vertical axis.
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4

NUMERICAL MODELS

In the present work, two different modelling approaches were used to investigate the RC-TP
intervention system. The software Abaqus was used to develop 3-dimensional (3D) refined
models (Figure 4a), while the software SAP2000 was used to develop 2-dimensional (2D) simplified models (Figure 4b). Specifically, the refined approach was calibrated based on experimental evidence available from the literature. Subsequently, it was used to investigate the
connections implemented in the RC-TP intervention by reproducing them singularly. Furthermore, by using the 3D refined model it was possible to study possible secondary out-of-plane
effects that could not have been directly observed with 2D models. The results obtained permitted to calibrate the simpler 2D models to account for the secondary effects with smaller
computational effort than that required by the refined models.
Both the refined and the simpler models were used to analyse the above-mentioned RC frame
under monotonic in-plane loading considering the bare, the masonry infilled and the retrofitted
configurations.

(a)

(b)

Figure 4: Alternative numerical approaches: a) Refined 3D Abaqus model; b) Simplified 2D SAP2000 model

4.1 3D modelling
The present chapter focuses on the refined 3D modelling strategy used to reproduce the RCTP intervention system previously described. This strategy was developed using the software
Abaqus/Explicit and adopted to perform nonlinear dynamic quasi-static analyses under displacement-control.
In the definition of the analysis steps, the “target time increment” coefficient was calibrated
through a sensitivity analysis so as to reduce the processing time to the minimum without affecting the quality of the numerical results.
With the purpose of verifying the absence of dynamic effects, and hence confirm the acceptability of the results, the ratio between internal and kinematics energy was checked a posteriori.
As suggested by [24] and [25], this ratio should not exceed 10%. Thanks to the selection of an
adequate “time step” and the application of a “smooth” displacement with a sufficiently small
initial slope, it was possible to limit the dynamic effects within the predetermined range.
The refined 3D model is represented in Figure 5a. It was obtained by assembling the individual elements that compose the system (a few of these elements are visible in Figure 5b). The
geometry of each element was carefully designed and then imported from a 3D CAD [26] environment.

2371

F. Smiroldo, D. Viel, I. Giongo and M. Piazza

(a)

(b)

Figure 5: Intervention system – refined 3D finite element model

Concrete frame, CLT panel, timber subframe, fasteners and washers were all modelled as threedimensional solid elements (3D solid part) with a homogeneous solid section. Steel bars and
stirrups, instead, were modelled as one-dimensional elements (3D wire part).
Regarding the definition of the materials, the steel elements (bars, stirrups, fasteners and washers) were simulated as isotropic elastic-plastic elements. The three layers that compose the CLT
panel were obtained from the division of a single homogeneous solid element and are oriented
alternately. Each layer was modelled as an elastic orthotropic material with Hill plasticity, as
recommended by [27], where the failure surface was defined with reference to the fc,0, fc,90 and
fv strength values reported in Table 5. Because of the failure surface symmetry, the positive
(tension) stress limit for each principal direction was assumed as identical to the related negative (compression) limit. It was therefore decided to refer to the values associated with the
compression parallel and perpendicular to the grain. This choice is justified by the fact that the
expected collapse mechanism sees the local bearing failure of the wood material in the proximity of the screw fasteners, which depends almost exclusively on the compressive strength parameters.
The timber subframe was modelled similarly to the layers of the CLT panel (i.e. elastic orthotropic material with Hill plasticity).
The concrete elements were simulated as homogeneous and isotropic, with a post-elastic
behaviour based on the “Concrete Damage Plasticity” constitutive law available from the software library, which relies on the material fracture energy for governing the post-peak softening
(for more details see [11]). The tension and compression curves for uniaxial loading are reported in Figure 6, where: ߪ௧ െ ߝ௧ and ߪ െ ߝ are the stress െ strain values associated to tension and compression; ܧ is the initial elastic modulus; ߪ௧ െ ߪ are the elastic stresses for
tension Ȃ compression; ߪ௨ is the maximum compression stress.
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Tension

Compression

ߪݐ
ߪͲݐ

ߪܿ
ߪܿݑ
ߪܿͲ
ܧ
ܧ

ߝݐ

ߝܿ

Figure 6: “Concrete Damage Plasticity” behaviour

The interaction between steel reinforcements and frame elements was reproduced with an
“Embedded region” constraint (Figure 7). This constraint implies a perfect adherence between
the constrained elements.

Figure 7: Refined modelling approach – “Embedded region” constraint between concrete and the steel reinforcements

A general “Hard” contact was applied to all the solid elements of the model to avoid unrealistic material penetrations. Additional interaction properties were assigned to the surfaces between the elements (“Individual property assignments”) to reproduce the overall behaviour of
the system. In particular, a “tangential behaviour” with penalty friction formulation was assigned to the contact surfaces (fasteners-washer, CLT panel-timber subframe, CLT panelwasher, timber subframe-washer, timber subframe-RC frame) using diversified frictional coefficients for the various surface types (e.g., Figure 8 shows the in-contact surfaces between metal
fasteners and connected elements).
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Figure 8: Refined modelling approach – Individual property assignments: fastener cylindrical contact-surfaces

The pull-out mechanisms associated with the threaded portion of the screw fasteners were
modelled through a cohesive contact with an elastic uncoupled behaviour depending on ܭ ,
ܭ௦ , ܭ௧ (stiffness associated respectively to the normal and the two shear-directions) for which,
once the design strength is reached, a damage function reduces the tangential resistance (Figure
9).
Traction
O

A

B

Separation
S

Figure 9: Cohesive fracture energy – damage evolution

To obtained the above mentioned behaviour the "maximum nominal stress" (MAXS) option
was selected [27]. As a consequence, the pull-out mechanism activates when Equation 1, which
depends on the parameters ݐ , ݐ௦ , ݐ௧ (normal and shear stresses) and ݐ , ݐ௦ , ݐ௧ (corresponding
reference strength values), is satisfied.
݉ܽ ݔቊ

ݐ ݐ௦ ݐ௧
Ǣ Ǣ ቋൌͳ
ݐ ݐ௦ ݐ௧

(1)

For the modelling of the contacts, the interacting surfaces were categorized into “master”
and “slave” surfaces. The mesh characteristics played a fundamental role in the process of attributing the master/slave categories. For all solid components, prismatic “C3D8” elements
were preferred to linear tetrahedral elements “C3D4” (which might lead to less reliable results)
or quadratic tetrahedral elements “C3D10” (which imply longer analysis durations).
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Because the solid models of the RC frame, CLT panel and timber subframe present numerous holes due to presence of the fasteners, it was necessary to partition the geometry to facilitate
meshing. Sensitivity analyses were performed and meshes with diverse levels of refinement
were adopted for different elements and for different areas in the same element. For example,
in the CLT panel, the areas around the fastener holes required a more refined mesh with respect
to the rest of the element (Figure 10).
RC frame
Fastener holes

CLT panel
Figure 10: RC-TP refined model – mesh

Once the main aspects of the model were defined, preliminary small-scale analyses were
conducted with the aim of calibrating and validating the modelling parameters. The shear and
pull-out behaviours of the fasteners were studied separately, considering both the connection
with concrete and timber. The numerical results obtained were compared with experimental
evidence available from the literature. As an example, Figure 11a and Figure 11b give the comparison between numerical results (red curves) and experimental results taken from [13] (for
concrete pull-out) and from [15] (for timber shear) respectively.
40

12
8
Force [kN]

Force [kN]

30

20

4

0
-4
-8

10

-12
-60

-40

-20

0

20

40

60

Displacement [mm]
0
0

4
8
Displacement [mm]

12

(a)

(b)

Figure 11: Numerical calibration and validation of the connection behaviour in the refined model (red curves) –
comparison with experimental evidence: a) concrete pull-out, b) timber shear

For the original pre-intervention frame configuration, the masonry infill was treated similarly to the concrete elements. Specifically, the infill was modelled with a macro-modelling
approach (Figure 12a) where mortar and bricks were represented by an equivalent homogeneous isotropic material (Figure 12b). The post-elastic behaviour was simulated by adopting the
“Concrete Damage Plasticity” constitutive model (Figure 6) as suggested by [16]. With this
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modelling strategy, it is possible to account for both rocking and diagonal shear failure mechanisms. The contact interaction between masonry and concrete is reproduced by a general “Hard”
contact and a frictional “tangential behaviour”.

(a)

(b)

Figure 12: Refined modelling approach: a) masonry infilled frame; b) mortar and bricks represented as an equivalent homogeneous material

4.2 2D modelling
The present chapter focuses on the 2D modelling approaches adopted to simulate the bare
frame, the original masonry-infilled frame and the retrofitted frame.
Regarding the retrofitted frame, the modelling strategy presented in this section Figure 13a)
is an updated version of that exposed in detail in [9] and [10]. The main upgrades consist in an
improved characterization of the non-linear properties of the elements and in an improved definition of the behaviour of the connections. By relying on the findings of the 3D refined models,
the 2D approach was calibrated to account for possible out-of-plane secondary effects. The
main characteristics of the 2D models are summarized in the following paragraphs.
The concrete frame was modelled by using frame elements capable of accounting for the
nonlinear behaviour of concrete and steel. Deformation-controlled and force-controlled hinge
elements were assigned at the extremities of columns and beams to consider respectively bending and shear collapse.
The nonlinear response of the beam-column joint was simulated by using two cross nonlinear links connected to the extremities of columns and beams. The joint model adopted herein
has been proposed by Sung et al. (2013) [28] and it permits to account for the failure of the
joints with small computational effort.
The CLT panel was modelled via layered orthotropic nonlinear shell elements where each
of the three layers was assumed to be “inactive” along its weak direction.
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RC frame

The timber subframe was an elastic frame element. The validity of the elastic-behaviour
assumption was confirmed a posteriori by investigating the subframe stress state.

(a)

(b)

Figure 13: Simplified finite element model: a) Complete intervention system; b) Interaction system

As extensively described in [10], an “interaction system” reproduces the interaction between
RC frame, timber subframe and CLT panel. In Figure 13b, it is possible to observe the frame
elements that represent the middle line of the column “RC frame”, the internal face of the column “CF” and the middle line of the timber subframe “SF”.
The interaction system (Figure 13b and Figure 14a) is obtained from the overlap of a “connection system” and a “contact system”.
The connection system (Figure 14b) simulates the RC-Conn (represented by the link elements “CL”) and the T-Conn (represented by the link elements “TL”). In addition, this system
simulates the contact-interaction between the timber subframe “SF” and the internal face of the
concrete frame “CF”. This contact is governed by gap link elements “GL”.
The contact system (Figure 14c) replicates the direct contact between CLT panel and RC
frame. This contact occurs when the gap between the CLT panel and the internal face of the RC
frame (CF) goes to zero and it is reproduced by using hook link elements “HL”.
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(a)

(b)

(c)

Figure 14: Interaction system between RC frame, timber subframe and CLT panel: (a) Complete interaction system; (b) connection system; (c) contact system

Table 6 reports a summary of the abbreviations used for the main elements and a brief description of the relative functions.
ID

Name

Functions

CF

Concrete Frame

KF

Fake Frame

SF

Subframe Frame

- Elastic frame.
- Geometrical characteristics of the timber subframe.
- Positioned on the middle line of the timber subframe.

CL

Concrete fastener
Link

- Nonlinear link.
- Represents the RC-Conn.

FL

Frame-thickness
Link

- Rigid link
- Represents the in-plane semi-thickness of column and beams.

GL

Gap Link

- Nonlinear gap link.
- Reproduces the contact between RC frame and timber subframe.

HL

Hook Link

- Nonlinear hook link.
- Reproduces the contact between timber subframe and CLT panel.

KL

Fake Link

- Rigid link.
- Used as a support element in the contact system.

- Massless rigid frame.
- Represents the internal surface of the RC elements.
- Massless rigid frame.
- Used as a support element in the contact system.
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TL

- Nonlinear link.
- Represents the T-Conn..

Timber fastener
Link

Table 6: Interaction system – Abbreviations used and main functions

The nonlinear behaviour of CLs and TLs was defined based on the results obtained from the
refined Abaqus 3D models because such models account for possible effects due to the out-ofplane eccentricity associated with the physical thickness of the various components. The details
of the curves assigned to the CLs and TLs are given in the next section.

Axial Force

The response of the original masonry infilled system was simulated by using an equivalent
diagonal struts model (Figure 15). This model was defined starting from the approaches proposed by Al-Chaar (2002) [17] and Liberatore et al. (2018) [18]. Specifically, the proposed
masonry model consists of two eccentric diagonal rods, whose location in the RC frame is
given by the provisions of [17], while the compression behaviour of the rods is defined according to [18]. The tensile strength of the diagonal elements reproduces the tensile strength of the
masonry. Consequently, if a lateral force is applied as shown in Figure 15a, the two links work
as strut and tie. The behaviour of each diagonal link is reported in Figure 15b, where the blue
branch and the red branch represent the compression and the tension response respectively.

Displacement

(a)

(b)

Figure 15: Original masonry-infilled system: a) Equivalent diagonal “strut and tie” model; b) Force-displacement
response

According to [17], in order to consider the confinement produced by the masonry infill, the
portions of beams and columns between the joints and the diagonal links are modelled as rigid
elements (Figure 15a). Only the intermediate sections of columns and beams can therefore develop nonlinear responses.
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5

NUMERICAL ANALYSES AND RESULTS

5.1 Preliminary analyses
The first step of the numerical study presented herein saw the simulation of isolated RCConn and T-Conn connections under pull-out and shear loading conditions. Several configurations were considered (e.g., pull-out tests carried out by pulling the screw directly or by pulling
the subframe, or shear and pull-out tests performed “with and without” washers). Figure 16
shows the most relevant results: a) RC-Conn - push-out; b) RC-Conn - shear parallel to the
subframe; c) T-Conn - shear perpendicular to the subframe; d) T-Conn - shear parallel to the
subframe.
RC-Conn | push-out

RC-Conn | shear parallel to the subframe

(a)

(b)

T-Conn | shear orthogonal to the subframe

T-Conn | shear parallel to the subframe

(c)

(d)

Figure 16: Tests on RC-Conn and T-Conn – stress contour

Subsequently, in order to account for possible out-of-plane displacements due to the eccentrical interaction between RC frame – timber subframe – CLT panel, a test structure (referred
to as "Test-Module") was defined (Figure 17). The size of the Test-Module was selected so as
to replicate the “base-unit” of the retrofit system. Because the RC-Conns have a 15 cm spacing
and the T-Conns have a 10 cm spacing, the Test-Module comprise two RC-Conn and three TConn fasteners.
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Figure 17: “Test-Module”

The out-of-plane effects observed from the analysis of the Test-Module were included in the
simplified 2D models through the response-curve attributed to the TL and the CL elements (for
labelling details please see Table 6). In particular, such secondary effects were found to be nonnegligible when the force was applied in the Z-direction (Figure 18a).
Direct contact
F

F

Y

Y
Z

Z

(a)

(b)
F

Y
X

(c)
Figure 18: “Test-Module” – out-of-plane secondary effects

Figure 19 shows the backbone curves of the T-Conn shear tests (Figure 19a) and RC-Conn
pull-out tests (Figure 19b). The green curves were obtained from the 3D model neglecting the
secondary effects by restraining the out-of-plane movements. The blue curve obtained with the
refined model considering the secondary effects. The red curves, which are the idealized versions of the blue curves, were subsequently implemented in the 2D model to account for the
secondary effects.
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T-Conn – Shear

RC-Conn – Pull-out
30

Base Reaction [kN]

Base Reaction [kN]

10
8
6
4

2
0
0

10

20

30

40

50

20
10

0

60

0

Displacement [mm]

10

20

30

40

Displacement [mm]
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Abaqus – Secondary
effects neglected

Abaqus – Secondary
effects considered

Idealized version of the bluecurve

Figure 19: Backbone curves from single-connection tests: a) T-Conn shear; b) RC-Conn pull-out

Figure 20 shows the response of the Test-Module obtained by using the 3D refined modelling approach and the 2D modelling approach (with secondary effect accounted for). In particular, in Figure 20a, the force applied to the panel was parallel to the X-direction (Figure 18c),
while in Figure 20b the panel was pulled and pushed in the Z-direction (see Figure 18a and
Figure 18b).
Test-Module – X-direction

Test-Module – Z-direction

30

Base Reaction [kN]

Base Reaction [kN]

40

20
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0
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20
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20
0
-20
-40
-20

Displacement [mm]

0

20

40

60

Displacement [mm]

(a)

(b)

3D model (Abaqus)

2D model (SAP2000)

Figure 20: Behaviour of the Test-Module obtained with the 3D (blue) and the 2D (red) approach: a) X direction;
b) Y direction

As it is possible to observe from the graphs, the outcomes of the two modelling approaches
are consistent for both test configurations. When including the out-of-plane secondary effects
in the 2D model, it was possible to match closely the curves from the 3D model at a much
smaller computational effort. As visible from Figure 20b, it is interesting to notice that both the
3D and the 2D models experienced a sudden stiffness increase at a negative displacement close
to –20 mm . This increase is due to the gap between the CLT panel and the RC frame (represented by the HL elements in the 2D model) that goes to zero involving a direct contact (observable from Figure 18b).
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5.2 Full-scale one-storey one-bay frame
After having calibrated the 2D modelling approach on the results from the connection tests
studied with the 3D approach, and having proof-checked the correspondence between the approaches through the analysis of the Test-Module, the case-study frame described in section 2
was modelled.
The one-storey, one-bay frame was analysed considering three alternative configurations:
Bare frame (Figure 21a), Masonry infilled frame (Figure 21b) and RC-TP retrofitted frame
(Figure 21c). Based on the findings reported in [9] and [10], the optimal RC-TP configuration
for the case-study frame was assumed to be that having a GAP of 20 mm and T-Conns arranged
only along the beams.
The three frame configurations were analysed with both modelling approaches via nonlinear
static analysis. In the first step, the vertical loads (values reported in Table 2) were applied to
the columns and the upper beam. Then, the in-plane horizontal force was introduced at the top
joint level and was incremented until the collapse of any of the structural elements was reached.

(a)

(b)

(c)

Figure 21: 3D and 2D models of the case-study frame configurations: a) Bare frame; b) Masonry infilled frame;
RC-TP retrofitted frame
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Figure 22: Isolated frame backbone curves – comparison between the 3D and the 2D modelling approach

Figure 22 reports the results obtained by performing the nonlinear static analyses of the isolated frame in the three configurations and using both modelling approaches. Both numerical
strategies produced consistent results, showing similar behaviours for all the analysed configurations in terms of stiffness, strength and failure mechanism.
For all three configurations the frame collapsed due to the bending failure of the concrete
column. However, for the masonry infilled frame, the column failure was preceded by the collapse of the infill which caused an evident reduction in the load bearing capacity at a displacement level close to 20 mm. The retrofitted frame, instead, showed a remarkable increase in the
bearing capacity, with the peak capacity at a displacement of approximately 40 mm. The bending failure of the concrete columns in the retrofitted frame occurred at displacement values
similar to those observed in the bare frame, attesting that the proposed intervention does not
impede the full development of the column flexural ductility.
6

CONCLUSIONS

The present paper reports the results of a numerical study on a retrofit intervention for existing RC masonry infilled structures. The intervention, named RC-TP, is aimed at reducing the
seismic vulnerability of this kind of structure by replacing the masonry infills with timber panels connected to the RC-frame with screw-fasteners. The present research focused on the modelling of the pre- and post- intervention system via two alternative numerical strategies with
different levels of refinement. In particular, a 3D refined modelling approach and a 2D simpler
modelling approach were investigated. Preliminary analyses on isolated connections permitted
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both to validate the 3D modelling approach on experimental evidence available from the literature, and to calibrate the 2D models to account for secondary effects that cannot be directly
observed by two-dimensional models. Consequently, an isolated one-storey one-bay concrete
frame representative of the built stock of many Countries was modelled using both strategies
and considering the “bare”, the “masonry infilled” and the “retrofitted” configurations. The RC
frame was subjected to nonlinear static analyses until the collapse of any of the structural elements was reached. The analysis outcomes showed that the proposed retrofit system can effectively reduce the seismic vulnerability of existing masonry infilled RC frames, consistently with
the findings of preliminary studies previously published. By virtue of the good correspondence
between the refined 3D approach and the less refined but computationally far more efficient 2D
approach, future steps of the research will be devoted to using the 2D models for extensive
parametric studies on all the details affecting the performance of the timber-panel strengthening
technique discussed herein.
7
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Abstract
In the aftermath of the 2014 South Napa Earthquake, several failures of fire-sprinkler systems
were observed. The failures were related to excessive displacements of these systems leading
to an uncontrolled interaction with the surrounding nonstructural components, e.g., suspended ceiling systems, light fixtures, and ventilation ducts. The large displacements of the firesprinkler system can be related to the support elements with under-designed flexibility and/or
failures of the support elements in which demand exceeded capacity. In addition to the excessive interaction with the surrounding nonstructural components, the large displacements can
result in failures of the joints that are designed to accommodate only a limited rotation. To
investigate the seismic performance of a typical fire-sprinkler system, a building in Napa,
California (USA) was selected. A fire-sprinkler system in this building was damaged by the
2014 South Napa Earthquake and the damages were captured in 3D with high accuracy by a
laser scanner. A finite element model of this building was generated and studied earlier but
was limited to elastic models of both the building and the fire-sprinkler system. Artificially
large amplifications of the seismic excitation over the elevation of the building were observed.
The building’s model was evaluated based on the ambient vibration tests. Amplification of the
seismic excitation over the elevation was estimated from an instrumented building with a similar design and resonant frequencies. The amplified seismic impact was imposed on the firesprinkler system, which was modelled as a system with nonlinear behavior.
Keywords: Fire-sprinkler System, Seismic Performance, Nonstructural Components, Ambient Vibration Study, Nonlinear Modelling.
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1

INTRODUCTION

A fire-sprinkler system represents a complex piping system suspended from the ceiling that
spreads out in space and consists of many joints. To investigate the seismic performance of a
typical fire-sprinkler system, a building in Napa, California (USA) was selected. The firesprinkler system in this building was damaged by the 2014 South Napa Earthquake and the
damages were captured in 3D with high accuracy by a laser scanner. A finite element model
of this building was generated and studied earlier [1] but it was limited to elastic models of
both the building and the fire-sprinkler system. In this study, artificially large amplifications
of the seismic excitation over the elevation of the building were observed. To address this
shortcoming, a new model of the building and the fire-sprinkler system was generated. The
building’s model was calibrated based on the ambient vibration tests. Amplification of the
seismic excitation over the elevation was estimated from an instrumented building with a similar design and resonant frequencies.
2

AFTERMATH ANALYSIS BY LASER SCANNING

Immediately after the 2014 South Napa Earthquake, the parking structure with a failed firesprinkler system was laser scanned by means of a C10 ScanStation from Leica Geosystems
[2]. A global view of the building taken from Google Earth is shown in Figure 1a. The overall
view of the point cloud collected during this scanning project is presented in Figure 1b. The
point cloud presented in Figure 1b is a registration of point clouds collected from more than
14 stations throughout the structure. The point cloud registration was conducted in Cyclone
from Leica Geosystems [3].

a) Aerial view (Google Earth)

b) Point cloud

Figure 1: Overall view of the parking structure.

As was discussed in the earlier paper [1], most failures of the fire-sprinkler system were
observed on the 3rd floor of the structure, the structure’s highest elevation, where the suspended fire-sprinkler system was located. In other words, this was the highest floor with a ceiling
from which the system can be suspended. Therefore, this elevation was studied in more detail
and 13 stations of the laser scanning project were conducted on this floor. As a result, all failures of the fire-sprinkler system were documented within a few millimeters of accuracy. In
addition, the failures were captured from many points by the still imaging camera built into
the scanner. A detailed discussion of the failures was provided in [1].
3

RESULTS OF AMBIENT VIBRATION STUDY

A solid element model of the parking structure was generated earlier. It was based on the
geometry captured by the laser scanner and a few assumptions about the materials used in the
structure’s construction. To access the actual performance characteristics of the structure, an
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ambient vibration study was conducted. It was conducted on the top floor of the parking structure from which the fire-sprinkler system was suspended as presented in Figure 2a.
A portable data acquisition system (PI-6008U from Pacific Instruments [4]) was used in
this study. The system has a flexibility in its power supply and as one of the available options
it can be powered by a car battery. This power supply option was used in this study. The acceleration of the ambient vibrations was recorded.

a) Global view of setup

b) Data acquisition system and recording
laptop

Figure 2: Setup of ambient vibration study.

Three different models of accelerometers were used. Two of them were of a piezoelectric
type and the third one was a MEMS accelerometer. The results for one of the piezoelectric
accelerometers discussed herein. The MEMS accelerometer was triaxial, therefore only the
orientation of the piezoelectric accelerometers was changed to measure the structure’s response in all three principal directions. The orientations of the piezoelectric accelerometer in
Z and X are shown in Figure 3. The orientation of the accelerometer to measure the response
in Y direction is presented in Figure 4a. The latter shows an example of another piezoelectric
accelerometer. For comparative analysis of the MEMS and the piezoelectric accelerometer,
both were installed on the same block as presented in Figure 4b.

a) Up or vertical orientation (Z)

b) Transversal orientation (X)

Figure 3: Orientations of accelerometer to measure response in Z and X.
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a) Longitudinal orientation (Y)

b) MEMS and piezoelectric accelerometer
on the same block

Figure 4: Orientation of accelerometer in Y and two accelerometers sharing at the same location for a comparative study.

Typical results of the ambient vibration study are presented in Figure 5. Both plots show
Fast Fourier Transforms of the acceleration records. The plot on the left is obtained for the
orientation in the transversal axis of the structure and the plot on the right corresponds to the
records obtained for the longitudinal orientation of the accelerometer. Based on these plots,
the lowest resonant frequencies of the structure are 4.8 Hz and 6.9 Hz in the transversal and
longitudinal directions, respectively.
It is worth noting that both resonant frequencies of the structure are located within the frequency range of the AC156’s spectral plateau [5].

a) X or transversal axis

b) Y or longitudinal axis

Figure 5: Results of ambient vibration study.

4

TIME HISTORY BASED ON AC156 SPECTRA

A selection of a time history for the finite element analysis was based on requirements of
AC156. The hazard level at the site was taken from the USGS’s maps [6]. The SS values for
California are presented in Figure 6a. In this figure the legend shows the correlation between
the color and range of SS expressed in percent of g. Figure 6b shows the close-up view of
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these maps with the city of Napa shown in the magenta box. A tri-axial time history satisfying
the requirements of AC156 was developed earlier [7] and had been utilized for the nonstructural testing at the Pacific Earthquake Engineering Center (PEER) – UC Berkeley for
quite some time. It was scaled accordingly, assuming a maximum value of SS for Napa.

a) SS hazard map for California

b) SS hazard map in vicinity of Napa, CA

Figure 6: Hazard maps

5

FINITE ELEMENT MODEL

All modelling was conducted in SAP2000 [8]. The finite element model of the piping system is presented in Figure 7. It was generated based on the laser scans. It consists of the main
supply constructed of a 114-mm pipe that branches out to a 50-mm pipe with sprinkler heads
at the very end. The 114-mm pipeline consists of 3 major sections. Section 1 of the main supply runs along the length of the structure and is parallel to the horizontal ceiling or the third
floor. Section 2 is shorter and runs across the width of the structure. Section 3 also runs along
the structure’s length, but it is inclined to accommodate the sloped ceiling of the ramped section of the floor as opposed to Section 1.

Figure 7: Finite element model of fire-sprinkler system.

All pipes were modelled as frames in SAP2000 terminology. The intersection points between the beams and the 114-mm pipelines were modelled as frictionless rollers allowing the
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pipe to move along its longitudinal axis and restraining the pipe in both the vertical and transverse directions. The effective mass of the pipelines was increased to account for the weight
of the water inside the pipes.
Typical installations of rods used for suspending the piping system from the ceiling are
shown in Figure 8. The supporting rods were modelled as rods with rigid connections to the
pipes and the ceiling. Since the actual installation used the threaded rods, the effective diameter of the rods was reduced accordingly, and they were also modelled as elastic frames in the
first stage of analysis.

a) Large diameter pipe

b) Small diameter pipe

Figure 8: Typical installation of supporting rods.

Based on the results of the time history analysis of the elastic FE element model, it was
concluded that the bending stress in a few supporting rods is below the yielding stress of mild
steel. Nevertheless, failures of the supporting rods were observed as presented in Figure 9.

a) Large diameter pipe

b) Small diameter pipe

Figure 9: Typical failures of supporting rods [1].

The failure in the right image is related to the low-cycle fatigue capacity of the smaller
rods in bending. As opposed to that, the left image shows a failure of the larger supporting rod
that resulted from the failure of the anchoring part of the rod. The anchor’s depth was not sufficient to avoid a failure of the concrete. These nonlinear effects will be modelled in the next
stage of the finite element modelling. This part of the finite element modelling is ongoing. In
this stage a number of component tests will be performed to generate a realistic model.
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7

CONCLUSIONS
x Based on the laser scans of a parking structure a finite element model of the fire-sprinkler
piping system was generated.
x To estimate the dominant frequencies of the structure it was studied via ambient vibration tests.
x A few assumptions were made for the first stage of modelling. The resulting simplified
model was studied in a linear time history analysis.
x The results of the first stage clearly show larger stresses as the locations of the observed
failures, although they were below the yielding stress of mild steel.
x The first stage analysis shows a strong need for non-linear analysis based on component
testing of typical connections. This part of the study is ongoing.
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Abstract. In this paper the possibility to improve the dynamic and seismic response of cabinets
that can exhibit rocking dynamics is investigated. The generic cabinet is modelled as an assembly of rigid components and can undergo a change of conﬁguration. The scope of the research
is to verify if the allowed deformation could protect the cabinet by preventing the overturning
or reducing the amplitude of rocking oscillations. The control of the deformation is obtained
by using linear visco-elastic devices, whose mechanical characteristics are at the base of the
parametric analysis performed in the paper. An extensive parametric analysis is carried out by
numerically integrating the equations of motion. The effectiveness of this protection method is
analyzed by comparing the behaviour of rigid and deformable cabinets under one-sine pulse
and seismic excitations. For the one-sine pulse excitation, the comparison is made with overturning spectra that provide the amplitude of the excitation able to overturn the cabinets versus
its circular frequency. For the seismic excitation, the comparison is performed by using different registered earthquakes and comparing the maximum rocking angle reached during the
motion. The results show that the ability of cabinets to change their conﬁguration improves the
dynamical and seismic performances compared to those of the equivalent rigid cabinets.
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1

Introduction

The protection of rigid blocks from the overturning is a fascinating argument in the scientiﬁc
literature. Most of the studies on the protection of rigid blocks from overturning are focused
on the use of external devices such as base isolation [1, 2, 3, 4, 5] and base anchorages [6, 7].
Several authors used mass-dampers, that have been modeled either in the shape of a pendulum
[8, 9, 10, 11] or as a single degree of freedom mass running on the top of the rigid body [12, 13,
14]. Some researchers studied the use of semi-active anchorages [15, 16] or base active control
systems [17, 18, 19] to increase the amplitude of base excitation required to topple a rigid body.
This paper investigates the dynamic and seismic response of cabinets that are constituted by
four external panels, hinged to each other in the four vertexes of the body. Four linear viscoelastic devices of equal characteristics are associated with these hinges. Due to this particular
conﬁguration, the body can deform as an articulated quadrilateral. Additionally, it is assumed
that the body can undergo a rocking motion but cannot slide. The equations of motion are
obtained by a Lagrangian approach. Two different impacts are considered in the paper: the
classical impact of the base of the body with the support during the rocking motion and the
impact on security stops, needed to limit the maximum angular deformation.
The model presented here is conceptually similar to the ﬂexible rocking body models presented in [20, 21, 22] or [23], where the ﬂexible rocking model was used to interpret the experimental response of tuff walls. However, the novelty of the paper is not in the description of a
ﬂexible rocking structure but in the investigation of the behaviour of a structure where speciﬁc
devices are added to guide its deformation with the aim of reducing the amplitude of the rocking
oscillation and preventing the overturning.
An extensive parametric analysis is performed by numerically integrating the equations of
motion. The effectiveness of this protection method is analyzed by comparing the behaviour of
rigid (i.e., with ﬁxed connections) and deformable cabinets under one-sine pulse and seismic
excitations. For the one-sine pulse excitation, the comparison is made with overturning spectra
that provide the amplitude of the excitation able to overturn the cabinets versus its circular
frequency. For the seismic excitation, the comparison is performed by building rocking maps
that are contour plots of the maximum rocking angle in a speciﬁc parameter plane. Different
recorded earthquakes have been used in the simulations.
2

Mechanical model of the cabinet

The mechanical system used to schematize the cabinet is shown in Fig. 1a. The perimeter
panels are connected through hinges and four equal Kelvin-Voight devices in the vertexes of the
cabinet (see Fig. 1a). With this particular structure, the mechanical system can deform as an
articulated quadrilateral and its kinematics would be undetermined without the Kelvin-Voight
devices. The vertical distance h between two consecutive shelves is constant so the total height
of the cabinet is 4h. The base of the cabinet has a dimension 2b and its depth (i.e., the dimension
orthogonal to the plane of Fig. 1) is d = 1.0m.
All panels have a thickness s = 0.02m and a bulk density ρ = 650kg/m3 (i.e., chipboard
wood). The cabinet may contain additional masses placed on the shelves. Such masses are
quantiﬁed multiplying a bulk density ρf ill = 130kg/m3 for the volume between two consecutive
horizontal panels and are added to the mass of the panel on which they are placed. Considering
also the additional masses M , the masses of the seven panels mj (j = 1, ..., 7) are evaluated as
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m1,3 = ρ · d · s · 4h
m2,4−7 = ρ · d · s · 2b + M

(1)

It is assumed that the additional mass M is located in the same mass centre of the panel on which
it is placed and that there is no inertia moment associated to these masses. Since the sliding of
the cabinet is prevented, the motion of the body can be divided into two different phases: (i) the
full-contact phase, where the body deforms as an articulated quadrilateral (Fig. 1b), and (ii) the
rocking phase, where the body rotates alternatively around one of its base corners and deforms
at the same time (Fig. 1c). The Lagrangian parameter θ(t) describes the deformation of the
cabinet, whereas the parameter ψ(t) describes the rocking motion.
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Figure 1: Model: (a) Geometrical characterization; (b) Full-contact deformed conﬁguration; (c) Rocked and deformed conﬁguration.

2.1

Equations of motion

The equations of motion are obtained through a Lagrangian approach. For brevity, only
the equations of the rocking phase around the left corner A are presented in this section. The
equations of the full-contact phase can be obtained by those of the rocking phase by neglecting
the angle θ(t) and its time-derivatives (θ(t) = θ̇(t) = θ̈(t) = 0). The two equations of motion
of the body that rocks around the left base corner read:
h2 (4m1 + 16m2 + 4m3 + m5 + 4m6 + 9m7 ) [ψ  (t) + θ (t)] −
bh (4m2 + 4m3 + m5 + 2m6 + 3m7 ) {ψ  (t) sin[θ(t)] − ψ  (t)2 cos[θ(t)]} −
h (2m1 + 4m2 + 2m3 + m5 + 2m6 + 3m7 ) g sin[θ(t) + ψ(t)]−
h (2m1 + 4m2 + 2m3 + m5 + 2m6 + 3m7 ) xgr (t) cos[θ(t) + ψ(t)]+
(J1 + J3 ) θ (t) + 4cθ (t) + 4kθ(t) = 0
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(J1 + J2 + J3 + J4 + J5 + J6 + J7 )ψ  (t)+
b2 (m2 + 4m3 + m4 + m5 + m6 + m7 ) ψ  (t)−
2bh (4m2 + 4m3 + m5 + 2m6 + 3m7 ) ψ  (t) sin [θ(t)] −
2bh (4m2 + 4m3 + m5 + 2m6 + 3m7 ) ψ  (t)θ (t) cos [θ(t)] +


h2 (4m1 + 16m2 + 4m3 + m5 + 4m
2 6 + 9m7 ) [ψ (t) + θ (t)] + 3
b (m2 + 2m3 + m4 + m5 + m6 + m7 ) g cos [ψ(t)] − sin [ψ(t)] xgr (t) −
bh (4m2 + 4m3 + m5 + 2m6 + 3m7 ) {θ (t) sin [θ(t)] + θ (t)2 cos [θ(t)]} −
h (2m1 + 4m2 + 2m3 + m5 + 2m6 + 3m7 ) g sin [θ(t) + ψ(t)] −
h (2m1 + 4m2 + 2m3 + m5 + 2m6 + 3m7 ) xgr (t) cos [θ(t) + ψ(t)] = 0

(3)

Eq. 2 models the deformation of the body and Eq. 3 models the rocking motion. In the remaining
of the paper, the dependence of θ, ψ, and xgr on t is omitted.
2.2

Uplift conditions

The uplift acceleration aA
U P , able to uplift the body around A coincides with the expression

of xgr obtained from Eq. 3 when ψ = ψ̇ = ψ̈ = 0
aA
U P = {bg (m2 + 2m3 + m4 + m5 + m6 + m7 ) −
bh (4m2 + 4m3 + m5 + 2m6 + 3m7 ) [θ sin (θ) − θ2 cos (θ)] −
gh (2m1 + 4m2 + 2m3 + m5 + 2m6 + 3m7 ) sin (θ) +
h2 (4m1 + 16m2 + 4m3 + m5 + 4m6 + 9m7 ) θ } /
[h(2m1 + 4m2 + 2m3 + m5 + 2m6 + 3m7 )cos (θ)]

(4)

The uplift acceleration aA
U P depends on the geometry of the cabinet and on its deformation
during the full-contact phase (i.e., depend on θ, θ̇ and θ̈).
2.3

Impact conditions

The model presented in this paper considers two different kinds of impact: (i) the impact
between the base of the cabinet and the support during the rocking motion and (ii) the impact
on security stops that are used to limit the deformation of the cabinet.
The impact conditions referring to a cabinet that after an impact re-uplifts around the left
corner A are obtained assuming that the cabinet position after the impact remains unchanged,
the angular momentum of the whole cabinet around the re-uplifting corner A is preserved,
and the horizontal momentum of the cabinet is also preserved. Under such assumptions, it is
possible to evaluate the post-impact angular velocities θ̇+ and ψ̇ + as functions of the pre-impact
angular velocities θ̇− and ψ̇ −
θ̇+ = θ̇− + rϑ (θ)ψ̇ − ; ψ̇ + = sθ (θ)(θ̇− − θ̇+ ) + sψ (θ)ψ̇ −
where



rθ (θ) = ⎡
⎢
⎢
⎢
⎣

4b2 (2m1 + m2 + m4 + m5 + m6 + m7 ) −
2bh (2m1 + 4m2 + 3m3 + m5 + 2m6 + 2m7 ) θ
b2 (m2 + 4m3 + m4 + m5 + m6 + m7 )−
bh(8m2 + 8m3 + 2m5 + 4m6 + 6m7 )θ+
h2 (4m1 + 16m2 + 4m3 + m5 + 4m6 + 9m7 )θ2 +
4h2 (m1 + m3 ) + J2 + J4 + J5 + J6 + J7
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⎥
⎥
⎥
⎦
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sθ (θ) = 

h2 (16m2 + m5 + 4m6 + 9m7 ) + J1 + J3

JA − bh(8m1 + 8m2 + 2m5 + 4m6 + 6m7 )θ+
h2 (4m1 + 16m2 + 4m3 + m5 + 4m6 + 9m7 )θ2



sψ (θ) = 

JA − 2bSyB + bh(4m1 − 4m3 )θ+
h2 (4m1 + 16m2 + 4m3 + m5 + 4m6 + 9m7 )θ2
JA − bh(8m1 + 8m2 + 2m5 + 4m6 + 6m7 )θ+
h2 (4m1 + 16m2 + 4m3 + m5 + 4m6 + 9m7 )θ2

(7)




(8)

The quantities rθ (θ), sθ (θ), and sψ (θ) play the role of restitution coefﬁcients and depend on
the deformed conﬁguration of the system. Inside their expressions, JA is the polar inertia of
the whole cabinet with respect to A and SyA is the static moment of the system with respect a
vertical axis passing through A.
Security stops are introduced to limit the deformation (i.e., the maximum value of θ) during
the motion. By referring to an impact on security stops during a rocking motion around the
base corner A, it is possible to obtain the post-impact velocities θ̇+ and ψ̇ + as functions of the
pre-impact angular velocities θ̇− and ψ̇ − y through the following relationships:
θ̇+ = −η θ̇− ; ψ̇ + = ψ̇ − + p(θ, ψ)θ̇−
where

(η + 1)h (2m1 + 4m2 + 2m3 + m5 + 2m6 + 3m7 )
⎤
b (m2 + 2m3 + m4 + m5 + m6 + m7 ) sin(ψ)−
⎢
⎥
⎣ h (2m1 + 4m2 + 2m3 + m5 + 2m6 + 3m7 ) θ sin(ψ)+ ⎦
h (2m1 + 4m2 + 2m3 + m5 + 2m6 + 3m7 ) cos(ψ)

p(θ, ψ) = ⎡

(9)

(10)

It is assumed that after an impact on security stops the value of θ̇ changes its sign and is reduced
to a fraction of the value before the impact. The restitution coefﬁcient η depends on the characteristics of the security stops and η ≤ 1. The angular velocity ψ̇ + is obtained by assuring the
conservation of the horizontal momentum of the cabinet.
3

Numerical simulations

An extensive parametric analysis is performed by numerically integrating the equations of
motion. Such analyses are performed varying the oscillation period T of the cabinet in the
full-contact phase and the dimensions (i.e., base 2b and slenderness λ = 2h/b) of the cabinet.
All the other quantities are ﬁxed: damping ratio of the cabinets ξ = 0.05, restitution coefﬁcient
of the security stops η = 0.5, maximum angle allowed by the security stops θmax = 0.1rad,
and the cabinet is considered to be full (i.e., the additional mass M is added to the mass of the
shelves from 4 to 7, see Fig. 1a).
3.1

One-sine impulsive excitation

In the analyses performed in this /
section, the
is excited by a one-sine pulse excitation:
 cabinet

2π
As sin Ts t 0 ≤ t ≤ Ts
(11)
ẍg (t) =
0
Ts < t ≤ tmax
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where Ts is the period of the one-sine cycle, Ω = 2π/Ts is the circular frequency of the excitation, As is its amplitude, and tmax is the maximum time used in the numerical integrations
(tmax = 10Ts ). The results are arranged in overturning spectra, that provide the amplitude of
the excitation that generates the ﬁrst overturning occurrence versus the circular frequency of the
excitation.
An initial parametric analysis is performed to investigate the sensitivity of the dynamics of
the cabinet to T . In such an analysis the geometrical characteristics of the cabinet are ﬁxed,
2b = 0.6m, 4h = 2.6m. Figure 2a presents the results obtained with a model that does not
include security stops, whereas Fig. 2b shows the corresponding results obtained by including
the security stops. In the two ﬁgures, dashed lines refer to a rigid cabinet, whereas solid lines
refer to a deformable cabinet. The spectra are labelled with the value of the period T used
in the analysis. Such labels are surrounded by an ellipse if, during the motion, the cabinet
impacts on security stops or by a rectangle otherwise. In Fig. 2a, since the security stops are
not considered, the labels are all rectangular. Such a convention that shows the occurrence
of impacts on security stops is used in all the ﬁgures of this section. In Fig.s 2a and 2b, the
overturning spectra of the deformable cabinets with periods T ≥ 1.0s are above the curves
of the rigid cabinets in a wide range of the values of Ω. This means that the amplitude of
the excitation As required to overturn a deformable cabinet is higher than amplitude needed to
overturn the corresponding rigid cabinet. Moreover, the comparison between Fig. 2a and 2b
shows that, when impacts on security stops occur (e.g., cabinet with T = 1.5s), the presence of
the security stops signiﬁcantly affects the dynamics of the cabinet. Nevertheless, the overturning
spectrum obtained for T = 1.5s in Fig. 2b is still above the curve of rigid cabinet in most of
the considered range of Ω. In general all the overturning spectra in Fig. 2 present a jump. As
it occurs in rigid blocks ([24, 25]), also in deformable rocking bodies such a jump is associate
to a change of the overturning mode. Speciﬁcally, before the jump the body overturns hitting
once the ground, whereas after the jump the body overturns without hitting the ground. The
deformability of the cabinet shifts the jump on the left leading to a general improvement of the
behaviour of the cabinet.
In the following analysis the dimensions of the cabinet, 2b and 4h, are considered as variable
parameters. In Fig. 3, the results of the analysis are arranged in matrix form. Each row refers
to a different base dimension, whereas each column refers to a different height of the cabinet.
As expected, the dimensions of the cabinet signiﬁcantly affect the overturning spectra of the
rigid body. In general, the deformable cabinets are less prone to overturn than the equivalent
rigid cabinets, especially for more slender cabinets (i.e., those in the upper row). In Fig. 3, the
left graph on the ﬁrst row and the middle graph on the second row refer to cabinets with λ = 3
and different scale size. The comparison of the two graphs shows that the improvement in the
dynamics of the deformable cabinets (solid lines) with respect to the correspondent rigid case
(dashed lines) is smaller in the cabinet with larger scale.
3.2

Seismic excitation

A parametric analysis is performed to assess if the deformation of the cabinet can reduce the
amplitude of the rocking oscillations and eventually avoid the overturning of the cabinet during
a seismic event. For this analysis, seismic events with different characteristics are selected.
Fig. 4 shows the time-histories of the seismic records that are listed in the following:
• Kobe, Takarazuka-000 station, ground motion recorded during the 1995 Japan earthquake;
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Figure 2: Overturning curves for different period T : (a) Overturning curves without security stops; (b) Overturning
curves with security stops (ξ = 0.05, η = 0.5, θmax = 0.1, 2b = 0.6m, 4h = 2.6m, cabinet full).
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Figure 3: Overturning curve for different geometrical characteristics of the cabinet (ξ = 0.05, η = 0.5, θmax =
0.1, cabinet full).
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• Newhall, Newhall-360 station, ground motion recorded during the 1994 Northridge, California earthquake;
• San José, Fremont Mission San Jose motion recorded during the October 17, 1989, Lorna
Prieta earthquake.
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Figure 4: Time-histories of the recorded earthquakes.

The results of the parametric analysis performed with seismic excitation are arranged in
rocking maps. Such rocking maps are contour plots of the maximum rocking angle in the parameter plane 2b-λ. The rocking maps obtained for rigid and deformable cabinets are compared
to assess if the deformation improves the seismic behaviour of the cabinets.
In Fig. 5 the rocking maps are organized in matrix form where each column refers to a different earthquake (Kobe, Newhall, and San José). The ﬁrst row shows the maps of the rigid
cabinet, rows two and three refer to deformable cabinets with T = 1.0s and T = 1.5s, respectively. In the maps, the light grey regions (rocking regions) are those where the cabinet
undergoes rocking motion. The contour levels inside these regions refer to the maximum rocking angle reached during the motion. The dark grey regions (overturning regions) are those
where the cabinet overturns. The ﬁrst row of Fig. 5 shows that the rigid cabinet overturns in
almost all the parameter plane except that in the right lower part of the maps that correspond to
combinations of larger values of the base and lower slenderness of the cabinet. Rows two and
three of Fig. 5 show that deformable cabinets have smaller overturning regions that generally
tend to shrink as T increases. As an exception, for the Newhall seismic event, the cabinet with
T = 1.0 s does not overturn in the whole parameter plane, whereas the cabinet with T = 1.5 s
overturns only in a small portion of the parameter space. Finally, the contour levels inside the
light grey regions show a general reduction of the maximum rocking angle when the period T
increases.
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Figure 5: Rocking maps for three different earthquakes (Kobe, Newhall, San José) (ξ = 0.25, η = 0.5, θmax = 0.1,
cabinet full).
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4

Conclusions

This paper presents the model of a cabinet that can undergo a guided deformation. This
model has been used to investigate the possibility to improve the dynamic and seismic behaviour
of cabinets and racks by providing them of the ability to change their geometrical conﬁguration
during the rocking motion. The kinematic related to the change of geometrical conﬁguration
is speciﬁc to the model studied in this paper but can be easily generalized to other models
representing cabinets and racks, both for civil and industrial use.
It has been assumed that the body can undergo only rocking motion, without sliding. The
equations of motion have been obtained through a Lagrangian approach. The classical impact
of the body base with the support during the rocking motion and the impact on security stops
needed to limit the maximum angular deformation have been considered to describe the motion
of the system.
An extensive parametric analysis has been performed by numerically integrating the equations of motion. The improvement in the dynamics has been analyzed by comparing the behaviour of rigid and deformable cabinets under one-sine pulse and seismic excitations. For the
one-sine pulse excitation, the comparison has been made with overturning spectra that provide
the amplitude of the excitation able to overturn the cabinets versus its circular frequency. For
the seismic excitation, the maximum rocking angle reached during the motion under different
recorded earthquakes have been arranged in rocking maps and compared.
The results shows that the ability of a cabinet to change its geometrical conﬁguration before and after the start of the rocking motion signiﬁcantly improves its dynamical and seismic
performance compared to the performance of an equivalent rigid cabinet.
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Abstract
This paper presents a finite element (FE) modeling approach for simulating the 3D response
of a free-standing cylindrical column. The model is validated against experimental results,
which involved testing of the cylindrical steel column under a set of 100 bidirectional ground
motions. The specimen was free-standing and allowed to slide and rock in all directions. Both
the tested specimen and the shake table platen were stiff enough to be modeled as rigid. The
contact surface was modeled using Coulomb friction for the tangential behavior and stiff contact for the normal direction. Two energy dissipation mechanisms were modelled; friction and
radiation damping. Since Rayleigh damping is not directly linked to the physical problem, it
was set equal to zero.
It has been proven that the response of a single column to an individual ground motion is a
chaotic and unpredictable problem. Therefore, a statistical approach was utilized to compare
the numerical to the experimental results, using the cumulative distribution function (CDF)
for the main response quantities (i.e., maximum displacement at the top of the column and
residual displacement), demonstrating satisfying agreement.
The influence of the friction coefficient was assessed through an extensive sensitivity analysis
using non-linear time-history analyses. Results proved that the statistics of the response only
smoothly depend on the exact value of the friction coefficient even though the response to an
individual ground motion seems chaotic.

Keywords: Rocking Columns, Finite Elements, Statistical Validation, Sensitivity Analysis,
Free-Standing Equipment
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1

INTRODUCTION

Rocking structures are the ones that are allowed to uplift. Under ground motion, uplifting
occurs when:

u g ! g ta
tan D
where üg is the ground acceleration, g is the gravity acceleration, and α is the slenderness of
the block (Figure 1). It is assumed that the sliding surface is sufficiently rough to prevent sliding. This uplifting effect acts as a fuse, limiting the inertial forces transmitted to the superstructure. After uplift, a rocking oscillator demonstrates negative stiffness, making the
description of such systems significantly different to the conventional ones.

Figure 1. Geometric properties of a rocking block.

The first analytical study of this phenomenon is dated back to 1885 [1,2]. However, rocking
structures have been systematically studied after 1963, when Housner published his seminal
paper [3] where two main properties of the rocking structures were elucidated: i) out of two
geometrically similar rocking blocks (same α) the larger one (larger R) can survive an excitation which will topple the smaller one ii) longer period ground motions have a higher overturning potential [3].
The rocking oscillator has been used to describe the dynamic behavior of free-standing
equipment [4-16], masonry structures [17-26] and ancient temples [27-34]. Rocking is also a
promising seismic response modification technique, both for bridges and buildings, with practical applications in the former USSR and New Zealand. Applications in buildings may comprise a soft-rocking-story mechanism [35-37], or a rocking wall [38, 39], whereas in bridges,
rocking piers [40-56]. Several analytical studies investigated the response of rocking structures combined with external dampers or restraining tendons [57-60]. The influence of the
flexibility of the rocking body was also studied, both analytically and experimentally [61-65].
The analytical model proposed by Housner describes the planar response of a rigid rocking
body when subjected to one-directional excitation. However, under seismic excitation, rocking structures are subjected to bidirectional (or three-directional when the vertical acceleration
is considered) excitation [66-69]. Under these conditions, an unanchored body may rock in
3D dimensions (wobble). When it is not restrained, it may also slide out of its initial position
or completely detach from the support.
This study aims at developing a practical three-dimensional finite element model to predict
the response of free-standing cylindrical rocking columns. The validity of the proposed model
is assessed by statistically comparing numerical and experimental results. The experimental
results comprise 100 shake table tests, using a cylindrical steel column with a slenderness (α)
of 0.2. The number of tests performed is large enough to create an experimental benchmark
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dataset, which could be used for a statistical comparison. The specimen was subjected to twodimensional excitation, and it was free to slide, rock and wobble in all directions. As the column is free to slide and wobble out of its original position, it serves for validation of numerical models used for the description of the seismic behavior of unanchored equipment, rather
than of structures that use rocking as a seismic isolation strategy, where the rocking members
would not be allowed to slide.
2

STATISTICAL VALIDATION

Rocking is often characterized as “chaotic”, in the sense that the response of rocking objects
is sensitive to the initial conditions [70], often making tests non-repeatable. Therefore, validating numerical models in a deterministic way does not even make sense.
Bachmann et al. [71] and Del Guidice et al. [72,73] claimed that validating a numerical
model using a single ground motion is a sufficient but not necessary validation procedure.
The seismic response is inherently stochastic since the excitation is stochastic. Therefore, a
statistical (and not a deterministic) validation of the numerical model is proposed. During this
statistical validation, the statistical distributions of the main response quantities of the model
and the experiments are compared. This procedure requires an experimental benchmark dataset, where the same (or identical specimens) are excited by an ensemble of ground motions.
Afterwards, a numerical model is used to create another dataset, using the same ensemble of
excitations. The validity of the numerical model is assessed by comparing the Cumulative
Distribution Function (CDF) of these two datasets for the same response quantities (i.e., maximum displacement at the top and residual displacement). This validation test is weaker (and
easier to pass), yet sufficient for earthquake engineering applications.
3

NUMERICAL STUDIES OF ROCKING STRUCTURES: RESULTS OF A BLIND
PREDICTION CONTEST

During the last decade, both FEM and DEM numerical models were developed to predict
the rocking problem [74-79]. A recent blind prediction contest organized by ETH Zurich, the
University of Bristol and the Pacific Earthquake Engineering Research (PEER) Center, shed
light on the efficiency of numerical models used to describe the statistical response of a rocking podium structure [80,81]. Unlike the tests discussed in this paper, the tests of [80,81] concerned a rocking podium structure that was restrained not to slide or wobble out of its original
position. Thirteen contestants participated, using FEM, DEM, and analytical rigid-body models [80,82-83]. One of the important outcomes of this contest is that there is no basis for recommending FEM or DEM to model the response of wobbling structures; the accuracy of
these models depends on the modeling assumptions. Moreover, it was proven that even
though the winning models precisely captured the Cumulative Distribution Function of the
maxima of the responses to each set of excitations, they were unable to accurately predict the
response to each individual ground motion.
4

EXPERIMENTAL PROCEDURE

This section briefly presents an experimental investigation designed at ETH Zurich and carried out at EQUALS Lab, University of Bristol [84]. This investigation includes 115 shake
table tests of cylindrical free-standing rocking bodies, which were free to slide and rock in all
directions. More details about the tests can be found in [84]. From the various free-standing
columns which were experimentally tested (Figure 2), this paper utilizes the results of one cylindrical column to assess the efficiency of the proposed FE model (Figure 3, right). The ex-
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perimental results from [84] served as an experimental (benchmark) dataset, to assess the proposed FE model.
The experimental results of [84] serve for model validation and were not chosen to represent
specific free-standing rocking equipment. The specimens were designed to remain elastic after each test, so the same specimen could be excited with a large number of earthquake excitations to create a database suitable for a statistical validation. The specimens were made of
round steel pipes, with different dimensions and slenderness.
The rocking response was induced by a di-directional dynamic excitation using a shake table. The applied ground motions were synthesized using a spectral version of the Rezaeian
and Der Kiureghian stochastic ground motion model [85-86]. The 1989 Loma Prieta UCSC
Lick Observatory ground motion record was used as a seed ground motion to generate an ensemble of 100 ground motions. The ground motions were scaled, with the frequency of
ground motions increased by 2 without changing the amplitude. Therefore, in the prototype
scale, the columns are 4 times larger.
5

NUMERICAL MODEL

The finite element software ABAQUS [87] was utilized to perform the analysis. The model
comprised the cylindrical rocking body and a moving flat base-slab. The moving flat base
emulates the top surface of the shake table. Both the rocking column and the flat base were
modeled as rigid, since they were stiff enough and demonstrated no damage after testing. The
flat base-slab was vertically supported by a spring-dashpot system to simulate the vertical
stiffness of the shake-table platform and the radiation/impact damping mechanism (Figure 3,
Left). Its rotation was constrained and set equal to zero. This approach was previously used in
[88] in an effort to model radiation/impact damping, and it was shown that that in the planar
case it leads to Housner’s solution, as long as the stiffness of the spring is relatively high.
Therefore, the spring constant was set to 109 N/m so that the pre-uplift vertical eigenperiod of
the system is 0.001 sec. All rotations of the base were fixed. To apply the ground motion, the
base moved parallel to x and y axis.
A uniform mesh with a size of 5 mm was utilized in all analyses. A 4-node 3D rigid quadrilateral finite element was used both for the rocking column and the flat base. The motion of
the specimen was monitored with a reference point at the top of the column. The contact surface was simulated using Coulomb friction for the tangential behavior and ABAQUS stiff
contact [87] for the normal direction. An explicit scheme with a fixed time increment of 10-6
sec was used in all cases.
The developed numerical model considers two main damping mechanisms; friction and radiation/impact damping. Inherent Rayleigh damping is set to zero since this energy dissipation mechanism is inconsistent with the physical problem. Energy dissipation through friction
is considered through the friction coefficient, whereas radiation damping through the utilized
dashpot. Neither the friction (μ) nor the dashpot (ζ) coefficient was known a priori; the influence of the friction coefficient was assessed through an extensive parametric analysis employing non-linear time history analysis.
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Figure. 2. Free-standing rocking column specimens on the shake table at EQUALS lab, University of Bristol.

Figure 3. Left: Schematic representation of the rocking column, the constraint of the flat base and the springdashpot system bellow the base; Right: Dimensions (in m) of the tested specimen.

In this parametric analysis, the coefficient of friction μ was varied from 0.3 to 2. Not all the
above values are realistic, but the analysis explores the influence of extreme values of the
modelling parameters on the rocking response. The damping ratio ζ corresponding to the vertical vibration mode (i.e. radiation damping) was set to ζ=1%. This damping should not be
confused with Rayleigh, which was equal to zero in all tests.
6

RESULTS

6.1. Deterministic Comparison
Figure 4 presents scatter plots that compare the experimental to the numerical results for
different values of the critical modeling parameter (i.e., friction coefficient). The investigated
response parameters are the maximum displacement (umax) at the top of the rocking column,
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and the residual displacement after the end of the excitation (ures), both measured in meters. In
the following plots, “OT” denotes overturning of the specimen. In all scatter plots, the horizontal axis corresponds to the experimental results, whereas the vertical to the numerical ones.
It is evident that the numerical results are moderately correlated to the experimental ones.
Moreover, similarly to previous studies , the numerical model often fails to predict overturning. However, the relevant question in earthquake engineering is not whether the model is accurate but whether it is biased and whether it induces more uncertainty than the ground
motion. Comparing the results of individual ground motions, it is not possible to identify clear
patterns of the influence of the coefficient of friction on the maximum response of the body.
Most importantly, minor changes in the coefficient of friction, lead to very large changes in
the response.
6.2 Statistical Comparison
When the numerical results are statistically assessed, clear trends emerge (Figure 5), similarly to what was observed for the planar rocking model by Yim et al [89] as early as in 1980.
An increase of the friction coefficient leads to an increase of the maximum displacement of
the rocking column (Figure 5, left). The residual displacement does not seem to depend on the
coefficient of friction, provided that there is no overturn. Hence, neglecting sliding (i.e. using
a very high value for μ) is a conservative modelling approach, at least in terms of maximum
displacement and prediction of overturning probability.

Figure 4. Deterministic comparison for experimental and numerical results of the columns. Sensitivity analysis
for friction coefficient. Left: Maximum Displacement, Right: Residual Displacement
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Figure 5. Statistical comparison for experimental and numerical results of the columns. Sensitivity
analysis for friction coefficient. Left: Maximum Displacement, Right: Residual Displacement

7. CONCLUSIONS
The presented numerical model simulates the response of a free-standing cylindrical column. The column had a slenderness ratio of α = 0.2, and, during testing, it was free to slide
and rock in all directions. It is shown that the model performs poorly when it is deterministically assessed based on its ability to predict the maximum displacement at the top of the column. However, it can perform well, when it is evaluated based on its ability to predict the
CDF of the maxima of the response to a set of ground motions.
The friction coefficient between the rocking block and the supporting surface was varied
numerically and its influence was assessed with a large number of non-linear time-history
analyses. Even though the exact value of the friction coefficient significantly influences the
deterministic response, it affects the statistical response only moderately. The CDF curves
show that an increase of the friction coefficient amplifies uplifting and leads to larger maximum rocking displacements, thus making the model more conservative. A friction coefficient
equal to μ = 0.3 and a radiation damping equal to ζ = 1% leads to the optimal match between
experimental and numerical results.
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Abstract. The paper presents a fully performance-based seismic reliability and risk assessment
framework for freestanding structural components and contents that can be modelled as rocking rigid blocks. It shown that a drift-driven Incremental Dynamic Analysis approach can be
adopted in order to obtain the ﬂoor timehistories which are then used as input for the response
history analysis of the contents. Therefore, ﬁrst the demand at the storey level is obtained and
then the response of the contents is calculated using the storey acceleration response history.
An alternative methodology where the fragility of the building and of the freestanding contents
are derived separately is also examined and its limitations are discussed. The seismic response
of building contents depends on several parameters such as the geometry of the object, the
dynamic characteristics of the building and the storey that the object is located.
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1

INTRODUCTION

Earthquake losses may be due to structural damage, damage of non-structural components
(e.g. inﬁlls, piping system) and also due to the damage of the structure’s contents. Nonstructural damage can be due to damage of components attached, or anchored, to the hosting
building, or due to damage on the freestanding inventory of the building. In the latter case,
there is a huge variability of systems and conﬁgurations hampering the systematic study of the
problem and the recommendation of generally-applicable guidelines. The risk assessment of
building contents is a complicated task since the response of the contents depends also on the
behaviour of the hosting structure. As a result, there may be cases where a strong earthquake
does not overturn an object but strongly damages the structure, while more benign ground motions may leave the structure intact however causing losses due to damage on the building’s
contents.
The paper focuses on the seismic performance, fragility and risk assessment of freestanding building contents. Freestanding building contents are treated as rocking rigid blocks and
are modelled using Housner’s theory [1]. A speciﬁcally tailored version of the Incremental
Dynamic Analysis (IDA) method is proposed in order to assess the structure and its contents
considering that the structural collapse implies also collapse/overturning of the contents [2].
A second point of interest is the derivation of fragility curves and the calculation of the Mean
Annual Frequency (MAF) of building contents.
Despite the signiﬁcance of the problem, there are relatively few past studies on the seismic
response assessment of freestanding contents, especially compared to the case of anchored nonstructural components and anchored building equipment. The paper presents a performancebased seismic fragility and risk assessment framework for freestanding building contents. Contrary to previous works on the seismic fragility assessment of rocking contents, the proposed
methodology discusses how the response of the hosting building and that of the contents are
coupled and also the effect of different stories and different block geometries. In order to consistently study the effect of increasing seismic intensity in a performance-based setting, a modiﬁed version of the well-known Incremental Dynamic Analysis (IDA) method is presented. It is
shown that the EDP that should “drive” the IDA simulations is that of the building rather than
that of the contents and also that the collapse of the building should not be neglected. Moreover,
the calculation of fragility and risk are discussed. Existing fragility assessment methodologies
are adopted showing that the IM of the building should be adopted (instead of that of the contents), while a procedure that uses the total probability theorem in order to calculate the MAFs
combining fragilities that were separately generated for the structure and for the contents is investigated. Overall it is shown that the problem is not as simple, as it may initially seem, and
that various tools should be appropriately combined in order to accurate and efﬁciently calculate
the risk of freestanding contents.
2

Theory of the rocking block

In order to study the seismic response of freestanding bodies to an earthquake ground motion,
it is assumed that the bodies are orthogonal blocks. Following the pioneering work of Housner
[1], the problem of rocking and overturning of freestanding blocks to earthquakes has been
the subject of intense analytical and experimental research. Despite its apparent simplicity, the
rocking problem has been proven difﬁcult, since the blocks behave nonlinearly and also due to
the occurrence of many impacts between the rocking bodies and their base. The fundamentals
of rocking theory are brieﬂy summarized in order to allow studying the seismic behaviour of
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freestanding rocking blocks. A rigid block of dimensions 2b × 2h that oscillates about pivot
point A (or A’). The block has weight W and moment of inertia I0 about point A.Assuming
that the block is homogeneous and thus the center of gravity is located at height h, the block’s
slenderness angle
√ is equal to α = atan(b/h). The slenderness angle α together with the size
parameter R = b2 + h2 deﬁne fully the geometry of the block. Consequently, the equation of
motion of the rocking block is [1]:
Io θ̈ (t) + mgR sin [αsgnθ (t) − θ (t)] = −müg (t) R cos [αsgnθ (t) − θ (t)]

(1)

where the angle of rotation θ is the only degree of freedom. The sign function is used to deﬁne
the pivot point (A or A’), i.e. when A’ is the pivot point, the angle θ is negative. The above Eq.
1 can be solved either with the aid of an Ordinary Differential Equation (ODE) solver or using
simple Finite Element models (e.g Diamantopoulos and Fragiadakis[3]).
3

Seismic response assessment of building contents

The procedure followed for the seismic response assessment of freestanding building contents is relatively easy. The building is subjected to an acceleration timehistory and the total
acceleration response history of the storey of interest is stored. The stored storey acceleration response history is used as the input acceleration time history for the rigid block assessment. This
conceptually simple cascading procedure requires two models, one for simulating the building
and a second for simulating the freestanding contents. Moreover, after every building simulation the complete acceleration, or velocity, response history has to be stored for every storey.
This workﬂow is used also for developing the fragility curves of the rocking objects of interest.
Seismic response assessment requires to deﬁne pertinent Intensity Measures (IM) and Engineering Demand Parameters (EDP) for both the structure and the contents. This step is also
important for the fragility assessment. IMs represent seismic intensity, while the EDPs are used
to measure the demand, or the “damage”. In order to distinguish the quantities that refer to
the “structure” and the “block’, the superscripts “s” and “b” ’ are used, respectively. Therefore, EDP (s) and IM (s) are the IM and the EDP of the structure, while EDP (b) and IM (b)
refer to the rigid block. For a block at storey j, IM (b) will coincide with (or be derived from)
(s)
the structure’s EDPj , or, simply, the peak ﬂoor acceleration of the storey is the peak ground
(s)
acceleration for the rocking body. Therefore, the selection of EDPj and IM (b) should be
consistent.
For moderate-period structures with no near-fault activity, an appropriate choice for the
intensity measure of the building IM (s) , is the 5%-damped, ﬁrst-mode spectral acceleration,
Sa (T1 , 5%). Moreover, the most common EDP for moment frames is the maximum interstorey
drift. However, since our focus is on freestanding components, instead of the maximum interstorey drift, a consistent quantity should be chosen as the EDP (s) , while the intensity measure
IM (s) is always Sa (T1 , 5%), although other measures are also possible.
For a rocking block, the most intuitive IM choice is the peak ground acceleration (P GA),
since it is the parameter that deﬁnes the maximum overturning moment, while according to
u¨g ≥ tan α and u¨g ≥ μ tan α the P GA deﬁnes whether rocking and sliding respectively or
none of the two will occur. Although it is not necessary, the P GA is normalized with gtanα
and thus the block’s IM is IM (b) = P GA/gtanα, where IM (b) ≤ 1 implies that the block
does not start rocking. Furthermore, past research[4, 5] has shown that the P GV is also an
important response parameter that provides a good correlation between seismic demand and
block overturning. For simplicity, we choose not to normalize the P GV , but researchers[?] have
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also proposed the normalized quantity pP GV /gtanα as an IM suitable for rocking blocks. Our
results have shown that the P GV (or P F V ) performs well as an IM and hence we have chosen
the simplest IM possible. Therefore, the IM (b) for a rocking block at storey j considered,
is either the normalized peak ﬂoor acceleration P F Aj , or the peak ﬂoor velocity P F Vj ; the
(s)
parameter chosen will be also used as the demand parameter of the building EDPj . The most
suitable engineering demand parameter EDP (b) for the rocking block is the rotation angle θ
normalized by slenderness angle α, i.e. EDP (b) = |θ|/α.
In order to assess a system’s capacity, meaningful performance objectives related with the
system’s modes of failure or damage have to be identiﬁed. For rocking systems, overturning is
the primary limit-state of interest, while rocking initiation is also of interest but it can be easily
identiﬁed from the P GA. Depending on the freestanding component, (e.g. its purpose, its material, etc), “limited” damage can be identiﬁed for normalized rotation values θ/α ≈ 0.1 ÷ 0.3,
“moderate” damage for θ/α ≈ 0.3 ÷ 0.5 and “overturning” is assumed for θ/α ≥ 1. Recommendations of limit-state thresholds for rocking bodies can be found in various publications,
e.g. Dimitrakopoulos and Paraskeya[6], Psycharis et al.[7] and Kavvadias et al.[8]. In practice,
these limits vary considerably and it is not possible to decide threshold values that are generally
applicable. For example, for sensitive mechanical equipment a rotation θ/α ≥ 0.1 may result
to permanent damage and thus in terms of loss the outcome will be the same with overturning.
Another important aspect is the geometry of the block. Slender blocks start rocking for smaller
acceleration values, while stocky blocks require higher acceleration values to start rocking and
are more stable.
4

Fragility and risk calculations

The seismic risk assessment of building contents requires the prior knowledge of their fragility.
As fragility, or “fragility function”, we refer to the cumulative distribution function of the capacity of an asset to resist an undesirable limit-state [9]. For building contents, the fragility
provides the probability of overturning as a function of the seismic excitation. Although often
in the literature the terms “fragility” and “vulnerability” are used interchangeably, in this work
we assume that fragility refers to the overturning probability as function of seismic intensity,
while vulnerability is used to measure loss. Past research on fragility assessment focuses on
the risk assessment of the structure itself[10], while the contents are examined separately and,
usually, neglecting the effect of the hosting structure. Independent, and often generic, fragility
curves for various building contents can be found in guidelines (e.g. FEMA P-58[11]) and
the literature. Such fragility curves are empirical and are targeted to speciﬁc component types
(e.g. cladding panels, masonry parapets). The direct fragility calculation that is here proposed
through simulations allows to consider additional sources of uncertainty (e.g. related to the
shape of the object, its mass distribution) and hence is preferable.
The fragility function is the conditional limit-state exceedance probability, given by the expression:
(2)
FR = P (EDP > edp|IM )
The structure is ﬁrst examined. There will be simulations that the building collapses (denoted as
“C”) and simulations where no collapse occurs (denoted as “NC”). Making this separation and
dropping the conditioning term in order to simplify the notation, i.e.: P (EDP ) = P (EDP >
edp|IM ), the probability of Eq. 2 is calculated using the total probability theorem (TPT) as
follows:
(s)

FR = P (EDP (s) |N C)PN C + P (EDP (s) |C)PC ⇔
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(s)

FR = P (EDP (s) |N C)(1 − PC ) + PC

(3)

where P (EDP > edp(s) |C) is equal to 1 since the inequality is always satisﬁed and PN C =
1 − PC .
Focusing on the rocking body, when an object is subjected to a seismic ground motion there
are three possible types of response: (i) the object may not rock and remain at rest, (ii) it may
rock, or (iii) it may overturn. Using the total probability theorem for the block, the fragility
function becomes:
(b)

FR = P (EDP (b) |N oRock)PN oRock +P (EDP (b) |Rocking)PRocking +P (EDP (b) |Ovtn)POvtn
(4)
where P (EDP (b) |N oRock), P (EDP (b) |Rocking) and P (EDP (b) |Ovtn) are the probabilities
that EDP (b) = θ/α exceeds a threshold value edp(b) and PN oRock , PRocking and POvtn are the
corresponding probabilities of no rocking, rocking and overturning, respectively. Blocks that
will not rock, will not exceed any edp(b) value and thus P (EDP |N oRock) = 0, while the
overturning blocks always exceed the limit-state threshold and thus P (EDP |Ovtn) = 1. The
conditional limit-state probability (fragility) is further simpliﬁed to:
(b)

FR = P (EDP (b) ≥ edp|Rocking)(1 − POvtn − PN oRock ) + POvtn

(5)

The calculation of Eq. 5 is discussed in the sections that follow. A fundamental assumption
of our derivation is that the simulations that collapse the building also overturn/collapse the
freestanding contents [2].
The risk is expressed as the mean annual frequency (MAF) of a limit-state being exceeded.
Adopting the PEER’s formula, the limit-state MAF for the structure and for a rigid block are
(s)
(b)
calculated with the aid of the following expressions: where λEDP , λEDP is the mean annual
frequency of the engineering demand parameter (EDP (s) or EDP (b) ) exceeding threshold level
(s)
(b)
and dλIM , dλIM is the slope of the seismic hazard curve. The limit-state MAFs are easily
obtained convolving the site hazard curve, expressed as function of the IM, with the fragility
curve obtained with respect to any of the EDPs of interest. For the structure, the IM of interest
is always available, e.g. spectral acceleration Sa (T1 , 5%), but for the block this information is
(b)
available only at the ground ﬂoor. For assets located at a storey, the calculation of dλIM has no
meaning and thus their fragility should be calculated as function of IM (s) instead of IM (b) :
(b)

λEDP =

IM (s)

P (EDP (b) |IM (s) ) |dλIM |

(6)

Conditioning the block’s fragility to IM (s) , i.e. using Eq. 6 is also conceptually preferable since
the MAF is directly calculated from the site’s hazard. Note that we have dropped the superscript
“s” from dλIM (s) , since dλIM always refers to the site and thus the structure.
A simpliﬁed and more generic methodology for the seismic risk of structure’s contents is
possible if we apply the total probability theorem (TPT), using the block’s intensity measure
IM (b) as an intermediate variable. This allows to expand Eq. 6 and obtain the MAF using the
expression:
(b)

λEDP =

IM (s)

IM (b)

P (EDP (b) |IM (b) ) dP (IM (b) |IM (s) ) |dλIM |

(7)

where P (IM (b) |IM (s) ) = P (EDP (s) |IM (s) ) is the building’s fragility curve. Eq. 7 can be
used in order to calculate separately the fragilities thus bypassing the need for performing building simulations and storing the response acceleration histories for the stories of interest.
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5

Incremental Dynamic Analysis for freestanding components

The Incremental Dynamic Analysis (IDA) method is used for calculating the limit-state
fragilities for both the structure and its contents. IDA involves subjecting the structure, or
the block, to a suite of ground motion records, each scaled to multiple levels of intensity. After incrementally scaling every ground motion, single record capacity curves are produced in
terms of demand versus seismic intensity.IDA has conceptual similarities to the Multiple Stripe
Analysis (MSA) method[12, 13], where instead of scaling separately all ground motions, every
record is scaled to the same IM level. Since for every scaling level the ground motions have
the same IM value, the EDP values form a “stripe” which allows to directly calculate the median (50% percentile) and the 16% and 84% percentile capacity curves conditional on the IM.
Strictly speaking, in IDA the scaling factors will be different, but stripped data can be easily
obtained with interpolation. For the sake of simplicity, in this work MSA was performed (i.e.
scaling the records to a common IM level), but loosely speaking the “term” IDA is used since it
is more widespread and difference is merely a matter of implementation. Below we ﬁrst discuss
how the IDA method is applied for the cascading problem at hand. We ﬁrst examine the structure since the ground motions are applied at the base of the building and in the subsection that
follows we discuss how the fragilities of the freestanding contents are obtained from the ﬂoor
response histories.
5.1

Hosting structure

For the four-storey RC building considered [2], every IDA curve is plotted in the EDPIM plane as shown in Figure 1. The median curve (50% percentile) provides an estimate of
the expected value and the fractile curves can be used to measure the dispersion[14]. The IDA
capacity curve of Figure 1 is not the most common form of IDA where EDP (s) is the maximum
interstorey drift ratio. A different EDP has to be adopted for studying building contents which
leads to the representation of Figure 1, where the EDP (s) is either the normalised peak ﬂoor
acceleration (P F A), or the peak ﬂoor velocity (P F V ). The summarized EDP-IM plots (Fig.
(s)
1a or b) allow to directly calculate P (EDPj |N C) and PC (Eq. 3) for every IM stripe. If the
(s)
EDPj values are lognormally distributed, the buildings fragility for the j th storey is calculated
as follows:
P (EDP (s) ≥ edp(s) ) = 1 − P (EDP (s) < edp(s) ) = Φ

μlogEDP − edp(s)
σlogEDP

(8)

where μlogEDP and σlogEDP are the mean and the standard deviation of the logarithm of the
demand, always conditional on the IM (s) . Regardless the IM, the fragility of the building
should be obtained combing Eq. 8 with Eq. 3:
(s)
FR

μlogEDP − edp(s)
=Φ
(1 − PC ) + PC
σlogEDP

(9)

where PC is the percentage of collapsed simulations. Obviously different fragilities will be
obtained depending on the EDP of interest.
Based on Figure 1 and Eq. 8 it is understood that the calculation of Eq. 8 is not efﬁcient
when the drift is used as the EDP. This is understood looking at Figure 1 where it is evident that
the median (or the 16, 84% fractile) curves, conditional on the IM, cannot be calculated above
the IM level where more than 50% (or the 16, 84% fractile, respectively) of the single-record

2426

M. Fragiadakis and S. Diamantopoulos

(a)

(b)

Figure 1: Storey capacity curves for the four-storey RC building considered, using as EDP: (a)
the Peak Floor Acceleration (P F A), and (b) the Peak Floor Velocity (P F V ).
IDAs become horizontal. On the contrary, when the P F A, or the P F V , is adopted, the median
and the 16, 84% fractiles can be easily calculated due to the practically monotonic increase of
the IDA curves.
Moreover, although the drift is not the primary EDP of interest, the IDAs should be driven
by the drift, or any other EDP that is related with the structural damage. This is because when
structural collapse occurs, the freestanding contents are also considered collapsed (overturned).
In the single-record capacity curves of Figure 1, the solid dots indicate when the building collapses, i.e. either when the analysis structurally fails, or when the maximum drift threshold is
exceeded. The dots are transferred in Figure 1 indicating the occurrence of structural failure.
This is done merely for visualization purposes since all simulations after the dots are assumed
collapsed. This visualization shows that even for relatively low P F A, or P F V values, structural damage may have already occurred.
5.2

Rocking contents

Figure 2 shows the EDP-IM plots of a freestanding block with R = 1.0m and α = 0.2.
The hosting structure was subjected to the IDA simulations of Figures 1 and 3 and then the
simulations (shown as black dots in Fig. 1) are transferred to the EDP (b) − IM (b) (Fig. 2a),
or the EDP (b) − IM (s) plane (Fig. 2b). In both plots the collapsed simulations appear as dots
just right to the vertical line at EDP (b) = 1. The dots below the horizontal line at IM (b) = 1
(Fig. 2a) correspond to the no rocking simulations. As already discussed in a previous section,
the EDP (b) − IM (b) representation is the natural EDP-IM choice, but is not the easiest choice
(b)
when it comes to the calculation of MAF λEDP . Moreover, as shown in Figure 2a, the data in
the EDP (b) − IM (b) form a cloud, while if they are plotted in the EDP (b) − IM (s) place they
are already conditional on the IM (s) .
Both EDP-IM representations allow to calculate the fragility of the blocks, but with respect
(b)
to a different IM. Deﬁning the fragility conditional on the IM of the structure, i.e. FR =
P (EDP (b) |IM (s) ) can be used for directly calculating the MAF using Eq. 6. On the other
(b)
hand, the intuitive deﬁnition FR = P (EDP (b) |IM (b) ) provides the storey fragilities with
respect to the block’s IM and always for the storey of interest. Another major difference is
that when IM (b) is adopted, the EDP-IM data appear as a “cloud” (Fig. 2a), while when IM (s)
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(a)

(b)

Figure 2: Seismic response of a freestanding building object with R = 1.0m and α = 0.2: (a)
plotting EDP (b) − IM (b) results to cloud data, (b) plotting EDP (b) − IM (s) results to data in
stripes.
is adopted instead, they appear in stripes (Fig. 2b). The IDA method can be directly applied
to the striped data, while the cloud data require a different post-processing in order to derive
the fragility curve. In the case of Figure 2b, the data form stripes and hence they can be post
processed as was already shown in Section 5.1 for the building:
(b)
FR

μlogEDP b − edp(b)
=Φ
(1 − POvtn − PN oRock ) + POvtn
σlogEDP b

(10)

(b)

Since the FR is calculated at every stripe PN oRock , POvtn are simply obtained as the percentage of simulations where no-rocking and overturning was observed, respectively. An alternative
efﬁcient way is to ﬁt the cumulative distribution function (CDF) of a lognormal distribution on
the striped EDP-IM data as discussed by Baker [15]. If the data are not stripped, as in Figure 2a,
the cloud analysis method should be used instead.
6

Numerical Results

The acceleration and the velocity response spectra [2] allow to understand how the structure
ﬁlters the record, i.e. they show the modes that are ampliﬁed and those that are ﬁltered out.
However, rocking structures do not have modes of vibration in the classical sense, i.e. like
an elastically deforming body. For this reason, Figure 3 shows the mean rotation demand for
two rigid blocks with the same size parameter R = 1m and varying slenderness angle α. A
smaller slenderness α value implies a more slender block, hence the block is more sensitive to
overturning and keen to larger rotations. Having set overturning simulations to θ/α = 1, very
interesting ﬁndings are offered by Figure 3. At Sa (T1 , 5%)=0.4g (Fig. 3), the mean rotations
of the scaled ground motions are very close to that of the top storey, while the demand is
considerably smaller at lower stories. When the building is inelastic (Sa (T1 , 5%)=1.0g, Fig.
3b), the blocks that are subjected to the storey response histories have smaller rotation demand
compared to the “ground” records. Therefore, regardless of the Sa (T1 , 5%) level, the building
alters the frequency content of the ground motions reducing the fragility of the block for any
slenderness angle α.

2428

M. Fragiadakis and S. Diamantopoulos

(a)

(b)

Figure 3: Mean rotation demands for rigid blocks with R = 1m as function of the slenderness
angle. The spectra were produced for building response histories scaled at: (a) IM (s) = 0.4g
(elastic structure), and (b) IM (s) = 1.0g (inelastic structure).

(a)

(b)

Figure 4: Fragility curves for a block located at the 3rd storey of the building: (a) slender block
(R = 1.0m, α = 0.2), (b) stocky block (R = 1.0m, α = 0.35).
The remaining of the paper is focused on the seismic fragility assessment of the freestanding
contents. We isolate two freestanding rocking blocks with R = 1m. The ﬁrst has a slenderness
angle α = 0.20 and is considered as “slender”, while the second has α = 0.35 and is referred
as “stocky”. Three limit-states are identiﬁed for each block. For the slender block, the corresponding EDP (b) = θ/α threshold values are assumed as 0.3, 0.5 and 1, respectively, while
for the stocky block the values are 0.1, 0.3 and 1. Different threshold values are used for each
block due to their very different dynamic behaviour (e.g. see Fig 3). For example, θ/α = 0.1 is
easily exceeded for the slender block and thus it is not a reasonable threshold, while for a stocky
block the limit-state fragility of θ/α = 0.5 will, practically, coincide with that of overturning
(θ/α ≥ 1).
Figure 5 shows the block overturning fragilities using P F A as the intensity measure IM (b)
of the block. The solid lines refer to the block subjected to the original ground motions, while
the dashed lines were obtained using the response history of the fourth storey. Also, the dark
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(a)

(b)

Figure 5: Overturning fragility curves of a slender (R = 1.0m, α = 0.2) and a stocky block
(R = 1.0m, α = 0.35) assuming IM (b) = P F A: (a) the block is considered overturned when
the structure collapses, (b) the collapse of the structure is omitted.

(a)

(b)

Figure 6: Overturning fragility curves of a slender (R = 1.0m, α = 0.2) and a stocky block
(R = 1.0m, α = 0.35) assuming IM (b) = P F A/gtanα: (a) the block is considered overturned
when the structure collapses, (b) the collapse of the structure is omitted.
lines correspond to the slender block and the grey to the stocky. As expected, the slender
block is always more vulnerable, while the building reduces its fragility (Fig. 5a). On the
contrary, the building fragility overall increases for the stocky block. This is in agreement with
the rocking spectra of Figure 3. In order to better understand the importance of considering
the collapse of the structure, Figure 5b, repeats the fragility curves of Figure 5a, but this time
ignoring the coupling between the structure and the block. In other words, in Figure 5b, we
do not assume that the block overturns when structural collapse occurs. As before, for the
slender block the fragilities are only slightly affected, but for the stocky block the fragility is
very different. According to Figure 5a and b, when the coupling is neglected, the building is
beneﬁcial also for the stocky block.
The results of Figure 5 are repeated in Figure 6 but with IM (b) = P F A/gtanα, instead of
P F A. Since the blocks have a different slenderness angle α, the normalized IM (b) affects the
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(a)

(b)

Figure 7: Storey overturning fragility curves: (a) slender block (R = 1.0m, α = 0.2), (b) stocky
block (R = 1.0m, α = 0.35).
fragilities obtained. Qualitatively the results are the same compared to those of Figure 5a and
b, but the fragilities curves are less dispersed, bringing closer the slender and the stocky block
fragilities. Figure 6b also shows the 90% bootstrap conﬁdence intervals around each fragility
curve. The narrow conﬁdence intervals obtained, verify that the comparison is statistically
signiﬁcant.
Figure 7 presents for all stories of the structure the block overturning fragilities assuming
IM (b) = P GA/gtanα. For both blocks, the storey fragilities practically coincide, while the
“ground” fragilities differ considerably from those of the four stories. In principle, the fragility
curves should coincide since they provide a property of the system that should not be sensitive
to the ground motion set. However, due to the substantially different frequency content of the
ground motions this in not the case here. Of interest is also to show the fragilities obtained
using as IM (b) the P GV (or P F V ) instead of the P GA (Fig. 8). Adopting the P GV , the
storey fragilities appear more dispersed compared to the P F A/gtanα, which is more profound
for the stocky block. Quantitatively, as before, the stocky block is more vulnerable on the
ground, while the slender block is less affected by the structure compared Figure 5a. As a
general conclusion, although qualitatively our conclusions are not affected by the IM (b) , the
fragility curves will differ and their interpretation requires attention. Furthermore, Figures 7a
and 8a show the 90% conﬁdence intervals which again verify the statistical signiﬁcance of the
fragilities obtained.
In order to calculate the limit-state mean annual frequencies (MAF) of the block, we adopt
the hazard curve that corresponds to a site in the island of Crete, Greece. As discussed in
a previous section, the limit-state MAFs are “exactly” calculated with Eq. 6. Alternatively,
the MAFs can be calculated with Eq. 7 ﬁnding separately the fragility of the block and of
the structure. The calculation of Eq. 7 requires the derivative of the block’s fragility, which
essentially is the probability density function (PDF) for a number of discrete limit-states. For
the example considered, the MAFs of Eq. 6 and Eq. 7 are shown in Table 1 for the ﬁrst and the
fourth storey of the RC building considered. In Eq. 7 two IM (b) were considered, P GA/gtanα
and P F V . Sufﬁcient accuracy between the MAFs of the two approaches is achieved when the
P F V is used as the intermediate variable in Eq. 7, while signiﬁcant errors are observed for
IM (b) = P F A/gtanα. Although not shown, poor results were observed when the P F A was
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(a)

(b)

Figure 8: Storey overturning fragility curves using P F V as the IM of the block: (a) slender
block (R = 1.0m, α = 0.2), (b) stocky block (R = 1.0m, α = 0.35).
used as IM (b) . Moreover, the simpliﬁed method of Eq. 7 produces slightly better estimates for
the slender block. The cloud data should be handled carefully, since the associated dispersion
is naturally large. The main reason for the large variation of the MAFs in Table 1 is the biased
fragilities of the blocks when the IM considered is the PFA. However, we have observed that
using the PFV as IM, the approximate evaluation tends to produce smaller errors.
Table 1: Limit-state MAFs obtained for a rocking block using the exact (Eq. 6) and the simpliﬁed approach (Eq. 7) with either P F A/gtanα or P F V as the intermediate variables.
Slender block
storey
1st storey

4th storey

Stocky block
storey
st
1 storey

4th storey

IM (b)
exact
simpl. P F A
simpl. P F V
exact
simpl. P F A
simpl. P F V

(θ/α ≤ 0.3)
7.389 ×10−4
13.304 ×10−4
5.470 ×10−4
58.502 ×10−4
40.966×10−4
33.753 ×10−4

(θ/α ≤ 0.5)
2.918 ×10−4
6.843 ×10−4
2.427 ×10−4
12.372 ×10−4
21.168 ×10−4
11.930 ×10−4

(θ/α ≤ 1.0)
1.894 ×10−4
5.760 ×10−4
1.940 ×10−4
4.035 ×10−4
12.938 ×10−4
4.959 ×10−4

IM (b)
exact
simpl. P F A
simpl. P F V
exact
simpl. P F A
simpl. P F V

(θ/α ≤ 0.1)
3.328 ×10−4
5.556 ×10−4
2.753 ×10−4
53.987 ×10−4
30.435×10−4
31.043 ×10−4

(θ/α ≤ 0.3)
1.831 ×10−4
4.534 ×10−4
1.903 ×10−4
7.115 ×10−4
11.557 ×10−4
6.180 ×10−4

(θ/α ≤ 1.0)
1.661 ×10−4
4.395 ×10−4
1.822 ×10−4
1.661 ×10−4
6.623 ×10−4
2.269 ×10−4

The comparison of the MAF estimates is better understood looking at the fragilities of Figure
(b)
|IM (s) ) is compared with the direct calculation and is calculated as
9. The fragility P (EDP
)
P (EDP (b) |IM s ) = IM (b) P (EDP (b) |IM (b) ) dP (IM (b) |IM (s) ). Essentially the calculation
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(a)

(b)

Figure 9: Fragility curves using the exact (Eq. 6) and the simpliﬁed approach (Eq. 7) for the
slender block (R = 1.0m, α = 0.2) and the stocky block (R = 1.0m, α = 0.35): (a) ﬁrst storey,
(b) forth storey, respectively.
of Eq. 7 is repeated leaving out the slope of the hazard curve dλIM (s) , which is common for both
MAF equations. Figure 9 shows the good performance of P F V as opposed to P F A/gtanα,
while better agreement is shown for the overturning limit-state and for the slender block.
Accepting that the choice of the IM (b) is important, it is necessary to investigate where do
the errors shown in Figure 9 come from. This is understood comparing Figure 7 and Figure 9.
Figure 7 shows that the fragility curves of the block at the building and at the ground will differ
for the stocky block but not for the slender block. Since the collapse of the building does not
affect the overturning fragility of the slender block (Fig. 7a), the overturning fragility of the
slender block is almost the same regardless, if the structure’s collapse is neglected or not, hence
the overturning MAF of Figure 9 is closely estimated. On the other hand, for the slender block,
the building and the ground fragilities differ and this is transfered to Figure 9b. However, even
for the stocky block, the solution provided is acceptable given the many sources of uncertainty
on the problem at hand. Another important remark is that the block used in this example were
obtained including the building’s collapse. Therefore, when the building’s collapse does affect
the fragilities, as in the case of the slender block, Eq. 7 is accurate. This hampers the use of Eq.
7 when generic fragility curves are to be adopted.
7

CONCLUSIONS

The fragility assessment of freestanding building contents has been discussed. The building
contents were modelled as rigid blocks and it was assumed that they are hosted in a four-storey
RC building. It has been shown that the problem addressed is complicated since the response of
the structure and the contents are coupled. The ﬁndings of the study have been been obtained
using a single two-dimensional, four-storey building and hence cannot be always generalized.
For this reason, further research is required in order to fully understand the effect of the structure
on the fragility of freestanding contents. Nevertheless, the work presented should be considered
as an attempt to offer some ﬁrst guidelines on how the rocking problem can be handled for
freestanding objects that are hosted in a building.
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Abstract. Structures with passive energy dissipation systems are characterized by a complex
dynamic behavior due to the hysteretic nature governing the response of the adopted devices.
Mathematically speaking, the hysteretic models currently available to simulate the behavior of
rate-independent devices, such as metallic and friction dampers, are much more complicated
than those developed for rate-dependent devices, such as viscous ﬂuid and viscoelastic solid
dampers. To allow for a straightforward, accurate and efﬁcient modeling of rate-independent
energy dissipation devices in practice, we introduce a novel phenomenological model suitable
for both metallic and friction dampers. Such a model offers the advantage of requiring an
easy calibration procedure since it is based on a set of only four parameters having a clear
mechanical signiﬁcance. The proposed model is employed to simulate the actual behavior of
some metallic dampers, denominated Shear Links, that have been experimentally tested at the
University of Naples Federico II. In addition, numerical simulations are performed to show the
capability of such devices in protecting structures from earthquake excitations.
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1

INTRODUCTION

Passive energy dissipation represents one of the most effective techniques for the seismic
protection of buildings and bridges [1, 2, 3, 4]. This technique requires the use of special
devices, called dampers, that are characterized by a high energy dissipation capacity and are
generally incorporated in the external frames of a structure thus dissipating energy throughout
its entire height [5].
Dampers typically exhibit a complex hysteretic behavior. In particular, such a behavior is
referred to as rate-independent if the device restoring force depends on the device displacement,
whereas it is deﬁned rate-dependent when the device restoring force is a function of the device
velocity. Clearly, there may exist some dampers showing both types of behavior at the same
time [6].
Examples of rate-independent passive energy dissipation devices, commonly used for seismic protection of structures, are metallic dampers and friction dampers, whereas examples of
rate-dependent devices are viscous ﬂuid dampers and viscoelastic solid dampers.
Several hysteretic models have been proposed in the literature for simulating the complex
behavior occurring in dampers [7]. Typically, rate-independent hysteretic models are much
more complex than the rate-dependent ones from a mathematical point of view [8].
Among existing rate-independent models, the Bouc-Wen model [9, 10] and its modiﬁed
versions [7] seem to be the most suitable ones since they allow for an accurate prediction of the
hysteretic response of both metallic and friction dampers by using a relatively small number of
parameters. Unfortunately, these models require parameters with no clear mechanical meaning
thus involving the use of complex and time-consuming identiﬁcation procedures. In addition,
due to their differential nature, they are not computationally efﬁcient since they require the
numerical solution of a ﬁrst-order nonlinear ordinary differential equation for the evaluation of
the hysteretic variable at each time step of a nonlinear dynamic analysis.
To foster the use of accurate and efﬁcient rate-independent models in practice, this paper
proposes a novel phenomenological model able to predict the hysteretic behavior generally
displayed by metallic and friction dampers. Compared to the celebrated Bouc-Wen model or
its modiﬁed versions, the proposed model, belonging to a more general class formulated in
[11, 12, 13], is based on a set of only four parameters having a clear mechanical signiﬁcance.
For such a reason, it needs a straightforward calibration procedure and, consequently, it may be
easily adopted in practice.
The paper is organized into three parts. In the ﬁrst part (Sections 2 and 3), we ﬁrst derive
the nonlinear equilibrium equations of a typical building frame equipped with energy dissipation devices and subjected to earthquake excitation. Subsequently, we brieﬂy describe, for
the reader’s convenience, the three main categories of dampers with particular emphasis on the
description of their hysteretic behavior.
In the second part (Section 4), we present a preliminary formulation of the proposed hysteretic model suitable for rate-independent dampers, such as metallic and friction devices, and
then we illustrate the inﬂuence of the four parameters on the hysteresis loop size and/or shape.
Finally, in the third part (Section 5), we adopt the proposed hysteretic model to simulate
the experimental behavior of a particular class of metallic dampers, denominated Shear Links,
and we perform several nonlinear dynamic analyses on a building frame equipped with such
devices to show their capability in reducing both ﬂoor relative displacements and absolute accelerations.
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2

NONLINEAR EQUILIBRIUM EQUATIONS

The response of a Multi-Degree-Of-Freedom (MDOF) system is generally governed by the
following system of coupled second-order nonlinear Ordinary Differential Equations (ODEs):
Mü(t) + Cu̇(t) + Ku(t) + fn (t) = p(t),

(1)

in which u(t), u̇(t), and ü(t) are the generalized displacement, velocity, and acceleration vectors, respectively, whereas M, C, and K represent the generalized constant mass, damping,
and elastic stiffness matrices, respectively; in addition, fn (t) is the generalized nonlinear force
vector, which may have rate-independent and/or rate-dependent hysteretic nature, whereas p(t)
represents the generalized external force vector depending on time t.
In this work, we specialize such nonlinear equilibrium equations to the structural model of a
typical building frame equipped with energy dissipation devices, each mounted in combination
with two diagonal braces. In particular, we introduce a 3-story two-dimensional (2D) structural
model whose geometry is deﬁned in a global, right-handed Cartesian coordinate system (O, Y ,
Z), as shown in Figure 1.
For simplicity, we assume that: a) frame elements, such as beams, columns, and braces, deform within their linear elastic range during the earthquake excitation, whereas the hysteretic
devices exhibit nonlinear behavior; b) columns are axially inextensible; c) beams and braces
are axially inextensible and ﬂexurally rigid. We observe that these assumptions, typically introduced in the literature [14], can be removed without any inﬂuence on the proposed results.

Figure 1: 2D structural model of a typical building frame with added dampers.

The above-described structural idealization allows us to write the displacement, velocity, and
acceleration vectors of the 2D structural model, relative to the ground, as follows:
⎧ (1) ⎫
⎧ (1) ⎫
⎧ (1) ⎫
⎨ü ⎬
⎨u̇ ⎬
⎨u ⎬
(2)
(2)
, ü = ü(2) ,
(2)
, u̇ = u̇
u= u
⎩ (3) ⎭
⎩ (3) ⎭
⎩ (3) ⎭
u
u̇
ü
where u(i) , u̇(i) , ü(i) represent, respectively, the displacement, velocity, and acceleration along
the Y -axis of the i-th ﬂoor.
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On account of that, the constant mass, damping, and elastic stiffness matrices become:
⎡ (1)
⎡ (1)
⎤
⎤
C + C (2)
M
0
0
−C (2)
0
M=⎣
0⎦ , C = ⎣
0 M (2)
−C (2) C (2) + C (3) −C (3) ⎦ ,
0
−C (3)
C (3)
0
0 M (3)
⎡ (1)
⎤
K + K (2)
−K (2)
0
K =⎣
−K (2) K (2) + K (3) −K (3) ⎦ ,
0
−K (3)
K (3)

(3)

where M (i) is the i-th ﬂoor mass, C (i) is the i-th ﬂoor damping coefﬁcient, whereas K (i) is the
i-th ﬂoor elastic stiffness, obtained by summing the elastic stiffnesses of the i-th ﬂoor columns.
Finally, the nonlinear force vector and the external force vector are given by:
⎧
⎫
⎡ (1)
⎤⎧ ⎫
(1)
⎪
0
0 ⎨ 1⎬
M
⎬
⎨fn ⎪
(4)
fn = fn(2) , p = − ⎣
0⎦ 1 üg ,
0 M (2)
⎪
⎪
⎩ ⎭
(3)
⎩f (3) ⎭
1
0
0
M
n
(i)

where fn represents the nonlinear force of the i-th ﬂoor, whereas üg is the ground acceleration
applied along the Y -axis. In particular, if the vector fn is a function of the displacement vector
u, its three components are computed as:
fn(1)

=

3


(1)
fj (u(1) )

j=1

fn(2) =

2


−

2

j=1

(2)

fj (u(2) − u(1) ) −

j=1

fn(3) =

2


(2)

fj (u(2) − u(1) ),
2


(3)

fj (u(3) − u(2) ),

(5)

j=1
(3)

fj (u(3) − u(2) ),

j=1
(i)

where fj is the rate-independent hysteretic force exhibited by the j-th damper of the i-th ﬂoor.
Conversely, if the vector fn is a function of the velocity vector u̇, the displacement u(i) ,
(i)
appearing in Equation 5, has to be substituted with the velocity u̇(i) ; in such a case, fj would
represent the rate-dependent hysteretic force displayed by the j-th damper of the i-th ﬂoor.
3

ENERGY DISSIPATION DEVICES

Several types of passive energy dissipation devices have been adopted worldwide to protect
structures from earthquake excitations. According to the nature of their hysteretic behavior,
such devices may be classiﬁed into three categories [7]:
1. rate-independent hysteretic devices: dampers whose restoring force does not depend on
the rate of variation of the displacement (i.e., velocity) but only upon the displacement
amplitude and the sign of the velocity (i.e., direction of the motion). Some examples are
represented by metallic dampers and friction dampers.
2. rate-dependent hysteretic devices: dampers whose restoring force depends, partially or
totally, on the rate of variation of the displacement (i.e., velocity). Examples of such
devices are viscous ﬂuid dampers and viscoelastic solid dampers.
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(a)

(b)

Figure 2: Typical hysteresis loop of (a) metallic and (b) friction dampers.









(a)

(b)

Figure 3: Typical hysteresis loop of (a) viscous ﬂuid and (b) viscoelastic solid dampers.

3. further devices: dampers which cannot be classiﬁed by one of the above-described basic
types. Some examples are friction-spring devices with re-centering capability and ﬂuid
restoring force-damping devices.
Figure 2a (b) illustrates the typical force-displacement hysteresis loop of a metallic (friction)
damper, whereas Figure 3a (b) shows the hysteresis loop which generally characterizes a viscous
ﬂuid (viscoelastic solid) damper.
Clearly, the hysteresis phenomena observed in these devices are induced by different types
of mechanisms. As a matter of fact, in metallic dampers such a nonlinear behavior is associated
with yielding of mild steel, whereas in friction dampers it is due to the sliding friction across
the interface between two solid bodies.
Furthermore, in viscous ﬂuid dampers the energy dissipation is due to the friction between
ﬂuid particles and the piston head, whereas in viscoelastic solid dampers it is related to the
deformation of solid elastomeric pads.
4

PROPOSED HYSTERETIC MODEL

In this Section, we focus on the modeling of rate-independent hysteretic devices which,
differently from the rate-dependent ones, require much more complex hysteretic models.
In particular, we ﬁrst summarize the formulation of a novel uniaxial phenomenological
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model belonging to a more general class introduced by Vaiana et al. [11, 12, 13, 15]; subsequently, we illustrate the inﬂuence of the four model parameters on the size and/or shape of
the restoring force-displacement hysteresis loops.
4.1

Model Formulation

In the Proposed Hysteretic Model (PHM), u (f ) represents the damper axial/transverse displacement (restoring force), whereas u̇ is the damper axial/transverse velocity.
The restoring force, during the generic loading case (u̇ > 0), is evaluated as:
/ +

 +

+
+

u,
u
u
∈
u
(6a)
c
−
2u
,
u
0
j
j
j
 + 
=
f u, u+
j
cu (u)
u ∈ uj , ∞ ,
(6b)
whereas, during the generic unloading case (u̇ < 0), it is computed as:
/ −

 − −

−

c
,
u
+
2u
u,
u
u
∈
u
0
j
j
j

=
f u, u−
j
cl (u)
u ∈ −∞, u−
j .

(7a)
(7b)

In Equations 6 and 7, c+ and c− represent, respectively, the generic loading and unloading
curves:


+u−u+ +2u0 −α2
j

k
−
k
a
b
α1
= kb u + f 0 +
c+ u, u+
+u − u+
+ c2 , (8)
j
j − α1 log c1 + e
c1
c−


−u+u− +2u0 −α2
j

k
−
k
a
b
−
−
α1
−u + uj − α1 log c1 + e
u, uj = kb u − f0 −
c1


+ c2 ,

(9)

whereas cu and cl are, respectively, the upper and lower limiting curves:

u+
j

cu (u) = kb u + f0 ,

(10)

cl (u) = kb u − f0 .

(11)

(u−
j ),

that represents the displacement value where the generic loadThe internal variable
ing (unloading) curve intersects the upper (lower) limiting curve, is given by:
&
 u +c −c k −k −1 f −k u −f
'
+uP +2u0 −α2
( a b) ( P b P 0)
+ P 2 1
+
−1
α1
α1
uj = +α1 log c1 e
−e
,
(12)
&
u−
j

= −α1 log


c−1
1

e

−

−1
uP −c2 −c1 (ka −kb )
(fP −kb uP +f0 )
α1

−e

−uP +2u0 −α2
α1

'
,

(13)

in which uP and fP are the coordinates of a generic point P belonging to c+ or c− .
As regards the internal parameters f0 and u0 , they are evaluated as:
ka − kb
f0 =
(2u0 − c2 ) ,
(14)
2c1



1
ka − k b
u0 =
− c1 ,
(15)
α2 + α1 log
2
δk
where δk is a numerical parameter set equal to 10−20 , whereas ka , kb , α1 and α2 represent the
four model parameters to be calibrated from experimental or numerical data, with ka > kb ,
ka > 0, α1 > 0, α2 > 0. Finally, c1 and c2 are two constants whose expressions, depending on
the four model parameters and omitted for brevity, will be illustrated in detail in a future work.
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Figure 4: Inﬂuence of the PHM parameters variation on the hysteresis loop size and/or shape: (a) ka , (b) kb , (c)
α1 , and (d) α2 .

4.2

Parameter Sensitivity Analysis

Figure 4 shows how the size and (or) the shape of hysteresis loops, obtained by imposing a
full sinusoidal cycle of displacement having unit amplitude and frequency, change(s) due to the
variation of each PHM parameter, namely ka , kb , α1 and α2 .
5

NUMERICAL EXPERIMENTS

This Section illustrates the results of several nonlinear time history analyses performed on
a building frame equipped with energy dissipation devices and subjected to earthquake excitation. In order to demonstrate the effectiveness of the adopted passive control system and its
capability to signiﬁcantly decrease both ﬂoor relative displacements and absolute accelerations,
the numerical results are compared with those obtained by analyzing the same building frame,
having linear elastic behavior, without using the hysteretic devices.
To carry out the nonlinear dynamic analyses, the proposed hysteretic model, described in
Section 4, is employed to simulate the behavior of each damper adopted in the passive control system. Furthermore, an accurate and computationally efﬁcient explicit time integration
method, described in [8], is adopted to numerically integrate the system of nonlinear equilib-
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Figure 5: Shear Link: (a) typical lateral view and (b) comparison between experimental and analytical hysteresis
loops of device SL 30 3.

rium equations. Due to its explicit nature, such a method offers the advantage of performing
nonlinear dynamic analyses without adopting iterative procedures.
Both the hysteretic model and the numerical method have been implemented in the computer
program MATLAB.
5.1

Structure Properties

Figure 1 shows the 2D structural model of the building frame selected to perform the numerical experiments. In particular, it is a three-story, three-bay reinforced concrete structure whose
beams (columns) have a length of 6.0 m (3.2 m) and are characterized by a rectangular section
with size 0.3 m x 0.4 m (0.5 m x 0.5 m).
The masses of the ﬁrst, second, and third ﬂoor are equal to 85200 Ns2 m−1 , 57400 Ns2 m−1 ,
and 42600 Ns2 m−1 , respectively, and are assumed to be lumped in the respective ﬂoor mass
center, namely M C1 , M C2 , and M C3 .
As a result of the assumptions made in Section 2, the total number of Degrees-Of-Freedom
(DOFs) is equal to 3, whereas the three natural periods, evaluated without taking into account
dampers and steel braces, are T1 = 0.2220 s, T2 = 0.0916 s, and T3 = 0.0630 s. As typically
done with reinforced concrete structures, it is assumed that each mode has a damping ratio of
5% [14].
The passive control system consists of 7 dampers which are mounted between the steel braces
and the upper beam, as illustrated in Figure 1. The adopted devices, denominated Shear Links,
are metallic dampers, having rate-independent hysteretic behavior, that are manufactured from a
I-shaped laminated steel plate [16, 17]. As shown in Figure 5(a), this type of device is typically
made up of a) vertical stiffeners, that ensure the device stability, b) external ﬂanges, that allow
for the device connection to structural elements, and c) dissipative windows, that are capable
of dissipating energy. Bolted connections are employed to facilitate the installation process; in
particular, slotted holes are used for the upper connection in order to avoid axial forces on the
device.
The Shear Links employed in this paper have been experimentally tested by Nuzzo et al. [18]
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Figure 6: Time histories of the M C3 (a) relative displacement and (b) absolute acceleration obtained with (red
line) and without (blue line) metallic dampers.

at the laboratory of Department of Structures for Engineering and Architecture of the University
of Naples Federico II (Italy). In particular, the device adopted in the numerical simulation,
denominated SL 30 3, exhibits the restoring force-displacement hysteresis loops of Figure 5(b)
when subjected to a displacement time history having increasing amplitude [18].
5.2

Applied earthquake excitation

The analyses are performed by imposing, along the Y -axis, the component SN of the 1994
Northridge motion, and by adopting a ground acceleration record time step of 0.005 s.
5.3

Hysteretic model parameters

The complex behavior of each Shear Link is simulated with the novel phenomenological
model, presented in Section 4, whose 4 parameters have been calibrated on the basis of the
experimental hysteresis loops obtained by Nuzzo et al. [18]. In particular, the values identiﬁed
for such parameters are: ka = 2 x 108 N/m, kb = 6 x 106 N/m, and α1 = α2 = 0.002 m.
Figure 5(b) compares the experimental hysteresis loops of the device SL 30 3 with those
predicted by means of the proposed hysteretic model thus demonstrating a satisfactory agreement between them.
5.4

Numerical results

Figure 6(a) illustrates the time histories of the M C3 displacement, relative to the ground,
obtained with (red line) and without (blue line) metallic dampers; similarly, Figure 6(b) shows
the time histories of the M C3 absolute acceleration obtained with (red line) and without (blue
line) Shear Links. Looking at such comparisons, it is evident that the adopted passive protection
system is capable of limiting potential damages induced by seismic events since it allows for
the reduction of both ﬂoor relative displacements and absolute accelerations.
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6

CONCLUSIONS

We have presented a preliminary formulation of a novel uniaxial phenomenological model
that is capable of simulating the complex behavior of both metallic and friction dampers by
employing four parameters having a clear mechanical signiﬁcance.
The proposed model has been calibrated on the basis of some experimental hysteresis loops
obtained by Nuzzo et al. [18] during an experimental campaign performed on Shear Link
devices. In particular, the accuracy of the model has been veriﬁed by comparing the simulated
restoring force-displacement hysteresis loops with those obtained from the experimental tests.
In addition, the proposed model has been employed to analyze a building frame equipped
with Shear Links. The numerical results obtained by applying an earthquake ground acceleration have demonstrated the capability of the adopted dampers in controlling excessive ﬂoor
displacements and accelerations.
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Abstract. We investigate the rocking response of a Caryatid from the Erechtheion, modelled as
a rigid body freestanding on an isolation system made of Lead Rubber Bearings. An efﬁcient
uniaxial phenomenological model belonging to a recently developed class is used to simulate
the strongly nonlinear response typically exhibited by elastomeric devices. The algebraic nature
of the proposed hysteretic model allows one to obtain the device restoring force by solving an
algebraic equation, thus reducing the computational effort of the nonlinear dynamic analyses
that have been carried out on the above-mentioned Caryatid statue. In order to establish the
effective performances of the proposed isolation system the isolated and non-isolated rocking
responses of the statue are derived and compared.

2446

Davide Pellecchia, Stefania Lo Feudo, Nicolò Vaiana, Jean-Luc Dion, and Luciano Rosati

1

INTRODUCTION

Nowadays the large majority of statues contained in museums are not equipped to resist
oscillations induced by earthquakes. For this reason, seismic protection of artefacts belonging
to the cultural heritage is a topic that has received signiﬁcant interest over the last years [1, 2,
3, 4, 5, 6, 7, 8]. In particular, researchers focused on the study of the rocking behaviour of rigid
bodies since the statues, which are simply supported on the ﬂoor or a pedestal, could overturn
under seismic excitation. Moreover, their overturning and damage is potentially associated with
signiﬁcant human and economic losses [9, 10].
Base isolation represents one of the most adopted strategies for the seismic protection of
artefacts belonging to the cultural heritage. In fact, such a technique has been used for the
protection of some statues in Italy, such as the Riace bronzes exhibited in the Archaeological
Museum in Reggio Calabria [11], the Dancing Satyr at the Dancing Satyr Museusm in Mazara
del Vallo, and the Imperatore Germanico at the Edilberto Rosa Museusm in Amelia [12].
The most used isolation device - mostly for the seismic protection of buildings and bridges
- are the Elastomeric and Sliding isolators. The formers provide energy dissipation by using
an elastomeric material, whereas the latters display an energy dissipation capacity due to the
friction damping occurring at the sliding interface. Both seismic isolation bearings display a
force-transverse displacement relationship of hysteretic nature.
The dynamics of a base-isolated rigid body strictly depends on the interaction between the
complex nonlinear behaviour of the isolation devices and the rocking behaviour of the rigid
body. Consequently, it is very important to adopt a hysteretic model able to accurately predict
the seismic isolators response.
In this paper, we investigate the rocking response of a Caryatid from the Erechtheion, modelled as a rigid body freestanding on an isolation system made of Lead Rubber Bearings, i.e.
one of the most popular elastomeric isolators used in Civil Engineering applications.
The behaviour of the elastomeric devices is predicted by using an efﬁcient uniaxial phenomenological model belonging to a recently developed class [13, 14, 15]. Since the model has
an algebraic nature, the device restoring force is computed by solving an algebraic equation so
that the numerical solution of a ﬁrst-order nonlinear ordinary differential equation at each time
step of the analysis is not required. Moreover, the model is based on a small set of parameters
having a clear mechanical signiﬁcance.
Nonlinear dynamic analyses are carried out on the above-mentioned Caryatid statue, with
and without isolation, in order to establish the performance of the latter in protecting the analysed art object from seismic excitations.
2

SEISMICALLY ISOLATED RIGID BODY MODEL

The Caryatid from the Erechtheion under investigation has been modelled as a symmetric
rigid body freestanding on an isolation system made of elastomeric bearings. We supposed that
the friction between the statue and the isolated base is high enough to avoid the sliding.
The geometrical parameters of the model are shown in Fig. 1(a), namely the distance R
between the centre of gravity and the centre of rotation, and the slenderness γ measured as the
tilt angle relative to the vertical axis when the body is at rest. Their values are taken from a
paper by Constantinides et al. [16] who studied the seismic response of six statues belonging to
a collection shown at the University of California, Berkeley.
The Caryatid’s mass m, equal to 3 172.05 kg, has been obtained supposing that the density
of Caryatid’s material is equal to 2 650 kg m−3 . Hence, the Caryatid’s fundamental angular
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(a) Geometrical properties

(b) Full-contact phase

(c) Rocking phase

Figure 1: The Caryatid from the Erechtheion.
rocking frequency is given by
(

ωr =

mgR
≈ 2.60 rad s−1 ,
JO

(1)

where g is the gravity acceleration and JO is the polar inertia around one of the two Caryatid’s
centre of rotation.
Finally, the mass of the isolated base mb is supposed to equal to 212 kg.
2.1

Kinematic phases

There are two phases of motion that can occur, namely the full-contact and the rocking
motion. The former is described by one degree of freedom, i.e. the horizontal movement of the
base x(t), whereas in the latter there are two degrees of freedom activated: one is the horizontal
movement and the other measures the tilt angle of the body ϕ(t).
The equations of motion change depending on the phase of motion that the rigid body undergoes.
2.2

The full-contact motion

In the full-contact phase, the Caryatid does not rock while the isolated base moves as shown
in Fig. 1(b).
The equation of motion that describes this phase is
(m + mb ) (ẍg + ẍ) + nd f = 0,

(2)

where ẍg is the ground acceleration, nd is the number of devices that support the isolated base
and the statue, and f is the generalised restoring force of the elastomeric isolator.
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Davide Pellecchia, Stefania Lo Feudo, Nicolò Vaiana, Jean-Luc Dion, and Luciano Rosati

2.3

The rocking motion

Fig. 1(c) illustrates the rocking motion. In this phase, the Caryatid rocks while the isolated
base moves; thus there are two degrees of freedom activated.
By using the signum function sgn(·), as shown in [3], this phase can be described by just
one set of two equations, regardless of the centre of rotation around which the Caryatid rocks.
Hence, we have
m (ẍg + ẍ + ẍϕ ) + mb (ẍg + ẍ) + nd f = 0,
JO ϕ̈ + m (ẍg + ẍ) R cos(sgn(ϕ) γ − ϕ) = −m g R sin(sgn(ϕ) γ − ϕ),

(3)
(4)

in which ẍϕ is the acceleration of the centre of mass relative to the ground. This acceleration
depends on the rocking angle ϕ, since
xϕ = sgn(ϕ) R sin(γ) − R sin(sgn(ϕ) γ − ϕ).

(5)

Consequently, the second derivative with respect to the time of (5) is:
ẍϕ = R sin(sgn(ϕ) γ − ϕ) ϕ̇2 + R cos(sgn(ϕ) γ − ϕ) ϕ̈.
2.4

(6)

Collisions

As usual in the specialised literature, we assume that when the Caryatid collides with the
isolated base, the linear (angular) momentum remains unchanged whereas the linear (angular)
kinetic energy decreases. Accordingly, the angular and the linear coefﬁcients of restitution
obtained by the law of momentum conservation are [2]:
2 R2 sin2 (γ) m
,
R2 cos2 (γ) m m̃ − JO

(7)

2 R4 sin2 (γ) cos2 (γ) m m̃
,
R2 cos2 (γ) m m̃ − JO

(8)

eϕ = 1 +
and
ex =
where m̃ = m/(m + mb ).
3

LEAD RUBBER BEARINGS AND THEIR MATHEMATICAL MODEL

Elastomeric isolators are one of the most popular devices used for the protection of mechanical and civil systems from seismic events. They are characterised by layers of elastomeric
materials and thin reinforcing elements. Elastomers provide energy dissipation and ﬂexibility,
whereas the reinforcing elements avoid the lateral expansion of the elastomer due to the axial
compressive load.
In this Section, the main characteristics of Lead Rubber Bearings (LRBs) - one of the most
used types of elastomeric isolators - are illustrated. In addition, the proposed hysteretic model,
able to predict the complex hysteretic behaviour of such isolators, is described.
3.1

Lead Rubber Bearings

Lead Rubber Bearings have a circular or square transverse cross-section and are connected
with the superstructure and the substructure by means of two steel plates bounded to the top and
the bottom surfaces of the devices, see Fig. 2(a). Additionally, they are characterised by one
or more lead cores that provide high values of horizontal stiffness and energy dissipation. In
particular, the damping factor of such devices can reach a value up to ξ ≈ 15 ÷ 35%. Fig. 2(b)
shows the typical hysteresis loop shape displayed by LRBs.
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(a) Cutaway drawing

(b) Restoring force-displacement hysteresis loop

Figure 2: Lead Rubber Bearing.
3.2

Proposed hysteretic model

In this Section, we present the proposed hysteretic model able to predict the complex behaviour of the LRBs isolators. The accuracy and the computational efﬁciency of such a model
have been demonstrated in previous papers [13, 17], by comparison with the celebrated BoucWen model [18, 19]. In fact, the latter model requires the numerical solution of a differential
equation to compute the restoring force of the device, what increases the overall computational
effort. On the contrary, the proposed hysteretic model is of algebraic nature, i.e. the restoring
force can be computed by means of algebraic equations; moreover, the model is based on just
three constitutive parameters that can be calibrated from experimental tests [20] or by means of
a design procedure described in [21].
Making reference to [22] for further details, the generic hysteresis loop is modelled by four
types of curves, namely the upper (lower) limiting curve cu (cl ) and the generic loading (unloading) curve c+ (c− ), as shown in Fig. 3. The point of intersection between the upper (lower)
limiting curve and the axis of ordinate is denoted as f0 (−f0 ). In addition, the starting and the
+
−
ending points of the generic loading (unloading) limiting curve have abscissa x+
i and xj (xi
and x−
j ), respectively. The model assumes that the horizontal distance between the starting and
the ending points for both loading and unloading curves is constant and equal to 2 x0 , where x0
is an internal model parameter.
+
The restoring force in the generic loading case is equal to f = c+ when x+
i < x < xj and
−
−
−
−
f = cu when x > x+
j ; whereas f = c when xj < x < xi and f = cl when x < xj .
The expressions of the upper (lower) and the loading (unloading) limiting curves used for
predicting the hysteretic behaviour of LRBs are
c u = kb x + f 0 ,
cl = kb x − f 0 ,

(9)
(10)

and



(1−α)
(1 + x − x+
(1 + 2 x0 )(1−α)
j + 2 x0 )
c = kb x + (ka − kb )
+ f0 ,
−
1−α
1−α


(1−α)
(1 + x − x−
(1 + 2 x0 )(1−α)
j + 2 x0 )
−
c = kb x + (ka − kb )
− f0 ,
−
α−1
α−1
+
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Figure 3: Proposed hysteretic model.

where ka , kb and α are the model’s constitutive parameters. The mechanical signiﬁcance of
these parameters is illustrated in [22].
Finally, the internal model parameters x0 and f0 are computed as follows:


x0
f0

1



1 ka − kb α
=
−1 ,
2
δk


ka − kb (1 + 2 x0 )(1−α) − 1
=
,
2
1−α

(13)
(14)

in which δk may be set equal to 10−20 , as shown in [13].
4

APPLICATION TO A CARYATID FROM THE ERECHTHEION

In this Section, we show the results obtained from some nonlinear time history analyses on
the Caryatid from the Erechtheion described in Sec. 2. The East-West component of ground
acceleration recorded at the AI 011 DZC station during the Düzce earthquake (Turkey), that
occurred on the 12th of November 1999, is used as seismic input. Such an acceleration, displayed in Fig. 4(a), has been taken from the Engineering Strong Motion (ESM) database [23].
The rocking response of the non-isolated Caryatid subjected to the above-mentioned acceleration is shown in Fig. 4(b). As a result, the Caryatid needs to be protected since, due to the
assumed excitation, it overturns after approximately thirty-ﬁve seconds.
Firstly, we built the Caryatid’s rocking spectrum when it is subjected to the Düzce earthquake
acceleration, see Fig. 5(a), where Tr refers to the rocking period. We observe that the Caryatid
is vulnerable to such an excitation when its rocking period is less than four seconds. Hence, the
base isolation will be efﬁcient if it increases the Caryatid rocking period above four seconds.
Fig. 5(b) shows the horizontal displacement spectrum referred to the isolated Caryatid with
LRBs devices by increasing the viscous damping factor, where Tbi is the isolation period. This
spectrum allows one to infer the isolation period and the equivalent viscous damping factor
providing a displacement less than the device’s maximum allowed displacement, xmax .
Fig. 6 illustrates the time histories of the rocking angle (a) and displacement (b) of the baseisolated Caryatid characterised by the properties shown in Tab. 1(a). The adopted constitutive
parameters of the model are shown in Tab. 1(b). Such parameters have been obtained from the
design procedure described in [21].
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Davide Pellecchia, Stefania Lo Feudo, Nicolò Vaiana, Jean-Luc Dion, and Luciano Rosati

(a)

(b)

Figure 4: The East-West component of the Düzce earthquake acceleration recorded on the 12th
of November 1999 (a); Non-isolated Caryatid’s rocking response (b).

(a) Caryatid’s Rocking spectrum

(b) Horizontal displacement spectrum for the isolated
Caryatid with LRBs devices

Figure 5: Response spectra obtained from the Düzce earthquake acceleration.
The results are very satisfactory, given that the base-isolated Caryatid does not rock, removing the possibility of damage due to collisions. Moreover, the attained displacements are much
smaller than the device’s maximum assumed displacement whose value is shown in Tab. 1(a).
Table 1: LRBs’ properties (a); The model constitutive parameters of the model (b).
nd [-] Tbi [s]
4

2

xmax [m]

ξ [%]

0.30

30

(a)

ka [N m−1 ] kb [N m−1 ]

α [-]

6.22 × 104

44.69

6.22 × 103
(b)
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(a)

(b)

Figure 6: The rocking (a) and horizontal displacement (b) responses of the seismically baseisolated Caryatid.
5

CONCLUSIONS

The rocking behaviour of a Caryatid from the Erechtheion subjected to the 1999 Düzce
earthquake (Turkey) has been investigated. After approximately thirty-ﬁve seconds the statue
overturns. Consequently, a base isolation supported on four Lead Rubber Bearings as seismic
protection system has been considered. We modelled the Caryatid object under study as a
symmetric rigid body able to rock about one of the two bottom corners and assuming that
sliding was prevented. Regarding the collisions, we applied the laws of conservation of linear
and angular momentum in order to evaluate the angular and linear coefﬁcients of restitution.
The complex hysteretic behaviour of the assumed elastomeric devices has been predicted
by an innovative uniaxial phenomenological model of algebraic nature. As a consequence,
the computational effort is drastically reduced, since there is no need to solve any differential
equation to evaluate the device’s restoring force as in the well-known Bouc-Wen model. In
addition, the algebraic nature makes the model suitable for a design procedure able to provide
the required constitutive parameters. The related procedure will be illustrated in a forthcoming
paper [21].
Numerical assessments have been carried out on the Caryatid statue, with and without isolation. Firstly, we computed the rocking and horizontal displacement response spectra of the
statue subjected to seismic excitation, in order to establish the isolation period and the device’s
maximum displacement to utilise. The results have shown that the Lead Rubber Bearings isolation system not only avoids overturning of the Caryatid, but it completely removes the rocking
motion; hence, any kind of damage due to collision is avoided. Moreover, the horizontal displacements attained by the base-isolated are less than the maximum displacement allowed for
the adopted device.
In future papers, further types of rate-independent hysteretic devices [24, 25, 26, 27, 28] will
be employed to evaluate their capability in protecting rigid bodies from earthquake excitations.
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Abstract
Fiber-reinforced elastomeric isolators (FREIs) are elastomeric devices which have been introduced
as a low-cost alternative to the well-known steel-reinforced elastomeric isolators (SREIs). As
common in rubber-based devices, the application of FREIs to lightweight structures is challenging:
when the mass is limited, the resulting slender bearings tend to become unstable under large
horizontal displacements. On the basis of numerical and experimental findings, this research work
aims to demonstrate a simple to implement and low-cost approach to extend the application of FREIs
to lightweight structures. The technique here discussed allows (i) to reduce the horizontal stiffness of
FREIs, (ii) to increase the stability range of the bearings, and (iii) to obtain a desired hardening
response for large lateral deformations, with no instability.
Keywords: seismic isolation, elastomeric isolators, fiber-reinforced elastomeric isolators, low-cost
seismic isolation, finite element analysis.
1. INTRODUCTION
Fiber-reinforced elastomeric isolators (FREIs) are made by bonding together layers of elastomer and
layers of carbon or glass fibers. These bearings were introduced as a low-cost alternative to common
steel-reinforced elastomeric isolators (SREIs) [1]. Several studies have shown the advantages of using
FREIs in common base isolation applications. In particular, it has been proved that FREIs can be
made using a cold vulcanization process, which is less expensive than the vulcanization process used
for SREIs [2]. With the same process it is possible to manufacture eco-friendly and low-cost devices
using elastomeric layers of recycled rubber and readily available fiber fabrics [3, 4].
FREIs are generally used in unbonded applications (U-FREIs). In this configuration, the imposed
shear load is transferred thought friction [5]. U-FREIs show an unique rollover deformation when
they are displaced under lateral loads ( [1], [6]): the top and bottom sides of the bearings detach from
the horizontal subgrades, while the lateral surfaces of the bearings rotate until they touch the
horizontal plates [7]. Depending on the aspect ratio of the bearing and the applied axial load, the
lateral response of a FREI can become unstable for a lateral displacement larger than half of its base
( [8], [9]). Analytical models for the static and dynamic response of rubber bearings have been
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proposed ( [10, 11, 12, 13, 14]). But the challenging lateral response of the bearings has prompted
several experimental ( [15], [16], [17], [18], [19], [20]) and numerical studies ( [21, 22]).
For elastomeric base isolation systems, the period of isolation is function of the applied vertical load
( [23], [24]). Ideally, a rubber-based device should be flexible, stable under large lateral deformations,
and should show hardening for very large displacements to contain the deformation of the bearing
and to prevent damage. With this aim in mind, different geometric configurations have been tested,
most of which have been obtained by creating vertical holes in FREIs to reduce their horizontal
stiffness, with a minimal impact on the stability of the bearing under lateral loads ( [25], [26], [27],
[28]). A different concept for the modification of the response of U-FREIs is discussed in the present
work. In particular, the effects of horizontal holes on the lateral response of rubber-based devices,
introduced by the authors earlier [29], are discussed. Results of experimental and numerical analyses
are presented to show that by changing the geometry of a FREI, it is possible to obtain:
x
x
x

a controlled reduction of the horizontal stiffness.
hardening under large lateral deformations.
a wide range of stable response.

2. EXPERIMENTAL TESTS
2.1.Description of the tested samples
The bearings tested in this study were manufactured by Kirkhill Manufacturing Company, Downey,
CA following Caltrans specifications [30]. As per specifications, laminated pads were made by
bonding together elastomeric layers and fabric reinforcements. Each of the tested bearings was cut
from a pad of bigger dimensions. Each sample was made by bonding 9 layers of neoprene to 8 layers
of bidirectional glass fiber reinforcements.
A total of 4 bearings were tested; Table 1 gives an overview of the main geometric characteristics of
the bearings. In Table 1: 2b is the side of the bearing perpendicular to the holes, 2a is the side parallel
to the holes; A 4ab is the plan area of the bearing; H is its total height; V A  H is the volume
V
of the bearing; Ø is the diameter of the single hole; holes is the total volume of the holes.
Figure 1 is a schematic of the tested samples, with dimensions. The four samples have the same
geometry (130(2a)x60(2b)x52(H) mm) and an increasing number of holes (0, 4, 12, 20).
Table 1: Description of the tested bearings.
N.
test
[-]

Elastome
r

Fabri
c

[-]

[-]

1

Neoprene Glass

2

Neoprene Glass

3

Neoprene Glass

4

Neoprene Glass

Modifies
[-]
Unmodifie
d
4 holes Ø6
12 holes
Ø6
20 holes
Ø6

2a
[mm
]

2b
[mm
]

A
[mm2
]

H
[mm
]

130

60

7800

52

130

60

7800

52

130

60

7800

52

130

60

7800

52
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V
[mm3]
40560
0
40560
0
40560
0
40560
0

n°
holes

Ø
holes

Vholes/
V

Name

[mm]

Vholes
[mm3
]

[-]

[mm3]

[-]

0

6

0.0

0.00%

130x60 U

4

6

67856

1.67%

12

6

20357

5.02%

20

6

33929

8.37%

130x60 4H
130x60
12H
130x60
20H
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Figure 1: Bearing: a) 130x60 U, b) 130x60 4H, c) 130x60 12H, d) 130x60 20H. All the bearings have 52 mm height.

The holes are made using a drill press (Figure 2), while clamping the sample between two steel plates
for alignment. As clear from Table 1, the percentage of removed volume is rather low, being always
less than 10% of the total volume of the bearing.

Figure 2: Creation of the pattern of holes in a FREI.

2.2.Description of the tests
The shear tests were performed using the test frame shown in Figure 3a. and applying the quasi-static
lateral displacement of Figure 3b (strain rate of 1%/s). During testing, a vertical load of 18.8 kN was
imposed on the bearings. Additional information on the testing apparatus are available in literature
[31].

Figure 3: a) Testing frame, b) Time-history of the imposed lateral displacement.

2.3.Experimental test results
Figure 4 shows the deformed shape of the bearing during testing. Each column shows three different
steps:
x
x
x

Column 1 - full vertical load and zero lateral displacement.
Column 2 - full vertical load at a shear deformation of 50%.
Column 3 - full vertical load at a shear deformation of 100%.

The four rows of the Figure show the four test pieces described in Table 1: Description of the tested
bearings.Table 1 (first row: no modification; last row: 20 holes). As intuition suggests, a greater vertical
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deformation corresponds to a larger number of holes. Nevertheless, this variation is minor because of
the very low volume of the rubber removed during drilling. All the samples show the onset of a stable
J
50%
.
roll-over deformation well before H

Figure 4: Tested samples at

JH

= 0% with full compression,

JH

= 50% and

JH

= 100%: a) 130x60 U, b) 130x60

4H, c) 130x60 12H, d) 130x60 20H

Figure 5 shows the horizontal force-displacement curves obtained from the experimental tests and
the comparison between specimens with the same geometry (130x60x52 mm) and variable number
of holes. As clear from this plot, while the peak horizontal load is substantially reduced by the holes,
the curve of the bearing with 20 holes shows a positive tangent stiffness, with no instability of the
rubber device. Table 2 reports the numerical value of the secant stiffness for each of the samples.
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Figure 5: Lateral force displacement response of the tested bearings.

As clear from Figure 5, the sample 130x60 U (top line with + markers) shows a large initial stiffness,
with an initial linear response. As the displacement increases past the initial deformation, the bearing
J
86%
). A similar
shows softening and a peak of the response for a lateral deformation of 45 mm ( H
result is obtained for the sample with one column of holes (130x60 4H, second curve from the top).
The curve differs very little from the one of the unmodified 130x60 U, which is not surprising
considering the low percentage of removed volume (1.67%, see Table 1). The lateral secant stiffness
differs no more than 7% from that of the unmodified sample (Table 2). Again, the response shows
J
96%
negative horizontal stiffness starting from a lateral displacement value of 48 mm ( H
) that is
the peak of the lateral force. Compared to the bearing with no holes, an improvement in the lateral
response of the sample win 4 holes is evident, as this device has a large range of stable deformations.
Because the peak of the response was reached during testing, by increasing the lateral displacement,
the bearing 130x60 4H would show instability. By increasing the number of holes, the lateral response
of the sample changes significantly. For the bearing with 20 holes, the lateral stiffness is largely
reduced. In general, the reduction of stiffness is proportional to the percentage of volume removed
from the sample (Table 2).
Table 2: Lateral secant stiffness at different imposed deformations, for the tested bearings.

'

[mm]
5
10
15
20
25
30
35
40
45
50

130x60
U
KH
[N/mm]
200
156
136
122
111
102
93
87
81
72

130x60 4H
KH
1  %KHU
[N/mm]
[N/mm]
188
6.20%
150
3.52%
128
5.44%
114
6.51%
103
7.30%
97
5.03%
87
6.50%
83
4.22%
77
4.27%
71
1.37%

130x60 12H
KH
1  %KHU
[N/mm]
[N/mm]
159
20.5%
118
23.9%
104
23.6%
87
29.0%
79
29.1%
73
27.8%
66
29.7%
63
27.7%
60
25.8%
55
23.2%
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KH
1  %KHU
[N/mm]
[N/mm]
124
37.9%
91
41.5%
77
43.0%
67
45.1%
58
47.9%
54
46.9%
51
45.3%
48
44.5%
47
41.7%
43
40.1%
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For the bearing with 20 holes, the most significant improvement concerns the overall response of the
sample: as can be seen in Figure 5, when the lateral displacement increases, the response remains
stable. The bearing shows no softening and the lateral stiffness is always positive: by creating holes
in a bearing, it is possible to modify an unstable device to obtain a stable response. This modification
of the response is only possible when a larger volume of rubber is remover. If the volume of removed
rubber is less than 5%, the modification of the response is not appreciable. Figure 6 is a plot of the
tangent stiffness of each bearing as function of the imposed deformation. As clear from the figure,
the first two samples show a softening response with a stable peak around 25 mm of lateral
J
50%
); for the unmodified sample, the tangent stiffness then becomes negative
displacement ( H
around 45 mm as mentioned above, while the sample with 4 holes shows a negative tangent stiffness
for large deformation. The samples with 12 and 20 holes, show a decreasing stiffness up to
J H | 65%
, with hardening past this level of deformation.

Figure 6: Tangent stiffness vs imposed displacement for the tested devices.

3. FINITE ELEMENT ANALYSIS
3.1.Analysis setting
The numerical analysis were performed using MSC Marc [32], a general-purpose finite element
analysis software. Marc is designed to perform complex non-linear analyses in one, two or three
dimensions. This characteristic, combined with the ability to perform complex contact analyses at
large strains and the wide choice of hyperelastic material models suitable for elastomers, makes
MARC a good choice for numerical analysis of rubber-based devices such as FREIs. Twodimensional plain strain analyses were used for this study. In all the FEAs, the elastomer was modeled
C
C
using a Neo-Hookean hyperelastic material fully defined by two constants 1 and 2 , where [33]:

C1
C2

G
2

O

2

K G

2 3

K 2C1

2
3

(3.1)

with K being the bulk modulus of the rubber. The fiber reinforcement layers were modeled using a
E
linear elastic material. The layers are fully defined by three parameters: the elastic modulus f , the
t
Q
Poisson’s ratio f and the equivalent thickness of the fiber layer f . All the parameters used for
FEAs are detailed in Table 3.
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Table 3: Parameters of the numerical model defined in MARC.

C1
[MPa]
0.55

C2
[MPa]
1000

Ef
[MPa]
70000

Qf
[-]
0.1

tf
[mm]
0.1

The elastomeric layers were modeled using a four-node, isoparametric, quadrilateral element, written
for plane strain incompressible applications [34]. The reinforcement layers were modeled using an
isoparametric, plane strain, 2-node element [34]. The top and bottom supports were modeled using
rigid contact lines. The interface between the bearing and the rigid supports has been set as "contact"
in MARC with a friction coefficient of 1 ( [5], [6]).
3.2.FEA results: lateral load-displacement curves
Figure 7a shows the horizontal force-displacement curves obtained from FEAs. As clear from Table
4, the variations of horizontal stiffness when holes are made in the bearings are the same as those
obtained from the experimental tests (see Table 2). The FEAs results are consistent with the
experimental findings. Starting from the basic 130x60 geometry, the horizontal stiffness is reduced
on by 6%, 27% and 45%, by drilling 4 holes on one column, 12 holes on three columns and 20 holes
on 4 columns respectively.

Figure 7: Lateral load-displacement curves: a) 130x60 FEA with variable number of holes, b) comparison of
experimental vs FEAs results.

Figure 7a, shows a FEAs response of the bearing similar to that determined with experimental tests.
From the lateral response, it is clear that the stable range for bearing 130x60 12H is larger than that
of bearing 130x60 U, as the latter reaches a peak of the response for a displacement of only 50mm.
Moreover, the bearing with 20 holes shows hardening, with no softening.
Table 4: Lateral secant stiffness at different imposed displacements from FEAs.

'

[mm]
5
10

130x60 U
FEA
KH
[N/mm]
92
102

130x60 4H FEA
KH
1  %KHU
[N/mm]
[N/mm]
85.23
7.0%
90.54
11.5%

130x60 12H FEA
KH
1  %KHU
[N/mm]
[N/mm]
66.82
27.1%
70.99
30.6%
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KH
1  %KHU
[N/mm]
[N/mm]
46.06
49.8%
54.09
47.1%
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15
20
25
30
35
40
45
50

103
101
89
87
85
82
78
74

91.57
89.71
79.59
78.80
78.81
76.35
74.60
72.31

11.1%
10.9%
10.7%
9.9%
7.0%
6.8%
4.6%
2.1%

71.79
70.34
62.40
61.78
61.79
59.86
58.49
56.69

30.3%
30.1%
30.0%
29.4%
27.1%
26.9%
25.2%
23.2%

54.17
52.13
45.49
44.15
43.25
42.96
43.27
44.14

47.4%
48.2%
49.0%
49.5%
49.0%
47.6%
44.6%
40.2%

3.3.FEA results: stress distribution in the bearings
Figure 8 shows the Von Mises stress contours at three levels of lateral deformation for each of the
J
100%
J
0 J H 50%
tested bearings. From left to right, a snapshot is given for H
,
and H
under
the same axial load of 18 kN. As clear from Figure 8, the holes change the stress distribution in the
device, with the bearing becoming mostly unloaded in the central area, with a large increase of stress
in the confined regions of the elastomer. Compared to the unmodified bearing, under pure
compression and zero lateral displacement, there is an increase in peak stress in the bearings with 12
holes and 20 holes. These devices show an increase of stress of 27% and 42% respectively.
Under large lateral displacements, as the holes in the bearings tend to collapse under the imposed
J
100%
deformation, a stress redistribution happens. For the bearing with one column of holes, at H
, the stress level is very similar to that of the unmodified device (Figure 8c, Figure 8f), with a
difference of only 3%. The percentage of removed volume with a single column of holes is too low
to induce significant changes in the lateral response of the device. By removing at least 5% of the
initial volume, a controlled reduction of the initial stiffness at low deformations can be obtained. Due
to the presence of the holes, a redistribution of the stresses at the edge of the bearing in induced.
Under large imposed deformations, the small holes created in the samples collapse on themselves,
with the bearing showing hardening.
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Figure 8: Equivalent Von Mises stresses: a) compression and zero lateral displacement, 130x60 U; b) 50% J 130x60
U; c) 100% J 130x60 U; d) compression and zero lateral displacement, 130x60 4H; e) 50% J 130x60 4H; f) 100%
J 130x60 4H; g) compression and zero lateral displacement, 130x60 12H; h) 50% J 130x60 12H; i) 100% J
130x60 12H; j) compression and zero lateral displacement, 130x60 20H; k) 50% J 130x60 20H; l) 100% J 130x60
20H.

4. CONCLUSIONS
This study aims to introduce a new rubber–based technology for base isolation of lightweight
structures. Experimental and FEAs show that it is possible to obtain an improvement in the response
of FREIs by creating simple patterns of holes in the elastomer. It was found that by removing at least
5% of the initial volume of rubber an improvement in the lateral response of the device can be
obtained, to get:
i.
ii.

a controlled reduction of the horizontal stiffness (6%, 27% and 45% reduction with 4, 12
and 20 holes respectively),
an extension of the stable range of deformation of the bearing. With imposed deformations
J
100%
up to H
, the bearing always showed a positive horizontal stiffness. Devices
J | 90%
which are unstable beyond a deformation of H
show a larger stable range when
modified with lateral holes.

FEAs confirmed the experimental results. The stress analysis of the bearing helps understanding the
behavior of the modified FREIs under combined axial and shear loads. As the number of holes
(columns of holes) increases, the area close to the holes becomes stress free. Under large imposed
deformations, the small holes created in the bearing collapse, and a redistribution of stresses occurs
in the device. Additional studies are needed to investigate the effect of the aspect ratio of the bearing,
of different materials and geometries on the lateral and vertical response of the devices when pattern
of holes of different sizes and shapes are created.
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Abstract
The vertical behavior of Fiber Reinforced Elastomeric Isolators (FREIs) is controlled by geometric
and mechanical parameters, such as primary and secondary shape factors, shear modulus of the
rubber and effective compressive modulus of the rubber-reinforcements compound. Several studies
dealt with the vertical properties of the bearings, deriving analytical formulations in function of the
bearing geometry and materials’ properties. These relations have been derived under pure
compression, considering the interaction between single rubber layers and flexible reinforcements.
As of today, few works have been proposed on the influence of the horizontal displacement imposed
on the bearing, i.e. no interaction between vertical pressure and horizontal displacement on the
vertical stiffness and the compressive modulus has been accounted for. In this paper, a numerical
study on the influence of the primary and secondary shape factor, the shear modulus of the rubber
and the vertical pressure on the vertical properties of the FREIs is presented. In a first stage the
behavior of square shaped FREIs under pure compression is examined and relative outcomes are
presented. Then the influence of the horizontal displacement on the vertical response of the
bearings is considered. Interesting results on the trend of the vertical stiffness and compressive
modulus are obtained and useful considerations on the stability of FREIs are provided.
Keywords: Fiber-Reinforced Elastomeric Isolators, Vertical Properties, Elastomeric Seismic
Isolators, Rubber bearings, Seismic Isolation.
1. INTRODUCTION
Fiber-reinforced elastomeric isolators (FREIs) were introduced as alternative seismic isolation
devices to steel-reinforced elastomeric isolators (SREIs). Several advantages in cost and
manufacturing result replacing steel reinforcements with fiber fabrics such as:
x

x

Fiber fabrics are much lighter than steel, despite having similar elastic mechanical
properties. With the same volume of reinforcement, fiber-reinforced bearings are therefore
lighter than steel-reinforced ones [1].
Fiber-reinforced bearings can be produced in a cheaper and faster manufacturing process,
i.e. cold vulcanization process [2].
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x

From larger sized pads, it would be possible to cut bearings of the required size and different
shapes (i.e. strip-shaped) [1, 3, 4].

Using fiber-reinforced bearings in unbonded configuration, i.e. allowing the marginal areas of the
bearing to detach from the supports during horizontal displacement resulting in the rollover
deformation, further advantages can be achieved.
x

x

x

As the marginal portions of the bearing gradually detach from the supports during horizontal
displacement, the contact area reduces and consequently the lateral stiffness of the bearing,
increasing the efficiency of the isolation system [5].
The tensile stresses that would develop in the marginal area of the bearing in bonded
configuration are greatly reduced when these marginal portions can detach from the supports
[6].
The rollover deformation proceeds until the initial vertical faces of the bearing fully touch
the supports becoming horizontal and increasing the lateral stiffness of the bearing. As this
occurs at large deformations, the isolation system acquires greater stability at large
displacements [5, 6].

The response of fiber reinforced elastomeric isolators has been studied in several works. Analytical
formulations for vertical ( [1, 7, 8, 9]) and horizontal stiffness ( [10, 11, 12, 13]) have been
proposed, and a number of other studies have investigated the mechanical properties of bearings
through experimental tests ( [4, 3, 14, 15, 16, 17, 18, 19, 20, 21]) and finite element analysis ( [22,
23, 24, 25]). Furthermore, analytical models for static and dynamic response have been proposed (
[26, 27, 28, 29, 30]).
The vertical stiffness of an elastomeric bearing is primarily controlled by two parameters [31]:
S
primary shape factor 1 (defined as the ratio between the loaded area and the area free to bulge) and
E
effective compressive modulus c (defined as the instantaneous elastic modulus of the rubberreinforcements compound). The lateral response of an unbonded FREIs can be stable or unstable
(Figure 1). In the first case, the bearing shows a positive tangent lateral stiffness throughout the
lateral deformation; in the second case the horizontal tangent stiffness of the bearing could decrease
until becoming equal or less than zero. The horizontal response is mainly controlled by the
secondary shape factor [32], that is the ratio between the base side in the horizontal displacement
S B/H
direction and the total height of the bearing ( 2
). Current codes require stable behavior to
bearings [33, 34, 35], i.e. a sufficiently high secondary shape factor. Several experimental and
S
numerical studies have shown that a stable behavior is ensured if 2 is at least equal to 2.5 [36, 37,
36, 38].
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Figure 1: Stable vs unstable lateral behavior of U-FREIs under combined axial and shear load.

Elastomeric bearings require larger vertical stiffness than horizontal one (e.g. at least two order of
magnitude) to support the weight of the superstructure and avoid potential rocking motions [39, 31].
Comparing the vertical stiffness under pure compression and the secant horizontal stiffness of a
generic bearing with a sufficiently large primary shape factor, this requirement is easily met.
However, during the rollover of the lateral displacement, the contact area between the bearing and
the supports is reduced, which also reduces the vertical stiffness of the bearing. It is therefore
necessary to take this reduction into account when comparing vertical and horizontal stiffness. In a
safety evaluation, the vertical and horizontal stiffnesses could be compared at a given level of
horizontal displacement.
However, few studies have considered the reduction of vertical stiffness with increasing horizontal
displacement [40] and there is a lack of knowledge on the influence of the main geometric and
mechanical parameters on the interaction between vertical and horizontal response. This work
proposes a large number of finite element analysis on square shaped FREIs, varying different
mechanical and numerical parameters. The influence of the primary and secondary shape factor on
the combined vertical and horizontal response is taken into account.
2. FINITE ELEMENT ANALYSIS: OVERVIEW
Several different values for two combinations of geometric and mechanical parameters were
considered:
x

Geometric: base dimensions B 2a 2b and thickness of the elastomeric layers te ;

x

Mechanical: shear modulus G of the elastomer and vertical applied pressure V v .

In addition, four parameters were also kept constant: the total height of the bearing
H nte  (n 1)t f
t
E
, the equivalent thickness of the fiber reinforcement f , Young’s modulus f of

Q

the fiber fabric and its Poisson’s ratio f . All the considered parameters are listed in Table 1. By
permuting the parameters shown in Table 1, a total of 240 numerical models were obtained, with 9
different secondary shape factors, ranging from 1 to 5, and 16 primary shape factors, from 5 to 62.5.
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Table 1: Variable parameters considered in the finite element analysis.

2a 2b B
[mm]
100
150
200
250
300
350
400
450
500

H
[mm]
100

te

G

Vv

[mm]
2
5

[MPa]
0.4
0.8
1.2

[MPa]
2
4
6
8

Ef
[MPa]
70000

tf
[mm]
0.1

Qf
[-]
0.1

All the finite element analyses were carried out using MSC Marc [41], a general purpose FEA
software optimized for non-linear analyses. This software allows careful modeling of nonlinear
behavior, with a wide choice of hyperelastic material models for elastomers.
The elastomer was modeled using a Neo-Hookean hyperelastic material. When the compressibility
of the elastomer is taken into account, the strain energy density function can be obtained as [42]:

W

C1 (I1  3  2 ln J )  C2 ( J 1)2

where C1 and C 2 are material constants, I1
Green deformation tensor and J

(2.1)

O12  O22  O32 the first invariant of the right Cauchy-

O1O2 O3 the determinant of the deformation gradient.

The strain energy density function for an incompressible Neo-Hookean material is given by:

W
obtained from (2.1) when J
constants:

C1 ( I1  3)

(2.2)

1 . The two constants C1 and C 2 can be correlated to the Lamè

C1
C2

G
2

O

2

K 2C1

2
3

K G

2 3

(2.3)

The fiber reinforcement layers were modeled using a linear elastic model, with each layer is fully

E

Q

t

defined by the three parameters shown in Table 1 ( f , f and f ). The elastomeric layers were
modeled using a four-node, isoparametric, quadrilateral elements, implemented for plane-strain
incompressible applications [43]. The reinforcement layers were modeled using an isoparametric,
plane-strain, 2-node rods or cords (i.e. rebars), in conjunction with the 4-node plane strain
continuum elements used for the rubber layers [43]. Top and bottom supports were modeled using
rigid contact curves. A “touch” type of contact between the bearing and the rigid supports has been
set, with a friction coefficient of 1, a reasonable value to describe the friction at the rubber-steel
interface [44].
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2D models were used for this study, taking into account the out of plane dimension of the bearing,
resulting in equivalent 3D models (Figure 2).

Figure 2: Full 3D numerical model vs equivalent 3D FEA model.

3.

FINITE ELEMENT ANALYSIS RESULTS: VERTICAL STIFFNESS

3.1 – Pure compression
The trend of vertical stiffness under four different values of vertical pressure (from 2 to 8 MPa) and
t 2
for different values of the shear modulus is shown in Figure 3 and Figure 4 for e
mm and
te 5
. In each graph, the vertical stiffness is plotted with respect to the vertical displacement
(primary axes, black curves) and to the primary shape factor (secondary axes, gray curves); for each
curve, each marker stands for a different secondary shape factor, i.e. one of the bases listed in Table
1 being the total height constant. This representation allows to simultaneously monitor the
interaction between mechanical and geometric parameters on the vertical stiffness of the bearings.
S
The significant role of the primary shape factor 1 is confirmed, i.e. an approximately quadratic
relationship with the vertical stiffness is found. The vertical stiffness does not vary appreciably with
S
S
the vertical pressure applied as 1 varies. With the same 1 , even if the vertical pressure is four
times higher, the vertical stiffness is almost constant. A clear change of response is appreciable in
S
vertical displacements. The vertical response may be split into two ranges of 2 ; for a generic G
modulus and a generic vertical pressure
x

x

If

Vv

:

S 2 ! 2.5

: the vertical displacement varies slightly between one bearing and another,
S
varying less and less and tending to a vertical asymptote as 2 increases, regardless of
mechanical parameters (pressure and shear modulus).
S d 2.5
S
: displacements under vertical load vary more and more as 2 decreases..
If 2

The transition value

S2

2.5

agrees with previous findings from literature regarding the stability of
S
bearings subjected to simultaneous vertical and horizontal load: bearings with a larger value of 2
have a more stable behavior and are less dependent on mechanical parameters ( [37, 38]).
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Figure 3: Vertical stiffness under pure compression for different vertical pressure, primary and secondary shape factor,

te

2 mm: a) G 0.4MPa , b) G 0.8MPa . c) G 1.2MPa
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Figure 4: Vertical stiffness under pure compression for different vertical pressure and secondary shape factor,
mm: a)

te

5

G 0.4MPa , b) G 0.8MPa . c) G 1.2MPa

3.2 – Combined vertical and horizontal load
The vertical stiffness of bearings under combined vertical and horizontal load is reduced due to the
rollover: the marginal areas of the bearing detach from the supports, the contact area is reduced and
consequently the vertical stiffness. The reduction of vertical stiffness involves an increase in the
axial compressibility of the bearing. Figure 5 and Figure 6 show the trends of vertical stiffness with
t 2
t 5
mm and e
mm. The left columns of the figures
vertical and horizontal displacement, for e
K G
K GH
trends; each row refers to a
show the v v trends, while those on the right show the v
different value of the shear modulus G .
As from Figure 3 and from Figure 4 it can be deduced that the trend of the vertical stiffness does not
depend on the applied pressure (its effect is to increase the compression and, therefore, the vertical
V 8
displacements), e.g. v
MPa was considered in Figure 5 and Figure 6.
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Compared to the vertical displacement, the stiffness is constant in a first part, where the horizontal
S
displacement is zero. The horizontal extension of the constant stiffness section is smaller as 2
increases, because the vertical stiffness increases.
Vertical stiffness is always decreasing as the horizontal displacement increases with an almost
S
linear trend; this decrease is smaller for the higher values of 2 . Table 2 shows the average on the
pressures and on the G modulus of the ratios between the vertical stiffness at the generic level of
(0)

Kv

) and that under pure compression ( Kv ). Again, there is a difference
S
in vertical response between bearings with 2 lower and higher than 2.5:

horizontal displacement (

x

x

If

S 2 ! 2.5

: the vertical stiffness, even at large displacements, still anyway around the 50%
S
of that under pure compression. This reduction tends to zero as 2 increases, with a vertical
S 5.00
J
2.00
stiffness at H
for 2
on average 17% lower than the stiffness under pure
vertical load.
S d 2.5
S
If 2
: as 2 decreases, the bearings is unstable before one of the selected thresholds of
horizontal displacement and the computation of the vertical stiffness is meaningless. For
bearings that reach full rollover, the vertical stiffness almost drops to zero.

As mentioned, the vertical stiffness must be sufficiently higher than the horizontal stiffness. Their
ratio must have at least two orders of magnitude of difference. Considering a ratio between vertical
stiffness under pure compression and horizontal stiffness equal to 500, this ratio is reduced under
combined vertical and horizontal action according to Table 2. The numerical values are shown in
S
Table 3. As can be seen, only where 2 is at least equal to 2.5 this ratio remains greater than 100
up to full rollover.
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Figure 5: Vertical stiffness variable with vertical and horizontal displacement,

G 0.8MPa . c) G 1.2MPa .
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Figure 6: Vertical stiffness variable with vertical and horizontal displacement,

G 0.8MPa . c) G 1.2MPa .
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Table 2: Average

Kv / Kv(0)

ratios for different horizontal displacement levels.

JH

1.00

1.50

2.00

2.50

0.00
0.50
1.00
1.50
2.00

1.00
0.51
-

1.00
0.72
0.28
-

1.00
0.82
0.54
0.27
0.03

1.00
0.87
0.67
0.47
0.25

Table 3: Examples of

JH
0.00
0.50
1.00
1.50
2.00

Kv / K H

S2
3.00
Kv / Kv(0)
1.00
0.90
0.75
0.60
0.43

3.50

4.00

4.50

5.00

1.00
0.91
0.80
0.68
0.56

1.00
0.93
0.84
0.76
0.69

1.00
0.94
0.86
0.81
0.76

1.00
0.95
0.89
0.85
0.83

ratios for different horizontal displacement levels.

1.00

1.50

2.00

2.50

S2
3.00
Kv / K H

500
238
-

500
356
111
-

500
406
262
118
33

500
430
325
224
116

500
445
365
290
209

3.50

4.00

4.50

5.00

500
454
389
327
260

500
463
412
368
320

500
468
427
396
364

500
472
437
413
392

4. FINITE ELEMENT ANALYSIS RESULTS: COMPRESSIVE MODULUS
4.1 – Pure compression

E
The compressive modulus c under pure compression depends solely on the mechanical and
geometric properties of the bearing. Starting from the vertical stiffness obtained in §3.1, it is
E
therefore possible to obtain the c modulus under pure compression by varying both the geometry (
V
S1 S 2
, ) and the mechanical parameters ( G , v ), as follows:
Ec (G H

0)

K v  tr
Ac

(4.1)

where tr is the total rubber height and Ac the contact area between bearing and support. Figure 7
and Figure 8, as done for vertical stiffness, show the trends of the compressive modulus under pure
compression as the vertical pressure, secondary shape factor (primary axes, black curves) and
primary shape factor vary (secondary axes, gray curves). Again, the vertical pressure does not affect
the shape of the curves, making these translate horizontally (black curves) or vertically (gray
curves). The secondary shape factor affects the response under pure compression only for low
S  2.5
values ( 2
), while for high values the compressive modulus seems to converge to a common

V

value for a fixed G and v . Finally, the G modulus clearly affects the compressibility of the
bearing, more significantly when the thickness of the elastomeric layer is greater.
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Figure 7: Effective compressive modulus under pure compression for different vertical pressure, primary and
secondary shape factor,

te

2 mm: a) G 0.4MPa , b) G 0.8MPa . c) G 1.2MPa
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Figure 8: Effective compressive modulus under pure compression for different vertical pressure, primary and
secondary shape factor,

te

5 mm: a) G 0.4MPa , b) G 0.8MPa . c) G 1.2MPa

4.2 – Combined vertical and horizontal load
The effective compressive modulus Ec of the bearings under combined axial and shear load was
determined as follow:

Ec (G H )
being Fv

K v  tr
Ac (G H )

Fv  tr
G v (G H )  Ac (G H )

(4.2)

V v  A the vertical applied force and G v the total vertical displacement at the top of the

bearing. During horizontal displacement, the total vertical displacement and the contact area vary,
increasing and decreasing respectively, resulting functions of the horizontal displacement. Since the
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vertical displacement increases as the horizontal displacement increases while the contact area
E
decreases, the c modulus can either decrease or increase.

E
Figure 9 and Figure 10 show the trends of the c modulus with the horizontal displacement.
Again, a dual range can be defined by the secondary shape factor:
x

x

S 2 d 2.5

: the modulus has a strictly decreasing trend with the horizontal displacement, the
S
more marked the lower is 2 . This is because the vertical displacement in formula (4.2)
increases faster than the contact area decreases.
E
S ! 2.5
If 2
: the c modulus is constant in a first section up to a horizontal displacement
E
around 150 mm, then c rapidly decreases. In the first section, the variations in vertical
displacement and contact area are almost equivalent, so the modulus varies little noticeably.
E
In the second section, due to the full rollover, the contact area increases and the c modulus
can only decrease.
If
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Figure 9: Effective compressive modulus vs horizontal displacement,
. c)

te

G 1.2MPa .

2482

2 mm: a) G 0.4MPa , b) G 0.8MPa

Simone Galano

Figure 10: Effective compressive modulus vs horizontal displacement,

te

5 mm: a) G 0.4MPa , b)

G 0.8MPa . c) G 1.2MPa .
5. CONCLUSIONS
The vertical response of a large number of fiber-reinforced elastomeric isolators was analyzed in
this paper, i.e. vertical stiffness and effective compressive modulus have been studied into details.
Two conditions of variation of the vertical properties were considered: vertical properties both
under pure compression and combined vertical and horizontal load. The geometric and mechanical
factors considered allowed to draw general conclusions on the variability of the vertical response.
The bearings exhibit a response mainly dependent on geometry rather than on applied pressure; the
mechanical parameters influence the magnitude of the response but not the shape, which is
S
preserved. The main role of the primary shape factor 1 on the vertical response of a single
bearings under pure compression is confirmed. When the bearing is subjected to simultaneous
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S
vertical and horizontal action, the secondary shape factor 2 plays a key role, particularly affecting
the stability of the bearing. A transition value approximately equal to 2.5 can be found, which
separates the response of stable from unstable bearings. Unstable bearings show a rapid decrease in
vertical stiffness and effective compressive modulus; in stable bearings the vertical response
parameters decrease less noticeably as the lateral stiffness increases. It is essential that the vertical
stiffness tends to be higher than horizontal stiffness even under lateral deformation: this
requirement tend to be met by bearings with a secondary shape factor greater than 2.5.
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Abstract
The work presents some preliminary results of experimental tests performed on a Helical
Wire Rope Isolator (HWRI), to the aim of describing the dynamic behavior of the metal isolation device, without pre-load and under the effect of a vertical pre-load, for different displacement amplitudes. During the dynamic tests, the testing machine allows to apply a
vertical displacement or load history to the tested device, subjected to a constant vertical preload. The dynamic behavior of the tested device depends on the applied displacement amplitude: the HWRI displays an asymmetric behaviour, i.e. a different response when it is subjected to compression or tension; in the latter case, it shows an hardening effect for larger
displacements. Moreover, the experimental tests make clear that the application of a vertical
pre-load determines a different behaviour in Compression vs. Tension, with slightly variable
damping properties. In order to simulate the dynamic behavior of the HWRIs in CompressionTension direction, a nonlinear model is proposed, that is validated by comparing the experimental hysteresis loops obtained during cyclic tests with those predicted analytically.
Keywords: Base Isolation, Experimental Dynamic Characterization, Wire-Rope Isolators.
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1

INTRODUCTION

Helical Wire Rope Isolators (HWRI) are metal devices which are effective in protecting
sensitive equipment from shock and vibration [1], so that they are frequently used as devices
for the earthquake protection of that equipment installed in buildings [2] and for the reduction
of seismic vibration induced on high voltage ceramic circuit breakers [3-6]. But, they have
been also adopted as vertical isolators under the basement of the two statues known as
“Bronzes of Riace” [7].
HWRIs are made of a stainless steel cable embedded into two aluminum alloy or steel retainer bars. They can deform in both vertical and horizontal directions and they have a significant dissipation capacity caused by the inner sliding friction and rubbing among the various
strand’s wires and among the intertwined strands [1]. The mechanical behavior of HWRIs depend on their geometrical characteristics: the height to width ratio, the device’s diameter, the
number of strands, the cable length and twist, the number of cables per section and the number of loops [2].
A HWR Isolator, manufactured by Powerflex s.r.l (Limatola, Italy), has been experimentally investigated in its vertical direction, named Compression/Tension. The aim of the experimental tests was to study the dynamic behaviour of the considered device in a quite large
displacements range, by assigning four different values to the vertical pre-load. Literature
shows the results of experimental tests performed within a relatively small displacements
range [2, 6, 8].
The experimental investigation of the tested HWRI has been carried out by operating a
testing machine available at the Laboratory of Department of Structures for Engineering and
Architecture of the University of Naples Federico II. Its dynamic behavior has been studied
by analyzing the values assumed by two parameters computed from the experimental hysteresis loops: the average effective (or secant) stiffness in both Compression and Tension, and the
average equivalent viscous damping ratio.
2

HELICAL WIRE ROPE ISOLATOR UNDER TESTING

HWRIs are metal devices that are obtained by wounding a wire rope in the form of a helix
and embedding into two drilled metal retainer bars. The rope is given by the layering of several strands around a central one. The HWRIs manufactured by Powerflex S.r.l (Limatola, Italy), have a rope that is composed by six strands, each consisting in 25 wires, and a central
strand with 49 wires. The cable is made of stainless steel type 316, whereas the material of the
retainer bars is an aluminum alloy.
Figure 1 shows the geometrical characteristics of the tested HWRI and the indication of the
tested vertical direction: Compression/Tension.
Table 1 lists the geometrical characteristics (cable’s diameter, length, width and height of
the device) of the tested devices: HWRI PWHS16010 and HWRI PWHS16040.
Vertical

Vertical

(a)

(b)

(c)

Figure 1: Mount of a wire rope (a); helical configuration of the cable (b); stranded cable’s cross section (c).
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HWRI

l [mm]

h [mm]

PWHS 16010
PWHS 16040

267

100

267

125

v [mm]

h/v

dr [mm]

110

0.90

150

0.83

16
16

Table 1: Geometrical characteristics of the HWRIs selected for experimental tests.

3

TESTING MACHINE FOR COMPRESSION/TENSION TESTS

The dynamic experimental tests on the selected HWRIs in Compression/Tension direction
have been carried out through a testing machine (Figure 2) available at the Department of
Structures for Engineering and Architecture of the University of Naples Federico II (Italy): an
MTS Series 370 Servohydraulic Load Frame. The load frame is suitable to perform tests in
compression and tension. It includes an axial hydraulic actuator with a maximum capacity of
250 kN and a stroke of 150 mm. Both displacement and force controlled procedures can be
followed. In the configuration shown in Figure 2, the dynamic actuator is mounted on the upper crosshead, while a load cell is mounted below the lower hydraulic wedge. The data acquisition system along with the control of the hydraulic actuator are performed with a software
running on a personal computer. For Compression/Tension tests, the steel retainer bars of the
isolator are gripped by the upper and lower rigid steel parts of the machine. All tests were
conducted by imposing vertical displacements at room temperature and the data were sampled
at 102.4 Hz. The relative vertical displacement and vertical load time histories have been
measured.

Figure 2: Testing machine and the HWRI mounted in vertical direction.

4

EXPERIMENTAL CHARACTERIZATION TESTS

Cyclic tests have been carried out in order to understand the influence of displacement amplitude and vertical pre-load on the dynamic behavior of the selected HWRIs in vertical
(Compression/Tension) direction. Nine different displacement amplitudes, four vertical pre-
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load values and a testing frequency of 0.1 Hz have been assumed, where the maximum amplitude has been chosen to prevent damage to the aluminum alloy retainer bars. The testing protocol consisted in applying ten fully reversed sinusoidal cycles of vertical displacement,
having specified amplitude A and frequency f, while a constant vertical pre-load was applied
to the device. The dynamic displacement-controlled tests are listed in Table 2.
No. of Tests

Frequency [Hz]

Amplitude [mm]

Vertical Load [kN]

HWRI PWHS 16010
6
6

0.1
0.1

6
6
6
6

0.1
0.1
0.1
0.1

2.5, 5, 7.5, 10, 12.5, 15
2.5, 5, 7.5, 10, 12.5, 15

0
2

HWRI PWHS 16040
5, 10, 15, 20, 25, 30
5, 10, 15, 20, 25, 30
5, 10, 15, 20, 25, 30
5, 10, 15, 20, 25, 30

0
1.2
2
3

Table 2: Dynamic tests in vertical direction.

5

EXPERIMENTAL TESTS OUTCOMES

The results of the dynamic experimental tests performed on the investigated HWRI PWHS
16040 are presented in this paragraph. The dynamic parameters evaluated from the asymmetric experimental force-displacement hysteresis loops are the average effective (or secant)
stiffness values in Compression and Tension, and the average equivalent viscous damping ratio. The effective stiffnesses in Compression and in Tension, corresponding to each load cycle
of a dynamic test, have been evaluated based on the peak vertical load and displacement [10],
both on Compression side and on Tension side:
keff ,T

f max
umax

keff ,C

f min
umin

(1)

where f max , f min , umax , and umin are the peak values of vertical load and displacement, respectively, at the extremes of the cyclic displacement range. The average effective stiffnesses
keff ,T_a and keff ,C_a have been calculated as mean values of those obtained from seven of the ten
experimental loading cycles. The equivalent viscous damping ratio of the device at each cycle
has been evaluated as [11, 12]:
[eq

Ed
1
S AsT  AsC  Arect

(2)

where Ed represents the dissipated energy, that is, the area within the asymmetric hysteresis
loop, and AsT , AsC and Arect are the following areas:
A sT

1
2
k eff,T umax
,
2

A sC

1
2
k eff,C umin
,
2

A rect

umax  f min

(3)

with umax umin the positive and negative maximum displacements, and f min the negative peak
value of vertical load. The average equivalent viscous damping ratio [ eq,a has been calculated
as mean value of those obtained from seven of the ten loading cycles applied to the device.
Regarding the influence of the displacement amplitude on the dynamic behavior of the
tested HWRI, Table 3 presents the values of the average effective stiffnesses and the equivalent viscous damping ratio obtained for six different amplitudes without the effect of the vertical pre-load. It can be observed that the tested metal device displays higher effective
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stiffnesses and equivalent damping ratio at smaller displacements. The effective stiffness in
Compression and the equivalent damping ratio decrease with increasing displacement amplitude, whereas the effective stiffness in Tension increases dramatically at the largest amplitudes. Figure 3 shows the asymmetric force-displacement hysteresis loops obtained in
Compression/Tension direction (compression and tension are assumed, respectively, negative
and positive) for all six different values of amplitude, for f = 0.1 Hz and without the effect of
the vertical pre-load. It is worth to note that the shape of the hysteresis loops changes according to the displacement amplitude: at the smallest amplitude the hysteresis loops display a softening stiffness in Compression and a slightly hardening stiffness in Tension, whereas at the
highest amplitude the experimental cycles exhibit a stronger nonlinear stiffening behavior only on Tension side.
Pv = 0 kN, f = 0.1 Hz

Amplitude
[mm]

keff ,C_a

[N/m]

keff ,T_a

[N/m]

[ eq, a

[%]

Compression/Tension

5

859659

1238110

22.7

Compression/Tension

10

576639

1038541

17.5

Compression/Tension

15

454733

999633

15.0

Compression/Tension

20

386610

1023578

13.5

Compression/Tension

25

341244

1114642

12.4

Compression/Tension

30

305053

1343628

11.4

Table 3: Influence of displacement amplitude.

As regards to the effect of the vertical pre-load on the dynamic behavior of the tested metal
device, Tables 4 and 5 show the results obtained in Compression/Tension direction for four
different values of vertical pre-load, by applying a sinusoidal harmonic motion having frequency of 0.1 Hz and amplitude equal to 15 mm and 30 mm, respectively. From the examination of the outcomes, it can be deduced that, in the case of an intermediate displacement
amplitude (15 mm), an increase in the pre-load produces a reduction in the average effective
stiffnesses and an approximately constant equivalent viscous damping ratio (Table 4).
A = 15 mm, f = 0.1 Hz

Vertical Load
[kN]

keff ,C_a

[N/m]

keff ,T_a

[N/m]

[ eq, a

[%]

Compression/Tension

0.0

454733

999633

15.0

Compression/Tension

1.2

406447

864757

14.6

Compression/Tension

2.0

410924

878796

15.0

Compression/Tension

3.0

413397

894691

14.7

Table 4: Influence of vertical load for A = 15 mm.

On the other hand, in the case of a larger displacement amplitude (30 mm), an increase in
the vertical pre-load produces a strong increase of the average effective stiffness in Tension
while the variation of the stiffness in Compression is negligible, and determines a slight decrease of the equivalent viscous damping ratio (Table 5).
A = 30 mm, f = 0.1 Hz

Vertical Load
[kN]

keff ,C_a

[N/m]

keff ,T_a

[N/m]

[ eq, a

[%]

Compression/Tension

0.0

305453

1343628

11.4

Compression/Tension

1.2

304997

1693672

10.6

Compression/Tension

2.0

305366

1736038

10.0

Compression/Tension

3.0

307147

1943828

9.5

Table 5: Influence of vertical load for A = 30 mm.
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4000

4000

force [N]

force [N]

0

0

-4000
-4000

-8000

-8000

-0.008

-0.004

0

0.004

0.008

-0.012

-0.008

-0.004

(a)

displacement [m]

0

0.004

0.008

0.012

(b)

displacement [m]

16000

24000

12000

18000

8000

12000

6000

force [N]

force [N]

4000

0

0

-6000

-4000

-12000

-8000
-0.016

-0.012

-0.008

-0.004

0

0.004

0.008

0.012

0.016

-0.024

-0.016

-0.008

(c)

displacement [m]

0

0.008

0.016

0.024

(d)

displacement [m]

42000

30000

36000
24000

30000
18000

24000

18000

force [N]

force [N]

12000

6000

12000

6000
0

0
-6000

-6000

-12000

-12000
-0.032

-0.024

-0.016

-0.008

0

displacement [m]

0.008

0.016

0.024

-0.032

0.032

(e)

-0.024

-0.016

-0.008

0

displacement [m]

0.008

0.016

0.024

0.032

(f)

Figure 3: Force-displacement hysteresis loops of HWRI PWHS 16040 at different displacement amplitudes in
C/T direction, for Pv = 0 kN and f = 0.1 Hz: (a) ±5, (b) ±10, (c) ±15, (d) ±20, (e) ±25, (f) ±30.
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force [N]

5000

0
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Pv=1.2kN

-5000
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-10000
-0.02

-0.015

-0.01

-0.005

0

0.005

0.01

0.015

0.02

displacement [m]

Figure 4: HWRI PWHS 16040: Influence of vertical pre-load at A = 15 mm in Compression/Tension direction.
60000
Pv=0kN
Pv=1.2kN

50000

Pv=2kN
Pv=3kN

40000

force [N]

30000

20000

10000

0

-10000
-0.04

-0.03

-0.02

-0.01

0

0.01

0.02

0.03

0.04

displacement [m]

Figure 5: HWRI PWHS 16040: Influence of vertical pre-load at A = 30 mm in Compression/Tension direction.

Figures 4 and 5 show the asymmetric force-displacement hysteresis loops obtained in
Compression/Tension direction, under the effect of different values of vertical pre-load, at the
displacement amplitudes A = 15 mm (Figure 4) and A = 30 mm (Figure 5). It can be observed
that at the largest displacements, the applied vertical pre-load affects much less the dynamic
response of the metal device only on Compression side.
6

NUMERICAL SIMULATION OF THE EXPERIMENTAL BEHAVIOUR

As far as the modeling of the dynamic behavior of HWRIs in the vertical direction is concerned, a Modified Bouc-Wen Model (MBWM) is proposed to predict their response. This
analytical model is obtained by modifying the expression of the generalized force (Eq. (4)) of
the Bouc-Wen Model (depending on five parameters k2, kd, ȕ, Ȗe n):
fu

k2 u  z u

(4)

where u is the generalized relative displacement, and z(u) is the hysteretic variable given by
solving the following first order differential equation:
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z

^k

d

 ª¬ J  E  sgn z  u º¼ z

n

` u

(5)

The proposed modification of the generalized force:
f

 O1  O 2 u  e

O1u

e

O 2 u

e

Ku

(6)

k2 u  z

allows to simulate the asymmetric behaviour in Compression/Tension direction. The proposed
model depends by eight parameters k2, kd, n, ȕ, Ȗ, Ȝ1, Ȝ2 and Ș, where the latters Ȝ1, Ȝ2 and Ș are
those determining the asymmetry of the loops.
The experimental hysteresis loops, obtained by the dynamic tests performed on the different
HWRIs, are compared to those derived by the application of the proposed numerical model:
the values of the above eight parameters are calibrated in order to simulate the experimental
response for a certain vertical pre-load and all the different displacement amplitudes. In particular, such values are: k2 = 1100000, kd = 8500000, n =1, ȕ = 3000, Ȗ = 0, Ȝ1 = 775, Ȝ2 = 630
and Ș = 55.
Figure 6 shows the analytical versus experimental comparison for the HWRI PWHS 16010,
subjected to a pre-load of 2 kN, with varying the displacement amplitude as described in Table 2. It demonstrates that the proposed mathematical model can satisfactorily predict the dynamic response in a wide displacement range. This satisfying agreement is achieved by all the
tested devices, under the different vertical pre-loads.
50000
Experimental
Numerical

40000

30000

force [N]

20000

10000

0

-10000

-20000
-0.015

-0.01

-0.005

0

0.005

0.01

0.015

displacement [m]

Figure 6: HWRI PWHS 16010: experimental versus numerical hysteresis loops, under a pre-load of 2 kN.

7

CONCLUSIONS

The experimental investigation of the dynamic response of HWRIs, manufactured by Powerflex S.r.l (Limatola, Italy), has been carried out by adopting a testing machine available at
the Department of Structures for Engineering and Architecture of the University of Naples
Federico II, which allows to impose vertical displacement or load histories to the tested device
with a constant vertical pre-load.
Each test consisted in imposing ten cycles of sinusoidal displacement having specified amplitude and frequency, under four different values of vertical pre-load. Six amplitude values
have been chosen with the maximum one selected in order to avoid damages to the two alu-
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minum alloy retainer bars of the device during the experimental tests. The most investigated
loading frequency was assumed equal to 0.1 Hz.
According to the experimental tests results, the tested device is characterized by high effective stiffnesses and equivalent damping ratio in the case of very small imposed displacement
amplitudes. These parameters decrease with increasing displacement amplitude, except for the
effective stiffness in Tension that dramatically increase towards the largest amplitudes. The
shape of the hysteresis loops changes according to the displacements amplitude: at the smallest imposed displacements, the hysteresis loops display a softening stiffness in Compression
and a slight hardening in Tension, whereas, at the largest imposed displacements, the device
exhibits a hardening stiffness in Tension.
Regarding the effect of the vertical pre-load on the dynamic behavior of the tested HWRI,
the experimental outcomes reveal a reduction in the effective stiffness in Compression and an
approximately constant equivalent viscous damping ratio due to the increase of the vertical
load, while the effective stiffness in Tension increases for the largest amplitudes.
In order to simulate the dynamic behavior of the HWRIs in Compression-Tension direction,
a nonlinear model has been proposed, accurately calibrated, and validated by comparing the
experimental hysteresis loops provided by cyclic tests with those predicted mathematically. In
future papers, it will be necessary to identify a more suitable hysteretic model among those
already available in the literature [13-20].
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Abstract
More than 87% of the Colombian population lives in zones of intermediate and high seismic
hazard, which has generated an increasing interest toward base isolated structures. Nowadays,
this technique has been mainly applied to hospitals and bridges. However, it is necessary to
expand the action field of isolators to diverse kind of structures in countries with high seismic
hazard. In this direction, the performance of circular unbounded fiber reinforced elastomeric
isolators (U-FREI) was studied in a two degrees-of-freedom (DoF), medium scale structure,
under seismic excitation. This evaluation was achieved employing a Real-Time Hybrid
Simulation (RTHS), which is defined as a modern cyber-physical technique used for the
experimental evaluation of complex systems, that treats the system components with predictable
behavior as a numerical substructure, and the components that are difficult to model as an
experimental substructure. In this case, the main structure was considered as the numerical
substructure and a couple of U-FREI was treated as the experimental substructure. The RTHS
was evaluated using a set of Current Assessment Measurements, where an accurate tracking of
the transfer system was determined. Furthermore, the experimental results were compared with
Shaking Table Tests (STT) developed at University of Naples Federico II. Particularly, peak
and RMS comparison of force and acceleration signals showed a similar behavior of the RTHS
according to the STT results. Overall, both approaches demonstrated that the U-FREI were
able to reduce more than the 70% of the structural drift with respect to the fixed structure, and
the applied RTHS methodology was verified.
Keywords: structural control, real-time hybrid simulation, unbounded circular fiber reinforced
elastomeric isolator, current assessment measurements.
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1

INTRODUCTION

Earthquakes are one of the main natural hazards in countries of the Pacific zone such as
Colombia, Mexico, Ecuador, Chile and Japan. To counteract the effect of the earthquake, there
are two widely accepted and implemented alternatives. The first consists in isolating the
structure at the base, thus reducing the energy input of the earthquake to the building [1–3].
While the second one concentrates in mitigating, through auxiliary devices, the energy that has
been transmitted by the earthquake to the structure [4–6]. In a conventional design, the building
will dissipate this energy through vibrations that can lead to the generation of damage in its
structural and non-structural elements.
In response to this issue, one of the alternatives for structural control that became popular
in Japan was the seismic isolation, due to its great performance during the Kobe earthquake
of 1995 [7]. De la Llera et al. in [8] has shown the positive experience of the base isolation
application with budget limitation and other technological constraints. A cost reduction
alternative consists of simplifying the isolator installation process, due to it can be located
between the foundation and the structure without bonding at the contact surfaces. This
simplified installation method is named ‘unbonded application’ which has been recently
investigated on Fiber Reinforced Elastomeric Isolators (FREI) [9].
Unfortunately, to validate the performance of such systems in civil structures would be
necessary to implement full-scale experimental tests. These tests require enormous resources
that can be prohibitive for some projects. In contrast, the evaluation of non-conventional and
earthquake-prone structures is currently being promoted using Real-Time Hybrid Simulation
(RTHS). These simulations allow the study of complex systems by classifying components that
are easy to model as numerical substructure and components whose behavior is difficult to
predict as experimental substructure [10–12]. Thus, the numerical substructure is represented
computationally, while the experimental substructure is constructed and tested physically [13–
15]. Therefore, RTHS technique involves advantages as low cost, small space, low loading
capacity requirements [12, 16].
This study addressed this issue developing a RTHS for a structure with unbounded seismic
isolators U-FREI (Unbounded Fiber Reinforced Elastomeric Isolators).
2

SHAKING TABLE TEST (STT)

2.1 Main structure
Losanno et al. [17] conducted a series of Shaking Table Tests (STT) with an experimental two
degrees-of-freedom (DoF) base isolated system. This structure was installed at the Department
of Structures for Engineering and Architecture (DiST) of the University of Naples Federico II
in Italy. A cylindrical U-FREI was used bellow each column. Also, previously in the research
[18] both polyester and carbon reinforcement were considered, where their characterization was
developed through uniaxial shear and compression tests. In this case, the results obtained by
Losanno et al. in [17] are used as the reference data, with the aim of validating the RTHS
results achieved in this application. The reference structure consists of a steel frame, with a
total height of 2.9 m and plan dimensions of 2.65x2.15 m2, as shown in Figure 1. The total
weight of the structure is 77 kN, with a base load of 36 kN and a top load of 41 kN.
Additionally, the structural response was measured through 3-axis accelerometers
(PCB356A17) and displacement sensors (Micro-epsilon ILD1402-600, Wenglor CP35MHT80)
in each level.
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Figure 1: Scheme of the reference structure.

The dynamic characteristics of the main structure in fixed-based configuration were
identified through shaking table tests in [19], and masses, natural frequency and damping ratio
are presented in Table 1.

݉௧௧ ሺሻ ݉௧ ሺሻ
3675

4180

݂ ሺݖܪሻ

ζ (%)

3.81

1.00

Table 1: Dynamic properties of the main structure.

2.2 Circular unbounded fiber reinforced elastomeric isolators
The main structure was supported by four cylindrical U-FREI, as shown in Figure 2. These
isolators have a diameter of 80 mm and total height of 44 mm. Particularly, these U-FREIs
are composed of 15 rubber layers with a thick of 2 mm, which were reinforced by 14 polyester
fiber layers with a thick of 1 mm. The total height of rubber is Hr = 30 mm. The same
manufacturing process is also described in Madera Sierra et al. [20].

Figure 2: U-FREI.

The U-FREIs employed in the STT were characterized using a cyclic test with a maximum
displacement of 9 cm, i.e. 300% shear strain. The hysteretic behavior of two set of these
isolators is shown in Figure 3, as references T1a and T1b. In this study, two set of isolators,
with the same geometry of those used at University of Naples, were analyzed in the LINSE
Laboratory at Universidad del Valle, Cali, Colombia. These isolators were characterized with
an equivalent cyclic test that presents a maximum displacement of 5 cm, whose results are
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indicated in Figure 3 as LINSE (Sp1) and LINSE (Sp2). A challenging non-linear behavior is
exhibited by U-FREIs as recently confirmed by several attempts to develop accurate hysteretic
models [21–23].
The effective lateral stiffness ܭǡ of the devices was calculated based on the peak-to-peak
lateral response for each deformation cycle, as shown in Eq. (1), where ܨ௫ǡ and ܨǡ are
the maximum and minimum values of the force during the i-th cycle, and ܦ௫ǡ and ܦǡ are
the corresponding for the displacement. The equivalent damping ratio ߚ was estimated as a
function of the dissipated area, ܧௗǡ , during each deformation cycle, as shown in Eq. (2). Both
parameters are shown in Figure 4.

Figure 3: Hysteresis loops from cyclic tests for (a) Reference specimen T1a; (b) Reference specimen T1b;
(c) LINSE specimen 1; (d) LINSE specimen 2.

ܭǡ ൌ 
ߚ ൌ 

ܨ௫ǡ െ  ܨǡ
ܦ௫ǡ െ  ܦǡ

(1)

ܧௗǡ
ଶ

ʹ ή ߨ ή ܭǡ ή ൫ܦ௫ǡ ൯

(2)

Figure 4: Comparison for the LINSE’s and Federico II specimens of the (a) Secant stiffnesses and (b)
Damping coefficients.

Even if secant stiffness of LINSE prototypes lightly exceeds the values from previous ones,
it can be noted that a significantly lower damping is obtained especially at low deformation
levels. This is probably due to a different rubber compound assumed in the manufacturing.
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3

REAL-TIME HYBRID SIMULATION

Real-time hybrid simulation (RTHS) is a modern cyber-physical technique used for the
experimental evaluation of complex systems, which treats the components with predictable
behavior of the system as numerical substructure and the components that are difficult to
model as experimental substructure. In this implementation, the structural system (without
isolators) is considered as the numerical substructure since it can be modeled with a high level
of accuracy, whilst the isolators are considered as the experimental substructure.
One of the main challenges of the RTHS is the generation of the boundary conditions in
the experimental substructure. This process demands a detailed knowledge of the actuators
that apply the information obtained from the numerical integration. These actuators are known
as transfer systems. In this implementation two decentralized transfer systems are included.
One of them is focused on the normal force, which is directly applied to the isolator specimens,
and the other reproduces the horizontal displacement at the base of the numerical substructure
through a shear force.
The input of the RTHS is the base acceleration caused by the Campano- Lucano (CAM
50%) earthquake scaled to the 50%, ܽ ሺݐሻ, which corresponds to the first input of the numerical
substructure model (see, Figure 6). The horizontal displacement of the numerical substructure
at the isolator location was taken as the reference signal of the horizontal transfer system, ݔǡௗ ሺݐሻ.
This process generates physically a displacement in the experimental substructure that
corresponds to the measured displacement, ݔǡ ሺݐሻ, as shown in Figure 5. Furthermore, the
vertical transfer system induces a normal force, ܨ௩ ሺݐሻ, with a reference value of 19 kN, being
this value, the structural weight supported by each isolator during the STT. In this direction,
the shear force produced by the experimental substructure is the feedback force, ܨǡ ሺݐሻ, and
this signal is assigned as the second input of the numerical substructure.

Figure 5: RTHS scheme.
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Figure 6: Ground acceleration of the CAM50% earthquake.

3.1 Numerical substructure
The main structure was modeled as a two DoF system, as shown in Eq. (3). In this state space
representation ݉ଵ and ݉ଶ are the bottom and top structural masses, as indicates in Figure 7. ݇௦
and ܿ௦ are the stiffness and damping of the main structure, respectively. Moreover, ݑ ሺݐሻ and
ݑ௦ ሺݐሻ are the displacement of the isolators and the structural displacement. The four system
states correspond to the isolator displacement, ݔଵ , the structural displacement, ݔଶ , the isolator
velocity, ݔଷ , and the structural velocity, ݔସ . As mentioned above, the system inputs are the
ground acceleration, ܽ ሺݐሻ, and the isolator shear force, ܨǡ , which is measured during the
RTHS. It is important to mention that the system output is the first state of the numerical model.

Figure 7: Main structure scheme.
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3.2 Experimental substructure
The behavior of the isolators in unbounded configuration is highly complex: because of the
variation of the contact area [14, 18], it tends to decrease the horizontal stiffness and increase
the energy dissipation. Also, U-FREI performs a phenomenon denominated roll-over as
mentioned previously. A complete roll-over takes place when the original vertical face of the
isolator is approaching the horizontal support [9, 18, 24, 25]. It is shown that after the initial
point of roll-over, a gradual softening of the isolators is produced, and after the end point of full
roll-over, it can be observed an effect of stiffness hardening. Thus, in this study the U-FREIs
are considered as the experimental substructure. For this purpose, an experimental setup was
developed to couple the experimental substructure with the cybernetic component of the RTHS.
The experimental setup involves a moving plate, which is released in the vertical direction
to allow the movement associated with the compression of the isolators. In addition, this plate
is supported on linear bearings, which are oriented in the horizontal direction. In this
configuration, two isolators are disposed in the experimental setup as shown in Figure 8. Thus,
the opposition force of the isolators was measured by a load cell Optima OP-312-3. The normal
force was set to 19 kN during the simulation, which is applied by a vertical hydraulic actuator.
The compression load cell Omega LPCH-5-M12 was used to control the vertical compression.

(a)

(b)

(c)
Figure 8: (a) Experimental setup, (b) Experimental setup scheme, and
(c) Deformed U-FREI.
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3.3 Transfer systems
The RTHS control scheme is shown in Figure 9, where the horizontal control displacement is
achieved through an actuator Shore Wester 911D, which has a linear variable differential
transformer (LVDT). This LVDT allows to measure the displacement of the actuator piston
with higher precision. This actuator is activated by a hydraulic pump that presents a maximum
flow of 13.2 liters per minute. Particularly, the system pump-actuator or plant was modeled as
a continuous system with one pole at the origin, without zeros, a nominal gain of 14, and a
delay of 33 milliseconds. Due to the considerable noise in the LVDT measure, a Kalman
filter was designed to obtain an adequate signal, according to the RTHS scope. As shown in
Figure 9, the plant was feed-back using the filtered actuator displacement, ݔǡ ሾ݇ܶሿ, and a
unit delay. This close loop generates a stable system, in contrast to the marginal stability of
the plant in open loop. Moreover, the internal loop can filter the high frequency components
of the controller output, ݒሾ݇ܶሿ. Nevertheless, the adequate tracking characteristics (amplitude
and angle phase) of the horizontal transfer system were achieved using an optimal control
technique in the external loop. In this case, a ܪஶ controller was employed, which Riascos et
al. in [26–28] designed using the hinfstruc Matlab function, where the optimization was
developed for minimizing the error signal, ݁ሾ݇ܶሿ, and the operational voltage signal, ݑሾ݇ܶሿ.
On the other hand, the vertical control force consists of three components. The first
component is a linear function expressed as ܽܨ௩ǡௗ  ܾ, which determines the nominal voltage
required by a Power Unity to apply a force, ܨ௩ǡௗ , in the actuator. The second component is a
term based on a hysteretic loop between the actuator force and the power unity voltage. This
term depends on the error sign, as described in Figure 9. The third component consists of a
proportional-integral (PI) controller, which fits the voltage to achieve a measured force close to
the reference despite of the isolator deformation.

Figure 9: RTHS scheme.
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4

RTHS IMPLEMENTATION

This RTHS was implemented with a high-speed executing computer (SpeedGoat target
machine). For this task, a host computer with Matlab’s Xpc protocol and a sampling frequency
of 1024 Hz was used. The SpeedGoat has high processing capacity to guarantee real-time
evaluation of the hybrid simulation. For the CAM 50% earthquake, a comparison between STT
and RTHS approaches is presented in Figure 10.

Figure 10: RTHS implementation.

4.1 RTHS performance
Assessment measures are adopted to determine the accuracy of the RTHS. The parameters
selected in this study focused especially on the tracking accuracy of the main transfer system.
These parameters involve time or frequency domains. For example, the difference of maximum
error and the maximum difference errors are calculated in time domain, as given in Eqs. (4) and
(5). The frequency evaluation index (FEI) compares the target and measured signals in the
frequency domain using the fast Fourier transform (FFT), and the equivalent frequency (݂  )
identifies the cycle frequency where there is the most energy of the signal, as given in Eqs. (6)
and (7), respectively. The generalized amplitude, ܣ , and generalized angle, , depend on the
FEI as expressed in Eqs. (8)-(9). Further, the delay, ߜ, between the target and measured signals
is determined in function of FEI, which is the opposite value of the FEI argument over the
equivalent angular frequency, as given by Eq. (10).
݁ெ ൌ

ȁȁݔ௧ ȁ௫ െ ȁݔ ȁ௫ ȁ
ȁݔ ȁ௫
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ȁݔ௧  െ ݔ ȁ௫
ൌ
ȁݔ ȁ௫
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(5)

ே

ԡݕ ሺ݆ሻԡ
ݕ ሺ݆ሻ
 ܫܧܨൌ  ቊ
ή
ቋ
ݕ ሺ݆ሻ σୀଵԡݕ ሺ݆ሻԡ
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݂  ൌ
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ܫܧܨ
ͳǤͲͲͲ െ ͲǤͲͲͻ݅

(7)

݂  ሺݖܪሻ
0.52


ʹߨ݂ 

ܣ
1.00

(10)

݁ெ ሺΨሻ
0.27

݁ெ ሺΨሻ
2.25

ߜ (ms)
2.87

Table 2: Assessment measures.

4.2 RTHS Comparison
To validate the RTHS results some comparison indexes were proposed. These indexes allow
to determine the peak and Root Mean Square (RMS) coherence between the force, acceleration,
or displacement, of the RTHS ሺݕோ்ுௌ ሻ, with respect to those obtained with the STT ሺݕௌ்் ሻ.
Both indexes are defined in Eqs. (11)-(12). The comparison index results are listed in Table 3,
where can be observed the adequate correspondence between the force and acceleration signals
obtained with the RTHS in comparison with those of the STT. However, the displacement
signal between both approaches presented considerable differences. These differences indicate
that the isolator displacement in the RTHS technique was approximately only 66% of the STT
response. This was caused by the higher stiffness of the specimens used in this study, which
also present lower damping for small deformations. In addition, the upper structure presented a
maximum inter-story drift of 0.109% through the STT, whilst a drift of 0.179% was achieved
with the RTHS approach. This drift difference was caused by the high stiffness of the U-FREIs
employed during the RTHS, since these isolators transmit more seismic energy to the upper
structure in comparison with those implemented in the STT.
݉ܽݔሺݕோ்ுௌ ሻ
݉ܽݔሺݕௌ்் ሻ

(11)

ܴܵܯሺݕோ்ுௌ ሻ
ܴܵܯሺݕௌ்் ሻ

(12)

ܬ ሺΨሻ ൌ ͳͲͲ
ܬோெௌ ሺΨሻ ൌ ͳͲͲ
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Signal
Force
Acceleration
Displacement

ܬ ሺΨሻ
104
91
67

ܬோெௌ (%)
105
95
66

Table 3: Indexes of comparison between responses for RTHS and STT.

5

CONCLUSIONS
The main findings of this study can be listed as follows:
x
x

x

x
x

x

Experimental results show that the horizontal transfer system was able to generate the
isolator displacement obtained from the numerical integration with good accuracy.
The equivalent frequency of the RTHS reported an operational frequency at 0.52 Hz,
which allowed to the transfer system achieving an excellent tracking with respect to the
desired displacement, where generalized amplitude of 1.00 and delay lower than 3
milliseconds were obtained.
The RTHS achieved an adequate prediction of the peak and RMS force and acceleration
of the isolated structure, despite of using a simplified model of the main structure and
an experimental substructure with different mechanical characteristics in terms of
stiffness and damping, with respect to that presented during the STT.
In the RTHS technique, the isolator displacement was approximately a fraction, i.e. 66%
of the STT response. This was caused by the higher stiffness that presents the specimens
used in this study, which present poor damping for small deformations.
Overall, both approaches demonstrated that the U-FREIs were able to reduce
considerably the structural drift with respect to the fixed structure, and the applied
RTHS methodology was verified.
As a further development the authors will improve the numerical models of the structure
in order to improve the accuracy of the RTHS.
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Abstract
In common practice, uncoupled hysteretic models, that is, models that do not consider the biaxial interaction between the restoring forces along two generic orthogonal transverse directions, are typically employed to perform nonlinear time history analyses of base isolated
structures. However, such models do not suitably reproduce the exact response of the structure when the system is subjected to external excitation in two orthogonal directions. Thus,
the selection of suitable phenomenological model and the time integration method is important while carrying out nonlinear time history analysis (NLTHA) of base isolated structures. In the present study, a detailed investigation is carried out to assess the effectiveness of
two hysteretic models to reproduce the hysteretic behaviour of the elastomeric bearings. A
three-dimensional base-isolated reinforced concrete building is analysed under earthquake
excitations, by employing a novel biaxial phenomenological model denominated Multiple
Springs Exponential Model (MSEM) and Biaxial Bouc-Wen model (BBWM). Numerical accuracy and the computational efficiency of these methods are assessed through NLTHA. The
results show that the novel method is advantageous and computationally efficient in comparison with BBWM.

Keywords: Hysteresis model, base isolated structure, phenomenological model, multiple
springs, nonlinear time history analysis.
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1

INTRODUCTION

Base isolation is one of the effective response control technologies that helps in reducing
the seismic response of structures by introducing isolation bearings between the foundation
and superstructure of the building [1,2,3,4]. The continuous development in the base isolation
technology and innovative isolation devices [5,6,7,8] lead to a significant increase in the base
isolated structures in the recent years. The behaviour of base isolated structures is highly influenced by the base isolation system, which need to be carefully investigated [9,10,11]. Due
to the difficulties associated with the development of detailed finite element models of isolation bearings, several studies were carried out to identify a hysteresis model to reproduce the
most realistic behaviour of the bearings [12].
In addition, the isolation bearings display a coupled behaviour when subjected to external
excitation in two orthogonal directions [13]. Several phenomenological models are widely
used to reproduce the biaxial rate-independent behaviour of seismic isolation bearings obtained from cyclic experimental tests. Biaxial differential models are mostly employed to reproduce the hysteresis phenomena, due to its accuracy and requirement of a smaller number
of model parameters [14]. However, the computationally efficiency of such models are affected due to the physical insignificance of the model parameters. Also, they demand a numerical
solution of a differential vector equation to obtain the response of the building at each time
step of a Nonlinear Time History Analysis (NLTHA).
One of the most commonly used models is the Bouc-Wen model (BWM), but the nonlinear
time history analysis of a structural model using BWM demands increased computational effort. Further, the interpretation of BWM parameters is not straightforward due to its peculiar
formulation [15]. The recently formulated Biaxial Bouc-Wen model (BBWM) is capable of
reproducing the biaxial behaviour of the isolation bearings. Despite its reported accuracy, the
physical interpretation of model parameters and the computational time remains as a major
difficulty during the response analyses of base isolated buildings.
Considering the assessment of base-isolated building response, the accuracy of the nonlinear analyses depends on the selection of suitable phenomenological model and the time integration method to solve the nonlinear equilibrium equations. In this context, the present study
aims at investigating the novel coupled phenomenological model developed by Vaiana et al.
[14] to simulate the rate-independent hysteretic behaviour of isolation bearings of a base isolated structure. Multiple Springs Exponential Model (MSEM), formulated from the general
class of novel phenomenological model, is considered for the study. The obtained results are
compared with the BBWM results in order to check the accuracy and computational efficiency of the MSEM. Further, Nonlinear Time History Analyses (NLTHAs) of a two-story baseisolated reinforced concrete building is also carried out using MSEM and BBWM to model
the behaviour of isolation bearings. Considering the importance of time integration method in
the NLTHA of base-isolated buildings, the widely used Newmark’s constant acceleration
method is used along with the BBWM model. In case of base isolated building with MSEM
mode, Chang’s explicit method is used for NLTHA due to reduced computational effort and
the results obtained from this novel methodology is compared with the conventional procedure.
2

HYSTERESIS MODELS

The response of a base-isolated structure is highly influenced by the dynamic properties of
the isolation devices. Hence, the selection of a suitable hysteresis model plays a major role in
the nonlinear analysis of such structures. Hysteresis models, ranging from simple bilinear
models to complex models and developed for particular applications, are available in the liter-
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ature [16,17]. In the present study, a novel biaxial phenomenological model, denominated
Multiple Springs Exponential Model (MSEM) and formulated by Vaiana et al. [14], is considered along with the celebrated BBWM. The hysteresis models used to represent the behaviour of isolation bearings are presented in the following subsections.
2.1

Bouc-Wen model

BWM is governed by a first-order nonlinear Ordinary Differential Equation (ODE) characterized by six parameters that govern the shape and size of the hysteresis loops. The model is
based in the Duhem hysteresis operator and simulates a smooth transition between elastic and
post-elastic states [18,19]. Park et al. [20] extended the uniaxial model to simulate the biaxial
rate-independent hysteretic behaviour of systems and materials. Finally, the generalized biaxial formulation of the model is proposed by Harvey and Gavin [21], and the components of
the generalized force vector are given by:
(1)
where and are parameters with dimensions of stiffness and displacement, respectively,
and
are the generalized displacements along X-axis and Y-axis, respectively, a is a dimensionless parameter, and and are dimensionless variables which can be obtained from the
following system of two coupled first-order nonlinear ODEs:
(2)
(3)
where , , and are dimensionless parameters that control the shape of the hysteresis loops.
Thus, BBWM requires the calibration of seven parameters to simulate the exact hysteresis
behaviour of isolation bearings through experiments. BWM is used along with Newmark’s
constant average acceleration method to solve the nonlinear equilibrium equations. This
method is unconditionally stable and also allows the use of large time steps while fulfilling
the requirement for accuracy [22,23]. However, the computational efficiency of the method is
highly affected by the convergence issues due to the conjunction of the method along with the
iterative procedure [24].
2.2

Multiple Springs Exponential Model

The novel family of biaxial models proposed by Vaiana et al. [14] is capable of simulating
the typical bidirectional kinematic rate-independent hysteretic behaviour displayed by mechanical systems and materials. The biaxial model is formulated by employing the multiple
springs model [25] in conjunction with the uniaxial phenomenological models developed by
Vaiana et al. [26,27]. The model was developed by introducing n evenly spaced springs in a
circular configuration around the origin of the adopted coordinate system as shown in Figure
1(a). Each spring is made up of two different springs in parallel such as the elastic spring with
generalized tangent stiffness , and a rate-independent hysteretic spring with generalized
tangent stiffness , as shown in Figure 1(b). The generalized tangent stiffness kt is obtained
by summing and .
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Figure 1: (a) Plan view of the multiple springs model, and (b) i-th spring [14].

The generalized force-displacement hysteresis loops characterizing the i-th spring of the
proposed model may be limited to two parallel straight lines (curves), as shown in Figure 2.
The integration of the general expression of the generalized tangent stiffness functions yields
the expressions for the generic loading (unloading) curve and for the upper (lower) limiting
curve. The integration constants are obtained by considering the intersection of generic loading (unloading) curve and upper (lower) limiting curve. The abscissa of the intersection point
is represented as the generalized history variable.

Figure 2: Hysteresis loop limited by two parallel (a) straight lines, and (b) curves [14].

Multiple Springs Exponential Model (MSEM) considered in the present study belongs to
this family of biaxial models, which is obtained by selecting a suitable generalized tangent
stiffness functions and then by deriving the particularized expression of the generalized force,
history variable, and internal constant parameters. For simplicity, same properties are assigned for all the springs in the model, thus obtaining an isotropic model. MSEM is a more
sophisticated model where the typical generalized force-displacement hysteresis loop of the ith spring is limited by two parallel straight lines or curves. This model requires four parameters to simulate the complex biaxial hysteresis phenomena. The general expression of the generalized tangent stiffness functions can be obtained from the sum of following expressions of
and :
(4)
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(5)

(6)

, , and
are the four model parameters that fulfill the following conditions:
,
,
, whereas is real.
The general expression of the i-th spring generic loading and unloading curves can be written as follows:
where

,

(7)
(8)
Further, the expressions of the upper and lower limiting curves are given by:
(9)
(10)
The general equations used to evaluate the generalized history variable for the generic loading
and unloading cases are as follows:

(11)

(12)
The expression of the constant parameter u0 can be derived by assuming that the upper (lower)
limiting curves and generic loading (unloading) curves have the same generalized tangent
stiffness functions at their intersection point. It can be given by:
(13)
Further, the expression for the constant parameter f0 is obtained as follows:
(14)
In the present study, this novel coupled phenomenological model is used along with an explicit unconditionally stable time integration method. This strategy avoids the use of iterative
procedures for solving nonlinear equilibrium equations and it is useful when complex prob-
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lems need to be addressed [28,29]. The explicit time integration method considered in the
study represents a specific algorithm developed by Chang [30] and adopted by Vaiana et al.
[31] for base-isolated structures. In case of non-stiffening systems, this method tends to be
unconditionally stable and has a second-order accuracy. Further, the method does not suffer
from numerical damping and displays only a small relative period error.
3

NUMERICAL MODEL

A three dimensional (3D) structural model with two substructures such as the n-story superstructure and a base isolation system is considered to assess the accuracy and computational efficiency of the proposed model. The 3D model defined in global, right-handed cartesian
coordinate system attached to the mass centre of the base isolation system is shown in Figure
3. The nonlinear analysis of the base isolated structure is carried out considering the following
assumptions: (a) the deformation of the superstructure is within the linear elastic range during
the earthquake excitation, (b) the floor diaphragm is infinitely rigid in its own plane, (c) the
columns are axially inextensible, (d) the beams are flexurally rigid and axially inextensible, (e)
the base isolation bearings are axially inextensible.

Figure 3: Three-dimensional model of base isolated structure.

The superstructure of the base isolated structure is a two-story reinforced concrete structure
with vertical geometrical irregularity. The plan dimension of the building is 10.0 m x 8.0 m
with a story height of 3.50 m. The weight of the superstructure is 1802.90 kN. The first three
natural periods of the superstructure are 0.15 s, 0.14 s sand 0.10 s. The total weight of base
isolation system with 9 elastomeric bearings is 914.90 kN. The bearings are placed between
the superstructure columns full diaphragm. The base isolation system is designed to provide
an effective isolation period of 2.25 s and an effective viscous damping of 15% at the design
displacement 0.50 m. As per the assumptions considered for the nonlinear analysis of the
structure, the number of degrees-of-freedom of the super structure and the isolation system
are equal to 6 and 3, respectively.
The nonlinear equilibrium equation considered for the analysis of the Multi-Degree-OfFreedom (MDOF) base isolated structure is given by:
(15)
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where,
,
, and
are the generalized displacement, velocity, acceleration vectors,
respectively, , , and are the generalized constant mass, damping and elastic stiffness
is the generalized
g
nonlinear force vector, and
is the genermatrices, respectively,
alized external force vector at time .
For the adopted base isolated structure idealization, the motion vectors of the model relative to the ground can be written as follows:
(16)
where,
are the displacement, velocity and acceleration vectors of base
isolation device (superstructure) of size 3x1 (3nx1), respectively.
The force vectors are given by:
(17)
is the nonlinear force vector of the base isolation system with dimension 3x1,
is the influence matrix of base isolation system (superstructure), and
is the ground
acceleration vector of dimension 3x1.
where,

4

HYSTERESIS MODEL PARAMETERS

The parameters of the biaxial Bouc-Wen model adopted to simulate the behaviour of the
elastomeric bearings are shown in Table 1. MSEM requires calibration of four parameters
and ‘n’ number of springs. MSEM model parameters are identified using Particle
Swarm Optimization (PSO) algorithm [32] which is a computational technique with easy implementation and convergence properties. In the algorithm, a set of random parameters are
first initialized, and the value of each parameter is iteratively modified. The optimization is
performed by considering the interaction among the parameters and the objective function is
minimized. MSEM parameters are calibrated in the present study by minimizing the following objective function:
(18)
where,
is the j-th component of the generalized force vector computed using MSEM
and is the j-th component of the generalized force vector describing the behaviour of the
isolation bearings using BWM. The following PSO parameters are used to avoid premature
convergence of the solution in the local optimum points:
x population size: 100,
x number of iterations: 200,
x acceleration factors: c1 = c2 = 2,
x maximum and minimum inertia weights: wmax = 0.9 and wmin = 0.4.
The adopted MSEM parameters are listed in Table 2. The comparison of hysteresis loops
g
of BWM and MSEM model with the calibrated parameters are shown in Figure
4. The pplots
and
are obtained by imposing eight-shaped displacement orbit given by
, with = 0.5 m and = 2π rad/s. It can be clearly seen that the MSEM
model is capable of representing the hysteresis behaviour of the isolation bearing with reduced number of parameters, in comparison with BWM.
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K [N/m]
1.83e6

A
1

a
0.10

b
1.00

c
0.00

d [m]
0.017

e
1.00

Table 1: BWM parameters used in the NLTHAs.

n
16.00

ka [N/m]
5.78e8

kb [N/m] α [m-1]
1.83e5
1.04e4

β [N/m]
0

Table 2: MSEM parameters used in the NLTHAs.
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Figure 4: Comparison between BBWM and MSEM hysteresis loops along (a) X-axis, (b) Y-axis, and (c) generalized force paths by applying eight-shaped generalized displacement orbit.

The numerical model has been programmed in MATLAB and run on a computer with Intel® Core™ i5-5200U processor and a CPU at 2.20GHz with 8.00 GB RAM. The computational time of BBWM is 20.97 s, whereas the MSEM model required only 0.53s, which is
about 2.50% of the BBWM computational time. Along with the computational time, the model also exhibits acceptable accuracy with reduced number of model parameters, making the
calibration process easier.
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5

NUMERICAL ANALYSES OF A BASE-ISOLATED STRUCTURE
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ground acceleration along x [m/s2]

The response of the base isolated structure under bidirectional earthquake excitation is presented in this section. In the analyses, the BBWM and MSEM are used to reproduce the dynamic behaviour of the isolation bearings of the base isolated structure. Further, conventional
time integration method is used along with BBWM to numerically integrate the nonlinear
equilibrium equations, whereas Chang’s explicit method is used along with the novel MSEM.
The NLTHA of the base isolated structure is performed by imposing Northridge earthquake
acceleration time history along X-axis and Y-axis as shown in Figure 5.
12
6
0
-6
-12
0

5

10

15
time [s]
(b)

20

25

30

Figure 5: Ground acceleration time histories of Northridge earthquake along (a) X-axis and (b) Y-axis.

The numerical results and computational time are compared to assess the accuracy and
computational efficiency of the solution strategies. The first order nonlinear ODE in the
BWM is solved using the unconditionally stable semi-implicit Range-Kutta method with 50
number of steps [33]. The results of the NLTHAs are listed in Table 3. It can be clearly seen
that the maximum and minimum values of the base isolation system mass centre displace, velocities
and accelerations
obtained using BBWM and MSEM are alments
most equal. In addition to the seismic response of the base isolated structure, the total
required to perform NLTHAs by BBWM and MSEM are also given in
computational time
Table 3. It can be clearly seen that the MSEM reduces the computational time drastically.
Since, the obtained computational time highly depends on the CPU speed, relevant memory
which is the
and background process running on the computer, an additional parameter
total computational time percentage is also evaluated as follows:
(19)
This parameter provides a more meaningful measure of the computational
benefits associp
ated with MSEM, in comparison with BBWM. The value of the
in the order of 0.87%
highlights the advantages of implementing this model in structural analysis tools and commercial computer programs.
Further, the comparison of displacement, velocity and acceleration response measured at
the base isolation system mass centre obtained using BBWM and MSEM models are shown
in Figure 6(a) to 6(f). The results clearly highlight the accuracy of the novel biaxial phenomenological model in comparison with the BBWM. A minor difference arises in terms of hyster-
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etic response of the isolation bearings in Figure 6(g) and 6(h) due to different formulations of
the models to be properly calibrated on experimental tests.
BBWM
12104
0.33
-0.33
0.23
-0.18
0.89
-0.83
0.98
-0.85
5.16
-3.93
10.37
-10.55

Max
Min
Max
min
Max
min
Max
min
Max
min
Max
min

MSEM
105
0.87
0.33
-0.33
0.25
-0.21
0.90
-0.82
1.08
-0.89
4.90
-3.83
10.47
-10.30

0.00
0.00
8.00
14.29
1.11
-1.20
9.26
1.12
-5.04
-2.54
0.96
-2.37

Table 3: NLTHAs results under Northridge excitation.
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Figure 6: Seismic response of the base isolated structure (a) displacement along X-axis, (b) displacement along
Y-axis, (c) velocity along X-axis, (d) velocity along Y-axis, (e) acceleration along X-axis, (f) acceleration along
y-axis, (g) hysteresis loops along X-axis, and (h) hysteresis loops along Y-axis.

6

CONCLUSIONS

In the present study, the accuracy and computational efficiency of the two biaxial hysteretic models to reproduce the behaviour of elastomeric bearings is assessed. A novel biaxial
phenomenological model denominated Multiple Springs Exponential Model is compared with
the commonly used Biaxial Bouc-Wen Model. The novel model is found to be advantageous
in comparison with BBWM due its reduced number of model parameters, physical interpretation of parameters, easier calibration, and reduced computational time.
Further, NLTHA of a three-dimensional base isolated reinforced concrete building is also
carried out. Considering the importance of time integration methods employed in NLTHA of
base isolated structures, Newmark’s constant average acceleration method and Chang’s explicit method are used along with BBWM and MSEM, respectively. The dynamic response of
the base isolated structure obtained using the MSEM model and Chang’s explicit method
closely matches with the results from the conventional procedure using BBWM and Newmark’s method. Further, the total computational time percentage of the novel method is only
around 0.87% which highlights the computational efficiency and suitability of this model for
implementation in structural analysis tools.

2521

Nagavinothini Ravichandran

REFERENCES
[1] D. Losanno, H.A. Hadad, G. Serino, Seismic behavior of isolated bridges with additional damping under far-field and near fault ground motion. Earthquakes and Structures, 13(2), 119-130, 2017.
[2] D. Losanno, H.A. Hadad, G. Serino, Design charts for eurocode-based design of elastomeric seismic isolation systems. Soil Dynamics and Earthquake Engineering, 119,
488-498, 2019.
[3] D. Losanno, M. Spizzuoco, A. Calabrese, Bidirectional shaking-table tests of unbonded
recycled-rubber fiber-reinforced bearings (RR‐FRBs). Structural Control and Health
Monitoring, 26(9), e2386, 2019.
[4] N. Vaiana, R. Capuano, S. Sessa, F. Marmo, L. Rosati, Nonlinear Dynamic Analysis of
Seismically Base-Isolated Structures by a Novel OpenSees Hysteretic Material Model. Applied Sciences, 11(3), 900, 2021.
[5] A. Calabrese, D. Losanno, M. Spizzuoco, S. Strano, M. Terzo, Recycled Rubber Fiber
Reinforced Bearings (RR-FRBs) as base isolators for residential buildings in developing
countries: The demonstration building of Pasir Badak, Indonesia. Engineering Structures, 192, 126-144, 2019.
[6] N. Vaiana, S. Sessa, M. Paradiso, L. Rosati, Accurate and efficient modeling of the hysteretic behavior of sliding bearings. In 7th International Conference on Computational
Methods in Structural Dynamics and Earthquake Engineering (COMPDYN 2019),
Crete, Greece, June, 2019. doi: 10.7712/120119.7304.19506
[7] D. Losanno, A. Calabrese, I.E. Madera-Sierra, M. Spizzuoco, J. Marulanda, P. Thomson,
G. Serino, Recycled versus natural-rubber fiber-reinforced bearings for base isolation:
review of the experimental findings. Journal of Earthquake Engineering, 1-20, 2020.
[8] D. Losanno, F. Palumbo, A. Calabrese, T. Barrasso, N. Vaiana, Preliminary Investigation of Aging Effects on Recycled Rubber Fiber Reinforced Bearings (RRFRBs). Journal of Earthquake Engineering, 1-18, 2021.
[9] D. Losanno, I.E.M. Sierra, M. Spizzuoco, J. Marulanda, P. Thomson, Experimental assessment and analytical modeling of novel fiber-reinforced isolators in unbounded configuration. Composite Structures, 212, 66-82, 2019.
[10] D. Losanno, N. Ravichandran, F. Parisi, A. Calabrese, G. Serino, Seismic performance
of a Low-Cost base isolation system for unreinforced brick Masonry buildings in developing countries. Soil Dynamics and Earthquake Engineering, 141, 106501, 2021.
[11] I.E.M. Sierra, D. Losanno, S. Strano, J. Marulanda, P. Thomson, Development and experimental behavior of HDR seismic isolators for low-rise residential buildings. Engineering Structures, 183, 894-906, 2019.
[12] N. Ravichandran, A comparative study of phenomenological hysteretic models with application to recycled rubber-fibre reinforced bearings. Journal of Vibroengineering, 22(8), 1798-1813, 2020.
[13] D. Losanno, I.E.M. Sierra, M. Spizzuoco, J. Marulanda, P. Thomson, P, Experimental
performance of unbonded polyester and carbon fiber reinforced elastomeric isolators
under bidirectional seismic excitation. Engineering Structures, 209, 110003, 2020.

2522

Nagavinothini Ravichandran

[14] N. Vaiana, D. Losanno, N. Ravichandran, A novel family of multiple springs models
suitable for biaxial rate-independent hysteretic behavior. Computers & Structures, 244,
106403, 2021.
[15] A.E. Charalampakis, V.K. Koumousis, Identification of Bouc–Wen hysteretic systems
by a hybrid evolutionary algorithm. Journal of Sound and Vibration, 314(3-5), 571-585,
2008.
[16] J. Lubliner, Plasticity theory. Courier Corporation, 2008.
[17] C.S. Tsai, T.C. Chiang, B.J. Chen, S.B. Lin, An advanced analytical model for high
damping rubber bearings. Earthquake engineering & structural dynamics, 32(9), 13731387, 2003.
[18] Y.K. Wen, Method for random vibration of hysteretic systems. Journal of the engineering mechanics division, 102(2), 249-263, 1976.
[19] Y.K. Wen, Equivalent linearization for hysteretic systems under random excitation.
Journal of applied mechanics, 47(1), 150-154, 1980.
[20] Y.J. Park, Y.K. Wen, A.H.S. Ang, Random vibration of hysteretic systems under bidirectional ground motions. Earthquake engineering & structural dynamics, 14(4), 543557, 1986.
[21] P.S. Harvey Jr, H.P. Gavin, Truly isotropic biaxial hysteresis with arbitrary knee sharpness. Earthquake engineering & structural dynamics, 43(13), 2051-2057, 2014.
[22] K.J. Bathe, Finite element procedures. Klaus-Jurgen Bathe, 2006.
[23] F. Greco, R. Luciano, G. Serino, N. Vaiana, A mixed explicit–implicit time integration
approach for nonlinear analysis of base-isolated structures. Annals of Solid and Structural Mechanics, 10(1-2), 17-29, 2018.
[24] R. Clough, J. Penzien, Dynamics of structures. McGraw-Hill, New York, 1993.
[25] A. Wada, M. Kinoshita, Elastic plastic dynamic 3-dimensional response analysis by using multiple shear spring model Part1 and Part2. In Summaries of Technical Papers of
Annual Meeting (pp. 313-316). 313–316 (in Japanese) Tokai, Japan, 1985.
[26] N. Vaiana, S. Sessa, F. Marmo, L. Rosati, A class of uniaxial phenomenological models
for simulating hysteretic phenomena in rate-independent mechanical systems and materials. Nonlinear Dynamics, 93(3), 1647-1669, 2018.
[27] N. Vaiana, S. Sessa, L. Rosati, A generalized class of uniaxial rate-independent models
for simulating asymmetric mechanical hysteresis phenomena. Mechanical Systems and
Signal Processing, 146, 106984, 2021.
[28] S. Sessa, F. Marmo, N. Vaiana, L. Rosati, A computational strategy for Eurocode 8compliant analyses of reinforced concrete structures by seismic envelopes. Journal of
Earthquake Engineering, 1-34, 2018.
[29] F. Marmo, S. Sessa, N. Vaiana, D. De Gregorio, L. Rosati, Complete solutions of threedimensional problems in transversely isotropic media. Continuum Mechanics and
Thermodynamics, 32(3), 775-802, 2020.
[30] S.Y. Chang, Family of structure-dependent explicit methods for structural dynamics. Journal of Engineering Mechanics, 140(6), 06014005, 2014.

2523

Nagavinothini Ravichandran

[31] N. Vaiana, S. Sessa, M. Paradiso, F. Marmo, L. Rosati, An Efficient Computational
Strategy for Nonlinear Time History Analysis of Seismically Base-Isolated Structures.
In Conference of the Italian Association of Theoretical and Applied Mechanics (pp.
1340-1353). Springer, Cham, September, 2019.
https://doi.org/10.1007/978-3-030-41057-5_108
[32] J. Kennedy, R. Eberhart, Particle swarm optimization. In Proceedings of ICNN'95international conference on neural networks (Vol. 4, pp. 1942-1948). IEEE, November,
1995.
[33] H.H. Rosenbrock, Some general implicit processes for the numerical solution of differential equations. The Computer Journal, 5(4), 329-330, 1963.

2524

COMPDYN2021
8th ECCOMASThematicConferenceon
ComputationalMethodsinStructuralDynamicsandEarthquakeEngineering
M.Papadrakakis,M.Fragiadakis(eds.)
StreamedfromAthens,Greece,230June2021

LABORATORY CHARACTERIZATION OF A RECLAIMED RUBBER
COMPOUND FOR LOW-COST ELASTOMERIC ISOLATORS
Fabrizia Cilento1, Daniele Losanno1, Luigi Piga2
1

Department of Structures for Engineering and Architecture, University of Naples, Federico II, Via
Claudio 21, Naples, Italy
{fabrizia.cilento, daniele.losanno}@unina.it
2

Italgum srl, Via Vegri 27, Zanè (VI), Italy
luigi_piga@italgum.com

Abstract
Although seismic isolation devices are effective in protecting structures during an earthquake, they are generally large, heavy, and expensive, making their application prohibitive
for housing buildings. In the last few years, different strategies have been investigated to
make seismic isolators cheaper and lighter for housing buildings in developing countries.
Lower costs can be obtained at different scales: simplifying the installation process of devices, reducing energy consumption during manufacturing, and using recycled materials. Both
weight and cost of isolators could be reduced by adopting flexible reinforcements in place of
steel reinforcing plates, also allowing easier installation without bolted connections in unbounded configuration. Costs can be further reduced by replacing natural rubber with a recycled elastomer. It has been demonstrated that trying to give a second life to rubber is
challenging, since devulcanization process, capable of breaking chemical bonds between
rubber and sulphur, is highly polluting and requires high consumption of energy. In the present work, a recycled compound has been preliminary developed with mechanical properties
not significantly lower than virgin rubber. Obtained parameters are satisfactory for use in
unbounded isolators with flexible internal reinforcement where internal stresses are significantly reduced. In particular, a novel compound has been properly formulated in order to be
lower cost in comparison to traditional one. Mechanical characterization of the material
showed excellent properties including shear modulus and hardness similar to those of a soft
rubber, even if a reduced ultimate deformation capacity is achieved. Furthermore, rubber adhesion with different fabrics has been investigated. Preliminary results are very promising
and pave the way for the development of high-performance and low-cost rubber isolators.
Keywords: Base isolation, fibre reinforced elastomeric rubber isolators, recycled rubber
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1

INTRODUCTION

Base isolation is one of the most effective technologies in seismic protection of structures
[1]. Its objectives are the protection of human life and the reduction of damage caused to
buildings during earthquakes. Despite all, the system is rarely used in emerging countries due
to its relatively high cost and features of the design codes. In fact, classical steel-reinforced
elastomeric isolators (SREIs) are generally large, heavy, and expensive due to the highly labor-intensive manufacturing process, making their application prohibitive in the case of housing buildings. In the last years, many efforts have been done trying to develop novel low-cost
seismic devices, in order to expand the market of seismic protection systems also to ordinary
housing buildings, particularly in high seismicity areas of developing countries [2,3]. Lower
costs can be obtained by: (i) simplifying the installation process of the devices, (ii) reducing
energy consumption during manufacturing process and (iii) using waste and recycled materials. The first approach was aimed to replace steel plates with fibre sheets [4]. In comparison
with rigid reinforcements, flexible reinforcements are lighter and can be easily introduced in
the manufacturing process of elastomeric rubber bearing to be installed under the structure in
an unbonded configuration [5,6]. In fact, in masonry buildings, these devices are placed directly under the foundations of the structure, with no need for additional transfer elements,
leading to a significant reduction of the construction costs [3]. These new devices are known
as fiber reinforced elastomeric isolators (FREIs) [7]. Costs can be further reduced by replacing virgin rubber with a recycled low-cost elastomer, mitigating, at the same time, the threat
of rubber scraps increasing all over the world. However, recycling rubber is challenging, due
to its chemical structure and composition, which make it an insoluble and infusible material
that cannot be easily reprocessed. One of the major methods of sustainable management of
used tyres is grinding them and use the rubber particles to produce a new environmentalfriendly polymer. The fabrication process of these material consists in grinding rubber into
particles of different shape and dimensions, mixing them with a low amount of polyurethane
and then hot pressing or cold forging the material in order to obtain recycled rubber pads. This
material is characterized by density low and low mechanical properties [8]. Another method
to obtain a 100% recycled rubber material consists in compression moulding of rubber granules at elevated temperature and pressure, necessary to break the crosslink bond, without the
addition of any binder [9–11]. This material exhibits good mechanical properties and high
density [12]. Some studies have shown the possibility of using rubber pads to produce recycled rubber isolators reinforced with carbon fibres (RU-FREI) avoiding the vulcanization process [13]. In fact, manufacturing cost of one RU-FREI is of a few Euros and about 1/10 of the
cost of a traditional SREI. Shaking table tests, performed by Losanno et al. [14,15] confirmed
the effectiveness of the RU-FREI isolation systems in reducing the accelerations and interstory drifts along the height of the building. However, RU-FREI could be employed as seismic isolation system for heavy structures, such as masonry buildings, because when designed
for a lightweight frame, these bearings end up having a low aspect ratio, becoming unstable
under large lateral deformations [7]. In the present work, the authors introduce a new compound whose characteristics are in between virgin natural rubber and recycled rubber. For this
purpose, a novel compound has been formulated and the physical and mechanical properties
have been investigated. The material has shown excellent mechanical properties compared to
that of natural rubber, in terms of both shear modulus and hardness, even if a reduced ultimate
deformation capacity is achieved. Most importantly, the material exhibited excellent adhesion
both with metal and synthetic fabric, preventing debonding which characterized RU-FREI.
Thus, the cost savings for raw materials combined with satisfactory mechanical performance
could pave the way to a novel low-cost isolation system. Finally, the preliminary design of
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seismic isolator reinforced with nylon and polyester fabric is presented as prototypes to be
tested in the near future.
2

DEVELOPMENT OF THE COMPOUND

Both physical and mechanical properties of the compound are investigated to assess hardness, stiffness, equivalent viscous damping, deformation, and durability properties of the
compound.
The rheometric behaviour of the material has been investigated according to ISO 3417 [16].
Two moulding temperatures, 140°C and 177°C, are considered in order to find the optimal
combination of curing temperature and time. This test describes precisely and quickly curing
and processing characteristics of vulcanizable rubber compounds. A test piece of rubber compound is contained in a sealed test cavity under positive pressure and maintained at a specified
elevated temperature. A rotor biconical disc is embedded in the test piece and is oscillated
through small specified rotary amplitude. A complete cure in terms of applied torque versus
cure time is obtained.
Shore Durometer A (UNI EN ISO 868 [17]) and international rubber harness degrees
(IRHD) (ISO 48 Method N [18]) were evaluated. The hardness is evaluated by inducing reversible, elastic deformation by means of a specially shaped indenter. Five samples of 35 mm
diameter and 6 mm thick, with smooth, flat surface are tested for 3 sec in case of Shore A and
30 sec for IRHD, and the average values of hardness are computed. Tests are conducted both
on samples cured at 140°C for 25 minutes and 170°C for 9 minutes.
Tensile tests are conducted on dumb-bells specimens, according to ISO 37 [19], using tensile tester, equipped with 10 kN loadcell. Six samples of thickness 2 mm, width 4 mm and
length 20 mm were tested and the average value was computed for the only rubber compound
moulded at 140°C for 25 minutes. Test are conducted with a strain rate of 500 mm/min up to
failure.
Tear tests are conducted following ISO 34-1 [20], using the trouser test pieces. It is preferred to other methods since providing information about the fundamental tear properties of
the material and less sensitive to the length of the cut. The tearing force is applied by means
of a tensile testing machine, which operates continuously at 100 mm/min until the test piece
breaks. Five samples of thickness 2 mm, width 15 mm and length 100 mm were considered
and a cut of length 40 mm was applied in the longitudinal direction.
Shear tests are conducted with a quadrupole setup. The test pieces consist of four rectangular rubber pads 4 mm thick, 25 mm long and 20 mm wide, bonded on four rigid plates of the
same width. This system is connected to an actuator, which applies shear deflection with a
strain rate of 5mm/min. Samples are subjected to four static half-cycles of shear amplitude
20%, 40%, 60%, 80% and then 100%. Also dynamic properties are estimated considering a
frequency of 0,5 Hz.
Rubber aging behaviour is also investigated by performing accelerated aging, according to
ISO 188 [21]. Samples are conditioned at 70°C for 168h (7 days).
Finally, the adhesion of rubber with different supports (steel, nylon, polyester) is investigated performing peeling tests, according to ISO 813 [22]. A strip of rubber is bonded to a
single plate of rigid material and peeled with an angle of 90° with a strain rate of 50 mm/min.
The applied force required to tear the rubber from the support is measured. The standard test
piece consists of a strip 6 mm thick, 25 mm wide and 125 mm long, bonded to a square area
of size 25 mm on the surface of a metal plate and of the fiber textiles bonded on a rigid support.
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3
3.1

CHARACTERIZATION TESTS
Tyre rubber crumb

Use of tyre rubber crumb provides advantages during the moulding process due to the
bonds that are activated during the grinding. In particular, styrene butadiene rubber (SBR) and
natural rubber (NR), unlike butyl rubber, ensure good compatibility not only with the virgin
rubber compound, but also with the fabric providing good adhesion. For this purpose, a rubber crumb composed by SBR and NR was chosen.
TGA analysis are performed by considering the temperature ramp of Figure 1a and the
weight loss percentages are reported in Figure 1b and summarized in Table 1. A first weight
loss of 14 wt% is observed at around 350°C due to the plasticizers, followed by significant
weight loss of 54 wt% at around 545°C, which corresponds to SBR and NR. Residuals are
attributed to other fillers, such as silica, typical of tyre compounds, or other additives.
Table 1. Reclaimed rubber composition

T [°C]
70
350
545
700
>700

Components
Absorbed water
Plasticizer (oil, volatile components)
Polymers (NR and SBR)
Carbon black
Ash, inorganic components (ZnO, SiO2,...)

(a)

wt %
0.47
13.63
54.96
25.13
5.85

(b)

Figure 1. TGA analysis of tyre reclaimed rubber: (a) Temperature-Time procedure; (b) Weight loss

3.2

Novel rubber compound investigation

The vulcanization process of the compound at different temperature was investigated.
Rheometric curves at 140°C and 177°C are reported in Figure 2. Curing is governed by activators, catalysts, cross-linking agents, hardeners, and accelerators. The time required to obtain
the curing curve is a function of the test temperature and the vulcanization characteristics of
the rubber compound [23]. By increasing the testing temperature from 140°C to 177°C, the
time to achieve the 90% of cure decreases of about 8 times. The material also shows a stable
behaviour at 140°C, since the curve reaches a plateau, without experiencing a reversion of
torque [24].
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Figure 2. Rheometric curves of the novel rubber compound at 140°C and 177°C

Average values of hardness are reported in Table 2, for samples cured at both 140°C and
170°C. Durometer values are typical of a soft vulcanized rubber [17]. These results indicates
that hardness is sensitive to the vulcanization process. In particular, the curing cycle of sample
moulded at 140°C is longer than that of samples moulded at 170°C. In fact, slower vulcanization processes at lower temperature allow the formation of stronger networks, which results in
higher hardness of the material.
Table 2. Hardness values

Test temperature
Average value

Shore A
140°C
170°C
47.4
45.1

IRHD
140°C
170°C
41.32
34.65

Tensile and tear tests on rubber specimens cured at 140°C for 25 min, revealed an excellent
behaviour of rubber compound (Figure 3a-b). The maximum average stress and strains are 2.6
MPa and 330%, respectively. Even if these values are lower than virgin rubber compounds,
they are significantly higher than previously adopted reclaimed compounds for RU-FREIs
[8,12]. A tear resistance of 6.94 N/mm was measured, which is lightly lower than the minimum requirements, i.e.8 N/mm [20]. However, these results are highly promising for applicability to elastomeric seismic isolators in unbounded configuration. Unlike isolators in bolted
configuration, in unbonded application rubber ends are not constrained by steel plates and are
free to strain with very limited internal stress. With increasing shear deformations, the ends at
contact with the supports tend to rolls-off and vertical faces rotate in a roll-over mechanism
[25]. This also results in a significantly lower internal peeling stress at rubber-fibre interface.
Hardness and mechanical properties of the material are also investigated after accelerated
aging. In particular, after conditioning rubber at 70°C for 7 days a hardness and tensile
strength increase of 9% and 36% were measured, while elongation at break decreased of 8.5%.
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(a)

(b)
Figure 3. (a) Tensile test and (b) tear test

(a)

(b)

Figure 4. Shear test on rubber: (a) Setup of quadrupole test; (b) Results

Shear modulus and damping were evaluated for a shear strain γ=100% being 0.39 MPa and
4.9% respectively, while dynamic properties were estimated around 0.52 MPa and 10.4 %,
respectively. A low shear modulus of the compound, combined with a higher shear strain capacity, can lead to design of seismic isolators with higher shape factors, thus preventing lateral instability which strongly limited previous investigations on RU-FREIs.
In FREIs, the bonding between layers is of paramount importance since it may govern the
failure of the bearing. Tests showed an excellent adhesion of rubber with metal. For all samples rubber tearing occurred before any debonding from the support (Figure 5), providing optimal adhesion between the two materials. For nylon and polyester fabric, a proper adhesive
was introduced to impregnate the textiles in order to promote the adhesion. Also in this case,
tests showed and excellent behaviour with the tearing of the rubber from the support both for
nylon and polyester (Table 3).
Table 3. Strength of adhesion of steel vs synthetic fabric (nylon and polyester)

dmax [mm]
Fmax [N/mm]

Steel
181
7.46

Nylon
170
7.01
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Polyester
181
7.46
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 5. Quality of adhesion between rubber and (a-b) steel, (c-d) nylon; (e-f) polyester

Table 4. Technical datasheet of novel rubber compound
Properties
Value
Hardness (Shore A)
47.4
Hardness (IRHD)
41.3
Tensile strength
2.6 N/mm2
Elongation at break
330%
Tear resistance
6.5 N/mm
Specific gravity
1.18 g/cm3
Shear modulus
0.52 MPa
Damping
10.40%
Adhesion to metal
7.5 N/mm
Adhesion to nylon
7.0 N/mm
Adhesion to polyester
7.5 N/mm
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Specification
ISO 868
ISO 48
ISO 37 Type 2
ISO 37 Type 2
ISO 34-1
ISO 1183-1
UNI 1827
UNI 1827
ISO 813
ISO 813
ISO 188
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4. PRELIMINARY DESIGN OF ISOLATORS
On the basis of the preliminary characterization of the novel rubber compound whose main
properties are summarised in Table 4, prototype isolators reinforced with polyester and nylon
fabric have been designed. Nylon fabric and Polyester fabric coated with graphene were
adopted as reinforcement. These are balanced fabrics with a very low cost with respect to
conventional steel shims. The geometry of the devices is summarized in Table 5 and sketched
in Figure 6.
Table 5. Geometry of rubber isolator reinforced with polyester/nylon fabrics

Device
RR - Nylon
RR - Polyester

n° of rubber layers D [mm] H [mm] tr [mm] tf [mm] S [-]
8
200
49.5
5.17
1.16
9.7
9
200
49.5
5.02
0.54
10.0

Compared to RU-FREIs from literature [13–15], these prototypes are characterized by a
higher shape factor roughly equal to 10. These values are consistent with those of FREI devices fabricated with virgin rubber. Differently, in case of RU-FREIs, the relatively large
shear modulus of the rubber and the limited shear strain (γ=50%), resulted in a slender geometry with an aspect ratio close to 1. Consequently, the use of softer compound with higher
deformation capacity allows to design more squat geometry thus preventing instability issues
[26]. Lateral stability will be investigated up to complete roll-over of the vertical faces under
shear tests. In addition to this, vertical behavior will be tested in order to assess the compressibility of the bearing and the influence of limited elastic modulus of the reinforcement in
comparison to conventional steel plates and carbon fibers.
Finally, it will be necessary to select the most suitable hysteretic model, among those introduced in the literature [27–31], to allow for an accurate simulation of their nonlinear response.

Figure 6. Elastomeric rubber isolator reinforced with polyester/nylon fabrics

4

5 CONCLUSIONS

A new recycled compound with promising mechanical properties has been developed. The
material has been extensively characterized and its physical and mechanical properties have
been investigated and properly calibrated.
The shear properties of the material are in between natural rubber and totally-recycled rubber pads, exhibiting shear strain up to 100%, i.e. around two times higher than the latters. Also, tensile strength is satisfactory for use in unbounded configuration with flexible internal
reinforcement where internal stresses are significantly released.
In addition to this, the novel compound has shown excellent adhesion not only with steel
but also with different fabrics such as nylon and polyester. These are very common, cheap
textiles commonly used for industrial application such as conveyor belt or work clothes. They
can be easily purchased and inserted in the manufacturing process. Devices can be produced
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by direct molding, overlaying rubber layers and flexible reinforcements. Consequently, not
only the weight of the devices is significantly reduced, but also the efforts associated to their
fabrication.
The lower shear modulus and the higher shear strain of the compound compared to that of
recycled rubber pads allow the fabrication of devices with higher shape factors. This can significantly increase the stability limits that were poorly investigated in previous investigations.
The next step of the study is aimed to develop prototype of isolators to be experimentally
tested. The proposed technology is very promising and could pave the way for the development of high-performance and low-cost rubber isolators.
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Abstract
The most important demand parameter for a seismically isolated structure is the maximum
displacement at the isolation level. Currently, the most accurate way to estimate both the
maximum isolator displacement and the isolator shear force is to perform bounding analyses.
Accordingly, in bounding analyses, the lower and upper bound characteristics of isolator
units are used in order to consider the change in isolator properties due variation in loading
history, aging and environmental factors such as climatic conditions that the isolator is
exposed during its lifetime. The objective of this study is to experimentally investigate the
change in mechanical properties of a lead rubber bearing under very low ambient
temperature. For this purpose, a lead rubber bearing with a total height of 361 mm, a
diameter of 1020 mm and a lead core diameter of 190 mm is subjected to displacementcontrolled loading at different ambient temperatures. The seismic isolator unit was first kept
in room condition (20°C) for 24 hours in ESQUAKE Seismic Isolator Test Laboratory
established in Eskisehir Technical University and then tested under cyclic motion. Then, the
isolator unit which was conditioned at -30oC for 24 hours, was subjected to the same cyclic
loading. Recorded force-displacement curves for both ambient temperatures are compared. In
the loading protocol, the amount of axial load was 4500 kN (6 MPa normal stress), the
amplitude of the horizontal motion was 280 mm (100% shear strain), the number of cycles
was 3 and the frequency of motion was 0.1 Hz. Based on the test results conducted for both
ambient temperatures, post-yield stiffness, effective stiffness, energy dissipated per cycle and
equivalent damping ratios of the isolator were calculated for each cycle and compared with
each other. Results showed that mechanical properties of lead rubber bearing significantly
changed under low ambient temperature when compared to those obtained at laboratory
conditions. When the ambient temperature drops down to -30oC from 20oC, the amplifications
in post yield stiffness and characteristic strength are 10% and 50%, respectively.
Keywords: Seismic Isolation, Ambient Temperature, Cyclic Loading, Lead Rubber Bearing.
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1

INTRODUCTION

Seismic isolation is an earthquake resistant design strategy which is adopted to protect
structures against adverse effects of ground motions. It relies on lengthening of natural period
of structure by introducing systems, that possess low horizontal stiffness, between the
superstructure and substructure. Accordingly, in case of a seismic excitation, rather than the
seismically isolated structure, seismic isolators will undergo large deformations and dissipate
energy. Among various seismic isolation systems, lead rubber bearing (LRB) is one of the
most widely used seismic isolators. They are composed of alternate layers of rubber and steel
plates with a lead core at the center that passes through the height of the bearing. Rubber
layers are responsible for the lateral stiffness of the bearing whereas lead core provides the
required lateral strength. Since it was invented by Robinson in the 1970s, LRBs have been
used in several structures (bridges, hospitals, data centers etc.) around the world [1-3]. In
parallel, several research has been conducted to determine performance of LRBs under the
effect of different parameters [4-10]. One of these parameters is the change in ambient
temperature.
Mechanical properties of LRBs, mainly post yield stiffness and characteristic strength, are
related to properties of rubber and lead, respectively. Although there are numerous studies
that focused on the change in rigidity of rubber at low temperatures [11-17], very few
experimental data are available for modification of LRB properties at low temperatures [1820]. The LRB tested by Hasegawa et al. [18] was 250 mm in diameter with a lead core
diameter of 38 mm. Displacement controlled LRB tests were conducted at temperatures of 40,
20, 0 and -20°C for a shear strain of 100% at 0.3 Hz. It was reported that the exposure time of
the bearing to these temperatures is 5hrs. Similarly, Constantinou et al. [7] conducted tests
with an LRB having rubber and lead core diameters of 381 mm and 70 mm, respectively.
Isolator tests were carried out at a shear strain of 58% and loading frequency was 0.35 Hz.
Constantinou et al. [7] stated that LRB was conditioned at -26°C and 20°C for 48 hrs prior to
tests. Compared to LRBs used in experimental studies of Hasegawa et al. [18] and
Constantinou et al. [7], LRB tested by Cho et al. [19] was a large size bearing with rubber and
lead core diameters of 860 mm and 170 mm, respectively. The total rubber thickness was 288
mm and tested at a shear strain of 15%. Temperatures considered by Cho et al. [19] were -20,
-10, 0 and 23°C. It is to be mentioned that 15% shear strain is very low to be representative of
seismic behavior of an LRB designed to undergo large deformations. Accordingly, variation
in mechanical properties of a large size LRB exposed to low temperature was revisited by
Park et al. [20]. Rubber and lead core diameters of the LRB were 800 mm and 180 mm,
respectively and tested at a shear strain of 100%.
The objective of this study is to determine the effect of low ambient temperature on
mechanical properties of a lead rubber bearing. Accordingly, first, a large-size LRB was
tested at both room (20°C) and low (-30°C) temperatures under dynamic conditions. The
tested seismic isolator is subjected to displacement-controlled loading cycles that corresponds
to 100% shear strain. Test results obtained for two distinct ambient temperatures are used to
construct force-displacement curves for both conditions. Variation in characteristic strength
(Q), post yield stiffness (Kd), effective stiffness (Keff), dissipated energy per cycle (EDC) and
equivalent damping ratio (ξeff) computed for both conditions are compared with each other.
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TESTED LEAD RUBBER BEARING

25mm top plate
25mm end shim

361

436

25 25

The bearing tested in this study is a large-size LRB with rubber and lead core diameters of
1020 mm and 190 mm, respectively. Height of the bearing is 436 mm including the top and
bottom plates together with the end shim at the top. It is composed of 28 layers of rubber each
of which has 10 mm thickness with a total rubber height of 280 mm. Geometrical properties
of the tested LRB is presented in Figure 1.

27@3mm internal shim

25

28@10mm G55 rubber

190 Ø
lead core

25mm bottom plate

980 Ø
internal shims
1020 Ø
rubber isolators

Figure 1: Section cut of test specimen.

3

ISOLATOR TESTS AT ROOM AND LOW AIR TEMPERATURE

In order to determine the mechanical properties of the specimen, its hysteretic response in
shear was recorded under a constant compressive load. Accordingly, the LRB was subjected
to three cycles of sinusoidal motion with amplitude equals to 280 mm that corresponds to
100% shear strain. Frequency of the motion was 0.1 Hz where the maximum velocity is 176
mm/s. The axial force acting on the bearing was 4500 kN which result in 6 MPa normal stress.
The LRB was first tested at a temperature of 20°C after conditioning for 24 hours inside the
laboratory and tested again at a temperature of -30°C after conditioning for 24 hours inside
the air-conditioned room (Figure 2.a). Tests were conducted at ESQUAKE Seismic Isolator
Test Laboratory of Eskisehir Technical University. The test setup of ESQUAKE shown in
Figure 2.b is capable of applying dynamic motions in both horizontal and vertical directions.
Table 1 presents the loading capacities of ESQUAKE test setup. Horizontal forcedisplacement curves obtained from tests for 20°C and -30°C are given in Figure 3.

(a)

(b)

Figure 2: (a) Air-conditioned room and (b) seismic isolator test setup of ESQUAKE
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Max. Vertical Load:
Max. Horizontal Load:
Max. Horizontal Stroke:
Max. Velocity:

20.000 kN
2.000 kN
±600 mm
1.000 mm/s

Isolator Force (kN)

Table 1: Properties of ESQUAKE test setup.
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0
-300
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-300
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-1200
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-1200

(a)

(b)

Displacement (mm)
Figure 3: Force-displacement curves of LRB tested at a) 20°C and b) -30°C.

4

MECHANICAL PROPERTIES OF LRB

Mechanical properties of the tested LRB such as post-yield stiffness (Kd), characteristic
strength (Qd), effective stiffness (Keff), energy dissipation capacity (EDC) and effective
damping ratio (ξeff) for temperatures of 20°C and -30°C are presented in Table 2. Data given
in Table 2 are computed by means of Equations (1)-(4) and Figure 4. In Equations (1) and (2),
Q1′, Q1″, Q2′ and Q2″ are the isolator forces at 50% of the maximum positive and negative
horizontal displacements dmax and dmin as per ISO 22762-1 [21]. Q1 and Q2 of Equation (3) are
the isolator forces at dmax and dmin, respectively (see Figure 4).
Temperature
-30°C

20°C

Cycle
1
2
3
1
2
3

Qd
(kN)
489
414
372
324
286
260

Kd
(kN/m)
2020
1919
1864
1833
1796
1766

Keff
(kN/m)
3441
3100
2913
2706
2510
2392

EDC
(kN m)
504
433
382
335
297
264

ξeff
(%)
0.29
0.28
0.26
0.25
0.24
0.22

Table 2: Mechanical properties of LRB at 20°C and -30°C

In order to better understanding of change in mechanical properties of LRB isolator at low
temperature, Figure 5 is depicted. In this figure amount of variation in isolator properties with
respect to the room temperature is presented for all considered features. Accordingly,
comparison of test results obtained for temperatures of 20°C and -30°C reveals the following
conclusions. Characteristic strength (force intercept at zero displacement) Qd of the tested
LRB increases when the temperature drops down to -30°C. The amount of amplification in Qd
is 50% for the first cycle whereas it is 45% and 43% for the second and third cycles,
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respectively. Similarly, post-yield stiffness Kd of the LRB increases as the temperature
decreases. However, the amount of variations in Kd, which are 10%, 7% and 6% for first,
second and third cycles, are relatively small compared to those computed for Qd. Based on the
data presented in Table 2, the amount of change in effective stiffness Keff due to temperature
decrease is 27% for the first cycle and reduced to 24% and 22% for the second and third
cycles, respectively. According to Table 2, energy dissipation capacity EDC, defined as the
area under force-displacement curve at each cycle, increases as the temperature decreases.
Amplification in EDC at first, second and third cycles are computed as 50%, 46% and 44% in
the same order. In parallel, reducing the temperature from 20°C to -30°C contributes to an
increase in effective damping ratio [eff equal to 17% for the first cycle. The amplifications are
19% and 18% for the second and third cycles, respectively. Considering the test results, it is
evident that amount of variation in mechanical properties of LRB is not constant at all loading
cycles and the trend is to decrease with increasing number of cycles.
Q1

Shear Force

Q1 '
dmin/2

Q1''

dmin

dmax

Q2 ''

dmax /2

Q2'
Q2
Shear Displacement
Figure 4 - Force-displacement definitions for LRBs.
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Variation in Mechanical
Properties of LRB

1.8
Qd

Kd

EDC

ξ

Keff

1.5

1.2

0.9
0

1

2

3

4

# of cycle
Figure 5: Amount of variation in mechanical properties of LRB isolator per cycle with respect to room
temperature.

5

CONCLUSIONS

This study quantifies the variation in mechanical properties of an LRB isolator under the
effect of very low ambient temperatures. For this purpose, an experimental investigation was
performed at 20°C to -30°C. Recorded force-displacement curves for both considered
temperatures are compared. Results showed that characteristic strength and post-yield
stiffness of bilinear force-displacement curve of the tested LRB increases when the
temperature drops from 20°C to -30°C. The amplifications in strength and stiffness are
observed to be in the order of 50% and 10%, respectively. As the number of cycles increases,
these values decrease gradually.
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Abstract
The majority of the existing seismic protection systems and techniques are related to horizontal
ground motions, while there are only a few vertical seismic protection systems. The main reason
is due to the conflict concerning the demand for isolation stiffness. More specifically, a vertical
isolated system must have sufficient vertical rigidity to sustain the weight of the isolated object/system and retain the static vertical deflection in reasonable limits. On the other hand, the
isolated system must also have enough flexibility to isolate the accelerations. In order to overcome this difficulty, a novel vertical seismic absorber system is proposed, that combines a
Quasi-Zero Stiffness (QZS) design including negative stiffness elements, an enhanced Tunned
Mass Damper (TMD) and an inerter. The QZS oscillator manages to maintain the vertical rigidity of the structure, the inerter manages to reduce the frequency of the system, without weakening the structure or increase the seismic load and the TMD is responsible for absorbing the
external excitations, significantly increasing the effective damping. This way, the dynamic behavior of the system is improved, in terms of absolute accelerations, and simultaneously, the
static settlements are retained at any desired level. The design is based on engineering criteria,
and the excitation input is selected according to the seismic design codes.
Keywords: Vertical Seismic Protection, Negative Stiffness, KDamper, Damping, Vibration
Absorption.
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1. INTRODUCTION
Earthquakes consist one of the major environmental hazards. During 2011 e.g., over 20,000
people died and about a million people lost their homes globally, due to earthquakes and their
effects. Moreover, a wide class of ground vibrations generated by heavy and high-speed vehicles such as trains and trucks, construction activities (i.e., dynamic compaction, roadbed compaction, pile driving, blasting) or blasts, present a frequency spectrum in the order of a few Hz.
Together with other sources inside the building, (e.g., impact noise between floors), noise pollution is their major effect.
The conventional design approach to address such loads consists of stiff and highly damped
structures. Apart from technical (and financial) constraints in their realization, (e.g., current
unavailability of large sized dampers, cases of heavy structures, etc.), such designs may result
to reverse effects concerning certain aspects of their desired dynamic behavior. For example,
stiff and highly damped structures can enhance the transfer of base acceleration excitations to
the main structure. This may result to damaging effects in the interior of the structure relating
e.g., to the secondary loads (machines, sensitive equipment, etc.) in the case of earthquakes.
Isolation appears to be a promising alternative, as it is based on the concept of altering the
dynamics of the system and to reduce the vibration, rather than increasing the resistance capacity of the structure. The concept of isolation relies on a flexible layer between the structure and
its base. This way, the fundamental natural period of the base isolated system is significantly
longer, and thus, the structure can absorb less energy from the broad base excitation frequency
spectrum. However, in order to isolate the building from its base, large displacements are required due to the fundamental dynamic behavior of the system, which can be even in the range
of tenths of centimeters for certain earthquakes. These displacements can be hardly acceptable
for numerous reasons, such as structural pounding, sensitivity in horizontal loads, proper connection for utilities, and more, rendering this concept inadequate for retrofitting.
The above comments have motivated the development of alternative vibration control strategies, which among others, include: (i) Tuned Mass Dampers (TMDs), (ii) Inerters, (iii) Negative Stiffness Devices (NSD) and “Quazi Zero Stiffness” (QZS) oscillators, and (iv) Negative
Stiffness driven Absorbers/KDampers. (Figure 1)

(a)

(b)

(c)

(d)

Figure 1 (a) Inerters; (b) Negative Stiffness Absorbers/QZS oscillators; (c) KDamper concept; (d) Proposed Stiff
Dynamic Absorbers

The Tuned Mass Damper (TMD) has a long history, with applications in several types of
engineering structures, such as high-rise buildings and skyscrapers [1,2,3], bridges [4], wind
and wave excitation in wind turbines [5], etc. In addition, the TMD can be used as a possible
supplement to the conventional base isolation approaches, implemented within the bases of
structures, aiming to reduce the displacement demand [6–8]. The main disadvantages of
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vibration absorption techniques that use a TMD-related approach are associated with the requirement for large additional masses in order for the TMD to be effective, and with the fact
that a slight alteration of its parameters can alter the TMD tuning and consequently reduce the
system’s performance significantly [9].
In an attempt to reduce the requirements for heavy oscillating masses under the TMD concept, the inerter has been introduced in the early 2000s [10,11]. The inerter is a two-terminal
element (Figure 1.a), which has the property of generating at its ends a force that is proportional
to the relative acceleration of its terminals. The main advantage of the inerter lies in the fact
that it does not need to have large mass in order to achieve the same inertia effect as the additional mass required under the TMD approach. The essential limitation of the inerter is the
complex and elaborate mechanical design configurations needed for its implementation, and
the reduction of the effective damping of the system due to the increase of the effective mass.
Moreover, the major disadvantage of the TMD in base isolation applications, is that enhances
the transfer of base acceleration excitations to the main structure, even more significantly than
a damper of a high value. As mentioned, this can result to damaging effects in the interior of
the structure.
A parallel direction to the various TMD approaches is the concept of introducing negative
stiffness (NS) elements for vibration absorption (Figure 1.b). The use of negative stiffness elements (or “anti-springs”) for vibration isolation was first introduced in the pioneering works of
Molyneaux [12], and of Platus [13]. The central concept of these approaches is the significant
reduction of the isolator’s stiffness, which, consequently, leads to the decrease of the natural
frequency of the system even at almost zero levels. Towards this direction, the so called “QuasiZero Stiffness” (QZS) oscillators have been proposed [14]. An initial comprehensive review of
such designs can be found in [15]. Nagarajaiah et. al [16] introduced a new structural modification approach for the seismic protection of structures using an adaptive negative stiffness
device that resulted to the decrease of the dynamic forces imposed on the structure. The QZS
oscillators are designs of an essentially non-linear stiffness, combining a positive spring in parallel with a non-linear spring, which exhibits a negative stiffness region under nominal load. In
this way, QZS oscillators combine a high static stiffness, capable of maintaining the structural
load, with a low dynamic stiffness, enabling a low isolation frequency. However, QZS oscillators offer a low damping capacity. In addition, even small load disturbances around the static
equilibrium point of the QZS designs can significantly affect their response.
Extending the concept of the traditional Tuned Mass Dampers, a novel passive vibration
absorption and damping concept (the KDamper) is introduced [17]. Compared to the TMD, the
KDamper uses an additional negative stiffness spring (Figure 1.c). connecting the additional
mass to the ground. This negative stiffness spring generates a force in phase with the acceleration response, acting essentially as an inertial force of the additional mass. In this way, the
performance of the KDamper can be drastically increased, just by increasing the value of the
negative stiffness spring and without the need to increase the value of the additional mass. Thus,
the KDamper has been shown to present extraordinary damping/absorption properties, with
relatively small (even minimal) values of the additional mass.
Although the KDamper incorporates a negative stiffness element, it is designed to be both
statically and dynamically stable. Thus, the KDamper can be designed to present the same overall (static) stiffness as a traditional reference original oscillator, while simultaneously offering
drastically increased damping properties. Since the presence of a negative stiffness spring in
series with a positive stiffness spring can result to a negative stiffness value, the static behavior
of the KDamper can be controlled to be similar to that of a QZS oscillator, ensuring both high
static stiffness and low dynamic stiffness.
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A number of KDamper designs [18] and extensions [19] have been applied as seismic absorbers in the bases of structures. Their overall static stiffness is allowed to vary, ranging from
low values that are similar to that of seismic isolation systems, up to values corresponding to a
significantly higher stiffness. In the former case, the KDamper presents a behavior similar to
that of a base isolated system, combined however with a drastically increased damping. In the
latter case, the KDamper has shown the ability to drastically reduce the structure base displacements relative to the ground in the range of few centimeters, while maintaining the absolute
structure accelerations within reasonable limits. This aforementioned result implies that the
KDamper can be used as an alternative method to conventional base isolation systems, enabling
its implementation (under certain conditions) even for retrofitting existing structures.
Quite recently, the extended KDamper has been used in parallel to an inerter (Figure 1.d).
[20] for vertical seismic protection. Under a proper optimization procedure, this combination
has shown to result to configurations offering a stiff vertical static stiffness (and thus an acceptable vertical static displacement of the structure) with an acceptable level of reduction of
the vertical accelerations induced to the structure. This concept is the underlying notion and
configuration of the Stiff Dynamic Absorbers.
The first key difference between the proposed design and the one proposed in [20], is that
the static loading is now borne only by the external ݇ோ (Figure 1.d) spring element of the SDA,
and not by the overall static stiffness of the assembly. The rest of the spring elements ݇ே , ݇
(Figure 1.d) need to participate only in the dynamic response of the excited system, similarly
to the concept of the QZSs.
The second key difference is the fact that a new more general objective function is introduced
for the optimization procedure. It is thus shown that a unique optimal SDA design can be used,
not only for the vertical seismic protection of the structures, but also for a range of important
vertical dynamic absorption applications, including low frequency machine mounts and impact
noise insulation.
2. STIFF BASE ABSORBER WITH EXTENDED KDAMPER AND INERTER
2.1.

Conventional SDoF damping system

The fundamental aim of seismic isolation is to decrease the natural frequency of the system,
݂ǡbelow the dominant energy-containing frequencies of ground motion excitation, thus allowing reduced peak accelerations of the structure. A major constraint with this approach lies in
the weakened static loading capacity of the structure as a result decreasing its overall stiffness,
݇, leading to large static displacements. Denoting with the XVSD vertical static deflection of the
conventional spring-mass system in Figure 2:

Figure 2. Conventional vibration damper
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XVSD =

mg
g
=
k ሺ2πfሻ2

(1)

The equation of motion of this system is:
muSሷ +cuሶ S +kuS = െ mS Xሷ G ,

(2)
jωt

where us =XS െ XG . Assuming a harmonic base excitation in the form of Xሷ G ሺtሻ=G e ,
the steady-state response will be:
෩ S ejωt
uS ሺtሻ=U

(3)

෩ S denotes the complex amplitude. The equation of motion of the SDoF syswhere U
tem can be written in the following form:
෩ S + jωcU
෩ S +kU
෩ S = െ mAG
െω2 ݉U
The Transfer Functions of the system are calculated as:
where:

(4)

෩US = U
෩ ି1 m
෩ S ΤAG = െ ܪ
ܪ

(5)

෩ =ሾെω2 m+ jωc+kሿ
ܪ

(6)

෩ AS = AS ΤAG = െ ω2 X
෩S ΤAG =1 െ ω2 H
෩ US
H

(7)

The natural frequency and the damping ratio of the SDoF isolated system are:
f =

1 ݇
ඨ
2π ݉

ζ= cΤ(2ඥmk)
2.2.

(8)
(9)

Proposed extension of KDamper equipped with inerter

This paper proposes a seismic protection system based on the combination of a Tuned Mass
Damper (TMD) and a Quasi-Zero Stiffness (QZS) design introducing negative stiffness elements, accompanied by an inerter (Figure 1.d). The first component of the proposed system
(combination of a TMD with a QZS design) is essentially based on the KDamper concept [17],
whereby the introduction of the negative stiffness element reduces transmissibility of the system by lowering the natural frequency while increasing the effective damping of a conventional
TMD. The introduction of an inerter between the structure and the ground results to an increased
effective mass of the system without the need for additional weight, further improving its dynamic behavior. The proposed design is based on the one proposed by [20], with several differentiations. The positive stiffness element ݇ connects the structure to the additional mass ݉ ,
which in turn is connected to the ground through the NS element ݇ே , as per the initial KDamper
design [17]. The ݇ோ spring element connects the structure directly to the ground, accompanied
by the inerter ሺܾோ ሻ.
The overall stiffness of the system can be calculated as:
ktot =kR +

kP kN
kP +kN
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A key difference between the proposed design and the one proposed by [20], 2020 is that the
static loading is now borne by the ݇ோ element only (which is equal to the stiffness of the initial
structure, ݇ௌ ) and not the overall ݇௧௧ , while the ݇ே , ݇ elements participate only in the dynamic response of the excited system. As the static capacity of the system is fully maintained,
the system can be designed for larger absolute magnitudes of the NS element ݇ே , while the
static deflection ܺௌ remains at acceptable levels. This enables better seismic isolation and
reduced transmissibility of the system, while maintaining its static rigidity.
Denoting the relative displacement between the structure and the ground as us =XS െ XG , the
equations of motion for the two masses are:
(mS +bR )uSሷ +cP (uሶ S െ uሶ D )+kR uS +kP (uS െ uD )= െ mS Xሷ G

(11)

mD uDሷ +cP (uሶ D െ uሶ S ) + cN uሶ D + kN uD +kP (uD െ uS )= െ mD Xሷ G

(12)

The steady state responses of the system are:
෩ S ejωt
uS ሺtሻ=U

(13)

෩ D ejωt
uD ሺtሻ=U

(14)

where ܷሷௌ ǡ ܷሷ , denote the response complex amplitudes. The abovementioned equations of
motion of the system hence become:
෩ S +jωc (U
෩ S െU
෩ D )+kR U
෩ S +k (U
෩ S െU
෩ D )= െ mS G
െω2 (mS  bR )U
p
P

(15)

෩ D +jωc (U
෩ D െU
෪ S ) +jωc U
෩ +kN U
෩ D  kP (U
෩ D െU
෩ S )= െ mD G
െω2 mD U
p
N D

(16)

The resulting transfer functions (TFs) can be derived:
෩
෩ Τ
mS
U
ܪ
ቈ US  ൌ  ቈ S G  = Hି1 ቂm ቃ
෩UD
෩ D ΤG
D
U
ܪ

(17)

where:
෩=
H


െω2 (mS  bR ሻ  jωcp  ሺkR +kP ሻ

െሺjωcp  kP ሻ

െሺjωcp  kP ሻ

െω2 mD  jω(cp  ܿN ሻ  ሺkN +kP ሻ

൩

(18)

෩ AS = AS ΤAG ൌ1 െ ω2 H
෩ US
H

(19)

෩ AD = AD ΤAG ൌ1 െ ω2 H
෩ UD
H

(20)

The following quantities represent the area under the transfer functions of the system
(scaled by the factor ݀߱) and are indicators of the transmissibility of the system within the
frequency range of interest ሺ߱ଵ to ߱ଶ ሻ.
ଵ

ఠ

S ൌ ௗఠ ఠ మ ȁܪሺ߱ሻௌ ȁଶ

(21)

 ൌ ௗఠ ఠ మ ȁܪሺ߱ሻ ȁଶ

ఠ

(22)

ఠ

(23)

భ

ଵ

భ

ଵ

AS ൌ ௗఠ ఠ మ ȁܪሺ߱ሻௌ ȁଶ
భ
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Denoting by A the PSD of the ground motion acceleration, the response power spectral
densities can be calculated:

S =ȁܪௌ ȁଶ A

(24)

 =ȁܪ ȁଶ A

(25)

AS =ȁܪௌ ȁଶ A

(26)

The root mean square (RMS) values of the responses are finally defined as the root under
the area of the PSD curve, which can be used as indicators of the actual energy content of the
response:
+∞

(27)

+∞

(28)

+∞

(29)

RUS = ට-∞ SUS ( ω)dω
RUD = ට-∞ SUD ( ω)dω
RAS =ට-∞ SAS ( ω)dω
Next, the following quantities concerning the system configuration are introduced:
m =μD mS

(30)

b =μ mS

(31)

ߞே = ܿே Τ(2ඥmS kR ሻ

(32)

ߞ = ܿ Τ(2ඥmS kR ሻ

(33)

3. OPTIMISATION METHOD FOR THE CONFIGURATION OF THE VERTICAL
EXTENDED KDAMPER & INERTER SYSTEM
3.1.

Objective function

The quantity AS as defined in equation (23) is selected as the primary objective function for
the reference optimization of the structure under the proposed approach. AS represents the area
under the acceleration transfer function of the system and is a measure of the transmissibility
of the system. Hence, this quantity can be a good indicator of the portion of energy that is
transferred to the structure as absolute acceleration, and consequently for the magnitude of the
expected force reactions borne by the structure during the earthquake. It is noted that this approach does not require the use of a specific excitation power spectrum or time history excitation, leading to an optimized design that depends solely on the characteristics of the structure
and can be used across a range of low-frequency excitations.
As a secondary approach, and for the purposes of comparison and verification of the proposed method, the quantity RAS as defined in equation (29) is used as an alternative objective
function. RAS is an indicator of the actual energy content of the response to a specific excitation
PSD. Section 4.2 explores the extent to which the response results derived from solving the
problem with either of the two objective functions are equivalent.

2549

Marina E. Kalogerakou, Konstantinos A. Kapasakalis, Ioannis A. Antoniadis, Evangelos J. Sapountzakis

3.2.

Fixed parameters

The following are considered as fixed parameters of the system with regards of the optimization problem:
x

XVSD : The static deflection of the structure depends on the initial stiffness of the structure
and its mass, or, in other words, its natural frequency, f ǣ
mS g
(34)
XVSD =
k
As mentioned in section 2.2, a highlight in the proposed system is the fact that the static
vertical deflections are determined by the initial vertical stiffness elements of the structure, hence:
kR =kS

(35)

This way, the static vertical deflections of the system are maintained at the desired level,
while the negative stiffness element participates only in the dynamic response of the
system. The static settlement of the rigid mass XVSD (or, alternatively the initial stiffness
of the structure (kS ሻor its initial natural frequency (݂ ሻ) is therefore the first fixed design
variable of the system.XVSD is taken equal to 2cm in the reference problem. The impact
of XVSD is also explored in section 4.2 where results of the optimization are shown for
the range 1-3cm.
x

mS ǡ mD ǣThe reference structure mass mS is taken 1000kg. The small oscillating mass
mD is determined through (30) where μD is taken equal to 5%.

x

εN ǡ εP  and ε : Variations from the design values of the various stiffness can occur due
to many factors such as temperature variations, manufacturing tolerances, or nonlinear
behavior. The values of εN ǡ εP  and ε are taken equal to 10%, 5% and 5% respectively.

3.3.

Optimized parameters

The four parameters that are optimized under the proposed method are:
x

kN : The value of the NS element. The NS element maximum (absolute) value is equal
to -100 N/m per kg of structure mass, as presented in [17]; the minimum value is equal
to -800 N/m per kg

x

ࢉࡺ and ࢉࡼ : The damping factors related to the stiffness elements kP ,kN ǤIn the reference
problem, the upper limit of the damping ratiosߞே ǡ ߞ is set 1.0%.

x

μ : The inertance ratio of the main structure inerter,  . The upper limit of μ is set to
2.0.

3.4.

Dependent variables

Positive stiffness element Kp derived from the static stability limit case:
To ensure that potential loss of the static stability is prevented, the possible variations of
kN ǡ kP ǡ kR should be taken into consideration in the design and optimization of the system. The
stiffness parameters of the system may present significant fluctuations since almost all NS designs result from unstable non-linear configurations [21]. Consequently, an increase of the absolute value of kN and/or a decrease of the values of kP and k  by a factor εN ǡ εP  and
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ε respectively, may result in the system being unstable. In the limit case that the total overall
stiffness ktot as calculated by equation (10) is equal to zero, the system is unstable:
ktot =0 ֞ (1 െ εR )kR +

֜ kP = െ

(1 െ ε )kP (1+εN )kN
=0
(1 െ εP )kP +(1+εN )kN

(36)

(1 െ εR )(1+εN )
k
(1 െ εP ) ሾ(1 െ εR )+(1  εN )ሺ kN Τk ሻሿ N

(37)

Equation (36) shows the dependance of ݇ on kN ǡ εN ǡ εP  and ε . The values of εN ǡ εP  and ε
are fixed design parameters (paragraph 3.2), and kN is obtained through the optimization (paragraph 3.3); hence the value of kP can be derived from the above.
4. OPTIMIZATION RESULTS AND ANALYSIS
4.1.

Reference optimization problem and results

The extended KDamper & inerter system is configured to control vibrations of a rigid mass
of mS =1000 kg. The optimal parameters are selected according to the optimization procedure
described in section 3, using the interior-point optimization method. The results are presented
for different values of the fixed parameter XVSD within the allowable range of [1 3] (cm). The
full set of parameters is presented in Table 1. The transfer functions HAS, HUS, and the response
PSDs SAS, SUS are presented in Figure 3 and Figure 4 for different values of the design parameter
XVSD in order to evaluate the sensitivity of the TFs and response PSDs to the parameter XVSD.
The acceleration response spectrum utilized in this paper is the one used in [20] and it is based
on a database of 50 artificial accelerograms, generated to match the EC8 spectrum with characteristics: Type 1 with spectral acceleration avg (g)=0.9*0.36.
It can be observed from Figure 3 that the maximum values of acceleration HAS and SAS are
not substantially affected by the XVSD. The relative displacement HUS is affected in the lowfrequency range, while the SUS is less affected.
ߤ

ߤ

݇ே

݇ோ

݇

ߞ௺ 

ܿே

ߞ 

ܿ

(kN/m)

(kN/m)

(kN/m)

(%)

(kNs/m)

(%)

(kNs/m)

XVSD =1cm

0.05 0.60

-164.31

981.00

236.03

1.00

0.626

1.00

0.626

XVSD =2cm

0.05 0.43

-86.45

490.50

125.76

1.00

0.442

1.00

0.442

XVSD =3cm

0.05 0.36

-59.10

327.00

86.55

1.00

0.362

1.00

0.362

Table 1: Full set of the system parameters in the range of the design parameter X VSD=[1 3] (cm).
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(a)

(b)

Figure 3. Transfer Functions of the optimized system with XSVD varying in the range [1 3] (cm). (a) Structure
absolute acceleration HAS;(b) structure relative displacement HUS.

(a)

(b)

Figure 4. Response PSDs considering the ground motion acceleration excitation PSD, S A, (a) Structure absolute
acceleration SAS; and (b) relative displacement SUS.

The following section explores the impact of the selection of objective function to the optimization problem. This is evaluated in terms of response to excitation PSD and time history
response to the sample of 50 artificial accelerograms. In order to better observe the effectiveness
of the proposed configuration, in the next sections the responses are compared with a highly
damped (ζ=15%) conventional damper (CD) as described in paragraph 2.1.
4.2.

Effect of objective function ( AS , RAS )

As discussed in paragraph 3, the optimization approach considers the area under the acceleration transfer function of the system (scaled by a factor ݀߱) as the primary objective function
for this problem, AS as defined in equation (23). One of the motivations of this paper is to
explore its equivalency vs. the more conventional approach of using a measure of the actual
content of the response (such as RAS defined in equation (29)) as the objective function.
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The results are shown for a ground motion acceleration excitation PSD and subsequently
verified through time history analyses. An acceleration response indicator ݎௌ is defined as:

 ASǡ

rASǡ =

+∞

ට-∞ S ( ω)dωሺൌ ܲܣܩሻ

rASǡǡ =

(38)

 ASǡǡ
+∞

ට-∞ S ( ω)dωሺൌ ܲܣܩሻ

(39)

Figure 5. Variation of the acceleration response indicator rAS over the XVSD, of the conventional damping system
and proposed configuration, for the two objective functions examined.

Figure 5 above presents the response indicators with respect to varying XSVD in the cases of:
(i) the Ext. KDamper & inerter system optimized via AS as the objective function (blue line),
(ii) the Ext. KDamper & inerter system optimized via  AS as the objective function (red circles),
(iii) the conventional damper (yellow line). It is evident that the two optimization methods coincide.
The PSD response results are subsequently verified with time history analyses from the 50
accelerograms. Below are the cumulative results showing the peak values of the quantities of
interest (structure absolute acceleration S , structure relative displacement S , and oscillating
mass relative displacement  ) for XVSD in the range of [1 3] (cm). Blue color corresponds to
the reference optimization of the extended KDamper & inerter system, as described in Table 1.
Red color shows the optimization using the same fixed parameters and constraints, but using
 AS as the objective function (instead of AS ). Finally, the orange bar represents the conventional damping system. Figure 6(a) shows the peak S averaged over the 50 accelerograms,
while Figure 6(b)-(d) show the overall maxima of the peak quantities. It can be verified that the
two objective functions yield very similar results across all quantities of interest. Moreover, it
is observed that the proposed optimized system can reduce the structure peak acceleration up
to more than 50% when compared to a conventional damping system, while maintaining the
displacement within a satisfactory range.
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(a)

(b)

(c)

(d)

Figure 6. Results from the time history responses over 50 artificial accelerograms with the system optimized for
the two different objective functions, and for the conventional damper. (a) Peak absolute acceleration averaged
over the 50 accelerograms; (b) Overall maximum of the peak absolute acceleration; (c) Overall maximum of the
peak relative structure displacement absolute accelerations; (d) Overall maximum of the peak relative oscillating
mass displacement.

5. CONCLUSIONS
This paper proposes a stiff dynamic absorber, combining a negative stiffness element, a
tuned-mass damper and an inerter. The system is configured under a proper optimization procedure, and the results are subsequently verified with an excitation PSD, generated from a database of artificial accelerograms designed to match the EC8 vertical spectrum as well as with
time history results from the individual accelerograms.
Results indicate that the proposed system can drastically reduce structure accelerations (>50%
reduction compared to a conventional damping system), while the vertical displacement remains at satisfactory levels. The proposed system thus demonstrates an enhanced dynamic behavior while maintaining suitable vertical stiffness. A key highlight of the proposed system in
relation to previous works is the fact that the initial static stiffness is retained, since the negative
stiffness elements participate only in the dynamic response.
Moreover, a new optimization approach is utilized through the introduction of a more general objective function which depends solely on the characteristics of the structure and not the
excitation parameters. The suitability of this method is tested using response spectra and time
history analyses for the abovementioned excitations, and verified through a comparison with
previous optimization strategies that depend on a specific spectral excitation. The comparison
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results confirm that a unique optimal stiff dynamic absorber design can be used across a wide
range of important vertical dynamic absorption applications, as well as structure seismic protection.
6. ACKNOWLEDGMENTS
Marina Kalogerakou has been financed by the European Union’s Horizon 2020 research and
innovation programme under the Marie Sklodowska-Curie grant (grant agreement No INSPIRE813424, ”INSPIRE - Innovative Ground Interface Concepts for Structure Protection”).

7. REFERENCES
1. Luft RW. Optimal Tuned Mass Dampers for Buildings. Journal of the Structural Division
1979; 105(12): 2766–2772.
2. Qin L, Yan W, Li Y. Design of frictional pendulum TMD and its wind control effectiveness.
Journal of Earthquake Engineering and Engineering Vibration 2009; 29(5): 153–157.
3. Ramezani M, Bathaei A, Ghorbani-Tanha AK. Application of artificial neural networks in
optimal tuning of tuned mass dampers implemented in high-rise buildings subjected to wind
load. Earthquake Engineering and Engineering Vibration 2018; 17(4): 903–915. DOI:
10.1007/s11803-018-0483-4.
4. Debnath N, Deb SK, Dutta A. Multi-modal vibration control of truss bridges with tuned
mass dampers under general loading. JVC/Journal of Vibration and Control 2016; 22(20):
4121–4140. DOI: 10.1177/1077546315571172.
5. Chen JL, Georgakis CT. Spherical tuned liquid damper for vibration control in wind turbines. Journal of Vibration and Control 2015; 21(10): 1875–1885. DOI:
10.1177/1077546313495911.
6. Taniguchi T, Der Kiureghian A, Melkumyan M. Effect of tuned mass damper on displacement demand of base-isolated structures. Engineering Structures 2008; 30(12): 3478–3488.
DOI: 10.1016/j.engstruct.2008.05.027.
7. Xiang P, Nishitani A. Optimum design for more effective tuned mass damper system and
its application to base-isolated buildings. Structural Control and Health Monitoring 2014;
21(1): 98–114. DOI: 10.1002/stc.1556.
8. Hashimoto T, Fujita K, Tsuji M, Takewaki I. Innovative base-isolated building with large
mass-ratio TMD at basement for greater earthquake resilience. Future Cities and Environment 2015. DOI: 10.1186/s40984-015-0007-6.
9. Weber B, Feltrin G. Assessment of long-term behavior of tuned mass dampers by system
identification. Engineering Structures 2010; 32(11): 3670–3682. DOI: 10.1016/j.engstruct.2010.08.011.

2555

Marina E. Kalogerakou, Konstantinos A. Kapasakalis, Ioannis A. Antoniadis, Evangelos J. Sapountzakis

10. Smith MC. Synthesis of mechanical networks: The inerter. IEEE Transactions on Automatic Control 2002. DOI: 10.1109/TAC.2002.803532.
11. Chen MZQ, Smith MC. Restricted complexity network realizations for passive mechanical
control. IEEE Transactions on Automatic Control 2009; 54(10): 2290–2301. DOI:
10.1109/TAC.2009.2028953.
12. Molyneaux W. Supports for Vibration Isolation. G. Britain: ARC/CP-322, Aer Res Council;
1957.
13. Platus DL, L.Platus D. Negative-stiffness-mechanism vibration isolation systems. Proc. of
SPIE, vol. 1619, 1992.
14. Carrella A, Brennan MJ, Waters TP. Static analysis of a passive vibration isolator with
quasi-zero-stiffness characteristic. Journal of Sound and Vibration 2007; 301(3–5): 678–
689. DOI: 10.1016/j.jsv.2006.10.011.
15. Ibrahim RA. Recent advances in nonlinear passive vibration isolators. Journal of Sound and
Vibration 2008; 314(3–5): 371–452. DOI: 10.1016/j.jsv.2008.01.014.
16. Nagarajaiah S, Pasala DTR, Reinhorn A, Constantinou M, Sirilis AA, Taylor D. Adaptive
Negative Stiffness: A New Structural Modification Approach for Seismic Protection. Advanced Materials Research 2013; 639–640: 54–66. DOI: 10.4028/www.scientific.net/amr.639-640.54.
17. Antoniadis IA, Kanarachos SA, Gryllias K, Sapountzakis IE. KDamping: A stiffness based
vibration absorption concept. JVC/Journal of Vibration and Control 2018; 24(3): 588–606.
DOI: 10.1177/1077546316646514.
18. Kapasakalis K, Antoniadis I, Sapountzakis E. Performance Assessment of the KDamper as
a Seismic Absorption Base. Structural Control and Health Monitoring 2019. DOI:
10.1002/stc.2482.
19. Kapasakalis KA, Antoniadis IA, Sapountzakis EJ. Constrained optimal design of seismic
base absorbers based on an extended KDamper concept. Engineering Structures 2021; 226.
DOI: 10.1016/j.engstruct.2020.111312.
20. Kapasakalis K, Antoniadis I, Sapountzakis E, Stiff Vertical Seismic Absorbers, Journal of
Vibration and Control, to appear.
21. Li H, Li Y and Li J (2020) Negative stiffness devices for vibration isolation applications: A
review. Advances in Structural Engineering; DOI: 10.1177/1369433219900311.

2556


 "&-#(' +'('
(&).--#('%-"(,#'-+.-.+%/'&#,'+-"*.$'!#'+#'!
)+$$#,+!#$#,,
-+& +(& -"',+ .'





    
   

 

(*.2#" #((&$#&#++"3#'((2


$)'%'' $ $$('%$*) %$% (#  (!$)'*%"
$ +'( )' *&' %'+ 
"--%"'%"))% --"" ))%'  +  )",
# " .#%*,$''%' "",/ *((&+  )

,-+!-
 %% %%%% & ! $ !$ ! $&   %&$'&'$% )& %! $+  % %  
"!$& &%%' !$ $&#'  $ %&+"!!+%"$( & &%!'&$ 
&$$   $!    $"$% &%  $ "$ & ! & &  '  %&! 
"$&  &%"& &$%%%%%% & &%&#' &&! !%&$'&'$"$!$ 
'"&!!!"% !"%"&+ #' &&$!'$&+' &! )
$&% & "$!&+ ! !"% &! %%  & %&+   % &+"+  $& &$!'
!"'&&! + *" %( !  $ +   +%% !)($ %" &!!!%
*%& !$   &$! &)  '$+   *& %(  +%% &$!' "$
$&! %"% $( $! $  +%% &%%   $ &+"+ $$$ &! % /
$&! %"%!&% &%""$*"!$%%"&!!!+!$!"%%%%% &
!  $%'% %'/$&! %"% !$"!$& & $$%"! %!&
%&$'&'$&+"!!+ "!+ ($%"&$$&!  (%!$'$&
  ""$!"$&  & %&+ %'$  '   ""$!    ! $& %%%&  &!
"$&&! $% %&!$%   %! $%   #' &+  & !"% "&+ !
%&$'&'$%%&$!(%& !$$!"'&&!  +%%)%&%& &  
 ( ! '$+  % ""$ '%&$&% & $!'%& %% ! & (!" /
$&! %"%!$  $% #' &+  !"% & %&% %"$%! %
  !"$% & !'&! )& &$&!  !  $ +   +%% !$ %($
$&+" ' %$"$% &&(!&!$ &! &+"!!+!'  &+
#20*+", 27/255.- *<<.<<6.7= ,855*9<. :>*7=2/2,*=287 *?.;*0. <9.,=;*5 *,,.5.;*=287
9.;/8;6*7,.+*<.-

2557

 #(+  " %%, +

   
=*52*7*7->;89.*7;.27/8;,.-,87,;.=.$/;*6.+>25-270<@2=16*<87;B27/2559*7.5<
,869;2<.*<2072/2,*7=98;=2878/=1. .-2=.;;*7.*7+>25-270<=8,420>;. ./8;.=1.  <
2.+./8;.=1.27=;8->,=2878/<>2=*+5.<.2<62,9;8?2<287<+>25-270<27=*5B27<9.,2/2,*7-
*5<8*,;8<<%8>=1.;7>;89.@.;.0.7.;*55B-.<207.-*7-,87<=;>,=.-=8;.<2<=0;*?2=B58*-<
875B(  )7=*5B=1.<.@.;.-.<207.-*,,8;-270=8$.028.,;.=8$
  ( )&12<
-.<207*99;8*,1.7=*25<=1.><.8/=1.*558@*+5.<=;.<<6.=18-/8;=1.-.=*252708/<=;>,=>;*5
<.,=287<%=;>,=>;*5.5.6.7=<-.<207.-=12<@*B@.;.=B92,*55B,1*;*,=.;2<.-@2=127*-.:>*=.
<.2<62, -.=*25270 8; .A*695. =1. ><. 8/ <688=1 ;.+*;< 58@ ,869;.<<2?. <=;.70=1< /8;
,87,;.=. *7- 78 ,87<2-.;*=287 /8; * ->,=25. /*25>;. 6.,1*72<6 2. ,*9*,2=B -.<207 <=;870
,85>67@.*4+.*6/8;6>5*=287>;=1.;68;.>7;.27/8;,.-,5*B+;2,46*<87;B27/255<@.;.
=B92,*55B ><.- *< 9*;=2=287270 *7- /*C*-. .5.6.7=< +*<.- 87 =1.2; =1.;6*5 *7- *,8><=2,
27<>5*=287/2;.;.=*;-270*7-682<=>;.,87=;85+.1*?28>;&1.<..5.6.7=<18@.?.;@.;.78=
,87<2-.;.-27=1.<=;>,=>;*5-.<207*7-=1.;./8;.=1.2;.//.,=<87=1.<=;>,=>;*5;.<987<.@.;.
7.05.,=.-A9.;26.7=*5*7-*7*5B=2,*5<=>-2.<18@.?.;1*?.8>=527.-=1..//.,=<8/6*<87;B
27/255< 87 =1. 058+*5 5*=.;*5 ;.<987<. 8/ =1. <=;>,=>;*5 <B<=.6 ( D ) &1.<. .//.,=< *;.
,1*;*,=.;2<.-+B*<2072/2,*7=*--2=287275*=.;*5<=2//7.<<*7-*<>--.7-;89275*=.;*5<=;.70=1
@2=1=1.;>9=>;.8/27/255<8787.8;<.?.;*5<=8;.B<



&$0-"4+& '/'&)-".&!")/&'%*0.&)$0.&)$&)#&''"!#-("./-0 /0-".

8;.8?.;*<<.<<270=1.<=;>,=>;*59.;/8;6*7,.8/<=;>,=>;.<;.:>2;.<*,,>;*=.:>*7=2/2,*=287
8/ =1. .A,..-*7,. 8/ *7B <=;>,=>;*5 -.6*7-+*<.- 9.;/8;6*7,. 5.?.5 &1. 5*==.; 2< =B92,*55B
:>*7=2/2.-><270/;*0252=B,>;?.<@12,15274=1.9;8+*+252=B8/.A,..-2709;.-./27.-=1;.<185-<
8/-.6*7-/8;*02?.727=.7<2=B5.?.58/0;8>7-<1*4270&1.<.*;.><>*55B=1..7-;.<>5=8/
.A=.7<2?. 7>6.;2,*5 *7*5B<2< 2. 7>6.;2,*5 68-.55270 0;8>7-68=287 <.5.,=287 787527.*;
-B7*62, *7*5B<.< &8 ;.->,. =1. ,869>=*=287*5 .//8;= *7- =26. ;.:>2;.- +B <>,1 *7*5B<.<
<26952/2.-=885<*7-6.=18-85802.</8;=1.*<<.<<6.7=8/$/;*6.<=;>,=>;.<1*?..6.;0.-
@2=1 =1. 27=;8->,=287 8/ =1. %#"  ( ) %#" $ ( ) *7- 8=1.; <26952/2.-
6.=18-85802.<( D )&1.<.<26952/2.-*99;8*,1.<>=252<.μ/8;*-2;.,=.<=26*=2878/=1.
<.2<62, -.6*7- *7- ,*9*,2=B &1. *26 8/ =1.<. =885< 2< =8 <>995B ><.;< @2=1 *2- 27 =1.
:>*7=2/2,*=287*7-62=20*=2878/<.2<62,;2<4,869*=2+5.@2=1-2//.;.7=0>2-.527.<(  )8;
.A*695.=1.27,5><2878/%#" @2=127=1. #0>2-.527.<( ),*7+.,87<2-.;.-
*=.<=2687B=8=1.*--.-?*5>.8/<26952/2.-=885<279.;/8;6*7,.+*<.-.*;=1:>*4..7027..;270
#( )&8=12<.7-=1.*268/=1.<=>-B2<=89;.<.7=*7-/>;=1.;-.?.589*<26952/2.-
6.=18-8580B 9;.?28><5B 27=;8->,.- *< A=.7-.-%#"  ( ) @12,1 1*- +..7 =*258;.-
<9.,2/2,*55B/8;27/255.-$/;*6.<=;>,=>;.<#;.?28><5B=1.μ;.5*=287<129<><.-27=12<
=885@.;./2==.-,87<2-.;270=1.-*69.-<9.,=;*5*,,.5.;*=287*==1./>7-*6.7=*59.;28-
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 &1.;./8;. <>+<.:>.7= <.,=287< @255 ;.?2<2= =1. 2<<>. 8/ * <>2=*+5.   ,182,. /8; =1.
,1*;*,=.;2<*=287 8/ <.2<62, -.6*7- 27 27/255.- $ /;*6.< %>+<.:>.7=5B * ;./2==270 8/ =1.
*/8;.6.7=287.- =885 2< =1.7 ,87->,=.- @2=1 ;./.;.7,. =8 =1. <.5.,=.-   &@8 ,*<. <=>-B
+>25-270<*;.=1.79;.<.7=.-=8?.;2/B*7-.?*5>*=.=1.;./2==.-=88527=.;6<8/6.-2*7,855*9<.
27=.7<2=2.< 27 ,869*;2<87 @2=1 ;.<>5=< 8+=*27.- /;86 * 787527.*; -B7*62, *7*5B<2< @2=1 *
;208;8><0;8>7-68=287<.5.,=287*7-/>55B-.=*25.-7>6.;2,*568-.5<
 

  

 

 

?.;*0.<9.,=;*5*,,.5.;*=287 (1*<+..78+<.;?.-27<.?.;*5<=>-2.<( D )=8+.*
68;. *-?*7=*0.8>< 27=.7<2=B 6.*<>;.   @1.7 ,869*;.- =8 <9.,=;*5 *,,.5.;*=287 *= =1.
/>7-*6.7=*59.;28-*7-9*;=2,>5*;5B/8;=1.:>*7=2/2,*=2878/=1.,855*9<.27=.7<2=B/8;
$/;*6.<( D )//2,2.7,B*7-<>//2,2.7,B*;.8/=.7=1.6.=;2,<><.-@1.7,869*;270 <
&1./8;6.;;.9;.<.7=<=1.,*9*+252=B8/*<.5.,=.- =8*,,>;*=.5B9;.-2,=*-.<207*=.-#
@125. =1. 5*==.; .A*627.< =1. 5.?.5 8/ 27-.9.7-.7,. 8/ =1. <=;>,=>;*5 ;.<987<. ?*5>. /;86
<.2<685802,*59;89.;=2.<.06*072=>-.;>9=>;.-2<=*7,.
&1.-./272=2878/ (=1><27,8;98;*=.<<9.,=;*5*,,.5.;*=28727=.7<2=2.<*=9.;28-<*;8>7-
@12,1,*7,87<2-.;=1..5870*=287.//.,=<8/*<=;>,=>;*5<B<=.6>9=8,855*9<.*7-*5<8=1.
1201.;68-.,87=;2+>=287<*=9.;28-<<18;=.;=1*7&12<-./272=2871*<;.7-.;.-2=*+.==.;
9;.-2,=8;27=.;6<8/;.->,.--2<9.;<2872.27,;.*<.-.//2,2.7,B@1.75*;0.-./8;6*=287<*7-
787527.*;2=2.<<=*;=8,,>;;27027=1.<=;>,=>;*568-.5&12<,869*;2<872<12015201=.-2720>;.
 27 =.;6< 8/ 27,;.6.7=*5 -B7*62, *7*5B<2<  ;.<>5=< 87 =@8 <2705.-.0;..8//;..-86
%"<B<=.6<<=>-2.-9;.?28><5B27!*/.1.=*5( )2<,87->,=.-><270=1. 
#( )/*;/2.5-;.,8;-<.=*7-2<9;.<.7=.-27=.;6<8/=1.6.-2*7 -"*7- -"9.;,.7=25.<
@2=1*7- (*< <;86=1.<.;.<>5=<87.,*778=2,.*78=2,.*+5.,1*70.27
=1. -2<9.;<287 8/ =1. ;.<>5=< ;./5.,=.- 27 =1. :>*7=25.< *= .*,1 27=.7<2=B 6.*<>;. 5.?.5 
,>;?.</8;=@8%"<B<=.6<*;.9;.<.7=.-1.;.272720>;. =,*7+.8+<.;?.-=1*=/8;+8=1
,*<.<@1.7.6958B270 (=1.-2<9.;<287*=,855*9<.-.,;.*<.-+B β   
β   *7- β   β   *<8998<.-=8><270&/8;
=1.=@8;.<9.,=2?.,*<.<
*-<.=*5( )78=.-;.5*=2?.5B<=*+5.,855*9<.;2<4.<=26*=.<*,;8<<?*;28><0;8>7-68=287<
<.=< /8; <=..5 $< *7- <1.*; @*55 <=;>,=>;.< @1.7 .6958B270 ( "G$.255B ( ) 27/.;<
<2625*;,87,5><287<87=1.+.7./2,2*5><.8/ (*7-=1.5262=*=287<8/27=1.,855*9<.
*<<.<<6.7=8/787->,=25.27/255.-$/;*6.<8/27=.;.<==8=12<<=>-B8558@270=1.*+8?.
;.6*;4< (1*<+..7<..7=8+.*7*-?*7=*0.8>< /8;*<<.<<270=1.,855*9<.,*9*,2=B8/
27/255.- $ /;*6.< *7- @255 +. .A958;.- 1.;.27 /8; =1. -.?.5896.7= 8/ <26952/2.- ,855*9<.
*<<.<<6.7==885<
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&$0-" *(+-&.*)*#,0)/&'". /% /%)! /%#*-/2*.4./"(. *).&!"-&)$
'"#/)!-&$%/..0.&)$  -&"'!-" *-!."/



   

      

&1./>7-*6.7=*5,87,.9=+.127-=1.-.?.5896.7=( )*7-.A=.7<287( )8/=1.%#" 
=8852<=8;.5*=.=1./8;,.-./8;6*=287,*9*,2=B8/*02?.7/;*6.<=;>,=>;.8+=*27.-=1;8>01
787527.*; <=*=2, 8; <=*=2, 9><18?.; %#" *7*5B<2< =8 2=< -B7*62, ,8>7=.;9*;= =B92,*55B
255><=;*=.- ><270  ( ) &1. .A=.7<287 8/ %#"  @*< -.?.589.- =8 27,8;98;*=. =1.
+.1*?28>;8/27/255.-$/;*6.<@18<.+.1*?28>;@*<78=9;89.;5B;.9;.<.7=.-27=1.8;2027*5
?.;<287&12<+.1*?28>;2<,1*;*,=.;2<.-+B*<2072/2,*7=*--2=287275*=.;*5<=2//7.<</8558@.-
+B*<>--.758<<8/5*=.;*5<=;.70=1,*9*,2=B->.=8=1.58,*52<*=2878/-*6*0.8787.8;<.?.;*5
<=8;.B<2./8;6*=2878/*<8/=<=8;.B6.,1*72<6->.=8=1.<>--.7;>9=>;.8/27/2559*7.5<
<18@72720>;. 
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&$0-" ''0./-/&*)*#/%" *)/-&0/&*)*#&)#&''+)"'.*)/%"./&##)"..)!./-")$/%*#/%"$'*'.4./"(
"#*-"+"-&*!"'*)$/&*)!0"/*/%"#*-(/&*)*#)*)!0 /&'"(" %)&.(

8;=1.-.?.5896.7=8/=1.=885*5*;0.-*=*<.=8/%"<B<=.6<@2=1?*;B270+*,4+87.
9*;*6.=.;< 2< ;.:>2;.-  =1.7 <>+3.,=< =1. <.= 8/ %" <B<=.6< =8 27,;.*<270 5.?.5< 8/
27=.7<2=B>7=257>6.;2,*5,855*9<.2<*,12.?.-&12</8;6<*52+;*;B8/<.2<62,-.6*7-,*9*,2=B
68-.5</8;?*;28><%"@2=1-2<=27,=/.*=>;.<&1.52+;*;B,*7=1.7+.>=252<.-/8;*-2;.,=
.<=26*=287 8/ =1. <.2<62, -.6*7- *7- ,*9*,2=B =1;8>01 27=.;985*=287 *7- /2==.- ,58<.-/8;6
.A9;.<<287<&12<2<-87.><270;.<>5=</;86%#"*7-.20.7?*5>.68-*5*7*5B<.<=8;.5*=.*
6>5=2-.0;..8//;..-86 "<B<=.6=8*7%"8<,255*=8;9;.<.7=.-2720>;. &1.7
=1. 6.-2*7 ,855*9<. 27=.7<2=B *7- -2<9.;<287 *<<8,2*=.- @2=1 =1. ,855*9<270 27=.7<2=B *;.
.<=26*=.-><270=1.;.<>5=<8/=1..A=.7<2?.7>6.;2,*5*7*5B<2<2.<*7-*<.=8/μ
;.5*=287<129< ;.5*=270 =1. %#" +*,4+87. ,1*;*,=.;2<=2,< @2=1 =1. 6.-2*7< *7- -2<9.;<287<
8+=*27.-
&1.=@80;8>7-68=287;.,8;-<.=</;86!!"%%( )=1*=*;.;.9;.<.7=*=2?.8/>;89.*7
<.2<62,2=B2.6.-2>6*7-1201<.2<62,2=B@.;.>=252<.-/8;=1.;.5*=.-=8=12<<=>-B
%>+<.:>.7=<.,=287<@25512015201==1.6.=18-8580B9;898<.-27=12<<=>-B@12,127,8;98;*=.<
=1.><.8/%"<B<=.6<;.9;.<.7=*=2?.8/=1.;.<987<.8/27/255.-$=B98580B:>*7=2/B270
=1.-B7*62,;.<987<.=1;8>01*7-/2==270,58<.-/8;6.A9;.<<287*=.*,1;.<987<.+;*7,1
>9=8058+*5,855*9<.

&$0-"  &-" / "./&(/&*) *# ."&.(&  !"()! + &/4 *#  (0'/&!"$-""*##-""!*( .4./"( 0.&)$
.&)$'"!"$-""*##-""!*( .4./"(. /%-*0$% "3/")!"!  1& -".0'/. *# +0.%*1"- )! "&$")1'0"
)'4.&.

#-&*"*(*%2
&12< <.,=287 27=;8->,.< =1. 6.=18-8580B .6958B.- /8; *7*5B<270 * <.= 8/ .:>2?*5.7= %"
8<,255*=8;<=8*7*5B<.=1.-B7*62,,*9*,2=B9;89.;=2.<8/27/255.-$/;*6.<&1.6.=18-8580B
2<*</8558@<
 #.;/8;6<87%"<@18<.,*9*,2=B,>;?.9*;*6.=.;<*;.478@7"$!$/;86*
9;.?28><5B0.7.;*=.-<.=*,,8>7=270/8;=1.?*;2*+252=B27=1.+*,4+87.9*;*6.=.;<=8
;.5*=.=1. 2. (=8=1..7027..;270-.6*7-9*;*6.=.;#8/=1.<B<=.6
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 27-=1.<=*=2,;.<987<.9*;*6.=.;<,8;;.<987-270=8.*,1%"*7*5B<2<  μ,-#
-./27.- 27 :>*=287<   *7-   @1.;.  ,8;;.<987-< =8 =1. ;.<987<. +;*7,1 2.
.5*<=2,98<=,*99270<8/=.7270;.<2->*5<=;.70=195*=.*>*7-<=;.70=1-.0;*-*=287
  *7-  *;.;.<9.,=2?.5B=1.+*<.<1.*;?*5>.<*==1.;.<987<.+;*7,1*7-=1.
78627*5B2.5-/8;,.   *7-  *;.;.<9.,=2?.5B=1.;88/-2<95*,.6.7=?*5>.<*=
=1.;.<987<.+;*7,1*7--2<95*,.6.7=,8;;.<987-270=8=1.78627*5B2.5-/8;,.
:>*=287  
      
:>*=287  
        
 #;8,.<<=1.;.<>5=<*7-,87?.;==1.6.-2*7*7-/;*,=25.:>*7=2=2.<2. -"*7 -" 9.;,.7=25.<  #  ,>;?.< =8 =1. ,8;;.<987-270 -B7*62, ;.<987<.
9*;*6.=.;<   μ/'# -./27.- 27 :>*=287<   *7-    2< =1. B2.5- <9.,=;*5
*,,.5.;*=287Γ2<=1.=;*7</8;6*=287/*,=8;8+=*27.-/;86.20.7?*5>.*7*5B<2<
 *7-   *;.;.<9.,=2?.5B=1.9.;28-.//.,=2?.6*<<-./8;6*=287,*9*,2=B*=B2.5*7-=1.78627*5B2.5-270/8;,.8/=1.%"<B<=.6   2<=1.;*=288/=1.<9.,=;*5
<1*9.27=;8->,.-+B*-<.=*5( )&1.<=.9<9;.<.7=.-1.;.27@.;.875B9.;/8;6.->;270=1.9;8,.<<2708/=1.<*7-@25578=+.5*=.;;.:>2;.-+B=1.><.;*<279>=
 










:>*=287  



 
  
 
 


     

:>*=287  
:>*=287  

;86:>*=287<  *7-  
 

   









 








  

 



 

 

 



 



:>*=287  
:>*=287 
:>*=287 

@1.;.=1.=;*7</8;6*=287/*,=8;2<27=;8->,.-27:>*=287 =8.<=26*=.=1.?0%*
/8;=1. "<B<=.6=2<*5<878=.-=1*=
:>*=287 
   


 



:>*=287 


  

 



 7=.;985*=.=1.-B7*62,;.<987<.9*;*6.=.;< μ/'#,8;;.<987-270=8=1./8;6.;
*<12015201=.-2720>;./8;.*,1<=*=2,;.<987<.+;*7,18/.?.;B%"<B<=.6
&1.<=.91.;.27989>5*=.<*-*=*+*<.8/<=*=2,?<-B7*62,;.<987<.9*;*6.=.;<@12,1
@255+./>;=1.;>=252<.-=8/2==1..A9;.<<287<27&*+5. ?2*=@8<=.9;.0;.<<287*7*5B<2<
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*

,-

<=.98+=*27*/>7,=287*5/8;6.A9;.<<270=1.6.-2*7*7-/;*,=25.:>*7=2=2.<2.
  μ/'#8/=1.27/>7,=2878/=1.<=*=2,9*;*6.=.;<  μ,-#8+=*27./;86<=*=2,9><18?.;*7*5B<.<
+ ' <=.9 ;.5*=. =1. />7,=287*5 /8;6 ,8.//2,2.7=< 27 <=.9 * =8 =1. />7-*6.7=*5
9.;28-*7-8=1.;;.5.?*7=,*9*,2=B9*;*6.=.;<
'--')%*$.)!-'*),



  

8;=1.=@8<=.9;.0;.<<287*7*5B<2<,87->,=.-1.;.27=1..*<=+<85>=.$.<2->*5<$
*7- =1. 2<:>*;. @.201=< 6.=18-< @.;. .6958B.- =8 27,;.*<. =1. ;8+><=7.<< 8/ =1. /2==270
;8>=27.&1.$6.=18-/27-<*,>;?.=1*=627262<.<=1.*+<85>=.-2//.;.7,.8/=1.;.<2->*5<
;*=1.;=1*7=1.<:>*;.--2//.;.7,.<&1.;./8;..A=;.6.?*5>.<1*?.*5.<<.;27/5>.7,.87=1./2=
&1.2<:>*;.@.201=<6.=18-627262<.<*@.201=.-<>68/<:>*;.<@1.;.=1.@.201=02?.7=8
.*,1-*=*9827=-.9.7-<8718@/*;=1.9827=2</;86=1./2==.-527.#827=<7.*;=1.527.0.=/>55
@.201=*7-9827=</*;=1.;/;86=1.527.0.=;.->,.-@.201=&1.$6.=18-1*<+..7><.-
1.;.27
&1.;.<>5=270μ;.5*=287<129</;86=@8<=.9;.0;.<<287*7*5B<2<*;.9;.<.7=.-27&*+5.
@1.;.*<20>;.255><=;*=.<=1.<=;.70=1*7-->,=252=B/*,=8;</20>;27027=1.:>*=287</8;
.*,1;.<987<.+;*7,1<2695.527.*;/>7,=287*5/8;62<*==;2+>=.-=8=1.;.5*=287<129+.=@..7
=1. -B7*62, <=;.70=1 /*,=8;< *7- =1. ->,=252=2.< *= .*,1 ;.<987<. +;*7,1 =1;.<185-  68;.
,8695.A/>7,=287*5/8;62<><.-/8;=1.27=;8->,=2878/=1./>7-*6.7=*59.;28-;.->,=28727
<=;.70=1->.=8=1.;>9=>;.8/27/255<*7-=1.,8;;.<987-270;.<2->*5<=;.70=1,*9*,2=B8/=1.
<=;>,=>;.2.*<<..727=1. '<=.9;.0;.<<287#;.?28><@8;427!*/.1.=*5( )89=.-/8;
=1.><.8/68;.,8695.A/>7,=287*5/8;6<=8,1*;*,=.;2<.=1.;.5*=287<129+.=@..7=1.<=*=2,*7-
-B7*62, ;.<987<. 9*;*6.=.;< 9;.<.7=.- 27 =1. 9;.?28>< <.,=287 8;.8?.; =1. ;.->,=287 27
<=;.70=1*7-;.<2->*5,*9*,2=B8/=1.058+*5<B<=.6@*<78=27,8;98;*=.-279*<=@8;4



 
   
 
 

 

  

&$0-" ''0./-/&*)*#/%")*-('&5"!.//& +0.%*1"- 0-1")!/%"-".+*)."-) %+-("/"-.)*/"!
&)/%",0/&*).&)'"

2563

 #(+  " %%, +
  #&#%!*$%&&#""#'"μ% '#"&$&#%"  %!&#%%&$#"&%"
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) *-98=3./<381 +=>2/+8.>2/=3>/-2+<+->/<3=>3-=:</=/8>/.389<3/>+6) *%2/
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=?11/=>/.,C92<+813/>+6) *09< %2/-9<</6+>39879./6,C+5/<+8.+C+<+7) *
A+=?=/.38+66-+=/=+8.>2/1/97/><3-7/+890>2/>A9-97:98/8>=A+=?=/.38>2/=/6/->398
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,+-5,98/=90>2/380366-98><3,?>398+8.>2/0<+7/A3>2>2/-<3>3-+6=>9</C7/-2+83=709<7/.
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Abstract
With the development of performance-based earthquake engineering (PBEE) for mitigating
seismic risk, significant work has been carried out to implement risk-based design and
assessment frameworks. However, the probabilistic nature and computationally heavy
implementation of the PBEE framework when using a component-based loss assessment
approach, made it less desirable for practitioners. As a consequence, methods employing storey
loss functions (SLFs), which ease the computational cost of the component-based approach,
have emerged. The use of predefined SLFs, especially at a design stage, is desirable where
component information is likely missing. This article describes an object-oriented toolbox,
recently developed in Python, for the estimation of SLFs. The step-by-step implementation is
described along with a comparative demonstration of its application to a case study existing
building versus the more rigorous component-based approach described in FEMA P-58. The
attained loss metrics demonstrate the quality and prove that the SLF-based approach, while
being more simplistic in nature, achieves accurate results with relative ease across all levels of
seismic response.
Keywords: PBEE, seismic assessment, loss estimation, storey loss function.
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1

INTRODUCTION

Over the years, it has become paramount to characterize seismic risk using terms more
meaningful to stakeholders and practitioners. These performance measures can be characterised
by losses, downtime and casualties/fatalities. To avoid describing performance at discrete
hazard levels, as typically prescribed in design codes (e.g. [1]–[3]), probabilistic frameworks
have been developed to include uncertainties for hazard, structural response, damage and
monetary loss. One of these frameworks is the performance-based earthquake engineering
(PBEE) proposed by the Pacific Earthquake Engineering Research (PEER) Center [4].
However, due to its probabilistic nature and computationally expensive implementation, it has
become popular primarily within academic research or specialized reports, such as FEMA P58 [5], rather than a widespread code-based implementation for practitioners. While existing
structures might offer easily-accessible information regarding their component inventory, the
opposite is the case for newly designed structures and practitioners may be hesitant to carry out
a full loss-driven design consisting of many trials and iterations. Over the years, many risktargeted design methods have been developed, where many of them ([6]–[13]) are risk-targeted
approaches using collapse risk as their primary design objective, while others ([9], [11], [14])
explore the possibility of using economic loss as well. To simplify the codification of these
approaches, alternatives to component-based probabilistic loss estimation are sought.
Ramirez and Miranda [15] looked into simplifying the PEER’s building-specific loss
estimation methodology by creating so-called engineering demand parameters versus decision
variable (EDP-DV) functions, where the structural response parameters, or EDPs, are directly
related to economic loses, or DVs. These functions typically define monetary loss at a storey
level hence are termed storey loss functions (SLF). They provide readymade loss functions
describing the repair costs over a predefined building inventory of damageable components in
a simplified manner, thus reducing the among of data required to be handled for the building’s
inventory during loss assessment. As mentioned earlier, during the design phase of new
buildings, the complete component inventory of the building might not be fully known,
therefore generic SLFs will potentially help avoid the issue of having excessive computations
required in component-based driven approaches. These SLFs have been recently implemented
in Silva et al. [16] for steel buildings in a European context, for example, although options for
reinforced concrete (RC) buildings are generally lacking.
Based on the storey loss estimation framework by Ramirez and Miranda [15], a toolbox for
creating generic user-based SLFs has been developed. Component quantities, fragility and
consequence functions are used as input elements to generate FEMA P-58 compatible SLFs [5].
While the framework by Ramirez and Miranda [15] uses cost distributions for different RC
building occupancies in California, Papadopoulos et al. [17] developed SLFs for steel buildings
in Greece. Similarly, SLFs were developed for URM buildings by Ottonelli et al. [18] and
masonry infill walls by other researchers [19]–[21]. Additionally, recent studies on loss
estimation ([22], [23]) highlighted the need for developing SLFs to cover a wide range of
building characteristics, such as its storey-wise functionality, typology of structure, and
occupancy. Sullivan [23] presented a simplified loss assessment approach to calculate expected
annual loss, EAL, however, a limitation was mentioned, whereby the knowledge of quantity,
distribution, and characteristics of all damageable components within the building inventory
might not always necessarily be readily available and, to address it, SLFs may be used. On the
contrary, Perrone et al. [22] proposed a method for estimating the EAL of Italian RC buildings
using suitable SLFs, further highlighting the need for developing simplified alternatives.
This paper describes the development of a toolbox that allows the automated production of
SLFs through regression analysis using the results of random sampling of component damage
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states and costs, including damage correlation among components. Contrary to past research,
the aim is not to create generic readymade loss functions for a specific building category, but
to develop a tool for any user to create their own functions, based on an existing database of
components, such as FEMA P-58 or expert opinion, without being limited to existing SLF
libraries. The framework implemented within the toolbox is described herein. The main
decisions encompassing the use of the toolbox include: the building characterisation through
the definition of component inventory, defined by component quantities, fragility and
consequence functions; performance grouping of components based on EDP sensitivity;
identification of possible interactions among different components; choosing the number of
simulations for the sampling of damage states; and selecting a regression fitting type. The latter
may be extended by adding more regression options. Finally, the framework is validated with
a case-study application to a generic RC building, and the results are compared with a
component-based loss assessment of the same building (Figure 1) following FEMA P-58.
2

STOREY LOSS FUNCTION ESTIMATION TOOLBOX

As previously mentioned, the framework implemented within the SLF estimation toolbox
consists of the following steps:
1. Building characterisation;
2. Component inventory definition;
3. Component grouping;
4. Consideration of correlations between components;
5. Monte Carlo Simulation of damage states;
6. Repair cost computation;
7. Storey loss function fitting.

Figure 1: Flowchart of storey loss function generation framework.

The first step of the framework is the identification of the building’s characteristics including
the number of storeys, global dimensions, occupancy type and usage. However, if those are yet
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to be identified, SLFs may still be identified for a desired reference area and extrapolated to a
specific building configuration through the actual building area. Once the building
characteristics have been identified, or the reference area selected, a damageable component
inventory may be created. Building occupancy type and structural typology will play a key role
in gaining insight into possible distributions of components if they are not preliminary known,
as is common for new designs. The distributions (mean and uncertainty) of those components
may be obtained from empirical and statistical data, collected from existing buildings and
surveys, or based on expert opinion or personal judgment. The inventory consists of structural,
non-structural components, and building contents likely to be damaged, all of which contribute
to the economic losses deriving from required repair costs following seismic damage.
Typically, the component inventory has information on item types, component quantities,
EDP sensitivity and typology (structural or non-structural) of each component. Three
performance groups are identified unless otherwise specified, and fragility and consequence
functions for the components should be provided. To compile the component database, damage
states and associated fragility and consequence functions may be adapted from the FEMA P-58
database or other similar sources. Additionally, it needs to be specified whether the component
will be affected by the EDP of the floor slab above the current storey or by the supporting floor
slab at the current storey. For example, water distribution piping systems connected to the
ceiling in a storey will be sensitive to the peak floor acceleration (PFA) of the above floor,
while contents, such as electronic equipment will usually be sensitive to the PFA of the
supporting floor. To account for this, a simplifying assumption is made within the toolbox,
whereby the component losses in storey i, but affected by the upper floor, are computed as part
of, or moved to, storey i+1. Even though the physical location of costs with respect to which
storey the loss will be assigned is not quite correct, it will still lead to a correct total cost in the
building.
In order to utilize the framework for 3D buildings, it needs to be applied to both directions
of the building separately. Additionally, each direction will include components oriented along
that direction. Essentially, the analyst would need to identify, for each damageable component
at each storey level, in which principal direction of the building it is sensitive to damage. This
way, the components can be grouped and anlaysed separately using the structural demands in
the two orthogonal directions. To what pertains non-directional components, the framework is
applied only once. In this case, both directions of seismic action are of importance, and the
maximum value of two demand parameters in both directions may be multiplied by a nondirectional conversion factor, as suggested in FEMA P-58, and used for a single SLF in the
analysis. However, interactions of seismic effects in two orthogonal directions on a given
component are not accounted for an in cases where such interaction is expected to be significant,
more advanced methods of loss assessment should be adopted.
Once the component inventory is identified, components may be classified into groups
depending on the type of the component (i.e. structural or non-structural) and their EDP (e.g.
peak storey drift (PSD) or PFA). Components within a performance group will be assessed
together for a mutual demand and subsequent losses will be summed up to estimate the group’s
SLF. In other words, losses from all components within a performance group will be tied to the
same EDP.
Similar to past studies ([15], [17]), the effects of such EDPs, such as vertical acceleration or
building torsion, are not accounted for within the framework. Additionally, as discussed in
O’Reilly et al. [24], torsion could be better dealt with by adopting a component-based approach.
However, if one is to provide the toolbox with fragility and consequence functions associated
with components other than PSD- or PFA-sensitive (e.g. peak floor velocity), the toolbox will
still be capable of producing the appropriate SLFs. This classification of components into
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different performance groups allows the disaggregation of losses at later stages to identify the
main contributors to the economic losses, which can be useful in deciding which type of
retrofitting strategies should be adopted as demonstrated by Carofilis et al. [25].
Similar to the studies of Ramirez and Miranda [15], structural and non-structural
components sensitive to the same EDP may be grouped to allow for the consideration of
possible correlations between the damage states. For example, a specific intensity level may
not result in damage to a specific non-structural component, but it may affect a different
component connected to it that does suffer a degree of damage. To repair this damaged
component, access should be first granted, which foresees the removal of the portion or the
entirety of the undamaged non-structural component. Essentially, for any independent
component i, all damage states (DSs) are assumed to have an independent sequential occurrence
unless otherwise specified and each DS is assumed to be mutually exclusive. A probability of
occurrence is assigned to mutually exclusive DSs, which sum up to 100%. In contrast, if DS j
of component i is dependent on the occurrence of a DS d of a component m, then the DS of
component i is assumed independent of component m unless component m is in DS d or higher
(i.e. DS d in component m triggers DS j in component i). As illustrated in Figure 2, for an EDP
of edp, if component m is in DS3, then even if there is no indication of damage for component
i, the latter component is assumed to be in DS2.

Figure 2: Relationship between causation and dependent components.

With a component inventory identified along with possible correlations among the damage
states of different components, Monte Carlo simulations are performed. For each simulation,
damage and repair costs are sampled for each component within the performance group, where
all costs are added to obtain the performance group’s total loss for a given EDP. Essentially,
the algorithm samples damage states for each component at a given EDP level and for a
specified number of simulations. A random value is generated within 0 and 1 and a DS is
assigned to a component based on its fragility functions. An example describing the relationship
between causation and dependent components is illustrated in Figure 3. At an EDP level of 0.02
(point 1 in Figure 3), if the sampled probability for the causation component is 0.3, then DS3 is
assigned to the component. At the same EDP level, a sampled probability of 0.8 is assigned to
the dependent component, which sets it in DS1. Following the relationship of the components
described in Figure 2, the DS of the dependent component is modified to DS2.
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Figure 3: Damage states and fragility functions of a sample: (left) causation component and (right) dependent
component.

Once damage states for all components have been sampled, repair costs may be evaluated.
For each component, at each sampled DS, the repair cost is assigned based on the provided
consequence function. If the consequence function is represented only by the mean value, then
the mean value is assigned, while if a distribution is provided, then a value as the repair cost is
sampled from the repair cost distribution.
Finally, SLFs for component groups may be identified through regression analysis on
sampled repair costs. More than one analytical expression may be used within the toolbox at
https://github.com/davitshahnazaryan3/SLFGenerator (Figure 4), while possible addition of
new functions may be considered, as future research identifies better alternatives. The Weibull
cumulative distribution function may be used to perform the regression, described in Equation
1:
§
§ § x ·J · ·
(1)
y D ¨1  exp ¨  ¨ ¸ ¸ ¸ 
¨ © E ¹ ¸¸
¨
©
¹¹
©
where, α, β and γ are the fitting coefficients, x is the EDP value and y is the fitted loss value.
Alternatively, the regression model proposed by Papadopoulos et al. [17], defined in Equation
2, may be used:
xD
xJ
(2)

y H D
 1 H J
E  xD
E  xJ
where, α, β, γ, δ and ε are the fitting coefficients, x is the EDP value and y is the fitted loss value.
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Figure 4: Overview of the storey loss function generator interface.

3

EXAMPLE APPLICATION

To demonstrate the capabilities of the toolbox for generating SLFs, a generic case-study RC
building of 3 storeys and a reference area of 432 m2 (Figure 5) is designed according to
Eurocode 2 [26] and Eurocode 8, EC8, [27] provisions. Based on the design, a threedimensional non-linear numerical model was created using OpenSees [28] and incremental
dynamic analysis [29] was carried out. Finally, using the generated SLFs, loss assessment was
carried out and compared with the component-based assessment following the FEMA P-58
guidelines. It is important to note that the results are not meant to be indicative of typical RC
building performance, but more as a comparative exercise between the two approaches. The
building is assumed to be located in the city of L’Aquila, Italy on a stiff clay site according to
EC8’s site classification. The gravity loads, including imposed and dead loads, were assumed
as 8.06 kN/m2 and 6.56 kN/m2 at the general floor and roof level, respectively. The building
has two seismic frames along its perimeter in each of the principal directions. The material
properties used in the design and detailing were 25 MPa for the concrete compressive strength
and 415 MPa for the steel yield strength. No plan or elevation irregularities are present. The
replacement cost of the building was assumed as 1572000€.
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Figure 5: Plan and elevation view of the structural configuration of the case study building.

PFA and PSD sensitive components were considered within the component inventory of the
case study building. Components with sensitivity towards one direction of seismic action and
having the same EDP sensitivity were grouped, while non-directional components were
classified into a different performance group. Moreover, PFA-sensitive components were
grouped depending on the location within a storey and to which EDP they were sensitive. For
example, components such as piping systems located in a storey j but sensitive to the EDP of
the above storey were tied to the PFA of storey j+1, while electronic devices in storey j were
tied to the PFA of storey j, as described previously. Table 1 to Table 3 summarise the mean
structural, PSD-sensitive and PFA-sensitive non-structural component quantities.
Table 1: Mean quantities for the damageable PSD-sensitive non-structural components of the case-study RC
building in X (Y) direction.
ID

Component

B101

Exterior masonry infill with windows

B102

Internal masonry partition

B103

Internal gypsum partition
Non-monolithic precast concrete
stairs
Door
Small window
Medium window
Large window
Very large window
Office chair
Basic chair
Armchair
Oven with cooker
Fridge
Washing machine

B104
B105
B106
B107
B108
B109
B110
B111
B112
B113
B114
B115

Unit
per
m2

per
unit

2580

Quantity per storey
Storey 1 Storey 2 Storey 3
84(63)
72(54)
72(54)
67.75
59.8
59.8
(32.3)
(24.2)
(24.2)
105(75)
95(62)
95(62)
1(-)

1(-)

1(-)

6(4)
2(2)
7(0)
3(0)
1(0)
2(-)
12(-)
4(-)
2(-)
2(-)
2(-)

6(4)
2(2)
7(0)
3(0)
1(0)
2(-)
12(-)
4(-)
2(-)
2(-)
2(-)

6(4)
2(2)
7(0)
3(0)
1(0)
2(-)
12(-)
4(-)
2(-)
2(-)
2(-)
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Table 2: Mean quantities for the damageable PSD-sensitive structural components of the case study RC
building in X (Y) direction.
ID
A101
A102
A103

Component

Unit

Exterior beam-column joint (endhooks)
Interior beam-column joint (weak columns)
Gravity column

per
unit

Quantity per storey
Storey 1 Storey 2 Storey 3
4(-)

4(-)

4(-)

6(4)

6(4)

6(4)

6(-)

6(-)

6(-)

Table 3: Mean quantities for the damageable PFA-sensitive non-directional non-structural components of the
case-study RC building.
ID

Component

C101

Fancoil

C102

Ceiling systems

C103

C106
C107
C108
C109
C110
C111
C112
C113
C114
C115
C116
C117
C118
C119
C120
C121
C122
C123
C124

Lighting systems
Piping systems – water distribution (pipe)
Piping systems – heating distribution (pipe)
Sanitary waste piping
Small bookshelf
Large bookshelf
Luxurious bookshelf
Small wardrobe
Medium wardrobe
Large wardrobe
Small sofa
Medium sofa
Small table
Medium table
3 compartment shelves
4 compartment shelves
5 compartment shelves
Singe bed
Double bed
Kitchen equipment
Computers and notebooks
TV equipment

C125

Fire sprinklers water piping

C126

Fire sprinklers drop
Distribution panel for fire sprinkler
Hydraulic elevator
Battery rack
Battery charger
Distribution panel for the elevator

C104
C105

C127
C128
C129
C130
C131

Above
EDP

Unit
per
unit
per
m2

8

8

8

418.5

418.5

432

20

20

20

0.879

0.879

0.879

0.927

0.927

0.927

per
unit

0.879
2
2
2
2
4
2
1
3
6
2
6
3
2
2
4
2
8
4

0.879
2
2
2
2
4
2
1
3
6
2
6
3
2
2
4
2
8
4

0.879
2
2
2
2
4
2
1
3
6
2
6
3
2
2
4
2
8
4

per
250m

0.753

0.753

0.753

12

12

12

1

1

1

1
1
1
1

0
0
0
0

0
0
0
0

per
250m

1

0
1

0
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Storey
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1
2
3

per
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Knowing the quantities at each storey, creating SLFs necessitates the definition of fragility
and consequence functions for all components within the inventory. Table 4 to Table 6
summarise the damage descriptions, the sources for the function definitions and the fragility
parameters for structural, PSD-sensitive and PFA-sensitive non-structural components,
respectively. For the majority of the components, fragility and consequence functions were
adopted from the available literature ([19], [30], [31]), while for the remaining components,
mean repair costs were based on typical costs expected in Italy. To what pertains the fragility
functions of the latter components, they were primarily tied to fragilities of other components.
This is a correlation assumption between two components, even though it was not directly
implemented. In the absence of fragility functions for some non-structural components, some
assumptions were made using engineering judgment. While many components (e.g. doors,
chairs, fridges, washing machines) were assumed damaged when the interior masonry partitions
have reached collapse DS, others (e.g. windows) were assumed damaged when the exterior
masonry walls have reached collapse DS, considering that collapse of walls or partitions would
damage the adjacent chairs, doors and windows. Similarly, TV and computers were considered
damaged once there was 30% damage and falling of ceiling tiles and many other components
(e.g. bookshelves, wardrobes, sofas, tables, shelves, beds and kitchen equipment) were
damaged once there was large leakage of piping systems.
Table 4: Fragility function parameters and repair costs for PSD-sensitive non-structural components.
Fragility function parameters
ID

B101

B102

B103

B104
B105
B106
B107
B108
B109
B110
B111
B112
B113
B114
B115

Damage states
DS1 Light cracking
DS2 Extensive cracking
DS3 Corner crushing
DS4 Collapse
DS1 Light cracking
DS2 Extensive cracking
DS3 Collapse
DS1 Operational
DS2 Damage limitation
DS3 Significant damage
DS4 Near collapse limit
state
DS1 Non-structural damage
DS2 Structural damage
DS3 Loss of live load capacity

DS1 Damaged

Dispersion

Mean repair cost
€

0.5
0.5
0.4
0.35
0.5
0.5
0.4

62
117
234
234
62
117
234

Sassun et al. [31]

0.18
0.46
1.05
1.88

0.52
0.54
0.4
0.38

34
62
1243

FEMA P-58 [32]

0.50
1.70
2.80

0.6
0.6
0.45

918
4852
30097

Personal judgment

1.88
1.75
1.75
1.75
1.75
1.88
1.88
1.88
1.88
1.88
1.88

0.38
0.35
0.35
0.35
0.35
0.38
0.38
0.38
0.38
0.38
0.38

220
134
212
298
449
199
49
199
569
649
349

Source

Cardone & Perone
[19]
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Median (% for
PSD, g for
PFA)
0.10
0.30
0.75
1.75
0.15
0.40
1.00

Davit Shahnazaryan, Gerard J. O’Reilly and Ricardo Monteiro
Table 5: Fragility function parameters and repair costs for PFA-sensitive non-structural components.
Fragility function parameters
ID

Damage states

C101

DS1 Falls
DS1 5% damaged
DS2 30% damaged
DS3 50% damaged
DS1 Disassembly of rod
system at connections
DS1 Small leakage
DS2 Large leakage
DS1 Isolated support failure
DS2 Multiple supports
failure

C102
C103
C104
C105
C106
C107
C108
C109
C110
C111
C112
C113
C114
C115
C116
C117
C118
C119
C120
C121
C122
C123
C124
C125
C126
C127
C128
C129
C130
C131

DS1 Damaged

DS1 Spraying and dripping leakage
DS2 Joints break – major
leakage
DS1 Damaged
DS1 Damaged
DS1 Batteries spill acid
DS1 Damaged
DS1 Anchorage failure

Source

FEMA P-58 [32]

Personal judgement

FEMA P-58 [32]

Dispersion

Mean repair cost
€

0.4
0.4
0.4
0.4

1035
49
69
99

1.00

0.4

583

0.55
1.10
0.55
1.10
1.20
2.40

0.4
0.4
0.4
0.4
0.4
0.4

1.10

0.4

1.00

0.4

1.10
2.40
0.75
0.95
3.05
0.50
1.11
1.07
3.05

0.4
0.5
0.4
0.4
0.4
0.3
0.6
0.4
0.4

307
2302
307
2302
525
3737
35
80
140
70
126
199
179
399
20
159
80
90
99
169
349
962
1220
610
252
1911
43
43
7298
10753
10032
9560
7298

Median (% for
PSD, g for
PFA)
0.80
0.55
1.00
1.50

Consideration was already given here for correlations among damage states of different
components in the case study building. Components like doors, windows, chairs were tied to
the DS of causation component due to the absence of fragility functions in the literature.
However, additional logical correlations based on engineering judgment were assigned among
other components within the same EDP-sensitivity group. Table 7 describes the damage of the
causation component, as well as its effect on the correlated component. It is important to note
that this set of correlations will not be considered within the component-based loss assessment
framework hence some difference in results should be expected a priori should this aspect have
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a notable impact. However, a demonstration of variation of including such correlations with
respect to ignoring them in an SLF-based approach will be commented on later.
Table 6: Fragility function parameters and repair costs for structural components.
Fragility function parameters
ID

Damage states

A101
A102

DS1 Light cracking
DS2 Concrete spalling
DS3 Concrete crushing

A103

Source

FEMA P-58 [32]
for fragility functions and Cardone
[33] for costs

Median (% for
PSD, g for
PFA)
2.00
2.75
5.00

Dispersion

0.4
0.3
0.3

Mean repair cost
€
2090
3026
4093
1744
2861
4488

Table 7: Correlations between DSs component of the case study building.
Causation
Component
ID
C104

4

Damage description of
causation
component
DS1 Small
leakage

Dependant
Component
ID
C102
C103

Effect on the dependent component
30% damaged
Disassembly of rod system at connections

DS of a dependent
component
DS2
DS1

RESULTS

The toolbox was applied at each storey of the building and SLFs were derived based on the
component data provided previously. Correlations among dependent component DSs were
considered as described in Table 7. For PSD-sensitive components, a set of three SLFs were
derived for both principal directions and the non-directional components, corresponding to each
of the three storeys of the building. For PFA-sensitive components, loss functions for four floors
were derived, based on whether the component was sensitive to the PFA of the above floor or
the floor upon which it is placed. The PACT software [32] provided with FEMA P-58 was used
to conduct the component-based loss estimation, where a non-directional conversion factor was
assumed to be 1.2. Apart from record-to-record variability, no epistemic uncertainty was
considered for simplicity, as this study acts as a comparative study between two methodologies.
To attain the SLFs, performance grouping was applied and Equation 2 was used to carry out
regression and identify mean curves. Sample SLFs for the 2nd storey and 2nd floor of the building
are provided in Figure 6 and regression parameters are provided in Table 8. Losses of nonstructural (NS) components start accumulating at low values of PSD, which is particularly due
to low capacities of interior and exterior infills (Table 4). In contrast, losses of structural (S)
components start accumulating once a certain threshold of PSD value is reached, which could
be attributed to the high capacities of well-designed ductile columns. The toolbox was also
applied assuming component correlations. Figure 6(b) demonstrates the SLFs of PFA-sensitive
components on the 2nd floor of the case study building. The consideration of correlation among
some of the components as detailed in Table 7, has an impact on the losses within PFA values
of 0.5 to 2.5g. The inclusion of correlations results in an increase in vulnerability through the
curves shifting to the left in Figure 6(b).
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Figure 6: SLFs for the case-study building intermediate (2nd) storey level and 2nd floor (Equation 2). (a) PSDsensitive components, (b) PFA-sensitive non-structural components.
Table 8: Regression parameters for the fitted SLFs at the 2nd storey of the case study building using Equation
2.
Performance
group
PSD S
PSD NS
PFA NS,
correlated
PFA NS,
uncorrelated

Direction 1

Direction 2

α

β

γ

δ

ε

α

β

γ

δ

ε

2.435
1.348

2.285
1.892

5.300
1.351

0.970
1.908

1.333
138.3

2.020
1.402

1.676
1.563

2.936
1.406

0.978
1.574

2.168
174.7

2.003

0.271

2.010

0.270

176.7

-

-

-

-

-

2.112

0.410

2.115

0.408

259.7

-

-

-

-

-

Probabilistic seismic hazard analysis (PSHA) was performed using OpenQuake [34] with
the SHARE hazard model [35]. A set of 30 ground motion record pairs were selected from the
NGA West-2 database [36] with each record’s soil type being consistent with that of the site.
Hazard curves obtained from PSHA were used to carry out the loss assessment. Figure 7
illustrates the hazard curve for the selected case study location. The intensity measure (IM)
selected was the spectral acceleration, Sa(T*), at a conditioning period, T*. Since the building
has two principal modes of vibration in two orthogonal directions, following the suggestion of
FEMA P58 [5], a T* of 1.1s corresponding to the arithmetic mean of two orthogonal modal
periods was selected. Non-linear response-history analyses were conducted and the results were
used to carry out loss assessment using the PACT software for a component-based approach
and using the SLFs generated via the proposed toolbox for the SLF-based approach.
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Figure 7: Hazard curve for the site considered in L’Aquila, Italy at a period of 1.1s.

The approach proposed by Ramirez and Miranda [37] was used to perform an SLF-based
loss assessment. Residual deformations are accounted for to compute the probability of the
building being demolished after an earthquake. The economic loss computed consists of the
following terms: losses due to building collapsing; repair costs due to the building’s structural
and non-structural components being damaged; and losses resulting from the demolition of the
building if excessive residual drifts were recorded. For the case-study building, probability of
the building being demolished due to excessive residual drifts is assumed to be lognormally
distributed with a median of 0.015 and a logarithmic standard deviation of 0.3 [37].
Based on the loss assessment results, the expected annual loss (EAL) was computed for the
case study building by integrating the vulnerability curve, expressed in terms of expected direct
economic loss as a function of IM, with the site hazard curve defined according to Equation 3.

EAL

dH

³ E > LT | IM @ dIM dIM

(3)

where dH/dIM is the mean annual frequency of the ground motion IM. EAL disaggregated by
cost type and vulnerability curves are presented in Figure 8. The EAL computed using SLFs
was 0.63%, which is slightly lower when compared to the one computed via the FEMA P-58
component-based approach, which amounted to 0.66%. As observed, the main contribution to
the EAL comes from non-structural components, while structural components represent the
lowest proportion. This demonstrates how structural components designed following seismic
code provisions have larger capacities against damage. The similarity of vulnerability curves,
as well as the proportions of contributions towards EAL, enforce the quality of a more simplistic
SLF-based approach in ensuring proper assessment of losses when compared to the more
rigorous component-based approach.
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Figure 8: (left) Vulnerability curves and (right) expected annual loss showing the breakdown of different
contributors in a comparative assessment between an SLF-based and component-based loss assessment
approach.

Finally, Figure 9 provides the relative contributions to the vulnerability curves as a function
of the return period. As observed, the main contributors at low hazard levels are the nonstructural repair costs. With increasing return period, the costs from collapse and demolition
start increasing, with collapse taking a significant portion of the costs at higher return periods.
Cost contributions form demolition losses are quite high at high return periods, where in the
absence of collapse the building needs to be demolished. Essentially, even though one might
expect for structural component repair costs to increase with increasing return period, as they
undergo damage, it precedes by the building needing demolition or collapse, therefore loss
contributions from structural repair costs are inexistent at higher return periods as well.

Figure 9: Relative contribution to expected loss with respect to increasing return period for a (left) SLF-based
approach and (right) component-based approach. As reference points, the 100, 475 and 2475-year return periods
have been annotated on each plot.

5

SUMMARY AND CONCLUSIONS

With the lack of available tools to develop storey loss functions (SLFs) to fit specific needs,
this article aims to fill the gap by introducing an SLF generation toolbox for seismic design and
assessment of buildings. A description of the toolbox is presented, and it was validated through
an application to a case study building in a comparative study with the more rigorous
component-based loss assessment described in FEMA P-58. Additionally, the toolbox was
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applied to compare the effects of assumptions where component damage states were considered
independent and where the dependency of damage states of different components was assumed.
The main observations from the study are as follows:
x The toolbox can consider component correlations. An example at the 2nd floor of the
building considering peak floor acceleration sensitive components demonstrated that
inclusion of dependencies and interactions of various components may impact the
vulnerabilities avoiding potential underestimations in costs;
x SLFs were developed for the entire case study reinforced concrete building
accounting for the response in both directions and a subsequent loss assessment was
carried out. Results were compared to a component-based loss assessment approach
with a good match in EAL between the two approaches;
x A close match of SLF-based loss estimates to the detailed component-based loss
assessment was observed in the distribution of losses among performance groups per
intensity highlighting the validity of the developed tool and its accurate applicability
for the intended scopes initially outlined;
x While important for loss assessment on existing buildings, the SLF generation
toolbox may be even more of an important tool for new designs within new riskbased design approaches.
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Abstract
The Italian peninsula has been subjected to several destructive earthquakes over the last 50
years which denoted the high vulnerability of the existing building stock. In this context, the
analysis of post-earthquake damages is of paramount importance for manifold reasons, such
as the management of the emergency phase for establishing the usability of buildings and the
identification of the main sources of vulnerability for future risk mitigation plans. Since about
50 years, the post-earthquake usability of buildings is assessed through simplified forms filled
by experts and practitioners during extensive in-situ inspections. The data collected during
the post-earthquake inspections have been recently catalogued in the Observed Damage Database (DA.D.O), which is a freely available platform for the scientific community. Starting
from the data available in the DA.D.O platform, the damage reported by Italian school buildings have been analyzed in order to elaborate a proper school buildings database. The results
of this statistical investigation are used for identifying the main sources of vulnerability characterizing the Italian school buildings and assuming a key role for the empirical calibration
of reliable procedures of large-scale seismic risk assessment, mapping and reduction.
Keywords: Risk Assessment, School Buildings, Post-Earthquake Damages, DA.D.O platform.
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1

INTRODUCTION

The post-earthquake inspections made after major earthquakes in the Mediterranean area
highlighted the high vulnerability of building portfolios, especially with regard to existing
structures built before the introduction of seismic provisions in national and international
building codes. In Italy, the damages observed after the major seismic events occurred over
the last 50 years raised the awareness of public institutions, researchers and practitioners
about the vulnerability of existing buildings and the need for a large-scale seismic risk assessment to promote seismic risk mitigation programs [1-6]. Within this framework, the scientific community has developed several empirical and analytical procedures to define
vulnerability curves for different building typologies, e.g. reinforced concrete (RC) buildings
[7-11], masonry buildings [12-13], precast buildings [14], based on post-earthquake damage
observations. Specific studies dealing with the seismic vulnerability assessment of relevant
building typologies, such as schools [15-17], hospitals [18] and ecclesiastic heritage [19-22]
are also available. Among the most common approaches adopted to assess and mitigate seismic risk, it is worthwhile mentioning also mechanical-based approaches [23-25], rapid visual
screening (RVS) methodologies [26-27] and hybrid methods.
Empirical methods consist in the statistical processing of data about damages observed after past earthquakes. The data analysis allows to estimate the probability of occurrence of a
certain damage state for increasing seismic intensities. The final output is represented by fragility curves, which can be considered vulnerability curves if a certain quantification of the
expected losses is taken into account in the adopted intensity measure (IM). Over the years,
several empirical-based vulnerability functions have been developed by referring to different
building typologies. Qualitative and quantitative measures have been adopted to define the IM
used in the vulnerability curves. In particular, the most widely adopted quantitative measure is
the peak ground acceleration (PGA), while for the qualitative measures, some macro-seismic
scales are defined, such as the Modified Mercalli Intensity (MMI), Medvedev–Sponheuer–
Karnik (MSK) and Mercalli–Cancani–Sieberg (MCS). Qualitative and quantitative measures
are often freely available online for different seismic events [28-29].
The damage probability matrix (DPM) proposed by Braga et al. [30] was one of the first
empirical methods to be developed. It consists in the definition of the discrete probability that
a certain damage - measured according to a macro-seismic scale - occurs in the total sample
of investigated buildings. Braga et al. adopted the MSK scale to apply the DPM method to RC
buildings damaged by the Irpinia earthquake (1980). Rossetto and Elnashai [31] proposed
empirical fragility curves for RC buildings using a database of about 350.000 units. Di
Pasquale et al. [32] developed a loss model based on the damage observed during past earthquakes in Italy. Lagomarsino and Giovinazzi [33] proposed, for several building typologies in
the Mediterranean area, a methodology for relating macro-seismic and mechanical models for
vulnerability assessment, basing on post-earthquake observations. Recent works [6-22] have
refined the empirical methodologies and the related vulnerability and fragility curves by using
large samples of buildings damaged by recent earthquakes. A useful tool for analyzing the
damage occurred after Italian earthquakes has been recently developed by the Italian Department of Civil Protection: the Observed Damage Database (DA.D.O) web-gis platform, which
collects the results of post-earthquake inspections made after the major Italian earthquakes.
Using the data available in DA.D.O. platform, the present study focuses on the assessment
of damages occurred in Italian school buildings after the main Italian seismic events over the
last 50 years. All data have been firstly extracted from DA.D.O. platform and then processed
by taking into account some typological parameters, such as construction typology, year of
construction, number of storeys, area and structural regularity. Once all data have been orga-
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nized in a specific database, they have been processed for a twofold scope: (a) providing a
statistical quantification of the damaged school buildings and their main typological features;
(b) providing vulnerability curves, according to the defined building classification.
2

DA.D.O. PLATFORM: A DATA COLLECTION OF EARTHQUAKE RELATED
DAMAGE OVER THE LAST 50 YEARS IN ITALY

The Da.D.O. web-gis platform has been conceived with the specific purpose to collect,
catalogue and compare data related to damage and structural characteristics of buildings inspected after earthquakes occurred in Italy over the last 50 years. Data from ten seismic
events characterized by a high seismic intensity are provided [34]: Friuli 1976; Irpinia 1980;
Abruzzi 1984; Umbria-Marche 1997; Pollino 1998; Molise 2002; Emilia 2003; L’Aquila
2009; Emilia 2012, Garfagnana 2013. A summary of the general information present in the
database is provided in Del Gaudio et al. [8], which reports that the total number of inspected
buildings amounts to 320.000, subdivided among 78% of masonry buildings, 8% of RC buildings and 14% for other construction typologies. Since the survey forms have been modified
over the years, the information available for each seismic event can vary. Presently, postearthquake inspections are carried out by using the AeDES form [36], which was firstly introduced following the Umbria-Marche 1997 event. Previously, different survey forms were
adopted (former versions of the AeDES form). For each seismic event collected in the Da.D.O.
platform, Table 1 reports the key information accessible for each building. In particular, the
information available in each survey form can be summarized in five macro-sections:
1.
2.
3.
4.
5.

Building registry: general information and location of the buildings (e.g. year of construction, latitude and longitude, municipality, census code);
Geometry: main typological and geometrical features (e.g. number of storeys, qualitative estimate of area, inter-storey height);
Use destination: information about the use of the building from stakeholders (e.g.
building use, number of occupants, strategic destination);
Position in urban context: information about the position of the building (e.g. reference with the position of near buildings, soil and topography);
Construction typology: main structural features (e.g. construction material, presence of
retrofit devices, regularity).

The level of completeness and the quality of the data depends on the seismic events, more
detailed information being available for more recent earthquakes. Table 1 reports a general
indication about the level of detail of the recorded information distinguishing between: complete (C), incomplete (I) and absent (A) information. Regarding the building registry, all survey forms contain some details, however, for the first three considered events (Friuli 1976,
Irpinia 1980 and Abruzzi 1984), the latitude and longitude are referred to the municipality in
which the buildings are located and not to the specific location of the analyzed building. Concerning the geometry, the survey forms used after the first three events only report the plan
dimension, while from the Irpinia 1980 earthquake the number of storeys and inter-storey
height are also available. Only the data about the Abruzzi 1984 earthquake do not report the
inter-storey height. The forms used in the first three events did not provide details about the
use of the buildings, while for the Umbria-Marche 1997 and the Pollino 1998 earthquakes this
information is reported, allowing to classify the buildings also based on their strategic importance. With regard to the position in the urban context, the form used in the Friuli 1976
earthquake reports if the building is isolated, outer-edge or in the corner of other building
complexes. Only in the case of the Irpinia 1980 and the Abruzzi 1984 earthquakes, this data is
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not reported. Lastly, with reference to the construction typology, complete information is provided for all seismic events but for the first three events only the construction material is reported.
Seismic event
Friuli 1976
Irpinia 1980
Abruzzi 1984
Umbria-Marche 1997
Pollino 1998
Molise 2002
Emilia 2003
L’Aquila 2009
Emilia 2012
Garfagnana 2013

Building registry
I
I
I
C
C
C
C
C
C
C

Geometry
I
C
I
C
C
C
C
C
C
C

Use destination
A
A
A
I
I
C
C
C
C
C

Position in
urban context
I
A
A
C
C
C
C
C
C
C

Construction
typology
I
I
I
C
C
C
C
C
C
C

Table 1: Summary of the key information reported in the survey forms adopted after the Italian seismic
events occurred over the last 50 years (information about damage data are herein excluded)

As for the details related to the identification of the building’s features, also the damage
classification is related to the survey form adopted for the post-earthquake inspections. The
forms used for the first three considered seismic events (Friuli 1976, Irpinia 1980 and Abruzzi
1984) do not allow to identify the damage extension [8]. The form adopted following the
Friuli 1976 earthquake only allowed to classify buildings based on their global damage state,
while more detailed information was introduced in the forms adopted during the following
earthquakes. In particular, starting from the Pollino 1998 earthquake, it was possible to collect
details about the damage state of five building components (vertical structures, horizontal
structures, stairs, roofs and infill panels or non-structural elements). Table 2 reports the damage levels adopted in each survey form by grouping the different damage states in four main
sub-categories. More in detail, the survey form adopted after the Friuli 1976 earthquake provides a synthetic judgement about observed damages (from destroyed to undamaged) subdivided in five damage levels (L0-L4). The survey form adopted after the Irpinia 1980
earthquake presents eight damage levels (L0-L7), while in the case of Abruzzi 1984 earthquake, the damage state was classified distinguishing between five damage levels (L1-L5)
defined according to the EMS98 scale. From the Umbria-Marche 1997 earthquake, the AeDES survey form was introduced and the damage levels were classified according to damage
states (D) defined according to the EMS98 scale.
It is worth mentioning that in the DA.D.O platform the details provided by the Institute of
Geophysics and Vulcanology (INGV) for the characterization of the seismic events are also
reported. This data includes: shake maps [37], date, magnitude, distance, geographic position
(epicentre and hypocentre) and macro-seismic intensities in terms of Mercalli-CancaniSieberg scale (IMCS) [38].

Seismic event
Friuli 1976
Irpinia 1980
Abruzzi 1984
Umbria-Marche 1997

Damage levels
5
8
5
3

Heavy damages
L3-L4
L5-L6-L7
L4-L5
D4-D5
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Medium damages
L2
L3-L4
L2-L3
D2-D3

Light
damages
L1
L1-L2
L1
D0-D1

Null
damage
L0
L0
/
/
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Pollino 1998
Molise 2002
Emilia 2003
L’Aquila 2009
Emilia 2012
Garfagnana 2013

4
4
4
4
4
4

D4-D5
D4-D5
D4-D5
D4-D5
D4-D5
D4-D5

D2-D3
D2-D3
D2-D3
D2-D3
D2-D3
D2-D3

D1
D1
D1
D1
D1
D1

D0
D0
D0
D0
D0
D0

Table 2: Summary of the damage classification in the survey forms used after the main Italian seismic
events, considering 4 macro-sections of damage: heavy, medium, light and null.

3

SCHOOL BUILDINGS DAMAGED BY ITALIAN EARTHQUAKES:
STATISTICAL ANALYSIS ON THE SPECIFIC-CLASS PARAMETERS

Using the data available in the DA.D.O platform, all the school buildings damaged following the selected seismic events have been classified and statistically analysed. As reported in
Table 1, the usage of the buildings was not available for seismic events occurred before 2002.
In order to identify the school buildings for all considered seismic events, the information
provided by DA.D.O platform has been compared with the Open Data about Italian schools
provided by Italian Ministry of University and Research (MIUR) [39]. For each damaged
building, DA.D.O provides the latitude and the longitude, while the MIUR database provides
the address and the municipality of all Italian school buildings. Using reverse geocoding algorithm [40], latitude and longitude of all Italian school buildings have been found and matched
with latitude and longitude of the damaged buildings, by imposing a tolerance -in absolute
value- to the fourth decimal place. The summary of the identified school buildings, subdivided for construction typology, is provided in Table 3.
Seismic event
Friuli 1976
Irpinia 1980
Abruzzi 1984
Umbria-Marche 1997
Pollino 1998
Molise 2002
Emilia 2003
L’Aquila 2009
Emilia 2012
Garfagnana 2013

Number of school buildings extracted by
DA.D.O.
/
/
3
153
25
248
17
616
577
/

RC [%]

Masonry [%]

Other typologies [%]

/
/
0.0
15.0
12.0
48.8
0.0
54.7
34.9
/

/
/
100.0
79.5
64.0
35.1
88.2
27.8
44.7
/

/
/
0
5.5
24.0
16.1
11.8
17.5
20.4
/

Table 3: Number of school buildings damaged by Italian seismic events over the last 50 years, accounting
for the construction typology.

For Friuli 1976 earthquake, for the fixed tolerance, the matching procedure has not provided any useful results. The Irpinia 1980 earthquake, although several data are available, has
been discarded because for this event the coordinates available are referred to the municipality
and not to the specific location of the building. For Abruzzi 1984, Umbria-Marche 1997 and
Pollino 1998 earthquakes, several units have been identified, as reported in Table 3. Although
the adopted identification procedure can be affected by uncertainty, some random checks have
been performed, observing a good level of accuracy. The distribution of the selected school
buildings along the entire territory can be displayed using the extracted data. Figures 1 and 2
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report the identified school buildings for Pollino 1998 and Emilia 2013 earthquakes and, additionally, the IMCS for each municipality.

Figure 1: Distribution of school buildings damaged by Umbria-Marche 1997 earthquakes, with indication of IMCS
for each municipality.

Based on the defined school building database, several observations can be made on damaged
masonry and RC school buildings, with the aim to evaluate the entire school building portfolio damaged by recent Italian earthquakes. Firstly, the year of construction for masonry and
RC school buildings has been analyzed (Figure 3) NC indicates the school for which this information was not available. As expected, about 75% of masonry units were built before 1961
and about 90% before 1980. A different situation is observed for RC school buildings, where
about 60% of the units were built before 1980. In 1980, the first seismic building code was
released in Italy. This aspect suggests that the greater part of masonry and RC school buildings was not designed according to seismic details, which highlight a high seismic vulnerability of the building portfolio.

2596

Sergio Ruggieri, Chiara Tosto, Daniele Perrone, Giuseppina Uva, Maria Antonietta Aiello

Figure 2: Distribution of school buildings damaged by Emilia 2013 earthquakes, with indication of IMCS for each
municipality.

Figure 3: Percentage of masonry and RC school buildings, subdivided for year of construction parameter.

Figure 4 reports the number of storeys by distinguishing between masonry and RC
buildings. Approximately 75% of the masonry and RC school buildings have three or fewer
storeys. This observation implies that most of the damaged Italian school buildings can be
classified as low-rise buildings (this evidence is also reported in several scientific works, e.g.
[25, 27]). No particular evidence can be extracted from the inter-storey height parameter:
about 85% of the RC school buildings presents values that range from 2.50 m and 3.50 m,
while the remaining 15% presents higher values. The inter-storey height is more discretized
for masonry buildings; higher inter-storey heights are observed in the schools built before
1920 (> 5.00 m), while inter-storey heights ranging from 3.50 m to 5.00 m have been observed for more recent buildings.
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Figure 4: Percentage of masonry and RC school buildings, subdivided for number of storeys parameter.

Less homogenous is the distribution of the area parameter. As shown in Figure 5, about 40%
of masonry school buildings and 25% of RC school buildings have an area ranging from 50
m2 to 300 m2, while about 50% of masonry and RC school buildings presents an area comprised from 300 m2 to 1200 m2. The high percentage of buildings characterized by large plan
dimensions might suggests that this parameter can influence the seismic behavior.
As for the area parameter, also the structural regularity is an important parameter for defining
the seismic vulnerability. This information is not available for all the units. In particular, the
data available for school buildings damaged by Abruzzi 1984 and Umbria-Marche 1997
earthquakes do not report information on regularity and then they have been classified as NC.
Looking at the percentage of regular and irregular school buildings, Figure 5 reports a summary for all the units. It is evident that about 50% of masonry and RC buildings presents
structural irregularities. This aspect needs to be taken into account, considering that the structural irregularity assumes a key role in the seismic response of buildings.

Figure 5: Percentage of masonry and RC school buildings, subdivided for area parameter.

2598

Sergio Ruggieri, Chiara Tosto, Daniele Perrone, Giuseppina Uva, Maria Antonietta Aiello

Figure 6: Percentage of masonry and RC school buildings, subdivided for structural regularity parameter.

4

EMPIRICAL ESTIMATION OF THE SEISMIC BEHAVIOUR OF ITALIAN
SCHOOL BUILDINGS: DAMAGE DISTRIBUTION AND VULNERABILITY
CURVES

The data collected in the DA.D.O. platform reports the results of the inspections made by
practitioners and researchers rushed to the scene in the days after the earthquakes. As for rapid visual screening procedures, the definition of the damage state is based on the surveyors’
experience, although some guidelines describing the different damage states are available. As
previously discussed, it is worth mentioning that the survey forms adopted over the years can
differ both in terms of investigated structural elements and damage classification. The survey
form adopted in the Abruzzi 1984 earthquake contains judgments only about vertical and horizontal structures, while the one employed in the Umbria-Marche 1997 earthquake also considers damage to stairs. A complete information is provided for the Irpinia 1980 earthquake
and for earthquakes after the Pollino 1998 and the Molise 2002 earthquake (AeDES form), in
which damage data about vertical and horizontal structures, stairs, roofs and non-structural
elements (such as infill panels for RC buildings) are present.
Basing on the developed school buildings database, it is possible to provide a critical discussion on the damages reported by school buildings after the selected earthquakes, by means
of DPMs. Since the damages in AeDES form are classified according to the EMS98 scale, it
is necessary to convert the damage levels reported for those earthquakes in which the AeDES
form was not adopted (see Table 2) into the EMS98 measure scale. The methodology proposed by Del Gaudio et al. [8] has been adopted for the conversion into the EMS98 measure
scale. Then, DPMs can be elaborated, as shown in Figures 7 and 8, accounting for horizontal
structures, stairs, roofs and non-structural elements and by separating the RC and masonry
school building samples.
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Figure 7: DPM for masonry and RC school buildings, accounting for damages on horizontal structures and stairs.

The results of the statistical analysis show that about 85-90% of the RC buildings have a
damage level D0 and 10% have a damage level D1, with regard to horizontal structures, stairs
and roofs. Despite the sample was not sorted for year of construction, few damages were detected. Different evidence is shown for non-structural elements (e.g. masonry infill panels and
partitions), which show about 40% of units having damage level D1 and about 20% having
damage levels ranging from D2 to D5. For non-structural elements, similar percentages are
reported for masonry school buildings, for which non-structural elements present damage levels greater than D0 for about 55% of the units. Again for masonry buildings, DPMs show several damages on horizontal structures (about 45% of buildings have a damage level greater
than D0), whereas few units present damages to stairs and roofs.
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Figure 8: DPM for masonry and RC school buildings, accounting for damages on roofs and non-structural elements.

With regard to vertical structural elements, data can be processed by means of vulnerability
curves. In particular, the entire set of school buildings has been subdivided into three samples:
(a) Masonry school buildings, (b) RC school buildings designed before 1980 (pre 1980), (c)
RC school buildings designed after 1980 (post 1980), by assuming 1980 as the threshold year
that separate the buildings with and without seismic details. To this scope, for each unit of the
three samples (Nunits), damage data are reported in Figure 9, in which the abscissa reports the
IMCS identified for each municipality and the ordinate reports the mean damage (μD), evaluated as the weighted average of the buildings having a certain damage “DS” equal to an assigned value of damage “ds”. This formulation, as proposed in [8], is reported in the
following:
(1)
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Figure 9: Vulnerability curves of RC and masonry school buildings damaged by Italian earthquakes.

Three points have been obtained for each value of IMCS and all points have been fitted
by lognormal cumulative functions and by optimizing the problem, assuming the minimum of
the sum of squared errors between the set of points and the proposed curve. The result shows
that RC buildings designed after 1980 present lower damages also for the highest values of
the IM assumed, while the trend increases for RC buildings designed before 1980. Masonry
buildings present substantial damages for high values of IMCS, also arriving at values of μD
equal to 0.4. Overall, the obtained vulnerability curves present a safer scenario for RC buildings than masonry ones. The observed low values of μD, also for higher values of IM, requires
to better investigate the vulnerability of this typology of buildings, also considering other
damage sources. As a matter of fact, it seems that the RC school buildings did not suffer damages.
5

CONCLUSIONS AND FUTURE DEVELOPMENTS

This study has analyzed the effects of earthquakes occurred over the last 50 years on the
Italian school building portfolio. The data collected in the DA.D.O. platform have been used
to perform this investigation. A database including information about masonry and RC school
buildings surveyed after Italian earthquakes has been created. A critical discussion of the key
features of Italian school buildings, accounting for construction typology, year of construction,
number of storeys, area and structural regularity is provided. In addition, a post-processing of
the damages suffered after the selected seismic events has been carried out, by providing
damage probability matrices for damages on horizontal structures, stairs, roofs and nonstructural elements and vulnerability curves accounting for damages on vertical structural elements.
The results of the statistical investigations have provided a basic idea about the seismic
performance of Italian school buildings. The database will be used for future investigations
aimed at defining a taxonomy of Italian school building and identifying the main vulnerability
sources, basing on the damages suffered during past seismic events. The elaboration of the
information collected in the database can assume a key role for future empirical procedures,
aimed at investigating the seismic risk at regional scale for school buildings and at providing
strategies of seismic risk mapping and reduction.
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GF9;5F8GHC:@CCF=BH9FJ9BH=CBG$*H<9ACGH9::=7=9BHGC@IH=CBG:CF<=GHCF=75@6I=@8=B;G
5F9 H<9 =BG9FH=CB C: 6F57=B; GMGH9AG CF H<9 =BGH5@@5H=CB C: 8CI6@9 H=A69F D@5B?G =B CF89F HC
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9::97H=J9B9GGC:H<9=BH9FJ9BH=CB
$5GH@M H<9 7CA6=B98 5DD@=75H=CB C: 8=::9F9BH =BH9FJ9BH=CBG 75B =ADFCJ9 9J9B ACF9 H<9
G9=GA=7F9GDCBG9C:H<96I=@8=B;
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'2*,35'3: /6+(8/0*/2-6= (/* /6+(8/0*/2-6> 

 
'B79H<9:F5;=@=HM7IFJ9G:CFH<95G6I=@H7CB:=;IF5H=CB5B8H<9=BH9FJ9BH=CBGHF5H9;=9G5F9
89:=B98H<9M75B69=AD@9A9BH98=BH<9!*%D@5H:CFA!*%=G5HCC@89J9@CD986MI79BHF9
:745*&3 (*397* +47 97&.3.3, &3) 7*8*&7(- .3 *&79-6:&0* *3,.3**7.3, :CF H<9 !H5@=5B
9D5FHA9BHC:=J=@(FCH97H=CB=H9@56CF5H9GG9=GA=7<5N5F8JI@B9F56=@=HM5B89LDCGIF985H5=B
!H5@M=BCF89FHCDFC8I7985A5;95B8F=G?A5DG,<9<5N5F8IG98=BH<9D@5H:CFA=GH<9%(+ 
<5N5F8AC89@89J9@CD986MH<9&5H=CB5@!BGH=HIH9C:9CD<MG=7G5B8.C@75BC@C;M2 3,<9
9LDCGIF9:CFF9G=89BH=5@6I=@8=B;G89F=J9G:FCAH<9!H5@=5B79BGIG85H5!+,,5B8=GDF9G9BH98
=BH9FAGC:BIA69FC:6I=@8=B;G8K9@@=B;GCFH<9=FHCH5@:@CCF5F955HAIB=7=D5@=HM@9J9@$5GH@M
JI@B9F56=@=HM75B697IGHCA=N985B8<5GHC69;=J9B5G5B=BDIH6MH<9IG9F!BH<=GKCF?H<9
:F5;=@=HMAC89@G89:=B98=BT  K9F9IG98
CA6=B=B;H<9G9H<F997CADCB9BHG!*%75B9@56CF5H9A5DGC:7CB8=H=CB5@85A5;95B8
F=G?=9H<9F9HIFBD9F=C8=GG9@97H985GK9@@5GA5DGC:IB7CB8=H=CB5@85A5;95B8F=G?G=9
5BC6G9FJ5H=CBH=A9K=B8CK=GG9@97H98
!B H<=G KCF? A5=B@M H<9 8=F97H 97CBCA=7 @CGG9G 75IG98 6M 95FH<EI5?9G K9F9 H5?9B =BHC
577CIBH ,56@9  G<CKG H<9 D9F79BH5;9G C: H<9 F9D5=F CF F9D@579A9BH 7CGH 5G 5 :IB7H=CB C:
6I=@8=B;85A5;9!B!*%H<989:5I@HF97CBGHFI7H=CB7CGH=G  [ A5B8H<=GJ5@I9K5G
?9DHH<FCI;<CIH5@@H<9G=AI@5H=CBG,<9D5F5A9H9FGDFCDCG98=B!*%K9F975@=6F5H98CBH<9
57HI5@F9D5=F7CGHG=B7IFF985:H9FH<9!H5@=5B95FH<EI5?9C:$ZEI=@5 2  3
,<9 5B5@MG9G 75FF=98 CIH =B H<9 :C@@CK=B; T   5B8 T   F9:9F HC 5B IB7CB8=H=CB5@ H=A9
K=B8CKC: M95FG5B85F9F9@5H98HC5HMD9GC=@FC7?GCFJ9FMF=;=8GC=@G@GCG=B79H<9
JI@B9F56=@=HMAC89@G89G7F=698=BT  CB@MF9:9FHC6I=@8=B;G69@CB;=B;HC(F9  5@@H<9
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DCGG=6=@=HMC:=BH9FJ9BH=CBDF9G9BH98=BT  6CH<=B8=J=8I5@5B87CA6=B98=BH9FJ9BH=CBG




 

 

 

 

2611

/+753'54'2+6+$+532/)'300'*350/6'!'0+5'2*5'2)+6)'*'3573

 

 

&(&-%!8 ,"

/-85+ 351'0/<+*(+2+,/7 1'463,7'0;,357.+5+753,/7/27+59+27/326)326/*+5+*
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,<=G7CBG=89F5H=CB7CI@869G=;B=:=75BHK<9BD@5BB=B;A=H=;5H=CB57H=CBG5HH9FF=HCF=5@G75@9
034%(/(),4$/$-83,3
!BCF89FHC5GG9GGH<9F95@97CBCA=79::97H=J9B9GGC:H<9=BH9FJ9BH=CBG5B5@MN98H<969B9:=H
<5GHC697CAD5F98K=H<H<97CGHC:H<9G9=BH9FJ9BH=CBG!BD5FH=7I@5F=G8=J=8986M
H<IGC6H5=B=B;5B=B89L
/<9B=G9EI5@HCCF;F95H9FH<5B H<=GA95BGH<5HH<969B9:=H9L7998GH<97CGHA5?=B;H<9
=B=H=5@ =BJ9GHA9BH 97CBCA=75@@M F95GCB56@9 ,<9 @CK9F H<9 J5@I9 C:  H<9 @9GG 97CBCA=75@@M
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!B H<=G DFC798IF9 957< !H5@=5B AIB=7=D5@=HM K=@@ <5J9 9=;<H =B8=79G  CB9 :CF 957<
=BH9FJ9BH=CBDFCDCG98,<9;FCIDC:9=;<H=B8=79G:CF957<AIB=7=D5@=HMK=@@A5H7<CB9C:H<9
:C@@CK=B;75G9G
 =:GCA9CF5@@C:H<9A5F9;F95H9FH<5B =9ACF9H<5B C:H<9=B=H=5@7CGHK=@@
69HCH5@@MF97CJ9F98=B M95FG5ACB;H<9CB9GH<5HA99HH<=G7CB8=H=CBH<9ACGH
D9F:CFA=B;=BH9FJ9BH=CB=G7<CG9B=9H<9CB9H<5H;=J9GH<9;F95H9GH69B9:=H
 =:GCA9CF5@@C:H<9A5F9@CK9FH<5B 6IH;F95H9FH<5B  =969HK99B 5B8
 C:H<9=B=H=5@7CGHK=@@69HCH5@@MF97CJ9F98=B M95FG5ACB;H<9CB9GH<5H
A99HH<=G7CB8=H=CBH<97<95D9GH=BH9FJ9BH=CB=G7<CG9B=9H<9CB9GK=H<H<9@CK9GH
7CGH
 =:5@@H<9=B8=79G5F9@9GGH<5B  =9@9GGH<5B C:H<9=B=H=5@7CGHK=@@69HCH5@@M
F97CJ9F98=B M95FGBC=BH9FJ9BH=CBGHF5H9;M=G7CBG=89F989::97H=J99BCI;<
G75B69BCH=798H<9J5@I9 G9HG5897=G=CB6CIB85FM=B75G9=BH9FJ9BH=CBG<5J9 
H<9=FD9F:CFA5B79=GH5?9B=BHC577CIBHK<=@9K<9B H<9=F5::CF856=@=HMK=@@697CBG=89F98
:=FGH,<=G7<C=7975B699LD@5=B98F9A9A69F=B;H<5HH<9J5@I9G<9F975@7I@5H98CB@MH5?9=BHC
7CBG=89F5H=CBH<98=F97H@CGG9G=:5@@H<9CH<9F7CGHGK9F969=B7@I898H<9J5@I9GC:KCI@8
5DDFCL=A5H9@M8CI6@92 3
=;IF9 G<CKGH<9F9GI@HGC:H<=G75@7I@5H=CB:CF957<!H5@=5BAIB=7=D5@=HM

/-85+ 367+,,+)7/9+2+661'4*+5/9+*,5317.+)367(+2+,/7'2'0;6/6

=FGH@MH<9A5DG<CKG<CKACF9=BJ5G=J9=BH9FJ9BH=CBG5G:CF9L5AD@97CA6=B98CB9G
5F9 97CBCA=75@@M 9::97H=J9 =B 5F95G K=H< 5 <=;<9F G9=GA=7 <5N5F8 9BHF5@ !H5@M &CFH<5GH
!H5@M,<97<C=79C:K<=7<GD97=:=7=BH9FJ9BH=CBG<CI@869=AD@9A9BH98C:H9B89F=J9G:FCAH<9
9LDCGIF9=BH<9GD97=:=75B5@MN98AIB=7=D5@=HM!BNCB9GK=H<5A98=IA@CKG9=GA=7<5N5F8
IGI5@@M=B8=J=8I5@=BH9FJ9BH=CBG5F97CBG=89F98GI::=7=9BH/<9F9G9=GA=7<5N5F8=GJ9FM@CK
BCF9HFC:=H=BH9FJ9BH=CBG99AG97CBCA=75@@M9::97H=J9=B5H=A9K=B8CKC: M95FG

2613

/+753'54'2+6+$+532/)'300'*350/6'!'0+5'2*5'2)+6)'*'3573

(&06(284,.(0)4+(,/,4,$-&0340),/4(26(/4,0/3
'H<9FH<5BH<97<C=79C:H<9ACGH9::97H=J9=BH9FJ9BH=CBGHF5H9;M=H=G=BH9F9GH=B;HC9J5@I5H9
=B<CKA5BMM95FGH<97CGHC:=BH9FJ9BH=CBG75B69F97CJ9F98=9=BK<5HM95F9:FCAH<985H9
CBK<=7<H<9=BH9FJ9BH=CBK5G=AD@9A9BH98H<969B9:=H:I@@MF97CJ9FGH<9=B=H=5@7CGH!B
CF89FHC8CGCH<969B9:=H=G=B=H=5@@M75@7I@5H98:CF5H=A9K=B8CKC: M95F5B8H<9BID85H98
M95F6MM95FHCC6H5=B5;FCGGDF9G9BHJ5@I9#577CF8=B;HC9EI5H=CB 
 
K<9F9+=GH<9=B:@5H=CBF5H95B87=GH<98=G7CIBHF5H9CFH<=GKCF?+  5B87  K9F9
5GGIA982 3
MID85H=B;H<969B9:=HH<9F9K=@@695M95F9K<9BH<969B9:=HF957<9GCFCJ9F7CA9G
H<9 =B=H=5@ 7CGH  ,<=G F9DF9G9BHG =B8998 H<9 F97CJ9FM H=A9 C: 5B =BH9FJ9BH=CB ,<9 A5DG =B
=;IF9G<CKH<9F97CJ9FMH=A9C:H<9=BH9FJ9BH=CBG7CBG=89F98
,<9G=B;@9@=;<H=BH9FJ9BH=CBCBA5GCBFM%+& F9GI@HGHC<5J9H<9G<CFH9GHF97CJ9FMH=A9
=B@5F;9D5FHC:H<9B5H=CB5@5F958I9HC=HGK9@@65@5B79869B9:=HG5B87CGHGC:=BH9FJ9BH=CB
'H<9FHMD9GC:@=;<HF9HFC:=HGHF5H9;=9G=BGH958GI7<5GH=9FC8G5F9GIF9@M@9GG9LD9BG=J96IH
H<9DFCJ=89869B9:=H5DD95FGHC69=BGI::=7=9BHHC9::97H=J9@MF97CJ9FH<97CGH5@69=H@=A=H98C:
=BH9FJ9BH=CB
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• G=AD@=:=98A97<5B=75@A9H<C8K5GIG98HC7F95H9:F5;=@=HM7IFJ9G:CF(F9  6I=@8=B;G
6CH<=BH<9=F5G6I=@H7CB:=;IF5H=CB5B8K=H<G=AI@5H98F9HFC:=H=BH9FJ9BH=CBG
• +CA9 5DD@=75H=CBG C: H<9G9 :F5;=@=HM 7IFJ9G <5J9 699B G<CKB =B H9FAG C: F=G? A5DG
%=H=;5H98 F=G? A5DG K9F9 7F95H98 G<CK=B; H<9 8=::9F9B79 69HK99B H<9 5G6I=@H
7CB:=;IF5H=CB 5B8 H<9 F9HFC:=HH98 CB9 ,<FCI;< 5 7CGH69B9:=H 5B5@MG=G H<9 7CGH
9::97H=J9B9GGC:H<9F9HFC:=H=BH9FJ9BH=CBGK5G9J5@I5H98CF957<!H5@=5BAIB=7=D5@=HM5
GD97=:=7 =BH9FJ9BH=CB GHF5H9;M K5G 7CBG=89F98 ACF9 7CBJ9B=9BH 89D9B8=B; CB G9=GA=7
<5N5F85B89LDCGIF975@7I@5H=CB:CF9GH=A5H=B;H<9F97CJ9FMH=A9C:H<9=BH9FJ9BH=CBG
K5G5@GCDFCDCG98
• ,<9A5DGDF9G9BH98=BH<=GD5D9F75B699GG9BH=5@HCC@G:CF5IH<CF=H=9G5B8897=G=CBA5?9FG
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Abstract
The estimation of expected seismic losses at regional scale represents a critical issue for the
assessment of the seismic risk and for the evaluation of the seismic resilience of large communities. As a basic step, the assessment of economic losses requires the computation of the
building performances in terms of engineering demand parameters such as interstorey drift
ratios and peak floor accelerations in order to assess the distribution and the extent of the
damage experienced by various building components. The Stick-IT model (Stick for Infilled
frames Typologies) was recently proposed to predict the response, in terms of engineering
demand parameters, for infilled RC building typologies. Stick-IT is a MDOF system consisting of a series of lumped masses connected by nonlinear shear link elements. The model parameters can be defined for building typologies starting from low level information that can
be easily retrievable at the large scale via image-based processing techniques integrated with
generic information about typical construction features, such as in plan dimensions, the number of stories or the percentage of infills openings and considering the infills consistency.
This paper adopts the Stick-IT model to predict damage and expected losses for a set of RC
infilled buildings located in L’Aquila town. The application shows the advantages and the potentiality of the proposed model when adopted for large scale loss assessments.
Keywords: nonlinear response history analysis; IDR; PFA; Stick model.
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1

INTRODUCTION

The PEER framework [1] allows estimating the expected losses in the aftermath of damaging earthquakes involving a four-step procedure: hazard analysis, structural analysis, damage,
and loss analysis. In this context, the structural analysis is required to calculate the building
performances expressed in terms of engineering demand parameters (EDPs) such as interstory drift ratios (IDRs) and peak floor accelerations (PFAs). The EDPs may be used to predict the distribution and the extent of the damage in structural, non-structural components and
building contents and then, relying on suitable cost functions, are often adopted to quantify
the economic losses.
At the building level, the most complete procedure to assess building structural performances consists of performing Nonlinear Response History Analyses (NRHA) on refined finite element models (e.g., [2]). However, the structural modeling and computational effort
required for the analysis at the single building level are not suitable also for large-scale analyses. To overcome this issue, faster and simpler approaches are required. In this sense, different approaches were proposed in the last years relying on static analysis performed on refined
[3] or simplified models [4]-[6], or on NRHAs performed on simplified models (e.g., shear
models [7]). The latter models has been demonstrated to describe the non-linear characteristics and failure modes of multi-story buildings with sufficient accuracy both at the building
scale and at the regional scale, enabling to capture the story-level damage concentration due
to seismic loads [8]-[10]. Further, appropriate calibration of the simplified MDOF model, depending on specific features of the building typologies to be assessed, improves the accuracy
of response prediction [7]. Recently, in Gaetani d’Aragona et al. [11] a simplified multidegree of freedom (MDOF) model, named Stick-IT, was proposed to evaluate the response of
building typologies representative of RC infilled moment resisting frames. The model was
calibrated to represent the behavior of infilled Italian typologies and has been demonstrated to
reliably predict the building response and direct economic losses when compared to more refined finite element models [12].
In Gaetani d’Aragona et al. [11] simplified formulas based on few geometrical and structural parameters are proposed to define the structural model. The formulations require assumptions in defining the infill consistency which may affect structural behavior and the assessment of repair costs [7]. The definition of these properties can be of difficult when dealing
with the assessment of the behavior of a large building portfolio and need to be hypothesized
on the basis of specific considerations based on construction techniques in force in the analyzed region also depending on the construction time. For this reason, in this paper, the impact
of these assumptions on the assessment of repair costs is analyzed.
Following, the Stick-IT model is first briefly introduced. Next, the adopted methodology to
evaluate expected seismic losses is described and an application of the model for L’Aquila
town is presented.
2

STICK-IT FOR RAPID EDP ASSESSMENT

In Gaetani d’Aragona et al. [7], building typologies representative of RC infilled moment
resisting frames are modeled with simplified Stick model (Stick-I), which is a MDOF NonLinear Shear Model consisting of a series of masses lumped at the story level and connected
in series by means of nonlinear shear springs; the Stick-I model is developed for each direction of the building (see Figure 1).
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Y
X

Figure 1: Simplified Stick model for infilled RC frames.

The story-level backbone of such spring is approximated by a four-linear backbone curve
which can be defined based on 7 parameters (Figure 2). To simulate the hysteretic behavior,
and in particular the pinched response and the strength and stiffness cyclic degradation of the
story-level spring link element, the Pinching4 material available in OpenSees [13] is adopted.
In general, such material requires the definition of 21 parameters governing the pinching response as well as stiffness and strength deterioration.
For generic level j
Fmax
݅ ൌ ݂ ሺL, Gw, Dop, nj/ntot)
 ݎܿܨൌ ݂ ሺL, Gw, Dop, nj/ntot)
Fcr
 ݔܽ݉ܨൌ ݂௫ ሺL, Gw, Dop, nj/ntot)

K2
K1

K4 K3

Fu

 ݑܨൌ ݂௨ ሺL, nj/ntot)
 ܮൌ ܻܮݎܺܮ

Figure 2: Definition of Stick-IT parameters for envelope curves.

In Gaetani d’Aragona et al. [11] an evolution of the stick model to predict the response
of existing infilled RC typologies was introduced. The latter, denominated Stick-IT (i.e. StickI referred to a building Typology), is characterized by suitable parameters enabling to describe the backbone and hysteretic behavior at the generic story of the typology. In order to
derive the story-level backbone and hysteretic parameters of Stick-IT, in [11] a regression
study was performed on a large database, comprising 5632 Stick-I models. The database of
Stick-I models was obtained with the following procedure: (a) assemble a large portfolio of
building FE models with simulated design procedure; (b) determine the backbone (depending
on 7 model parameters) for stick-I referring to longitudinal and transversal directions for all
the building models in the generated portfolio; (c) perform calibration of the hysteretic behavior for stick-I model adopting a generic algorithm GA procedure and determine hysteretic
model parameters (7 model parameters for the pinching4 material).
The regression study was finalized to describe the Stick-IT model as a function of few
variables, mainly those ones that could be easily retrieved for large scale studies, e.g. from
rapid on-site surveys or remote sensing procedures. As a result of the regression study performed in [11], given the building storey class ns, the Stick-IT backbone curve at each story
can be derived by the following parameters: dimension of the building in the analyzed direction (L=Lx or Ly depending if longitudinal or transversal direction is considered), the normal-
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ized storey number for the generic ith level nnsi(=i/ns) and the opening percentage Dop, representing the area of openings for the infills with respect to of the infill area for each panel. In
addition, the infill elastic shear modulus Gw is considered to represent the infills consistency.
The model parameters for envelope curves are expressed with an exponential type formulation as in Eq. (1), that expresses the generic parameter Pb,i of the backbone curve at the ith storey:
a6
(1)
Pb ,i a1  a2  La3  Gwa 4  (1  D op ) a 5  nnsi
In Eq. (1) L is the dimension of the building in the analyzed direction (L=Lx or Ly depending if longitudinal or transversal direction is considered), while other parameters are explained
above.
Concerning the parameters defining the hysteretic behavior, a simplified approach was
adopted in Gaetani d’Aragona et al. [11], assuming that the pinched behavior is symmetric in
both the positive and the negative direction and neglecting the strength deterioration mode.
This way the number of parameters defining the hysteretic behavior of the spring is limited to
3 pinching parameters and 4 degradation parameters depending on energy. Eq. (2) expresses
the stiffness deterioration index (δki) as a function of ncyc depending on two parameters gK2
and gK4:
gK 4
(2)
G ki gK 2 ncyc
d gK lim
Similar expression can be adopted for deterioration of reloading stiffness. For further details, please refer to Gaetani d’Aragona et al. [11].
3
3.1

APPLICATION TO L’AQUILA TOWN
Building inventory

In the aftermath of L’Aquila earthquake, the Italian government fully funded the reconstruction process of damaged buildings. In Del Vecchio et al. [14] the repair costs for a database
composed of 120 residential buildings damaged and repaired after L’Aquila earthquake is analyzed. The repair costs were defined and calculated, after suitable design, by practitioners
during the reconstruction process. In this paper, the repair costs by Del Vecchio et al. [14] are
adopted as a reference for comparison of repair cost predictions.

Figure 3: Location of selected buildings (black dot) and accelerometric stations (AQU, AQK).
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Generally, damage and loss assessment of large building portfolios is carried by grouping
buildings with similar characteristics (e.g., [15]). However, the method analyzed in this paper
lend itself to be applied considering more specific building features as explained above.
For this application, a subset of 6 buildings from the database analyzed in Del Vecchio [14]
was selected (see Figure 3). The buildings were selected to be close to the accelerometric station and to have approximately a rectangular shape in plan, to be representative typical heigth
distributions in the town (3,4, and 5 stories). In Table 1, the main geometrical features for the
analyzed buildings are reported, including the angle of orientation with respect to North, the
number of stories (ns), the Surface Area (SA), and the longitudinal and transverse building
dimensions (Lx, Ly).
id
1
2
3
4
5
6

Angle to N(°)
5
30
45
45
30
35

SA (m2)
274
256
90
170
210
193

ns
5
5
4
4
3
3

Lx (m)
23.60
18.00
12.70
17.00
20.40
16.60

Ly (m)
11.60
14.20
7.10
10.00
10.30
11.65

Table 1: Geometry of the selected buildings.

3.2

Seismic hazard

The 2009 L’Aquila earthquake was characterized by a magnitude Mw=6.3 and a faultnormal mechanism at about 9 km depth and an epicentral distance from L’Aquila city of
about 6 km. For the analysis, the acceleration time-histories recorded for the L’Aquila earthquake by two different accelerometric stations (AQU, AQK) located in proximity with the
analyzed buildings were analyzed. Both ground motion records were recorded on soil class B,
with a PGA ranging between 0.25-0.35g, and were extracted from the Italian Accelerometric
Archive (ITACA 3.1, http://itaca.mi.ingv.it/). Figure 4 represents the 5%-damped Pseudoacceleration spectrum for both records in the N-S and E-W directions.
1.2

Sa(g)

AQU N-S
AQU E-W
AQK N-S
AQK E-W

1

0.8

0.6

0.4

0.2

T(s)
0
0

1

2

3

4

Figure 4: 5%-damped Pseudo-acceleration spectrum for AQU and AQK ground motion records.
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The horizontal components of the selected records were suitably scaled in order to account
for the local amplification at the building site, and rotated according to the orientation of the
principal directions of the structure [16].
3.3

Model and Structural Analysis

The structural analysis is performed via NTHA for each selected building, considering the
simplified Stick-IT model generated according to the procedure described in §2 and by adopting median parameters for regression parameters. The building geometry (i.e., approximate
longitudinal and transversal dimensions as well as number of stories) necessary to retrieve
model features can be obtained with rapid image-based processing techniques (e.g., [17]-[18]).
However, in this study, such features were derived from the original building database [14].
The analyzed buildings are assumed approximately regular both in plan and in elevation. Finally, the storey mass is obtained multiplying the surface area SA(=Lx∙Ly) by unit load of 1.1
tons/m2. For the upper story the unit load is assumed equal to 0.9 tons/m2.
The infill panel consistency, represented by the infill thickness, shear modulus, and opening percentage are considered as a variable parameter to quantify its influence on the building
response and assessment of repair costs. To this end, three different thicknesses for the infill
panels are considered, 20cm-24cm-30cm, corresponding to weak, medium and strong infill,
respectively, according to Hak et al. [19]. To simulate different infill thicknesses, the procedure proposed in [12] is adopted. The opening percentage is considered constant and equal to
20% of the area of the infill panel. The adoption of different opening percentages along the
height also significantly influences the builing response and the distribution of lateral deformations (e.g., [21]-[22]). However, this effect is not investigated in this study.
For each one of the two ground motion records in §3.2, each model was analyzed by rotating and scaling the ground motion components in the two separate directions (longitudinal
and transverse).
The Stick-IT model is able to predict the intensity and distribution of Engineering Demand
Parameters such as Interstory Drift Ratios (IDRs) and Peak Floor Accelerations (PFAs).
However, in this study only IDRs are evaluated, since only damage experienced by driftsensitive components is considered.
As an example, Figure 5 depicts the maximum IDR profiles obtained for the Stick-IT model of the building with ‘id 1’ (see Table 1) subjected to the two records AQU and AQK and
analyzed in the two orthogonal directions. As an assumption, the longitudinal direction is the
direction of maximum extension of the building in plan. For this reason, due to the largest
amount of infill panels, it represents the direction characterized by higher capacity to withstand to lateral loads, and with lower deformability. In particular, due to the lower excursion
in the nonlinear range for the longitudinal direction, the IDRs for AQU and AQK are much
closer than those obtained in the transverse direction, where the two records may lead to significantly different IDR (due to concentration of damage) and the maximum IDR may be localized in a different story.
In particular, the Figure 5(a)-(c) depicts the shape of IDR for varying infill thicknesses.
Obviously, the higher the infill panel thickness, the lower the maximum experienced IDR.
However, while for the transverse direction this effect is evident, in the longitudinal direction
this effect is negligible. Further, by keeping as a reference the panels with tw=24cm, the maximum scatter between different thicknesses is obtained for the AQK record in the transverse
direction, at the third story, where a scatter of 76% in IDR value is achieved. The effect of
infill thickness produces a significant variation of IDR [22], and thus of the potential damage
experienced by drift-sensitive components.
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Figure 5: Distribution of maximum IDRs for (a) tw=20cm, (b) tw=24cm and (c) tw=30cm for building ‘id 1’.

3.4

Damage and Loss assessment

In this section the damage and loss assessment is performed adopting global indicators (i.e.,
EDPs) as a proxy for damage prediction. To this end, suitable EDP-dependent damage functions for both structural and nonstructural components specifically calibrated for typical Italian standard components need to be adopted. For residential buildings the largest amount of
repair costs mainly depends on damage to infills and partitions [14]. For this reason, this paper limits the assessment of repair costs only referring to the costs related to repair of infill,
partitions and integrated components (i.e., plumbing and electrical system, doors and windows).
With reference to the infill walls and interior partitions, Del Gaudio et al. [23] recently
proposed damage fragility functions for typical Italian hollow clay infills, with and without
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openings, based on the analysis of a large experimental dataset. The proposed values were
adopted to capture the observed damage experienced by exterior and interior infills at different stories.
Direct losses associated to infills, partitions and integrated components are calculated by
adopting the cost function developed in Del Vecchio et al. [14] for Italian standards. The
functions include the cost of all the repair actions needed to restore the building to its preevent conditions depending on the presence/absence of openings, the damage state experienced, and the extension of the damaged components.
The extent of damageable components need to be quantified based on a simulated architectural layout that can be obtained based on the procedure reported in [12]. In particular, the
procedure assumes that infill wall panels extend along the whole exterior perimeter of the
building, while partitions are located along each bay in each building direction. Further, it is
considered that the 50% of exterior infill panels has openings while the 50% has no openings,
and interior partitions are always classified as elements with openings. The simulation of the
architectural layout, significantly influences the prediction of repair costs, while it has no influence on the building structural response. Thus, in this section the extent of partitions will
be also varied in order to quantify the influence of this assumption. In particular, it will be
considered the 100% of the extension of the simulated layout and then, the 50% and the 150%
of the extension obtained for interior partitions. For instance 50% means that only the one half
the bays in the longitudinal and transverse direction of the building, the number and extension
of which depends on the simulated design, are filled with partitions. Finally 150% of the extension of the simulated layout means that there is the 50% more of partitions with respect to
those simulated. Instead, the extension of perimeter infills is considered invariant.

Figure 6: Actual vs Predicted repair costs to infill panels, partitions and integrated components for tw=20cm24cm-30cm.

The damage level was calculated by adopting as input parameters the IDR for each story
and direction obtained in §3.3. The maximum repair cost between those obtained considering
the records AQU and AQK is assumed as a reference. By summing up the repair cost between
each story and direction, the total repair cost for infills, partitions and integrated components
is calculated. For each story, it is assumed that the level of damage for the generic type of
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component (i.e., infill/partition with openings or without openings) is the same throughout the
story, but may be different between orthogonal directions. Figure 6 depicts the comparison
between the actual and the predicted repair cost obtained by adopting different infill wall
thicknesses (and 100% of the extension of infill/partitions obtained via simulated architectural
layout). It can be noted that the prediction is in general acceptable, and it is most approximated when adopting tw=24cm.
In particular, for tw=20cm the mean (median) ratio between the predicted and the actual repair cost for infills, partitions and integrated components is 1.39 (1.15). For tw=24cm these
ratios reduces to 1.00 (1.04), and for tw=30cm to 0.93 (0.81). The maximum scatter between
predicted and actual repair cost is achieved for tw=20cm and is of 134%. Thus, the mean consistency for infill panel seems to lead to more reliable predictions for repair costs. However,
this assumption should be validated on a larger building database.
Another assumption regards the extension of damageable components. This is expected to
be an influential parameter in terms of estimation of repair cost, characterized by a larger dispersion due to extreme variability of the possible configurations of the interior architectural
layout. Obviously, the incidence on the total repair cost due to the different architectural layout of interior partitions mainly depends on the surface area of the building.

Figure 7: Actual vs Predicted repair costs to infill panels, partitions and integrated components for tw=24cm and
considering 50% and 150% of simulated architectural layout for interior partitions.

As evidenced in Figure 7, which depicts the comparison between the actual and predicted
repair cost considering different extensions for interior partitions (architectural layout), accounting for lower extension leads to underprediction or repair costs, while larger extension to
overprediction of repair costs. In this case, by adopting the IDRs obtained considering the
mean infill consistency for the model, the adoption of 50% of initial simulation of partition
layout leads to a median (and median) underestimation of repair costs with respect to the actual ones of 15% and to an overestimation of 23% if a 150% of the initial layout is adopted,
suggesting that the original simulated layout leads to the best prediction of repair costs. Finally, the maximum scatter between predicted and actual repair cost of ±30% is obtained for the
single building.
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4

CONCLUSIONS

This study presents the first comparisons of a simplified loss assessment procedure to
evaluate expected seismic losses at the large scale.
The procedure is based on the adoption of a simplified multi degree of freedom
MDOF Stick-IT model introduced in [11], which allows to rapidly calculate the performance
of infilled RC buildings in terms of engineering demand parameters EDP such as interstory
drift ratios, IDRs, and peak floor accelerations, PFAs, using Nonlinear Response History
Analyses.
The loss assessment procedure was tested on a set of 6 buildings damaged and repaired after the 2009 L’Aquila earthquake. Firstly, main building features such as in plan dimensions and story number were retrieved, and a building inventory defined. Then, the StickIT model were defined for each one of the considered building. Next, after rotating and scaling two ground motion records for the L’Aquila earthquake, NRHA were performed by
adopting the Stick-IT models. The response for each typology was expressed in terms of maximum IDR along building height. Finally, by adopting suitable cost functions, the repair costs
for infills, partitions and integrated components are calculated and compared to the actual repair costs for these components.
In this study the validity of some assumptions to be adopted for large scale assessment
purposes were tested. Firstly, the model requires the definition of the consistency of infill
panels that contribute to the resistance and deformability against lateral loads. While this parameter is easy to define at the building level, it is of difficult definition for a large building
portfolio for which only low-level information are available. By considering three possible
consistencies according to the technical literature (weak, medium and strong), it has been
found that the ‘mean’ consistency for infill panels generally leads to the best prediction for
repair costs of infill, partitions and integrated components, while the other generally leads to
an overestimation or underestimation of repair costs due to a different prediction of lateral
deformations that is about 40% in terms of mean error for the considered building set, while a
maximum scatter of 135% may be achieved for the single building.
Further, also the simulated design procedure adopted to quantify of the extension of damageable components was tested. This is characterized by a large dispersion due to extreme
variability of the possible configurations of the interior architectural layout. The influence of
this quantification alter the prediction of repair cost of about 20% in mean terms for the considered building set, while it leaded to a maximum scatter of about 30% for the single building. However, it is expected that the influence of this parameter is conditioned on the in plane
shape ratio and the surface area of the building, and further studies are required to quantify the
effect of these hypoteses.
In this proposed study, median values for definition of Stick-IT model parameters as proposed in [11] were employed. However, due to the large amount of uncertainties in the StickIT model definition, a fully probabilistic framework application would allow a more realistic
assessment of repair costs. Moreover, time-based assessment of expected seismic losses could
be performed by repeating the evaluation at various level of earthquake intensity according to
the seismic hazard of the area. Future studies will address these issues.
Despite this application is limited to the assessment of infills, it shows the possibility
to easily implement the proposed methodology for rapid estimation of expected losses at the
large scale. Other cost-functions could be adopted, suitably accounting, e.g. for costs of acceleration sensitive components.
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Abstract
Strong seismic events are the main cause of serious damage to cultural heritage, especially to
historical churches characterized by a lack of efficient resisting mechanisms and by high vulnerability due to their structural systems peculiarities. Their poor seismic performance is
demonstrated by the recurrence of specific seismic damage mechanisms. In this paper, an empirical probabilistic damage predictive model recently presented in the literature is used to
provide a scenario dependent risk assessment in a seismic prone area in Italy. In this response
model, the damage is expressed by a continuous index and the seismic action is described by a
scalar intensity measure. For the illustrative case study, a sample of churches falling into a
limited area of Marche Region, hit by the Central Italy 2016 seismic sequence, has been chosen.
The sample includes all the historical churches belonging to the Archdiocese of Camerino-San
Severino. The damage scenario following a seismic event of magnitude 5.8, generated by the
Camerino fault, has been evaluated to illustrate the capability of this model in the prediction
of post-earthquake situation. Risk maps obtained by means of the method presented in the paper, can provide a notable support to the organization of post-event emergency actions and to
the planning of preventive actions for the risk mitigation.
Keywords: Historical churches; Seismic damage; Predictive empirical model; Shear-wave
velocity.
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1

INTRODUCTION

The Italian territory is popular for its high number of historical churches constituting a very
dominant part of the cultural heritage for the country. Unfortunately, most of the Italian territory
is characterized by high seismicity and the effects of seismic events on the cultural heritage
may be destructive, as demonstrated over the last years by seismic sequences, such as Irpinia
earthquake (1980), Umbria Marche earthquake (1997), Molise earthquake (2002), L’Aquila
earthquake (2009), Emilia Romagna earthquake (2012), Central Italy seismic sequence (2016).
Churches are characterized by structural and typological vulnerabilities higher than vulnerabilities of ordinary masonry buildings [1]. This bad seismic performance is caused by specific
architectural configurations, such as large halls, absence of internal diaphragms, and presence
of vaults and arches.
Studies carried out after seismic events, highlighted that the seismic response of churches is
featured by a set of macro-elements, such as façade, transept, nave, apse, characterized by independent dynamic behaviors [2]; this is also confirmed by different analytical studies on the
vulnerability assessment of single churches (e.g. [3-5]) and of groups of churches (e.g. [6-8]).
In addition, the analysis of the observed damage after past seismic events, such as the UmbriaMarche 1997 earthquake [9-11], the Molise 2002 earthquake [12], L’Aquila 2009 earthquake
[13-15], the Emilia 2012 earthquake [16,17], and Central Italy 2016 seismic sequence [18-23]
demonstrated that damage mechanisms have constant characteristics, in spite of the uniqueness
of each structure.
Starting from the damage observed after the seismic events, it is possible to define empirical
predictive models relating damage with intensity measure. In literature, studies on this topic
provided statistical analyses of the damages and models based on a discrete description of damage (damage limit states) [10, 13, 15, 18, 21, 23, 24, 25, 26].
Moreover, thanks to the enhancement of the seismographic network in recent years, recorded
ground motions allow to develop more accurate relationships between ground motion intensity
measure and observed damage. Indeed, recent works avoided the approximate description provided by macro-seismic scales and preferred a description based on objective measures of the
ground motion, such as the Peak Ground Acceleration (PGA) [18, 21, 23, 26].
A probabilistic response model based on the analysis of data coming from post-earthquake
surveys of historical churches has been defined in [27]. This empirical probabilistic damage
model relates the measure of the ground motion intensity to the overall damage index, defined
in a continuous range.
In this paper, an application of this predictive probabilistic damage model has been developed, considering a strong event generated by the main local seismogenetic source that struck
514 historical churches (Archdiocese of Camerino-San Severino) located in this seismic prone
area. A damage scenario following an event of magnitude 5.8 generated by the Camerino fault
has been considered and the intensity measure at the site of each church has been evaluated
using the Ground Motion Prediction Equations of Sabetta and Pugliese [28]. In addition, the
effects of local site amplification due to soil type is taken into account by means of the specific
values of the time-averaged shear-wave velocity VS,30 . The application depicts the potentialities
of the model in the prediction of post-earthquake damage scenarios model, and the potential
use of this risk assessment in the decision-making process by simulating a problem often arising
in the post-event emergency phase, regarding the selection of those historical churches that may
have suffered the highest damage levels.
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2

EMPIRICAL DAMAGE PROBABILISTIC MODEL

In this section, a brief introduction of the damage probabilistic model proposed by Morici et
al. [27] and used in the following, is reported.
The model assumes that the damage index is a continuous random variable D , and the values d are in the domain [0,1] while the seismic intensity is described by a positive scalar random variable I , in the domain i  0, f . The boundary value d 0 represents the case of
marginal damage while d 1 represents the case of collapsed church.
The probability to observe a damage level lower than an assigned value d , given the seismic
intensity, defines the system response, described by the following Cumulative Density Function
(CDF)
FD I d i

P ª¬ D  d i º¼

(1)

where d  > 0,1@ . The conditional CDF of damage, given i , can be expressed in the form:
FD I d i

F0 i H d  1  F0 i  F1 i FD* I d i  F1 i H d  1

(2)

since the expected conditional Probability Density Function (PDF) is expressed by a continuous
function in the open interval (0,1), and discontinuities are awaited at the boundaries d 0 (no
damage) and d 1 (collapse).
In Equation 2, F0 i provides the probability of observing d 0 , F1 i the probability of
observing a damage d 1 , and the function FD* I d i; Θ d is a conditional CDF describing the
distribution of damage probability for the range 0  d  1 . H x is the Heaviside step function,

1 for x t 0 and it is 0 elsewhere.
The associated conditional PDF has the form

such that H x

fD I d i

F0 i G d  1  F0 i  F1 i

f D* I d i  F1 i G d  1

(3)

where G is the delta Dirac function that expresses the derivative of the Heaviside function,
while f D* I d i is the derivative of FD* I d i with respect to d . Figure 1 shows the conditional CDF FD I d i and PDF f D I d i adopted in the model.
The functions F0 i; Θ 0 and F1 i; Θ1 are selected from the exponential family according
with the available data and model discussed in [27]. In particular, the functions assume the
6.32 i
0.076 i
forms F0 i e
and F1 i 1  e
. The conditional PDF f D* I d i; Θ d consists of a
combination

f D* I d i

of

two

Exponential

1
 4.91119.2474 i d
 4.91119.2474 i
e
e
A i

e

Distribution
 4.5176 12.4867 i 1 d

term A i is a normalization coefficient A i

³

1

0

e

Functions
 4.5176  12.4867 i

(EDF),
where the

f D* I d i dd . Finally, in the model, the

measurement of the seismic intensity is described by means of the Peak Ground Acceleration
(PGA).
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Figure 1: (a) Conditional CDF and (b) conditional PDF assumed in the [27] model.

3

APPLICATION OF THE PROBABILISTIC DAMAGE MODEL

3.1 Seismic scenario
In this paragraph, the evaluation of a damage scenario is presented, the Camerino fault has
been considered as the seismic source and the damage expected in the set of historical churches
belonging to Archdiocese of Camerino-San Severino, has been evaluated.
The Fault is located to a depth of 9-15 km (Figure 2b) and it is characterized by a potential
magnitude Mw=5.8, testified by the seismic event of 1799 that had a complex, and probably
multiple, source that produced two separate areas of maximum damage [29]. The fault belongs
to the Central Apennines fault system, where the active faults consist of arrays of distinct overlapping segments which may be unconnected or linked into a single continuous fault surface
[30] as illustrated in Figure 2c. In addition, unconnected adjacent faults may interact each other
through their stress fields, activating different earthquake sequences [30]. However, according
with [31], it is possible to assume that the surface faults, belonging to each seismogenic zone
responsible for generating single seismic events with multiple ruptures, are the surface manifestations of earthquake-related deformation.
Figure 2a reports the geographic location of Camerino fault, and Figure 2b shows the distribution of the historical and recent seismic activity of the region and the areas mainly damaged
after the event of 1799, identified with light blue rectangles [29]. Finally, Figure 2c displays
the Central Apennines Fault System where measured active surface faults and related deep seismogenic structures are also shown [30].
The distribution of intensity measure f I i in terms of PGA, given the epicentral distance
r and the magnitude M , is evaluated by using Ambraseys et al. Ground Motion Prediction
Equation (GMPE) [28] that assumes the form

log10 I

C1  C2 M S  C4 log10 U  C A S A  CS S S  H V

(4)

where H V is a 0-mean Gaussian random variable with standard deviation V that represent
the inter-event residual, S A and S S are dummy variables depending on superficial soil category
(rock, stiff, soft and very soft soil), U

r 2  h02 contains the epicentral distance r and the fic-

titious depth h , and C1 , C2 , C4 , C A , CS are the model constants.
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Camerino fault

(a)

Depth [km]

(c)

(b)

Figure 2: (a) Geographic location of Camerino fault; (b) Distribution of the historical and recent seismicity of the
area with the areas mainly damaged after the 1799 earthquake [29]; (c) the Central Apennines Fault System [30].

In this study, parameters of the Eq. (4) are evaluated from the work [28] and the following
values are assumed: C1 =-1.48, C2 =0.266, C4 =-0.922, C A =0.117, CS =0.124 and h0 3.5 ,
while the standard deviation of H is equal to 0.25. The dummy variables S A and S S refer to
the site classification: for VS,30  180 m/s , S A
180 m/s d VS,30  360 m/s , S A

0 and S S

0 and S S

1 (very soft soil), for

1 (soft soil), for 360 m/s d VS,30  750 m/s , S A 1

and S S

0 (stiff soil), and for VS,30 ! 750 m/s , S A 0 and S S 0 (rock).
The possible effects of local amplification caused by the local geology of the site and identified by the category of soil, are evaluated by means of the VS,30 parameter. The VS,30 value
represents the time-averaged shear-wave velocity to 30 m depth, and it is representative of the
soil deformability. The specific VS,30 of each church site has been selected on the basis of the
studies of USGS [32-33].
Figure 3 shows the distribution of the VS,30 at each church site derived from the USGS VS,30
Map Viewer. The table reports the number of historical churches placed in sites with different
range of VS,30 . Figure 4a shows the distribution of the mean value of intensity measure for each
kth church ( k 1,..,514 ) where the index has been assigned after the churches have been ordered according to the expected intensity measure. Figure 4b reports the PDF of the intensity
f Ik i expected at each kth church, considering their epicentral distance and the relevant VS,30 .
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It can be observed that the seismic intensity is mainly related to the epicentral distance while
the local amplification related to VS,30 plays a secondary role.
The distribution of damage can be evaluated by combining the damage model with the distribution of seismic intensity:

FDk d

³





FD d f Ik i di

(5)

where FDk d is the CDF of the damage relative to the kth church.
k
k
Figure 5 reports the CDF FD d and the related PDF f D d of damage for each church. It

can be noticed that the probability of observing undamaged churches d

0 increases with

the reduction of the seismic intensity.

Churches location
Camerino fault

Vs,30 [m/s2]
0 < Vs,30 ≤ 240
240 < Vs,30 ≤ 300
300 < Vs,30 ≤ 360
360 < Vs,30 ≤ 490
490 < Vs,30 ≤ 600
600 < Vs,30 ≤ 760

Figure 3: VS,30 distribution over the territory for the churches of the Archdiocese of Camerino San-Severino.
f Ik i

i [g]

kth Church

kth Church

i [g]

k th Church

(a)

(b)

Figure 4: (a) mean expected intensity measure of seismic hazard; (b) distribution of intensity given epicentral
distance
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FDk d

f Dk d

kth Church

kth Church
(a)

d

d

(b)
k

k

Figure 5: Damage distribution given epicentral distance and VS,30: (a) CDF FD d and (b) PDF f D d .

Figure 6a shows the distribution of the mean damage P D and P D r V D where V D is the
standard deviation of each church, over the seismic intensity. Figure 6b reports the 25nd percentile, the median, and the 75nd percentile for the damage of each church. Moreover, also the
extreme values corresponding to the 5 and 95 percentiles are reported.
Finally, Figure 7 describes the overall damage scenario expected for the churches of the
Archdiocese of Camerino- San Severino, by combining results obtained from the damage models with the location of the historical churches. In details, the expected mean value of d of
each church is illustrated by a red color scale and the table reports the number of historical
churches suffering of different levels of damage.
k

d

k

k

k

95%

P Dk
P Dk r V Dk

75th

d

50th
25th
5%

i[g]

i[g]

(a)

(b)

Figure 6: Damage distribution given seismic intensity (a) mean damage and (b) percentiles of damage.

3.2 Decision making
The damage scenario, that represents the combination between the response model and the
seismic hazard, may be used to take decisions concerning specific actions oriented to mitigate
the seismic risk or to improve the emergency management.
In particular, the following decision problem concerning the emergency management is considered to illustrate the potentialities of the methodology presented for the risk assessment.

2637

C. Canuti, M. Morici, A. Dall’Asta, G. Leoni

Churches location
Camerino fault

dk
0 < d1 ≤ 0.10
0.10 < d2 ≤ 0.15
0.15 < d3 ≤ 0.20
0.20 < d4 ≤ 0.25
0.25 < d5 ≤ 0.30
0.30 < d6 ≤ 0.35
d7 > 0.35

Figure 7: Damage distribution over the territory for the churches of the Archdiocese of Camerino San-Severino.

After a seismic event, the total set of churches must be divided into two subsets where, in
one case, a damage larger than an assigned threshold is expected while, in the other case a
damage lower than this threshold is expected. The sub-division is based on the location of the
churches. A percentage of misclassification is expected in both the subsets, and the study wants
to divide the total set in such a way that the misclassification is minimized.
The churches have been classified considering the median value of the seismic intensity at
their site. This is an information usually available after the seismic event and it depends on the
church location only, so that a classification based on the geographical position is possible. The
median value of the intensity can be evaluated by Eq. 4, neglecting the last term related to the
uncertainties. A threshold i0 is chosen to divide the total set into two subsets where the median
value of the expected intensity is lower or higher than i0 .
The number of churches falling in the set where the median value of the intensity is lower
than i0 is denoted by n0 i0 . It can be concluded that the total probability to observe the event

E0 in this subset can be obtained by combining the probability to observe a damage lower than
the threshold d with the probability of selecting a church in this subset

PE ª¬ E0 i0 º¼

1
n0 i0

¦

n0 i0
0

³

d

0

f Dk d dd

(6)

while PE ª¬ E1 i0 º¼ 1  PE ª¬ E0 i0 º¼ provides the probability to observe the event E1 within the
same subset.
In this analysis, two threshold damage values d 0.1 and d 0.2 have been considered.
Figure 8 shows the trends of PE ª¬ E0 i0 º¼ and PE ª¬ E1 i0 º¼ , the value of seismic intensity i0 that
minimizes the probability of misprediction is highlighted by the dashed line. The optimal values
of the seismic intensities i0 are 0.1240g for d 0.1 , and 0.1708g for d 0.2 , respectively.
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PE ¬ª E i0 ¼º

d
i0

PE ¬ª E i0 ¼º

0.1

0.1240

i0

d

0.2

0.1708

PE ª¬ E 1 i0 º¼
PE ¬ª E0 i0 ¼º
PE ª¬ E 1 i0 º¼
PE ª¬ E0 i0 º¼

(a)

i[g]

(b)

Figure 8: Probability of the two events E0 and E1 for different threshold of the intensity, for d

d

4

i[g]

0.1 and

0.2 .

CONCLUSIONS

An illustrative application, starting from the empirical predictive model for the seismic damage of historical churches recently presented in the technical literature, has been proposed in
this paper. In this empirical probabilistic model, the damage is expressed by a continuous index
and the seismic action is described by a scalar intensity measure. A sample of churches falling
into a limited area of Marche Region hit by the Central Italy 2016 seismic sequence has been
chosen for the illustrative case study.
A specific scenario has been considered, assuming a seismic event of magnitude 5.8 generated by the Camerino fault. The probability distribution of damage has been evaluated for 514
historical churches, according to their locations and the mechanical properties of the soil. Results have been discussed and risk maps have been presented.
Potential use of this risk assessment methodology in the decision-making process has been
illustrated by simulating a problem often arising in the post-event emergency phase: the selection of those historical churches that may have suffered the highest damage levels.
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1

Abstract
In this paper, a framework developed for the seismic risk assessment and loss estimate of the
Health-Care sector is described. The methodology herein presented derived from a wider
study that refers to a multi-hazard (earthquake, hurricane, flood, landslide, rockfall, avalanche) and multi-asset (healthcare and energy infrastructure).
The loss estimate is based on the probabilistic modelling of hazards and asset vulnerability
and an overall assessment of the impact generated from the suffered damage treated as a deterministic consequence of it.
Specifically, the total impact computation is based on the combined analysis of different aspects, such as physical damages, service reduction, and social impact. For the sake of completeness also the impact is evaluated per each aftermath level. It must be pointed out that in
so doing the loss computed per each impact can be ensured as hazard independent.
An important role in the impact evaluation is also played by resilience. A simplified evaluation of preparedness and resourcefulness at asset and local level is performed to originate a
set of resilience-based coefficients which, in turn, are used to influence the evaluation of the
loss per each impact component and level of damage.
Finally, the Expected Annual Loss (EAL) is provided as the exponential relation between the
probability of damage occurrence expressed as mean annual frequency, and the loss, expressed in economic terms. So, this relation can define the properties of damage occurrence
and loss of each possible event. Thanks to the quantitative approach of the framework it can
be seen how each risk aspect influence the curve properties, such as the horizontal stretch due
to resilience influence on the loss degree and the vertical stretch due to vulnerability effect on
the damage occurrence.
Keywords: Asset Integrity Management, Loss assessment, Probabilistic assessment, Expected Annual Loss, Territorial scale, Decision Support System
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1

INTRODUCTION

When assessing the risk posed by a certain hazard the first parameter to be qualified is its
frequency of occurrence. The definition is deeply related to the relevant historical data for a
given geographic reference. The determination of the hazard alone cannot be directly used if
not correctly correlated in space and time.
The determination of the hazard starts from the qualitative depiction of a plausible threat
scenario for which the occurring frequency is determined. The definition of exposure calls
into play the time and spatial correlation as some areas might be more prone to a certain hazard rather than others (e.g. the threat of an earthquake is deeply correlated to the geographic
location of an asset and the surrounding context).
Along with the determination of possible threats and relevant frequencies, the vulnerability
of the asset shall be determined as well using a structural and logistics assessment.
The impact could be evaluated for different kind of assets as well as for different kind of targets. The weighted average of all the estimated impacts (damages) arising from the execution
of a threat is called Impact.

Figure 1: Key elements of Risk Assessment

2

HAZARD ASSESSMENT

In the proposed methodologies the Hazard is considered through the definition of the Hazard curves (Figure 2). They describe the frequency of occurrence of the Intensity Measure (IM)
of a certain hazard (e.g. PGA for earthquake), allowing in this way extended and detailed
analyses. For the Hazard data collection, it will be possible to consider the following sources:
x Literature Databases;
x National Codes (it provides the procedure to obtain the hazard curve, if available);
x Websites Databases;
x Thematic maps on hazard distribution produced at the national level.
In the case of Literature databases and National Codes, besides having the entire hazard
curve, we can obtain a limited number of IMs with the associated frequency/probability of
occurrence. In this case, the few data available (IMs) can be used to build up the hazard curve
through a fitting process through power or exponential laws, following the procedure presented hereafter.
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2.1

Hazard curve definition

The Peak Ground Acceleration (PGA), expressed in g, are commonly given for 4 different
percentage of exceedance in 50 years, which are commonly 2%,10%, 50%, and 68%.
The hazard is often expressed in terms of exceedance probability, rather than in terms of
exceedance rate (number of events per unit time). The exceedance probability is the probability that a certain intensity will occur at least once in a given period.
The two can be related using a concept called a Poisson process, which is a stochastic process that counts the number of events and the number of times in which they occur in a given
interval. The relationship is explained in the following formula:
(1)
In which G is the occurrence rate (i.e. events per unit time) that is expressed as the inverse
of the return period Tr, while P is the probability of occurrence of at least one event in the
considered period t.
Based on this formulation the occurrence rate, Mean Annual Frequency (MAF), and the return periods (Tr) can be calculated considering a reference period t=50 years:
(2)
Therefore, The Mean Annual Frequency (MAF) and the return period (Tr) can be computed by the 4-given percentage of exceedance in 50 years (Table 1).
Probability
in 50 years
%
2
10
50
68

Tr

MAF

y
2475
475
72
40

1/y
0.0004
0.0021
0.0138
0.0228

Table 1: Mean Annual Frequency values (MAF) – Earthquake case

For each site is possible, by using the IMs (e.g. PGA for the earthquake) of the different return periods and the MAF, to define the hazard curve (Figure 2) by fitting the 4 points.

Figure 2: Typical Hazard curves for Earthquake
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3

VULNERABILITY DEFINITION

Vulnerability is a measure of asset damage/failure due to a hazardous event. As an alternative, it could be also defined as the target’s inability to deter and withstand the specific disaster. The assessment can be defined considering three different factors: Geographical location;
Hazard response; Target hardness.
The vulnerability assessment is made by an exhaustive Database generated through the
knowledge from literature, internal resources or by directly inputting the fragility curves parameters, in case of ad hoc developed fragility curves.
For each asset category, 4 damage states are selected (DS1, DS2, DS3, DS4), defined to
represent the most important probability of exceedance, following the Hazus [5] subdivision
of damage levels.
DS1
(Slight)

Flexural or shear type hairline cracks in some beams and columns near joints or
within joints
Most beams and columns exhibit hairline cracks. In ductile frames, some of the
DS2
elements have reached yield capacity, showing larger flexural cracks and spall(Moderate)
ing. Nonductile frames may exhibit larger shear cracks and spalling
Some of the elements have reached the ultimate capacity. In ductile frames large
flexural cracks, spalled concrete and buckled reinforcement occur. The nonducDS3
(Extensive) tile elements may experience shear or bond failures at reinforcement splices, or
broken ties or buckled reinforcement in columns, leading to a partial collapse
The structure is collapsed or in imminent danger of collapse due to brittle failure
of nonductile elements or loss of frame stability. Approximately 13%(low-rise),
DS4
(Complete) 10%(mid-rise) or 5%(high-rise), respectively for low/mid/high-rise, of the area
of buildings, is expected to be collapsed
Table 2: Limit states description [5]

As can be seen in Figure 3 and Table 3, for each asset category is set 4 levels of damage,
which represent 4 levels of criticality. For each damage state is defined:
x Percentage of damage, per each level and asset, which are stored in an internal database;
x The description of the visible effect on the facility per each damage level (Table 2).
This subdivision in 4 levels is useful to check out the probability of damaging and to know
also the damage level that can be reached with this value of probability. The 4 levels are used
in this analysis to reach a desirable level of simplicity, without losing the minimum level of
accuracy required. Therefore, this kind of subdivision gives the possibility to set, among the
different subsectors, different criticality levels depending on the specific asset considered.
In the following tables, characteristics (structural and temporal) and parameters (mean values and standard deviation) used respectively to select and define the fragility curves are
listed.

Hospital

Asset Parameter 1 Parameter 2
1-3 storeys
4-7 storeys
8+ storeys
1-3 storeys
4-7 storeys
8+ storeys

pre-1950
pre-1950
pre-1950
post-1950
post-1950
post-1950

DS1
0.09
0.02
0.07
0.12
0.10
0.10

Mean values [g]
DS2 DS3
0.18 0.30
0.15 0.24
0.19 0.37
0.29 1.67
0.21 0.86
0.27 1.58
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DS4
0.42
0.29
1.24
2.17
1.70
4.26

Standard deviation
DS1 DS2 DS3 DS4
0.78 0.74 0.73 0.73
0.97 0.69 0.67 0.67
0.74 0.66 0.64 0.64
0.75 0.71 0.70 0.70
0.66 0.64 0.64 0.62
0.63 0.60 0.59 0.53

Basso P., Osmani S., Scolari M. and Valsecchi R.
Table 3: Limit states description [7]

For the selection of the appropriate Fragility curve (Figure 3) many parameters are considered, such as the principal construction material, construction typology, year of construction,
the presence or not of codes during the design phase of the asset, dimensions of the asset (e.g.
footprint, ground floors, n° of stories etc.).
A specific database is built with standardized unitary value to overcome the potential lack
of information. So, starting from the main characteristics of the asset, the fragility function
can be selected. In Figure 3 an example is shown.

Figure 3: Example of fragility curves

4

IMPACT ANALYSIS

The Impact is defined as the presence of people, livelihoods, species or ecosystems, environmental functions, services, and resources, infrastructure, or economic, social, or cultural
assets in places and settings that could be adversely affected by a hazard. Therefore, it can be
seen as the scale of the consequences of a hazard.
The impact is normally quantified in the determination of damages and losses caused to
stakeholders, environment and human life. In this particular study case, the analysis of the
impact is based on the analysis of three different categories:
x Impacts on People (fatalities/injuries);
x impacts on the Physical System/Infrastructure (damages on the structures);
x impacts on Service continuity (interruptions/downtime).
The evaluation of each component is also provided in economic terms; in such a way the
combination of the three is possible, providing a unique impact value.
4.1

Impacts on People

The analysis of the impact on the people (IPDSi) is based on the evaluation of the number of
fatalities and injuries [6] due to the occurrence of a certain hazard. The methodology used is
based on the definition of three categories: Death, Slightly injured, and Severe injured.
The evaluation is provided according to the relation carried out by Cimellaro et al. [1], in
the paper the percentage of death and injured people is related to the damage state that occurred after the hazardous event.
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DeathDSi
InjuryDSi

U.M.
%
%

DS1
0.000
0.000

DS2
0.000
0.030

DS3
0.0015
0.1005

DS4
12.500
22.500

Table 4: Normalized human losses ratios for different damage state [1]

The number of deaths can be obtained by multiplying the death loss ratio shown above (Table
4) with the number of people inside the hospital:
(3)
In which DeathDSi (%) is the percentage derived from Table 4, People_in_hospital is the
number of people in the hospital, and δt is the coefficient of reduction that consider the effect
of the asset preparedness on the people evacuation (section 5.1).
Furthermore, thanks to the Syner-G [2] a further distinction could be made on the injury.
They are divided into slightly and severely injured through the severity injured ratio ζ that
typically varies between 1/3 and 1/2 (in the evaluation 1/3 is used).
It must be pointed out that some further consideration must be performed on the analysis of
the severely injured. They are assumed to be the people which need surgical treatment, thus
they are considered as the Hospital Treatment Demand, HTD, which must be compared with
the Hospital Treatment Capacity per hours, HTC [2].
(4)
In which δp is the percentage of people evacuated within the due time (section 5.2).
The people affected are obtained by the district density and the analyzed area:
(5)
The area used for this evaluation should be selected as the minor between the influence area of the hospital and the hazard area:
x Influence Area: A rough area of influence per each hospital is evaluated simply implementing the Voronoi Diagram using the hospitals as discrete points;
x The hazard area rather is defined as the one on which the considered hazard produces the
selected damage. It can be defined considering the attenuation function of the hazard intensity, starting from the studied point. In literature several examples can be found, e.g.
for the earthquake, this area is defined according to the empirical attenuation formula for
the PGA [8]:
(6)
Where d is the distance from the source which can be computed per each damage state
trough a solver algorithm. The other parameters are: a is in g, α is -1.09, β is 0.238, b is 0.0005, and h is 6.0 for horizontal PGA [8].
Severe injured
Hazard area
Hospital influence area

U.M.
%
km2
km2

DS1
DS2
DS3
DS4
0.00
ζ∙0.03
ζ∙0.1005
ζ∙22.50
Empirical evaluation of affect area
Voronoi Diagram

Table 5: Hospital Treatment Demand evaluation
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The hospital Capacity per one day is computed considering the operative functionalities
decay after the hazardous event [2].
(7)
Where γ1,DSi is the number of operating theatres which remain operative after the hazardous
event, γ2 is a Boolean function (equal to 1 if the system “survives” and to 0 otherwise), tm is
the mean duration of a surgical operation, measured in hours (in this study this value is assumed equal to 2h according to [2]), and δint is the coefficient that considers goodness of the
internal coordination among facilities and department (section 5.4).
The number of operating theatres (γ1) is evaluated by considering the decay of the capacity
of the hospital:
(8)
In which OT is the number of operating theatres and ServiceDSi represent the percentage
decrease of the hospital service, which can be derived from literature per each damage state.
The economic loss due to the impact on the people (IPDSi) can be evaluated by considering two different aspect:
x The “direct” death due to the event (computed by people inside the hospital).
x If HTD > HTC, the “indirect” death is determined as the severely injured people that
cannot have access to the surgical treatment (computed using the people inside the socalled influence area) [2].
Therefore, the number of human life losses can be multiplied by the mean value of human
life.
(9)
In which Life value is expressed in k$/person and δE2 represents the coefficient related to
hospital redistribution capacity during an emergency (section 5.6).
Share_P represent the sharing capacity between two hospitals, calibrated considering the
average number of patients that can be relocated during an emergency. It sets equal to 35,
based on the experience derived from the Italian 2020 healthcare crisis due to Covid-19 [13].
N_Hospital is the number of hospitals within the sharing distance, which in first approximation is set to 30km. Such value is computed by the hospital influence area, according to the
following formulation:

(10)
To have a better understanding of the approach a simplified scheme is listed below.
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x The points in this scheme represent the hospitals.
x Ainf, which is drawn in green is the area of influence
of each hospital. It can be computed as the mean of
the district/province.
x rinf is consequently the radius of influence.
x 30km, as said before, represents the distance over
which the sharing is no more feasible.

Figure 4: Hypothetic sharing scheme

4.2

Therefore, the value inside the round bracket should be
rounded down. Since inside the square bracket, an integer
number must be used, because it represents the number of
rings of hospitals inside the sharing distance.

Impacts on Physical system

The impact on the physical system (IDDSi) can be defined as the impact cost due to the direct damage experienced by the facility [6]. The economic loss can be ease defined as follow:
(11)
In which DamageDSi (%) is the damage value associated with each damage state, that can be
derived from literature per each damage state [3], while Reconstruction_Cost is the expected
cost to take back the asset to full operation, comprehensive of both structural and equipment
cost. It can be calculated in two different way: directly calculated from the construction cost
or indirectly derived from dimension and the unitary cost, taken from the literature [4].
4.3

Impacts on Service continuity

The impact on service continuity (IRDSi) can be related to the effects on the population, of
the reduction of the service due to damage [6]. The evaluation is based on the information on
the mean recovery time and service reduction per each damage state, according to the relation
carried out by Cimellaro et al. [1].
The additional time that the people need to get access to the health care facilities is the
base of the economic loss evaluation. As can be seen in the following formula the recovery is
considered as a linear function:
(12)
Where ServiceDSi (%) is the percentage of service reduction per each damage state, that
can be derived from literature per each damage state, tr,DSi is the recovery time, that can be
derived from literature per each damage state, tdist is the time needed to reach the nearest facility per each damage state, Size, it must be expressed by the characteristic unit of measure
(number of people), Valuetime, it is the value of the people time, δE1 represents the coefficient
related to the accessibility to the eventual mobile health care post (section 5.5), δrec is the coefficient that considers how the recovery is carried out (section 5.3), Mobile_P represent the
number of patients that can be endorsed by this mobile healthcare post, that usually has a capacity of 25 beds [14], and Gr represents the ratio among bed capacity and the average people
inside the hospital.
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Total impact
The total impact (ITOT,DSi) is evaluated by summing the different economic losses categories per each damage state, as shown in the following formula:
(13)
In which IPDSi is the Impact on People economic loss, IDDSi is the Impact on Physical System economic loss, and IRDSi is the Impact on Service Continuity economic loss.
5

RESILIENCE

The term resilience means the ability to prepare for and adapt to changing conditions and
withstand and recover rapidly from disruptions, it includes the ability to withstand and recover from occurring threats or incidents.
The resilience is evaluated using a score index (from 0 to 3). Three main categories are
considered for its definition:
x Preparation (planning in advance), which consider the existence/status of emergency
plans (P1) and the frequency of training courses/exercise (P2), the existence of insurance
cover (P3), the existence of backup systems (P4), the community experience on the hazardous event (P5), and the warning time before the hazardous event (P6).
x Internal resourcefulness considers the effectiveness and availability of resources, such as
early warning system and/or specific countermeasure (Int1), materials to offset the loss
(Int2), and coordination with facilities/department of Hospitals (Int3).
x External resourcefulness in which are considered the existence of the external agreement
and coordination plants with other subjects: institution and/or organizations (Ext1), public units and/or local government institutions (Ext2), provincial health directorate institutions (Ext3), and special treatment units of hospitals (Ext4).
Resilience is considered in the risk assessment through the evaluation of resilience (IRes).
The score of each asset is therefore evaluated developing a resilience matrix (Table 6), in
which the score can be obtained for every single hazard or as the total one. The final value of
the resilience index is computed by a weighted average [9]:
(14)
Where RCi is the resilience component score and Wi is the weight of each component.
Earthquake
Score [0 to 3]
Weight

Preparation
1.76
0.38

Internal Resourcefulness
3.00
0.316

External Resourcefulness
3.00
0.304

IRes
84%
1

Table 6: Resilience analysis matrix (example of compilation)

It is important to note that the Resilience Index is a way to compare the levels of resilience
of critical infrastructures and to help the prioritization of investment [9] together with the just
explained Expected Annual Loss.
This resilience, beyond the assignment of the so-called resilience indicator, are also used to
affect the impact analysis. Some resilience coefficients are defined to consider these resilience
factors also into the impact analysis, as can be seen in the following table.
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Resilience
Indicators
IP
ID
IS

Resourcefulness

Preparation

Internal
External
P1 P2 P3 P4 P5 P6 Int1 Int2 Int3 Int4 Ext1 Ext2 Ext3 Ext4
δt δt
δp δp
δint
δE2
δE2
δrec

δrec

δrec

δE1

δE1

Table 7: Resilience indicators dependency on the resilience aspects and their influence on the impact on people
(IP), on the physical system (ID), and service continuity (IS)

5.1

δt: Preparedness - Evacuation efficiency inside the asset

The evaluation of the casualties should consider the capacity of the people inside the asset
to evacuate in the best way. Usually, this capacity can be related to the existence or not of the
emergency plan and also its quality. The second aspect is the training. Also, in this case, this
can be asses analyzing not only its occurrence or not, but also the frequency at which it is set.
In the work done by Li et al. [10] the evacuation efficiency is assessed through two factors:
x
kS is defined as the attraction capacity of the exit to the people inside the asset;
x

kD is related to the people evacuation behaviour and its coordination.

In so doing the planning and training can be used to build a matrix that describes the preparedness effect on the number of deaths.
Training (kD)
Yearly Yes
No
No
0.35
0.73
1.00
Yes
0.15
0.15
0.15
Detailed 0.15
0.15
0.15

δt
Plan
(kS)

Table 8: δt evaluation

5.2

δp: Preparedness - Evacuation efficiency around the asset

The second aspect of preparedness that is considered is related to the around community
preparedness. This resilience coefficient is very important to fit the real number of people
heated by a hazardous event. It is known from the literature that exists a relation between the
warning time and the percentage of people evacuated from a certain area.

Figure 5: Example of evacuation curves
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This quite wide range can be attributed to the community capacity to react to a determined
hazardous event. This aspect can be related to the so-called community experience. A community that has already experienced a certain event should have a better reaction capacity.
Therefore, the two boundaries find in literature [11] can be associated with ones of the
community experience, namely less than 10 years and more the 100 years. Successively the
other values can be included in the just mentioned two boundaries.

Warning time

δp

Community experience
> 100 years

< 100 years

< 50 years

< 10 years

< 1 hour

0.003

0.007

0.010

0.007

< 12 hours

0.615

0.680

0.746

0.824

< 1 day

0.885

0.891

0.897

0.900

> 1 day

0.900

0.900

0.900

0.900

Table 9: δp evaluation

Figure 6: δp evaluation

5.3

δrec: Recovery efficiency

During the aftermath of the event impact, an important role is played by the recovery efficiency. This efficiency has an important role in the way in which the recovery is carried out.
The recovery coefficient is set to consider the changing recovery performance during the
aftermath period. This variation is related to the internal resourcefulness and preparedness of
the assets according to Cimellaro et al.[1].
Since the recovery economic loss is related to the unserved characteristic in a certain period. Therefore, the coefficient is simply evaluated as the reciprocal of the area under the recovery function.
(15)
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Figure 7: δrec evaluation

Two different values of δrec,i are defined, which are the lower 0.19 (well) and upper 0.5
(average and not-well) bound. The coefficient varies linearly between these two limits. To
obtain the exact value, the average score of the above-mentioned question should be computed, the scoring value varies from 0 to 3.
(16)
As shown in the following table an average scoring can be computed.
Internal resourcefulness
& preparedness
No
Yes Partly
Yes Full

Material to offset
the loss
0
1
3

Backup system
0
3
3

Warning System
/ Measures
0
3
3

Table 10: δrec evaluation

5.4

δint: Internal resourcefulness

In the specific case of the analysis on the event impact on the hospital another coefficient
should be considered. More precisely the internal resourcefulness should be considered.
This coefficient is called δint and it considers the goodness of the internal coordination
among facilities and department. This coefficient is the merge of two different factors α and β
that describe the organizational and the human component during emergencies, according to
Syner-G [2]. The coefficient represents the capacity of the hospital system to increase its
treatment capacity during the emergency.
Since in the treatment capacity formula is inserted as 1/δint, the lowest in the value, the
highest is the capacity. Therefore, if the increased capacity is not ensured then the coefficient
is set equal to 1, while it is equal to 0.57. This value is carried out according to Italian increase capacity in terms of treatment capacity during the Italian 2020 healthcare crisis, according to the data given by the Italian Ministry of Health [12]. Such a document underlined
the increasing treatment capacity of 75% in the most affected regions. The value can be defined as follow:
x Existence of coordination with facilities/departments of the hospital - δint = 0.57.
x Not existence of coordination with facilities/departments of the hospital - δint = 1.
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5.5

δE1: External resourcefulness – Institution efficiency

An important aspect that should be considered is the external resourcefulness, especially
related to the institution efficiency. The coefficient, in this case, can be related to the accessibility to the eventual mobile healthcare post, which can ensure a certain level of treatment capacity despite the service reduction due to the damage experienced. Therefore, δE1 can be set
according to the scheme shown in the following table.
δE1
Local government
coordination

Yes
No

Agreements with organization/institutions
Yes
No
1
0.5
0.5
0

Table 11: δE1 evaluation

The value of this parameter is defined initially as a Boolean function if both the question
leads to a positive effect leads is equal to 1, or 0 otherwise. If the two questions have opposite
answered the half is taken.
5.6

δE2: External resourcefulness – Care system efficiency

An important aspect that should be considered is the external resourcefulness, especially
related to the health care system efficiency, at the interhospital level. The coefficient, in this
case, can be related to hospital redistribution capacity during an emergency. Therefore, δE2
can be set according to the scheme shown in the following table.
δE2
Coordination
among hospitals

Yes
No

Health directorate
coordination
Yes
No
1
0.5
0.5
0

Table 12: δE2 evaluation

The value of this parameter is defined initially as a Boolean function if both the question
leads to a positive effect leads is equal to 1, or 0 otherwise. If the two questions have opposite
answered the half is taken.
6

PROBABILITY OF DAMAGE OCCURRENCE

In this paragraph, the hazard and vulnerability properties are combined to obtain the value
of the probability of occurrence of a certain damage state. The results of this combination are
representing the probability of occurrence of the impact.
The Damage probability per each damage state (PD) can be computed as the convolution
integral between the Hazard curve, if available, and the fragility curves of the limit state DS.
(17)
Where FR represents the fragility curve and HS the hazard curve, both expressed as a function of IM (PGA [g] for earthquake).
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x

=

Figure 8: Damage probability per each DS

If the hazard curve is not available, which means that is unknown the occurrence probability of all the intensity measures but only of some of them, the approach is the one shown below.
(18)
In which:
x

;

x

, in which F(s) is the fragility cumulative lognormal distribution function;

x

, that is the angular coefficient of the MAF curve;

x

;

x
7

.
EXPECTED ANNUAL LOSS

The last step of this study consists of the definition of the Expected Annual Loss (EAL).
EAL is used in this methodology as the quantification of the risk level. This final value considers all the different component of the risk assessment theory, such as the probability of
damage occurrence (Hazard and Vulnerability) and the total impact (Impact and Resilience).
The EAL, which can be built using the total impact and the damage (Figure 9).

x

=

Figure 9: EAL evaluation

Finally, the area under the EAL curve is computed. This kind of results gives a unique value representing the loss of the assets per year for the considered hazard.
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(19)
In which PD is the Mean Annual Frequency (MAF) and ITOT is the impact loss. Therefore,
the EAL is the final measure of the risk per a certain asset, subjected to an earthquake.
8

CONCLUSIONS

A procedure for the seismic risk assessment of hospital buildings has been presented. The
following advantages are worth to be highlighted:
x The framework can be extended to the assessment of different hazards. This is mainly related to the fact that the approach used in the hazard evaluation can be used for whichever kind of natural hazard that can be expressed as an intensity measure (i.e. acceleration
for earthquake, wind speed for a hurricane, water height for flood etc…) as a function of
a probability of occurrence.
x This procedure is capable to compare different assets, thanks to the computation of the
economic value of the risk, known as the expected annual loss (EAL) which is derived
from the calculated total impact and the probability of damage occurrence (hazard + vulnerability). The result is a scalar value, computed as the area under the loss curve (Figure
9), that should be used to compare the risk among the different assets.
x The Impact is defined by considering the presence of people, livelihoods, species or ecosystems, environmental functions, services, and resources, infrastructure, or economic,
social, or cultural assets in places and settings that could be adversely affected by a seismic hazard. Thus impact is normally quantified as the consequence of damages and losses caused to stakeholders, to the environment and human life. The analysis of the impact
is consequently based on the definition of 3 loss categories: Impacts on People, impacts
on the Physical System/Infrastructure, and Impacts on Service continuity. The consideration of all these different aspects of the impact leads to a real representation of the current
value of the critical infrastructure sectors.
x The already mentioned criticality level should be defined uniquely. In so doing each level,
labelled DS1, DS2, DS3, and DS4, represent always the same damage state, per each asset analysed.
x The losses are evaluated as a function of time as can be appreciated in the impact analysis. This is mainly related to the concept of damage and service which can be recovered
in a certain time, called recovery time. How the impact is assessed permit also to take into account the resilience as a coefficient able to affect the recovery function.
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Abstract
Italy is a country with high seismic risk; however, a broad seismic classification of the national
territory has been introduced only in the last twenty years. Therefore, most of the existing buildings
stock do not comply with the current anti-seismic codes. In recent years, the seismic events that
occurred in Italy have highlighted the complexity of emergency management and the great challenge
for public authorities called to answer to the post-event reconstruction and the planning of effective
risk prevention and mitigation measures implemented in "peacetime".
In this perspective, the CAESAR II project (Controlling, Mitigating and Managing Earthquake
Emergency: Cost-Benefit and Multi-criteria Analysis of Impact Scenarios for Risk Reduction and
Increased Resilience) has been developed as a decision support system for public authorities engaged
in the development of seismic disaster risk reduction plans. CAESAR II includes a module for the
simulation of retrofitting measures applied at the municipal scale, integrating different categories of
anti-seismic and energy improvement measures based on the vulnerability analysis of the existing
buildings stock. The CAESAR II tool's core is the module for evaluating "seismic impact scenarios"
based on the end-users' hazard. The output of the model includes information on expected damage
levels for buildings (from D0-no damage to D5- total collapse) and population (dead, injured and
homeless). Impact scenarios can be customised according to the minimum unit of analysis assumed
(municipality or 250x250m square mesh grid) and the availability of exposure data (from national
census data or survey on the spot building by building according to the PLINIVS form). Scenarios
include geo-referenced data managed by geo-servers to exchange data in a format compliant with
OGC (Open Gis Consortium) standards and the European INSPIRE Directive. Simulation results can
be further processed through the Multi-Criteria and Cost-Benefit Analysis modules to support the
comparative assessment of alternative seismic and energy measurements.
In this work, the procedures included in CAESAR II are described and a case study is reported. It
concerns the analysis of the expected damage assessment on buildings and population for three
municipalities in northern Italy, Torre Pellice, Villar Pellice and Pinerolo (Piedmont Region).

2659

1. INTRODUCTION
Effective planning and programming in seismic emergencies require preliminary assessments of
the effects on the territory. Due to the different objectives, it is possible to distinguish two types of
assessments based on risk analysis and scenario analysis.
Risk is the probability that a prefixed level of damage (on people, buildings, infrastructures,
economy, etc.) caused by seismic events will occur within a given period in a specific geographical
area. Therefore, the risk should be intended as a cumulative assessment, which considers the total
potential damage in the same area generated by different events in a fixed time frame. Scenario,
instead, represents the probabilistic distribution, in a particular geographical area, of the damage
induced by a single seismic event with an assigned probability of occurrence (assumed as the
reference scenario).
In both types of analyses, three random variables come into question: hazard, exposure, and
vulnerability. The “hazard” is the probability of occurrence, in a specific area and a specific period,
of all possible seismic events, for risk analysis, or of a single event, in the case of scenario analysis.
The “exposure” is the geographic distribution in quantitative and qualitative terms of the different
elements at risk that characterise the area under consideration (people, buildings, infrastructure,
activities and movable property). The conditions and/or operation may be damaged, altered or
destroyed due to the occurrence of the natural event. The”vulnerability” is the sensitivity of an
exposed element to a natural event. It can be evaluated as the probability that the exposed element
will suffer a certain level of damage or change of state, concerning an appropriate scale, because of a
seismic event of assigned intensity.
In emergency planning, both risk and scenario analyses can be used in response to the different
goals that are to be pursued. Risk analyses allow comparative evaluations of areas subject to planning
both for decisions on intervention strategies (e.g. evacuation priorities, etc.) and the definition of
damage mitigation interventions. Scenario analyses, through the identification of the extension of the
area of interest and the evaluation of the territorial impact, help quantify the resources necessary for
the emergency planning and the organisation of the operative intervention.
In the literature, there are many works related to risk analysis in a broad sense or to some specific
factor. Some specific studies on the vulnerability can be found in [1], [2], [3] and [4], and the exposure
in [5], [6] and [7] About the costs analyses some works are reported in [8]and [9]and on the multicriteria there are [10] and [11].
In recent years, research has focused on creating comprehensive tools for every aspect of the
process. One of the newcomers is the IRMA (Italian Risk MAps) platform [12], developed by the the
Department of Italian Civil Protection (DPC) . It integrates tools for calculating damage scenarios
and risk maps for the Italian territory. The IRMA platform is designed for the scientific community
and allows to create and load different exposure/vulnerability databases and different sets of fragility
curves. The hazard for calculating risk maps is instead preloaded and is the hazard model developed
by INGV (National Institute of Geophysics and Volcanology) and adopted at the national level.
In this framework, the CAESAR II project (Controlling, Mitigating and Managing Seismic
Emergencies: Cost-Benefit and Multi-Criteria Analysis of Impact Scenarios for Risk Reduction and
Increased Resilience) is born. It is a web-service procedure conceived as a decision support system
for public authorities engaged in the development of disaster risk reduction plans, with the possibility
to plan medium and long-term investments, as well as to define customised financial support
mechanisms and fiscal incentives.
The project, developed as a follow-up to the CRISMA EU-FP7
and
(http://www.protezionecivile.gov.it/resources/cms/documents/CRISMA_locandina.pdf)
CAESAR I projects (a seismic impact model developed for the Campania region operations room in
2005), is funded by the Agenzia per la Coesione Territoriale (National Territorial Cohesion Agency),
within the framework of the PON (National Operative Project) Governance and Institutional
Capacities 2014-2020, as an intervention aimed at the transfer, evolution and dissemination of best
practices among Public Administrations. CAESAR II includes a module for the simulation of
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retrofitting measures applied at the municipal scale, integrating different categories of anti-seismic
and energy improvement measures based on analysing the existing building stock's vulnerability.
The CAESAR II tool's core is the 'seismic impact scenarios' evaluation module, based on the
hazard assumed by the end-users. The output of the model includes information on the expected
damage levels for buildings (from D0- no damage to D5- total collapse) and population (deaths,
injuries and homelessness). Impact scenarios can be customised according to the minimum unit of
analysis assumed (municipality or 250x250m square mesh grid) and the availability of exposure data.
The exposure is estimated by exploiting the ISTAT ( National Isnstitute of Statistics) Census 2011
[13], an Italian database that provides, for census zones, aggregated information on the buildings and
the number of residents.
The scenarios include geo-referenced data managed by geo-servers capable of exchanging data in
a format compliant with OGC standards and the European INSPIRE Directive. Simulation results can
be further processed through the Multi-Criteria and Cost-Benefit Analysis modules to support the
comparative evaluation of alternative seismic and energy measures. One of the CAESAR II tool's
main strengths is that it does not require specific technical or engineering skills from the user, as it is
offered as a complete package that needs some input data.
The paper has been structured in two main sections: the former one describes the calculation
models and assumptions on which the CAESAR II procedure is based and the format of the
information that is requested from the user; the latter one shows an application example on three
Piedmontese municipalities (Pinerolo, Torre Pellice and Villar Pellice) made possible thanks to the
data provided by the RISVAL project (https://www.interreg-alcotra.eu/it/decouvrir-alcotra/lesprojets-finances/risvalrischio-sismico-e-vulnerabilita-alpina ).
2. THE CAESAR II MODEL
Caesar II is a web-service procedure developed for the Territorial Cohesion Agency, producing
scenario and seismic risk analyses in terms of economic, building and human life losses and
evaluating their possible reduction through cost-benefit and multi-criteria analyses to support
decisions. The application works on municipalities on a grid of 250x250m for which hazard and
exposure factors are defined. CAESAR II is based on three models of analysis, described below:
1. Seismic Impact Risk and Scenario Analysis Model;
2. Post-seismic economic loss forecasting Model;
3. Multi-Criteria Analysis Model.
The three models have been synergistically implemented in as many modules within the so-called
reuse kit.
2.1. Seismic Impact Risk and Scenario Analysis Model
Hazard
The seismic hazard adopted in CAESAR II is a function of the type of analysis to be developed. In
the case of "risk" analysis, the primary seismic hazard is adopted, i.e. the maximum value of
horizontal ground acceleration (PGA, peak ground acceleration), calculated by the INGV. The PGA
values are given in correspondence of a grid of 10.751 points, defined by latitude and longitude
coordinates, covering the whole national territory (Figure 1).
For each node in the geographic grid, parameters are provided at specified return periods, TR (30, 50,
72, 101, 140, 201, 475, 975, and 2,475 years). PGA maps are calculated for different exceedance
probabilities over 50 years (9 in total, ranging from 2% to 81%). For each estimation, the 50th
percentile distribution (median map, which is the reference map for each exceedance probability) and
the 16th and 84th percentile distributions are available, indicating the variability of the estimates.
In the case of "scenario" analysis, the seismic event taken as a reference can be assumed through:
1) an attenuation law as a function of some seismic parameters, such as the coordinates of the
hypocenter and the magnitude value, or 2) a shaking map (ShakeMap). The distribution over the
territory of the parameters that define the extent of a seismic event (e.g., the PGA) can be derived
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through the adoption of an attenuation law, as a function of other seismic parameters (usually the
magnitude) and epicentral (or hypocentral) coordinates. CAESAR II adopts, as attenuation law, the
relation of Blake [14], which assumes a decimal logarithmic decay, and the conversion law
determined by Faenza and Michelini [15], [16] between the observed shaking parameters and the
MCS intensity scale. In Italy, shaking maps are provided by INGV for all earthquakes with magnitude
M ≥ 3.0 occurring in the national territory and surrounding areas. They are published on the website
http://shakemap.rm.ingv.it. When new information or additional earthquake data become available
(e.g., the size of the earthquake fault -extended fault-, new data from networks operated by other
agencies), the maps are updated to improve the definition of ground shaking, particularly in epicentral
areas. They provide an immediate visualisation of the level of shaking of an area affected or interested
by an earthquake, reporting the peak values recorded by accelerometers and seismometers, mainly
provided by the National Accelerometric Network (RAN) of the Department of Civil Protection and
the National Seismic Network (RSN) of INGV, present in the area of the earthquake. If there are no
observed values, an ad hoc software interpolates the data using, for example, the attenuation laws of
the shaking with the distance available for the centre of each cell of the grid belonging to the area
under examination.

Figure 1. Seismic hazard values of the national territory expressed in terms of maximum ground acceleration with a
probability of exceeding 10% in 50 years, referred to rigid soils.

Exposure
Exposure and vulnerability are closely related factors. For each category of elements at risk, the
estimate of vulnerability to the seismic event must be accompanied by "a qualitative and quantitative
analysis of the exposed property" (exposure), in order to identify the spatial distribution, and possibly
temporal, of typological classes of elements at risk, called classes of vulnerability, each of which is a
set of elements that for characteristics present similar behaviour (Vulnerability) concerning the
earthquake. In other words, it is necessary to identify the salient characteristics of the element at risk
(vulnerability factors), to which a specific capacity to respond to the natural phenomenon is attributed.
CAESAR II refers to two types of elements at risk: ordinary buildings and their occupants. The
estimation of the buildings in the area under examination can be based on a statistical analysis, which
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evaluates the percentage distribution of the different classes of vulnerability of the buildings (A, B,
C, D for decreasing vulnerability) based on their different behaviour towards the natural event. A
similar procedure is adopted to estimate the population and the distribution of occupants for buildings
divided by class of vulnerability.
The exposure model uses a procedure that can take into account both the ISTAT data only and the
ISTAT data combined with information coming from a data collection activity on the investigated
area. These input data are processed by the tools S.A.V.E. [17] and B.I.N.C. [7], two procedures
developed by the PLINIVS Study Centre which aim to characterise the seismic vulnerability of
specific building typologies (S.A.V.E.) and to evaluate a probable geographical distribution of these
building typologies according to their recurrence in the ISTAT census data (B.I.N.C.).
In particular, the S.A.V.E. model is used to assign vulnerability classes to single buildings,
detected in the data collection campaigns on the territory, according to their typological and structural
characteristics. The B.I.N.C. model exploits the S.A.V.E. method and defines a probable distribution
of the ISTAT buildings on the vulnerability classes, starting from the population density of the
considered municipality and from the ages of construction of the buildings identified on each census
section.
The distribution of vulnerability classes (exposure) is defined for each minimum reference unit of
the model (250x250m cell of a regular square-mesh grid). However, ISTAT data on buildings refer
to individual census sections, which may also contain a large number of cells, so a criterion for
assigning census data to each cell was adopted, following relations (1) and (2), having defined "zones"
as the areas of intersection between census sections and the grid (Figure 2):

Figure 2. Illustrative representation of the "zones" (green), defined as the areas of intersection between the ISTAT
census sections (yellow) and the 250x250m cells (red) of the model's reference grid (blue).

The number of buildings in zone i of census section j of vulnerability class k are estimated as in
the equation (1); the number of buildings in cell c of vulnerability class k are obtained by the relation
(2):
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Where:
ܿ is the cell
݆ is the census section
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ሺʹሻ

݅ is the zone, intersection of the reference grid and census section
݇ is the vulnerability class (k = A, B, C, D)
݊ is the number of zones constituting cell i
ܧூௌ்் is the number of buildings in census section j
ܧ is the number of buildings of census section j of vulnerability class k (BINC)
ܧோ is the number of buildings of census section j surveyed

ܧǡ
is the number of buildings in zone i of census section j of vulnerability class k
ǡோ
ܧ is the number of buildings detected of zone i of census section j of vulnerability class k
(S.A.V.E.)
ǡோ
is the number of undetected buildings of zone i of census section j of vulnerability class k
ܧǡ

ܧ is the number of buildings in cell c of vulnerability class k.
Regarding the occupants' exposure, the CAESAR II model considers the assumption that the
population is uniformly distributed over the homes. The data collected by the PLINIVS Study Centre
and processed with the SAVE method have allowed to define a correlation between the number of
houses present in a building and the vulnerability class to which the building belongs (Table 1).
average of
dwellings
MAb

A
2.0

Vulnerability class of the building
B
C
2.7
3.45

D
6.90

Table 1. average of dwellings for buildings related to the vulnerability class

Therefore, the population distribution over the vulnerability classes is calculated as in equation (3).
ܰೖ ൌ

ܧ ή ܯೖ
ܲூௌ்் 
σ௧ୀǡǥ ܧ௧ ή ܯ

ሺ͵ሻ

Where
ܧ is the number of buildings of vulnerability class k,
ܯೖ is the average of dwellings for the buildings of vulnerability class k,
ܧ௧ is the number of buildings of vulnerability class t,
ܯ is the average of dwellings for the buildings of vulnerability class t,
ܲூௌ்் is the population indicated in the ISTAT data
Finally, the average number of occupants as the seismic class k (ܰைೖ ) of each cell in the reference
grid varied was evaluated using relation (4).
ܰைೖ ൌ ܰೖ ή ܳǡை 

ሺͶሻ

Where:
ܰೖ is the number of people per seismic class k estimated, cell by cell, based on ISTAT data;
ܳǡை is the average percentage of occupants, assumed to be 65%, of the total population.
Vulnerability
A building's vulnerability is the probability that the system (entire building), subsystems (walls,
framing, roofs, etc.), or components of the system (beams, columns, infill panels, windows, doors,
etc.) will be damaged as a result of an assigned action to which they are subjected. The concept of
vulnerability requires to define unambiguously the level of "damageability" of the exposed asset due
to the natural event.The damage scale adopted in CAESAR II refers to the six levels of damage of
the: D0: no damage; D1: not structural damage; D2: light structural damage; D3: structural damage;
D4: partial collapse; D5: total collapse.
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The propensity of a building to sustain damage is a function of its constituent elements. The
strength and technological aspects of structural (walls, beams, columns, floors, roofs, etc.) and nonstructural (infill panels, openings, protective panels, etc.) elements strongly influence the
vulnerability of the building itself [18].
The vulnerability of a building to an earthquake can be assessed through the so-called vulnerability
curves. For an assigned class of vulnerability, they express the probability of exceeding a certain level
of damage as the hazard measurement parameter varies, which may be the peak seismic acceleration,
spectral intensity, macroseismic intensity, etc..
CAESAR II uses the model of vulnerability curves for ordinary buildings. These curves were
calibrated on data from damage probability matrices produced through a statistical analysis of
observed damage following earthquakes that have occurred in Italy since 1980, and converted to
PGAs via Margottini's law [19]. The mean and standard deviation parameters of the vulnerability
curves are shown in Table 2.
The vulnerability of the population to the earthquake is determined with reference to the damage
suffered by the buildings occupied by the people. In Table 3, the percentages of dead QD and injured
QI are reported as a function of the building's level of damage. The values shown were calibrated
based on data collected from past earthquake events [20].
CLASS PERCENTILE

D1

D2

D3

D4

D5

P

V

P

V

P

V

P

V

P

V

A

16%

-3,50

0,80

-2,70

0,80

-1,95

0,70

-1,35

0,60

-0,75

0,60

A

50%

-3,35

0,80

-2,60

0,80

-1,74

0,80

-0,95

0,75

-0,40

0,75

A

84%

-3,25

0,80

-2,25

0,80

-1,65

0,80

-1,00

0,80

-0,15

0,80

B

16%

-2,80

1,20

-1,55

1,10

-0,70

1,10

0,00

0,80

0,50

0,55

B

50%

-2,45

1,20

-1,20

1,00

-0,45

0,90

0,10

0,70

0,40

0,70

B

84%

-1,90

1,00

-0,90

0,80

-0,35

0,70

0,20

0,40

0,45

0,40

C

16%

-2,60

1,60

-1,20

1,20

-0,35

0,90

0,20

0,70

0,55

0,45

C

50%

-2,10

1,30

-0,80

1,00

-0,15

0,80

0,40

0,80

0,70

0,70

C

84%

-1,50

1,20

-0,50

0,80

-0,03

0,60

0,20

0,45

0,55

0,40

D

16%

-1,40

1,40

-0,10

1,00

0,40

0,60

0,70

0,55

1,30

0,60

D

50%

-1,00

1,20

0,00

0,80

0,60

0,60

0,80

0,50

1,50

0,60

D

84%
-0,40 1,00 0,40 0,70 1,10 0,80 1,20 0,60 1,70 0,60
Table 2. logarithmic mean and logarithmic standard deviation of the vulnerability curves

Percentage
Level of damage
of death
Vulnerability
(QD) and
Class
D0
D1
D2
D3
D4
D5
injuried
(QI)
QD
0
0
0
0
0.03
0.14
A, B, C
QD
0
0
0
0
0.06
0.28
D
QI
0
0
0
0
0.10
0.56
A, B, C
QI
0
0
0
0
0.12
0.42
D
Table 3. Percentage of death and injured regarding the levels of damage and vulnerability class

Finally, The EASE model (Zuccaro et al., 2008; Zuccaro and Cacace, 2010), developed and
engineered by the PLINIVS centre for DPC, was adopted to estimate the effects of risk related to the
chosen reference period. The model discretises the territory through a square-mesh grid of size
250x250m. To each cell is assigned: hazard data, in terms of PGA; and exposure data, in terms of the
number of buildings for each structural vulnerability class and the number of occupants. Combining
these data with seismic vulnerability (percentiles 16, 50, and 84%), the model yields the following
products on a cell-by-cell basis:
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- Number of collapsed buildings, as the sum of buildings with D4 and D5 damage.
- Number of uninhabitable buildings, as the sum of buildings with D4 and D5 damage and 60% of
buildings with D3 damage.
- Number of deaths ܰ and injuries ܰூ , as assessed through the equations (5) and (6):
ସ

ହ

ܰ ൌ ሺͳ  ܶܫ ሻ  ڄ  ܰ௧ǡ ܱܰ ڄ௧ ܳ ڄ௧ǡ 

(5)

௧ୀଵ ୀଵ
ସ

ହ

ܰூ ൌ ሺͳ  ܶܫ ሻ   ڄ  ܰ௧ǡ ܱܰ ڄ௧ ܳ ڄூ௧ǡ

(6)

௧ୀଵ ୀଵ

Where:
 ݐis the seismic class of the building (A, B, C, D);
݆ is the damage level of the building (D1, D2, D3, D4, D5);
ܰ௧ǡ is the number of buildings, per cell, of seismic class t having damage level j;
ܱܰ௧ is the average number of occupants per building of seismic class t;
ܶܫ is the tourism index of the city [0-100%];
ܳ௧ǡ is the percentage of deaths per seismic class t and damage level j;
ܳூ௧ǡ is the percent injured per seismic class t and damage level j.
- Number of homeless assessed through the relationship (7):
ସ

ܰு ൌ ሾ൫ͲǤͷ ܰ ڄ௧ǡଷ  ܰ௧ǡସ  ܰ௧ǡହ ൯ െ ܰ ሿ

(7)

௧ୀଵ

Where:
ܰ௧ǡଷ is the number of buildings, per cell, of seismic class t having damage level D3;
ܰ௧ǡସ is the number of buildings, per cell, of seismic class t having damage level D4;
ܰ௧ǡହ is the number of buildings, per cell, of seismic class t having damage level D5.
2.2. A post-seismic economic loss forecasting model
Seismic emergency management requires specific programs for identifying the objectives to
organise an adequate and quick response. They manage a complex workforce, equipment and
resources arranged and coordinated by local administrations both in space and time.
The introductory knowledge basis, necessary to allocate resources, is represented by damage
scenarios, useful to predict possible damages due to an earthquake impact and following population
involvement in the affected area [21]. Such scenarios contain data like territorial seismic vulnerability
with particular attention to the built environment. Moreover, they can provide valuable information
about the extension of the most seriously affected area, working of transport infrastructures, roads
and service networks, damage on buildings and the expected casualties, as well as the corresponding
financial burden.
Within this dense framework, an earthquake can be described as a phenomenon characterised by
a two-phases temporal sequence, each of which has direct and indirect economic consequences. For
what that concerns the directly related ones, it is possible to find all those connected to protection,
improvement, and structural seismic adaptation to reduce the general vulnerability of ordinary
buildings. Equation (8) can assess these mitigation costs (MTC). In Table 4 the Average cost of
mitigation interventions from a vulnerability class to another (€/m2) are summarized.


 ܥܶܯൌ 
ୀ



݁݉ܿ ή ݉ݏೕ ή ܿ݉ೕ  

ୀ

݁݉ܿ ή ܿ݉ܽ݊ೕ

Where:
݁݉ܿ is the number of j-th vulnerability class buildings to be mitigated;
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(8)

݉ݏೕ is the average area of the j-th vulnerability class building to be mitigated;
ܿ݉ೕ is the average mitigation cost for the j-th vulnerability class building (Table 4);
ܿ݉ܽ݊ೕ is the average maintenance cost for the j-th vulnerability class building (ܿ݉ܽ݊ಲ =
1.500 €/year; ܿ݉ܽ݊ಳ = 1.800 €/year; ܿ݉ܽ݊ = 2.000 €/year; ܿ݉ܽ݊ವ = 2.600 €/year).
Class
A
B
C

B
360
-

C
510
390
-

D
624
540
378

Table 4. Average cost of mitigation interventions from a vulnerability class to another (€/m 2)

Inside the area hit by an earthquake of a given magnitude, all post-event operations can be
immediately translated into costs directly linked to the buildings' damage and affected population. As
part of the post-event costs, those related to reconstruction, on-site or in a new different location,
involve buildings irreversibly damaged by the earthquake (damage level D4-D5 under the EMS'98
classification). The relation (9) can assess these reconstruction costs (RC).
ହ

ܴ ܥൌ 
ୀସ

ହ

݈݁݀ ή ݉ݏௗ ή ܿ ݈ݎ 

݁݀݀ ή ݉ݏௗௗ ή ܿ݀ݎ

(9)

ୀସ

Where:
݉ݏௗ is the average area of the i-th damage level building to be rebuilt on-site;
ܿ ݈ݎis the reconstruction cost for a residential building on-site (1.235,94 €/m2);
݁݀݀ is the number of i-th damage level buildings to be rebuilt delocalised;
݉ݏௗௗ is the average area of the i-th damage level building to be rebuilt delocalised;
ܿ ݀ݎis the reconstruction cost for a residential building delocalised (1.250 €/m2).
The Restoration costs (RT) are, instead, connected to the activities planned for recovery buildings
and infrastructures damaged in a non-irreversible way by the earthquake (damage level D1-D2-D3
under the EMS'98 classification) and can be calculated as in the formula (10).
ଷ

ܴܶ ൌ 

(10)

݁݀ ή ݉ݏௗ ή ܿݎௗ

ୀଵ

Where:
݁݀ : number of i-th damage level buildings to be restored;
݉ݏௗ : average area of the i-th damage level building to be restored;
ܿݎௗ : restoration cost for a residential building as a function of damage level (ܿݎௗଵ=360 €/m2;
ܿݎௗଶ=458 €/m2; ܿݎௗଷ=545 €/m2).
At this stage, all those costs related to the demolition and rubble removal (DR) of lost buildings
are certainly not negligible, as well as the management cost for specialised landfills. The formula (11)
can assess these efforts:
ହ

 ܴܦൌ 

ହ

݁݀ ή ݉ݒௗ ή ܿ݀  

ୀସ

ହ

݁݀ ή ݉ݒௗ ή ܿ ݐή ݀݉  

ୀସ

݁݀ ή ݉ݒௗ ή ܿ݃

(11)

ୀସ

where:
݁݀ is the number of i-th damage level buildings to be demolished;
݉ݒௗ is the average volume of the i-th damage level building to be demolished;
ܿ݀ is the demolition cost for a lost building as a function of vulnerability class (ܿ݀ି =12 €/m3;
ܿ݀ =14 €/m3; ܿ݀ =16 €/m3);
ܿ ݐis the cost of rubble transportation to the landfill (0,6 €/m);
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݀݉ is the average site distance from the landfill (300 m);
ܿ݃ is the average landfill management cost (1,4682 €/m2).
As part of the costs associated with safeguarding the population affected by the earthquake, it is
possible to include health care costs (HT) for establishing medical equipment, strengthening existing
local public facilities, as well as physical and psychological support. These costs can be calculated as
in the equation (12).
 ܶܪൌ ݂ ή ܿ݉ ή ݉ݐ

(12)

where:
݂ is the number of people in need of medical care;
ܿ݉ is the unit cost of medical care operations (200 €);
 ݉ݐis the average time for medical care (10 days).
The formula (13) calculates the evacuation costs (EV) of the population, split up according to the
destination and the means of transport employed:
 ܸܧൌ ݏ ή ܿ݉௧  ܿ݉ ή

ݏ௧
ݐݏ௧
 ܿ݉ ή ݑݐ  ܿ݉ ή ݏ௧  ܿ݃௧ ή
ή ݑݐ  ܿ݃௧ ή ݏ௧  ܿ݃ ή ݏ
ݏ
݉ݏ௧

(13)

Where:
ݏ is the number of homeless people with no vehicle;
ܿ݉௧ is the total cost of public transport (15.599 €);
ܿ݉ is the cost of checkpoints set-up (7.050 €);
ݏ௧ is the total number of homeless people;
ݏ is the number of homeless people evacuated at checkpoints;
ܿ݉ is the daily cost of checkpoints staff (5.930 €);
ݑݐ is the checkpoints' time usage;
ܿ݉ is the unit cost of the emergency kit (10 €);
ܿ݃௧ is the daily depreciation cost per tent set up (20,55 €);
ݐݏ௧ is the number of homeless people evacuated in tents;
݉ݏ௧ is the average number of people for each tent set up;
ܿ݃ is the daily cost for the stay in the hotel (45 €);
ݏ is the number of homeless people accommodated in hotels;
ܿ݃௧ is the daily cost for accommodation in the tent;
ݏ௧ is the number of homeless people placed in tents.
The last cost item estimated is related to emergency management (EM) activities following an
earthquake, which includes the construction of operational structures and the deployment of vehicles
and employees to prepare equipped areas. The formula (14) is used to this purpose.
 ܯܧൌ ݃ ή ܿ݉  ܿ  ܿ݃ ή ݐ  ܿ݃ ή ݐ  ܿ݃ ή ݐ  ܿ݉௩ ή ݐ௩

(14)

Where:
݃ is the average daily presence of Department of Italian Civil Protection staff;
ܿ݉ is the unit cost for coordination centre set-up (3.000 €);
ܿ is the cost of communication networks and IT services (5.000.000 €);
ܿ݃ is the cost for daily presence of Department of Italian Civil Protection staff (126.18 €/day);
ݐ is the presence of the Department of Italian Civil Protection staff;
ܿ݃ is the cost for daily presence of operating structures staff (130 €/day);
ݐ is the presence of operating structures staff;
ܿ݃ is the cost for daily presence of operating structures means of transport (20 €/day);
ݐ is the presence of operating structures means of transport;
ܿ݉௩ is the cost for daily presence of volunteer staff (100 €/day);
ݐ௩ is the presence of volunteer staff.
2668

All the parametric costs showed are from the Department of Italian Civil Protection's elaborations
about the L'Aquila 2009's earthquake.
2.3. The multi-criteria analysis model
The amount of damage caused by earthquakes can be minimised by adopting systematic measures
of emergency management. Within this context, it is crucial to intervene immediately by making
decisions that result as accurate and objective as possible, by recognising all the viable alternatives
and analysing their consequences. Decision-making problems framed into this background involve a
multiplicity of relevant aspects and the presence of various goals and constraints, often not explicit
or even contrasting. These items can be inserted in a so-called decision tree with a general objective
at the top and at least a decision-maker. Such models can keep account of the conflicting nature of
uncommonly complex situations and explain the criteria for selecting the alternatives in terms of
specific targets to reach.
The multi-criteria analysis' main point is not a pursuit for objectively optimal solutions but the
support to rationalise the decision-making process and optimise a set of criteria weighted according
to the decision-makers' preferences. This new kind of evaluation scheme identifies alternatives that
satisfy a certain number of explicitly defined standards. It is possible to sort the elements of a decision
tree as:
 Objectives: statements regarding the condition to achieve, made operational by allocating one
or more qualitative and quantitative attributes;
 Criteria: standards of judgment or rules useful to test the worth of decision alternatives,
including both the concept of goal and attribute;
 Alternatives: elements of evaluation and choice that must be ordered based on dominance
scores representing the entries of the decision matrix.
One of multi-criteria's most powerful tool is undoubtedly the Analytic Hierarchy Process [22].
Such a complex algorithm makes it possible to evaluate the priority of actions, programs, intervention
strategies, plans and projects by applying mathematical concepts to decision-making, as well as
quantitative methodologies to evaluate mostly intangible and subjective judgments. They oppose the
classic single-criterion linear analysis models suitable only to straightforward cases and under enough
simplified hypotheses. The main advantage is now the flexibility in solving difficult problems by
adopting a typical human mind's cognitive model.
It is possible to obtain reliable scales by only using personal judgments, identifying all the single
elements of a problem, placing them inside homogeneous sets and sorting each set at a different level.
In hierarchies, intricate schemes are top-down analysed in their basics, simulating how the human
brain analyses complexity and breaks down the objects perceived by the senses into categories and
sub-categories, building a so-called dominance hierarchy (Figure 3).
The first level contains the general objective, while the second level contains its further
specifications. A possible third level can add more details to the upper level and so on. Finally,
alternatives are placed at the base of the dominance hierarchy. Once completed this initial phase,
pairwise comparisons are performed for each element of a certain level, with reference to the element
placed at that immediately higher. According to the hierarchy shown in Figure 1, second-level criteria
are pairwise compared with reference to the overall objective. Third-level sub-criteria are pairwise
compared with reference to each second-level criterion until the alternatives are compared according
to each third-level sub-criterion, each second-level criterion and, finally, the overall objective.

2669

Emergency response
Buildings

Population

Costs

Strategic buildings

Dead

Mitigation costs

Cultural heritage

Injured

Reconstruction costs

Residential buildings

Homeless

Restoration costs

Transport
infrastructures

Demolition and rubble
removal costs

Industrial plants

Health care costs

Buildings with social
functions

Evacuation costs

Emergency
management costs
Alternative 1
(No
mitigation)

Alternative 2
(50% A to B;
50% B to C)

Alternative 3
(65% A to B;
35% B to C)

Alternative 4
(80% A to B;
20% B to C)

Figure 3. The dominance hierarchy

These operations provide a series of comparison coefficients placed into a so-called dominance
matrix and a priority vector that measures all the alternatives' relative reasonability. When the use of
judgments is necessary, these can be expressed via the semantic scale of Saaty (Table 5). Such a
scheme links natural numbers to qualitative linguistic variables making it possible to answer the
crucial question behind all pairwise comparisons: "How much does an element dominate another with
reference to a specific criterion or attribute? ".
Intensity of dominance (aij)
Judgement
1
Equal importance
3
Weak predominance
5
Moderate predominance
7
Strong predominance
9
Absolute predominance
2
4
Values of compromise
6
8
Table 5. The semantic scale of Saaty

Denoting by ݊ the number of criteria to be considered, the dominance matrix ܣ , built by an
individual decision-maker, will be square and symmetrical (Equation (15):



ܽଵଵ
ܽଵଶ
ǥ ܽଵ



ܣ ൌ ተܽଶଵ ܽଶଶ ǥ ܽଶ ተ
(15)
ǥ
ǥ ǥ ǥ



ܽଵ
ܽଶ
ǥ ܽ
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where ܽ
denotes the k-th preference of the generic decision-maker, referred to the i-th criterion
concerning the j-th one. If there are more than one decision-makers, individual preferences are
averaged and inserted into a new dominance matrix A (Equation (16))
ܽଵଵ ܽଵଶ ǥ ܽଵ
ܽଶଵ ܽଶଶ ǥ ܽଶ
ܣൌተǥ
(16)
ǥ ǥ ǥተ
ܽଵ ܽଶ ǥ ܽ
Following the Analytic Hierarchy Process, every criterion's normalised weight ݓே is calculated as
in the (17).

ݓே ൌ

ଵ


൫ςୀଵ ܽ ൯
σୀଵ ݓ

݅ ൌ ͳǡ ǥ ǡ ݊

(17)

The eigenvalue for each row of the dominance matrix  ܣis computed as in the (18).
σୀଵ ܽ
ߣ ൌ ݓ ቆ 
ቇ ݅ǡ ݆ ൌ ͳǡ ǥ ǡ ݊
σୀଵ ݓ

(18)

and so the maximum eigenvalue is calculated as in (19), that represents the limit value that ݊ must
take in order for the (20).


ߣ௫ ൌ  ߣ

(19)

ୀଵ


σୀଵ ܽ ݓ
ݓ ൌ
՜  ܽ ݓ ൌ ߣ௫ ݓ
ሺߣ௫ ൌ ݊ሻ

(20)

ୀଵ

The following consistency index  ܫܥmeasures the deviation of  ܣfrom the coherence and allows to
measure the overall difference between the two sets of values, as in the (21).
ߣ௫ െ ݊
 ܫܥൌ
(21)
݊െͳ
Impossibility to make reliable judgments, lack of data and inexperience can drive inconsistency.
However, it is crucial to establish its maximum admissible value to avoid having completely
erroneous data, so the consistency index is compared with arbitrary random index ܴܫ. The ratio
between  ܫܥand ܴ ܫprovides the consistency ratio  ܴܥexpressed in the (22).
ܫܥ
 ܴܥൌ
 ͲǤͳͲ
(22)
ܴܫ
3. A CASE STUDY: PINEROLO, TORRE PELLICE AND VILLAR PELLICE
MUNICIPALITIES
This section shows the application of CAESAR II system on three municipalities in the Piedmont
Region: Pinerolo, Torre Pellice and Villar Pellice.
First of all, the impact model requires the choice of the kind of analysis (risk or scenario). In case of
risk, the return period must be defined, while in case of scenario a shakemap has to be uploaded or
coordinates and depth of the epicentre have to be provided
.
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The analyses proposed for the Piedmontese municipalities have been done considering the area's risk,
with reference to a seismic hazard expressed in acceleration (ag) and a probability of exceedance in
50 years of 10% (return period of 475 years). The hazard value is almost homogeneous on the three
municipalities.

Figure 4. Hazard distribution on the cells of the investigated muncipalities

Also, a dataset of 1,642 detected buildings has been provided by the Piedmont Region.
With reference to the exposure model, estimated based on equations (1) and (2), the buildings
distribution on the vulnerability classes summarised in the Table 6 has been obtained. It is shown
that all the investigated municipalities have a high percentage of buildings in class A (Villar Pellice
66%, Torre Pellice 52 % and Pinerolo 41%). With reference to class D, the high percentage is found
in Pinerolo (28%), followed by Torre Pellice (21%) and, at the end, Villar Pellice (11%). The
intermediated classes have similar values: class B occurs with a frequency of 18% in Pinerolo and
Torre Pellice, and 17% in Villar Pellice; instead class C is manifested by a percentage of 13% in
Pinerolo, 10% in Torre Pellice and 6% in Villar Pellice.

VULNERABILITY CLASS
municipality

buildings

Pinerolo
Torre Pellice
Villar Pellice

4211
1180
802

A
n°
1723
616
533

B
%
41
52
66

n°
750
207
134

C
%
18
18
17

n°
543
114
50

D
%
13
10
6

n°
1195
243
85

%
28
21
11

Table 6. Buildings distribution on the vulnerability classes for each investigated municipality

municipality

buildings

Pinerolo
Torre Pellice

4211
1180

COLLAPSED BUILDINGS
min
med
max
n°
%
n°
%
n°
%
93
2
196
5
357
8
33
3
69
6
125
11

2672

UNHABITABLES BUILDINGS
min
med
max
n°
%
n°
%
n°
%
295
7
502
12
764
18
103
9
174
15
262
22

Villar Pellice

802

28

3

59

7

106

13

88

11

147

18

219

27

Table 7. Impact on the buildings
municipality

population

Pinerolo
Torre Pellice
Villar Pellice

34854
4573
1120

min
n°
11
2
1

%
0,03
0,04
0,09

DEATH
med
n°
%
25 0,07
5 0,11
2 0,18

max
n°
%
49 0,14
9 0,20
3 0,27

min
n°
%
38 0,11
7 0,15
3 0,27

INJURIED
med
n°
%
89 0,26
17 0,37
6 0,54

max
n°
%
180 0,52
34 0,74
12 1,07

min
n° %
284 1
101 2
87 8

HOMELESS
med
max
n°
%
n°
%
477 1 715
2
169 4 253
6
145 13 216 19

Table 8. Impact on the population

The impact estimated by the CAESAR II model with reference to the buildings and the population
have been summarised in the Table 7 and Table 8 respectively, on the basis of the vulnerability model
in the Table 2. The minimum values has been obtained with the vulnerability parameters related to
the 16%, the medium values with the ones related to the 50% and the maximum values with the ones
related to the 84%.
Although Pinerolo is the municipality with a high impact on the buildings and the population in total
terms, it has a low percentage term. Contrary, Villar Pellice shows the low impact in full terms and
the high impact in percentage terms. These results are perfectly consistent with the input data. The
three municipalities are affected by an almost homogeneous hazard, so the exposure model dictates
the differences. As shown, Villar Pellice is the most fragile municipality (high percentage of class A
buildings), while Pinerolo has higher percentages of class C and D buildings. However, the buildings
and inhabitants in Villar Pellice are 19% and 3% respectively of those in Pinerolo, so in total terms,
the incidence is much lower.
The cost analysis model does not require information; the input data are the impact model's casualties
and losses. In Table 9 the costs analyses for each municipality, with reference to minimum, medium
and maximum values, have been summarised. Since there are no hypotheses of mitigations in this
phase, in all the cases, this value is equal to zero. The higher costs are always related to the restoration
that in each case represent more than the 50% of the total costs.
The multi-criteria analysis's input data are provided by the casualties and economic losses resulting
from some possible scenarios. In the case study four scenarios have been considered: the first one
(SCENARIO 0) is related to the actual state while the remaining three are obtained by assuming forms
of mitigation on existing buildings (SCENARIO 1: 50% of class A buildings are transformed into
class B buildings and 50% of class B buildings are transformed into class C buildings; SCENARIO
2: 65% of class A buildings are transformed into class B buildings and 35% of class B buildings are
transformed into class C buildings; SCENARIO 3: 80% of class A buildings are transformed into
class B buildings and 20% of class B buildings are transformed into class C buildings). For each
scenario have been considered the data estimated with the vulnerability model at 50%.
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PINEROLO

TORRE PELLICE

VILLAR PELLICE

MIN

MED

MAX

MIN

MED

MAX

MIN

MED

MAX

mitigation

-

-

-

-

-

-

-

-

-

reconstruction

76 MLN€

162 MLN€

298 MLN€

27 MLN€

56 MLN€

102 MLN€

23 MLN€

47 MLN€

87 MLN€

restoration

695 MLN€

862 MLN€

977 MLN€

218 MLN€

258 MLN€

282 MLN€

164 MLN€

185 MLN€

195 MLN€

demolition and
rubble removal

1.84 MLN€

3.76 MLN€

6.57 MLN€

0.66 MLN€

1.32 MLN€

2.28 MLN€

0.55 MLN€

1.12 MLN€

1.93 MLN€

health

0.07 MLN€

0,17 MLN€

0.36 MLN€

0.01 MLN€

0.03 MLN€

0.07 MLN€

0.01 MLN€

0.01 MLN€

0.02 MLN€

evacuation

0.20 MLN€

0.21 MLN€

0.23 MLN€

0.19 MLN€

0.19 MLN€

0.20 MLN€

0.18 MLN€

0.19 MLN€

0.19 MLN€

emergency
management

252 MLN€

252 MLN€

252 MLN€

252 MLN€

252 MLN€

252 MLN€

252 MLN€

252 MLN€

252 MLN€

498 MLN€

568 MLN€

640 MLN€

439 MLN€

486 MLN€

535 MLN€

TOTAL

1,026 MLN€ 1,281 MLN€ 1,534 MLN€

Table 9. Costs analyses for each municipality, with reference to minimum, medium and maximum values

In Table 10 the impact (on the buildings and on the population) and costs of each scenario has been
resumed. Also, the percentage of the impact aspects of each hypothesised scenario with reference to
the actual case (SCENARIO 0) has been indicated.

costs

buildings
losses

human losses

scenario 0

scenario 1

scenario 2

scenario 3

death

49

26

53%

21

43%

15

31%

injuried

107

56

52%

43

40%

30

28%

homeless

703

384

55%

306

44%

230

33%

uninhabitable

824

510

62%

429

52%

346

42%

collapsed

324

181

56%

142

44%

101

31%

mitigation

- MLN€

501 MLN€

n.e.

456 MLN€

n.e.

321 MLN€

n.e.

reconstruction

267 MLN€

155 MLN€

58%

122 MLN€

45%

89 MLN€

33%

restoration

1,306 MLN€

1,283 MLN€

98%

1,284 MLN€

98%

1,284 MLN€

98%

demolition and rubble
removal

6.20 MLN€

3.55 MLN€

57%

2.76 MLN€

44%

1.99 MLN€

32%

health

0.22 MLN€

0.11 MLN€

52%

0.08 MLN€

39%

0.06 MLN€

27%

evacuation

0,58 MLN€

0.56 MLN€

96%

0.56 MLN€

95%

0.55 MLN€

94%

emergency
management

756 MLN€

756 MLN€

100%

756 MLN€

100%

756 MLN€

100%

TOTAL

2,221 MLN€

2,620 MLN€

118%

2,553 MLN€

115%

2,394 MLN€

108%

Table 10. Impact (on the buildings and the population) and costs of each scenario and percentage of the impact aspects
of each hypothesised scenario with reference to the actual case (SCENARIO 0)

The objective of this case study is to draw up an adequate response to a seismic emergency. Such
a program represents a dynamic tool open to updates and revisions, subject to the identification and
definition of multiple criteria articulated on different levels and configured to anticipate, prevent or
deal with an earthquake that hits territory and social community
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The dominance hierarchy proposed for this case identifies an objective ܱ represented by the
emergency response and three criteria ܥ that specify the contents and meanings of the objective.
Buildings, population and costs represent these first-level criteria. Sixteen second-level sub-criteria
ܵ further characterising the criteria in the higher level are expressed by strategic buildings, cultural
heritage, residential buildings, transport infrastructures, industrial plants, buildings with social
functions, dead, injured, homeless, mitigation costs, reconstruction costs, restoration costs,
demolition and rubble removal costs, health care costs, evacuation costs and emergency management
costs. The four decision alternatives ܣ are described by the four scenarios derived from the two
impact models already mentioned.
The first phase of the decision-making process is the composition of a team in which each member
involved has specific skills within disciplines related to the strategic resolution of the problem. Based
on the semantic scale of Saaty, every opinion expressed by the single decision-maker on an
explanatory and simplified questionnaire represents the intensity of dominance to each pairwise
comparison between elements belonging to the same hierarchical level. Results are averaged to take
account of the multidisciplinary nature of the problem and transferred into the Analytic Hierarchy
Process in the form of matrices of pairwise comparisons.
The first matrix of pairwise comparisons contains the criteria buildings ܥଵ , population ܥଶ and costs
ܥଷ that are compared with each other regarding the objective emergency response ܱ. Consequently,
the normalised weight of each criterion is calculated.
O
C1
C2
C3
C1
1
1/5
3
C2
5
1
6
C3
1/3
1/6
1
Table 11. Matrix of pairwise comparison of criteria regarding the objective O

The second matrix of pairwise comparisons contains the sub-criteria strategic buildings ܵଵ,
cultural heritage ܵଶ , residential buildings ܵଷ , transport infrastructure ܵସ , industrial plants ܵହ and
buildings with social functions ܵ that are mutually compared regarding the criterion buildings ܥଵ .
The third matrix of pairwise comparisons contains the sub-criteria dead ܵ , injured ଼ܵ and homeless
ܵଽ that are mutually compared regarding the criterion population ܥଶ . The fourth matrix of pairwise
comparisons contains the sub-criteria mitigation costs ܵଵ, reconstruction costs ܵଵଵ, restoration costs
ܵଵଶ, demolition and rubble removal costs ܵଵଷ, health care ܵଵସ, evacuation costs ܵଵହ and emergency
management costs ܵଵ that are mutually compared regarding the criterion costs ܥଷ . Therefore, all the
weights are calculated and inserted into specific vectors.
Finally, sixteen matrices of pairwise comparisons are assembled: the alternatives seismic
vulnerability condition 1 ܣଵ , seismic vulnerability condition 2 ܣଶ , seismic vulnerability condition 3
ܣଷ and seismic vulnerability condition 4 ܣସ are compared with each other concerning the various
sub-criteria ܵ by an automatic algorithm able to assign a value from the semantic scale of Saaty to
every ratio. All the matrices so calculated can provide the weight of each alternative with reference
to each sub-criterion.
These decision alternatives are subsequently weighted in relation to the criteria buildings ܥଵ ,
population ܥଶ , costs ܥଷ and, ultimately, with reference to the objective emergency response ܱ.
The decision alternative seismic vulnerability condition 4 ܣସ turns out to be the best compromise
between expected losses and economic burden for the community.
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O
wSi
Ai
wA1
wA2
wA3
wA4

C1
0,195

C2
0,717

C3
0,088

wAi

0,230
0,238
0,252
0,280

0,045
0,143
0,248
0,563

0,419
0,126
0,164
0,291

0,114
0,160
0,242
0,484

Table 12. Calculation of the weights of the alternatives regarding the objective O

4. CONCLUSIONS
CAESAR II is a web-service procedure conceived as a decision support system for public
authorities engaged in disaster risk reduction plans. The platform gives the possibility to plan medium
and long-term investments and define customised financial support mechanisms and fiscal incentives.
The 'seismic impact scenarios' evaluation module estimates the impact on the buildings and the
population based on the user's few values on the hazard and, eventually, on the exposure. Simulation
results can be further processed through the Multi-Criteria Cost-Benefit Analysis modules to support
the comparative evaluation of alternative seismic and energy measures.
This paper described the procedure and the parameters included in each module of the tool and
shows an application on three municipalities of the Pedimont region: Pinerolo, Villar Pellice and
Torre Pellice. It is shown that CAESAR II requires few and easy data to the user, although it is able
to provides a complete package of outcomes useful to support the emergency management and the
mitigation decisions.
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Abstract
Reproducibility and transparency have become standard practice in earthquake loss modelling
following a growing demand from both the public and private sectors for understandable and
accessible risk model input data, software and results. Since the 1990’s the European scientific
community has worked together on many aspects of seismic hazard and risk modelling. These
advances have led to the 2020 European Seismic Risk Model (ESRM20), which has been computed with open source software and is now being openly released to the wider scientific community. This paper presents the recently released input models and software to assess the
vulnerability of the European building stock within ESRM20.

Keywords: Vulnerability, Fragility, European Exposure, Open-Source, Open Data.
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1 INTRODUCTION
Reproducibility and transparency have become standard practice in earthquake loss modelling following a growing demand from both the public and private sectors for understandable
and accessible risk model input data, software and results. Since the 1990’s the European scientific community has worked together on many aspects of seismic hazard and risk modelling.
These advances have led to the 2020 European Seismic Risk Model (ESRM20), which has been
computed with open source software and is now being openly released to the wider scientific
community (Crowley et al., 2019 [1]). This paper summarises the recently released input models and software to assess the vulnerability of the European building stock within ESRM20.
2 CAPACITY CURVES FOR EUROPEAN BUILDING STOCK
Capacity curves provide a description of the lateral strength and deformation capacity of
buildings or building classes, and are often transformed to the ADRS (acceleration displacement response spectrum) format for the purposes of developing fragility functions.
For ESRM20, capacity curves for a large range of building classes are needed to cover the
varying construction types in Europe (as included within the European exposure model: Crowley et al., 2020a [2]; Crowley et al., 2020b [3]). The GED4ALL Building Taxonomy has been
used to classify the vulnerability of European buildings (Brzev et al., 2021 [4]) with the attributes summarised below:
• Materials. CR: reinforced concrete, MR: reinforced masonry, MCF: confined masonry, MUR: unreinforced masonry, MUR-ADO: adobe, MUR-CB99: concrete
block masonry, MUR-CL99: clay brick masonry, MUR-STDRE: dressed stone masonry, MUR-STRUB: rubble stone masonry, S: steel, W: wood/timber.
• Lateral load resisting systems. LDUAL: dual frame-wall system, LFINF: infilled
frame, LWAL: load bearing wall, LFM: moment frame, LFBR: braced frame.
• Code Level or Ductility. CDN: absence of seismic design, CDL: low code level (designed for lateral resistance using allowable stress design), CDM: moderate code
level (designed for lateral resistance with modern limit state design), CDH: high code
level (designed for lateral resistance coupled with target ductility requirements and
capacity design), DNO: non-ductile, DUL: low ductility, DUM: moderate ductility,
DUH: high ductility.
• Height. H: number of storeys.
• Lateral Force Coefficient. The value of the lateral force coefficient, i.e. the fraction
of the weight that was specified as the design lateral force in the seismic design code
(see Code Level), expressed in % (applied to reinforced concrete moment and infilled
frames only).
Following their use in the calculation of their Global Seismic Risk Map (GEM, 2018), the
GEM Foundation has released a global database of capacity curves (Martins and Silva, 2020
[5]) which have been derived through the compilation of data coming from research studies and
experimental campaigns. These capacity curves have been used to represent the European
CR_LDUAL, CR_LWAL, MCF, MR, MUR, S and W typologies with different heights and
ductility, for a total of 217 building classes.
As part of the European SERA project (www.sera-eu.org), a detailed set of capacity curves
for European reinforced concrete infilled frames (CR_LFINF) and moment frames (CR_LFM)
has been recently developed (Romão et al., 2019 [6]). A total of 264 reinforced concrete classes
have been identified by combining different numbers of storeys (1 to 6), seismic design code
levels (no code: CDN, low code: CDL, moderate code: CDM, high code: CDH) and lateral
force coefficient levels (0, 5, 10, 15, 20, 25, 30 % of the weight of the structure). Buildings of
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design class CDN were typically designed to older codes (from before the 1960’s) that used
allowable stresses and very low material strength values and considered predominantly the
gravity loads. Buildings of design class CDL were designed considering the seismic action by
enforcing values of the seismic coefficient, β (referred to herein as lateral force coefficient).
Structural design for these codes was typically based on material-specific standards that used
allowable stress design or a stress-block approach. Seismic design including modern concepts
of ultimate capacity and partial safety factors (limit state design) was the basis of the CDM
category of codes. The seismic action was also accounted for in the design by enforcing values
for the lateral force coefficient, β. Finally, the CDH class refers to modern seismic design principles that account for capacity design and local ductility measures, similar to those available
in Eurocode 8 (CEN, 2004 [7]). Seismic zonation maps associated with the seismic design codes
employed in Europe over the last century can be used to identify the lateral force coefficient
(i.e. the fraction of the weight that was specified as the design lateral force in the seismic design
code, expressed in %) (see Crowley et al., 2021 [2] and Crowley et al., 2020c [9]).
The capacity curves for the 264 building classes were developed through simulated design
of prototype frames (see e.g. Borzi et al., 2008 [10]; Verderame et al., 2010 [11]) and then
nonlinear analysis has been undertaken to obtain the backbone capacity curves of these frames.
Up to 300 capacity curves have been simulated per class by modifying the geometrical and
material properties of the prototype frames, and thus accounting for the building-to-building
variability in the simulated design. Figure 1 shows the median capacity curves for reinforced
concrete frames with masonry infills not designed with seismic loads (CDN).

Figure 1: Median capacity curves from Romão et al. (2020) [12] for reinforced concrete frames with masonry
infills (CR/LFINF) not designed with seismic loads (CDN)

All of the median capacity curves for the 481 building classes are publicly available on a
GitLab repository (Romão et al. 2020 [12]).
3 VULNERABILITY MODELLING
3.1Vulnerability Modellers’ Toolkit (VMTK)
The fragility functions of these European building classes have been computed using the
Vulnerability Modeller’s Toolkit, a resource that has been developed and released by the GEM
Foundation in collaboration with members of the European risk community (Martins et al.,
2021 [13]). This toolkit is a set of Python scripts that read the capacity curves, produce SDOF
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hysteretic models, launch OpenSeesPy1 to run nonlinear dynamic analysis, apply linear censored regression to the cloud of nonlinear responses, and compute fragility functions for different damage states, based on the user-defined damage state thresholds. A graphical user interface
is included with the toolkit and includes a set of default assumptions, allowing less experienced
users to interact with the VMTK (Figure 2). Experienced users are instead encouraged to make
use of Python’s scripting capabilities to explore all the features of the VMTK source code and
to contribute to future releases of the toolkit. The complete toolkit, including source code and
GUI, is currently hosted in a publicly available GitHub repository2.

Figure 2: Graphical user interface of the fragility module of the VMTK (Martins et al., 2021 [13])

3.2Fragility Functions
The median capacity curves in Romão et al. 2020 [12] have been read by the VMTK’s
‘nlth_on_sdof.py’ script which has been used to produce SDOF models using the Pinching4
hyseresis curve of OpenSeesPy. Pinghing4 is a uniaxial material that represents a ‘pinched’
load-deformation response and exhibits degradation under cyclic loading. In addition to the
response envelope (taken from the capacity curves), the hysteretic properties given in Table 1
have been assumed for the SDOF models for the different material types. Cyclic degradation
of the strength and stiffness is modelled for the CR, MUR, MCF and MR typologies through
unloading stiffness degradation, reloading stiffness degradation, and strength degradation.
Mass proportional damping is used with different damping ratios for each typology. Typically,
masonry is assigned 10% damping, reinforced concrete and wood is 5%, and steel is 3%. The
nlth_on_sdof.py’ script runs nonlinear dynamic analysis using each SDOF and a set of records.
A database of recordings has been compiled for the nonlinear dynamic analyses using records
with PGA above 0.05g in the Engineering Strong Motion (ESM, Luzi et al 2016 [14]; Luzi et
al. 2020 [15]) and NGA (Chiou et al. 2008 [16]) databases. Records have then been selected
from this database to match a range of intensity measure bins with a maximum scaling factor
of 2.

1
2

https://openseespydoc.readthedocs.io/en/latest/index.html
https://github.com/GEMScienceTools/VMTK-Vulnerability-Modellers-ToolKit
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The SDOF properties reported above are currently being further tested and modifications
might still be incorporated in the final European fragility models. The final scripts used to develop the models will be made available on the aforementioned GitLab repository (Romão et
al. 2020 [12]) so that are final assumptions are transparent and it will be possible to easily
reproduce the models.
Table 1: Adopted parameters of the Pinching4 hyseresis model

Parameters of Pinching4*
rdispP/N, fForceP/N, uForceP/N
gK1 gK2 gK3 gK4 gKLim
gD1 gD2 gD3 gD4 gDLim
gF1 gF2 gF3 gF4 gFLim
gE
dmgType

CR, MUR, MCF, MR
0.5, 0.25, 0.05
0, 0.1, 0, 0, 0.2
0, 0.1, 0, 0, 0.2
0, 0.4, 0, 0.4, 0.9
10
energy

W, S
0.5, 0.25, 0.5
0,0,0,0,0
0,0,0,0,0
0,0,0,0,0
10
energy

* See https://openseespydoc.readthedocs.io/en/latest/src/Pinching4.html?highlight=pinching4 for definition of the parameters

The ‘fragility_censored_cloud_analysis.py’ script in the VMTK uses the nonlinear response
outputs from each dynamic analysis together with damage thresholds to apply linear censored
regression, and this is then used to compute fragility functions (lognormal distributions) for
different damage states, based on the user-defined damage state thresholds. For the European
fragility functions, the damage thresholds presented in Figure 3 have been assumed.

Figure 3: Damage thresholds assumed in the development of the fragility functions (Martins and Silva, 2020 [8])

Four different intensity measure types have been used in the censored regression: PGA, Sa(0.3),
Sa(0.6) and Sa(1.0). An average spectral acceleration (see e.g. Baker and Cornell (2006) [17];
Eads et al., 2015 [18]) with 20 intervals between 0.05 and 3 seconds is also currently being
investigated. The final intensity measure for each building typology is taken as that with the
lowest lognormal dispersion in the fragility function given that this is related to efficiency (i.e.
low dispersion in the nonlinear response, given the intensity measure), and it has been found
by checking the sufficiency (i.e. conditional independence of the distribution of nonlinear response, given IM, on other parameters of the ground motion) of the different intensity measures
that the most efficient is typically also sufficient. Some recent studies have shown that the
higher the efficiency, the higher the sufficiency of the intensity measure (e.g. Bradley et al.
2010 [19]). Others have cautioned that the typical checks for sufficiency (e.g. Luco and Cornell,
2007 [20]) only provide evidence rather than proof of sufficiency and that it should be ensured
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that the intensity measure is also efficient to ensure that the additional parameters really are
having a significant influence on the response (Kazantzi and Vamvatsikos, 2015 [21]). For illustration purposes, Figure 4 shows the fragility functions in terms of Sa(0.3s) that have been
obtained with the capacity curves presented in Figure 1.

Figure 4: Fragility functions calculated using the capacity curves presented in Figure 1, where DS1 = slight damage, DS2 = moderate damage, DS3 = extensive damage and DS4 = complete damage

3.3Vulnerability functions for cost of repair/replacement
The fragility functions are converted into vulnerability models using damage-loss models
which provide damage ratios for each damage state (slight, moderate, extensive and complete).
For losses due to the repair of damage, the damage ratios (which represent the ratio of cost of
repair to cost of replacement) from HAZUS (FEMA, 2004 [22]) are being adopted, i.e. 0.02
(slight damage), 0.1 (moderate damage), 0.5 (extensive damage), 1.0 (complete damage). These
values are being further tested and calibrated using the results of the tests described in Section
4 and may be adapted before the final release of ESRM20. For a range of intensity measure
levels, the probability of occurrence of each damage state is obtained from the fragility functions, multiplied by the damage ratios and summed leading to a mean loss ratio. A lognormal
cumulative distribution function has then been fit to the vulnerability data to obtain the median
and lognormal standard deviation (dispersion).
In order to account for the building-to-building variability, which is not accounted for given
the use of the median capacity curves, a separate study to produce vulnerability functions using
all available capacity curves for the CR/LFINF and CR/LFM typologies has been undertaken.
This study showed that the mean vulnerability function based on all of the capacity curves of a
given typology had a very similar median to the vulnerability function based on the median
capacity curves. However, the dispersion was, as expected, slightly higher. It was found that
the additional dispersion required to account for building-to-building variability was around 0.3,
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and this is therefore combined with the dispersion obtained with the median capacity curves
through the square-root-sum-of-squares to produce the final vulnerability functions.
3.4Vulnerability functions for loss of life
For loss of life, the model uses a number of factors obtained from both past observations and
expert judgment, including the likelihood that a completely damaged building will collapse to
the extent that it could cause loss of life (currently taken as 1.5% based on the data from recent
earthquakes: Antonios Pomonis, personal communication), the probability of entrapment given
collapse (Reinoso et al. 2017 [23]), and the probability of loss of life given entrapment (Reinoso
et al. 2017 [23]). Different entrapment ratio for day and night are assumed, with higher values
for the latter given the increased time required for people to wake up and escape from the collapsing building. Also, an increase in the entrapment ratio with number of storeys has been
implemented for the day-time entrapment rates. The loss of life given entrapment has been
obtained from the data in Table 2 of Reinoso et al. (2017 [23]) with a clear distinction between
buildings with less than and more than 5 storeys being observed and thus applied. Table 2 presents all of the assumed values.
Table 2: Adopted fatality model input parameters

Number of storeys
1
2
3-4
>5

P-entrapment (day)
0.25
0.5
0.75
0.95

P-entrapment (night)
0.95
0.95
0.95
0.95

P-loss-life|entrapment
0.4
0.4
0.4
0.7

The fatality vulnerability models are obtained by multiplying the complete damage fragility
functions by 1.5% and the factors presented in Table 2. A lognormal function is then fit to the
data and the dispersion is increased to account for building-to-building variability (as presented
in the previous section).
3.5Vulnerability Viewer
A Dash App is currently under development to allow users to view and compare the fragility
and vulnerability functions for all of building classes and for all the available intensity measure
types. A prototype that presents the vulnerability functions in terms of Sa(0.3) is currently available at http://vulncurves.eu-risk.eucentre.it/ (see Figure 5).
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Figure 5: Screenshot of the vulnerability viewer currently under development

4 VULNERABILITY TESTING
Extensive testing of the resulting fragility and vulnerability models has been undertaken by
comparing the modelled damage/losses with empirical models as well as with observations
from a large number of past European earthquake scenarios (Crowley et al. 2020d [24]).
Simple sanity checks, so-called ‘unit tests’ are undertaken to ensure the median and dispersion values are within sensible ranges, and to compare with existing functions from the literature. The VMTK includes a module that allows users to test their model’s against GEM’s global
vulnerability models, which have been calibrated or tested using past earthquake damage and
loss data. Useful, and openly available, data for this purpose includes the empirical vulnerability
models developed by PAGER (Jaiswal et al., 2009 [25]; Jaiswal and Wald, 2013 [26]), as well
as fatality, economic loss and damage data from various databases including the Centre for
Research on the Epidemiology of Disasters (CRED)’s EMDAT data-base (EMDAT, 2019 [27]),
the Italian Department of Civil Protection’s Da.D.O. data-base (Dolce et al., 2019 [28]),
NOAA’s Significant Earthquake Database (NGDC/WGS), and the Cambridge Earthquake Impact Database (www.ceqid.org).
Figure 6 shows two examples of tests that have been undertaken with the European vulnerability model. In the first example, a mean vulnerability function calculated through an exposure-weighted combination of all the building classes in the country has been produced and
compared with the empirical models developed by PAGER, following conversion of the spectral ordinates to macroseismic intensity (with the associated uncertainty in the conversion
shown by the mean and +/1 standard deviation vulnerability curves). In the second example,
ground motion fields (modelled using scenario rupture models and the latest European ground
motion and site amplification models) have been developed for over 30 damaging historical
events above magnitude 5 in Europe since the 1980’s. These ground motions are then combined
with the current exposure and vulnerability models to estimate direct economic losses. These
are then compared in a statistical sense with the reports on economic losses (that are corrected
to today’s value). Similar tests can also be undertaken for fatalities These tests provide a check
to ensure that probabilistic losses predicted by the risk model are not biased.
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Figure 6: Example tests of the European vulnerability model: (left) comparison with the PAGER vulnerability model, where the three blue dashed lines represent the mean and +/- sigma, (right) comparison of estimated
and observed losses for damaging European events since 1980

These tests will continue to be undertaken until the finalization and release of ESRM20
which is expected in October 2021. As mentioned previously, all of the scripts and input data
described herein will then be released on the dedicated vulnerability GitLab repository (Romão
et al. 2020 [12]).
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Abstract
PELL, Public Energy Living Lab, is a platform conceived to support the Public Administration
in Italy towards the definition and implementation of interventions on public buildings, aiming
to jointly pursue their seismic safety, energy efficiency and environmental certification.
This paper presents the on-going activities for the development of the platform PELL-Schools,
focusing, in particular, on the “Seismic-Response” module that aims to become a standardized
and interoperable database for the collection and collation of relevant data for the seismic
vulnerability assessment and for the seismic monitoring of Italian schools.
In order to test, tune and modify, if necessary, the proposed PELL-School Seismic-Response
module and to contribute to its implementation on Italian school buildings a Working Group
has been set up involving several Italian municipalities and stakeholders.
The paper concludes with a call to action inviting researchers working on the seismic
vulnerability assessment and monitoring of strategic buildings to join the Working Group to
contribute their knowledge towards the common goal of guarantying the seismic safety of
schools and other strategic buildings in Italy.

Keywords: School Buildings; Geodatabase; Standardization; Interoperability, Seismic
Vulnerability Assessment; Seismic Risk; Public Administration; Energy Efficiency
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1 INTRODUCTION
The Italian Ministry of Education and Research (MIUR) permanently guarantees the access
and reusability of the data of the national education and training system, making accessible in
open format, among others, the data from the National School Building Registry System
(SNAES). According to SNAES data, the portfolio of Italian schools includes 40.151 actively
operating buildings belonging to local authorities, out of which: about 50% were built before
1970; 46.8% do not hold a static safety certificate; 59.5% do not hold the fire prevention
certificate; and 53.8% do not hold the certificate of viability/habitability. The situation is indeed
critical. As far as the seismic vulnerability of school is concerned, the situation is possibly even
worse despite the several initiatives undertaken by the Italian Government. After the 2002
earthquake in Puglia and Molise, the directive of the President of the Council of Ministers
(PCM) n. 3274 of 20 March 2003, referred hereafter as OPCM 3274 [1], reclassified the entire
national territory into four areas with different level of hazards (removing the non-seismic
areas) and introduced the obligation for the owners to proceed with the seismic verification of
strategic buildings and of buildings relevant for civil protection purposes, including school
buildings. Specific funds for extraordinary interventions, including seismic checks and first
urgent interventions, were made available1, and were allocate by the Civil Protection
Department - through the Regions – for financing the seismic checks of about 2.300 school
buildings (out of the 40.151 building patrimony). Furthermore, the Regions and Municipalities
carried out further seismic checks of school buildings with their own funds. At the moment the
Italian Civil Protection Department is digitizing the summary data of the checks carried out in
order to establish a centralized database associated with ARES, the Regional Registry of School
Building (in Italian, “Anagrafe Regionale Edilizia Scolastica”)2.
To support this process, ENEA intends to make available all the technologies and experience
gained, thanks to the PELL experience, to contribute to build an interoperable database of
Italian school buildings throughout the national territory. PELL, Public Energy Living Lab, is
a platform conceived to: a) achieve a minimum standard of building knowledge: b) monitor and
evaluate the state of art of buildings and performances; and c) support the Public Administration
(PA) in Italy towards the definition and implementation of interventions on public buildings,
aiming to jointly pursue their seismic safety, energy management efficiency [2]. PELL-IP, the
platform for the census and monitoring of Public Lighting at national scale, is already a
successful reality in Italy (since 2019).
This paper presents the on-going activities for the development of the PELL-School
platform, focusing, in particular, on the “Seismic-Response” module, referred hereafter as
PELL-School-RS that aims to become a standardized and interoperable database for the
collection and collation of relevant data for the seismic vulnerability assessment and for the
seismic monitoring of Italian schools. As far as the seismic vulnerability assessment is
concerned, PELL-Schools-RS will faithfully replicate and build on the data structure of the
official form [3] defined by the Italian Presidency of the Council of Ministers (PdCM),
Department of Civil Protection, for the seismic vulnerability assessment of strategic buildings.
The inclusion in PELL-Schools of additional input data, aimed at identifying critical
vulnerabilities and at estimating a risk class and the expected average annual loss (EAL), before
and after seismic retrofitting interventions, is proposed in line with the approach officially
adopted in Italy for the classification of the seismic risk of residential buildings [4].
1

The Fund of 200 million euros was implemented through the opcm n. 3362 of 8 July 2004 and no. 3505 of 9
March 2006
2
Quoting from - http://www.protezionecivile.gov.it/attivita-rischi/rischio-sismico/attivita/sicurezza-scuole
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The paper also presents the Key Performance Indicators (KPIs) indicators included in PELLSchool-RS, namely: Static KPIs, providing a measure of the building seismic vulnerability and
expected “nominal” risk (Section 4.1), and dynamically computed KPIs (Section 4.2) that aim
to provide a quasi-real time estimation of the extent of earthquake-induced damage. The KPI
assessment is performed in PELL-School-RS, at different level of reliability, Tiered approaches,
based on the state-of-the-art methodologies and via a simplified analytical-mechanical
approach referred to as SLaMA method [5], [6] depending on the level of knowledge achievable
and on the information available for each school.
In summary, as showcased in the paper PELL-School aims to become a national
database/cadaster of school buildings, working as:
1. a standardized and homogeneous geospatial repository of identity, consumption and
seismic vulnerability data of Italian school buildings, where data are structured
according to ad-hoc technical specifications from AgID3 the Agency for Digital Italy, a
technical agency of the PdCM;
2. an interoperable platform that, thanks to the development of appropriate communication
protocols and webservices, allows for a two way data exchange and update with other
existing DBs;
3. a tool for monitoring the service performance and the residual functionality of schools
for both business-as-usual and post-disaster times.
2 PELL PUBLIC BUILDINGS – ENERGY AND SEISMIC RESPONSE LIVING LAB
Since several years ENEA has been promoting and boosting the digitization of data and
information related to the public administration assets. Particular focus has been given to
energy-intensive infrastructures (such as street Public Lighting) and to the strategic
infrastructures (e.g. school buildings, hospital systems among others) and/or critical for the
smart management of cities and territories.

Figure 1. PELL Platform, ICT layout.

3

Agenzia per l’Italia Digitale (https://www.agid.gov.it/)
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The goal is to promote a more efficient and effective management of these infrastructures
and associated services, through the development and adoption of new methodological and
technological solutions, allowing to provide to the stakeholders a set of management tools,
embedded in the PELL platform, that can support and inform their decision-making processes
about the adoption of targeted development goals.
Towards that the idea is to automatically and constantly assess, in a uniform and
standardized way, at both national and local level, both the physical conditions of the structure
or infrastructure under analysis as well as the functional ones, the latter by monitoring the
quality level of the service provided.
The PELL platform, developed thanks to the System Research Program Agreement under
the Italian Minister of Economic Development, MISE, is made available free of charge by
ENEA. The vertical PELL platform is a smart city as-a-service platform, whose general
architecture defines the retrieval of data from different infrastructures and managers and the
creation of a series of services for end users (Figure 1). The PELL platform is structured to
operate both a static mode, to support the census of the identity data of the infrastructure, and
in a dynamic mode, to support the continuous monitoring of the structure/infrastructure
functioning.
3 PELL-School-RS DATA STRUCTURE
Figure 2 presents the data structure proposed for the PELL-School-RS module.

Figure 2. Main group of data included in the PELL-School-RS module.
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In line with the structure of the ARES DB, some group of data (i.e. those included in the grey
box in Figure 2) are acquired at building level, while all the others (fields from 1 to 18 in the
blue box in Figure 2) refer to the Structural Unit (US, i.e. Unità Strutturale in Italian) and
therefore need to be collected and collated for each one of the US identified within the school
building.
A Structural Unit, US (Figure 3b), is identifiable by the homogeneity of the structural
characteristics and therefore distinguishable from the adjacent buildings by these characteristics
and also by the difference in height and/or age of construction and/or staggered floors, etc. The
US is also the reference survey unit for PdCM Level 1 and Level 2 forms [3].
A full presentation of the data included in PELL-School-RS is out of the scope of the paper.
In the following a brief overview is provided on:
1) ARES DB, PdCM Level 0 and PdCM Level 1-2 forms [3], and other “institutional” forms
such as [4] and [7], that have been taken as a reference to build the data structure of PELLSchool-RS module;
2) the proposal of additional data to be collected in order to identify the constructive,
material and geometric criticalities and peculiarities that might significantly affect the
seismic response of a building.
3.1Data sourced from existing institutional forms
As mentioned PELL-School is interoperable with ARES Database (Anagrafe Regionale
Edilizia Scolastica) that is part of the National School Building Registry System, SNAES.
ARES is managed by the Italian Regions and is continuously updated by Municipalities,
Provinces and Metropolitan Cities through a user-friendly graphical user interface (Figure 3).
ARES includes two different data structure, namely: a Building and US (Structural Unit)
Form dedicated to the survey of data related to the conditions of the school building; and a PES
Form (i.e. Punto di Erogazione del Servizio Scolastico, in Italian) dedicated to the collection of
data relevant to the school consistency and functionality (one school building might have
multiple PES, e.g. Figure 3a).
The ARES Building Form and US Form have to be filled in by the local authority
owning/responsible for the school. The ARES PES Form has to be filled in by the headmaster.
Figure 3 shows an overview of the ARES Platform dashboard and of some images extracted
from an ARES manual.
ARES Building and US Form includes 8 sections. PELL-School-RS sources data from the
first three of them, namely:
- Section A, including: identifier data of the school building, comprising a unique ID;
- Section B, including: identifier data of each Structural Unity, US; structural information of
the US, i.e. material and typology of the main vertical and horizontal structural systems and
their peculiar constructive techniques; design code; any strengthening and seismic retrofit
interventions, and related risk indicator assessed according to the legislation in force at the
time of the design and execution of the work;
- Section C, including: data on the use of the US; some geometrical and dimensional features
(number of storeys, area floor, etc.); constructive techniques of non-structural elements,
such as infills, facade/claddings; information on maintenance/retrofitting interventions if
any, for both structural and non-structural element, (e.g. beams, columns, floors, infills,
facade/cladding; hydraulic and electrical systems).
Not all the ARES DB is included in the PELL-School platform, as the aims of the two
platforms are indeed different. PELL-School will acquire only ARES data relevant for the
identification of the school building and of its structural units, and for performing their seismic
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vulnerability assessment as well as their energy efficiency assessment. Any data included in
ARES that is judged to be relevant for the aforementioned aims is directly acquired in PELLSchool automatically sourcing it from ARES, thus avoiding any replication of data request to
the Public Administrations, PAs.
This is possible thanks to the interoperability between ARES DB and PELL-School-RS,
meaning that all the relevant data collected and collated in ARES will be available in PELLSchool; after an initial acquisition of the data already included in ARES and relevant to PELL
a webservice will be established between ARES and PELL-Schools allowing to periodically
check for and to periodically acquire newly uploaded data and/or updated data.

Figure 3. ARES Platform: Layout of the dashboard and GUI interfaces and pictures from ARES manual that
clarifies the concept of PES and of US, Structural Unit.

PELL-School replicates in its data structure (Figure 2) the two seismic vulnerability
assessment forms established by OPCM n. 3274 2003 [1], namely: PdCM Level 0 Form, and
PdCM Level 1-2 Form. PdCM Level 0 Form aimed to support a first-step screening of the
structures whose seismic vulnerability should have been assessed according to OPCM n. 3274
and to support a prioritization for their thorough seismic vulnerability assessment and
identification of any required seismic retrofit intervention. Several data requested by PdCM
Level 0 Form are already included in the ARES DB, namely: identifying data, geometrical data,
construction period, material of the main vertical structural system, use of the building and
presence of retrofitting interventions.
PdCM Level 1-2 Form, collect the necessary information to perform an engineering
assessment of the seismic vulnerability, according to the codified methodology in the current
Italian seismic code, NTC 2018 [8], to assess the a Risk Indicators (α), defined as US Capacity
vs. Demand ratios; a brief summary on the concept underpinning the assessment of the seismic
Capacity for US in terms of its performance at the various Limit States, according to [8], is
provided in section 4.1. PdCM Level 1-2 Form includes 30 different sections where data are
collected either as unique or multiple choice questions or by fill-in boxes where written or
numerical information have to be provided, as appropriate. Data included in PdCM Level 1-2
Form have been replicated in the PELL-School RS module, as follow: sections from 1 to 20 and
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section from 29 to 30 have been replicated and expanded (as briefly mentioned in the
following); sections from 21 to 28 included have been grouped in the field 11 of the PELLSchool RS module (see Figure 2) and faithfully replicated with no proposed addition.
For both PdCM Level 0 and Level 1-2 Forms, that were originally conceived in paper format,
data digitization is allowed through an ad-hoc software that the Department of Civil Protection,
DPC, has prepared and made available to the Italian Regions4. Provided DPC approval already
digitalized data, available as *.mdb files will be acquired by the PELL-School RS module and
interoperability between the DPC repository and PELL-School will be established.
Further institutional forms/approaches, that have been taken as a reference and from where
some data were sourced for inclusion in the PELL-School RS module include: “Guidelines for
the Seismic Risk Classification of Buildings” so-called “SismaBonus” [4] and “CLE, Limit
Condition in Emergency”5 form [6].
“SismaBonus” approach (Figure 4), that is briefly described in section 4.1, uses EMS-98 [8]
typological classification to attribute a typological seismic vulnerability class to a building
(Figure 4, step 1) and provides a list of constructive and geometric criticalities/peculiarities
(Figure 4, step 2) to be surveyed and accounted for towards refining the assessment. Retracing
the macroseimic approach proposed by [7], “SismaBonus” approach [4] establishes that a
building can be judged to belong to a worse or better seismic vulnerability class, on respect to
the one attributed simply by a typological identification, once considered respectively any antiseismic peculiarities or criticalities that can be recognised in the building.

Figure 4. Schematic representation of the simplified “SismaBonus” approach for masonry building typologies.

As an example, for the definition of field 5 of the PELL-School RS module, namely “Main
structural material of vertical structures”, as far as masonry buildings are concerned, the
masonry typologies recognized by “SismaBonus” (indeed the same recognized by EMS-98)
were integrated in PELL-School RS module with the ones considered by the PdCM Level 1-2
form and with the ones included in the ARES DB (Figure 5); as a matter of fact the three
aforementioned forms/approaches refer to a different classification system for masonry
buildings and PELL-School aims to be inclusive and interoperable with them all and avoid data
replication as said (Section 1). Furthermore several geometric criticalities/peculiarities (Figure
4, step 2) included in “SismaBonus” have been included in the fields from 16 to 18 of the PELLSchool-RS module (Figure 5).

4

DPC circular /SISM/0092847 of 09/12/2010 rules the digitization PdCM Level 0 and Level 1-2 Forms through
the software "DPC Liv1-2.msi" prepared by DPC and available at http://www.fileserve.com/file/CUkc9mM
5
http://www.protezionecivile.gov.it/en/risk-activities/seismic-risk/activities/analysis-limit-condition-emergency
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Figure 5. Screenshot of some of the data included in PELL-School RS for masonry building typologies where in
(last column of the table) is clarified the origin of the data field: ARES (green rows); newly proposed (white);
Sismabonus (yellow); PdCM (light blue).

As far as the “CLE, Limit Condition in Emergency” approach6 is concerned that included 5
forms (namely: Strategic Building, ES; Emergency Area, AE; Infrastructure
Accessibility/Connection, AC; Structural Aggregate, AS; Structural Unit, US), PELL-School
RS is including in fields from 16 to 18 the CLE AS Form data structure that collect relevant
data on the possible negative interaction between adjacent US due to, for instance: the
misalignment between roofs, slabs or façade walls; the misalignment in interior spaces;
juxtaposition or structurally poorly connected elements (such as stairwells, canopies,
balconies); incongruous punching system; isolated pillars, arcades, piloty floors; the presence
of terraces, towers, chimneys. Data-structure of the further CLS Forms will be included in the
near future development of PELL-School-RS as the aim would be to assess PELL-School KPI,
not only for the school in itself but also for all the essential structures and services whose
functionality are strongly influential, if not vital, for the functioning of the school.
As a matter of fact the final goal of the PELL-School should be to collect data and assess
KPI towards a continuous monitoring of the school resilience both in business as usual time
and in consideration of possible crises event. For the latter point, as far as seismic events are
concerned, the idea is to include in PELL-School data relevant to all the Disaster Risk
Management, DRM, cycle. In Figure 6 are showcased, as an example, forms currently used by
the National and Regional Civil Departments and relevant to school buildings as well as to other
strategic buildings for the three phases of DRM, namely before, during and after disaster:
a) Before disaster: PCdM Level 0 and Level 1-2 forms (already fully included in PELLSchool-RS) and CLE Forms (partially included in PELL, only CLE AS data at the time being);

6

The analysis of the CLE of the urban settlement is carried out using standards of storage and cartographic
representation of data, collected through a special form prepared by the Technical Commission for the studies of
MS, established by OPCM 3907/2010 (art. 5 paragraphs 7 and 8), and issued by a special decree of the Head of
the Department of Civil Protection.
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b) During disaster: FAST Form for the synthetic assessment of post-earthquake usability (all
the structural, geometrical and typological data of the FAST form are already included in PELLSchool-RS; to be included data on the FAST 4 levels usability scale, i.e.: usable; non usable;
non usable because of external risks; inspection non performed for causes to be specified.
c) After disaster: AeDES Form7 for post-earthquake damage and safety assessment and short
term countermeasures identification; and form used by Region for post-disaster reconstruction
reconnaissance as the ones used after 2009 L’Aquila (Italy) earthquake and stored in an ad-hoc
created repository, i.e. School Building Information System (in Italian Sistema Informatico
Edilizia Scolastico, SIES) with whom, needleless to say PELL-School-RS will try to establish
interoperability and data exchange.
AeDES form include 8 sections plus a note section. PELL-School-RS includes already data
of 4 of those sections related to building identification, description, typology, soil and
foundation. Still to be included in PELL-School-RS is the AeDES data structure related to
damage assessment (i.e., damage to main structural components; damage to non-structural
elements; external risk and existing short term countermeasures) and usability assessment.

Figure 6. Some of the institutional forms used in Italy in the different phases of the Disaster Risk Management
cycle, namely: before disaster PdCM and CLE forms; during disaster FAST form; post disaster AeDES and

It is worth highlighting that:
- more than 50% of the information that are usually collected and collated in post-disaster
circumstances with the FAST Form and the AeDES Form would be already available in
PELL-School-RS; this will significantly speed up the post-disaster operations of damage
and usability assessment;
- PELL-School-RS dynamically assessed KPI can support and inform post-disaster operations
of damage and usability assessment;
- It is also worth highlighting that on the other hand it will be important to include in PELLSchool-RS the additional fields comprised in the FAST Form and AeDES Form, as those
7

https://core.ac.uk/download/pdf/38619561.pdf
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data will be a vital source of information to validate and tune, if necessary, dynamically
calculated KPIs.
3.2Newly proposed data
When assessing the earthquake prone status of buildings, initial screenings are needed to
identify any weakness in the structure that could potentially influence its capacity, consequently
reducing the building seismic performance thereby increasing the life safety risks to occupants
and/or having a negative effect on neighbouring buildings. In order to collect key vulnerabilities
without going through the length of an extensive analysis, new defined data/information have
been proposed and included in PELL-School-RS. These data can be easily collected from
available architectural and structural drawings (digital files and/or original paper documents),
photographic records and technical reports on the building seismic vulnerability.
Focusing on Reinforced Concrete (RC) buildings, general information on the building
position (isolated, internal, edge), type of structural system resisting to lateral loads (frame,
wall, combination of both) as well as warping and typology of flooring system (e.g. heavy/light)
are added to the existing data, as crucial aspects to determine the structural capacity in
earthquakes and potential impacts on adjacent buildings. As an example, a brief explanation is
provided for the newly proposed data included in the data groups from 16 to 18 (Figure 2), in
particular:
16. Geometric Criticalities: Data collected here are related to the possible presence of: both
plan and vertical irregularities. Plan irregularities might include non-symmetrical plan shapes,
e.g. L-, T-, E- (Figure 7a) and non-symmetrical structural systems; large spacing of lateral
systems in case of long-narrow buildings; non-uniform and eccentric distribution of weights (as
well as ramps, stairs, walls, stiff partitions); the presence of torsional effects in case of corner
buildings. Vertical irregularities concern the possible presence of soft stories, mass variation,
vertical discontinuity of structural systems (Figure 7b). Moreover, geometrical weaknesses
might also include the presence and dimensions of structural gaps (building separation), that
can lead to pounding effects.

(a)
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b)
Figure 7. Schematic illustration of: a) plan irregularities; b) vertical irregularities.

17. Constructive and Material-related Criticalities: Constructive criticalities for RC building
mainly relate to the peculiar plan and vertical distribution of infill walls (that severely interact
with the primary structure system during earthquakes, possibly contributing to the increase of
both stiffness and strength or to brittle global collapse mechanisms such as soft story
mechanisms), the presence of short columns, the absence of measures able to mitigate brittle
collapse mechanisms and out-of-plane expulsions. Material-related criticalities for RC
buildings refers to: low quality concrete and/or degraded concrete; low quality steel bars, or
presence of plain round bars, corrosion. Poor materials and deterioration might lower even
considerably the capacity of structural members.
18 Structural Details critical to the seismic response: These comprise indications on the
detailing of beam-column joints, the steel reinforcement ratios, longitudinal and transverse steel
spacing and detailing of structural members, the location of lap splices and anchorage of
longitudinal bars, the detailing in the critical dissipative zones, as well as the absence of
hierarchy of strengths (capacity design) principles. Structural deficiencies are in fact a
consequence of incorrect design methods adopted in the past, based on gravity loading only and
not accounting for seismic forces. Therefore, structural details are required as additional data
in order to identify possible failure modes of the building structural elements.
In addition to the judgment on each structural weakness, the provision on numerical
dimensional data is requested, specifically: the length and number of spans in both structural
directions; the section geometry (width, height) and reinforcement quantities (longitudinal,
transverse) for beams, columns, walls, the beam-column joint details (w/ or w/o stirrups, type
of bar anchorage in the joints); the thickness of the floor slab and its reinforcement details.
These quantities allow to estimate the local and global capacity of the building by simple
analytical calculations, as briefly explained in the following section.
4 PELL-SCHOOL-RS KEY PERFORMANCE INDICATORS, KPI
PELL platform assess both static KPI, providing a measure of the building seismic
vulnerability and expected “nominal” risk index through the estimation or evaluation of
capacity/demand ratio with reference to a nominal/code design earthquake intensity (Section
4.1), and dynamically computed KPI (Section 4.2) that in the occurrence of a seismic event aim
to provide a quasi-real time estimation of the extent of damage occurred and of the expected
level of safety and functionality of the school building. This is done through comparison with
the engineering demand parameter thresholds associated to various limit states: i.e. Operational
(SLO), Damage Control (SLD), Life Safety (SLV) and Collapse Prevention (SLC).
As far as the monitoring of the seismic response is concerned, PELL-School-RS conveys
continous Key Performance Indicators, as a ratio between the recorded engineering demand
parameters, EDP, (actual demand) and the estimated/calculated EDP capacity thresholds
associated to the various Limit/Damage States, calculated after the automatic processing of data
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recorded from MEMS- based accelerometers. The final aim is to derive an objective, prompt
and quantitative indication of the damage state and level of safety and functionality of the
school building in the aftermath of a seismic event.
4.1Static KPI
As discussed in the previous section, the collection of additional input data in the PELLSchool-RS aims at identifying the critical weaknesses/vulnerabilities of buildings. Moreover,
these data allow to assess the Seismic Risk Class, including both the Safety Index (IS-V, ζE)and
Expected Annual Losses (EAL) before and after seismic retrofitting interventions. The
estimation of these safety and (economic) performance indicators is proposed in the PELLSchool-RS by adopting the methodology currently adopted in Italy for the classification of the
seismic risk of residential buildings [4].
Referring to the official forms provided by the Italian Presidency of the Council of Ministers
(PCM), according to the OPCM n. 3274, 2003, namely Levels 1-2 assessment for strategic
structures, Risk Indicators (α) are defined as Capacity vs. Demand ratios in terms of both Peak
Ground Acceleration (PGA) - PGAC/PGAD - and Return Period (TR) - TRC/ TRD -. The α values
are computed at the four different seismic intensity levels or Limit States, namely: Operational
(SLO), Damage Control (SLD), Life Safety (SLV) and Collapse Prevention (SLC). The seismic
Demand (PGAD, TRD) represents the design demand in acceleration/period for a new building
located in the same site. The seismic Capacity in terms of acceleration (PGAC) depends on the
building performance at the various Limit States and is evaluated according to the codified
methodology in the current Italian seismic code, NTC 2018 [9], considering both brittle and
ductile failure modes. On the other hand, the Capacity in terms of Return Period (TRC) can be
computed from the PGAC by using the seismic hazard maps provided by the Italian seismic
code. It is worth noting that, typically, the seismic hazard curves have a concave shape.
Therefore, in order to provide a TR-based risk scale similar to the PGA-based scale and
according to the PCM approach, the Return Period ratio (TRC/TRD) is raised to the power of
0.41 (value obtained from statistics on hazard curves at national level). Referring to these Risk
Indicators (TR, PGA ratios), low α values clearly mean high seismic risk, while values of around
1 indicate a safety level comparable to new buildings.
Similarly, in the “Guidelines for the Seismic Risk Classification of Buildings”, DM 65 2017
[4], a Safety Index (IS-V) of the building is proposed and defined as the Capacity vs Demand
ratio in terms of PGA at SLV intensity level (same as the Risk Indicator defined in the PCM).

a)

b)

Figure 7. a) Evaluation grid based on the European Macroseismic Scale EMS-98 [8] for masonry buildings
(adopted in the simplified method); b) PAM curve as defined in the SismaBonus guidelines [4].
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These guidelines, so-called “Sisma Bonus”, define a general framework to identify the
Seismic Risk Class of buildings as well as the rules to access significant financial incentives
(from 75% to 110% in the form of tax deductions in 5 years) when implementing seismic
retrofitting interventions. The Risk Class can be assessed by two alternative approaches: 1) the
so-called “simplified” approach, applicable to masonry structures only and based on the
qualitative and archetype-based classification provided by the European Macroseismic Scale
(EMS-98 [8], Figure 7a); 2) the “conventional” approach, based on the quantification of the
capacity and demand, through the implementation of the current code provisions, NTC2018 for
the estimation of both the Safety Index (IS-V or ζE) and the Expected Annual Losses index
(EAL, or PAM in the Italian guidelines). In the latter approach, the Seismic Risk Class of the
building is defined as the minimum between the two classes associated with the two mentioned
indicators (from A+ to F for IS-V, from A+ to G for PAM, where A+ indicates higher
performance).
The EAL (or PAM) index is evaluated by assessing the seismic performance in terms of
Mean Annual Frequency of exceedance (MAF or λ = 1/TR) at different Limit States (SLO, SLD,
SLV, SLC, plus SLDI, SLR, i.e. Non-structural Damage, Demolition and Reconstruction,
respectively). Then, a direct economic loss, expressed as a percentage of the Reconstruction
Cost of the building (%RC), is associated with each Limit State. Hence, the EAL index is
defined as the area under the curve obtained by connecting the λ-RC points, as shown in Figure
7b.

Figure 8. Evaluation of the Safety Index α/IS-V (left) and EAL (right) through the SLaMa Method

The data included in the PELL form allow to compute these key performance indicators
(α/IS-V/ζE and EAL/PAM). More specifically, as a further step of this research, the building
data can be used to implement a simplified analytical-mechanical seismic assessment of the
structure, referred to as SLaMA method (Simple Lateral Analysis Mechanism), developed and
introduced in the NZSEE2017 Seismic Assessment Guidelines and fully compatible with, and
applicable within, the framework of the Italian NTC2018 code provisions. Following this
method, a rapid estimation of the safety level of existing buildings as well as of the expected
annual losses can be analytically computed, without any need for a computer/numerical model.
In fact, SLaMA allows to determine the force-displacement (pushover) capacity curve and the
sequence of local and global mechanisms of a structure by simple analytical (by “hand”)
calculations. Therefore, SLaMA results can be used to determine the α/IS-V and EAL classes
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(Figure 8) according to the state-of-the-art methodologies available for non-linear static
analysis (pushover curve, Capacity) in combination with the Demand within a ADRS,
Acceleration-Displacement Response Spectrum (i.e., Capacity Spectrum Method, ATC 1996
[10], or N2 method, Fajfar 2000 [11]).
Overall, four levels of vulnerability assessment evaluation are envisaged (Table 1) for the
assessment of static KPI, (Tiers Sn, n from 1 to 4) including a vulnerability-index based analysis
as a Tier 0S, plus three Tier level based on either static and dynamic analyses, and on either
analytical or numerical models, namely:
• Tier S0, vulnerability-index based analysis that envisages the attribution of a
vulnerability class and vulnerability index, V, according to [4] and [7] respectively to
be adopted for screening and prioritization purposes;
•

Tier S1, dynamic elastic (modal, response spectrum) analysis - numerical model;

•

Tier S2 , a) non-linear static (pushover) analysis - analytical model (SLaMa method),
b) non-linear static (pushover) analysis - numerical model (SLaMa method);

•

Tier S3, non-linear dynamic (time-history) analysis – numerical model.

Required information

Tier S0

PELL-School RS
Data groups 5, 16, 17,
18

Tier S1

PELL-School RS
Static Data (All)

Demand Parameter

Approach

Risk or
damage
KPI

PGA

Macroseismi
c
Sisma Bonus

V

Design Spectra (TR,
PGA for SLO,
SLD, SLV and SLC
level)

Numerical
Model

α/IS-V
and EAL

PELL-School RS
Static Data
(mandatory only)*

Design Spectra (TR,
PGA for SLO,
SLD, SLV and SLC
level)

SLaMA
analytical
method

α/IS-V
and EAL

Tier S2b
Static
Numerical
(Conventional)

PELL-School RS
Static Data (All)

Design Spectra (TR,
PGA for SLO,
SLD, SLV and SLC
level)

Numerical
Model

α/IS-V
and EAL

Tier S3
Dynamic

PELL-School RS
- Static Data
- Dynamically
collected data
from SHM

Spectrum
compatible
accelerograms

Numerical
Model
+SHM

KPI

Tier S2a
Non Linear
Static
Analytical
(Simplified)

*Exclusion made for the Data group 11 (Figure 2), i.e. “Additional data needed for the PdCM Level 1-2
assessment”
Table 1. PELL-School-RS Tiered approach for static KPI assessment.
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Each approach allows to evaluate, with difference level of trade-off between complexity of
the analysis, accuracy, effort/cost and engineering judgement (Figure 9), the expected
performance of the school building both in terms of Safety Index and Expected Annual Losses,
under various levels of earthquake intensities, i.e. represented by design spectra or spectrum
compatible input ground motions (accelerograms).

Figure 9. Trade-off and relationship between complexity of the analysis and accuracy, effort/cost, engineering
judgement (Kam and Jury, 2015, NZSEE2017)

4.2 Dynamically assessed KPIs
The seismic monitoring is of fundamental importance to assess the post-event response,
performance and actual EDPs and expected damage and validate/integrate the model prediction
with the observed damage and actual response of the instrumented buildings.
Similarly to what proposed for the static KPI, PELL-School-RS will follow a tiered approach
for dynamically assessing KPIs post-event including two Tiers (Table 2), namely:
• Tier D1, Dynamic Simplified analysis - analytical model;
•

Tier D2, Dynamic Simplified analysis - numerical model.

Required information

Tier D1
Dynamic
Simplified

PELL-Building RS
Static Data (mandatory
only)*
Dynamically collected
data from SHM

Tier D2
Dynamic

PELL-Building RS
 Static Data
(ALL)
 Dynamically
collected data
from SHM

Demand Parameter
TR, PGA for SLO,
SLD, SLV and SLC
Limit States using
response Spectra
from recorded event
accelerogram
Recorded
accelerogram and
actual EDP from
SHM monitoring

Approach

Risk or
damage
KPI

SLaMA method
+SHM

Limit
States
KPIs

Numerical
Model +SHM

Limit
States
KPIs

Table 2: PELL-School-RS Post-event Tiered approach for dynamically assessed KPI assessment.
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As far as the Tier D2 approach is concerned, the idea is to adopt the procedure set-up by
Mori et al. [12] that includes four steps, namely: i) collecting basic data on the foundation soil
and on the building; ii) in situ experimental measurements on the foundation soil and on the
building; iii) Operational Modal Analysis (OMA) analysis and modeling through the SMAV
software; iv) evaluation of the structural and operational performance of the building.
With reference to the data collection (i), the required basic data include the structural and
architectural plans, the floor heights, the type of structural elements and the volume mass of
materials; all these data are already collected as part of the PELL-School-RS module (Figure
2).
As for the experimental measures (ii), polygons with rigid behavior are identified within
each floor of the building, and sensors are deployed at all the building floors and at least at two
locations within each polygon using, if possible, the same configuration for all the floors.
As for the OMA (iii) the SMAV software is used: the translational and rotational mass of
each identified polygon is considered concentrated in its center of gravity), the participation
coefficients and the modal masses are calculated starting from the mass matrix and the
experimental deformations defined in terms of translations and rotations of the polygons. From
the identified frequencies and modal shapes for each configuration, and after a suitable check
for their independency, the global modal shapes of the entire building are obtained.
As for the evaluation of the structural and operational performance of the building (iv) the
SMAV software implements the "frequency drop-drift" literature curves and updates the natural
frequencies identified with the OMA by means of an iterative algorithm, which recalculates
accelerations, displacements and inter-story drift up to convergence. This equivalent linear
dynamic analysis allows to follow the variation of natural frequencies up to the drift thresholds
which represent the beginning of the structural damage, including in this damage also the nonstructural elements interacting with the structure.

5 CONCLUSIONS
This paper presents the on-going activities for the development of the PELL-School
platform. With the PELL-School platform ENEA aims to introduce a shared minimum standard
of building knowledge among stakeholders, governance, municipalities and all the involved
operators in order to reach a national knowledge and updated evaluation of a very important
strategic infrastructure and patrimony, which includes approximately 45.000 public schools in
Italy.
In order to test, tune and modify, if necessary, the proposed PELL-School Seismic-Response
module and to contribute to its implementation on Italian school buildings a Working Group
has been set up. The PELL-School Seismic-Response Working Group led by ENEA is involving
several Municipalities and stakeholders to share and promote the test of the PELL-School-RS
form (Figure 5) and to contribute to its implementation. The process is also engaging Italian
Regions who are in charge of the ARES platform.
Thanks to Municipalities and stakeholders who first joined the Working Group, it has been
possible to discuss and test the proposed form on different public schools and so doing, to
customize it to the different building peculiarities and to the application capability of the
operators. Following the test phase, the PELL-School-RS form will be digitized following AgID
specifications for data models and will be embedded in the PELL platform, which should be
ready by the end of 2022.
Although significant effort have been dedicated by the authors to ensure that the data and
KPIs proposed for inclusion in the PELL-School Seismic-Response module are aligned and best
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represent the scientific and professional advancements in the fields of seismic engineering,
seismic vulnerability assessment and seismic monitoring of buildings in Italy, that Italy can
boast thanks to the work of professional associations, universities, networks of laboratories,
research institutions and research foundations, the collaboration of such experts in the Working
Group would be welcome and much appreciated.
All the interest experts are therefore warmly invited to take part in the activities of the PELLSchool Seismic-Response Working Group towards the common goal of guarantying in the short
run the seismic safety of schools and other strategic buildings in Italy.
PELL Schools, is a further step towards the digitization and automation of the information,
management and evaluation processes of the strategic infrastructure aiming to renovate streets,
districts, towns and territories in order to make them more sustainable, resilient and sharply
managed.
ENEA’s goal is to make available the PELL-School by 2023 for operational use by
municipalities and stakeholders.
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Abstract
A reliable estimate of the seismic vulnerability of building typological classes is a crucial issue
to understand how to manage the limited funds available for the reduction of the social and
economic losses caused by seismic events. In this context, the goal of this paper is to develop
typological empirical fragility curves for reinforced concrete building classes at different damage states. The vulnerability probabilistic assessment is deduced starting from the damage scenario observed after the 2012 Emilia earthquake, available from the Da.D.O. platform. The
element-level damage information for the different structural elements is used to define a global
building damage state according to a damage index available in the literature. A single value
of seismic demand is estimated for each locality and is associated with each building in that
locality. Census data have been added to the detected typological building sample with the aim
to account for uninspected buildings, and the effect on fragility curves due to the increased
dataset is evaluated. Moreover, a completeness ratio is defined for each locality, and lower
bounds on the locality seismic demand and completeness ratio are introduced to discard irrelevant damage data and evaluate the consequent effect on the damage state fragility curves.
Keywords: Vulnerability assessment; post-earthquake damage data; Emilia earthquake; Census data; completeness ratio.
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1

INTRODUCTION

The increasing interest of national governments in social and economic losses caused by
seismic events over the years is demonstrated by the large number of research projects and
guidelines that are developing worldwide, dealing with risk or vulnerability predictive models
[1, 2]. Predicting losses from future earthquakes at territorial scale requires the development of
robust frameworks and procedures [3–7]. Empirical methods have been the first methods developed for the seismic vulnerability assessment starting from the early 70’s, because based on
the statistical analysis of the observed damage collected after a seismic event. The results are
represented in terms of Damage Probability Matrix (DPM), which expresses in a discrete form
the conditional probability of reaching a damage level for a given IM value, or in terms of
vulnerability or fragility curves. In particular, fragility curves are one of the most effective representations of the buildings seismic vulnerability at territorial scale for specific typological
building classes, expressing the probability of exceeding discrete building damage states [8–
10]. In general, the results of empirical vulnerability methods have always been affected by a
great variety of features [11–13], because directly based on the damage scenarios observed
during post-earthquake surveys. The selection of a statistically relevant building sample is a
critical issue in the development of fragility curves, because in general only municipalities
closer to the earthquake epicenter are completely surveyed, whereas buildings with no damage
or very low damage far away from the epicentral area are often not surveyed [14–18]. Such
incompleteness of damage dataset could introduce a certain level of bias in the estimation of
damage state relative frequencies, consequently in the shape of the fitted damage state fragility
curves.
This paper first reports a brief review on main features concerning the seismic vulnerability
assessment methods, then the work focuses on the development of sets of empirical fragility
curves for RC frame buildings class. The goal to evaluate the influence on the fragility curve
parameters of the building sample selection and the addition of Census data. Fragility curves
are calibrated on the damage scenario data observed after the 2012 Emilia earthquake, surveyed
via the AeDES post-earthquake damage assessment form [19]. The damage scenarios are obtained from the database Da.D.O. (Observed Damage Database) [20]. The IM is expressed in
terms of PGA and estimated at locality-level. Moreover, a completeness ratio is computed for
each hit locality, to assess the completeness rate of surveys in post-earthquake emergency.
2

DAMAGE SCALE, DAMAGE FORMS AND BUILDING CLASSIFICATION

2.1 Damage state scales
The definition of a qualitative damage scale is fundamental to obtain a meaningful estimate
of the seismic vulnerability. Damage onset and evolution is a continuous process but describing
the actual damage condition of a single element or the entire building requires the detection of
discrete damage states, incorporated in a damage scale. They can be related to the damage condition of the entire building or of structural and nonstructural elements. In the description of
RC buildings global damage, both the damage to RC frames and infill walls is considered, as
reported in the damage scales provided by the European Macroseismic Scale (EMS-98) [21]
and ASCE/SEI 41-06 [22], underlying the relevant role of infill panels on the RC buildings
seismic response.
Different damage indices have been proposed in the literature to trace back the element damage level to one of the five damage states of the EMS-98 damage scale [23–25]. In the present
work the damage index proposed by De Martino et al. [26] has been adopted.
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2.2 Damage assessment forms
Both at global and element level, the damage described in damage scales is fundamental to
properly detect the damage observed in post-earthquake surveys. The damage datasets thereby
collected constitutes the statistical basis to develop empirical vulnerability predictive models.
Rapid damage assessment forms are very useful instruments to gather standardized and organized information on the damage at building level or at element level, together with the essential
geometrical and mechanical features of the building [19, 27, 28]. To be employed in the vulnerability assessment of different building types, the data required in a damage assessment form
should be sufficiently detailed and at the same time easily identifiable during a rapid visual
inspection. Moreover, they should be reported in a standardized manner, in this way understandable and usable by all researchers worldwide. In fact, the quality and reliability of vulnerability assessment results increase at the increasing of the damage statistical dataset.
Unfortunately, damage data collected after different earthquakes are not directly comparable to
each other, due to the different forms used in post-earthquake surveys, varying over the years
and from country to country, and preliminary activities are necessary to homogenize the different datasets [20, 29]. Moreover, observational data can be affected by errors due to the inspector
judgment, hence further effort is necessary to avoid a different interpretation of similar damage
conditions by inspector operating in post-earthquake surveys. Much progress has been made
over the years trying to reduce the uncertainties in the collection of data from post-earthquake
surveys and to homogenize their interpretation, such as the updating of the damage forms or
creating training programs for the inspectors. In the present paper, the data collected using the
updated Italian form is analyzed.
2.3 Typological building classification
The results of seismic vulnerability assessment methods should represent in a realistic way
the actual building damage under a specific seismic action. The building vulnerability however
depends on a great number of specific characteristics, such as the quality of materials, the correct application of construction technologies, or the level of in-plan and elevation regularity.
The presence of pre-existing damage or strengthening interventions can also influence the structural seismic response. However, the development of specific fragility curve sets for each single
building would be unpractical, requiring a great number of information, and a so elevate level
of accuracy probably would not even be necessary in a context of vulnerability assessment at
territorial scale. In order to regroup together facilities with a similar expected seismic behavior,
a suitable classification of building typologies is hence required, based on a limited number of
relevant information easily accessible.
Among the various constructive features that affect the building response and performance
under seismic action, those generally adopted are the earthquake-resistant structural system, the
number of stories, ܰ, and the level of seismic design, the latter strictly related to the age of
construction and the site seismicity. Within the European context, different guidelines and research groups proposed a typological building classification based on the number of stories and
the seismic design level. For what concern the number of stories classification, i) two building
classes or ii) three building classes are generally detected: i) Low-rise and Mid-High-rise buildings, [9, 30] or ii) Low-rise, Mid-rise, and High-rise buildings [31–33]. Low-rise buildings are
mostly up to 3-story buildings (ܰ  ͵) while the threshold separating Mid-rise and High-rise
buildings is generally 7 stories.
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Regarding the seismic design level typological classification, EMS-98 guidelines [21] considered three building classes based on the site seismicity defined at the building time of construction, while Lagomarsino and Giovinazzi [32] defined four classes based on the level of
ductility prescriptions and the site seismicity level. More recently, and specifically to the Italian
context, the seismic design level has been related to the age of construction, in general distinguishing two building classes composed of non-compliant or complaint buildings to modern
design seismic codes [30, 33, 34]. The year threshold adopted to separate the two classes depends on the building stock employed for the vulnerability assessment, influenced by the introduction of regional or national seismic codes and the changes in site seismicity over the years.
It is worth noting that, within each abovementioned proposal, the earthquake-resistant structural
system does not affect the thresholds selected to distinguish the different story-based or seismicdesign-level-based building classes.
3

BUILDING SAMPLE SELECTION AND COMPLETENESS RATIO

In this paper, the damage scenario surveyed after the 2012 Emilia earthquake is employed
to assess the probabilistic vulnerability of the regional RC frames building stock. Two main
shocks stroke the Emilia territory over late May 2012, May 20th event, with momentum magnitude ୵ = 5.9, and the May 29th event, ୵ = 5.6. Starting from the whole dataset of surveyed
buildings available from the web platform Da.D.O. (Observed Damage Database) [20], the RC
frame subsets of 1,993 is first extracted. Then, the subset of precast RC buildings is discarded
from the RC frame subset, in order to restrict the probabilistic vulnerability assessment to sample of RC moment-resisting frames. In order to remove such constructions typology from the
dataset, the one-story buildings with interstory height  ≥ ܪ5.0 m and floor area ܣ ≥ 130 m2
are discarded. According to these criteria, a total amount of 362 buildings is discarded, reducing
the subset to 1,631 RC moment-resisting frames.
The characteristics of the RC frames subset are presented in Figure 1. Figure 1(a) shows a
strong increase of new RC frames starting from the 1960s of the last century, with the timespans
1972 – 1981 and 1982 – 1991 be the most populated, whereas Figure 1(b) underlines a prevalence of buildings having less than 4 stories.
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Figure 1: Relative frequency distribution of the RC frames: (a) construction timespan; (b) number of stories. Total number of the buildings: 1,631
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In order to obtain fragility curve sets representative of a homogeneous buildings vulnerability to the seismic action, the building sample was separated into two typological classes based
on the number of stories: Low-rise = 1 – 3 stories; Mid-High-rise ≥ 4 stories. Because of the
selected typological classification, the surveyed buildings for which the information on the
number of stories is missing have been discarded, hence the final building sample is composed
of 1,616 RC frames.
In general, only the most damaged areas close to the earthquake epicenter are completely
surveyed after a seismic event. Such lack of information, mainly related to the undamaged
buildings, produce errors in the estimation of a given damage state probability of exceedance.
Because of this reason, in the present work a completeness ratio, ݎ, is defined for each locality
hit by the Emilia earthquake as the number of buildings surveyed after the seismic event and
the total number of buildings in that locality from Census database. It is assumed that buildings
added from Census were not surveyed because not exhibiting damage, hence they are assumed
to be undamaged. Table 1 summarizes the population of the surveyed RC frames sample and
the number of added Census buildings, both separated into the two building classes; the results
reveal for the Emilia earthquake a very low average completeness ratio of only 7.3%, probably
because the surveys for the Emilia earthquake were performed only on owners’ request.
Building samples
ܰ ≤ 3 ܰ ≥ 4 Total
Buildings from surveys (Da.D.O.)
965 651 1,616
Added Census buildings (ISTAT) 14,504 5,897 20,401
Total category RC frames

15,469 6,548 22,017

Table 1: Number of RC frames for the selected sample and number of added Census buildings

4

SEISMIC DEMAND AND DAMAGE SCENARIO

In this work, the earthquake IM is expressed in terms of peak ground acceleration (PGA). In
particular, a specific value of PGA is estimated in correspondence of the urban center of each
locality involved during the seismic events, starting from the PGA values provided by the INGV
for the spatial square grid with nodes every 1 km. Since the Emilia earthquake is characterized
by two mainshocks, the PGA value is estimated as the maximum between the two mainshocks.
Then, the surveyed RC buildings and those added from Census for each locality are regrouped
into 0.05 g PGA bins.
For what concern the damage scenario collected from the post-earthquake surveys, the damage was obtained through the Italian AeDES form [19] that defines three damage levels (D1:
Light, D2-D3: Medium-Severe, and D4-D5: Very Heavy) to estimate the damage of structural
components. Table 2 reports the normalized damage distribution for the different structural elements. The comparison shows that masonry infill walls are the most damaged components
(around 70% of buildings), while only 30% of RC frames presents damage; such percentage is
approximately 15% for the remaining structural elements. In all the cases, the damaged elements mainly present a slight damage level.
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Structural element
RC frames
Masonry infill walls
Floors
Stairs
Roof

AeDES damage state
Null
D1: Slight D2-D3: Medium-heavy D4-D5: Very heavy
72%
14%
8%
6%
32%
43%
17%
8%
86%
10%
2%
1%
86%
10%
2%
2%
87%
8%
3%
3%

Table 2: Percentage distribution of buildings according to AeDES form damage scale and type of damageable
structural element. Total number of RC frames: 1,616.

In order to develop fragility curves, the damage at element level is summarized as a unique
damage state for each RC building in the sample via a damage index. The damage index proposed by De Martino et al. [26] estimates the global building damage, as defined according to
the EMS-98 scale [21], considering the damage contribution from all the structural elements
considered by the AeDES damage form.
5

FRAGILITY CURVES

The effect of adding Census data, treated as undamaged buildings, to the sample of surveyed
buildings is here reported in terms of fragility curves. The Maximum Likelihood Estimation
(MLE) method is used for the calibration of the typological damage states fragility curves
௭ೕ

ೕ
 ൌ ς
ୀଵ ቀ ௭ ቁ ܲ൫ ܵܦ ݅ܵܦหܲܣܩ ൯ ቀͳ െ ܲ൫ ܵܦ ݅ܵܦหܲܣܩ ൯ቁ
ೕ

ೕି௭ೕ

(1)

where the damage data in each ݆ -th PGA interval are binomially distributed and
ܲ൫ ܵܦ ݅ܵܦหܲܣܩ ൯ is the probability of exceeding a the ݅-th damage state for a given ݆-th PGA
interval. The lognormal distribution is the model assumed for the damage state fragility curves,
the most used in the recent literature [35, 36].
Figure 2 shows the sets of fragility curves obtained considering only the surveyed buildings
and those obtained adding undamaged buildings from Census; the low-rise building class is
selected for the comparison because is the most populated class. Figure 2(a) shows that the set
of fragility curves obtained using only the surveyed buildings presents a very flat trend, probably due to the high incompleteness level of the surveys at lowest PGA intervals. The comparison between Figure 2(a) and Figure 2(b) shows a strong reduction of the probability of
exceeding the different EMS-98 damage states when undamaged buildings from Census data
are introduced, especially at lower PGA bins. It is worth noting that a great number of undamaged buildings is added also in the areas at highest PGA values, hence for the Emilia earthquake
the surveys completeness ratio is low also for municipalities close to the epicenter.
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Figure 2. Influence of including Census data (undamaged buildings) on damage state fragility curves for low-rise
buildings.

In this work, a completeness ratio, ݎ, is computed for each locality and a unique PGA value
is assigned to the selected buildings within each locality. It is comprehensible to recognize that
the localities very distant from the epicenter or scarcely surveyed can introduce a bias in the
fragility curve shape, hence a 0.05g minimum threshold is applied to the PGA range and a 5%
minimum threshold on the locality completeness ratio, in order to discard the localities presenting values lower than such thresholds. Figure 3 shows neglectable changes in the set of fragility
curves both for low-rise buildings and mid-high-rise buildings, only an increases of the probability of exceeding  ͳܵܦis appreciable, probably because the influence of the Census undamaged buildings is prevalent for the fragility curves shape. It is worth noting that the curves
shown in Figure 3(a) are the same of Figure 2(b).
Census buildings added
 Ͳ ; ݎͲ

Census buildings added
   ͲǤͲͷ ;  ݎ ͲǤͲͷ

Figure 3. Influence of different criteria for buildings sample selection on damage state fragility curves developed
for low-rise buildings.
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6

CONCLUSIONS

In the present paper, fragility curves are calibrated for RC frame buildings, based on the
observational damage data collected after the 2012 Emilia earthquake and available from the
damage database Da.D.O. In particular, the influence of uninspected buildings added to the
starting damage datasets have been evaluated. A statistical sample composed of 1,616 RC
frames is selected, divided into two typological building classes. The surveyed buildings sample
is hence increased by RC frames from Census database, the latter assumed undamaged, and
new sets of fragility curves are calibrated. A unique PGA value is estimated for all the RC
frames in a specific locality, and a completeness ratio of post-earthquake surveys is computed
for each locality.
The vulnerability assessment results show the great influence of added Census data on the
fragility curves shape, especially for the first damage state at lower PGA bins. Moreover, the
comparison reveals that the survey completeness ratio is low also for municipalities close to the
epicenter. On the contrary, neglectable differences are observed between the seismic vulnerability of low-rise and mid-high-rise building classes, and the fragility curve parameters are
scarcely affected by the lower bounds on the seismic demand and the completeness ratio parameter.
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