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ABSTRACT 

Unreinforced masonry buildings are widely recognized as structures characterized by 
high seismic vulnerability, even when referring to historical constructions located in 
seismic-prone areas. While the seismic behaviour of bending and shear walls has been 
extensively investigated by past studies, the knowledge about the response of vaulted 
systems, which are the most common horizontal element in historic buildings, remains 
largely limited. As a result, assessing their seismic behaviour becomes a key research 
topic. 

In this study, as a novelty in literature, the application of the Applied Element Method 
(AEM) in simulating the response of masonry vaults when subjected to ground shaking 
is explored. Due to its discrete nature, AEM is fully capable of reproducing the response 
of a structure starting from the elastic range, through the crack initiation and propagation, 
up to failure and debris detachment. 

A meso-modelling approach is proposed and developed within the AEM framework, 
originating from the need to assess historic churches in the area of Groningen, where 
seismicity is induced by gas extraction. This methodology is chosen to expedite the 
numerical modelling and limit the computational demand without losing accuracy. 

In this context, the progress in the study of efficient strengthening measures with limited 
architectural impact allows the retrofitting of masonry vaults without offending their 
original beauty. Consequently, the numerical modelling of reinforcement is also 
investigated. 

After an introduction on the historical developments of masonry vaulted constructions 
and the AEM formulation, this work presents the meso-modelling approach, its 
validation against experimental tests, and finally, its application on real historic 
churches. The obtained results demonstrate its capability in reproducing crack patterns, 
damage evolution, and failure mechanisms, thereby establishing it as a reliable and 
efficient tool for evaluating the seismic response of masonry vaults. 
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SOMMARIO 

Gli edifici in muratura non armata sono caratterizzati da un’elevata vulnerabilità sismica, 
anche se costruite in zone riconosciute come soggette ad azione sismica. Mentre il 
comportamento sismico di elementi murari (maschi e fasce) è ancora oggi oggetto di 
uno studio intensivo, la conoscenza della risposta sismica delle volte murarie, che 
rappresentano uno dei più comuni sistemi di orizzontamento specialmente negli edifici 
storici, risulta piuttosto limitata. Di conseguenza, la valutazione del loro comportamento 
sismica è diventato un argomento di estrema rilevanza nella ricerca. 

In questo studio, come novità in letteratura, è analizzata l’applicazione dell’AEM per 
simulare la risposta sismica di volte murarie. L’AEM deriva dai metodi di modellazione 
discreta ed è in grado di riprodurre l’evoluzione della risposta di una struttura partendo 
dal campo elastico, formazione e propagazione delle fessure, fino al collasso con 
conseguente distacco di macerie. 

La proposta di una meso-modellazione sviluppata tramite AEM nasce dal bisogno di 
valutare un piccolo gruppo di chiese storiche della regione di Groningen, dove la 
sismicità è indotta dalle estrazioni di gas. Tale metodologia permette una elevata 
velocità di modellazione numerica con un ridotto onere computazionale senza perdere 
accuratezza. 

Inoltre, i progressi nello sviluppo di misure di rinforzo efficaci e caratterizzate da un 
limitato impatto architettonico permettono di rinforzare le volte murarie preservandone 
il valore artistico. Di conseguenza, in questa tesi viene trattata anche la modellazione 
numerica del rinforzo. 

Dopo aver richiamato gli sviluppi storici delle costruzioni con orizzontamenti voltati e 
illustrato la formulazione dell’AEM, viene presentata la metodologia della meso-
modellazione, la sua validazione confermata da test sperimentali, e infine la sua 
applicazione a casi studio reali. I risultati ottenuti mostrano che questo approccio è in 
grado di riprodurre la formazione delle fessure, la propagazione del danno e i 
meccanismi di collasso, dimostrando di essere uno strumento efficace e robusto per la 
valutazione della risposta sismica delle volte. 





 

 

 

 

ix 
 
 

ACKNOWLEDGEMENTS 

 





 

 

 

 

xi 
 
 

TABLE OF CONTENTS 

CHAPTER 1 

1 INTRODUCTION 1 

2 MASONRY VAULTS: HISTORY, STRUCTURAL DESIGN AND NUMERICAL 

MODELLING 7 

3 APPLIED ELEMENT METHOD AND ITS APPLICATION 26 

3.1 LITERATURE REVIEW 26 
3.1.1 Rigid Body Spring Method 26 
3.1.2 Modified Distinct Element Method 29 
3.1.3 FEM, DEM, and AEM brief comparison 30 
3.1.4 Applied Element Method 32 

3.1.4.1 Energy dissipation and damping in AEM 35 
3.1.4.2 Extreme Loading for Structures 36 

3.2 AEM APPLICATION 38 
4 AEM MESO-MODELLING APPROACH AND ITS VALIDATION 41 

4.1 MESO-MODELLING APPROACH 42 
4.1.1 Treatment of energy dissipation and damping in the proposed AEM-based 
meso-model 43 

4.2 COMPARISON OF FEM, DEM AND AEM 44 
4.3 SIMULATION OF LNEC SHAKING TABLE TEST 46 

4.3.1 Brief description of the experimental campaign 47 
4.3.2 Numerical modelling and preliminary validations 49 

4.3.2.1 Simulation of axial-compression (AC) tests 50 
4.3.2.2 Comparison between dynamic identification and eigenvalue 

analysis 52 
4.3.3 Discussion on the calibration and uncertainty of the Separation Strain 
parameter 53 
4.3.4 Scale dependence and calibration of softening parameters in AEM 54 
4.3.5 Sensitivity analyses on mechanical parameters 56 



 

 

 

 

xii  
 
 

4.3.6 Nonlinear time history analyses results 58 
4.3.7 Conclusions on LNEC test simulation using AEM 63 
4.3.8 Numerical modelling of the LNEC vault: comparative approaches 64 

5 SENSITIVITY ANALYSES 68 

5.1 THEORETICAL BACKGROUND AND MOTIVATION 68 
5.2 METHODOLOGICAL FRAMEWORK 69 
5.3 LOCAL SENSITIVITY AND STABILITY ANALYSIS OF THE SEPARATION STRAIN 70 

5.3.1 Qualitative assessment of model responses varying separation strain values
 71 
5.3.2 Quantitative assessment of model responses varying separation strain 
values 74 

5.4 DISCUSSION OF MODEL ROBUSTNESS AND PARAMETER INTERACTIONS 78 
5.4.1 Sensitivity on mesh size 79 
5.4.2 Sensitivity on contact material 81 
5.4.3 Sensitivity on higher values of SS 82 
5.4.4 Conclusions 82 

6 VAULTS VULNERABILITY 84 

6.1 INTRODUCTION 84 
6.1.1 Masonry churches and vaulted system 85 
6.1.2 The case of dome of Pavia Cathedral and the 1989 Civic Tower collapse 86 

6.1.2.1 Monitoring, emergency measures and early diagnosis (1989-1996)
 89 

6.1.2.2 Social perception and impact on the local community 89 
6.1.2.3 Final considerations 90 

6.1.3 Seismic vulnerability of masonry vaults 90 
6.1.4 The case of the Basilica of St. Francis of Assisi 91 

6.2 INDUCED SEISMICITY AND MASONRY VAULTS: THE GRONINGEN CASE 95 
6.3 CONCLUSIONS 96 
7 MASONRY VAULTS: RETROFITTING SOLUTIONS 97 

7.1 LITERATURE REVIEW 98 
7.1.1 Traditional strengthening methods before composite materials 98 

7.1.1.1 Iron tie rods and chains 99 
7.1.1.1.1 Structural role and historical development 99 
7.1.1.1.2 Mechanical behaviour and performance 100 
7.1.1.1.3 Variant and construction practice 100 
7.1.1.1.4 Seismic and conservation aspects 101 



 

 

 

 

xiii 
 
 

7.1.1.1.5 Considerations 101 
7.1.1.2 Reinforced concrete overlays and ring beams 102 

7.1.1.2.1 Reinforced concrete overlays (rigid crowns) 102 
7.1.1.2.2 Reinforced concrete ring beams 103 
7.1.1.2.3 Considerations 104 

7.1.1.3 Steel frames 104 
7.1.1.3.1 Structural function and configurations 105 
7.1.1.3.2 Performance and long-term issues 105 
7.1.1.3.3 Conservation and compatibility issues 106 
7.1.1.3.4 Conclusions 106 

7.1.1.4 Critical assessment and lessons learned 106 
7.1.1.4.1 Evolution of the design philosophy 107 
7.1.1.4.2 Toward a new generation of reinforcements 108 
7.1.1.4.3 Concluding remarks 108 

7.1.2 Composite strengthening techniques 108 
7.1.2.1 Fibre-Reinforced Polymers (FRP) 108 
7.1.2.2 Fibre-Reinforced Cementitious Matrix (FRCM/TRM) 110 
7.1.2.4 Failure modes and design implications 113 

7.1.3 Numerical modelling approaches 113 
7.1.4 Heritage applications and conservations compatibility 114 
7.1.5 Considerations 114 

7.2 STRENGTHENING OF MASONRY VAULTS: CASE STUDIES 115 
7.2.1 The case of dome of Pavia Cathedral 115 

7.2.1.1 Preliminary investigations and long-term monitoring 115 
7.2.1.2 Global shoring strategy 116 
7.2.1.3 Strengthening of the supporting system and its effects on the vaults

 117 
7.2.1.4 Structural condition and strengthening of the dome 118 
7.2.1.5 Damage pattern 118 
7.2.1.6 CFRP reinforcement of the shells 118 
7.2.1.7 CFRP reinforcement of the ribs and worksite configuration 119 
7.2.1.8 Integrated structural response and conservation philosophy 119 

7.2.2 The case of the Basilica of St. Francis of Assisi 120 
7.2.2.1 Emergency measures 120 
7.2.2.2 Definitive strengthening 121 
7.2.2.3 Philosophy and significance 124 

7.2.3 Comparative discussion 124 



 

 

 

 

xiv  
 
 

7.3 NUMERICAL MODELLING OF FRCM STRENGTHENING MEASURES 125 
7.3.1 Validation on FRCM-strengthened masonry walls 126 

7.3.1.1 Equivalent modelling strategy 127 
7.3.1.2 Summary of the results 128 
7.3.1.3 Conclusions 131 

7.3.2 Validation on FRCM-strengthened masonry arches 132 
7.3.2.1 Summary of the results 133 
7.3.2.2 Conclusions 133 

7.3.3 Final remarks 134 
7.4 SIMULATION OF LNEC SHAKING TABLE TEST 134 

7.4.1 Numerical modelling and preliminary validations 137 
7.4.2 Nonlinear time history analyses results 139 
7.4.3 Conclusions on LNEC test simulation using AEM 145 
7.4.4 Numerical modelling of the LNEC vault: comparative approaches 146 

7.5 CONCLUDING REMARKS 148 
8 CASE STUDIES 150 

8.1 BACKGROUND: THE SMAC MULTILEVEL ASSESSMENT FRAMEWORK 150 
8.2 INTRODUCTION 150 
8.3 GENERAL MODELLING STRATEGY FOR THE CASE STUDIES 152 

8.3.1 Modelling of walls, roof structure, and boundary conditions 154 
8.3.2 Material models 155 

8.3.2.1 Masonry 155 
8.3.2.2 Timber 156 

8.3.3 Interface behaviour and friction model 156 
8.3.4 Modelling of the vaulted system 157 

8.4 CHURCH 1 158 
8.4.1 Architectural and structural description 158 
8.4.2 Seismic assessment 159 
8.4.3 Retrofitting proposal 160 

8.4.3.1 Retrofitting of arches and vault supports 160 
8.4.3.2 Roof structure adjustments 161 
8.4.3.3 Level 4 results 162 

8.5 CHURCH 2 162 
8.5.1 Architectural and structural description 162 
8.5.2 Seismic assessment 163 

8.5.2.1 Vault behaviour 164 



 

 

 

 

xv 
 
 

8.5.2.2 Arch behaviour 165 
8.5.2.3 Other critical mechanisms 165 
8.5.2.4 Interpretation 165 

8.5.3 Retrofitting proposal 166 
8.5.3.1 Strengthening of the vaults 166 
8.5.3.2 Strengthening of arches and arch–wall interfaces 166 
8.5.3.3 Roof interventions 167 
8.5.3.4 Level 4 results 167 
8.5.3.5 Interpretation 168 

8.6 CHURCH 3 168 
8.6.1 Architectural and structural description 168 
8.6.2 Seismic assessment 170 

8.6.2.1 Vault behaviour 170 
8.6.2.2 Influence of the past concrete intervention 171 
8.6.2.3 Influence of the existing vault deformations 171 
8.6.2.4 Other critical mechanisms 172 

8.6.3 Retrofitting proposal 172 
8.6.3.1 Strengthening of the vaults 173 
8.6.3.2 Roof interventions 173 
8.6.3.3 Performance of the retrofitted model 173 
8.6.3.4 Level 4 results 174 
8.6.3.5 Interpretation 174 

8.7 CROSS-COMPARISON 175 
8.8 FINAL REMARKS 176 
9 CONCLUSIONS 178 

9.1 KEY FINDINGS 178 
9.2 POTENTIAL FUTURE DEVELOPMENTS 179 
 

 





 

 

 

 

xvii 
 
 

LIST OF FIGURES 

CHAPTER 1 

INTRODUCTION 

FIGURE 1.1 OCCURRED INDUCED EARTHQUAKES IN THE GRONINGEN AREA: ALL MAGNITUDES (A), 

MAGNITUDE MW>3 (B) ............................................................................................... 1 
FIGURE 1.2 SMAC PROCEDURE ......................................................................................... 2 
 

CHAPTER 2 

MASONRY VAULTS: HISTORY, STRUCTURAL DESIGN AND NUMERICAL MODELLING 

FIGURE 2.1 NEWGRANGE: UNESCO WORLD HERITAGE SITE .................................................... 8 
FIGURE 2.2 PLAN AND SECTION OF CHAMBER IN NEWGRANGE TUMULUS (EOGAN, 1991) (A) AND A 

TYPICAL SCHEME OF A CORBELLED ARCH ....................................................................... 8 
FIGURE 2.3 TOMB OF ATREUS, MYCENAE (GREECE) EXTERNAL VIEW (A), INNER VIEW OF THE VAULT (B) .. 9 
FIGURE 2.4 PANTHEON, ROME (ITALY) EXTERNAL VIEW (A), INTERNAL VIEW OF THE DOME (B) ............. 10 
FIGURE 2.5 BATH OF CARACALLA, ROME (ITALY) EXTERNAL VIEW (A), INTERNAL VIEW OF THE VAULTS (B)10 
FIGURE 2.6 NOTRE-DAME CATHEDRAL, PARIS (FRANCE) EXTERNAL VIEW (A), INTERNAL VIEW OF THE SIX-

PART RIBBED VAULTS (B) ........................................................................................... 11 
FIGURE 2.7 CATHEDRAL OF SANTA MARIA DEL FIORE, FLORENCE (ITALY) EXTERNAL VIEW (A), INTERNAL 

VIEW OF THE FRESCOED DOME(B) .............................................................................. 12 
FIGURE 2.8 CHURCH OF SANT’IGNAZIO DI LOYOLA, ROME (ITALY) EXTERNAL VIEW (A), INTERNAL VIEW OF 

THE FRESCOED BARREL VAULT(B) ............................................................................... 12 
FIGURE 2.9 CATHEDRAL OF PAVIA (ITALY) EXTERNAL VIEW (A), INTERNAL VIEW OF THE DOME (B) (CALVI & 

PALENZONA, 2013) ................................................................................................ 13 
FIGURE 2.10 ETRUSCAN VOUSSOIR ARCH (DRUM, 1885) FIGURE REPORTED IN (HUERTA, 2001) ........ 15 
FIGURE 2.11 SEMICIRCULAR ARCH UNDER ITS OWN WEIGHT. (A) MINIMUM THRUST; (B) MAXIMUM THRUST 

(HEYMAN, 1995) ................................................................................................... 16 
FIGURE 2.12 DOCUMENTS PUBLISHED ON “MASONRY” FROM 1960 TO 2018 ............................... 18 
 

CHAPTER 3 

APPLIED ELEMENT METHOD AND ITS APPLICATION 



 

 

 

 

xviii  
 
 

 

FIGURE 3.1 BEHAVIOUR OF MDEM OR EDEM, EXTENDED DISTINCT ELEMENT METHOD, (MEGURO ET 

AL., 1991) ........................................................................................................... 29 
FIGURE 3.2 (A) ELEMENT SHAPE, CONTACT POINT AND DEGREES OF FREEDOM FOR TWO ELEMENTS. (B) 

SPRING DISTRIBUTION AND AREA OF INFLUENCE OF EACH SPRING, (K MEGURO & TAGEL-DIN, 1997)
 ........................................................................................................................ 32 

FIGURE 3.3 FLOW OF ANALYSIS (KIMIRO MEGURO & TAGEL-DIN, 1997) ....................................... 33 
FIGURE 3.4 (A) TENSION, (B) COMPRESSION AND (C) SHEAR MODELS FOR CONCRETE (KIMIRO MEGURO & 

TAGEL-DIN, 1997) ................................................................................................. 34 
FIGURE 3.5 AEM CONSTITUTIVE LAWS FOR CONCRETE (MALOMO ET AL., 2020A) ........................... 38 
 

CHAPTER 4 

AEM MESO-MODELLING APPROACH AND ITS VALIDATION ON VAULTS 

FIGURE 4.1 DISCRETISATION OF A MASONRY SEGMENT ACCORDING TO AEM (A), INTERFACE SPRINGS 

CONSTITUTIVE LAWS UNDER NORMAL (B) AND SHEAR (C) CYCLIC LOADING (DAVIS ET AL., 2024). . 43 
FIGURE 4.2 DAMAGE AND PUSHOVER CURVE COMPARISONS BETWEEN AEM, EFM, AND DEM FOR TWO 

DIFFERENT WALLS (DAVIS ET AL., 2024). ...................................................................... 45 
FIGURE 4.3 COMPARISON BETWEEN (A) DAMAGE, (B) BASE-SHEAR AND DISPLACEMENT TIME HISTORIES 

PREDICTED BY AEM MODELS WITH DIFFERENT BLOCK SIZES (DAVIS ET AL., 2024). ................... 46 
FIGURE 4.4 GEOMETRICAL MODEL OF THE FULL-SCALE SPECIMEN (BIANCHINI ET AL., 2023) ............. 47 
FIGURE 4.5 INSTRUMENTAL SETUP OF THE UNSTRENGTHENED SPECIMEN (BIANCHINI ET AL., 2023) ..... 48 
FIGURE 4.6 NATURAL FREQUENCIES AND MODE SHAPES OF THE UNSTRENGTHENED SPECIMEN: (A) FIRST 

GLOBAL LONGITUDINAL MODE; (B) SECOND GLOBAL TRANSVERSE MODE; (C) THIRD GLOBAL 

VERTICAL MODE (BIANCHINI ET AL., 2023) .................................................................... 49 
FIGURE 4.7 NUMERICAL MODEL DEVELOPED WITHIN ELS SOFTWARE: (A) UNSTRENGTHENED AND (B) 

STRENGTHENED SPECIMENS ..................................................................................... 50 
FIGURE 4.8 SIMULATION OF AC TESTS: (A) ONE OF THE FOUR TESTED WALLET, AND (B) NUMERICAL 

MODEL OF THE WALLET IN ELS .................................................................................. 50 
FIGURE 4.9 SIMULATION OF AC TESTS: STRESS-STRAIN CURVES FOR TWO DIFFERENT VALUES OF 

SEPARATION STRAIN ................................................................................................ 51 
FIGURE 4.10 NATURAL FREQUENCIES AND MODE SHAPES OF THE UNSTRENGTHENED SPECIMEN 

OBTAINED WITHIN ELS: (A) FIRST GLOBAL LONGITUDINAL MODE; (B) SECOND GLOBAL TRANSVERSE 

MODE; (C) THIRD GLOBAL VERTICAL MODE (BIANCHINI ET AL., 2023) .................................... 52 
FIGURE 4.11 RESULTS OF THE NLTHAS AT THE END OF THE 75% OF AQA FOR DIFFERENT SS VALUES 56 
FIGURE 4.12 RESULTS OF THE NLTHAS AT THE END OF THE 75% OF AQA FOR HIGHER SS VALUES .... 57 
FIGURE 4.13 COMPARISON OF CRACK PATTERN AT THE END OF THE 75% OF AQA FOR HIGHER SS 

VALUES ............................................................................................................... 57 



 

 

 

 

xix 
 
 

FIGURE 4.14 COMPARISON OF EXPERIMENTAL (BIANCHINI ET AL., 2023) (A) AND NUMERICAL (B) CRACK 

PATTERNS AT THE END OF 75% OF AQA SIGNAL ............................................................. 59 
FIGURE 4.15 PROGRESSIVE VAULT DAMAGE AND PLASTIC HINGE FORMATION DURING 75% OF THE AQA

......................................................................................................................... 59 
FIGURE 4.16 DISPLACEMENT TIME HISTORIES ALONG N-S DIRECTION FOR OC1 (A), OC2 (B), AND OC4 

(C) NODE DURING 75% OF THE AQA .......................................................................... 62 
FIGURE 4.17 ACCELERATION TIME HISTORIES ALONG N-S DIRECTION FOR ACC18 (A), ACC14 (B), AND 

ACC2 (C) NODE DURING 75% OF THE AQA .................................................................. 63 
 

CHAPTER 5 

SENSITIVITY ANALYSES 

FIGURE 5.1 RESULTS OF THE NLTHAS AT THE END OF THE 75% OF AQA FOR DIFFERENT SS VALUES FOR 

LSA ................................................................................................................... 72 
FIGURE 5.2 GLOBAL SENSITIVITY OF THE NUMERICAL RESPONSE TO THE SEPARATION STRAIN (SS) ....... 77 
FIGURE 5.3 LOCAL SENSITIVITY OF THE NUMERICAL RESPONSE TO THE SEPARATION STRAIN (SS) ........ 78 
FIGURE 5.4 COMPARISON OF MESH SIZES: SIMPLIFIED MICRO-MODELLING (A) AND MESO-MODELLING (B)

......................................................................................................................... 79 
FIGURE 5.5 RESULTS OF THE NLTHAS AT THE END OF THE 75% OF AQA FOR DIFFERENT SS VALUES WITH 

GEOMETRY MESO-MODELLING APPROACH .................................................................... 80 
FIGURE 5.6 COMPARISON OF DAMAGE AT THE END OF 75% OF AQA FOR DIFFERENT INTERFACE 

BETWEEN VAULT’S FIELDS: MASONRY (A) AND MORTAR (B) ................................................. 82 
 

CHAPTER 6 

VAULTS SEISMIC VULNERABILITY 

FIGURE 6.1 CATHEDRAL OF PAVIA (ITALY) EXTERNAL VIEW (A), INTERNAL VIEW OF THE DOME (B) (CALVI & 

PALENZONA, 2013) ................................................................................................ 87 
FIGURE 6.2 CATHEDRAL OF PAVIA (ITALY): DEBRIS-REMOVAL OPERATIONS FOLLOWING THE COLLAPSE OF 

THE CIVIC TOWER (A), AND BASE OF THE CIVIC TOWER AFTER THE CLEARING OPERATIONS (B) 

(CALVI & PALENZONA, 2013) .................................................................................... 88 
FIGURE 6.3 CATHEDRAL OF PAVIA (ITALY) CRACKING PATTERN ON TRIANGULAR VAULT ADJACENT TO THE 

CENTRAL OCTAGON (A) AND ON THE MAJOR ARCH OF THE OCTAGON (B) (CALVI & PALENZONA, 

2013) ................................................................................................................ 89 
FIGURE 6.4 BASILICA OF ST. FRANCIS OF ASSISI (ITALY) EXTERNAL VIEW (A), INTERNAL VIEW OF THE 

VAULTS (B) ........................................................................................................... 92 
FIGURE 6.5 BASILICA OF ST. FRANCIS OF ASSISI COLLAPSE OF MASONRY FRESCOED VAULTS ............ 92 
FIGURE 6.6 THE COLLAPSED VAULTS (ONE IS HIDDEN BEHIND THE BELL TOWER) AND THE DAMAGED 

TYMPANUM OF THE BASILICA OF ST. FRANCIS OF ASSISI ................................................... 93 



 

 

 

 

xx  
 
 

FIGURE 6.7 CRACKS AND DEFORMATIONS IN THE VAULTS WITH RELATIVE DISPLACEMENTS TILL 30 CM 

(CROCI, 2000) ..................................................................................................... 94 
 

CHAPTER 7 

MASONRY VAULTS: RETROFITTING SOLUTIONS 

FIGURE 7.1 EXAMPLE OF TIES AT THE INTRADOS OF THE VAULTS (A) AND AN ANCHORAGE DETAIL (B) 

(SANTA MONICA, CREMONA – ITALY, PROJECT BY STUDIO CALVI) ........................................ 99 
FIGURE 7.2 EXAMPLE OF RC OVERLAY: REINFORCEMENT GRID (A) AND CONCRETE POURING (B) (SAN 

TOMMASO, UNIVERSITY OF PAVIA, PAVIA – ITALY, SUPERVISION OF WORKS BY STUDIO CALVI) ... 102 
FIGURE 7.3 EXAMPLE OF PERIMETRAL STEEL FRAME (SANTA MONICA, CREMONA – ITALY, PROJECT BY 

STUDIO CALVI) ................................................................................................... 105 
FIGURE 7.4 FRP APPLICATION: PREPARATION OF THE SURFACE (A), APPLICATION OF MORTAR AND NET 

(B), CONNECTION WITH WRAPS (C), SECOND LAYER OF MORTAR (D), (PAVIA CATHEDRAL, PAVIA – 

ITALY, PROJECT BY STUDIO CALVI) ............................................................................ 109 
FIGURE 7.5 FRCM APPLICATION: PREPARATION OF THE SURFACE (A), DISPOSITION OF BASALT FIBRES (B), 

FIRST MORTAR LAYER (C), PERIMETRAL CONNECTION WITH HELICOIDAL BARS (D), BASALT 

CONNETORS (E) AND FINAL CONFIGURATION (F) (SANTA MONICA, CREMONA – ITALY, PROJECT BY 

STUDIO CALVI) ................................................................................................... 111 
FIGURE 7.6 CENTERING AND SHORING FRAMES USED TO SUPPORT THE ARCHES BEARING THE 

OCTAGONAL DRUM (CATHEDRAL OF PAVIA, PAVIA – ITALY) .............................................. 117 
FIGURE 7.7 APPLICATION OF FRP AT THE EXTRADOS OF THE DOME’S SHELLS (CATHEDRAL OF PAVIA, 

PAVIA – ITALY) ..................................................................................................... 119 
FIGURE 7.8 INTERNAL SCAFFOLDING IN THE CENTRE OF THE OCTAGON (A) AND EXTERNAL FRAMEWORK 

(CATHEDRAL OF PAVIA, PAVIA – ITALY) ....................................................................... 119 
FIGURE 7.9 THE LITTLE FLYING BRIDGE SUSPENDED TO THE ROOF TO INSPECT AND STRENGTHEN THE 

VAULTS (A) AND THE SYSTEM OF PROVISIONAL WIRES AND SPRINGS TO SUSPEND THE VAULTS TO THE 

ROOF (B) (CROCI, 2000) ....................................................................................... 121 
FIGURE 7.10 THE NEW RIBS, MADE OF A CENTRAL TIMBER NUCLEUS AND EXTERNAL ARAMIDIC FIBRES. IN 

THE BACKGROUND, THE STEEL BELT TO ANCHOR THE BASE OF THE ARCHES WHICH SUSTAIN THE 

ROOF IS VISIBLE (CROCI, 2000) ............................................................................... 123 
FIGURE 7.11 SHOCK TRANSMITTER UNIT AND SHAPE MEMORY ALLOY DEVICES (MARTELLI, 2011) ... 123 
FIGURE 7.12 GENERAL VIEW OF TESTED SPECIMENS: (A) UNREINFORCED WALL AND (B) FRCM 

REINFORCED WALL (UNITS: MM) ............................................................................... 127 
FIGURE 7.13 CHARACTERISTICS OF THE NUMERICAL MODELS IN ELS: (A) UNREINFORCED MODEL (AS-

BUILT CONFIGURATION) AND (B) FRCM-REINFORCED MODEL .......................................... 127 
FIGURE 7.14 DETAILS OF THE FRCM-REINFORCED MODEL ON THE STRENGTHENED SIDE: (A) GRID 

REPRESENTING THE FIBRES, AND (B) LONGITUDINAL AND TRANSVERSE SPRINGS ASSOCIATED WITH 

THE FIBRES ........................................................................................................ 128 



 

 

 

 

xxi 
 
 

FIGURE 7.15 COMPARISON OF EXPERIMENTAL AND ANALYTICAL FORCE–DISPLACEMENT CURVES FOR THE 

UNREINFORCED MASONRY WALL (AS-BUILT MODEL) ...................................................... 129 
FIGURE 7.16 CHARACTERISTICS OF THE FAILURE IN OUT-OF-PLANE TESTING OF THE UNREINFORCED 

WALL (AS-BUILT MODEL): (A) SCHEMATIC OF THE FAILURE MODE ON THE REAR SIDE, AND (B) 

ISOMETRIC VIEW OF THE ANALYTICAL MODEL IN THE DEFORMED CONFIGURATION, WITH 

DEFORMATIONS MAGNIFIED BY A FACTOR OF FIVE .......................................................... 129 
FIGURE 7.17 COMPARISON OF EXPERIMENTAL AND ANALYTICAL FORCE–DISPLACEMENT CURVES FOR THE 

FRCM-REINFORCED MASONRY WALL ....................................................................... 130 
FIGURE 7.18 CHARACTERISTICS OF THE FAILURE IN THE OUT-OF-PLANE RESPONSE OF THE FRCM-

REINFORCED WALL OBTAINED FROM: EXPERIMENTAL REAR SIDE (A) AND ISOMETRIC VIEW (B); 

NUMERICAL REAR SIDE (C) AND ISOMETRIC VIEW (D) ...................................................... 131 
FIGURE 7.19 TEST SET UP (ALECCI ET AL., 2016) ................................................................. 132 
FIGURE 7.20 AEM-BASED NUMERICAL MODELS: (A) AS-BUILT CONFIGURATION, (B) EXPLICIT MODELLING 

APPROACH OF THE REINFORCEMENT LAYER AND (C) EQUIVALENT MODELLING BY MEANS OF A GRID 

LAYER FROM (CALÒ ET AL., 2025) ............................................................................. 133 
FIGURE 7.21 APPLICATION OF THE STRENGTHENING TRM SYSTEM: (A) INJECTING FLUID MORTAR 

GEOCALCE ANTISISMICO FL IN THE CRACKS, (B) DETAIL OF THE GEOSTEEL GRID 200 EMBEDDED IN 

GEOCALCE ANTISISMICO F, (C) APPLICATION PROCESS, (D) DETAIL OF THE CORNERS CLOSE TO THE 

INFILL WITH GEOSTEEL GRID 600, (E) INJECTING THE FLUID MORTAR GEOCALCE ANTISISMICO FL, 

(F) FINAL APPEARANCE OF THE STRENGTHENED MODEL (BIANCHINI ET AL., 2024) .................. 136 
FIGURE 7.22 NUMERICAL MODEL DEVELOPED WITHIN ELS SOFTWARE: (A) UNSTRENGTHENED, (B) 

STRENGTHENED SPECIMENS, AND DETAILING OF REINFORCEMENT GRID (C) GEOSTEEL 600 AT THE 

CORNER AND (D) GEOSTEEL 200 UNIFORMLY DISTRIBUTED ............................................. 139 
FIGURE 7.23 COMPARISON OF EXPERIMENTAL (BIANCHINI ET AL., 2023) (A) AND NUMERICAL (B) AT THE 

EXTRADOS AND (C) AND (D) AT THE INTRADOS CRACK PATTERNS AT THE END OF 150% OF AQA 

SIGNAL ............................................................................................................. 140 
FIGURE 7.24 VAULT DAMAGE AT THE END OF THE 150% OF THE AQA ....................................... 141 
FIGURE 7.25 DISPLACEMENT TIME HISTORIES ALONG N-S DIRECTION FOR OC1 (A), OC2 (B), AND OC4 

(C) NODE DURING 150% OF THE AQA ...................................................................... 144 
FIGURE 7.26 ACCELERATION TIME HISTORIES ALONG N-S DIRECTION FOR ACC18 (A), ACC14 (B), AND 

ACC2 (C) NODE DURING 150% OF THE AQA .............................................................. 145 
 

CHAPTER 8 

CASE STUDIES 

FIGURE 8.1 CHURCH 1: EXTERNAL VIEW (A) AND INTERNAL VIEW OF THE VAULT (B) ....................... 158 
FIGURE 8.2 NUMERICAL MODEL OF CHURCH 1 ................................................................... 159 
FIGURE 8.3 DAMAGE CONFIGURATION AFTER THE APPLICATION OF ONE ACCELEROGRAM: WHOLE 

STRUCTURE (A) AND VAULTS DETAIL (B) AT LEVEL 3 OF CHURCH 1 ...................................... 160 
FIGURE 8.4 EXAMPLE OF ARCH REINFORCED WITH STEEL BARS ................................................ 161 



 

 

 

 

xxii  
 
 

FIGURE 8.5 DAMAGE CONFIGURATION AFTER THE APPLICATION OF ONE ACCELEROGRAM: WHOLE 

STRUCTURE (A) AND VAULTS DETAIL (B) AT LEVEL 4 OF CHURCH 1...................................... 162 
FIGURE 8.6 CHURCH 2: EXTERNAL VIEW (A) AND INTERNAL VIEW OF THE VAULT (B) ....................... 163 
FIGURE 8.7 NUMERICAL MODEL OF CHURCH 2 WITH (A) AND WITHOUT (B) THE ROOF ................... 164 
FIGURE 8.8 DAMAGE CONFIGURATION AFTER THE APPLICATION OF ONE ACCELEROGRAM: WHOLE 

STRUCTURE (A) AND VAULTS DETAIL (B) AT LEVEL 3 OF CHURCH 2...................................... 164 
FIGURE 8.9 WIREFRAME VIEW OF THE VAULTS WITH THE REINFORCEMENT MODELLED AS RFT ELEMENTS 

OF CHURCH 2 .................................................................................................... 166 
FIGURE 8.10 EXAMPLE OF ARCH REINFORCED WITH STEEL BARS .............................................. 167 
FIGURE 8.11 DAMAGE CONFIGURATION AFTER THE APPLICATION OF ONE ACCELEROGRAM: WHOLE 

STRUCTURE (A) AND VAULTS DETAIL (B) AT LEVEL 4 OF CHURCH 2...................................... 168 
FIGURE 8.12 CHURCH 3: EXTERNAL VIEW (A) AND INTERNAL VIEW OF THE VAULT (B) ..................... 169 
FIGURE 8.13 NUMERICAL MODEL OF CHURCH 3 WITH (A) AND WITHOUT (B) THE ROOF.................. 170 
FIGURE 8.14 DAMAGE CONFIGURATION AFTER THE APPLICATION OF ONE ACCELEROGRAM: WHOLE 

STRUCTURE (A) AND VAULTS DETAIL (B) AT LEVEL 3 OF CHURCH 3...................................... 171 
FIGURE 8.15 DEFORMED VAULTS CONFIGURATION (A) AND THEIR DAMAGED CONFIGURATION AFTER THE 

APPLICATION OF ONE ACCELEROGRAM (B) AT LEVEL 3 OF CHURCH 3 ................................. 172 
FIGURE 8.16 DETAILS OF THE REINFORCEMENT OF THE VAULTS: (A) GENERAL 3D VIEW AND (B) PLAN VIEW 

OF THE VAULTS REINFORCED FOR CHURCH 3 .............................................................. 173 
FIGURE 8.17 DAMAGE CONFIGURATION OF CHURCH 3 AFTER THE APPLICATION OF ONE ACCELEROGRAM: 

WHOLE STRUCTURE (A) AND VAULTS DETAIL (B) AT LEVEL 4 .............................................. 174 
FIGURE 8.18 STATISTICAL CONSIDERATIONS OF COLLAPSE OR NO COLLAPSE OF VAULTS CONSIDERING 

THE 16 CASE STUDIES ........................................................................................... 177 
 



 

 

 

 

xxiii 
 
 

LIST OF TABLES 

CHAPTER 4 

AEM MESO-MODELLING APPROACH AND ITS VALIDATION 

TABLE 4.1. SUMMARY OF MASONRY AND RETROFITTING MORTAR (TRM) MECHANICAL PROPERTIES. .... 47 
TABLE 4.2. SUMMARY OF THE SEQUENTIAL SEISMIC TEST .......................................................... 48 
TABLE 4.3. COMPARISON OF NATURAL FREQUENCIES OBTAINED FROM THE FIRST DYNAMIC 

IDENTIFICATION TEST AND EIGENVALUE ANALYSIS OF THE NUMERICAL MODEL WITHIN ELS ......... 52 
TABLE 4.4. COMPARISON OF EXPERIMENTAL AND NUMERICAL ABSOLUTE MAXIMUM TOTAL 

DISPLACEMENTS AND ACCELERATIONS FOR THE UNSTRENGTHENED SPECIMEN FOR HIGHER VALUES 

OF SEPARATION STRAIN............................................................................................ 58 
TABLE 4.5. COMPARISON OF EXPERIMENTAL AND NUMERICAL ABSOLUTE MAXIMUM TOTAL 

DISPLACEMENTS AND ACCELERATIONS FOR THE UNSTRENGTHENED SPECIMEN ....................... 60 
TABLE 4.6. COMPARISON OF EXPERIMENTAL AND NUMERICAL FIRST MODE FREQUENCIES ................. 66 
 

CHAPTER 5 

SENSITIVITY ANALYSES 

TABLE 5.1. VALUES AND VARIATIONS OF SEPARATION STRAIN EXPLORED FOR LSA ........................... 70 
TABLE 5.2. SUMMARY OF EXPERIMENTAL AND NUMERICAL ABSOLUTE MAXIMUM TOTAL DISPLACEMENTS 

AND ACCELERATIONS FOR THE UNSTRENGTHENED SPECIMEN FOR DIFFERENT VALUES OF 

SEPARATION STRAIN ................................................................................................ 74 
TABLE 5.3. VALUES OF THE SENSITIVITY INDEX S .................................................................... 75 
TABLE 5.4. COMPARISON OF EXPERIMENTAL AND NUMERICAL ABSOLUTE MAXIMUM TOTAL 

DISPLACEMENTS AND ACCELERATIONS FOR THE UNSTRENGTHENED SPECIMEN FOR DIFFERENT 

MESH SIZES AND SS VALUES ..................................................................................... 80 
 

CHAPTER 7 

MASONRY VAULTS: RETROFITTING SOLUTIONS 

TABLE 7.1. SUMMARY OF THE SEQUENTIAL SEISMIC TEST ........................................................ 139 
TABLE 7.2. COMPARISON OF EXPERIMENTAL AND NUMERICAL ABSOLUTE MAXIMUM TOTAL 

DISPLACEMENTS AND ACCELERATIONS FOR THE STRENGTHENED SPECIMEN ......................... 142 



 

 

 

 

xxiv  
 
 

TABLE 7.3. COMPARISON OF EXPERIMENTAL AND NUMERICAL FIRST MODE FREQUENCIES ............... 146 
TABLE 8.1. MASONRY MATERIAL PROPERTIES USED IN ELS ..................................................... 155 
 



1 INTRODUCTION 

1.1 MOTIVATION 
Masonry vaults have been frequently used as the main ceiling type among historic 
buildings. Disregarding their architectural importance, their role in favouring a global 
sound response connecting walls and columns and their high sensitivity to imposed 
displacements and deformations made them crucial components to assess the global 
response and safety. While the response of masonry structural elements generally 
inclined to adsorb horizontal actions (such as bending and shear walls connected by 
lintels) have been the object of extended past studies, it became soon clear that the 
effects and potential collapse modes of vaulted ceilings was a field in which knowledge 
was generally lacking.  

Furthermore, unreinforced masonry buildings are known as characterized by high 
seismic vulnerability. This applies, in particular, to the architectural heritage in the 
Groningen area, where seismicity induced by gas extraction led to a series of ground 
shakings, Figure 1.1. The large number of historic churches present in the area was not 
designed considering seismic actions, which even for low magnitude induced event 
caused several damages. 

  
(a) (b) 

Figure 1.1 Occurred induced earthquakes in the Groningen area: all magnitudes (a), 
magnitude Mw>3 (b) 
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For the purpose of rapidly assessing the seismic performance of a large portfolio of 
churches, the project, also known as Seismic Multilevel Assessment of Churches 
(SMAC), was developed by (Moratti et al., 2019). The main goal was to handle a large 
number of churches, on the order of hundreds, understanding which buildings may need 
retrofitting, which certainly will need retrofitting, and which can be considered as safe 
according to as-built configuration. In other words, the aim of the SMAC procedure is the 
definition of a prioritisation, because carrying out a full fledge of analysis on each church 
is time demanding, excessively expensive and incompatible with the need of where 
resources should be allocated to further investigate the situation prior to intervention. 

The process involves both data collection and vulnerability assessment, with 
progressive refinements, and has been applied to a portfolio of 52 churches in the 
Groningen area, (Moratti et al., 2019). SMAC procedure consists of three levels of 
analysis each of increasing details, Figure 1.2:  

• O.0 – Level 0 procedure results. 
• O.1 – Level 1 assessment procedure results. 
• O.2 – Level 2 assessment procedure results. 

In order to perform these assessments, three data collection levels are required: 
geographic data, geotechnical data, and seismic hazard data; together with two levels of 
inspection of the buildings, V.1 and V.2. 

 

Figure 1.2 SMAC procedure 

The Level O.0 foresees the representation of the whole church using a simple model, 
single pier, without any inspection needed because statistical assumptions are made on 
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main geometric and structural characteristics with self-improving system. This level 
makes use of Nonlinear Pushover Analyses (NLPO) for the in-plane behaviour, Nonlinear 
Kinematic Analyses (NLKA) for the out-of-plane response, and Monte Carlo simulation 
is performed for each church. It does not give information about safety condition of each 
specific church, but an estimate of the general behaviour of the whole portfolio of 
churches. Level O.0 is valuable to define the average cost and strategy of intervention 
with reference to the complete database. 

Level O.1 needs short inspection to retrieve the main characteristics of the churches, 
because each wall is represented by an equivalent pier, still using a simple model. Some 
characteristics still come from statistical assumptions (e.g. material) and NLPO, NLKA 
and Monte Carlo simulations are performed for each wall of the church. Level O.1 is 
capable to give which parts are the most vulnerable and returns evidence whether the 
inadequacy is limited to some elements in the church or it is widespread. Despite it is 
not NPR compliant because based on statistical assumption, it is currently beneficial to 
the prioritisation of further activities on each church. 

Level O.2 builds refined models and analyses to define the capacity of churches 
according to guided semiautomatic steps. For this reasons it requires detailed 
inspections of the structures, during which pre-existing state of deformations or 
deficiencies should be reported in order to consider them in the numerical model. A 
global assessment through NLPO and a local verification with NLKA are performed. The 
main advantage is that this level is fully NPR compliant. 

The consistency of results at different levels confirms the effectiveness of the multilevel 
procedure in assessing the prioritisation of interventions on churches and warnings 
associated to each church are given to address topics which might be critical and need 
further investigations at the following phases (e.g. vaults, gable, ties, steeple). 
Consequently, the results of Level O.2 have been the starting point for the following 
phases: 

• Inspections of churches based on the warnings. 
• Level 3, which consists of refined analyses on the churches which are 

uncompliant at level O.2, most of them characterized by vaulted ceilings. 
• Level 4, in which strengthening measures are designed on the analysed 

churches. 
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1.2 OBJECTIVE AND SCOPE 
Within the context described above, the Applied Element Method (AEM) is proposed to 
address both Level 3 and Level 4 as a natural continuity of the SMAC procedure. Several 
recent studies have demonstrated the capabilities of AEM in reproducing in-plane, out-
of-plane and global responses of masonry walls and buildings when subjected to 
seismic loading., also highlighting its computational efficiency. 

The objective of this thesis is to develop and validate a reliable and computationally 
efficient meso-modelling approach based on the Applied Element Method for the 
seismic assessment of historic masonry churches characterized by vaulted systems. 
with the aim of create a standardised framework which can be applied to churches of 
any dimension and any typology. 

The research was developed by the author in an academic context, while benefiting from 
the interaction with professional practice and selected case-study experience at Studio 
Calvi Beam, which provided a valuable practical background without influencing the 
scientific autonomy of the study. 

The challenge of this study is mainly the lack of deep knowledge on the numerical 
modelling of masonry historic vaults using AEM formulation, together with the presence 
of very few shaking table tests on full scale vaulted specimens. This has led to a series 
of sensitivity analyses simulating LNEC shaking table tests, (Bianchini et al., 2023), in 
order to find a procedure to assess the churches of Level 3 balancing accuracy of results 
and speed of analysis. 

1.3 OUTLINE OF THE THESIS 
Chapter 2 presents through a deep literature review the historical evolution of masonry 
vaults from empirical construction practices, which led to long-lasting buildings, up to 
theoretical formulations explaining their mechanical behaviour. An overview of the 
numerical modelling approaches for masonry structures and masonry vaults for their 
structural assessment is given. This chapter provides the cultural and technical 
foundations necessary to interpret both vulnerability and strengthening strategies. 

Chapter 3 is dedicated to the introduction of the theoretical formulation of the Applied 
Element Method (AEM). The first part traces its development starting from earlier 
discrete modelling techniques, highlighting how its characteristics make it a powerful 
innovation in numerical modelling. The second part illustrates how the methodology is 
applied in the assessment of the masonry structures, and it recalls validations against 
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experimental results, which demonstrate the ability of AEM to reproduce their structural 
responses. A brief introduction to the Extreme Loading for Structures (ELS) software, 
which has been employed in this thesis is give. This chapter lays the foundation to 
present the proposed meso-modelling approach presented in this study. 

Chapter 4 presents the meso-modelling approach developed in this study to numerically 
simulate masonry structures and vaults. According to this method, masonry is treated 
as a homogenized material, made of rigid blocks and nonlinear interfaces springs. An 
overview of the AEM meso-modelling is given, together with constitutive laws employed 
for tension, compression and shear. After discussing the modelling assumptions, the 
chapter is strongly dedicated to the validations both on walls and vaults behaviour. A 
particular attention is given to the numerical simulations of the LNEC shaking table tests 
campaign, already presented in (Cogliano et al., 2025a). The validation is also performed 
considering different modelling strategies from different authors. 

Chapter 5 investigates the influence of key numerical and mechanical parameters 
through a series of sensitivity analyses. Particular attention is devoted to the separation 
strain, already treated in the Chapter 4, but here deeply assessed through Local 
Sensitivity Analysis (LSA). Other parameters are discussed, such as mesh size, and 
interface properties, assessing the robustness and stability of the numerical model. 

Chapter 6 examines the seismic vulnerability of masonry vaults in historical churches. 
The discussion integrates theoretical considerations, an evaluation on emblematic case 
studies (Pavia Cathedral, Basilica of St. Francis of Assisi), and the effects of induced 
seismicity in Groningen, highlighting recurrent weaknesses and collapse mechanisms. 

Chapter 7 presents an extensive review of retrofitting solutions for masonry vaults, from 
traditional measures to modern composite systems, defining advantages and 
disadvantages for each strengthening solution. The two case studies presented in 
Chapter 6, Pavia Cathedral and Basilica of St. Francis of Assisi, are recalled and the 
consolidation of their vaulted systems are illustrated and discussed. Subsequently, the 
chapter shows the validations of FRCM/TRM strengthening modelling within the AEM 
framework, starting from scaled model (wallets and arches), to the numerical simulation 
of the strengthened with Textile Reinforced Mortar LNEC vault. 

Chapter 8 applies the modelling framework developed in the previous chapters to three 
Dutch churches selected within the SMAC framework. For each case study, the chapter 
describes the as-built and retrofitted configurations and their seismic assessment 
following (NEN, 2020) regulation. 
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Chapter 9 summarises the main findings of the research, highlighting both virtues and 
limitations of the proposed AEM meso-modelling approach applied to masonry vaults. 
Potential future developments in numerical modelling which could improve the 
accuracy and reliability are also discussed. 

 



2 MASONRY VAULTS: HISTORY, STRUCTURAL 
DESIGN AND NUMERICAL MODELLING 

2.1 INTRODUCTION  
Masonry vaults represent one of the most emblematic components in architectural and 
structural history, combining construction creativity, geometric instinct, and mechanical 
behaviour. Their study requires a multidisciplinary perspective, starting from historical 
analysis to modern structural mechanics and advanced computational modelling. This 
chapter provides an overview of the evolution and scientific understanding of masonry 
vaults. 

Section 2.2 shows the historical development of vaulted ceilings, from prehistoric 
corbelled constructions to Roman concrete domes, Gothic rib vaults, and Renaissance 
and Baroque masterpieces. Particular attention is placed on how different cultural and 
technological contexts affected construction techniques and architectural forms. 

Section 2.3 illustrates the structural behaviour of vaults, starting from empirical 
construction practices, the rules of thumb, up to theoretical formulations, with the first 
contributions of Hooke, Gregory, and Heyman. The section explores how geometric 
reasoning and limit analysis theories laid the foundation for modern structural 
assessment, also highlighting the issue of vault vulnerability, their sensitivity to 
degradation and seismic actions, and reviews experimental investigations that have 
been developed until now. 

Finally, Section 2.4 discusses numerical modelling strategies for masonry and masonry 
vaults. It introduces the two main approaches, micro- and macro-modelling, and 
analyses their application to vaulted systems. The review includes continuum-based 
finite element methods, limit state analysis, and discrete element modelling, as well as 
recent developments in homogenisation and reinforcement modelling. Pros and cons of 
each method are evaluated in order to provide a critical framework for selecting the most 
appropriate strategy depending on the objective of the analysis. 
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2.2 HISTORY OF VAULTED CEILING 
Masonry vaults have a long history, dating back to the earliest civilizations, where they 
represented both functional and symbolic achievements in architecture. The oldest 
known example is most likely the corbelled vault, used in megalithic structures of the 
Neolithic and Early Bronze Age. The funerary chamber of the Newgrange mound in 
Ireland, Figure 2.1, dated to around 3200 BCE, is generally considered the earliest 
surviving vault (Eogan, 1991). This passage tomb, with its corbelled roof, predates 
Stonehenge and the Pyramid of Cheops by several centuries and is also earlier than the 
Mycenaean culture of Ancient Greece. The mound covers an area of approximately 
4,500 m², with a diameter of 80 m and a height of 12 m. Its tunnel extends 20 m and 
leads to a vaulted chamber about 6 m high, Figure 2.2. 

 

Figure 2.1 Newgrange: UNESCO World Heritage Site 

  
(a) (b) 

Figure 2.2 Plan and section of chamber in Newgrange tumulus (Eogan, 1991) (a) and a 
typical scheme of a corbelled arch 
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During 19th century, different scientists, such as (Cooke, 1903), saw the Newgrange 
chamber as a dome constructed by corbelling: successive layers of stones were 
projected inward until they met at the vertex Figure 2.2 (b). However, later studies 
challenged this view. (Nelms, 1981), for instance, argued that the structure employed a 
different system that he called “beam-wall construction,” where massive stones were 
arranged in a polygonal base, acting simultaneously as wall and roof. Unlike true 
corbelling, which is short in span and vulnerable to settlement or seismic events, this 
method was more robust and durable, comparable to pyramid construction. Despite 
these debates, Newgrange remains the elderly example of a masonry vault. 

During the Late Bronze Age, civilizations such as the Mycenaeans built tholos tombs, 
including the Tomb of Atreus (c. 1300 BCE), shown in Figure 2.3. These subterranean 
chambers employed corbelled vaulted system by placing rings of stone progressively 
inward to form conical domes (G De Matteis et al., 2019). While visually similar to later 
domes, these structures lacked true compressive arch action and remained tension-
free systems. As noted by (G De Matteis et al., 2019) and (Kurrer, 2008), corbelled 
systems were inherently limited: the greater the diameter, the higher the risk of collapse, 
so that the vertical expansion was more feasible than horizontal span. 

  
(a) (b) 

Figure 2.3 Tomb of Atreus, Mycenae (Greece) external view (a), inner view of the vault (b) 

The Romans marked a decisive turning point in vault construction, mastering the use of 
arches to create large-scale masonry vaults. Two main typologies were employed: the 
barrel vault, obtained by extending a semicircular or segmental arch longitudinally, and 
the groin vault, formed by the perpendicular intersection of two barrel vaults. The latter 
employed diagonal internal ribs to strengthen critical zones (Como, 2015). Roman 
innovation lay in the extensive use of opus caementicium (Roman concrete), which 
enabled continuous compressive force distribution along curved surfaces. This material 
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allowed for the construction of unprecedented architectural spaces, as seen in the 
Pantheon Figure 2.4, and the Baths of Caracalla, Figure 2.5, (Gaetani et al., 2016). 

The Pantheon is the largest unreinforced concrete dome in the world with a span equal 
to 43.3 m, built around 126 CE under Emperor Hadrian. Its structural efficiency derives 
from an accurate use of materials: heavy aggregates at the base and lighter ones, such 
as pumice, toward the crown. Its thickness decreases with the height: from 6.4 m at the 
base up to 1.2 m at the oculus. The oculus, with a diameter of 8.3 m, works both as a 
light source and as a stress-relieving opening. Resting on a massive drum, the dome 
forms a perfect hemisphere, symbolizing cosmic harmony and imperial grandeur. 

  
(a) (b) 

Figure 2.4 Pantheon, Rome (Italy) external view (a), internal view of the dome (b) 

The Baths of Caracalla (212–216 CE) represents an additional Roman understanding of 
vaulted system, putting together technical and monumental designs. Their monumental 
entrances were roofed with massive barrel, groin, and cloister vaults, where opus 
caementicium was employed with brick and stone. The frigidarium spanned over 30 m, 
while the caldarium was enclosed by soaring domes and half-domes. 

  
(a) (b) 

Figure 2.5 Bath of Caracalla, Rome (Italy) external view (a), internal view of the vaults (b) 
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Between the 10th and 13th centuries, with the development of Gothic architecture ribbed 
vaults and pointed arches were born, enabling taller and lighter structures with more 
flexible configurations. Structural loads were transferred directly to ribs and external 
flying buttresses; in this way, it was possible to have thinner walls and large stained-
glass windows. Rib vaults evolved from intersecting barrel vaults, with additional 
diagonal and transverse ribs starting to work as structural elements. Depending on rib 
configuration, several forms can be built: sexpartite vaults (six bays), quadripartite vaults 
(four bays), stellar vaults (with tertiary ribs), and fan vaults (radiating ribs). One of the 
most iconic examples is the interior of Notre-Dame Cathedral in Paris, begun in 1163, 
whose sexpartite vaults exemplify the Gothic synthesis of structural efficiency and 
aesthetic verticality (Bony, 2023). 

  
(a) (b) 

Figure 2.6 Notre-Dame Cathedral, Paris (France) external view (a), internal view of the six-
part ribbed vaults (b) 

The Renaissance returns back to classical ideals, combining structural rigor with 
architectural harmony, as exemplified by the dome of Santa Maria del Fiore in Florence, 
Figure 2.7, designed by Filippo Brunelleschi in 1420. With a span of 45.5 m and a rise of 
103.4 m, it is the largest brick masonry dome ever built. From the structural point of view, 
it consists of two shells connected by ribs: an inner dome, 2.2 m thick, and an outer 
protective shell, whose thickness varies from 0.8 m to 0.4 m. Brunelleschi constructed 
it without centering, relying on successive horizontal courses to ensure stability (Bartoli 
et al., 2015). 
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(a) (b) 

Figure 2.7 Cathedral of Santa Maria del Fiore, Florence (Italy) external view (a), internal 
view of the frescoed dome(b) 

Vaults were used to create spatial illusion in the Baroque era. A distinctive example is 
the Church of Sant’Ignazio di Loyola in Rome, which was designed by Orazio Grassi and 
decorated by Andrea Pozzo. Pozzo transformed the simplicity of a barrel vault into an 
illusionistic masterpiece, The Glory of Saint Ignatius, which depicts the saint ascending 
into heaven among allegories and figures representing the continents. He created the 
illusion of an open sky, extending the architecture beyond its physical boundaries 
(Fasolo & Mancini, 2019). 

  
(a) (b) 

Figure 2.8 Church of Sant’Ignazio di Loyola, Rome (Italy) external view (a), internal view of 
the frescoed barrel vault(b) 

A representative example of this long historical trajectory is the Cathedral of Pavia. 
Initiated in 1488 following the ideals of Romanesque cathedrals, its design was linked to 
Renaissance figures such as Donato Bramante and Amadeo, and accompanied by the 
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construction of a large wooden model that guided the building process for centuries, 
(Calvi & Palenzona, 2013). The construction was discontinuous, lasting more than five 
hundred years, and it highlights the influence of economic, political, and cultural 
changes on the realization of vaulted structures. The central dome, completed only in 
the late nineteenth century, represents the persistence of Renaissance ideals across 
time. It was raised on an eighteenth-century octagonal drum between 1885 and 1889, 
following Carlo Amati’s design, and crowned by a lantern and a gilded copper statue of 
the Redeemer in1890. It consists of a double shell, with an inner hemispherical calotte 
and a slender external one, separated by a walkable cavity. Reinforced with iron chains 
and rings, it demonstrates the integration of traditional masonry vaulting, based on 
Reanaissance, with modern structural devices. It exemplifies how cultural ambition and 
technological innovations shaped the evolution of vaulted ceilings well beyond their 
original historical context. 

  
(a) (b) 

Figure 2.9 Cathedral of Pavia (Italy) external view (a), internal view of the dome (b) (Calvi & 
Palenzona, 2013) 

In summary, the history of masonry vaults is characterized by a progressive refinement 
from experience-driven construction methods to more advanced theoretical 
frameworks. From the corbelled chambers to the structural understanding of Roman 
concrete, from the ribbed vaults of Gothic cathedrals to the geometric harmonies of the 
Renaissance and the visual effects of the Baroque, each period introduced solutions 
that reflected its culture and technical expertise. 

With the advent of modern structural mechanics in the eighteenth century, analytical 
tools were introduced transforming vaults from objects of empirical tradition into 
subjects of scientific investigation. Nevertheless, as (Benvenuto, 1991) observes, the 
discrete and frictional nature of masonry has often been misunderstood, because its 
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behaviour was often considered elastic. This difference between theoretical abstraction 
and material reality highlights how vaults have always considered as architectural 
components, while their true structural behaviour requires a careful balance between 
geometry, material properties and boundary conditions. 

In order to assess vaults vulnerability and to develop appropriate conservation and 
intervention strategies, it is essential to understand how there were conceived, built and 
interpreted over the centuries. The next step, therefore, is to examine the fragility of these 
structures in relation to modern needs and explore the knowledge gained from 
experimental tests that integrate theoretical and numerical approaches. 

2.3 VAULTS STRUCTURAL DESIGN: FROM ANCIENTS TO MODERN ANALYSTS 

AND EXPERIMENTAL TESTS 
The structural analysis of masonry arches and vaults represents one of the most 
fascinating intersections of empirical knowledge, geometric reasoning, and theoretical 
mechanics in architectural history. From ancient Rome to the scientific advancements 
of the 20th century, the design of vaults evolved from rule-of-thumb practices to rigorous 
formulations based on equilibrium and limit state theories. Until the 18th century, 
genuine structural science did not exist; nevertheless, master builders succeeded in 
creating durable structures of remarkable stability. As (Huerta, 2008) notes, ancient 
builders relied primarily on geometry and construction experience rather than analytical 
calculations. Roman engineers, for example, mastered the use of barrel vaults, groin 
vaults, and domes, as seen in structures like the Pantheon, by applying empirical 
knowledge. They understood that the geometry governed the stability: a well-shaped 
arch stood because its thrust was absorbed by the surrounding walls. This practical 
wisdom was codified in treatises such as Vitruvius’ De Architectura, though without a 
rigorous mathematical framework.  

When analysing vaults, reference to the arch is essential, since even complex forms, 
such as Gothic vaults, can be interpreted as a composition of arches. (Huerta, 2001), 
who refers to the work of Joseph Durm (1885), illustrates the fundamental behaviour of 
the arch, Figure 2.10: wedge-shaped stones are placed on wooden centring, closed by 
the keystone, and thereafter self-supporting. At each joint, a compressive force, called 
the thrust, develops, which must remain within the contact surface to ensure stability. 
The locus of these thrust points defines the line of thrust. This equilibrium persists along 
the arch until it reaches the supports, where abutments must resist the outward forces. 
Masonry design, therefore, involves two principal challenges: guaranteeing the internal 
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stability of the arch and providing adequate buttressing against lateral thrust. The line of 
thrust must lie within the masonry thickness, in accordance with the material’s 
properties: heterogeneity, high compressive capacity, negligible tensile strength, and 
high friction coefficient (Huerta, 2001). 

 

Figure 2.10 Etruscan voussoir arch (Drum, 1885) figure reported in (Huerta, 2001) 

The first conceptual breakthrough occurred in 1675, when Robert Hooke famously 
stated: “As hangs the flexible line, so but inverted will stand the rigid arch”. This insight, 
later clarified by (Gregory, 1697) established the basis of funicular theory: the stable 
form of an arch corresponds to the inverted shape of a hanging chain, or catenary. An 
arch is stable if a catenary curve can be inscribed within its thickness. Since multiple 
equilibrium lines may exist within the masonry, the arch is statically indeterminate. 

During the 18th and 19th centuries, significant advances were achieved with graphical 
statics and elasticity theory, developed by figures such as Coulomb, Navier, and 
Rankine. Winkler (1879) was the first to apply elasticity theory to masonry arches, but, 
as (Huerta, 2001) notes, perturbations such as centring deformation, buttress yielding, 
and thermal effects could not be neglected. These produced cracking, which elastic 
analysis could not adequately explain. As (Heyman, 1995) demonstrated, it is only 
possible to evaluate the extreme positions of the line of thrust, corresponding to 
minimum and maximum thrusts. Cracks, acting as hinges, allow for structural 
adjustment. Both (Huerta & Lopez, 1997) and (Benvenuto, 1991) criticized purely elastic 
approaches, emphasizing instead the discrete and frictional nature of masonry. 

  
(a) (b) 
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Figure 2.11 Semicircular arch under its own weight. (a) Minimum thrust; (b) maximum 
thrust (Heyman, 1995) 

A decisive shift came with (Heyman, 1966, 1982), who formalized the structural 
behaviour of masonry within the framework of limit state and plastic theory. He 
established three key assumptions: masonry has infinite compressive strength, zero 
tensile strength, and no sliding between blocks. Under these hypotheses, stability is 
guaranteed if a statically admissible line of thrust lies within the structure’s geometry. 
(Heyman, 2008) also noted the indeterminacy of boundary conditions, which may 
evolve over time, but emphasized that the collapse load depends only on geometry. 
Within this framework, a structure is safe if at least one set of internal forces satisfies 
both equilibrium and yield conditions. This approach, rooted in limit analysis, translated 
the intuitive practices of historic builders into a consistent mathematical theory. 

Modern developments in the analysis of domes and vaults, among the first is the work 
done by (Oppenheim et al., 1989), extend Heyman’s framework to three-dimensional 
shells, exploring the conditions under which a dome may form a kinematic collapse 
mechanism. They demonstrate how to calculate the minimum thickness of a dome 
under self-weight and show that compressive hoop stress is necessary in the upper cap 
of a dome for stability, a conclusion that aligns with historical construction patterns like 
the use of rings in St. Peter’s dome in Rome. Their work demonstrates that the principles 
of limit analysis, first applied to two-dimensional arches, are equally effective in 
analysing complex three-dimensional forms. In practice, limit analysis has become a 
cornerstone of modern conservation engineering, offering a rigorous yet historically 
faithful toolset for assessing ancient structures. It validates much of the historical 
construction practice while enabling contemporary engineers to intervene wisely and 
respectfully. (D’Ayala & Casapulla, 2001) introduces a finite friction coefficient into the 
limit analysis of masonry vaults, enhancing the accuracy and realism of the structural 
prediction with respect to classical Heyman-based approaches, which assume infinite 
friction and no tension. This study demonstrates that the value of friction strongly 
influences the location of failure mechanism, the distribution of internal forces and the 
load-bearing capacity of the vaults; the method is especially relevant for the structural 
assessment of historic vaults, where interventions must be minimal and reversible. By 
accurately estimating the collapse load and identifying critical regions, the model aids in 
targeted reinforcement design and prioritisation of structural interventions. (Block & 
Ochsendorf, 2008) applies Heyman’s lower-bound theorem, i.e. if a compression-only 
equilibrium can be found within the geometry of the vault, the structure is safe. The 
authors develop a three-dimensional thrust‑network analysis for masonry vaults, 
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offering a powerful extension of traditional thrust‑line methods (graphics statics) to 
complex 3D vaulted forms. Their method provides rigorous lower‑bound solutions 
based on masonry’s compression-only behaviour. 

The evolution of vault analysis, from empirical rules to limit state mechanics, 
demonstrates both the ingenuity of historic builders and the explanatory power of 
modern structural theory. While theoretical models have greatly advanced the 
understanding of masonry vaults, their actual behaviour is inevitably affected by material 
irregularities, construction and retrofitting defects, and external actions such as 
earthquakes (Theodossopoulos & Sinha, 2008). For this reason, the concept of 
vulnerability has become central in modern studies, particularly in the context of cultural 
heritage preservation. To complement analytical and numerical approaches, a wide 
range of experimental tests has been conducted, offering valuable insights into the load-
bearing capacity, collapse mechanisms, and seismic response of masonry vaults. The 
scientific community has been putting a lot of effort in studying how masonry vaults 
behave when horizontal actions are considered, but still, this represents an open 
challenge which requires historical investigation, literature review, inspections, 
structural modelling and numerical analyses (ICOMOS-ISCS, 2023). As a matter of fact, 
(Bertolesi et al., 2019) highlighted, through a bibliometric analysis of publications, that 
within the broader literature on masonry structures, studies specifically focused on 
arches and vaults remain limited, representing approximately 10% of the analysed 
portfolio, as shown in Figure 2.12. 
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Figure 2.12 Documents published on “masonry” from 1960 to 2018 

The very first shaking table test on a scaled model was performed in 2012 (Williams et 
al., 2012) on Roman-style scaled barrel vaults. The main goal was to evaluate the 
dynamic response of masonry vaults, how existing cracks due to gravity loads affect 
their seismic performance, and validate numerical modelling of historic vaults. The 
study found that the mechanism that occurs due to seismic load is characterized by four 
hinges, whose location depends on material’s tensile strength; a damaged vault (i.e., 
with existing open cracks) is more fragile, because cracks work as weak planes.  

The first 1:1 scaled vaults was tested on a shake-table in 2020 (Rossi et al., 2020). This 
work investigates the seismic response of a full-scale unreinforced masonry cross vault 
inspired by one of the vaults in the Dey Mosque in Algeris, Algeria, trying to assess the 
collapse mechanisms and how steel tie bars and wooden inserts affect the global 
behaviour of the vault. They conclude that the presence of steel ties improves the 
seismic performance by reducing in-plane deformations and preventing early collapse, 
which was instead achieved by the specimen without any tie; furthermore, the study 
highlights the importance of both geometric configuration and structural details in 
seismic performance of historical masonry vaults.  

An additional shaking table test on a full-scale masonry cross-vault took place at 
Laboratorio Naciónal de Engenharia Civil (LNEC), Portugal, in 2021 aiming to understand 
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the seismic behaviour of masonry cross-vault and assess the capability in simulating its 
seismic response of different modelling strategies. The experimental campaign is deeply 
described in (Bianchini et al., 2024) and it has been used to validate the proposed 
numerical modelling subject of this thesis. 

2.4 NUMERICAL MODELLING OF MASONRY AND MASONRY VAULTS 
Masonry has been used for centuries in construction, yet it still lacks design tools as 
comprehensive as those available for concrete or steel. The difficulty lies in the 
material’s nature: it is a composite made of units (bricks, stones, or blocks) and mortar 
joints, and is characterized by anisotropy, heterogeneity, and a quasi-brittle behaviour. 
Accurate numerical modelling is therefore crucial, particularly for the assessment of 
heritage structures. With the increase in computational power and the development of 
advanced structural analysis software, it has become possible to model complex 
historic architecture with greater accuracy. This is typically achieved through contact-
element formulations and nonlinear brittle material models, which allow both static and 
seismic vulnerability assessments. 

In the scientific literature, two main modelling strategies are recognised: micro-
modelling and macro-modelling. Micro-modelling explicitly represents the individual 
components of masonry, while macro-modelling treats masonry as a homogeneous 
continuum governed by phenomenological constitutive laws. Each approach offers 
different advantages in terms of accuracy, computational cost, and suitability for 
specific applications. 

2.4.1 Micro-modelling approach 

According to (Lourenco, 1996), two levels of micro-modelling can be distinguished: 
detailed and simplified. In the detailed approach, bricks and mortar are represented as 
separate continuum elements, while their interfaces are described with discrete 
interface elements governed by nonlinear constitutive laws. This enables the simulation 
of tensile cracking, shear slip, and compressive crushing. In the simplified approach, 
mortar thickness is absorbed into the geometry of the masonry units, while joints are 
represented by zero-thickness interface elements. These are the only elements 
assigned nonlinear behaviour, reducing the number of degrees of freedom without losing 
the capacity to reproduce the main failure mechanisms. 

An early and influential micro-modelling strategy was presented by (Lourenço et al., 
1995), who developed a composite interface model combining a tension cut-off 
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criterion, Coulomb friction law, and an elliptical cap for compressive failure. This 
formulation enabled the simulation of cracking, sliding, and crushing, and incorporated 
inelastic behaviour through softening and hardening laws. Micro-modelling is 
particularly suited to small-scale structures or localised analyses of critical zones such 
as piers and connections, although its computational cost remains high. 

2.4.2 Macro–modelling approach 

Macro-modelling treats masonry as a homogeneous orthotropic continuum, typically 
assigning different tensile and compressive behaviour along the bed and head joint 
directions. (Lourenço et al., 1995) proposed a constitutive model based on a Rankine-
type yield surface for tension, a Hill-type yield surface for compression, and different 
strengths and fracture energies in the material directions. 

This approach is computationally efficient and well suited to large-scale structures, 
particularly when the global response is of primary interest. One of its most practical 
applications is the Equivalent Frame Model (EFM), in which walls are idealised as an 
assembly of vertical piers and horizontal spandrels connected by rigid nodes 
(Lagomarsino et al., 2013). Based on post-earthquake observations, this method 
recognises that damage tends to concentrate in piers and spandrels. While EFM focuses 
on in-plane behaviour and assumes sufficient connections to prevent out-of-plane 
failure, it provides an efficient tool for seismic assessment at the building scale. 

In summary, macro-modelling achieves a balance between accuracy and efficiency, 
making it the preferred approach for global structural analyses and seismic vulnerability 
assessment of entire buildings. 

2.4.3 Numerical modelling for masonry vaults 

When moving from walls and piers to vaulted systems, additional challenges arise. 
While the same numerical techniques employed for walls, piers and other structural 
components can be extended to vaulted systems, their application requires additional 
considerations. Cross vaults are characterised by a double curvature geometry, the 
presence of groins or ribs, and a complex interaction between arches and supporting 
walls, all of which significantly influence their mechanical behaviour. Moreover, the 
collapse mechanisms of vaulted structures are often governed not only by the local 
behaviour of the masonry material, but also by global geometric instabilities and support 
conditions. For these reasons, the transition from the general modelling of masonry to 
the numerical simulation of masonry vaults involves adapting constitutive assumptions, 
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computational strategies and boundary conditions in order to capture the specific 
response of such systems under static and seismic loading. In the following, the main 
modelling approaches that have been applied to masonry vaults are critically reviewed, 
highlighting their underlying assumptions, constitutive models, and the strengths and 
limitations of each method with reference to the most relevant literature. These 
approaches can be classified into three families: continuum-based approaches (FEM), 
limit state analysis (LSA), and discrete element modelling (DEM). 

Within continuum-based approaches, the Finite Element Method (FEM) has been the 
most widely adopted to study masonry cross vaults. Two different levels of refinement 
can be distinguished. In macro-modelling, masonry is considered as a homogeneous 
anisotropic or isotropic continuum, often represented by nonlinear constitutive laws 
such as no-tension materials or damage–plasticity models (Creazza et al., 2002; Milani 
& Tralli, 2012; Pelà et al., 2016; Pellegrini, 2023). This approach allows for the analysis 
of large-scale and geometrically complex structures, such as ribbed or irregular cross 
vaults, without explicitly reproducing the texture of masonry. However, some intrinsic 
features, such as orthotropy induced by the bond pattern or localised cracking, tend to 
be smeared within the continuum. To overcome this drawback, orthotropic elastic–
plastic models with softening have been proposed and calibrated against experimental 
results (Berto et al., 2002; Lourenço et al., 1997). On the other hand, micro-modelling 
strategies reproduce explicitly the units and the joints. In their complete form, masonry 
blocks are modelled as deformable elements and mortar joints as continuum layers 
with their own constitutive behaviour, usually defined in terms of tensile strength, 
cohesion, friction angle and compressive capacity (Lourenço & Rots, 1997). In the so-
called simplified micro-modelling, mortar thickness is incorporated into the geometry of 
the blocks, and the nonlinear behaviour is concentrated in zero-thickness interfaces, 
governed by constitutive models such as Mohr–Coulomb or fracture-energy based 
softening (Formica et al., 2002; Lotfi & Shing, 1994) This approach allows for the 
reproduction of orthotropy and sliding mechanisms, but remains computationally 
expensive when applied to large-scale vaults. Relevant examples include the pioneering 
work on the Holyrood Abbey cross vault (Theodossopoulos et al., 2003) and the more 
recent heterogeneous modelling of small-scale prototypes tested under tilting 
conditions (Milani et al., 2016). 

A further refinement is represented by homogenisation techniques, which attempt to 
bridge the gap between micro- and macro-modelling. These methods exploit the 
periodicity of the masonry texture to derive equivalent continuum properties at the 
structural scale (Cecchi & Sab, 2002; Milani et al., 2006b). Rigorous mathematical 
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formulations, finite element multi-scale frameworks, or simplified two-step 
homogenisation procedures have been proposed (Luciano & Sacco, 1997; Pegon & 
Anthoine, 1997). Despite their effectiveness in capturing some intrinsic features of 
masonry, these methods require strong assumptions such as material periodicity and 
often involve double discretisation, which limits their application to large and irregular 
cross vaults. 

Limit State Analyses (LSA), either kinematic (upper-bound) or static (lower-bound), 
represent a complementary family of methods (Heyman, 1966; O’Dwyer, 1999). They 
are based on the limit theorems of plasticity and allow for a rapid evaluation of collapse 
loads, thrust lines and active mechanisms. Advanced formulations, such as Thrust 
Network Analysis (TNA), have been applied to ribbed cross vaults, predicting the 
formation of typical hinge lines such as the crown hinge and the Sabouret’s crack (Block 
& Ochsendorf, 2007; Fraternali, 2010). More recent contributions coupled limit analysis 
with FEM, adopting mesh adaptation strategies to reduce mesh-dependence and 
improve accuracy (Chiozzi et al., 2017; Milani & Lourenço, 2009). 

Finally, Discrete Element Modelling (DEM) has gained increasing popularity due to its 
ability to capture the discontinuous nature of masonry. In DEM, blocks are represented 
as rigid or deformable elements, while mortar joints are described as contact interfaces 
where nonlinearities such as sliding, separation, and friction are concentrated (Lengyel, 
2017; Lengyel & Bagi, 2015) This approach is particularly suitable for unreinforced 
masonry, where the mechanical response is governed by the joints. DEM has been 
applied to investigate the role of ribs in groin vaults (Lengyel & Bagi, 2015) the influence 
of geometry (Lengyel, 2017), and the three-dimensional effects of support 
displacements (Foti et al., 2018; Van Mele et al., 2012). More recent contributions have 
further enriched this method: (Pulatsu et al., 2019) introduced DEM formulations 
enhanced with fracture-energy-based constitutive models, enabling the simulation of 
both cracking and crushing phenomena; (Oktiovan et al., 2023) applied a simplified 
micro-modelling DEM approach for the seismic assessment of vaults, effectively 
reproducing the complex interactions between blocks and mortar interfaces; (Bianchini 
et al., 2022) conducted experimental and numerical investigations on the collapse of 
masonry vaults subjected to seismic displacements, highlighting the predictive 
capability of DEM in capturing three-dimensional failure patterns. 

The modelling of strengthened vaults has also been addressed. FEM and DEM 
approaches have been used to investigate the effectiveness of reinforcement materials 
such as FRP, CFRP, GFRP, TRM and FRCM, showing significant increases in collapse 
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loads and modifications of crack patterns (De Lorenzis et al., 2007; Foraboschi, 2004; 
Szołomicki et al., 2015) Numerical simulations confirmed that reinforcement can 
prevent the formation of crown hinges, meridian cracks and Sabouret’s cracks under 
both vertical and seismic loads (Fraternali et al., 2015; Milani et al., 2009). 

In summary, macro-FEM approaches are the most efficient for large-scale analyses, 
although they neglect some aspect, such as local failures; micro-FEM and DEM allow 
the reproduction of discontinuous behaviour and local failure mechanisms, but with 
higher computational costs; homogenisation offers an intermediate solution but relies 
on restrictive assumptions; and limit analysis provides a rapid tool for collapse safety 
evaluation. The choice of modelling strategy thus depends on the specific objective of 
the analysis, whether estimating global capacity, identifying local mechanisms, or 
assessing strengthening interventions. 

2.5 HISTORICAL DUTCH CHURCHES: ARCHITECTURAL AND STRUCTURAL 

FEATURES 
The architectural heritage of Dutch churches reflects a complex historical development 
shaped by regional materials, cultural influences, and evolving construction techniques. 
Early Romanesque churches, built from the 11th century onwards, were characterized 
by massive masonry walls, squat towers, and the extensive use of tuff stone in the 
earliest phases. With the advent of Gothic architecture between the 13th and 15th 
centuries, more elaborate spatial configurations emerged, including ribbed, cross, and 
net vaults, often combined with tall nave structures and slender buttresses. In the 
northern provinces, particularly in Groningen and Friesland, the scarcity of natural stone 
encouraged the widespread adoption of fired clay brick, resulting in distinctive large-
scale brick churches whose aesthetic and structural expression differs markedly from 
the stone-built Gothic of Brabant in the south (Abrahamse et al., 2009; Brown, 2013). 
Many of these churches underwent multiple construction and modification phases over 
several centuries, leading to heterogeneous structural configurations where 
Romanesque elements coexist with later Gothic or post-medieval additions. 

Beyond their architectural evolution, these churches also embodied a strong cultural 
and symbolic dimension. As highlighted by (Kroesen, 2021), medieval churches in the 
Northern Netherlands functioned as “storytelling spaces,” where biblical narratives and 
theological concepts were materially inscribed into the architecture, decoration, and 
liturgical furnishings. This cultural role reinforces the dual significance of these 
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monuments: they are not only engineering artefacts but also vehicles of collective 
memory and identity that demand preservation. 

From the late medieval to the early modern period, Dutch ecclesiastical architecture 
incorporated Renaissance and later Neoclassical elements, yet the defining structural 
typologies of the northern provinces remained strongly tied to multi-leaf brick masonry 
walls and, in later centuries, cavity-wall systems. Vaulting systems also displayed 
considerable variety: while cross vaults were common in main naves and chancels, 
many Groningen churches feature starred or net vaults with complex bond patterns, 
whose rib systems in stone or brick had a genuine loadbearing function (Bacigalupo et 
al., 2012; Wendland, 2005). Foundations were typically shallow, often consisting of 
brick or tuff courses on sand or gravel layers, an expedient solution in soft clay soils that, 
however, contributes to long-term settlement issues (Barends, 2002). These 
construction choices, while effective under gravity loading, resulted in limited 
robustness against differential settlements and imposed horizontal actions. 

Structurally, these churches present vulnerabilities intrinsic to their material and 
construction techniques. The relatively weak lime mortars and the presence of multi-
leaf or cavity-wall assemblages result in poor interleaf connectivity and susceptibility to 
moisture-induced damage (Van Der Pluijm, 1997). Vaults, while historically celebrated 
for their aesthetic and liturgical symbolism, often act as non-structural components 
with limited lateral resistance, making them highly vulnerable under seismic excitation. 
Furthermore, buttresses and towers were frequently not adequately bonded to adjacent 
walls, creating discontinuities that exacerbate seismic fragility (Lourenço & Silva, 2020). 
These characteristics, combined with centuries of environmental exposure, explain the 
progressive cracking and deformation observed in many of these structures. 

More recently, the changing role of rural sacral buildings in Groningen has added an 
additional dimension to their preservation. As noted by (Arno, 2021), many of these 
churches, particularly in depopulating rural areas, have been repurposed for cultural or 
social functions, raising new challenges for their adaptive reuse while maintaining their 
historical and symbolic integrity. This trend further emphasizes the importance of 
safeguarding their structural stability, as their continued use in modern society depends 
on ensuring both safety and heritage value. 

The recent challenge of induced seismicity in Groningen, caused by decades of natural 
gas extraction, has brought renewed urgency to the assessment of such monuments 
(Bommer & van Elk, 2017; Moratti et al., 2019). Although designed in regions with no 
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tradition of seismic design, these churches now face recurrent low-magnitude 
earthquakes, which amplify pre-existing vulnerabilities and threaten the preservation of 
an irreplaceable cultural heritage. Their conservation requires not only advanced 
numerical modelling and structural assessment, but also a careful balance between 
safety, authenticity, and cultural value.  
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3 APPLIED ELEMENT METHOD AND ITS APPLICATION 

The Applied Element Method (AEM) has emerged over the past decades as one of the 
most versatile numerical tools for the simulation of structural behaviour up to collapse. 
Unlike conventional continuum-based approaches, AEM enables the explicit 
representation of cracking, separation, contact, and debris interaction, thereby bridging 
the gap between finite element formulations and discrete element methods. Its 
progressive development stems from earlier discrete modelling techniques, such as the 
Rigid Body Spring Model (RBSM) and the Modified Distinct Element Method (MDEM), 
which introduced fundamental concepts later refined into the full AEM framework. 

Section 3.1, a literature review traces the evolution of discrete modelling approaches, 
outlining how the limitations of RBSM and MDEM motivated the formulation of AEM and 
highlighting the key innovations that distinguish it from other numerical strategies.  

Section 3.2 discusses how the method has been employed to investigate the behaviour 
of masonry structures under various loading conditions. Particular attention is given to 
its validation against experimental data, ranging from small-scale wallet tests to full-
scale shake-table experiments, and to its application in the seismic assessment of 
historical buildings. The review also emphasizes AEM’s ability to capture both in-plane 
and out-of-plane mechanisms, as well as its extension to non-seismic scenarios such 
as blast loading. 

By providing both the theoretical background and a synthesis of practical applications, 
this chapter aims to demonstrate the methodological foundations and the proven 
effectiveness of AEM, thereby setting the stage for its use in the present research on the 
seismic assessment and strengthening of masonry vaults. 

3.1 LITERATURE REVIEW ON THE ORIGINS OF THE APPLIED ELEMENT 

METHOD 

3.1.1 Rigid Body Spring Method 

The origins of the Applied Element Method (AEM) can be traced back to the pioneering 
work of Tadahiko Kawai in the late 1970s. In particular, (Kawai, 1977) introduced a novel 
discrete element formulation in which the solid body was idealized as a rigid system 
(3D), and the interaction between rigid bodies was represented by springs. This concept 
constitutes the fundamental basis of AEM. The method was developed in parallel with 
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the Distinct Element Method (DEM), introduced in the early 1970s by (Cundall & Strack, 
1979). The essential difference lies in the way interactions are treated: in DEM, elements 
are not connected by springs, but rather interact through repulsive forces generated 
upon contact, whereas in Kawai’s approach, continuity is immediately introduced 
through predefined springs. While DEM proved highly effective in geotechnical 
applications, its computational demand for structural and civil engineering problems 
was excessive. For this reason, Kawai proposed the new formulation, which became 
known as the Rigid Body Spring Method (RBSM). 

The similarity with DEM lies in the fact that discrete rigid bodies interact through springs 
at their contact points. The displacement field of each rigid body is defined with respect 
to its centroid, while the displacements of points on the body’s surface are calculated 
as functions of the centroidal displacement. A distinctive feature of this method is that 
the initial contact spring includes two components, normal and tangential, defined with 
respect to the local contact plane. When two bodies come into contact, the contact 
surface must be defined; however, in AEM, this limitation is removed. From the 
displacement field, the strain energy of the springs can be expressed as a function of the 
relative displacements at the contact points and the corresponding normal and 
tangential stiffness. Applying Castigliano’s theorem, a symmetric 12×12 stiffness matrix 
can then be derived. 

The early RBSM formulation did not explicitly address material or geometric 
nonlinearities, and the normal and tangential stiffnesses were introduced as scalar 
values. Nonetheless, this was a significant step forward, as it provided a physically 
transparent model in contrast to the highly complex mathematical formulations of that 
period. Importantly, it offered the ability to represent fracture and separation 
phenomena, features not easily achievable in the Finite Element Method (FEM) without 
prohibitive computational costs. To this end, rotational stiffness was also introduced at 
the contact points, so that the overall stiffness was concentrated in a single contact 
location defined by three springs: axial, shear, and rotational. 

In (Kawai, 1978), the method was further developed for seismic response analysis. 
Furthermore, Kawai proposed the development of different elements; a beam-column 
element, similar to a modern rigid link, was introduced by concentrating the member’s 
behaviour into a rotational spring, significantly reducing computational effort through 
stiffness condensation, which was of great importance in the 1970s due to limited 
computing power. Similarly, plate elements were modelled using triangular elements 
connected by distributed rotational springs. In all cases, the degrees of freedom were 
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assigned to the rigid body centroids, independent of the number of springs introduced, 
ensuring that increasing the number of springs refined the stiffness distribution without 
enlarging the global system size. This property laid the foundation for the computational 
efficiency of AEM. 

Another contribution, (Kawai, 1980), provided a critical assessment of FEM in specific 
contexts, such as geotechnical problems. It was highlighted that FEM, being grounded 
in continuum mechanics, was not well suited for problems involving fracture initiation 
and propagation, where discrete approaches were more effective. Although the 
comparison should have been made primarily with DEM, these critiques were justified. 
RBSM positioned itself as an intermediate approach between FEM and DEM, enabling 
the solution of both structural and geotechnical problems within a unified framework. 

During the early 1980s, further developments were introduced in (Kawai & Toi, 1983), 
where nonlinear springs were incorporated for contact problems: axial springs worked 
only in compression, while shear springs were governed by purely frictional resistance. 
Nonlinear displacement fields were also introduced, analogously to FEM, together with 
a geometric stiffness matrix to account for geometric nonlinearities and to allow 
eigenvalue analysis for critical load multipliers in buckling problems. 

One of the final developments of this method appeared in (Kikuchi et al., 1992), focusing 
on fracture mechanics. The innovative aspect was the management of springs during 
failure: when the deformation of a spring exceeded its ultimate strain, its stiffness was 
reduced to zero in all components, effectively modelling crack propagation. Incremental 
load-control analyses using the Newton-Raphson method were performed, alongside 
explicit dynamic simulations inspired by DEM formulations. Damping matrices were 
defined proportionally to stiffness. Distinctive modelling choices, such as very small 
time steps in explicit analyses, were required. Comparisons were also made between 
different failure criteria, such as Mohr-Coulomb and von Mises. 

Finally, later studies further refined the method (Bolander et al., 1999). Building on RBSM 
concepts, these works introduced the use of Voronoi diagrams for mesh generation, 
enabling automatic and optimised (though random) partitioning of the model into 
irregular blocks. Each block, regardless of its shape or size, was connected by a triplet 
of springs (axial, tangential, rotational) defined from material elasticity, thickness, 
contact surface length, and centroid-to-centroid distances. The challenge remained in 
evaluating internal forces for irregularly shaped blocks, which was addressed by 
computing resultant forces at each centroid as the summation of edge contributions.  
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3.1.2 Modified Distinct Element Method 

A further advancement in discrete approaches was introduced by (Meguro & Hakuno, 
1989). This work represented a turning point, linking earlier formulations with what 
would later become the Applied Element Method (AEM). Meguro, together with Tagel-
Din, is considered one of the founders of AEM, and the influence of RBSM on their work 
is evident. 

The Modified Distinct Element Method (MDEM) was conceived by adapting DEM, which 
had originally been developed for geotechnical applications, in order to extend its 
applicability to reinforced concrete and masonry structures. In this formulation, the 
body was discretized into inert particles to which mortar was added, thus making it 
possible to model cementitious and masonry materials. The resulting system 
incorporated two sets of springs, two normal and two tangential, to simulate the 
mechanical behaviour of the two constituent materials (blocks and mortar). Unlike 
RBSM, where springs were introduced at contact points with explicit rotational 
components, in MDEM the springs worked in tension, compression, and shear, but the 
rotational spring was eliminated as superfluous. 

Conceptually, the method positioned itself between FEM and DEM, Figure 3.1. In FEM, 
the continuum is represented as a fully connected and homogeneous system, where all 
particles are continuously linked. In DEM, by contrast, particles are modelled as fully 
detached and independent, interacting only when they come into contact. MDEM 
offered an intermediate formulation: particles were initially connected to one another 
(though not necessarily homogeneously), while still allowing for contact interactions. 
Importantly, fracture mechanisms could be directly represented: when a tensile or shear 
limit was reached, the springs lost their tensile resistance, allowing relative 
displacements and collisions among discrete bodies. This capability represented a 
significant step towards modelling fracture propagation in quasi-brittle materials such 
as concrete and masonry. 

 

Figure 3.1 Behaviour of MDEM or EDEM, Extended Distinct Element Method, (MEGURO et 
al., 1991) 
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As in DEM, explicit dynamic integration was employed. The forces acting on each 
element were computed by accounting for all contact interactions, but accurate 
calculation of reaction forces required that the stress wave within each element 
remained sufficiently small relative to the selected time step. To ensure stability, a 
simplified estimate of the critical time step ∆t was proposed (1): 

 
∆𝑡 <

𝐷𝑚𝑖𝑛

𝑉
 (1) 

where 𝑉 is the stress wave propagation velocity and 𝐷𝑚𝑖𝑛 is the minimum distance 
between the centroids of two elements. 

The final significant contribution was (Meguro & Hakuno, 1994), in which MDEM was 
applied to structural collapse analyses. The method was first validated on simple 
problems, such as beams under concentrated loads, and subsequently extended to 
real-scale structural cases, including bridge collapse simulations. 

3.1.3 FEM, DEM, and AEM brief comparison 

Before addressing the specific developments of the Applied Element Method, it is useful 
to briefly contrast its formulation with the two dominant numerical strategies in 
structural analysis, namely the Finite Element Method (FEM) and the Discrete Element 
Method (DEM). Such a comparison highlights the respective advantages and limitations 
of each approach, clarifying the context in which AEM was conceived and the reasons 
for its increasing adoption in the analysis of masonry structures. 

The Finite Element Method (FEM) represents the most established and widely adopted 
numerical tool in structural engineering, rigorously derived from continuum mechanics. 
It is particularly effective in describing deformable continua, where stresses and strains 
must be resolved with high precision, and has proven reliability for both linear and 
nonlinear analyses in elastic and plastic regimes. FEM’s major strengths lie in its 
versatility for complex geometries and multi-physics coupling. However, when applied 
to brittle materials such as masonry, FEM faces intrinsic challenges: cracks must often 
be introduced via special interface elements or cohesive laws, and element separation 
requires user-defined fracture paths. This makes it difficult to capture the spontaneous 
initiation and evolution of fractures, as well as progressive collapse, without introducing 
significant complexity and computational cost. 

The Discrete Element Method (DEM), initially developed by (Cundall & Strack, 1979), 
takes the opposite standpoint: it represents materials as an assembly of rigid particles 
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that can move independently, with interactions governed by contact laws, friction, and 
restitution. This allows DEM to naturally model discontinuities, fragmentation, and large 
displacements, making it extremely powerful for particulate systems such as soils, 
rocks, powders, and rubble. DEM has been successfully applied to simulate phenomena 
such as flow, compaction, crushing, and segregation. Its limitations, however, become 
evident when applied to structural continua: because every unit must be represented as 
a discrete particle, the number of elements required to model a realistic structure 
becomes prohibitively high, and calibration of contact parameters is not straightforward. 
Moreover, DEM does not explicitly provide a global stiffness matrix, which can 
complicate static or quasi-static analyses. 

Situated between these two paradigms, the Applied Element Method (AEM) combines 
the strengths of FEM and DEM in a unified framework. In AEM, structures are divided into 
small elements connected by normal and shear springs distributed along their 
interfaces. These springs transfer stresses and strains, and are progressively removed 
when separation strains are reached, allowing cracks to initiate, propagate, and 
coalesce automatically. When detached elements collide, new contact springs are 
generated without requiring predefined crack paths or user intervention. This formulation 
enables AEM to follow the entire collapse sequence of a structure: from elastic 
behaviour, through cracking and reinforcement yielding, to large displacements, 
collisions, and debris interaction. Compared to FEM, AEM provides a more natural 
representation of discontinuities and progressive collapse; compared to DEM, it is 
computationally more efficient for large structures because it preserves a global 
stiffness matrix while still allowing discrete interactions. These characteristics have led 
to its growing use in the analysis of unreinforced masonry (URM), where both continuum 
behaviour (e.g., elastic stiffness, in-plane shear cracking) and discrete phenomena (e.g., 
out-of-plane rocking, wall detachment, debris generation) must be considered 
simultaneously (Matuttis & Chen, 2014; Meguro & Tagel-Din, 2000) 

The contrasting strengths and weaknesses of FEM and DEM thus revealed the need for 
a more versatile methodology. The Applied Element Method emerged precisely in this 
context, conceived as a hybrid approach able to combine continuum accuracy with 
discrete interaction modelling, and thereby enabling the realistic simulation of structural 
collapse. The following section reviews in detail the formulation and subsequent 
developments of AEM, emphasizing its theoretical foundations and its progressive 
validation in the context of masonry structures. 
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3.1.4 Applied Element Method 

The first work laying the foundations of the Applied Element Method (AEM), although the 
name was not yet used, was (Kimiro Meguro & Tagel-Din, 1997), the method’s actual 
founders. This study introduced all the key theoretical aspects that later defined AEM. 

The central innovation was the discretisation of the structure into rigid blocks, with 
degrees of freedom concentrated at their centroids rather than at individual particles. 
The deformability of the system was not assigned to the rigid blocks themselves, but to 
a set of springs distributed over the contact surfaces between adjacent blocks. Unlike 
RBSM, which employed a single spring at the centroid of the contact, AEM introduced a 
bed of springs along the entire interface, each spring associated with an influence area 
extending from centroid to centroid. These springs acted axially and in shear, capturing 
both deformation and damage. 

  
(a) (b) 

Figure 3.2 (a) Element shape, contact point and degrees of freedom for two elements. (b) 
Spring distribution and area of influence of each spring, (K Meguro & Tagel-Din, 1997) 

In two-dimensional systems, each element is characterized by three degrees of 
freedom, which results in a 6×6 stiffness matrix for each spring. A crucial innovation lies 
in the fact that the number of springs on the contact surface does not affect the size of 
the global stiffness matrix, since the degrees of freedom are assigned exclusively to the 
rigid bodies. From a computational perspective, this is of paramount importance: 
increasing the number of springs improves the accuracy of the solution without 
significantly increasing computational demand. Indeed, one of the most expensive 
operations in structural analysis is the inversion of the global stiffness matrix, an 
operation that is not easily parallelized. By contrast, calculations at the spring level 
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(deformations, stresses, etc.) are easily parallelized, so increasing their number does not 
cause prohibitive computational costs. 

The stiffness matrix is constructed from two stiffness values (normal and tangential), 
together with the distance between the centroid of each element and the spring’s 
contact point. In the initial algorithm proposed by Meguro and Tagel-Din, geometric 
nonlinearity was not explicitly considered, no Newton–Raphson iterations were 
performed, and singularity of the stiffness matrix was admitted, leading to a form of 
“numerical collapse.” 

 

Figure 3.3 Flow of analysis (Kimiro Meguro & Tagel-Din, 1997) 

The constitutive laws implemented were linear elastic up to rupture for tension; plastic 
behaviour up to a maximum stress, beyond which failure occurs, in compression; and, 
for shear linear behaviour up to a limiting value, followed by residual shear strength, 
Figure 3.4. 
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Figure 3.4 (a) Tension, (b) compression and (c) shear models for concrete (Kimiro Meguro 
& Tagel-Din, 1997) 

(Meguro & Tagel-Din, 1999) marked the first use of the term AEM. While the underlying 
approach remained unchanged, the authors extended the formulation to address 
geometric nonlinearity. Unlike RBSM, where geometric stiffness was introduced, AEM 
accounted for nonlinear geometry through residual force vectors (2): 

 [𝐾][∆𝑈] = ∆𝑓 + 𝑅𝑚 + 𝑅𝐺  (2) 

• 𝑅𝑚: residual forces arising from material failure (spring rupture), 
• 𝑅𝐺: residual forces arising from geometric deformation (change of spring 

orientation during the analysis). 

The procedure for computing these vectors was described in detail, with particular 
emphasis on updating 𝑅𝐺  to capture the reorientation of springs as the structure 
deforms. 

Several methodological observations were highlighted: 

1. To trigger structural instability, model symmetry must be artificially broken, 
either by introducing small load perturbations or by varying material properties 
in selected zones, an approach analogous to FEM, where small imperfections 
are required to capture buckling; 

2. At each incremental step, the small deformation theory was applied; therefore, 
load increments had to remain sufficiently small. This condition was valid for 
both static and dynamic analyses. 

In (Tagel-Din & Meguro, 1999), the authors refined the treatment of contact mechanics. 
Borrowing from DEM, they introduced collision springs: when the centroids of two 
previously unconnected particles moved closer than a threshold distance, additional 
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normal and shear collision springs were created to generate contact forces. These 
collision springs differed fundamentally from the pre-existing interface springs: interface 
springs were oriented perpendicular to the element face; collision springs directly 
connected the centroids of approaching blocks, independently of their geometry 
(geometry being relevant only for centroidal distance). 

The authors also introduced an energy dissipation mechanism through a restitution 
coefficient, which defined the loss of energy upon impact. Unlike interface springs, 
collision springs could not “break” but disappeared once separation occurred. 
Importantly, AEM analyses could employ implicit dynamic integration, which was less 
computationally demanding than DEM’s fully explicit schemes. 

In the subsequent contribution (Tagel-Din & Meguro, 2000a), the framework was 
consolidated by defining the mass matrix, adopting a damping matrix proportional to 
mass (in contrast with RBSM, where damping was proportional to stiffness), and 
combining both static and dynamic formulations under the same methodology. 

Overall, AEM introduced a paradigm shift: it allowed large displacement and collapse 
simulations, with explicit representation of crack patterns, failure mechanisms, and 
debris fields. This capability was particularly revolutionary for masonry structures, 
where both in-plane and out-of-plane responses could be modelled until complete 
collapse. 

An essential aspect of the dynamic formulation concerns the representation of energy 
dissipation, which in AEM is treated differently from conventional numerical 
approaches. The following subsection describes how damping and energy loss are 
inherently reproduced within the AEM framework. 

3.1.4.1 Energy dissipation and damping in AEM  

In the original formulation of the Applied Element Method (AEM), no explicit viscous or 
Rayleigh damping term is introduced in the governing equations of motion. Energy 
dissipation naturally arises from the intrinsic mechanisms of the method itself: the 
progressive cracking and separation of normal and shear springs, the inelastic impact 
between adjacent elements, and the frictional interaction along contact surfaces. As 
these nonlinear processes develop, part of the system’s strain and kinetic energy is 
irreversibly lost, reproducing the damping effect observed experimentally in real 
structures (K Meguro & Tagel-Din, 1997; Tagel-Din & Meguro, 2000b). 
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The absence of artificial damping makes AEM fundamentally different from traditional 
finite-element approaches, where Rayleigh damping is often required to approximate 
unmodelled hysteretic or frictional losses. In AEM, such mechanisms are explicitly 
captured by the cracking and contact formulations, providing a physically consistent 
description of energy degradation during dynamic loading and collapse. For purely 
numerical stability purposes, a small mass-proportional term or a restitution coefficient 
may occasionally be introduced, but these parameters serve only to suppress high-
frequency oscillations and do not represent real material dissipation (Applied Science 
International, 2024a). 

3.1.4.2 Extreme Loading for Structures 

The Extreme Loading® for Structures (ELS) software, developed by Applied Science 
International (ASI), is the main commercial implementation of the Applied Element 
Method (AEM). The following overview is primarily based on the (Applied Science 
International, 2024b) 

ELS allows users to model structures as an assembly of rigid elements connected by 
normal and shear springs distributed along their interfaces, automatically capturing 
crack initiation, propagation, separation, and collision phenomena without requiring 
predefined failure surfaces or special interface elements. A key strength of the software 
lies in its ability to simulate the entire sequence of structural behaviour under extreme 
events, from the elastic stage, through cracking and yielding, up to large deformations, 
collapse, and debris interaction. This makes it particularly suitable for the analysis of 
progressive collapse, seismic performance, blast effects, and impact loading, where 
both continuum and discrete behaviours must be reproduced within the same 
computational framework. 

The rationale for the development of ELS stems from the need to address these dual 
behavioural stages. Structures subjected to extreme loading conditions inevitably 
transition from a continuum phase, characterized by elastic response, cracking, and 
yielding, to a discrete phase, involving element separation, debris motion, and collisions. 
Conventional FEM cannot accurately capture this transition, while DEM lacks the ability 
to reproduce the continuum stage. By contrast, AEM as implemented in ELS was 
specifically conceived to overcome these limitations, enabling analysts to address 
critical questions such as whether collapse will occur, whether it will be partial or total, 
how long the process will last, what debris patterns will form, and how adjacent 
structures will be affected. 
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In addition, ELS incorporates a wide range of material constitutive laws, including 
reinforced concrete, masonry, steel, and composites, together with nonlinear static and 
dynamic solvers, enabling collapse simulations that extend beyond the capacity of 
conventional FEM tools. 

3.1.4.3 Material modelling 

Extreme Loading for Structures allows the employment of both standard and user-
defined constitutive models. The response of concrete under uniaxial cyclic tension–
compression loading can be simulated by (Okamura & Maekawa, 1983) model, Figure 
3.5a. This constitutive law is limited to one-dimensional stress states and does not take 
into account for confinement effects due to the reinforcement layout. To overcome this 
issue, a user-defined material can be calibrated. A simplified Mohr–Coulomb 
constitutive model is typically adopted for shear-compression stress states, Figure 3.5b. 
This formulation captures the initial shear resistance, expressed through cohesive and 
frictional components, and reproduces a brittle degradation of strength. However, a 
progressive softening law based on a linear degradation of cohesion, including the 
contribution of shear fracture energy, is not implemented. Instead, interface springs are 
completely separated once a user-defined threshold strain, referred to as separation 
strain, is reached. Axially loaded reinforcement springs can be assigned the hysteretic 
model proposed by (Menegotto & Pinto, 1973), shown in Figure 3.5c. Failure of the 
reinforcement occurs either when a target strain (separation strain) is exceeded or when 
the Euclidean norm of the surface traction vector reaches the ultimate strength 𝑓𝑢. The 
tangent stiffness of the reinforcement is evaluated as a function of the spring strain, 
loading or unloading state, and loading history, thereby allowing the Bauschinger effect 
to be captured. 

Under the above assumptions, failure mechanisms such as reinforcement buckling and 
concrete spalling are neglected. Nevertheless, shear transfer between reinforced 
concrete components and shear softening behaviour can be adequately represented 
within the adopted modelling framework. 

In the post-cracking stage, elastic parameters are progressively modified according to 
the implemented constitutive laws by updating the stiffness and strength of the interface 
springs at each load increment, thus accounting for damage evolution. 
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Figure 3.5 AEM constitutive laws for concrete (Malomo et al., 2020a) 

3.2 AEM APPLICATION TO MASONRY STRUCTURES 
One of the earliest systematic applications of the Applied Element Method (AEM) to 
masonry structures was presented by (Pandey & Meguro, 2004), who investigated the 
in-plane lateral response of clay brick walls. Their formulation, which discretized 
masonry into rigid blocks connected by springs along mortar interfaces, was able to 
reproduce experimentally observed mechanisms such as diagonal cracking, stepped 
failure, and joint sliding. This pioneering work highlighted AEM’s potential to capture both 
local and global shear–sliding responses. Further developments were provided by 
(Guragain et al., 2007), who simulated the cyclic response of brick masonry walls. 
Despite employing simplified joint assumptions, the numerical models reproduced the 
progressive stiffness degradation and crack propagation observed in laboratory tests, 
confirming the suitability of AEM for assessing the seismic vulnerability of masonry 
components under repeated in-plane loading. More recently, (Malomo et al., 2020c) 
extended the method to the shake-table simulation of full-scale unreinforced masonry 
cavity-wall buildings. Using a simplified micro-modelling strategy, they showed that 
AEM could reproduce the global seismic response of complete systems up to near-
collapse, with satisfactory accuracy in terms of hysteretic behaviour and crack patterns. 

The capability of AEM to address out-of-plane response has also been demonstrated. 
(Sathiparan et al., 2005) showed through combined in-plane and out-of-plane tests that 
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while unreinforced masonry panels failed abruptly after first cracking, retrofitted 
specimens retained residual strength and ductility, behaviours that AEM is able to 
capture through progressive element separation. At the building scale, (Karbassi & 
Nollet, 2013) applied AEM to a six-storey URM structure, showing that both in-plane 
degradation and out-of-plane mechanisms such as rocking and wall detachment could 
be simulated within a performance-based seismic evaluation framework. Likewise, 
(Malomo et al., 2020b) validated AEM against shake-table tests on full-scale single-leaf 
and cavity walls, confirming its ability to reproduce crack initiation, bending 
mechanisms, and collapse patterns under different boundary conditions. Beyond the 
seismic field, (Keys & Clubley, 2017) demonstrated the versatility of AEM in simulating 
fragmentation, panel separation, and debris ejection of masonry subjected to blast 
loading, reinforcing its general applicability to extreme out-of-plane actions. 

A further notable large-scale application of AEM is the forensic investigation of the 
collapse of the Morandi Bridge in Genoa (2018). In this study, (Calvi et al., 2019) 
employed the commercial implementation of AEM, Extreme Loading for Structures 
(ELS), to explore possible collapse mechanisms of the viaduct. The simulations 
reproduced different scenarios of progressive failure, including deterioration of stays, 
local deck failures, and the sudden loss of stay–deck or stay–antenna connections. 
Among the tested hypotheses, the latter produced collapse sequences and debris 
distributions that closely matched post-event evidence. This work showcased the ability 
of AEM/ELS not only to capture complex dynamic interactions and debris generation, 
but also to provide valuable insights for forensic engineering investigations of large 
infrastructure failures, extending the method’s scope beyond conventional seismic or 
blast scenarios. 

In parallel, several studies have employed AEM for the seismic assessment of large-
scale historical buildings. (Garofano & Lestuzzi, 2016) employed a detailed three-
dimensional AEM model to assess the seismic safety of the Ancien Hôpital de Sion in 
Switzerland, highlighting the method’s ability to reproduce complex behaviours and 
potential collapse mechanisms of heritage masonry. Similarly, (Karbassi & Lestuzzi, 
2012) developed a numerical-based methodology for the fragility analysis of existing 
unreinforced masonry (URM) buildings, where AEM proved particularly effective in 
capturing both in-plane and out-of-plane damage modes within nonlinear dynamic 
simulations. These building-scale applications are reinforced by complementary 
studies focusing on debris assessment and experimental validation. (Domaneschi et al., 
2019) introduced a simplified approach to quantify seismic debris generated by 
masonry collapses, supported by AEM-based parametric simulations calibrated against 
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shaking table experiments. At a smaller scale, (Sathiparan et al., 2012) performed one-
quarter scale shake-table tests on URM houses retrofitted with polypropylene band 
meshes, demonstrating an agreement between experimental observations and AEM 
predictions of damage patterns and collapse sequences. At the full-scale level, 
(Malomo et al., 2020a) applied AEM to the dynamic response of a clay brick masonry 
building with flexible diaphragms, confirming the method’s capability to reproduce crack 
initiation, hysteretic response, and collapse modes under seismic excitation. 

Taken together, these contributions demonstrate that AEM is a robust and versatile 
framework for the seismic analysis of unreinforced masonry, capable of simulating 
progressive collapse, debris generation, and both in-plane and out-of-plane 
mechanisms across multiple scales, from small wallets to full-scale historical buildings, 
and under diverse loading conditions, including seismic and blast actions. 

A recent critical appraisal by (Malomo & Pulatsu, 2024) further consolidates the role of 
AEM within the broader family of discontinuum approaches for masonry analysis. In their 
comprehensive review, the method is identified as one of the most mature and widely 
adopted discontinuum-based strategies for the structural and seismic assessment of 
unreinforced masonry. The authors emphasize AEM’s capability to explicitly simulate 
progressive damage, contact loss, large displacements, and complete separation 
between structural components, features that are particularly suited to the inherently 
discontinuous nature of masonry assemblies. The effectiveness of the methodology is 
confirmed at different scales, from the detailed micro-modelling of walls to full three-
dimensional buildings, demonstrating its capability to reproduce in-plane cycling 
degradation and out-of-plane collapse mechanisms. In addition to the main advantages 
of the AEM, the authors also highlight the issues that are still unsolved, such as the 
definition of appropriate damping schemes, sensitivity to discretisation strategies, and 
the calibration of the equivalent mechanical input parameters. 

 



4 AEM MESO-MODELLING APPROACH AND ITS 
VALIDATION ON VAULTS 

This chapter presents a pragmatic meso-modelling framework for unreinforced masonry 
(URM) within the Applied Element Method (AEM), together with its validation against 
established numerical strategies and experimental evidence.  

Section 4.1 introduces the meso-scale approach: masonry is homogenized into larger 
rigid blocks connected by interface springs whose elastic and inelastic properties are 
obtained through upscaling relations. The section summarizes the constitutive 
ingredients (tension, compression and shear under cyclic loading) and highlights how 
the scheme preserves key deformation and failure mechanisms while remaining 
computationally tractable for large historic systems.  

Section 4.2 validates the proposed approach by comparing AEM predictions with those 
from an Equivalent Frame Method (EFM, macro-FEM) and a Discrete Element Method 
(DEM, micro-model) on two representative church façades from the Phase-3 portfolio. 
The comparison focuses on initial stiffness, peak strength, post-peak response, and 
failure modes, and includes a mesh-sensitivity study (0.4 m vs 0.3 m block sizes). The 
results motivate AEM as an effective compromise between DEM’s kinematic fidelity and 
EFM’s efficiency, suitable for near-collapse and collapse simulations at realistic 
computational cost. 

Section 4.3 provides an experimental validation based on the LNEC shaking-table 
campaign on cross-vaults, extensively building on the article (Cogliano et al., 2025a). 
The section outlines specimen geometry, identification tests, model calibration 
(including the role of separation strain), and nonlinear time-history analyses, and 
discusses agreement between simulated and observed damage patterns, modal 
properties, and response histories. 
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4.1 MESO-MODELLING APPROACH 
To address the prohibitive computational demand of detailed micro-modelling in large 
unreinforced masonry (URM) structures, a meso-scale modelling scheme has been 
developed within the Applied Element Method (AEM) framework.  

In classical micro-modelling, each brick is represented as a rigid unit connected by zero-
thickness interface springs, which reproduce the deformability and nonlinear behaviour 
of mortar joints. This strategy provides high fidelity in simulating tensile, compressive, 
and shear failures, enabling accurate reproduction of crack patterns and progressive 
disintegration. However, its applicability to full-scale structures, such as historical 
churches, is severely limited by the enormous number of degrees of freedom required. 

The meso-scale strategy mitigates this limitation by homogenizing masonry into larger 
square rigid blocks, each representing an equivalent assemblage of several bricks and 
mortar joints. Equivalent stiffness and strength properties are then assigned to the 
interface springs through homogenization and scaling procedures, consistent with 
masonry parameters defined in (NEN, 2020). 

For a masonry texture characterized by brick height ℎ𝑏, elastic modulus 𝐸𝑚, and shear 
modulus 𝐺𝑚, the equivalent elastic properties are expressed as: 

 𝐸𝑒𝑞 = 𝐸𝑚

ℎ𝑏

𝐻𝑏
, 𝐺𝑒𝑞 = 𝐺𝑚

ℎ𝑏

𝐻𝑏
 (3) 

Where 𝐻𝑏 is the side length of the meso-block. The corresponding stiffnesses of the 
interface springs are obtained as  

 𝑘𝑛 =
𝐸𝑒𝑞𝐴

𝐻𝑏
, 𝑘𝑠 =

𝐺𝑒𝑞𝐴

𝐻𝑏
 (4) 

With 𝐴 denoting the contact area between adjacent blocks. This upscaling technique, 
presented in (Davis et al., 2024), preserves the deformability of the original material 
while drastically reducing the computational effort, thus enabling the simulation of 
separation, impact, and re-contact phenomena intrinsic to AEM. 

The cyclic behaviour of masonry is reproduced by assigning inelastic constitutive laws 
to the interface springs, Figure 4.1. In compression, degradation under cyclic uniaxial 
loading is described by a simplified elasto-plastic fracture formulation (El-Kashif & 
Maekawa, 2004), whereas tensile behaviour follows a bilinear law with linear softening 
up to the ultimate strain capacity. In shear, a hysteretic Mohr–Coulomb model is 
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adopted, where cohesion drops to zero immediately after the peak shear resistance is 
attained. Local failures of individual springs progressively reduce the stiffness and 
strength at the element scale, leading to crack initiation and propagation. Ultimately, 
when all springs between two blocks have fully degraded (i.e., stiffness reduces to zero), 
complete loss of connection occurs. 

This constitutive framework allows AEM at the meso-scale to reproduce progressive 
cracking, separation, and collapse mechanisms of masonry structures with significantly 
reduced computational cost, ensuring applicability to large-scale systems such as 
historical vaulted churches. 

 

Figure 4.1 Discretisation of a masonry segment according to AEM (a), interface springs 
constitutive laws under normal (b) and shear (c) cyclic loading (Davis et al., 2024). 

An essential aspect of the dynamic formulation concerns the treatment of energy 
dissipation. In the present AEM-based meso-model, damping is not introduced explicitly 
but arises from the intrinsic nonlinear interactions among elements, as discussed in the 
following subsection. 

4.1.1 Treatment of energy dissipation and damping in the proposed 
AEM-based meso-model 

In the proposed meso-scale modelling strategy, no Rayleigh or viscous damping has 
been applied. The exclusion of any artificial damping ensures that the simulated 
dynamic response arises solely from the physical mechanisms explicitly represented 
within the AEM framework, rather than from numerically imposed attenuation. Energy 
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dissipation is instead governed by the intrinsic processes of the method, namely, 
cracking and separation of normal and shear springs, re-contact between detached 
elements, and frictional interactions along interfaces (K Meguro & Tagel-Din, 1997). 
These local nonlinearities inherently reproduce the hysteretic energy losses typically 
observed in experimental tests on masonry structures, providing a physically consistent 
representation of damping. 

Nevertheless, during repeated contact interactions, perfectly elastic impacts between 
adjacent elements can induce spurious high-frequency oscillations that affect 
numerical stability. To mitigate this issue, the contact formulation includes a restitution 
coefficient slightly lower than unity (typically 0.9–0.95), as recommended in the Extreme 
Loading for Structures Theory Manual (Applied Science International, 2024a). This 
parameter reduces the post-impact velocity by a small fraction, emulating the natural 
inelasticity of real impacts. It is therefore introduced purely as a numerical stabilization 
tool within the explicit integration scheme, without influencing the overall energy 
balance or representing any form of material or structural damping. 

4.2 COMPARISON OF FEM, DEM AND AEM 
To validate the proposed meso-scale AEM approach, comparative analyses were 
carried out against Equivalent Frame Method (EFM, a macro-FEM strategy) and Discrete 
Element Method (DEM, micro-modelling) simulations on isolated URM wall sub-
structures subjected to lateral pushover loading. two representative façades of 
churches investigated within the Phase 3 of the project discussed in Chapter 1. 

As shown in Figure 4.2, the three modelling strategies produced comparable initial 
stiffnesses and peak base shear capacities. All predicted similar failure mechanisms, 
characterized by diagonal shear/flexure cracking in spandrels followed by flexural failure 
of slender piers. However, post-peak responses diverged: 

• EFM exhibited a more abrupt strength degradation (−35% drop) and 
underestimated ultimate displacement capacity, confirming its limited 
applicability for collapse analysis. 

• DEM and AEM showed consistent post-peak behaviour, providing reliable 
predictions of displacement capacity and collapse progression. 

Computational efficiency was a decisive factor: the EFM simulation required ~4 
minutes, AEM ~30 minutes, while DEM demanded ~6 hours, underscoring the 
advantage of the proposed meso-scale AEM in balancing accuracy and efficiency. 
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Figure 4.2 Damage and pushover curve comparisons between AEM, EFM, and DEM for two 
different walls (Davis et al., 2024). 

A further validation test compared AEM discretisation of 0.4 m × 0.4 m and 0.3 m × 0.3 
m rigid blocks for another wall, Figure 4.3. Both discretisation reproduced similar crack 
patterns and base shear histories. The finer mesh (0.3 m) resulted in only slightly higher 
residual displacements (+15%), a variation deemed acceptable. This confirmed that the 
coarser 0.4 m discretisation can be employed without significant loss of accuracy, 
ensuring computational feasibility for large-scale church models. 

In summary, while FEM is efficient but unsuitable for collapse analysis, and DEM is 
accurate but computationally prohibitive, the meso-scale AEM provides a pragmatic 
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compromise, capturing progressive cracking and collapse mechanisms at manageable 
computational cost. 

 

Figure 4.3 Comparison between (A) damage, (B) base-shear and displacement time 
histories predicted by AEM models with different block sizes (Davis et al., 2024). 

4.3 SIMULATION ON FULL-SCALED CROSS VAULTS AT LNEC SHAKING TABLE 

TEST 
The experimental benchmark adopted in this study derives from the large-scale 
campaign carried out at the Laboratório Nacional de Engenharia Civil (LNEC) in Lisbon, 
2021, deeply described in (Bianchini et al., 2024), within the framework of the SERA 
Project Blind Prediction (Bianchini et al., 2023). The main goal of the programme was to 
gain further insight into the seismic behaviour of masonry cross-vaults and to evaluate 
the predictive capacity of different numerical modelling strategies. Three specimens 
were tested: (i) a 1:5 scale vault assembled from 3D-printed blocks with dry joints, (ii) a 
full-scale unreinforced masonry cross-vault, and (iii) a full-scale vault retrofitted with 
textile reinforced mortar (TRM). The reduced-scale (1:5) experimental campaign, 
performed through both quasi-static and shake table tests (Bianchini et al., 2022), was 
conceived as a preparatory step for the subsequent full-scale testing at LNEC, providing 
essential insights into boundary conditions, failure mechanisms, and calibration data for 
numerical modelling. In this study, attention is restricted to the full-scale specimens; 
specifically, this chapter addresses the unstrengthened configuration, while the 
retrofitted case is discussed in Chapter 7. 
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4.3.1 Brief description of the experimental campaign 

The vaulted specimen has a square plan dimension of approximately 3.5 m x 3.5 m, with 
a net span of 2.9 m and a rise of 0.8 m. The vault thickness is constant at 0.12 m. 
Structural supports include two masonry piers fully fixed at the base and two steel block 
of 0.84 x 0.84 m serving as additional masses, standing on movable supports. Three 
pairs of steel tie-rods link the four abutments in order to confine the whole specimen, 
Figure 4.4. The material properties are derived from tests on masonry wallets and 
reported in Table 4.1. 

 

Figure 4.4 Geometrical model of the full-scale specimen (Bianchini et al., 2023) 

Table 4.1. Summary of masonry and retrofitting mortar (TRM) mechanical properties. 

Material ρ 
[kg/m3] 

E 
[MPa] 

G 
[MPa] 

fc 
[MPa] 

ft 
[MPa] 

cohesion 
[MPa] 

Φ 
[-] 

Masonry 2255.2 2223.0 762.0 9.1 0.31 0.031 0.785 

TRM 1870.0 16620.0 - 22.7 5.82 - - 

The monitoring system was equipped with displacement transducers, load cells, and 
piezoelectric accelerometers, which enabled the recording of structural response during 
both seismic simulations and dynamic identification tests. The overall layout of the 
instrumentation is illustrated in Figure 4.5. 
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Figure 4.5 Instrumental setup of the unstrengthened specimen (Bianchini et al., 2023) 

The record of L’Aquila earthquake, occurred on the 6th of April 2009 (also known as AQA 
signal), was adopted as seismic input for both the unreinforced and reinforced 
specimens. Only the North-South component of the acceleration time series was 
applied to the longitudinal direction of the specimen, which corresponds to the Y axis, 
North-South direction. The sequence consisted of a series of shaking table simulations 
with progressively increasing input amplitudes, Table 4.2, designed to account for 
damage accumulation under cyclic seismic demand. 

Table 4.2. Summary of the sequential seismic test 

Specimen % AQA Earthquake 

Unstrengthened 10% 25% 50% 75% Repairing and Strengthening 

Strengthened - 25% 50% 75% 100% 125% 150% 

Between consecutive shaking events, dynamic identification tests were performed to 
capture the evolution of the modal properties as degradation progressed. The initial 
identification test provided the undamaged reference condition, while subsequent 
measurements allowed for the tracking of frequency shifts associated with the 
propagation of cracks and stiffness loss. 
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Figure 4.6 Natural frequencies and mode shapes of the unstrengthened specimen: (a) first 
global longitudinal mode; (b) second global transverse mode; (c) third global vertical mode 

(Bianchini et al., 2023) 

4.3.2 Numerical modelling and preliminary validations 

The meso-modelling approach is used to simulate the seismic response of the tested 
masonry cross-vault. Since this represents the first application of meso-modelling to a 
masonry vault, and given that the influence of mesh size relative to the vault dimensions 
is not yet established, the meso-modelling strategy is herein applied exclusively at the 
material level. In this framework, masonry is treated as a homogenized material, while 
still accounting for the actual size of the brick units. The numerical geometry is generated 
from AutoCAD drawings provided within the blind prediction, aiming to replicate the 
actual brick arrangement of the cross-vault, Figure 4.7, through the use of 8-node 
hexahedral elements, within ELS software. Each brick unit was represented with 
dimensions equal to the real brick size plus a 10 mm mortar thickness, the latter 
idealized as a zero-length joint. Masonry was thus modelled as an equivalent 
homogeneous material, with mechanical properties summarized in Table 4.1. For the 
retrofitted configuration, a textile reinforced mortar layer is incorporated into the model 
in the form of a reinforcement grid, whose material properties were provided by Kerakoll, 
plus a mortar layer at the vault’s extrados. The adopted element type (RFT element) 
corresponds to that employed in ELS to represent reinforcement bars in reinforced 
concrete beams. The TRM layer was thus idealized as a mesh of rebars arranged with a 
spacing of 20 × 20 mm. 
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(a) (b) 

Figure 4.7 Numerical model developed within ELS software: (a) unstrengthened and (b) 
strengthened specimens 

The numerical modelling strategy is first informed by material characterisation tests and 
subsequently refined through dynamic identification analyses, ensuring proper 
calibration of mechanical parameters and modal properties prior to seismic simulation. 

4.3.2.1 Simulation of axial-compression (AC) tests 

Axial compression tests on masonry wallets were carried out to derive the constitutive 
parameters of the material, providing the fundamental input for numerical modelling. 
These tests were reproduced within the adopted modelling framework in order to 
calibrate stiffness, peak compressive strength, and post-peak degradation behaviour. 
The simulations were performed by imposing a constant vertical loading rate of 0.003 
mm/s, consistent with the experimental campaign setup. 

  
(a) (b) 

Figure 4.8 Simulation of AC tests: (a) one of the four tested wallet, and (b) numerical 
model of the wallet in ELS 
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Sensitivity analyses were then conducted to refine the calibration of the material 
parameters, with particular attention to the separation strain, a key variable governing 
the onset of fracture. This parameter defines the strain level at which the springs 
connecting adjacent faces are removed, and, as noted in (Applied Science International, 
2024a), it represents the resultant strain of matrix springs. 

The influence of this parameter is shown in Figure 4.9. When adopting the default value 
of 0.1, the post-peak behaviour deviates significantly from the experimental results (red 
curve). Conversely, reducing the parameter to 0.01 yields a much closer 
correspondence to the observed response (blue curve), although this agreement is 
limited to pure compression scenarios. In fact, under combined loading conditions (axial 
plus shear), the lower value of 0.01 leads to an overly restrictive material response, no 
longer representative of the actual vault behaviour. Unfortunately, results of shear tests 
on triplets were not available for directly calibrating this parameter. 

Despite these limitations, the comparison between experimental and numerical stress–
strain curves confirmed that the calibrated stiffness and compressive strength values 
were consistent, while also emphasising the importance of properly accounting for 
nonlinear strength degradation in the model. 

 

Figure 4.9 Simulation of AC tests: stress-strain curves for two different values of 
separation strain 
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4.3.2.2 Comparison between dynamic identification and eigenvalue analysis 

The dynamic identification phase provided a fundamental basis for the calibration of the 
numerical models. An eigenvalue analysis was carried out to investigate the global 
dynamic behaviour of the numerical model. The computed modal properties, reported 
in Figure 4.10, were compared against those obtained from the initial dynamic 
identification test on the undamaged unstrengthened specimen Figure 4.6. The 
comparison, summarised in, indicates a discrepancy of only 3% for the first global 
mode, corresponding to the longitudinal direction of excitation. 

   
f1 = 5.98 Hz f2 = 14.83 Hz f3 = 24.67 Hz 

(a) (b) (c) 
Figure 4.10 Natural frequencies and mode shapes of the unstrengthened specimen 

obtained within ELS: (a) first global longitudinal mode; (b) second global transverse mode; 
(c) third global vertical mode (Bianchini et al., 2023) 

Table 4.3. Comparison of natural frequencies obtained from the first dynamic 
identification test and eigenvalue analysis of the numerical model within ELS 

 Natural frequencies [Hz] 

 f1 f2 f3 

Dynamic identification test 6.15 11.62 19.39 

Numerical model ELS 5.98 14.83 24.97 

Difference 3% 28% 27% 

The effective global longitudinal stiffness was influenced by the Young’s and shear 
moduli of the mortar at the steel–masonry interface, which were calibrated to achieve 
consistency between the numerical model and the experimental results. 
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4.3.3 Discussion on the calibration and uncertainty of the Separation 
Strain parameter 

The separation strain (SS) in the Applied Element Method (AEM) represents the 
deformation threshold beyond which the connection between adjacent elements is 
released. While this parameter has a clear mechanical meaning in tension, 
corresponding to the crack opening strain at complete decohesion. it may lose physical 
significance under compression or shear, where failure is instead governed by crushing 
or sliding criteria. For this reason, most authors recommend assigning high SS values in 
compression and shear, and focusing calibration efforts on the tensile response only. 

No universal procedure exists for calibrating SS. Its influence depends not only on the 
adopted constitutive model but also on the element size, the accumulation of damage, 
and the loading history. As a result, SS cannot be considered a true material property; 
rather, it behaves as a global numerical parameter, whose effect manifests at the scale 
of the entire component rather than at the micro-structural level of bricks or mortar 
joints. 

Consequently, the calibration of SS should be carried out by matching the global 
response of structural components (e.g., masonry walls or panels) rather than small-
scale tests. Ideally, this calibration should rely on quasi-static monotonic and cyclic 
experiments, where the SS value is tuned to reproduce the ultimate displacement 
observed experimentally or predicted by analytical references such as (DD:ENV:1996-
2:2001, 2001) or (Beyer & Mangalathu, 2014). Empirically, values around 0.01 (1% 
strain) often provide reasonable agreement for in-plane (IP) behaviour, whereas smaller 
values are typically required for out-of-plane (OOP) analyses to avoid excessive ductility. 

Despite its empirical nature, the SS parameter has a clear mechanical role: once a pre-
defined strain limit is reached, the contact fails, allowing the structure to exhibit realistic 
cracking and collapse mechanisms. In fact, the absence of such a strain-based limit, as 
in some discrete element formulations, can lead to overly stable quasi-static in-plane 
responses, preventing a correct simulation of progressive cracking and local failure. 

There is therefore no general or transferable value for the separation strain; its 
determination must rely on targeted calibration against component-scale experiments, 
performed case by case. Unfortunately, such data are scarce for masonry vaults, and the 
few available tests generally concern small specimens under quasi-static loading 
conditions. Similarly, the literature still contains only a limited number of dynamic 
simulations of vaulted systems employing discrete or applied element formulations. As 
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highlighted by (Lourenço, 1996), the advancement of reliable numerical models for 
masonry cannot rely solely on theoretical or computational formulations. It must be 
grounded in a combined experimental and numerical framework, where simulations are 
systematically validated and refined through comparison with experimental evidence. 
Only through this integrated approach can move numerical analyses beyond qualitative 
interpretation and evolve into predictive tools capable of capturing the actual structural 
behaviour and supporting the definition of rational design principles. 

4.3.4 Scale dependence and calibration of softening parameters in 
AEM 

Although the separation strain is a parameter specific to the Applied Element Method, 
its conceptual foundation aligns with principles already established in fracture-based 
modelling of masonry. (Lourenço, 1996) demonstrated that softening parameters such 
as tensile and shear fracture energies cannot be regarded as intrinsic material 
constants, since their value depends on both the finite-element size and the adopted 
constitutive law. 

From a mechanical standpoint, the separation strain can be defined as the ratio between 
the ultimate crack opening and the characteristic element length 𝑙𝑐ℎ𝑎𝑟, 

 𝑆𝑆 =
𝑤𝑓

𝑙𝑐ℎ𝑎𝑟
 (5) 

This formulation establishes a direct link between the strain-based limit used in AEM 
and the fracture energy of the material, since the ultimate crack width 𝑤𝑓  is proportional 
to the energy dissipated during fracture. For a linear softening law in tension (Mode I), 
the fracture energy is defined as: 

 
𝐺𝑓,𝐼 =

1

2
𝑓𝑡𝑤𝑓  ⇒  𝑤𝑓 =

2𝐺𝑓,𝐼

𝑓𝑡
 (6) 

Substituting this expression into the previous relation leads to the formulation of the 
separation strain in tension: 

 
𝑆𝑆𝑛 = 𝜖𝑛,𝑓 =

𝑤𝑓

𝑙𝑐ℎ𝑎𝑟
=

2𝐺𝑓,𝐼

𝑓𝑡𝑙𝑐ℎ𝑎𝑟
 (7) 
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For shear (Mode II), assuming a linear softening behaviour governed by the shear fracture 
energy 𝐺𝑓,𝐼𝐼, and the peak shear strength 𝜏𝑝, an analogous relationship can be expressed 
as: 

 
𝑆𝑆𝑠 = 𝛾𝑓 =

2𝐺𝑓,𝐼𝐼

𝜏𝑝𝑙𝑐ℎ𝑎𝑟
 (8) 

These formulations show that the separation strain can be interpreted as a compact, 
energy-equivalent parameter that encapsulates the effects of the fracture energy, 
tensile or shear strength, and the characteristic element length of the model. Because 
the fracture energy itself depends on multiple factors, such as material composition, 
mortar–brick interface behaviour, loading rate, and the adopted crack-band width, the 
corresponding values of 𝑆𝑆𝑛 and 𝑆𝑆𝑠 are inevitably sensitive to these same variables as 
well as to the chosen discretisation. 

(van Zijl, 2004) further reinforced this idea by highlighting that fracture energy and post-
peak response are mesh-dependent quantities; to overcome this limitation, he 
proposed a normalization through the crack-band approach and argued that fracture 
energy should be treated as a global parameter calibrated at the structural-component 
level rather than at the material level. This interpretation directly parallels the behaviour 
of the separation strain in AEM, which is inherently influenced by the characteristic 
element length and therefore by the discretisation scale. More recently, (D’Altri et al., 
2020) stated that constitutive parameters must be calibrated at the same scale as the 
intended structural application, since values derived from small-scale material tests 
often fail to reproduce the overall behaviour of masonry components. They also 
recognized that discrete and applied element models require case-specific calibration 
and that experimental data on vaulted structures remain limited. Similarly, (Milani et al., 
2006b, 2006a) observed that the mechanical parameters used in homogenized 
analyses cannot be considered true material constants, as they reflect the collective 
response of the entire element rather than the intrinsic behaviour of its constituents. 

Taken together, these studies converge on a consistent conclusion: fracture-related and 
softening parameters are inherently scale-dependent and must be calibrated against 
the global behaviour of real structural components. Within the AEM framework, this 
implies that the separation strain, which encapsulates the entire softening process in a 
single strain-limit parameter, should not be derived from laboratory properties of bricks 
or mortar joints. Instead, it must be tuned to reproduce experimentally observed 
component-scale responses, such as load-displacement or drift capacities, ensuring 
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that the numerical model accurately captures both the onset and the progression of 
damage. 

4.3.5 Sensitivity analyses on mechanical parameters 

Building upon these considerations, the calibration of the separation strain was 
performed through a set of sensitivity analyses aimed at reproducing the experimental 
behaviour of the tested vault. As discussed in the previous sections, the SS parameter is 
not a measurable material property but a numerical quantity that must be tuned 
according to the global response of the component. Following the recommendations 
from the literature (Applied Science International, 2024a) and the outcomes of the 
compression tests, additional values were explored to assess their influence on the 
global stability and cracking pattern of the vault. Figure 4.11 summarises the results of 
the nonlinear time-history analyses (NLTHAs) at 75% of the Accelerogram Qualifying 
Amplitude (AQA) for three different SS values. 

• SS = 0.01: the model collapses prematurely, exhibiting an unrealistically brittle 
response that is not supported by the test evidence (the experimental vault did 
not fail); 

• SS = 0.05: widespread cracking and localized damage develop, and global 
stability is retained. While this setting improves over SS = 0.01, the predicted 
damage extent remains larger than observed; 

• SS = 0.1: the model reproduces a damaged‑but-stable configuration, consistent 
with the experiment in which the vault suffered visible cracking without 
collapse. Both the extent and distribution of cracking are more representative 
when compared qualitatively with the test outcome. 

Among the values explored, SS = 0.1 provides the most representative match to the 
experimental behaviour at 75% AQA: the vault sustains damage yet preserves global 
integrity, in agreement with the shaking-table observations, as described in next section. 

   
SS = 0.01 SS = 0.05 SS = 0.1 

Figure 4.11 Results of the NLTHAs at the end of the 75% of AQA for different SS values 
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Additional analyses were also performed for higher values of the parameter (SS = 0.2 
and 0.3), Figure 4.12, to investigate the upper sensitivity of this parameter. As expected, 
increasing SS delays the onset of detachment between adjacent elements, resulting in 
a more contained crack pattern and lower deformation demand. While these models 
exhibit an overall stable behaviour, the extent of cracking becomes slightly 
underestimated when compared to the experimental observations, Figure 4.13. 
Therefore, the adopted value SS = 0.1 can be regarded as a lower bound of the realistic 
separation capacity for the masonry interfaces, since higher values tend to over-stiffen 
the model and reduce the amount of dissipated energy. As a matter of fact, from a 
quantitative perspective, the maximum peaks of displacement and acceleration tend to 
decrease and increase, respectively, increasing SS, as reported in Table 4.4. 

   
SS = 0.1 SS = 0.2 SS = 0.3 

Figure 4.12 Results of the NLTHAs at the end of the 75% of AQA for higher SS values 

   
SS = 0.1 SS = 0.2 SS = 0.3 

Figure 4.13 Comparison of crack pattern at the end of the 75% of AQA for higher SS values 
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Table 4.4. Comparison of experimental and numerical absolute maximum total 
displacements and accelerations for the unstrengthened specimen for higher values of 

separation strain 

   SS 

  Exp. 0.1 0.2 0.3 

Displacement 
[mm] 

OC1-y 30.7 25.9 24.62 22.22 

OC2-y 52.5 32.3 30.50 27.87 

OC4-y 32.1 24.9 29.84 28.74 

Acceleration 
[m/s2] 

Acc18-y 3.5 4.9 4.73 5.27 

Acc14-y 4.5 4.4 4.74 4.31 

Acc2-y 4.5 3.9 4.29 4.57 

 

The reliability of the adopted material parameters and the stability of the numerical 
results were further investigated through dedicated sensitivity analyses, as presented in 
Chapter 5. 

4.3.6 Nonlinear time history analyses results 

According to shaking sequence, a series of nonlinear time history analyses (NLTHA) 
were performed to replicate the experimental shaking table tests. The simulations 
successfully reproduced the mechanical response of the cross-vault, from the elastic 
phase through to severe damage states. The numerical crack patterns showed strong 
consistency with the experimental observations, particularly in relation to diagonal 
cracking along the vault webs and the formation of hinges at the haunches, Figure 4.14.  
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(a) (b) 

Figure 4.14 Comparison of experimental (Bianchini et al., 2023) (a) and numerical (b) crack 
patterns at the end of 75% of AQA signal 

The analyses confirmed that the dominant failure mechanism was governed by in-plane 
shear; indeed, Figure 4.15 highlights the progressive damage of the vault, with the 
subsequent formation of a plastic hinge at the restrained pitch, occurring when the input 
motion reaches 75% of the AQA signal intensity. 

 

Figure 4.15 Progressive vault damage and plastic hinge formation during 75% of the AQA 
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The comparison between experimental and numerical results highlights a generally 
consistent trend, although with varying levels of accuracy depending on the monitored 
location and response type, Table 4.5. For the displacement response the numerical 
model tends to underestimate the experimental displacements, with errors ranging 
between –8.8% and –38.6%. A notable exception is observed at OC2–x, where the 
numerical prediction significantly overestimates the experimental value (+152.3%). This 
discrepancy suggests a localized sensitivity of the model in reproducing lateral 
displacements at that specific point. The correlation of the acceleration response is 
overall satisfactory, with relative errors mostly within ±15%. However, larger deviations 
appear at Acc18–x (+60%) and Acc14–x (–57%), indicating that the model may have 
difficulties in accurately capturing acceleration demand at certain positions, possibly 
due to local dynamic effects. In summary, the model reproduces the global seismic 
behaviour of the vault with reasonable accuracy, particularly in terms of acceleration 
trends, while larger discrepancies in displacement response highlight the need for 
further refinement in the representation of local deformation mechanisms. 

Table 4.5. Comparison of experimental and numerical absolute maximum total 
displacements and accelerations for the unstrengthened specimen 

  Experimental Numerical Relative 
Error [%] 

Displacement 
[mm] 

OC1-y 30.7 25.9 -15.6 

OC2-y 52.5 32.3 -38.6 

OC2-x 4.4 11.1 152.3 

OC4-y 32.1 24.9 -22.3 

OC4-x 7.7 8.4 -8.8 

Acceleration 
[m/s2] 

Acc18-y 3.5 4.9 44 

Acc18-x 3.8 6 60 

Acc14-y 4.5 4.4 -1 

Acc14-x 5.2 2.2 -57 

Acc2-y 4.5 3.9 -13 

Acc2-x 4.4 3.9 -10 



AEM MESO-MODELLING APPROACH AND ITS VALIDATION ON VAULTS 61 

 

 
 
 
 
 

The displacement time histories at nodes OC1, OC2, and OC4, Figure 4.16, show that 
the numerical simulations reproduce the overall dynamic response observed during the 
shaking table test. Both experimental and numerical signals capture the same dominant 
frequency content and general decay trend. Nevertheless, some discrepancies are 
evident in terms of amplitude: while the model tends to underestimate the displacement 
demand at OC1 and OC4, it clearly overestimates the peak value at OC2. Despite these 
local differences, the global correspondence between the two datasets confirms that 
the modelling strategy is able to reproduce the primary deformation mechanisms 
governing the vault’s seismic behaviour.  

 

 
(a) 

 

 
(b) 
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(c) 

Figure 4.16 Displacement time histories along N-S direction for OC1 (a), OC2 (b), and OC4 
(c) node during 75% of the AQA 

The acceleration records at sensors Acc18, Acc14, and Acc2, Figure 4.17, indicate an 
even closer match between experimental and numerical results compared to the 
displacement case. The two sets of curves exhibit almost identical frequency content 
and phase alignment, with discrepancies mainly limited to peak amplitudes. At Acc18 
and Acc2, the model slightly overestimates the experimental values, whereas at Acc14 
the numerical response underestimates the recorded acceleration. Overall, the 
comparison demonstrates that the model provides a reliable representation of the 
global dynamic behaviour, even though local effects may still lead to variations in 
amplitude. 

 

 
(a) 
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(b) 

 

 
(c) 

Figure 4.17 Acceleration time histories along N-S direction for Acc18 (a), Acc14 (b), and 
Acc2 (c) node during 75% of the AQA 

4.3.7 Conclusions on LNEC test simulation using AEM 

A series of nonlinear time history analyses (NLTHA) was performed to reproduce the 
shaking table tests conducted on a brick masonry cross-vault. Preliminary static and 
dynamic assessments confirmed that the Applied Element Method (AEM) is capable of 
reproducing both the mechanical and dynamic properties of the vault, in agreement with 
the experimental observations. The adopted modelling strategy enables the 
investigation of the vault behaviour from the initial elastic range to severe damage states, 
while also providing insight into the progressive evolution of cracking. The present 
chapter focuses exclusively on the unstrengthened specimen, whereas the retrofitted 
configuration is discussed in Chapter 7. 
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4.3.8 Numerical modelling of the LNEC vault: comparative approaches 

Several authors have numerically reproduced the LNEC full-scale shaking-table tests on 
masonry cross vaults using different modelling strategies, ranging from continuum finite 
elements to discrete block-based approaches. These studies provide valuable insights 
into the predictive capacity of diverse methods, their advantages, and their limitations. 

(Kesavan et al., 2024) developed a discontinuum finite element model in 
STKO+OpenSees, where units and mortar joints were represented explicitly with thick-
shell Reissner–Mindlin elements and a damage–plasticity law (DamageTC3D). The 
implicit–explicit integration scheme (IMPL-EX) ensured stable convergence in the post-
peak range. Simulations were carried out for both unstrengthened and TRM-
strengthened vaults and validated against the LNEC campaign. The results 
demonstrated the ability of the model to reproduce the dominant in-plane shear 
mechanism along the groins, as well as the beneficial effect of strengthening, which 
nearly doubled the seismic capacity of the vault. Limitations included the computational 
cost and the need for extensive calibration of material softening and low-cycle fatigue 
effects. 

A systematic comparison of continuous homogeneous modelling (CHM) and discrete 
block-based approaches was presented by (Ferrante et al., 2024) In the CHM 
framework, masonry is treated as a homogenised anisotropic continuum with a 
damage-plasticity constitutive law (Endo3D in LMGC90). In the discrete strategy, the 
vault is discretised into rigid or deformable blocks with cohesive–frictional contact 
interfaces. The study highlighted that CHM efficiently captures global dynamic 
behaviour but tends to underestimate discontinuities and block detachment, whereas 
discrete approaches reproduce cracking and collapse mechanisms more realistically at 
higher computational cost. 

(Oktiovan et al., 2023) applied a simplified micro-modelling strategy in 3DEC, where the 
vault geometry was generated parametrically and represented as deformable blocks 
interacting through zero-thickness interface springs. The contact laws incorporated 
elasto-softening behaviour in tension, shear, and compression, calibrated against 
fracture energy. The DEM simulations reproduced both qualitative crack patterns and 
quantitative response parameters observed in the LNEC blind and post-diction phases. 
Strengths of the DEM include its native ability to capture joint opening, closure, and large 
block displacements; however, the approach requires careful parameter identification 
(e.g., damping, interface properties) and remains computationally demanding. 
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Despite methodological differences, all the referenced studies consistently identified 
the same governing failure mechanism in the unstrengthened vault: in-plane shear 
cracking concentrated along the groins, starting from the crown. FEM-based models 
proved effective in reproducing the global dynamic behaviour, modal properties, and 
overall deformation patterns, and were particularly useful in assessing the beneficial 
role of TRM strengthening, which significantly enhanced both strength and energy 
dissipation capacity. Conversely, DEM approaches excelled in capturing localized 
damage phenomena, such as crack initiation, block detachment, and collapse 
kinematics, thanks to their intrinsic ability to simulate contact, separation, and re-
contact among discrete units. 

However, these higher-fidelity DEM formulations demand extensive calibration of 
interface parameters, e.g., cohesion, friction, damping. Regarding damping parameter, 
(Oktiovan et al., 2023) calibrated the model in different seps since it seemed to affect 
too much the displacement responses. Furthermore, these approaches entail 
substantially higher computational costs. As reported by (Ferrante et al., 2024), the 
average runtime for DEM simulations (≈ 29 days) was more than twice that of 
comparable FEM analyses (≈ 14 days), highlighting the trade-off between accuracy and 
efficiency typical of discontinuum approaches. In contrast, the AEM meso-scale model 
developed in this work completed the same class of nonlinear dynamic simulations in 
approximately 5 hours, achieving a similar level of accuracy while drastically reducing 
the computational demand. Moreover, unlike several previous numerical studies where 
only the strongest portion of the seismic record was applied, by truncating the 
accelerogram to reduce analysis time, the AEM simulations presented here employed 
the entire duration of the ground motion for each amplitude increment. This ensured a 
more realistic representation of the cumulative damage process and allowed for the 
evaluation of stiffness degradation and crack propagation under full cyclic loading 
histories, closely replicating the experimental testing protocol. 

The results of the modal analyses are aligned with the experimental data. The mean 
frequency obtained from the four numerical models (6.22 Hz) differs from the 
experimental value of 6.15 Hz by approximately +1.14%, indicating a slight tendency 
toward overestimation in the simulations. The dispersion among the models, quantified 
through the coefficient of variation (CV ≈ 4.9%), remains relatively low, reflecting a 
satisfactory numerical consistency despite the methodological differences between the 
approaches adopted. Among the considered models, the Discontinuum FEM shows the 
closest agreement with the experimental frequency, with a deviation lower than 0.2%. 
Furthermore, considering the 95% confidence interval of the mean frequency, ranging 
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from 5.74 Hz to 6.70 Hz, it can be stated that the overall estimate is consistent with the 
experimental observation within the bounds of numerical uncertainty, confirming the 
general reliability of the set of models employed. A detailed comparison is provided in 
Table 4.6. 

Table 4.6. Comparison of experimental and numerical first mode frequencies 

Model 
f 

[Hz] 
Absolute Error 

[Hz] 
Relative Error 

[%] 

(Kesavan et al., 2024) - FEM 6.16 0.01 0.16 

(Ferrante et al., 2024) - FEM 6.08 0.07 1.14 

(Cogliano et al., 2025) – AEM (present 
work) 

5.98 0.17 2.76 

(Oktiovan et al., 2023) - DEM 6.66 0.51 8.29 

Experimental test frequency [Hz] 6.15 

Numerical mean frequency [Hz] 6.22 

Standard Deviation  [Hz] 0.3 

Coefficient of Variation CV [%] 4.86 

Across all simulations, displacement amplitudes along the direction of excitation were 
systematically underestimated compared to experimental measurements. This 
difference is probably due to the absence of initial geometric imperfections in the 
numerical models, which represent “perfect” configurations, unlike the real specimen 
that inevitably is characterized by small irregularities and residual deformations. 
Additionally, none of the models successfully reproduced the acceleration peaks 
observed between 2 s and 3 s, a discrepancy likely associated with localized dynamic 
effects and transient stiffness variations in the physical test that are not fully captured 
by the simplified numerical representations. 

In this context, the Applied Element Method (AEM) stands as a hybrid and pragmatic 
alternative, bridging the gap between FEM and DEM. Its formulation retains the 
computational efficiency of continuum models while naturally incorporating the 
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discontinuous mechanics of discrete approaches. As demonstrated in this study, the 
meso-modelling strategy developed within AEM allows for a reliable representation of 
the nonlinear dynamic response and progressive failure evolution of masonry vaults, 
offering a robust framework for collapse assessment and comparative validation against 
experimental data. 
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5 SENSITIVITY ANALYSES 

Numerical models of masonry structures involve several parameters that are derived 
through empirical relationships, calibration, or simplifying assumptions. Consequently, 
the predictive reliability of such models depends critically on the choice and calibration 
of these parameters. Sensitivity analyses constitute a fundamental step in the 
verification and validation process, as they allow for the quantitative evaluation of how 
variations in the input parameters influence the numerical predictions. 

The present chapter focuses on the evaluation of the model’s robustness through local 
sensitivity analyses, aimed at assessing the influence of individual mechanical and 
numerical parameters on the predicted structural response. The analyses provide 
insight into both the stability of the numerical solution and the physical consistency of 
the adopted parameters within reasonable uncertainty ranges. 

Section 5.1 introduces the theoretical background and motivation for performing 
sensitivity analyses, summarising key contributions from the literature. 

Section 5.2 outlines the adopted methodological framework, describing the procedure 
implemented for the local sensitivity and stability assessment of selected mechanical 
parameters. 

Section 5.3 resents and discusses the results of the parametric study on the separation 
strain, a key AEM parameter controlling the onset of element detachment and the 
propagation of cracks. Both qualitative and quantitative assessments are provided to 
evaluate its influence on the global seismic response of the vault. 

Section 5.4 extends the discussion to additional parameters, such as mesh 
discretisation, contact stiffness, and interface materials, highlighting their interactions 
and combined effects on the overall model robustness. 

5.1 THEORETICAL BACKGROUND AND MOTIVATION 
According to (Helton & Davis, 2003; Saltelli et al., 2004), sensitivity analysis is an 
essential component of any scientific modelling process, as it provides a quantitative 
framework to identify which parameters most affect the model output and to assess the 
robustness of the predictions. In structural engineering, local sensitivity analyses are 
commonly employed as a first-order approximation of parameter influence: each 
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parameter is independently varied within a small range (typically ±10–20%) around its 
calibrated value, and the corresponding change in the model response is evaluated. 

Formally, the local sensitivity index 𝑆 can be expressed as: 

 𝑆 =
∆𝑅 𝑅⁄

∆𝑝 𝑝⁄
 (9) 

where 𝑝 is the parameter being varied and 𝑅 is the corresponding structural response 
quantity. Large values of 𝑆 indicate a strong dependence of the results on the parameter, 
while small values imply a robust and stable numerical behaviour. 

The adopted formulation corresponds to the local sensitivity index defined by (Saltelli et 
al., 2004), which expresses the logarithmic derivative of the model output with respect 
to the input variable, 𝑆𝑙 = 𝜕 ln 𝑌 𝜕 ln 𝑃⁄ . This local measure quantifies the proportional 
change in the model response resulting from a proportional perturbation of a single input 
parameter, thereby allowing a straightforward evaluation of parameter influence around 
a given reference configuration. According to their study, local sensitivity indices  𝑆𝑙  can 
be interpreted as follows: values below 0.1 indicate a negligible or weak influence of the 
parameter, values between 0.1 and 0.5 correspond to a moderate sensitivity, and values 
close to or above 1.0 denote a strong or dominant influence of the parameter on the 
model response. These thresholds provide a useful benchmark for classifying 
parameters in terms of their impact on model behaviour and for distinguishing between 
stable and highly sensitive configurations. 

Several studies have emphasized the importance of performing such local parametric 
analyses to assess model reliability and to identify critical parameters. (Lourenço & 
Rots, 1997), for instance, investigated the sensitivity of interface parameters in masonry 
models to evaluate their impact on shear and tensile behaviour. Within this framework, 
the separation strain used in AEM formulations represents a particularly critical 
parameter, as it controls the strain threshold for element detachment and strongly 
influences the progression of cracking and collapse mechanisms. The evaluation of its 
sensitivity is therefore necessary to ensure that the chosen value leads to a physically 
meaningful and numerically stable response. 

5.2 METHODOLOGICAL FRAMEWORK 
The analyses presented in this chapter are classified as local sensitivity and stability 
analyses, focusing on the effect of small perturbations of selected parameters around 
their calibrated reference values. For each parameter, a reference value was first 
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determined through calibration against experimental results. Variations of ±10% and 
±20% was then considered, and their influence on the global structural response, such 
as displacements, accelerations, and crack evolution, was evaluated. 

This approach, also referred to as a parametric stability study or robustness 
assessment, aims to determine whether the numerical response remains qualitatively 
and quantitatively consistent under small variations of key input parameters. In 
particular, it provides insight into whether the model exhibits stable mechanical 
behaviour or if it is highly sensitive to the assumed values, thus identifying the 
parameters that govern the nonlinear response of the system. 

Such an approach is especially relevant in discrete and applied element formulations, 
where many parameters (e.g., separation strain, fracture energies, interface stiffnesses) 
are not fixed material constants but depend on the mesh discretisation and contact 
definitions. For this reason, the first part of this chapter focuses on the separation strain. 

5.3 LOCAL SENSITIVITY AND STABILITY ANALYSIS OF THE SEPARATION STRAIN 
To evaluate the stability and robustness of the numerical model with respect to the 
separation strain parameter, a series of Local Sensitivity Analyses (LSA) were carried 
out. The reference value adopted for the calibration of the vault model was SSref = 0.1, 
which provided the best agreement with the experimental results in terms of global 
deformation and cracking pattern. Starting from this value, additional simulations were 
performed by varying the parameter over a wider range, namely  

Table 5.1. Values and variations of separation strain explored for LSA 

SS 0.05 0.08 0.09 0.11 0.12 0.15 

Variation -50% -20% -10% +10% +20% +50% 

Although these variations extend beyond the ±20 % range typically considered in local 
sensitivity studies, they were introduced to better illustrate the stabilising effect of the 
parameter: very low SS values induce premature separation between adjacent elements 
and lead to unrealistic brittle collapse, whereas higher SS values delay the detachment 
process and produce a stiffer but globally stable behaviour.  
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5.3.1 Qualitative assessment of model responses varying separation 
strain values 

To qualitatively assess the influence of the separation strain on the overall behaviour of 
the vault, the final damage patterns obtained from all simulations were compared. The 
comparison aims to identify possible changes in the cracking mechanism, failure mode, 
or global stability of the structure as the SS parameter varies within the considered range 
(0.05–0.15). The resulting configurations are shown in Figure 4.11, where the damage 
distributions corresponding to each SS value are reported. 

  
SS = 0.05 SS = 0.08 

  
SS = 0.09 SS = 0.11 
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SS = 0.12 SS = 0.15 

Figure 5.1 Results of the NLTHAs at the end of the 75% of AQA for different SS values for 
LSA 

A clear distinction emerges between the lowest value (SS = 0.05) and the remaining 
configurations. 

• SS = 0.05: the vault experiences a severe and premature degradation of its 
structural integrity; a pronounced crack initiates at the crown, leading to a partial 
collapse of the central portion of the vault. This configuration displays extensive 
fragmentation and loss of continuity, with localised detachment of elements 
near the key. Such behaviour was not observed experimentally and reflects an 
unrealistically low separation capacity, marking the lower bound beyond which 
the model becomes numerically unstable and physically inconsistent. 

• SS = 0.08: the vault recovers a stable and coherent structural behaviour. 
Cracking develops along the haunches and near the supports, with moderate 
openings at the crown but without any element detachment. The crack pattern 
remains continuous and compatible with the in-plane shear mechanism 
observed experimentally. 

• SS = 0.09: The configuration exhibits a very similar mechanism but with slightly 
reduced damage extension. The cracks at the crown are less pronounced, and 
the overall pattern appears more cohesive, suggesting a marginally stiffer and 
less dissipative response as the separation strain increases. 

• SS = 0.11: more contained damage distribution. Cracking remains localised 
near the vault intersections and along the lower portions of the shells, whereas 
the central region remains largely intact. The global mechanism is unchanged, 
but the vault behaves more rigidly and exhibits limited tensile opening. 
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• SS = 0.12: the damage becomes even more restricted. Only minor separations 
appear near the supports and along the haunches, with negligible cracking in the 
upper regions. The response is predominantly elastic, and the detachment 
initiation is significantly delayed compared with smaller SS values. 

• SS = 0.15: this value yields the stiffest configuration among the analysed cases. 
The vault shows an almost undamaged pattern, with minimal or no cracking and 
no indication of instability. The behaviour becomes overly rigid compared with 
the experimental observations. 

Overall, the analyses show that the damage pattern remains substantially unchanged 
across most configurations, confirming that variations in SS within moderate limits do 
not significantly alter the global failure mechanism. Cracking is concentrated along the 
vault’s haunches and near the supports, with minor tensile openings along the crown, 
consistent with the experimental observations, highlighting the in-plane shear 
mechanism. This qualitative stability of the response supports the interpretation that the 
SS mainly governs the timing of cracking initiation rather than the global failure mode. For 
SS values between 0.08 and 0.15, the evolution of damage progressively decreases, 
reflecting an increasingly stiff response but without modifying the underlying collapse 
mechanism. 

The only configuration that deviates from this trend is the case with SS = 0.05, where the 
vault experiences partial collapse initiated at the key. This behaviour results in a more 
damaged configuration, with the central portion of the vault detaching and falling in the 
numerical model. However, such a failure was not observed in the experimental test, 
indicating that the reduced SS value is unrealistically low and does not represent the 
actual separation capacity of the masonry. 

The outcome therefore highlights the lower bound of physically meaningful SS values, 
beyond which the numerical response becomes unstable and no longer consistent with 
the experimental evidence. The qualitative analysis thus confirms the stabilizing effect 
of the parameter: once SS exceeds approximately 0.08, the predicted damage pattern 
and failure mechanism remain consistent, demonstrating the robustness of the model 
with respect to this parameter. 
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5.3.2 Quantitative assessment of model responses varying separation 
strain values 

Building on the qualitative observations presented in the previous section, a quantitative 
analysis was carried out to evaluate how the variation of SS affects the numerical 
response of the vault. The assessment focuses on the evolution of maximum 
displacements and accelerations recorded at selected monitoring points, as well as on 
the corresponding sensitivity indices derived for each configuration. These quantities 
provide an objective measure of the model’s stability and allow for a more rigorous 
interpretation of the influence of SS on the simulated seismic behaviour. 

For each simulation, the responses in terms of displacement and acceleration were 
monitored at three representative monitoring points (OC1_y, OC2_y, OC4_y and 
Acc18_y, Acc14_y, Acc2_y) on the vault along the seismic direction and evaluated at 
75% of AQA signal. 

Table 5.2. Summary of experimental and numerical absolute maximum total 
displacements and accelerations for the unstrengthened specimen for different values of 

separation strain 

   Numerical for different values of SS 

  Exp. 0.1 0.05 0.08 0.09 0.11 0.12 0.15 

Displacement 
[mm] 

OC1-y 30.7 25.9 46.96 19.8 19.4 21.3 20.15 22.22 

OC2-y 52.5 32.3 30.73 25.2 24.1 27.4 25.20 27.98 

OC4-y 32.1 24.9 30.18 26.0 23.4 27.43 24.53 28.90 

Acceleration 
[m/s2] 

Acc18-
y 

3.5 4.9 
70.1 6.0 4.64 4.42 4.91 5.31 

Acc14-
y 

4.5 4.4 4.12 4.5 4.56 4.46 4.60 4.68 

Acc2-y 4.5 3.9 4.08 4.4 5.19 4.27 4.82 4.23 

Table 4.5 summarises the main results, confirming the stabilising influence of the 
separation strain parameter, which prevents premature detachment between elements 
and promotes a more realistic and stable global response. As expected, the largest 
displacement and acceleration peaks correspond to the configuration with SS = 0.05, 
for which the vault undergoes an early local failure at the crown. In this case, the 
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monitoring point located near the key records an abrupt increase in displacement 
followed by extremely large acceleration values1. 

It is essential to stress that these peaks do not reflect the dynamic response of the vault, 
but rather the free-fall motion of detached elements after the onset of collapse. Once 
detachment occurs, the recorded time histories capture the kinematics of the falling 
block rather than the structural response. Consequently, the numerical values 
associated with SS = 0.05, although mathematically produced by the solver, are not 
physically meaningful, and cannot be used for comparison with either the experimental 
reference or the other numerical configurations. The premature collapse is therefore a 
modelling artefact caused by an unrealistically low separation strain, which does not 
represent the actual tensile capacity of the masonry interfaces. 

The sensitivity index 𝑆 was then computed according to Equation (9) as the ratio 
between the relative variation of the response and the relative variation of the parameter. 
The obtained values are summarized in Table 5.3.  

Table 5.3. Values of the sensitivity index S 

SS/SSref -0.5 +0.1 -0.1 +0.2 -0.2 +0.5 

Smean 0.41 1.48 1.64 0.53 0.62 0.22 

It should be noted that the extremely large response associated with SS = 0.05 artificially 
inflates the sensitivity index for the −50% perturbation. In this case, the high value of S 
does not indicate a genuine physical sensitivity, but simply reflects the non-physical 
collapse mechanism triggered by the unrealistically low parameter. For this reason, the 
−50% configuration must be interpreted as outside the physically meaningful range, and 
its numerical outputs should not contribute to the evaluation of parameter sensitivity. 

The sensitivity indices range between 0.22 and 1.64, indicating that the model response 
exhibits a moderate-to-high sensitivity to variations in the parameter. The largest 
sensitivity values correspond to the ±10% perturbations of the reference value, revealing 

 
1 Once the vault initiates collapse, the monitoring points located on the detached elements no 

longer record the structural response but the free-fall motion of individual fragments. As a 

result, the displacement and acceleration peaks obtained for SS = 0.05 do not reflect the seismic 

behaviour of the vault and should not be included in the quantitative comparison with the 

experimental reference or with the other numerical simulations. The configuration must 

therefore be regarded as outside the physically meaningful parameter range. 
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that the model seems to be slightly more sensitive to small variations of SS around its 
calibrated value. This behaviour is consistent with the physical interpretation of SS as 
the strain threshold controlling the detachment between elements: near this limit, even 
a small modification in the parameter shifts the onset of contact opening, significantly 
altering stiffness, energy dissipation, and local deformation mechanisms. When the 
parameter is further reduced (−50%) or increased (+20 % to +50 %), the sensitivity index 
decreases, suggesting two cases: in the first one, the detachment due to in-plane shear 
failure occurred and the response is not affected anymore by SS; in the second case, the 
model enters a numerically stable regime in which additional variations of SS produce 
only minor effects on the global response. 

This trend highlights the nonlinear influence of the SS parameter: its effect is most 
pronounced near the transition between bonded and detached states, whereas outside 
this range the model behaviour becomes less sensitive. The mean sensitivity index 
(S≈0.8) therefore indicates a moderate average sensitivity, confirming that the parameter 
meaningfully influences the model response but does not cause instability within the 
physically realistic range (0.08 ≤ SS ≤ 0.12). 

The ratio between the numerical and experimental responses (Rnum/Rexp) is plotted in 
Figure 5.2 as a function of the normalised separation strain (SS/SSref). The grey lines 
represent the individual responses recorded at each monitoring point, OC labels refer to 
displacements, while Acc labels refer to accelerations, whereas the red line 
corresponds to their mean value. The black horizontal line represents the experimental 
reference (Rnum/Rexp=1), providing a direct measure of the model accuracy. Overall, the 
results show that the mean numerical response remains consistently close to the 
experimental one, with deviations below ±10 % for most configurations. 
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Figure 5.2 Global sensitivity of the numerical response to the separation strain (SS) 

The only configuration that diverges significantly from the experimental behaviour is the 
case with SS/ SSref=0.5 (SS = 0.05), for which the vault experiences partial collapse 
initiated at the crown. In this case, the mean ratio Rnum/Rexp reaches ≈ 4.15, indicating an 
unrealistic amplification of both displacements and accelerations. This divergence is 
attributed again to the excessively low SS value, which causes premature detachment 
between elements and loss of stiffness, leading to a numerically unstable configuration 
that does not reflect the experimental behaviour. When this non-physical configuration 
is excluded, the mean ratios for all other cases range between 0.88 and 0.94, confirming 
an excellent agreement between the numerical and experimental responses. 

To better visualise the response stability within the physically meaningful range of 
parameter variation, Figure 5.3 provides a zoomed-in view of the local sensitivity (±10–
20 %) around the calibrated value. Within this interval, the red mean curve remains 
nearly coincident with the experimental reference line (Rnum/Rexp≈1.0), and the individual 
monitoring points exhibit small and well-distributed fluctuations.  
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Figure 5.3 Local sensitivity of the numerical response to the separation strain (SS) 

This outcome confirms that, for realistic perturbations of the separation strain, the 
model response is remarkably stable and accurate, with minimal sensitivity in both 
displacement and acceleration fields. 

In summary, the quantitative evaluation confirms that the Separation Strain parameter 
primarily controls the transition between bonded and detached states in the masonry 
interfaces. Within the physically meaningful range (0.08 ≤ SS ≤ 0.12), the model 
reproduces the experimental behaviour with excellent accuracy and only marginal 
sensitivity, ensuring both numerical stability and physical realism. Conversely, 
excessively low values (e.g., SS = 0.05) lead to premature detachment and unrealistic 
amplification of the response, demonstrating that the parameter must be properly 
calibrated to preserve model robustness. 

Overall, the separation strain can thus be regarded as a global calibration factor that 
governs the onset of cracking and the post-cracking stiffness of the vault, while 
guaranteeing a consistent and reliable simulation of its seismic behaviour. 

5.4 DISCUSSION OF MODEL ROBUSTNESS AND PARAMETER INTERACTIONS 
The discussion presented in this section aims to evaluate the overall robustness of the 
AEM numerical model and to identify the interdependence among the most influential 
mechanical parameters governing the vault behaviour. The outcomes of the sensitivity 
analyses on the separation strain demonstrated that the model response remains stable 
and consistent with the experimental observations within the physically realistic range. 
However, the mechanical behaviour of the vault is also influenced by a broader set of 
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modelling assumptions and parameters that interact nonlinearly, making the calibration 
process particularly complex. 

To assess the robustness of the numerical model, additional sensitivity analyses were 
performed by varying the mesh density, the stiffness of the contact interfaces, and the 
material properties of the connection zones. 

5.4.1 Sensitivity on mesh size 

The discretisation adopted in the Applied Element Method (AEM) model has a direct 
impact on the predicted mechanical behaviour of the vault, as it governs the number and 
distribution of potential cracking interfaces. To investigate this influence, a comparative 
analysis was carried out using a coarser mesh configuration, the meso-modelling 
approach applied to the geometry, in which each eight-node element no longer 
represents an individual brick but a larger portion of masonry, specifically block with 
dimensions equal to 10 cm x 10 cm, as shown inFigure 5.4, were employed. 

  
(a) (b) 

Figure 5.4 Comparison of mesh sizes: simplified micro-modelling (a) and meso-modelling 
(b) 

Figure 5.5 compares the damage distribution obtained with the coarser mesh 
configuration for three different separation strain values (SS = 0.1, 0.4 and 0.5) at 75 % 
of the AQA signal. When SS = 0.1, the vault exhibits an extensive cracking pattern and 
local separation along the key, indicating a premature loss of stiffness and partial 
instability. By contrast, for SS = 0.4 the damage is more contained and mainly localised 
near the vault intersections and imposts, while the remaining portions remain largely 
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intact. The case with SS = 0.5 shows an even more limited damage extension, with the 
structure behaving almost elastically under the same excitation. 

This progressive reduction of cracking with increasing SS confirms that, in the coarse 
discretisation, higher separation strain values are required to reproduce the same 
deformation capacity observed in the experimental test. The reduction of potential 
contact interfaces limits the ability of the model to develop distributed tensile damage, 
leading to a stiffer and less dissipative response. Consistently, the maximum 
displacement amplitudes decrease while acceleration peaks increase with higher SS, 
quantitatively confirming the overall stiffening effect of the mesh coarsening. 

  
SS = 0.1 SS = 0.4 

 
SS = 0.5 

Figure 5.5 Results of the NLTHAs at the end of the 75% of AQA for different SS values with 
geometry meso-modelling approach 

Table 5.4. Comparison of experimental and numerical absolute maximum total 
displacements and accelerations for the unstrengthened specimen for different mesh 

sizes and SS values 
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   SS 

  Exp. 0.1 0.1c 0.4c 0.5c 

Displacement 
[mm] 

OC1-y 30.7 25.9 25.5 26.0 25.5 

OC2-y 52.5 32.3 35.0 35.9 35.0 

OC4-y 32.1 24.9 34.1 34.9 34.1 

Acceleration 
[m/s2] 

Acc18-y 3.5 4.9 5.8 9.98 5.8 

Acc14-y 4.5 4.4 4.5 4.56 4.5 

Acc2-y 4.5 3.9 5.1 5.57 5.1 

These results highlight that the discretisation level and the separation strain parameter 
are closely interdependent: coarser meshes require higher SS values to compensate for 
the loss of potential cracking planes. Nevertheless, excessive SS values (e.g. 0.5) lead 
to an unrealistically elastic response, whereas SS≈0.4 provides a reasonable 
compromise between stiffness and damage representation, ensuring a physically 
consistent simulation of the vault behaviour. 

5.4.2 Sensitivity on contact material 

Further calibration was required for the contact stiffness between the steel boundary 
elements and the masonry blocks, in order to reproduce the experimental dynamic 
properties recorded during the dynamic identification tests.  

The interface between the four vault quadrants was also adjusted: initially modelled as 
masonry, trying to homogenized the material, these connections were subsequently 
defined as mortar interfaces, which provided a more realistic representation of the 
actual construction details and improved the physical coherence of the simulated 
behaviour. As shown in Figure 5.6, masonry interface led to a more damaged final 
configuration with respect to the one obtained by mortar interface. The latter better 
represents the actual response of the specimen according to the experimental test. 
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(a) (b) 

Figure 5.6 Comparison of damage at the end of 75% of AQA for different interface between 
vault’s fields: masonry (a) and mortar (b) 

5.4.3 Sensitivity on higher values of SS 

Complementary parametric tests were also carried out for larger SS values (0.2–0.3) as 
discussed in Chapter 4. These analyses resulted in a more contained damage 
distribution and lower deformation demand, confirming that the adopted value SS = 0.1 
can be regarded as a lower bound for the realistic separation capacity of the masonry 
interfaces. Nonetheless, it is acknowledged that the actual value might be higher, as no 
experimental data on full-scale collapsing vaults are available for direct validation. 

5.4.4 Conclusions 

The sensitivity analyses presented in this chapter have provided a comprehensive 
evaluation of the robustness and reliability of the AEM numerical model adopted for the 
simulation of the unstrengthened masonry vault. The results demonstrated that the 
structural response is governed by a complex interplay among several mechanical and 
numerical parameters, most notably the separation strain, the discretisation level, and 
the stiffness of the contact interfaces, whose effects are strongly nonlinear and 
interdependent. 

Among these, the separation strain emerged as the most influential factor, as it directly 
controls the onset of element detachment and the development of tensile cracking. 
Within the physically meaningful range (0.08≤SS≤0.12), the model reproduced the 
experimental behaviour with excellent agreement, showing minimal sensitivity in both 
displacement and acceleration responses. Conversely, unrealistically low values (e.g., 
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SS = 0.05) led to premature detachment and an overestimation of the deformation 
demand, confirming the stabilising role of this parameter. 

Additional analyses on mesh discretisation revealed that coarser models require 
proportionally higher separation strain values to reproduce equivalent damage patterns, 
due to the reduced number of potential cracking interfaces. Similarly, the stiffness and 
material type of contact interfaces were found to significantly influence the extent of 
damage and energy dissipation, with mortar-type interfaces providing a closer match to 
experimental observations than homogeneous masonry connections. 

Overall, these findings confirm that the proposed modelling strategy is numerically 
stable and physically consistent, as moderate perturbations of the main parameters do 
not substantially alter the global failure mechanism or the overall seismic response. The 
AEM model thus proves to be a robust predictive tool for assessing the dynamic 
behaviour of masonry vaults, capable of capturing both global deformation and local 
cracking mechanisms with satisfactory accuracy. 

Nevertheless, the study also highlights the need for further experimental investigations 
on full-scale vaults up to collapse, which would enable a more precise calibration of 
post-cracking and failure parameters and strengthen the general validity of the adopted 
numerical approach. In addition, tests on larger-span vaults would be valuable to 
investigate potential scale effects associated with the use of coarser mesh 
discretisation, helping to clarify whether the mechanical behaviour and sensitivity 
trends observed in small-scale models remain consistent at architectural scale. 
Similarly, experimental campaigns on different typologies of vaults, such as barrel, 
cloister, and ribbed vaults, would provide a broader validation basis and support the 
generalisation of the modelling strategy to a wider range of masonry configurations. 
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6 VAULTS SEISMIC VULNERABILITY 

The study of vaults represents a crucial step in understanding the seismic and structural 
vulnerability of historical masonry churches. This chapter examines the mechanical 
behaviour and inherent weaknesses of vaulted systems, emphasizing how geometry, 
materials, and construction history interact to determine their stability. The discussion 
unfolds progressively: 

• first, by framing the general principles of masonry vulnerability and the 
architectural role of vaults within church structures; 

• then, through emblematic case studies that illustrate different sources of 
vulnerability, static degradation (Pavia Cathedral), seismic excitation (Basilica of 
St. Francis in Assisi), and induced seismicity (Groningen region); 

• and finally, by synthesizing how these examples highlight the complex 
relationship between structural efficiency, long-term deterioration, and heritage 
preservation. 

6.1 INTRODUCTION  
Masonry architecture represents one of the most enduring and expressive forms of 
construction in Europe, yet it also ranks among the most vulnerable when exposed to 
environmental degradation, aging, or dynamic actions. Historical buildings embody 
centuries of cultural and technical evolution, but the intrinsic limitations of their 
materials, the empirical nature of their construction processes, and the cumulative 
impact of later modifications have often reduced their structural capacity (Croci, 1998b; 
Heyman, 1995). 

This condition is particularly evident in churches, where architectural ambition was 
often expressed through large spans, slender piers, and heavy roofing systems, all built 
with a material fundamentally lacking tensile strength. These structures, although 
aesthetically magnificent, are maintained in a delicate equilibrium between thrust and 
resistance, where minimal distortions or differential movements may cause significant 
instability. 

Within this architectural context, vaulted systems occupy a special position. Arches, 
cross vaults, and domes are not only symbols of artistic ingenuity but also essential 
structural components that ensure the spatial and mechanical coherence of churches 
by transferring forces mainly through compression. However, their stability is highly 
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sensitive to geometric imperfections, foundation settlements, material decay, and 
horizontal displacements, all of which may lead to cracking, progressive deformation, or 
even collapse(Block, 2009; Huerta, 2001). Vaults therefore represent both the strength 
and the weakness of historical churches: they contribute to overall equilibrium while 
remaining among the most structurally exposed components. 

This duality explains why vaulted systems have become a central focus of research in 
seismic engineering and heritage preservation. The following sections address the 
vulnerability of these systems under both static and dynamic conditions through 
emblematic case studies, beginning with the dome of Pavia Cathedral and the collapse 
of the adjacent Civic Tower, continuing with the Basilica of St. Francis of Assisi, and 
concluding with the effects of induced seismicity on historic churches in the Groningen 
region. 

6.1.1 Masonry churches and vaulted system 

Unreinforced masonry (URM) buildings exhibit limited tensile strength and poor energy 
dissipation, which make them intrinsically vulnerable to both static and dynamic actions 
(D’Ayala & Speranza, 2003; Lourenço et al., 2013). This vulnerability is amplified in 
ecclesiastical architecture, where large spans, slender supports, and massive roofs 
were designed with little or no awareness of horizontal actions (Magenes, 2006). 

Post-earthquake surveys, such as those following the 2009 L’Aquila and 2016 Central 
Italy earthquakes, confirmed the high damage rate in churches, with frequent façade 
collapses, overturning of gables, and vault failures (Canuti et al., 2021; Penna et al., 
2019). Predictive studies further indicate that Renaissance and Baroque churches, with 
complex vaulted systems, are significantly more vulnerable than simpler medieval 
naves (Gianfranco De Matteis et al., 2019). 

A church can be viewed as an assemblage of macro-elements—façade, nave, transept, 
apse, bell tower, and dome, interconnected by arches and vaults. These components 
ensure spatial unity but also introduce horizontal thrusts that must be restrained by tie-
rods, buttresses, or thick supporting walls. When these restraints are insufficient or 
deteriorated, local mechanisms such as façade overturning or vault collapse easily 
develop. Similar weaknesses have been documented in territorial studies: vulnerability 
mapping in Coimbra (Portugal) and Vittorio Veneto (northeastern Italy) linked 
deformable diaphragms, irregular aggregations, and poor masonry quality to higher 
seismic susceptibility (Bernardini et al., 2008; Vicente et al., 2011). 
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Within this framework, vaulted systems play a decisive structural role. Arches, cross 
vaults, and domes ensure the transfer of vertical loads by compression but rely on 
precise geometric balance and consistent boundary conditions. In real constructions, 
irregular geometry, differential settlements, and heterogeneous materials frequently 
disturb this equilibrium, promoting cracking, joint opening, and progressive deformation 
(Block, 2009; Huerta, 2001). 

Vaults thus embody both the continuity and the vulnerability of historical churches. Their 
geometry favours stability under gravity loads but makes them extremely sensitive to 
imposed displacements and dynamic excitation. Over time, creep and material decay 
can reduce curvature and increase horizontal thrusts, further compromising their safety. 
Recent research, including discontinuum approaches such as the Distinct Element 
Method, has improved the understanding of local instability mechanisms and of the role 
played by frictional contact and block separation (Furiosi et al., 2024).  

In parallel, strengthening techniques with limited architectural impact, such as thin 
extrados coatings, fibre-reinforced polymers, or compatible composite systems, have 
gained importance as viable solutions to enhance structural safety without altering the 
artistic or symbolic identity of the monuments. 

Taken together, these findings depict a structural typology where mechanical efficiency 
and cultural significance coexist in delicate equilibrium, a balance that, when altered, 
exposes churches to progressive and often unpredictable forms of vulnerability. Such 
intrinsic conditions explain why severe damage or even collapse may occur without any 
seismic excitation, as a result of accumulated material decay, geometric distortion, and 
the absence of effective restraint systems. 

A paradigmatic example of this phenomenon is offered by the Cathedral of Pavia, where 
the collapse of the adjacent Civic Tower in 1989 unexpectedly revealed the hidden 
vulnerability of the dome and its supporting structures. 

6.1.2 The case of dome of Pavia Cathedral and the 1989 Civic Tower 
collapse 

The Cathedral of Pavia proves how critical structural conditions can develop in large 
masonry vaults solely due to long-term degradation, construction heterogeneity, and 
cumulative static effects, even in the absence of seismic excitation. Built over more than 
five centuries, the Cathedral evolved through successive and discontinuous 
construction phases, marked by long interruptions, changes in designers, and the use of 
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materials with significantly different mechanical characteristics. As a result, the 
structural behaviour of the central octagon progressively diverged from any coherent or 
unified conception originally intended for the monument. 

  
(a) (b) 

Figure 6.1 Cathedral of Pavia (Italy) external view (a), internal view of the dome (b) (Calvi & 
Palenzona, 2013) 

On 17 March 1989, the Civic Tower adjacent to the Cathedral suddenly collapsed, 
causing casualties and severe damage to the northern nave (Figure 1.2). Although the 
dome was not directly impacted by the falling debris, the event triggered a 
comprehensive programme of inspections that exposed a widespread and pre-existing 
condition of structural distress involving the piers, the drum, and the dome itself. The 
piers, which carried the entire load of the dome, displayed through-cracks up to 60 mm 
wide on the western side, while the marble facing showed significant detachment and 
local failures. These deficiencies were particularly critical because the octagonal piers, 
constructed over more than a century and subsequently loaded by the nineteenth-
century drum and dome, adding approximately 20,000 tons to the structure, were never 
designed as a unified system but rather as the product of fragmented construction 
phases, variable workmanship and incompatible materials. 

The drum had been structurally weakened by the insertion of sixteen monofora 
windows, which considerably reduced its effective resisting section. Moreover, the 
nineteenth-century dome designed by Maciachini (1882–1885) was added without a 
comprehensive analytical evaluation of its effects on the existing structure. Archival 
evidence indicates that the rupture of a tension chain observed at the time already 
reflected excessive stresses induced by the gradual settlement of one of the main piers. 
Subsequent modifications further altered the global equilibrium: the demolition of two 
massive masonry walls that originally closed the north and south sides of the octagon, 
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and effectively acted as internal buttresses contributing to the lateral containment of the 
dome, introduced a further imbalance in the horizontal thrust system. 

Beyond these issues affecting the supporting elements, the dome itself exhibited a 
severe and well-developed cracking pattern, characterized by continuous subvertical 
fissures along its primary meridians. In several locations, these cracks extended through 
the full thickness of the masonry, indicating a loss of continuity of the meridional 
compression-ring mechanism and the inability of the dome to withstand the excessive 
tensile stresses generated by centuries of differential settlement, deformation 
incompatibilities among structural components, and alterations of the original static 
scheme. This progressive loss of cooperation between the concentric masonry rings 
significantly reduced the dome’s ability to redistribute meridional compressive forces, 
marking a condition of advanced structural vulnerability. 

  
(a) (b) 

Figure 6.2 Cathedral of Pavia (Italy): debris-removal operations following the collapse of 
the Civic Tower (a), and base of the Civic Tower after the clearing operations (b) (Calvi & 

Palenzona, 2013) 
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(a) (b) 

Figure 6.3 Cathedral of Pavia (Italy) cracking pattern on triangular vault adjacent to the 
central octagon (a) and on the major arch of the octagon (b) (Calvi & Palenzona, 2013) 

6.1.2.1 Monitoring, emergency measures and early diagnosis (1989-1996) 

Concerns regarding the safety of the Cathedral and the potential risk of a progressive 
collapse raised after the collapse of the Civic Tower. A commission were named by the 
Ministry of Civil Protection to investigate the causes of the failure and to assess the 
structural condition of the Cathedral. The Commission implemented a continuous, real-
time monitoring programme to detect any signs of accelerated deformation or crack 
propagation, given the extensive fissuring already present in the octagon and the dome. 

Highly sensitive instruments recorded structural deformations and crack evolution 
around the clock, transmitting data via radio to a dedicated processing centre at the 
Department of Structural Mechanics of the University of Pavia. This unprecedented 
monitoring campaign made it possible to identify the most active deformation 
mechanisms, to quantify the sensitivity of the structure to environmental and loading 
variations, and to design subsequent strengthening solutions based on quantitative 
evidence. The system ensured safe use of the Cathedral until 1996, while providing 
early-warning capability and supporting the preventive conservation strategy. 

6.1.2.2 Social perception and impact on the local community 

In 1996, the Cathedral was closed to the public due to the detachment of marble 
fragments from considerable height, an event perceived by the population as a sign of an 
impending collapse spreading anxiety among the citizens of Pavia. The closure severely 
impacted the religious and civic life of the city. As (Calvi & Palenzona, 2013) note, it 
caused “severe discomfort for the faithful, for the Chapter, and for the entire community.” 
Until 2011, liturgical functions were relocated and the community lost one of its most 
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important symbolic sites, demonstrating how this event influenced also social identity 
and community. 

6.1.2.3 Final considerations 

The collapse of the Civic Tower reveals a latent condition of structural fragility that had 
developed over centuries because of cumulative degradation, incompatible 
construction phases, and alterations of the original static scheme. 

The extensive programme of structural retrofitting that involved the octagonal piers, the 
drum, and the dome, will be discussed in Chapter 7, where strengthening measures of 
the Cathedral are examined in detail. 

6.1.3 Seismic vulnerability of masonry vaults 

The seismic assessment of masonry vaults represents one of the most critical issues in 
the preservation of historic churches. Vaults behave primarily in compression, and their 
stability is strongly dependent by geometry, boundary conditions, and construction 
details. Post-earthquake surveys have shown that vaults often activate independent 
collapse mechanisms, behaving as macro elements whose response is only partially 
influenced by the global structural system (Lagomarsino, 1998).  

Typical seismic damage includes longitudinal and transversal cracking of the vault 
surfaces, detachment from stiffening arches, and progressive hinge formation at the 
springers, which may culminate in the sudden collapse of entire bays. Such 
mechanisms were systematically codified in the methodology proposed by 
(Lagomarsino & Podestà, 2004a), where vaults of the nave, transept, apse, and 
presbytery were explicitly listed among the eighteen most recurrent collapse 
mechanisms in churches. The accompanying statistical study, based on more than 
3,000 churches damaged in the 1997 Umbria–Marche earthquake, confirmed that vaults 
rank among the most frequently and severely damaged macro elements, with a 
significant proportion of failures observed even at moderate macro seismic intensities 
(Lagomarsino & Podestà, 2004b). 

Several intrinsic weaknesses aggravate this vulnerability. Thin or lowered vault 
geometries, the presence of lunettes and large openings, and additional concentrated 
loads from the roof covering increase the probability of instability. The lack of transverse 
and longitudinal tie-rods is particularly detrimental, as their absence correlates with a 
dramatic increase in the incidence of vault failures under seismic excitation. The 
effectiveness of such devices was statistically demonstrated in the Umbria–Marche 



VAULTS SEISMIC VULNERABILITY 91 

 

 
 
 
 
 

database, where the presence of tie-rods significantly reduced the damage in both 
façade overturning mechanisms and in the transversal vibration of naves, which directly 
affects the vaults (Lagomarsino & Podestà, 2004b). 

International case studies corroborate these findings: in the 2003 Bam earthquake, for 
instance, the collapse of vaults and domes was widespread, often leaving the vertical 
walls still standing, thus underlining their role as structurally vulnerable elements under 
dynamic actions (Mahdi, 2017). he importance of vaults within the overall vulnerability 
of churches is further highlighted in (National Civil Protection Service, 2013), , which 
identifies 28 typical seismic collapse mechanisms, of which as many as seven are 
directly related to vaulted systems, including those of the nave, side aisles, transept, 
presbytery, and chapels. This disproportionate representation underlines the structural 
centrality and susceptibility of vaults, whose failure often triggers severe local collapses 
with catastrophic cultural consequences. The presence of large spans and heavy 
masses, and the lack of effective confinement make vaults and domes considered 
intrinsically vulnerable, (ICOMOS-ISCS, 2023). Pavia Cathedral is an example of 
geometric and material vulnerability, while the Basilica of San Francis of Assisi 
demonstrates the seismic vulnerability of vaulted systems, when frescoed vaulted 
collapsed during the earthquake occurred in 1997. 

Masonry vaults represent one of the most vulnerable components when an earthquake 
occurs. Their vulnerability is also affected by geometry of the structure, construction 
techniques, boundary conditions and mechanical properties of masonry itself (lack of 
tensile strength, heterogeneity). Any comprehensive seismic assessment of historic 
churches must give specific attention to the history of structure and construction 
phases, combining detailed survey data with vulnerability indicators, in order to develop 
strengthening interventions which are reversable and compatible from the architectural 
point of view and structurally efficient. 

6.1.4 The case of the Basilica of St. Francis of Assisi 

On 26 September 1997, two strong earthquakes struck central Italy, with magnitudes of 
Mw 5.7 and Mw 6.0, occurring at 02:33 a.m. and 11:40 a.m., respectively. Both events 
were located near Colfiorito, along the Umbria–Marche boundary, where two normal 
faults with opposite directivity were activated (Istituto Nazionale di Geofisica e 
Vulcanologia – INGV, 2017). The 1997 Umbria–Marche sequence represented a turning 
point for Italian seismology: it was the first seismic crisis for which high-quality ground-
based and satellite data were available, allowing for an unprecedented definition of fault 
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geometry and rupture mechanisms. Over the following months, more than 6,000 
aftershocks were recorded, including seven main events of magnitude between Mw 5.0 
and Mw 6.0, which activated a fault system extending roughly 45 km along the Apennine 
chain (Antonioli et al., 2005; Miller et al., 2004). 

  
(a) (b) 

Figure 6.4 Basilica of St. Francis of Assisi (Italy) external view (a), internal view of the 
vaults (b) 

The second shock (Mw 6.0) severely affected the town of Assisi and caused the collapse 
of two frescoed cross-vaults in the Upper Basilica of San Francesco. Two Franciscan 
friars and two technicians of the Superintendency were killed instantly while performing 
post-event inspections. The dramatic collapse, captured on video and broadcast 
worldwide, exposed both the human and cultural dimension of the disaster and soon 
became a symbol of the seismic fragility of Italy’s architectural heritage (Dipartimento 
della Protezione Civile, 2023). 

  
Figure 6.5 Basilica of St. Francis of Assisi collapse of masonry frescoed vaults 



VAULTS SEISMIC VULNERABILITY 93 

 

 
 
 
 
 

The seismic sequence left the remaining vaults in a highly compromised state, 
characterized by widespread cracking, permanent deformations, and a marked loss of 
curvature (Croci, 1998a, 1998b). Structurally, the failures occurred in two critical areas, 
near the façade and at the transept crossing, where the nave behaved as a horizontally 
restrained beam, Figure 6.6 (Croci, 2001). Under the combined effects of self-weight 
and horizontal acceleration, bending and shear stresses concentrated at the springing 
zones. Numerical analyses showed that, under accelerations close to 0.2 g, tensile 
stresses in the ribs exceeded the masonry’s limited tensile capacity, and the reduced 
curvature could no longer ensure equilibrium (Croci, 1998b). 

 

Figure 6.6 The collapsed vaults (one is hidden behind the bell tower) and the damaged 
tympanum of the Basilica of St. Francis of Assisi 

A decisive factor contributing to the collapse was the presence of a large volume of 
incoherent fill material, rubble and fragments from centuries of roof repairs, 
accumulated above the vault springers. This material not only increased vertical loads 
but also behaved unfavorably during seismic shaking, amplifying deformations and 
promoting the formation of hinges and rib failures (Croci, 1998a). Emergency 
stabilization was carried out immediately after the event. The operations included the 
removal of the fill, injection of salt-free mortars into cracks, application of synthetic-fibre 
bands on the extrados, and suspension of the vaults from the roof structure using steel 
tie-bars equipped with springs to maintain constant tension and avoid over-stressing the 
frescoes. Later, light Kevlar composite ribs were added to the extrados to enhance 
stiffness while preserving reversibility and compatibility with the historic materials. 
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Subsequent analyses placed the collapse within the broader structural evolution of the 
Basilica.  

The interventions on roof in 1958, during which the original timber elements were 
replaced with reinforced concrete purlins, and ring beams and rigid slabs were added, 
altered the dynamic behaviour of the structure increasing both stiffness and mass, 
shortening the fundamental period by more than 60 % and amplifying seismic demand 
on the façade and transept, precisely where the collapses occurred (Arcidiacono et al., 
2016). The intrinsic Gothic vaults vulnerability and the incompatible retrofitting 
measures resulted in a dramatic failure in 1997. 

 

Figure 6.7 Cracks and deformations in the vaults with relative displacements till 30 cm 
(Croci, 2000) 

After this significant seismic event, the Dipartimento della Protezione Civile established 
a special commissioner for cultural assets and introduced new operational protocols for 
post-earthquake heritage management. The subsequent restoration involved the 
recovery of approximately 300,000 fragments of frescoed plaster, requiring eight years, 
160,000 working hours, and an investment of about € 6.5 million. Completed in April 
2006, the restoration became a benchmark for the integration of structural safety and 
artistic conservation (FireRiskHeritage Project, 2010; OFMConv – Order of Friars Minor 
Conventual, 2022). 

The 1997 Assisi earthquake highlighted how vulnerability of masonry vaults is governed 
by geometric irregularities, cumulative cracking, added mass, and inappropriate 
strengthening choices. It also demonstrates the need of reversible, lightweight, and 
compatible interventions to respect both the structural integrity and the artistic value. 



VAULTS SEISMIC VULNERABILITY 95 

 

 
 
 
 
 

6.2 INDUCED SEISMICITY AND MASONRY VAULTS: THE GRONINGEN CASE 
The region of Groningen, in the northern Netherlands, is not considered as a seismic 
prone area; in spite of that, the effects of induced seismicity on unreinforced masonry 
churches are of comparable significance. For centuries constructions were not designed 
accounting for seismic action. Architectural and structural traditions therefore evolved 
with no awareness of horizontal forces or ductile detailing requirements, resulting in 
buildings designed solely for vertical loads. 

Seismicity in the Netherlands arose from gas extraction from the Groningen field in the 
early 1960s. Since then, more than 1,400 earthquakes have been recorded, most of 
them characterized by magnitudes below Mw 3.6 and low focal depths of about 3-5 km 
(Muntendam-Bos et al., 2022). Despite their limited magnitudes, these shallow events 
have produced strong surface accelerations, often exceeding 0.1-0.2 g. The result has 
been unexpectedly severe damage to historic unreinforced masonry buildings. These 
structures are often composed by slender walls, cavity walls with insufficient number of 
connectors, thin vaulted ceilings, without any tie-rods or ring beams which could have 
absorb vaults thrust. Recurrent low-intensity shaking caused cracks along the vault 
haunches and lunettes, detachment between ribs and supporting arches, and the 
gradual flattening of vaults geometry, damaging walls and promoting progressive 
instability (Van Elk et al., 2017). 

After the Huizinge earthquake of 16th August 2012 (ML 3.6), extensive field surveys and 
tests investigations confirmed the vulnerability to cumulative low-amplitude shaking. 
Shake-table tests and numerical analyses on representative Groningen buildings 
showed that even peak ground accelerations of 0.1-0.2 g, when repeated over time, can 
cause stiffness degradation, permanent deformation, and local collapse of vault 
elements (Van Elk et al., 2017). 

From a seismological perspective, gas withdrawal causes reservoir compaction and 
redistribution of stresses, progressively reactivating faults within the overburden. 
Statistical–geomechanical models developed by (Bourne & Oates, 2017) established an 
exponential correlation between cumulative reservoir strain and seismic activity rate, 
consistent with the progressive failure of a heterogeneous fault network. These models 
underpin the Probabilistic Seismic Hazard and Risk Assessments (PSHRA) conducted 
under the NAM research programme, which quantified expected peak ground 
accelerations up to 0.2 g for exceedance probabilities of 0.2 % per year (Van Elk et al., 
2017). 
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Complementary work by (Bommer et al., 2016) developed a ground-motion prediction 
model tailored to Groningen, based on over eighty local accelerometric recordings. The 
study showed that the combination of very soft soils (Vs₃₀≈180-210 m/s) and shallow 
focal depths produces both high spectral amplifications and long shaking durations. 
These site effects notably increase the dynamic demand on non-ductile masonry 
systems such as vaults, where low-frequency resonance may amplify out-of-plane 
displacements and contribute to local collapse mechanisms. 

To address these risks, the Nederlandse Aardolie Maatschappij (NAM) and the Dutch 
government established extensive research and mitigation programme, including the 
Earthquake Damage Centre (EDC) and the Knowledge Platform for Structural Safety 
(KPST) (Van Elk et al., 2017). These initiatives integrate continuous structural monitoring, 
digital surveying, and experimental testing on representative vault typologies to calibrate 
numerical models and refine fragility assessments. 

The need for an interdisciplinary approach in risk management is clear and needs a 
combination of engineering, conservation, and social acceptance. The restoration of 
historic churches in Groningen has triggered broad discussions among engineers, 
heritage authorities, and local communities on how to reconcile safety requirements 
with cultural identity, an issue that mirrors the debates long familiar in seismic regions 
such as central Italy. 

6.3 CONCLUSIONS 
Vulnerability of vaulted system arises from the same intrinsic characteristics: 
compressive behaviour, geometric sensitivity, and the absence of tensile resistance. All 
the case studies analysed, Pavia, Assisi and Groningen, show that masonry vaults are 
susceptible to both static degradation and dynamic excitation, whether natural or 
induced. Their preservation requires a holistic approach, which should integrate material 
knowledge, continuous monitoring, and preventive conservation, while respecting their 
artistic and symbolic significance. Any intervention must therefore pursue compatibility, 
reversibility, and minimal visual impact, ensuring that mechanical efficiency is enhanced 
without compromising authenticity or aesthetic value. 

These principles furnish the foundation for the contemporary approach to strengthening 
historical vaults, which will be examined in detail in Chapter 7, where advanced 
retrofitting techniques and performance assessment methods are presented as part of 
a broader strategy aimed at safeguarding the architectural and cultural identity of 
Europe’s masonry heritage.  
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7 MASONRY VAULTS: RETROFITTING SOLUTIONS 

Masonry vaults represent some of the most emblematic and structurally vulnerable 
components of historic buildings. Their preservation requires strengthening strategies 
that reconcile mechanical effectiveness with material compatibility, reversibility, and 
architectural integrity. Building upon the vulnerability assessment developed in the 
previous chapter, this chapter examines the evolution, application, and experimental 
validation of retrofitting solutions for masonry vaults, with the overarching aim of aligning 
structural safety with conservation principles. 

Section 7.1 provides an in-depth examination of strengthening approaches developed 
from the Middle Ages to contemporary conservation engineering. Traditional measures, 
such as iron tie rods, reinforced concrete overlays or ring beams, and steel frames, are 
discussed in terms of their structural role, mechanical performance, conservation 
compatibility, and limitations. Particular emphasis is placed on how these techniques 
interact with the funicular behaviour of masonry and with the boundary conditions that 
control thrust distribution. This historical overview sets the stage for the introduction of 
composite materials (FRP, FRCM/TRM, SRG), whose development marks a paradigm 
shift from strengthening by stiffness and added mass toward strengthening by 
compatibility and distributed tensile capacity. The section concludes with an 
assessment of numerical modelling strategies used to simulate the behaviour of both 
unreinforced and strengthened vaults, highlighting the central role of interface modelling 
and experimentally validated approaches. 

Section 7.2 applies this theoretical framework to two monumental structures that 
exemplify distinct strengthening philosophies. The Cathedral of Pavia illustrates a 
preventive, long-term consolidation strategy addressing cumulative damage, material 
degradation, and evolving boundary conditions in a non-seismic context. In contrast, the 
Basilica of St. Francis of Assisi represents a corrective, post-seismic intervention 
following the 1997 Umbria–Marche earthquake. Here, the integration of advanced 
composite ribs, prestressed steel belts, and smart devices demonstrates how structural 
safety, artistic preservation, and reversibility can be pursued simultaneously. Together, 
these two case studies offer complementary perspectives on how modern 
strengthening principles are adapted to different structural conditions, levels of urgency, 
and conservation constraints, with particular attention to the rehabilitation of boundary 
conditions and the preservation of thrust-based load transfer. 
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Section 7.3 introduces the numerical validation of TRM/FRCM strengthening measures 
at the component scale. This section consolidates the experimental and numerical 
evidence obtained from reinforced masonry walls and arches, providing a physically 
grounded calibration of material properties, interface behaviour, and modelling 
assumptions. These intermediate validations demonstrate the capability of the Applied 
Element Method to reproduce bond-dependent mechanisms and to capture the 
transition from local interaction between textile and substrate to global structural 
response. As such, they establish the methodological basis for extending the modelling 
framework to full-scale vaulted systems. 

Section 7.4 shifts the focus from in-situ applications to controlled experimental 
validation. It examines the seismic behaviour of a full-scale masonry cross vault 
strengthened with a TRM system and tested at the Laboratório Nacional de Engenharia 
Civil (LNEC) within the SERA project. After a brief recall of the unreinforced 
configuration, modelled and validated in Chapter 4, the analysis concentrates on the 
retrofitted specimen. The section presents the modelling assumptions, dynamic 
response, crack evolution, and comparison with experimental data, demonstrating the 
capacity of the Applied Element Method (AEM) to reproduce the enhanced performance 
induced by the strengthening system. A final comparative discussion situates AEM 
within the broader landscape of FEM and DEM formulations that have simulated the 
same benchmark experiment, emphasising the trade-offs between physical fidelity, 
computational efficiency, and the representation of cracking and interface behaviour. 

Overall, the chapter provides a comprehensive exploration of strengthening solutions for 
masonry vaults, bridging historical practice, real-world interventions, and advanced 
numerical–experimental validation. This multi-scale perspective establishes the 
methodological foundation for assessing the seismic performance of retrofitted vaulted 
systems and for guiding future conservation-oriented engineering applications. 

7.1 LITERATURE REVIEW 

7.1.1 Traditional strengthening methods before composite materials 

Before the widespread use of advanced composite systems such as FRP and FRCM, the 
strengthening of masonry vaults relied on a limited set of conventional solutions 
developed through empirical knowledge and practical experience. These interventions, 
tie rods and chains, reinforced concrete overlays or ring beams, and steel frames or 
trusses represent important stages in the historical evolution of consolidation practice. 
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They also reflect different conceptual models of masonry behaviour, ranging from 
passive thrust containment to enforced monolithic action. However, their effectiveness 
has often been compromised by issues of compatibility, reversibility, and long-term 
durability, as well as by their tendency to disrupt the funicular, compression-dominated 
behaviour of masonry. These limitations progressively motivated a shift toward lighter, 
more deformable, and mechanically compatible materials. 

7.1.1.1 Iron tie rods and chains 

Among the earliest and most widespread strengthening measures, iron tie rods were 
employed to counteract the horizontal thrusts produced by arches and vaults, as 
illustrates in Figure 4.2. Acting as tensile elements, they close the structural ring, 
maintaining the line of thrust within the masonry thickness and thus preventing the 
formation of plastic hinges at the supports (Heyman, 1995; Huerta, 2001).  

7.1.1.1.1 Structural role and historical development 
Tie rods operate as passive tensile members that close the structural ring of arches and 
vaults, counteracting horizontal thrusts that would otherwise induce rotation at the 
supports or the opening of hinges. The practice dates back to the late Middle Ages and 
became particularly widespread in the Renaissance and Baroque periods, especially in 
large-span churches where the lateral containment offered by walls was insufficient. 

In their simplest form, tie rods are forged iron bars anchored at both springing points and 
occasionally connected through visible plates or decorative devices. Chains, often 
embedded within the masonry or located at attic level, provide a similar function on a 
larger scale, tying together multiple arches or an entire bay system. 

  

(a) (b) 

Figure 7.1 Example of ties at the intrados of the vaults (a) and an anchorage detail (b) 
(Santa Monica, Cremona – Italy, project by Studio Calvi) 
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(Heyman, 1995) demonstrated that the introduction of tie rods allows an arch to achieve 
static equilibrium with reduced horizontal thrusts, keeping the internal forces fully 
compressive. This “closed arch” configuration is the geometric and mechanical 
foundation for the stability of many historical vaults. 

7.1.1.1.2 Mechanical behaviour and performance 
From a structural standpoint, tie rods act in tension while the masonry remains in 
compression. When properly tensioned, they compensate for the lack of tensile strength 
of the masonry and limit horizontal displacements at the imposts. Their function is 
purely kinematic containment, without significantly altering the internal stress 
distribution of the vault. However, their performance depends on several factors: 

• Anchorage conditions, which must ensure effective transfer of tensile forces 
without damaging the surrounding masonry; 

• Material properties and corrosion: loss of cross-section over time reduces 
tensile capacity; 

• Prestress and monitoring: loss of tension due to thermal or long-term effects 
can compromise their efficiency. 

(Croci, 1998b) emphasized that tie rods should always be installed in correspondence 
with the line of thrust to minimize secondary bending. When positioned too high or too 
low, they may induce eccentric loads and cause local cracking.  

From a seismic perspective, however, their contribution is inherently directional and 
limited. Tie rods primarily restrain horizontal spreading along their axis and do not, by 
themselves, provide significant energy dissipation or control of out-of-plane 
mechanisms. Their effectiveness therefore depends not only on correct positioning with 
respect to the thrust line but also on the overall three-dimensional behaviour of the vault 
system and its supports. In buildings with complex geometries or irregular boundary 
conditions, tie rods may stabilise selected thrust directions while leaving other potential 
mechanisms essentially unrestrained. 

7.1.1.1.3 Variant and construction practice 
Historically, several configurations were developed to adapt to different architectural 
needs: 

• Single tie rods aligned with the impost level, directly connecting the springing 
points of arches; 
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• Continuous chains linking successive arches along a nave, forming a horizontal 
restraining network; 

• Braced systems where rods were combined with wooden or steel elements to 
counter both thrust and torsion; 

• Hidden ties embedded within attics or masonry, used where visible elements 
were unacceptable for aesthetic reasons. 

These systems were often combined with masonry reinforcements or metallic anchors 
to improve the overall box behaviour of the structure. 

7.1.1.1.4 Seismic and conservation aspects 
Under seismic actions, tie rods can limit the opening of cracks and control relative 
displacements between structural parts, but they are not designed for energy dissipation 
or to counter out-of-plane mechanisms. (D’Ayala & Speranza, 2003) showed that while 
tie rods can delay collapse by restraining lateral thrusts, their contribution to seismic 
safety remains marginal unless integrated with global strengthening strategies. 

Tie rods represent a compatible and reversible reinforcement solution. Their installation 
typically requires minimal alteration to the historic structure, and they can be removed 
or re-tensioned without irreversible interventions. Nonetheless, an improper installation 
or an excessive tension may cause localized crushing at anchorage points; furthermore, 
their visible aesthetic intrusion, particularly in decorated interiors, is not always 
accepted. 

Nowadays, the use of stainless steel or composite tie system is recommended, 
combining traditional mechanical principles with improved durability. 

7.1.1.1.5 Considerations 
Iron tie rods and chains represent a flexible solution which closely follows the structural 
logic of masonry: equilibrium through compression and confinement rather than 
stiffness. Their advantages include simplicity, reversibility, and mechanical 
compatibility, making them a reference model for later tensile-based reinforcements 
such as FRP or FRCM strips. 

However, their effectiveness is limited to a single thrust direction, makes them 
inadequate in complex vault geometries or under dynamic excitation, where multi-axial 
restraint and ductile behaviour are needed. As a result, while they remain an essential 
component of heritage strengthening strategies, they are now complemented or 
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replaced by more versatile composite systems capable of providing continuous and 
distributed tensile reinforcement. 

It is worth it to underline that loss of tension due to creep, relaxation, thermal cycles, or 
construction inaccuracies can significantly reduce their effectiveness over time. In many 
heritage structures, the absence of systematic monitoring makes it difficult to quantify 
their actual contribution to safety. 

7.1.1.2 Reinforced concrete overlays and ring beams 

During the 20th century, reinforced concrete (RC) started to be employed for the 
strengthening of masonry vaults and domes, particularly in Italy following the major 
earthquakes of Friuli (1976), Irpinia (1980), and Umbria-Marche (1997). The main 
retrofitting idea was that by increasing stiffness and guaranteeing a monolithic 
behaviour, the structure would be able to sustain higher loads and limit deformations. In 
practice, this philosophy often led to a radical modification of the original structural 
behaviour of masonry vaults. 

Within the RC strengthening measures, the RC overlays and RC ring beams were the 
most widespread. 

7.1.1.2.1 Reinforced concrete overlays (rigid crowns) 
In many post-war restorations, RC overlays, thin slabs or shells, were cast directly on 
the extrados of vaults or domes. The aim was to stiffen the structure, improving its 
flexural resistance and preventing deformation at the haunches. 

Such overlays typically consisted of a 4-8 cm thick RC layer, often with light steel 
reinforcement, bonded to the masonry surface and connected through metallic dowels. 

  
(a) (b) 

Figure 7.2 Example of RC overlay: reinforcement grid (a) and concrete pouring (b) (San 
Tommaso, University of Pavia, Pavia – Italy, supervision of works by Studio Calvi) 
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Mechanically, these interventions transformed the vault from a compressive structure 
governed by thrust-line equilibrium into a composite plate subjected to bending 
moments. Although they provided a short-term increase in load-bearing capacity, 
several studies and post-seismic assessments (Doglioni et al., 1994) revealed that: 

• The added mass increased the seismic demand; 
• The rigid diaphragm disrupted the natural thrust distribution; 
• Incompatibility in stiffness, moisture absorption, and thermal expansion caused 

cracking and detachment. 
This type of interventions is now considered rigid, irreversible, and mechanically 
incompatible with both the behaviour of masonry and the conservation principles of 
reversibility, compatibility, and minimal intervention, now codified in modern guidelines 
(Lagomarsino & Podestà, 2004a, 2004b). 

7.1.1.2.2 Reinforced concrete ring beams 
A second and equally widespread practice involved the insertion of reinforced concrete 
ring beams, linear RC elements placed at the top of masonry walls or at the springing of 
vaults. These RC beams were intended to act as continuous ties, counteracting the 
horizontal thrust of vaults and improving the box behaviour of the building (Giuffrè, 
1993). Structurally, the RC ring beam behaves as a rigid tensile-flexural member that 
confines the walls and redistributes local thrusts. It serves three main functions: 

• Containment of thrusts: acting as a rigid chain that closes the vault’s springing 
line; 

• Horizontal connection: linking parallel walls and tying the structure transversely; 
• Load distribution: providing a uniform support for roofs or floors above the 

vaults. 
Although conceptually similar to iron tie rods, ring beams differ profoundly in behaviour. 
Their high stiffness alters the deformation pattern of the vault and can generate stress 
concentrations or out-of-plane bending in the supporting walls. 

Several post-earthquake investigations (Doglioni et al., 1994) have shown that massive 
or poorly connected RC ring beams often caused cracking and separation between the 
concrete and the masonry substrate. In seismic events, they sometimes amplified the 
overturning of walls rather than preventing it. 

From a conservation standpoint, ring beams suffer from the same drawbacks as 
overlays: excessive rigidity, chemical and thermal incompatibility, and irreversibility. 
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Their use is now discouraged in heritage structures, where lighter and more compatible 
solutions, such as steel, FRP, or FRCM ring systems, can achieve the same confining 
effect without altering the original mechanical behaviour. 

7.1.1.2.3 Considerations 
Both types of RC intervention, overlays and ring beams, belong to the category of rigid 
strengthening systems. They pursue safety through stiffness and additional mass rather 
than compatibility and ductility. While they can be effective for short-term static 
strengthening, they are fundamentally inconsistent with the funicular and deformable 
nature of masonry vaults, which rely on compressive equilibrium and controlled 
deformation rather than flexural strength and forced monolithic action. In dynamic 
conditions, the increase in mass amplifies seismic demand, and the stiffness contrast 
with the underlying masonry gives rise to stress concentrations and interface damage. 

For these reasons modern restoration approaches deem RC solutions suitable only for 
temporary stabilisation or for exceptional cases where no alternative can ensure safety. 
Its historical use marked anyway an important point in the evolution of strengthening 
techniques, because it created the base for more compatible materials, such as fibre-
reinforced composites, which aim to supply tensile capacity without neglecting the 
geometric and compressive logic of masonry. 

7.1.1.3 Steel frames 

In parallel with the diffusion of reinforced concrete, the mid-twentieth century also 
witnessed extensive use of steel frameworks as a means to support, stabilize, or replace 
damaged masonry vaults and domes. Steel was considered a rational and 
technologically advanced material, lightweight, strong in tension, and easy to assemble, 
and therefore appeared well suited for the consolidation of historic structures that 
exhibited extensive cracking or partial collapse. 

Early examples include the insertion of steel ribs at the intrados following the geometry 
of the vault, or trusses anchored to the surrounding walls at the extrados, designed to 
share or entirely carry the loads previously resisted by the masonry (Croci, 1998b; 
Giuffrè, 1993). In some cases, these frameworks were conceived as reversible external 
skeletons, while in others they were integrated into the masonry mass, effectively 
creating hybrid composite systems. 
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7.1.1.3.1 Structural function and configurations 
The primary objective of steel interventions was to restore load paths and restrain 
thrusts where the masonry had lost its integrity. Three categories can be identified: 

• Steel ribs or arches, placed at the intrados of the vault, acting as a secondary 
supporting structure, intended to relieve the masonry from tension. 

• Trusses or frames, positioned above the vault, at the extrados, connecting the 
springing points and often coupled with tie rods, these systems confined 
spreading and provided a pseudo-thrust-resistant mechanism. 

• Perimetral steel frames, installed at the impost or along the façade walls, aiming 
to restore the box-like behaviour of the building by tying together the vertical and 
curved elements. 

 

Figure 7.3 Example of perimetral steel frame (Santa Monica, Cremona – Italy, project by 
Studio Calvi) 

7.1.1.3.2 Performance and long-term issues 
Despite their apparent effectiveness, many applications revealed serious limitations in 
the long term. The difference in stiffness between steel, which is ductile, and masonry, 
which is brittle, often induced uneven stress distributions and local cracks, particularly 
where rigid steel members were rigidly connected to uneven masonry substrates. 
(Croci, 1998b). 

The corrosion of steel elements became a recurrent problem, in particular when 
moisture was present in the vault or dome. Where the steel frame carried a significant 
portion of the load, the masonry often experienced progressive detachment and loss of 
function, turning the vault into a passive shell. From the seismic perspective, partial or 
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non-symmetric connections sometimes introduced torsional effects and secondary 
mechanisms, rather than improving global stability. The resulting systems often lacked 
the flexibility required under dynamic loading, leading to brittle damage of the 
surrounding masonry. 

7.1.1.3.3 Conservation and compatibility issues 
Steel frame strengthening measures raised several concerns: on one hand their visual 
impact may not be accepted, especially where decorated and frescoed interiors are 
present; on the other hand, their mechanical properties are not fully compliant with the 
criteria of reversibility and material coherence (Croci, 1998b; Giuffrè, 1993). When 
dealing with steel elements maintenance is always an important issue: once integrated 
within the structure, steel frames may be difficult to inspect and maintain, often leading 
to hidden corrosion and progressive loss of performance. 

Nevertheless, steel frames can provide valuable temporary shoring and emergency 
stabilization, offering non-invasive support during restoration works. In such cases, the 
metallic system acts as a temporary carrier, aligning more closely with conservation 
principles. 

7.1.1.3.4 Conclusions 
Steel frames and metallic trusses represent a transitional phase between traditional and 
modern strengthening techniques: an attempt to combine the tensile capacity of iron tie 
rods with the global stiffening effect of reinforced concrete, yet without the excessive 
weight of the latter. In practice, however, their long-term compatibility and aesthetic 
impact have limited their acceptance in conservation engineering. 

These systems can be classified as semi-rigid strengthening measures, offering high 
tensile capacity but insufficient adaptability to the deformable behaviour of masonry 
vaults. 

7.1.1.4 Critical assessment and lessons learned 

The analysis of traditional strengthening techniques, tie rods, reinforced concrete 
overlays and ring beams, and steel frameworks, highlights a progressive evolution in the 
understanding of masonry behaviour, from empirical restraint toward engineered 
reinforcement. 

Each method reflects the prevailing technological context and the conceptual model of 
the time: from the passive containment of iron elements to the rigid monolithic 
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behaviour introduced by concrete, and finally to the mechanical hybridization with steel 
frameworks. Traditional reinforcements therefore cover a spectrum from flexibility and 
reversibility to rigidity and intrusion. While iron tie rods embody the structural logic of 
masonry, strength through geometry and compression, reinforced concrete overlays and 
ring beams often disrupted this logic, replacing the thrust-based equilibrium with an 
artificial bending system. Steel frames represented a compromise, offering tensile 
capacity without the mass of concrete, yet introducing material incompatibilities and 
visual intrusion. 

In historic vaults, strengthening is often less about reinforcing the curved surface than 
about restoring the boundary conditions that enable membrane action. The structural 
performance of arches, domes, and cross vaults is governed primarily by the ability of 
the supports, connections, and adjacent walls to constrain horizontal spreading and to 
preserve the geometry necessary for thrust-line equilibrium. For this reason, when 
dealing with vaults retrofit, the whole structure and how different elements interact with 
each other must be evaluated Traditional strengthening systems frequently 
underestimated this aspect, focusing on increasing local capacity rather than recovering 
global equilibrium. Modern conservation engineering recognises instead that the 
stability of a vault derives not only from the qualities of its curved geometry but from the 
integrity of the entire structural chain that contains and directs its thrusts. 

7.1.1.4.1 Evolution of the design philosophy 
The shift from empirical practice to analytical design during the twentieth century 
brought advances in safety but also new challenges. Early interventions sought to 
suppress deformation through rigid connections; later, attention moved toward 
controlling deformation while preserving the intrinsic compressive behaviour of 
masonry. This conceptual change parallels the growing awareness within conservation 
engineering that: 

• An increase of the stiffness does not necessarily mean higher safety, especially 
under seismic loading conditions, where ductility and energy dissipation are 
critical. 

• Compatibility and reversibility should be considered as fundamental design 
requirements. 

• The structural autonomy of masonry, its capacity to carry loads through 
geometry, should be maintained rather than overridden by foreign materials. 



108 Martina Cogliano 

 

 
 
 
 
 

7.1.1.4.2 Toward a new generation of reinforcements 
The limitations of traditional techniques prompted the development of composite 
materials capable of reproducing the effects of tensile restraint while avoiding mass, 
rigidity, and incompatibility. Fibre-reinforced polymers (FRP), fabric-reinforced 
cementitious matrices (FRCM), and steel-reinforced grouts (SRG) emerged from this 
search for a middle ground: materials that can interact mechanically with masonry, 
remaining light, breathable, and reversible. 

7.1.1.4.3 Concluding remarks 
Traditional strengthening measures provided empirical solutions that ensured the 
survival of countless vaulted structures, and they remain invaluable for understanding 
the mechanics of heritage architecture. Their mechanical and material limitations, 
mainly excessive rigidity, added mass, and poor compatibility, have driven the search for 
innovative materials that align more closely with conservation principles. 

The next section will therefore focus on composite strengthening techniques (FRP, 
FRCM, and SRG), which represent the contemporary stage of this evolution. These 
systems embody the same fundamental goal as tie rods, tensile reinforcement for thrust 
control, but achieve it through materials and methods fully compatible with the 
preservation of historic masonry. 

7.1.2 Composite strengthening techniques 

Fibre-reinforced composite materials marked a shift in the philosophy of strengthening 
historic masonry structures. Rather than imposing rigidity and mass, modern 
composites aim to supplement the deficient tensile capacity of masonry while 
preserving its compressive, thrust-based behaviour. These systems can be grouped as: 
Fibre-Reinforced Polymers (FRP), Fabric/Fibre-Reinforced Cementitious Matrix (FRCM 
or TRM), and Steel-Reinforced Grout (SRG). The main goal of these new retrofit 
measures is to provide a lightweight, distributed, and mechanically compatible 
reinforcement for arches, vaults, and walls, with minimal impact on architectural and 
physical integrity. 

7.1.2.1 Fibre-Reinforced Polymers (FRP) 

FRP systems were introduced in the late 1990s and consist of carbon, glass, aramid, or 
basalt fibres embedded in an epoxy resin matrix and externally bonded to the masonry 
substrate. Different studies (Anania et al., 2017; Basilio Sanchez, 2007; Valluzzi et al., 
2013) demonstrated their ability to delay hinge formation and increase load-bearing 
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capacity, particularly when applied along the intrados or extrados of arches. Analytical 
and experimental research confirmed that FRPs can significantly enhance tensile 
strength and ductility, transforming the collapse mechanism from a four-hinge failure to 
a mixed flexural-debonding mode. 

  
(a) (b) 

  
(c) (d) 

Figure 7.4 FRP application: preparation of the surface (a), application of mortar and net (b), 
connection with wraps (c), second layer of mortar (d), (Pavia Cathedral, Pavia – Italy, 

project by Studio Calvi) 

However, the epoxy matrix presented serious drawbacks for cultural-heritage 
applications: 

• lack of vapor permeability; 
• incompatibility with humid or salt-contaminated substrates; 
• limited reversibility and thermal resistance; 
• risk of debonding under temperature or moisture variations (Carozzi & Poggi, 

2015). 
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For these reasons, despite their mechanical efficiency, FRPs are now used mainly in 
non-decorated or non-heritage masonry. 

7.1.2.2 Fibre-Reinforced Cementitious Matrix (FRCM/TRM) 

The limitations observed in FRP systems, mainly related to the use of epoxy resins, led 
to the development of a second generation of composite materials known as Fabric- or 
Fibre-Reinforced Cementitious Matrix (FRCM or TRM) systems. In these solutions, the 
synthetic resin is replaced by a cement- or lime-based mortar, in which an open-mesh 
textile, typically made of carbon, basalt, glass, PBO, or steel fibres, is embedded. 

This configuration produces a fully inorganic composite that is far more compatible with 
historic masonry, not only from a mechanical but also from a physical and chemical 
standpoint (Bellini et al., 2022; Cucuzza et al., 2022; Garmendia et al., 2015). 

From a mechanical perspective, FRCM systems enhance the tensile strength of the vault 
while preserving its intrinsic deformability and funicular behaviour. Numerous 
experimental campaigns on arches and small-scale vaults (De Santis et al., 2019; 
Garmendia et al., 2015; Zampieri et al., 2018) have consistently demonstrated that the 
application of these reinforcements leads to a clear improvement in strength and 
ductility, with higher ultimate loads, delayed hinge formation, and a more progressive 
damage evolution compared to unreinforced specimens. 

The typical collapse mechanism is no longer brittle, as in unreinforced masonry, but 
governed by controlled debonding or slippage at the interface between the textile and 
the mortar matrix. 

  
(a) (b) 
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(c) (d) 

  
(e) (f) 

Figure 7.5 FRCM application: preparation of the surface (a), disposition of basalt fibres (b), 
first mortar layer (c), perimetral connection with helicoidal bars (d), basalt connetors (e) 

and final configuration (f) (Santa Monica, Cremona – Italy, project by Studio Calvi) 

Tests on full-scale cross vaults and inter-storey vaults with backfill (De Santis et al., 
2019) have also confirmed that FRCM layers, applied either at the intrados or extrados, 
contribute to both increase capacity and larger deflection at failure. The extrados 
configuration is generally preferred for architectural and conservation reasons, as it 
avoids direct contact with decorated surfaces while still providing effective 
confinement.  

The bond behaviour of FRCM differs significantly from that of FRPs. The interaction 
between textile, matrix, and masonry substrate typically follows a nonlinear tri-linear 
stress–slip relationship, characterised by an initial elastic phase, a progressive cracking 
stage, and a final frictional regime governed by fibre pull-out (Focacci et al., 2017; 
Zampieri et al., 2018). This behaviour gives rise to a pseudo-ductile response, allowing 
the structure to dissipate energy without sudden loss of strength, and has motivated the 
formulation of dedicated cohesive-zone and interface models in numerical analyses 
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(Scacco et al., 2020). This bond–slip behaviour is strongly substrate-dependent: surface 
roughness, masonry quality, and curing conditions can significantly affect the effective 
stiffness, strength, and dissipative capacity of the system. As a consequence, FRCM 
performance cannot be regarded as an intrinsic material property but must be 
interpreted as a coupled response of textile, mortar, and substrate. This aspect has 
direct implications for both design and modelling, since interface parameters often 
govern the global effectiveness of the intervention as much as the nominal tensile 
capacity of the textile. 

Beyond their mechanical efficiency, FRCM systems offer a series of practical 
advantages that make them particularly suitable for heritage applications: they are 
breathable, chemically compatible, and, to some extent, reversible, allowing future 
interventions or removals. Few limitations should be mentioned, such as the variability 
of bond performance depending on substrate roughness and curing conditions, and the 
uncertainties regarding long-term durability and environmental resistance (Cucuzza et 
al., 2022). 

7.1.2.3 Steel-Reinforced Grout (SRG) 

A further development is the use of unidirectional steel cords or strips embedded in 
inorganic grout, known as SRG systems. These materials combine the ductility of steel 
with the compatibility of mineral matrices, offering a hybrid solution for retrofitting vaults 
and arches. 

Research by (Carozzi & Poggi, 2015; De Santis et al., 2019) demonstrated that SRGs 
provide higher ultimate capacity and improved bond performance compared to carbon 
or basalt FRCMs, although with increased weight and potential corrosion risk. Their 
behaviour under cyclic loading is particularly favourable, showing stable hysteretic 
response and limited degradation of bond stiffness. SRGs are especially suited for 
hidden or extradosal applications, where visual impact is not a concern but high tensile 
strength and fatigue resistance are required. 

Despite these advantages, SRG systems also present potential drawbacks, including 
their greater weight compared with organic-matrix composites and the need to ensure 
long-term protection of the steel cords against corrosion. Their use is therefore most 
appropriate in hidden or extradosal applications, where visual impact is not a concern 
and where environmental conditions can be controlled or adequately mitigated. 
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7.1.2.4 Failure modes and design implications 

Across all composite systems, the main failure modes include: 

• debonding at the matrix–masonry interface; 
• fibre slippage within the mortar; 
• textile rupture or mortar cracking in the tensile zone; 
• shear sliding near the supports under combined loading. 

These mechanisms are a combination of shear, deboning, and tensile failure, which are 
governed by the quality of the bond and the orientation of fibre (Valluzzi et al., 2013; 
Zampieri et al., 2018). During the design process, particular attention should be put on 
anchorage length, matrix composition, and textile configuration in order to ensure a 
controlled and ductile response. 

7.1.3 Numerical modelling approaches 

Advanced numerical studies have increasingly focused on reproducing the mechanical 
response of both unreinforced and TRM-strengthened masonry vaults through meso- 
and macro-scale modelling techniques. 

Continuum-based formulations and discrete-element approaches have been used to 
capture the nonlinear behaviour of masonry, including distributed cracking, joint 
opening, and interfacial slip, while maintaining computational efficiency and 
compatibility with large-scale geometries such as cross vaults and domes (Basilio 
Sanchez, 2007; Scacco et al., 2020). 

In recent years, particular attention has been devoted to reproducing the shaking-table 
tests carried out at the Laboratório Nacional de Engenharia Civil (LNEC) on full-scale 
masonry cross vaults, both unreinforced and strengthened with TRM systems, 
(Bianchini et al., 2023, 2024). Among these, (Oktiovan et al., 2023) applied a distinct 
element micro-modelling approach to simulate the LNEC vault under dynamic loading, 
accurately reproducing the hinge formation and the stabilising contribution of the TRM 
reinforcement. Similarly, (Ferrante et al., 2024) conducted a comparative analysis 
between continuous and discrete strategies, confirming that both FEM and DEM 
frameworks can capture the beneficial effect of TRM overlays in limiting damage 
propagation and enhancing energy dissipation. Finally, (Kesavan et al., 2024) performed 
a detailed finite element micro-modelling of the same LNEC specimens within the SERA 
blind-prediction campaign, further validating the numerical representation of the TRM 
retrofitted configuration. 
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Together, these studies provide a comprehensive numerical benchmark for the dynamic 
assessment of TRM-strengthened vaults, demonstrating the ability of advanced models 
to capture the essential features observed experimentally, namely, the delay in hinge 
formation, reduction in residual displacements, and preservation of the masonry-like 
behaviour even after reinforcement. These findings form the basis for the dedicated 
discussion presented later in section7.4. 

7.1.4 Heritage applications and conservations compatibility 

The application of these solutions in several historic churches, including the Basilica of 
St. Francis of Assisi and the Cathedral of Pavia, highlighted that composite system are 
able to achieve the structural safety, while preserving their artistic value. Post-
earthquake studies  

7.1.5 Considerations 

Composite materials represent a turning point in the strengthening of masonry vaults. 
They provide a direct continuation of the tensile-restraint philosophy introduced by iron 
tie rods but with a distributed, adaptive form of reinforcement. Their main achievements 
include: 

• lightweight, non-invasive application; 
• compatibility with masonry substrates; 
• high tensile performance and crack control; 
• potential for reversibility and aesthetic preservation. 

Remaining challenges concern long-term durability, standardization of design 
procedures, and scale-dependent validation for large or ribbed vaults. 

The stability of historic vaults is governed by thrust-line equilibrium, which can only be 
preserved if piers, walls, and connections retain adequate stiffness and continuity. This 
principle is central to both interventions discussed below, where the recovery of global 
boundary conditions proved as essential as the application of local reinforcement 
systems. 

The principles emerging form the basis for interpreting real-world applications in the 
following case studies. 
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7.2 STRENGTHENING OF MASONRY VAULTS: CASE STUDIES 
Starting from the vulnerability analysis presented in the previous chapter and on the 
different strengthening techniques shown in the previous section, the focus is now 
moved on two case studies, which are representative of all the critical aspects 
discussed so far: the Cathedral of Pavia, representing a case of progressive structural 
distress in large-span vaults affected by long-term deformation but not by seismic 
action; and the Basilica of St. Francis of Assisi, which embodies the challenges of post-
seismic reconstruction following the 1997 Umbria–Marche earthquake.  

Together, these monuments provide complementary perspectives on the strengthening 
of historic vaults. Pavia exemplifies preventive reinforcement aimed at stabilising an 
ageing structure through the rehabilitation of boundary conditions and minimally 
invasive, extradosal measures. Assisi, conversely, demonstrates corrective intervention 
after catastrophic seismic failure, combining modern composite materials and smart 
devices with strict conservation requirements. 

The description of the diagnostic investigations, intervention strategies, and 
strengthening techniques adopted in each structure are herein analysed, focusing on 
their structural performance and compliance with cultural heritage preservation. 

7.2.1 The case of dome of Pavia Cathedral 

All the information of Pavia Cathedral, including its history, analyses of structural 
condition and the strengthening interventions undertaken after the collapse of the Civic 
Tower, is derived from (Calvi & Palenzona, 2013), unless otherwise indicated. 

The structural restoration of the dome of Pavia Cathedral represents one of the most 
significant and technically sophisticated consolidation campaigns ever undertaken on a 
large historic masonry vault in Italy. As discussed in Chapter 6, the Cathedral had 
developed a critical state of structural vulnerability well before the collapse of the 
adjacent Civic Tower in 1989, primarily due to construction discontinuities, long-term 
material degradation, and complex load redistributions accumulated over five centuries 
of building history. 

7.2.1.1 Preliminary investigations and long-term monitoring 

Following the collapse of the Civic Tower in 1989, emergency stabilisation measures 
were immediately implemented along the northern nave. A governmental commission 
was appointed to investigate the causes of the collapse and the structural condition of 
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the Cathedral. The presence of widespread cracking affecting the dome, the drum, and 
the octagonal piers led to the installation of a permanent monitoring system, which 
recorded deformation, crack opening, and relative displacements in real time, with 
continuous transmission of data to the Department of Structural Mechanics of the 
University of Pavia. 

The monitoring confirmed progressive differential settlements of the piers, increasing 
distortion of the central octagon, and the widening of through-cracks visible even from 
the exterior. Fragments of marble started to detach from a dangerous height in 1996; 
consequently, the Cathedral was immediately closed until 2011. This event was 
interpreted as a sign of impeding collapse of the structure and caused significant impact 
of the religious and community life of the city. 

This experience made it clear that monitoring the structure to study its behaviour and 
how this evolves over time was as important as defining an adequate and effective 
structural strengthening programme. 

Beyond its practical role in risk management, the monitoring campaign also marked a 
conceptual turning point. The cathedral evolved from a structure occasionally inspected 
after visible damage into a continuously observed system, where decision-making on 
strengthening was informed by quantitative evidence of deformation trends and 
boundary-condition deterioration. This shift anticipates current approaches to 
preventive conservation of large masonry domes. 

7.2.1.2 Global shoring strategy 

Before any strengthening work on the dome or the vault system could be undertaken, a 
large-scale provisional structure was installed between 1996 and 1998 to ensure 
absolute safety during interventions. 

This temporary steel framework consisted of centering arches and vertical steel towers 
founded on reinforced-concrete plinths supported by micropiles. It was dimensioned to 
carry up to 20,000 tons, the total weight of the drum, dome, and lantern, in the 
hypothetical case of a sudden collapse of one or more piers. 

Although never required to operate under such extreme conditions, the structure 
guaranteed full geometric stability during all subsequent strengthening activities, 
particularly those involving the upper vaults. 
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Figure 7.6 Centering and shoring frames used to support the arches bearing the octagonal 

drum (Cathedral of Pavia, Pavia – Italy) 

7.2.1.3 Strengthening of the supporting system and its effects on the vaults 

Investigations revealed severe deficiencies in both the octagonal piers and the drum, 
conditions that were critical primarily because they altered the boundary conditions and 
the load-transfer mechanisms of the dome. The stability of a large masonry vault is 
strongly dependent on the integrity and stiffness of its supports; in Pavia, the poor 
interaction between the marble facing and the heterogeneous masonry core in the piers 
caused significant vertical stress concentrations, local crushing, and through-cracks up 
to 60 mm on the western side. These mechanisms resulted in non-uniform load transfer 
to the drum and significantly modified the thrust paths acting at the base of the dome. 

The drum, weakened by the insertion of sixteen monofora windows and characterised 
by heterogeneous construction phases, displayed widespread cracking and detachment 
of masonry leaves. A major through-crack extended from the arch below the drum to its 
upper portion. Such deformations directly influenced the dome, inducing differential 
movements and tension states incompatible with its compressive behaviour. 

To restore adequate support conditions for the dome and the surrounding vaults, 
interventions included: 

• re-compression of the piers through stainless-steel bars with expandable 
anchorage; 

• replacement of weak mortars with compatible mixtures; 
• selective reconstruction of damaged blocks; 
• extensive lime-based grout injections across the drum; 
• installation of stainless-steel ties; 
• reconstruction of the most compromised masonry portions. 

Sonic tests confirmed improved material homogeneity after injections.  
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These interventions, although not acting directly the dome, were necessary to create the 
boundary conditions for the dome itself to have adequate support, allowing the transfer 
of loads into the pillars and drum. 

7.2.1.4 Structural condition and strengthening of the dome 

The double-shell masonry dome was the most critically affected component of the 
Cathedral’s central octagon. Due to long-term settlements, loss of material cohesion, 
and deformation incompatibilities with the supporting structures, the dome had 
progressively lost its original membrane behaviour and entered a stress regime 
dominated by tension and bending, conditions for which masonry vaults have 
intrinsically limited capacity. 

7.2.1.5 Damage pattern 

Both shells exhibited extensive subvertical cracks along the meridians, indicating 
insufficient tensile capacity to resist horizontal thrusts, thermal variations, and 
differential movements from the drum and piers. The principal ribs showed reduced 
continuity and local detachment, while further evidence of decay confirmed the loss of 
structural integration. This damage significantly reduced the global stiffness of the dome 
and compromised its safety. 

7.2.1.6 CFRP reinforcement of the shells 

To address the limited tensile capacity and restore structural continuity, carbon-fibre 
reinforced polymer (CFRP) strips were applied along the extrados of both masonry 
shells using structural bonding adhesives. The main advantages are that CFRP is a 
lightweight material, minimally invasive and reversible. This allows the repairing of 
cracks, increasing of the tensile strength and the ductility while maintaining structure’s 
mass and aesthetic appearance virtually unchanged. 
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Figure 7.7 Application of FRP at the extrados of the dome’s shells (Cathedral of Pavia, 
Pavia – Italy) 

7.2.1.7 CFRP reinforcement of the ribs and worksite configuration 

In addition to strengthening the shells, CFRP bands were placed along the main 
meridional ribs to reinforce these critical load-carrying elements and improve their 
interaction with the surrounding masonry. This measure counteracted the tendency of 
the ribs to open under horizontal thrusts and differential deformations, thereby restoring 
their role in distributing stresses across the dome. Access to the extrados required the 
construction of an 80-metre-high internal scaffolding tower reaching the intrados of the 
dome, complemented by an external tubular framework aligned with the ribs. This 
configuration enabled safe execution of the strengthening works on both shells and the 
subsequent interventions on the lantern. 

   
(a) (b) 

Figure 7.8 Internal scaffolding in the centre of the octagon (a) and external framework 
(Cathedral of Pavia, Pavia – Italy) 

7.2.1.8 Integrated structural response and conservation philosophy 

The strengthening programme implemented on the Cathedral of Pavia was conceived as 
a multi-scale intervention aimed at restoring the structural coherence of the entire 
vaulting system. At the global level, the consolidation re-established the load paths 
through the octagonal piers and reinstated the stiffness and continuity of the drum, both 
of which had been compromised by centuries of differential settlement and 
construction heterogeneity. The application of CFRP strips locally restored structural 
continuity, increased the dome's tensile strength, and increased its deformation 
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capacity. The effectiveness of these interventions was also demonstrated by the 
continuous monitoring system. This case study clearly demonstrates how the stability 
of a dome, especially a large one, is strongly influenced by the surrounding conditions, 
and therefore by the rest of the structure. 

The coordinated intervention on piers, drum, and dome not only reinstated equilibrium 
within the central octagon but also provided a methodological reference for the 
strengthening of historic masonry vaults affected by cumulative degradation, long-term 
differential movements, and material inconsistency. 

Beyond its engineering significance, the rehabilitation of the Cathedral stands as an 
exemplary synthesis of structural innovation and conservation ethics. Rather than 
imposing a new resistant system, the intervention sought to recover the original 
compressive behaviour of the vaults while improving the material continuity of the 
historic fabric. As highlighted by (Calvi & Palenzona, 2013), the strengthening was 
conceived “not as a replacement of history, but as a means to allow history to endure.” 
By integrating traditional knowledge of masonry vault behaviour with advanced 
composite materials and real-time monitoring technologies, the project demonstrated 
that scientific rigour and cultural sensitivity can coexist in the preservation of 
monumental architecture, offering a robust and respectful approach to safeguarding 
complex vaulted systems. 

7.2.2 The case of the Basilica of St. Francis of Assisi 

The collapse of the frescoed vaults of the Upper Basilica of St. Francis of Assisi during 
the 1997 Umbria, Marche earthquake, discussed in the previous chapter, revealed both 
the structural vulnerability of medieval ribbed vaults and the dramatic consequences of 
incompatible past interventions. Beyond its symbolic and artistic significance, the event 
represented a decisive moment for Italian seismic engineering, prompting the 
development of a new methodological framework in which safety, compatibility, and 
reversibility became inseparable objectives (Croci, 1998a). 

7.2.2.1 Emergency measures 

In the immediate aftermath of the earthquake, emergency measures were implemented 
to prevent any further collapse and to secure the frescoes. 

The provisional works, coordinated by the Istituto Centrale per il Restauro and the 
Department of Structural Engineering of La Sapienza University, comprised: 
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• removal of incoherent fill accumulated over centuries; 
• injection of salt-free lime mortars to restore continuity; 
• application of synthetic-fibre bands on the extrados; 
• and temporary suspension of the vaults from the roof employing steel tie-bars 

equipped with pre-tensioned springs to maintain constant tension and avoid 
overstressing the frescoed surfaces (Croci, 2000). 

  
(a) (b) 

Figure 7.9 The little flying bridge suspended to the roof to inspect and strengthen the vaults 
(a) and the system of provisional wires and springs to suspend the vaults to the roof (b) 

(Croci, 2000) 

From a structural standpoint, these provisional systems are particularly significant 
because they introduced controlled, elastic suspension devices capable of maintaining 
approximately constant tension despite geometric changes and thermal variations. This 
approach foreshadowed later developments in the use of semi-active and passive 
control devices in heritage structures, while remaining fully reversible and minimally 
intrusive to the decorated intrados. 

7.2.2.2 Definitive strengthening 

The definitive consolidation, designed and directed by (Croci, 2001), embodied a 
pioneering application of advanced composite and smart materials in the conservation 



122 Martina Cogliano 

 

 
 
 
 
 

of monumental masonry. The design objective was clear: to restore structural integrity 
while preserving the painted intrados and the original Gothic identity of the vaults. 

Since reinstating the pristine geometry would have required unacceptable interventions 
on the frescoes, the adopted solution followed the deformed configuration of the 
surviving structure. A network of lightweight composite ribs, constructed directly on the 
extrados, was installed to replicate the mechanical action of the original Gothic ribs. 
Each rib was composed of a mahogany-plywood core wrapped in aramid (Kevlar) fibres 
and epoxy resin, providing high tensile capacity, ductility, and durability while remaining 
invisible from the interior (Croci, 2001). 

These composite elements were arranged in a hierarchical pattern: 

• major ribs along the diagonals; 
• paired ribs over the transverse arches; 
• smaller ribs reinforcing the vault webs and crowns. 
This configuration provided distributed tensile reinforcement and improved energy 
dissipation under dynamic loading. 

Additional structural measures complemented the rib system: 

• lime-based injections were completed to reconnect cracked masonry and 
improve load transfer; 

• prestressed steel belts were installed at the impost level to improve the global 
box behaviour; 

• and a perimeter trussed beam, equipped with shock transmitter and shape-
memory alloy (SMA) devices, was introduced along the nave to mitigate 
horizontal acceleration and protect the frescoed walls. 
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Figure 7.10 The new ribs, made of a central timber nucleus and external aramidic fibres. In 
the background, the steel belt to anchor the base of the arches which sustain the roof is 

visible (Croci, 2000) 

  
(a) (b) 

Figure 7.11 Shock Transmitter Unit and Shape Memory Alloy devices (Martelli, 2011) 

In the reconstructed bays, fragments of fallen ribs were reassembled as voussoir-like 
elements, re-integrated with new bricks fabricated from the same clay mixture as the 
originals. Hydraulic jacks were used during reassembly to control stress transfer 
between old and new fabric and to avoid rigid interfaces between materials of differing 
stiffness. The new composite ribs replace the structural role originally played by the 
Gothic ribs, with the advantage of greater tensile strength. 
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The application of these ribs follows the deformed shape of the vaults that withstood the 
earthquake, simultaneously increasing their seismic behaviour. 

7.2.2.3 Philosophy and significance 

As (Croci, 1998a) points out, the guiding principle of the restoration and reinforcement 
of the Basilica of San Francesco was to achieve structural safety without modifying the 
structure, restoring its functionality while preserving its historical and artistic value. This 
approach embodies the philosophy of “minimum intervention and maximum 
compatibility”, in which strengthening is conceived as a reversible act integrated into the 
life of the monument rather than imposed upon it. 

From a broader perspective, the Assisi project anticipated modern trends in heritage 
engineering, demonstrating how composite materials and intelligent devices can be 
applied with sensitivity and precision to monumental masonry. The combination of 
experimental verification, numerical analysis, and continuous monitoring transformed 
the Basilica into a benchmark for post-seismic restoration, where scientific 
methodology and conservation ethics converge. As emphasized by (Modena et al., 
2011), it remains one of the first examples where advanced engineering served not 
merely to rebuild but to preserve the cultural identity embodied in structure itself. 

7.2.3 Comparative discussion 

The cases of Pavia Cathedral and the Basilica of St. Francis of Assisi demonstrate two 
completely different situations, but the underlying philosophy remains the same: to 
define an appropriate structural reinforcement intervention while seeking to preserve 
and avoid damaging the artistic heritage they represent. 

In Pavia, the intervention was preventive and long-term oriented. It addressed a 
condition of progressive deformation caused by material decay, differential settlements, 
and thrust redistribution in a non-seismic environment. Here, the priority was to stabilise 
an existing equilibrium, preserving the dome’s original compressive behaviour and 
preventing the slow evolution of cracks into collapse mechanisms. The solution relied 
on distributed reinforcement, steel ties, localized injections, embedded carbon-fibre 
strips, and on the implementation of a permanent monitoring system capable of tracking 
the structure’s performance over decades. 

In Assisi, on the other hand, the intervention involved a partial reconstruction of the 
collapsed vaults and the strengthening of the ones that withstood the earthquake. This 
strengthening was based on the use of innovative materials, aramid composites, 
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prestressed steel belts, and viscous damping systems, while preserving the frescoed 
surfaces intact. 

Despite their differences, both interventions share a key methodological principle: the 
respect for the original structural logic of masonry. From the maintenance of equilibrium 
in the static case to the re-establishment of equilibrium after collapse in the seismic 
case, both illustrate the growing integration between engineering analysis, material 
science, and conservation ethics. They also demonstrate the progressive convergence 
between research and practice: in Pavia through the use of monitoring and modelling for 
predictive maintenance, and in Assisi through experimental validation and the use of 
composite prototypes under real seismic constraints. 

Taken together, the two case studies provide both the conceptual and practical 
framework for interpreting the behaviour of strengthened masonry vaults. They clarify 
how the recovery of boundary conditions, the choice of compatible materials, and the 
geometry of the reinforcement influence global stability and local damage evolution. 
These insights form the basis for the numerical modelling and experimental validation 
discussed in the following sections. 

7.3 NUMERICAL MODELLING OF FRCM STRENGTHENING MEASURES 
Before examining the numerical simulation of the full-scale LNEC vault, it is necessary 
to outline the intermediate experimental and numerical evidence that supports the 
modelling strategy adopted in this study. The behaviour of TRM-strengthened masonry 
cannot be inferred solely from large-scale tests or from isolated numerical assumptions; 
instead, it emerges from a multi-level chain of validation that includes component-scale 
experiments, reduced-scale structural tests, and dedicated numerical models capable 
of reproducing both bond mechanisms and failure evolution. 

In this context, two studies have contributed to the calibration and verification of the 
modelling approach used here. Within the research group, numerical simulations were 
carried out on TRM-strengthened masonry wallets tested under monotonic and cyclic 
loading. Parallel analyses performed by (Calò et al., 2025) extended this validation to 
two TRM-strengthened arches, allowing a direct assessment of the modelling accuracy 
in curved geometries. 

These intermediate studies serve two essential purposes. First, they establish a 
validated set of material and interface parameters for the simulation of TRM systems, 
ensuring that the response of the composite layer is not prescribed a priori but emerges 
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from physically grounded constitutive assumptions. Second, they confirm that the 
adopted numerical framework is capable of reproducing the transition from local bond 
phenomena to global structural behaviour, a prerequisite for interpreting the seismic 
performance of the full-scale LNEC vault. The following subsections summarise the 
main findings of these component-scale investigations, which collectively underpin the 
modelling decisions applied in the subsequent simulation of the strengthened cross 
vault. 

7.3.1 Validation on FRCM-strengthened masonry walls 

A first level of validation concerned the out-of-plane behaviour of TRM/FRCM-
strengthened masonry walls, for which both experimental tests and numerical 
simulations were available within the project. The experimental programme, (D’Ambra 
et al., 2019), consisted of two clay-brick masonry walls restrained along one vertical and 
one horizontal edge and loaded out of plane through a displacement-controlled actuator 
applied at the upper corner. One wall was tested in its as-built (unreinforced) condition, 
while the other was retrofitted on one side with a basalt-grid FRCM system composed 
of a thin inorganic mortar matrix and an embedded fibre mesh. These tests provide an 
essential intermediate scale of observation between material-level characterisation and 
full structural behaviour.  

The test setup allowed both out-of-plane and vertical loads; however, only a 
monotonically increasing out-of-plane load was applied. The test was conducted under 
displacement control at a constant rate of 1 mm/min, using a manually operated jack. 
The loading continued until the wall reached partial failure that compromised the 
stability or even total failure. 

  
(a) (b) 
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Figure 7.12 General view of tested specimens: (a) unreinforced wall and (b) FRCM 
reinforced wall (units: mm) 

The numerical simulations were carried out using the Applied Element Method (AEM) 
implemented in Extreme Loading for Structures (ELS), adopting a simplified micro-
modelling strategy in which each brick is represented by a rigid element connected 
through nonlinear cohesive-frictional interfaces. The FRCM layer was modelled through 
an equivalent reinforcement net using RFT elements, which generate axial and shear 
springs at the interface with the bricks, thus reproducing the interaction between textile 
and substrate, Figure 7.13. 

 
(a) (b) 

Figure 7.13 Characteristics of the numerical models in ELS: (a) unreinforced model (as-
built configuration) and (b) FRCM-reinforced model 

7.3.1.1 Equivalent modelling strategy 

The FRCM reinforcement applied to the experimental specimens is represented through 
an equivalent reinforcement-net strategy. The entire composite layer, comprising both 
the mortar matrix and the embedded fibres, is idealised as a mesh with homogenised 
mechanical properties. This mesh is positioned close to the external surface of the wall, 
shifted 0.1 mm towards the interior along the y-direction, and generated through the RFT 
element tool previously described in Chapter 4. The net consists of 0.8 mm² bars 
arranged at 20 mm spacing in both principal directions. The mechanical parameters 
assigned to the RFTs correspond to those reported in Table 1 under the “FRCM Basalt 
Fibre” column. 

Figure 7.14 illustrates the configuration of the numerical model implemented in ELS. In 
Figure 7.14(a), the equivalent fibre grid is visualised as yellow line elements, whereas 
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Figure 7.14(b) depicts the longitudinal and transverse springs used in the analysis to 
represent the interaction of the reinforcement with the masonry substrate, shown in light 
purple. 

 
(a) (b) 

Figure 7.14 Details of the FRCM-reinforced model on the strengthened side: (a) grid 
representing the fibres, and (b) longitudinal and transverse springs associated with the 

fibres 

Although this reinforcement-net approach does not increase the total number of 
elements, and therefore does not enlarge the global stiffness matrix, it significantly 
increases the computational effort due to the numerous additional springs introduced 
at the brick–reinforcement interface. 

7.3.1.2 Summary of the results 

For the unreinforced wall, the AEM model accurately reproduced the initial stiffness, 
peak force and post-peak softening observed in the experiments, including the formation 
of a sub-horizontal crack at the upper third of the wall and the onset of localised out-of-
plane deformation. 
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Figure 7.15 Comparison of experimental and analytical force–displacement curves for the 
unreinforced masonry wall (as-built model) 

  
(a) (b) 

Figure 7.16 Characteristics of the failure in out-of-plane testing of the unreinforced wall 
(as-built model): (a) schematic of the failure mode on the rear side, and (b) isometric view 

of the analytical model in the deformed configuration, with deformations magnified by a 
factor of five 
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For the reinforced specimen, the model captured the multilinear force–displacement 
response, the gradual mobilisation of the FRCM layer, and the frictional plateau at large 
displacements. Although the model slightly underestimated the peak strength of the 
strengthened wall, it reproduced the ductile post-peak response and the characteristic 
staggered cracking pattern observed experimentally, Figure 7.17. 

 

Figure 7.17 Comparison of experimental and analytical force–displacement curves for the 
FRCM-reinforced masonry wall 
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(a) (b) 

  
(c) (d) 

Figure 7.18 Characteristics of the failure in the out-of-plane response of the FRCM-
reinforced wall obtained from: experimental rear side (a) and isometric view (b); numerical 

rear side (c) and isometric view (d) 

7.3.1.3 Conclusions 

Overall, these results demonstrate that the adopted modelling strategy is capable of 
reproducing both global and local response mechanisms of FRCM-strengthened 
masonry components. The tests confirm the suitability of the AEM framework for 
capturing out-of-plane behaviour governed by interface mechanisms, thus providing a 
physically grounded calibration baseline for the subsequent numerical simulation of the 
TRM-strengthened vault tested at LNEC. 

The author gratefully acknowledges Studio Calvi Beam S.r.l. for providing the numerical 
models used for the validation of the FRCM-strengthened masonry walls. Their 
contribution formed an essential basis for the component-scale calibration adopted in 
this study. 
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7.3.2 Validation on FRCM-strengthened masonry arches 

A further level of validation concerned the behaviour of masonry arches retrofitted with 
FRCM composites, for which both experimental evidence and AEM-based numerical 
simulations were available. The reference experimental campaign, carried out (Alecci et 
al., 2016), tested ten 1:2-scale clay brick arches under displacement-controlled 
loading, including two unreinforced specimens and several arches strengthened with 
PBO-FRCM and CFRP systems, applied either on the extrados or on the intrados. The 
unreinforced arches displayed a brittle four-hinge mechanism, whereas the FRCM-
strengthened specimens exhibited improved load-bearing capacity and enhanced post-
peak behaviour, particularly when the reinforcement was placed on the extrados. 

 

Figure 7.19 Test set up (Alecci et al., 2016) 

Building on this campaign, (Calò et al., 2025) developed a numerical reproduction of the 
tests using the Applied Element Method. Two distinct modelling strategies were 
implemented:  

• an explicit representation of the FRCM layer, in which the mortar and fibre mesh 
were modelled as rigid units connected to the masonry substrate through 
cohesive–frictional interfaces; and 

• an equivalent “grid” approach, where the composite is idealised as a single layer 
of distributed springs positioned at the extrados of the arch.  
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(a) (b) 

 
(c) 

Figure 7.20 AEM-based numerical models: (a) as-built configuration, (b) explicit modelling 
approach of the reinforcement layer and (c) equivalent modelling by means of a grid layer 

from (Calò et al., 2025) 

While the explicit method provides a detailed description of the reinforcement–masonry 
interaction, including bond degradation and local slip, it entails a higher computational 
cost. Conversely, the equivalent grid approach significantly reduces analysis time by 
avoiding the introduction of additional elements, while preserving the essential 
mechanical interaction. 

7.3.2.1 Summary of the results 

The numerical simulations are capable to reproduce the experimental response. For the 
unreinforced arch, the AEM model captured the correct initial stiffness, the sequence of 
hinge formation and their final positions, and the brittle four-hinge collapse mechanism. 
In the strengthened condition, both modelling approaches accurately reproduced the 
increased load-bearing capacity, the stabilised post-peak response, and the transition 
to a failure mechanism driven by debonding of the composite followed by shear slip at 
the abutments. Minor discrepancies in post-hinge stiffness and residual strength were 
observed, but the overall agreement with experimental trends was strong for both 
modelling strategies. 

7.3.2.2 Conclusions 

These component-scale results confirm the suitability of AEM for simulating complex 
failure mechanisms in both unreinforced and FRCM-strengthened masonry arches. 
Moreover, the comparison between explicit and equivalent modelling highlights the 
trade-off between accuracy and computational efficiency. This insight is particularly 
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relevant for the present study, where the explicit modelling of reinforcement, consistent 
with the approach adopted for the LNEC vault, is necessary to capture the bond-
dependent mechanisms governing the seismic behaviour of TRM-strengthened curved 
structures. 

7.3.3 Final remarks 

Taken together, the wall and arch validations provide a robust and experimentally 
grounded basis for the modelling assumptions adopted in this work. They confirm that 
the AEM framework and the explicit representation of the TRM layer are capable of 
reproducing the bond-dependent mechanisms governing the behaviour of strengthened 
masonry components. Building on this foundation, the next section extends the 
modelling strategy to the full-scale cross vault tested at LNEC, where the same 
mechanisms interact within a three-dimensional geometry and under dynamic loading 
conditions. 

7.4 SIMULATION OF LNEC SHAKING TABLE TEST 
Chapter 4 validated the proposed AEM meso-modelling strategy through comparison 
with the unstrengthened configuration of the full-scale masonry cross vault tested on 
the shaking table at the Laboratório Nacional de Engenharia Civil (LNEC) in Lisbon. In 
addition to the validation of the unstrengthened configuration, the modelling of the TRM 
strengthening adopted here is supported by the component-scale validations presented 
in Section 7.3, which demonstrated the ability of the AEM framework to reproduce the 
bond-dependent behaviour of FRCM/TRM systems on walls and arches. That analysis 
focused on the mechanical characterisation, numerical calibration, and dynamic 
response of the original vault, providing the reference condition for assessing the 
effectiveness of strengthening measures and for understanding the role of boundary 
conditions and in-plane shear mechanisms. The present section concentrates on the 
retrofitted configuration, where the same vault was repaired and reinforced with Textile 
Reinforced Mortar (TRM) layers applied at the extrados, and subsequently re-tested 
under the same input protocol. 

After completing the shaking-table sequence on the unstrengthened configuration 
(10%, 25%, 50%, and 75% of the AQA input), the vault specimen underwent a repair and 
strengthening intervention before the subsequent test campaign. The procedure, 
illustrated in Figure 7.21, followed a multi-step approach. First, the existing cracks were 
injected with GeoCalce Antisismico FL, a highly fluid mortar used to restore continuity 



MASONRY VAULTS: RETROFITTING SOLUTIONS 135 

 

 
 
 
 
 

and improve the mechanical integrity of the damaged masonry. Following the crack 
injection phase, a geosteel G200 composite grid was applied over the extrados and 
embedded within a layer of GeoCalce Antisismico F mortar. An additional geosteel G600 
mesh was installed at the corners to ensure a good anchorage. The mortar layer was 
finally applied to fully incorporate the textile reinforcement. The final appearance of the 
strengthened vault is shown in Figure 7.21(f), highlighting the continuous TRM layer 
distributed across the entire extrados. 

  
(a) (b) 

  
(c) (d) 
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(e) (f) 

Figure 7.21 Application of the strengthening TRM system: (a) injecting fluid mortar 
GeoCalce antisismico FL in the cracks, (b) detail of the geosteel grid 200 embedded in 

GeoCalce antisismico F, (c) application process, (d) detail of the corners close to the infill 
with geosteel grid 600, (e) injecting the fluid mortar GeoCalce antisismico FL, (f) final 

appearance of the strengthened model (Bianchini et al., 2024) 

In dynamic terms, the intervention produced a measurable increase in the initial 
stiffness and fundamental frequency of the vault, reflecting the contribution of the TRM 
layer to the in-plane tensile capacity of the webs. Despite this increase in global 
stiffness, the overall deformation pattern remained consistent with a shear-dominated 
mechanism, indicating that the strengthening enhanced, rather than altered, the original 
masonry-like behaviour of the system. It is important to note that the repair phase 
preceding the TRM application modified the mechanical baseline of the specimen by 
reducing residual cracking and partially restoring stiffness, an aspect that must be 
considered when interpreting both the experimental response and the numerical 
simulations. 

Overall, the intervention allowed the previously damaged specimen to recover structural 
integrity and provided an externally bonded reinforcement system tailored to improve its 
seismic performance during the second series of shaking-table tests. The strengthened 
vault successfully withstood the full sequence up to 150% AQA, exhibiting distributed 
damage but no global collapse. The composite layer effectively limited crack opening 
along the groins and crowns, enhanced tensile capacity, and promoted a more uniform 
stress redistribution across the webs, while preserving the characteristic in-plane shear 
mechanism. These results confirm the efficiency of TRM systems in increasing both 
strength and ductility, fully aligning with the conservation-oriented principles illustrated 
in the previous case studies, namely, achieving greater seismic safety through 
lightweight, reversible, and materially compatible reinforcement. 
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In the numerical phase, the same AEM meso-modelling framework was extended to 
include the TRM layer as a discrete reinforcement grid coupled to the masonry substrate 
through cohesive interfaces. This approach allowed simulation of debonding, sliding, 
and partial delamination phenomena, enabling a realistic reproduction of the 
experimental behaviour.  The model captured the delayed onset of cracking, reduced 
deformation amplitudes, and higher acceleration peaks, signatures of the enhanced 
stiffness induced by the composite layer. 

Overall, the LNEC strengthened vault provides a controlled experimental validation of 
the strengthening principles applied in real heritage structures such as Pavia and Assisi. 
Whereas the former adopted embedded carbon-fibre strips and the latter employed 
aramid-composite ribs, the LNEC experiment isolates and quantifies the mechanical 
contribution of composite reinforcement under cyclic seismic loading. In this sense, it 
constitutes a bridge between laboratory testing and monumental-scale application, 
offering a reproducible reference for numerical benchmarking and for parametric studies 
on composite-based strengthening strategies. 

The LNEC campaign also fills a critical gap in the experimental literature, which is largely 
dominated by small-scale or simplified specimens that cannot fully reproduce the 
mechanics of large masonry vaults subjected to distributed inertia. At the same time, it 
is important to recognise the intrinsic limitations of the benchmark: it represents a single 
geometry, a specific boundary configuration, and one particular TRM layout. Additional 
tests on different vault typologies, support conditions, and reinforcement arrangements 
would therefore be necessary to broaden the generality of the conclusions drawn from 
this experiment. 

7.4.1 Numerical modelling and preliminary validations 

The numerical analyses presented in this section refer to the study by (Cogliano et al., 
2025b), where the Applied Element Method (AEM) was employed to reproduce the 
experimental response of the TRM-strengthened LNEC cross vault under dynamic 
excitation. The same meso-modelling approach validated in Chapter 4 for the 
unreinforced configuration was extended to include the reinforcing layer, enabling a 
direct comparison between the two structural conditions. 

The masonry vault was modelled using 8-node elements discretized through a fine mesh 
of equivalent bricks and mortar joints, adopting nonlinear normal and shear springs to 
represent tensile cracking, crushing, and sliding. Mechanical parameters were 
calibrated against the material properties reported in the experimental campaign, with 
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slight adjustments to capture the stiffness measured during the dynamic identification 
of the strengthened specimen, as shown in Chapter 4. 

The TRM was introduced as a reinforcement grid applied at the extrados surface together 
with the mortar layer, representative of Geosteel grid 200 embedded in the Geocalce 
Antisismico F provided by Kerakoll, Figure 4.7. This system was coupled to the masonry 
through cohesive interface capable of simulating debonding and frictional sliding. The 
grid spacing and fibre orientation were defined according to the geometry of the basalt 
textile used in the test (20 × 20 mm), while the cohesive parameters were determined 
from pull-off tests and calibrated to reproduce the observed bond-slip behaviour. This 
simplified yet physically consistent representation allowed the AEM to capture both the 
distributed tensile contribution of the reinforcement and the localised detachment 
phenomena occurring under large displacements. However, it also highlights a key 
aspect of composite-based retrofitting: the global response of the strengthened vault is 
governed not only by the nominal properties of the textile and mortar but also, and often 
predominantly, by the constitutive law adopted for the TRM–masonry interface. 
Cohesion, friction, and separation strain at this interface control the onset of debonding 
and sliding, and thus strongly influence both stiffness evolution and damage distribution. 

  
(a) (b) 

  
(c) (d) 
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Figure 7.22 Numerical model developed within ELS software: (a) unstrengthened, (b) 
strengthened specimens, and detailing of reinforcement grid (c) Geosteel 600 at the 

corner and (d) Geosteel 200 uniformly distributed 

The experimental sequence consisted of successive shaking-table tests, each 
performed with incrementally higher input amplitudes according to Table 4.2. 

Table 7.1. Summary of the sequential seismic test 

Specimen % AQA Earthquake 

Strengthened - 25% 50% 75% 100% 125% 150% 

The numerical configuration was thus able to replicate both the global response and the 
local damage evolution observed during the shaking-table campaign. 

Because TRM systems rely on bond-dependent tensile transfer, the interface may 
govern retrofit effectiveness more than the textile or mortar properties themselves. This 
aspect remains underexplored in both experiments and numerical studies. 

7.4.2 Nonlinear time history analyses results 

The damage patterns observed in the strengthened configuration reveal a substantially 
different distribution of cracking compared with the unreinforced vault. The webs of the 
vault, which in the original specimen displayed extended diagonal cracking and early 
hinge formation along the groins, appear markedly less damaged after strengthening. 

Both the experimental and numerical results (Figure 4.14) confirm the expected effect 
of the TRM layer: by providing additional tensile capacity and limiting crack opening, the 
reinforcement stabilises the vault panels and delays the activation of the primary 
collapse mechanisms typically associated with cross-vault behaviour under seismic 
loading. 
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(a) (b) 

  
(c) (d) 

Figure 7.23 Comparison of experimental (Bianchini et al., 2023) (a) and numerical (b) at the 
extrados and (c) and (d) at the intrados crack patterns at the end of 150% of AQA signal 

At the same time, the introduction of the TRM system leads to a more pronounced 
concentration of damage at the supports, particularly near the springing zones and along 
the interface between the vault and its boundary arches. This shift is clearly visible in the 
extradosal experimental pattern, where cracking tends to cluster around the imposts, 
while the webs remain largely intact. The numerical model is able to reproduce this 
behaviour, capturing both the diagonal shear mechanism and the support-dominated 
cracking, which becomes more pronounced as the strengthened panels restrain in-
plane deformations and transfer a larger portion of the seismic demand to the supports. 

At the intrados, the experimental pattern is characterised by substantially reduced and 
more diffuse cracking compared with the unreinforced vault, reflecting the effectiveness 
of the TRM layer in suppressing major hinge formation and mitigating diagonal tensile 
damage. The AEM simulation captures this global trend; however, it predicts a denser 
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intradosal crack network than observed experimentally, particularly near the crown and 
the transitional regions between adjacent vault panels. This overestimation suggests 
that, although the model effectively simulates the redistribution of internal forces 
induced by the reinforcement, it may overpredict tension transfer through the thickness 
of the vault. In other words, the adopted interface law between the TRM layer and the 
masonry substrate tends to maintain a stronger mechanical coupling than that 
effectively mobilised in the test, thereby propagating tensile stresses more deeply into 
the section and triggering additional cracking at the intrados. Overall, the comparison 
demonstrates that the TRM strengthening significantly enhances the seismic 
performance of the vault: damage in the web regions is reduced, collapse mechanisms 
are delayed, and cracking becomes concentrated at the supports, behaviours captured 
consistently in both the experimental and numerical records. 

These observations indicate that the mechanical interaction between the TRM layer and 
the masonry substrate is not fully constrained in the present model, and that the 
predicted crack distribution and global response are strongly influenced by the assumed 
interface properties. A dedicated calibration of cohesion, friction and separation strain 
would be required to refine the accuracy of the strengthened configuration. 

 

Figure 7.24 Vault damage at the end of the 150% of the AQA 

The comparison between experimental and numerical results for the strengthened 
configuration, Table 4.5, shows a generally coherent trend, with accuracy levels that vary 
depending on the monitored point and response quantity. Since the shaking-table test 
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was performed under unidirectional excitation along the y-axis, and the analysis of the 
unstrengthened specimen demonstrated that the y-components provide the most 
meaningful representation of the vault’s dynamic response, only OC*-y and Acc*-y 
values are reported here. 

For the displacement response, the numerical model exhibits a balanced performance, 
with relative errors ranging approximately between −11.7% and +11%. These values 
indicate a satisfactory agreement, especially considering the nonlinear behaviour of the 
TRM-reinforced system under cyclic loading. The model tends to slightly overestimate 
displacements at OC1–y and OC4–y, while underestimating them at OC2–y, suggesting 
that local stiffness variations introduced by cracking and partial debonding may 
influence the precision of the numerical predictions at specific locations. 

The correlation of the acceleration response is overall acceptable, with most relative 
errors falling within ±20%. The model overestimates the peak values at Acc18–y 
(+18.7%) and Acc14–y (+11%), while underestimating the response at Acc2–y 
(−18.3%). These discrepancies point to the model’s inherent limitations in fully capturing 
localized dynamic effects, likely associated with the interaction between the TRM layer 
and the underlying masonry, as well as with the boundary conditions imposed at the 
vault supports. 

Table 7.2. Comparison of experimental and numerical absolute maximum total 
displacements and accelerations for the strengthened specimen 

  Experimental Numerical 
Relative 

Error [%] 

Displacement 
[mm] 

OC1-y 57.2 62.8 9.8 

OC2-y 64 56.6 -11.7 

OC4-y 62.9 69.5 11 

Acceleration 
[m/s2] 

Acc18-y 7.6 9.1 18.7 

Acc14-y 10.5 11.7 11 

Acc2-y 9.4 7.8 -18.3 

The comparison between experimental and numerical displacement time histories at 
150% AQA, Figure 4.16, shows a generally consistent response across all monitored 
nodes (OC1, OC2, OC4). In all three cases, the initial transient phase is reproduced with 
acceptable accuracy, with the numerical model capturing both the amplitude and the 
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phase of the primary displacement cycles. The AEM simulation tends to slightly 
overestimate peak displacements during the early seconds, particularly at OC1 and 
OC4, whereas at OC2 the numerical trace remains marginally lower than the 
experimental one. These trends are consistent with the relative error distribution 
previously discussed and reflect localized stiffness variations that the model 
approximates only partially. 

Despite minor discrepancies, the overall agreement is satisfactory, confirming that the 
model reproduces the essential features of the nonlinear displacement history under 
severe seismic demand. 

 
 

(a) 

 
 

(b) 
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(c) 

Figure 7.25 Displacement time histories along N-S direction for OC1 (a), OC2 (b), and OC4 
(c) node during 150% of the AQA 

The comparison of the acceleration time histories in Figure 4.17 highlights the model’s 
ability to reproduce the dynamic content of the motion with notable fidelity. Across all 
monitored nodes (Acc18, Acc14, Acc2), the numerical traces closely follow the 
experimental records during the strong-motion phase, capturing both the intensity and 
the temporal evolution of the input-induced pulses. Peak accelerations show moderate 
deviations, with slight overestimation at Acc18 and Acc14 and underestimation at Acc2, 
but the overall waveform agreement remains robust throughout the duration of the 
record. 

 
 

(a) 
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(b) 

 

 
(c) 

Figure 7.26 Acceleration time histories along N-S direction for Acc18 (a), Acc14 (b), and 
Acc2 (c) node during 150% of the AQA 

7.4.3 Conclusions on LNEC test simulation using AEM 

The AEM-based simulation of the TRM-strengthened LNEC vault achieved a close 
correspondence with the experimental findings, validating the method’s capacity to 
model composite–masonry interaction under cyclic dynamic loading. 

The analyses demonstrated that a simplified representation of the reinforcement 
through discrete cohesive links is sufficient to reproduce the essential phenomena 
observed during testing, namely: 

• the increase in initial stiffness and frequency due to the composite layer; 
• the delayed onset of major cracking and reduced deformation amplitudes; 
• the distributed damage pattern consistent with the experimental crack maps; 

and 
• the enhanced energy dissipation and ductility without altering the vault’s thrust-

based behaviour. 
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Some discrepancies were observed in the predicted damage at the intrados, where the 
numerical model tended to overestimate cracking due to the limited capacity of the 
cohesive formulation to represent out-of-plane tension-compression coupling. 
Nevertheless, the overall correlation between simulation and experiment is strong, both 
qualitatively and quantitatively. 

The study confirms that the AEM meso-modelling strategy constitutes a reliable and 
computationally efficient tool for assessing the seismic response of TRM-strengthened 
masonry vaults, bridging the gap between laboratory experimentation and real-scale 
applications such as those presented in Pavia and Assisi. The insights derived from this 
validation serve as the basis for the comparative analyses discussed in the next section, 
where alternative modelling strategies, FEM, DEM, and hybrid approaches, are 
compared against the AEM framework. 

7.4.4 Numerical modelling of the LNEC vault: comparative approaches 

The shaking-table test conducted at LNEC on the unreinforced and TRM-strengthened 
masonry cross vault has served as a reference benchmark for several numerical 
investigations. Alongside the AEM analyses presented in this study (Cogliano et al., 
2025b), the same experiment was simulated using finite element (FEM) and discrete 
element (DEM) formulations (Ferrante et al., 2024; Kesavan et al., 2024; Oktiovan et al., 
2023). This provides a unique opportunity to compare distinct computational 
frameworks against an identical experimental dataset. 

Table 4.6 reports the comparison between experimental and numerical first-mode 
frequencies. All modelling strategies achieved results consistent with experimental 
ones, with few differences. FEM (Kesavan et al., 2024) provided the closest frequency 
value to the experimental one (0.33% deviation), while both AEM and DEM slightly 
overestimated the global stiffness of the retrofitted, with relative deviations of 19.0% 
and 23.4%, respectively. Indeed, discontinuum-based approaches require the 
calibration of interface properties to accurately reproduce the deformability of the 
strengthened vault. 

Table 7.3. Comparison of experimental and numerical first mode frequencies 

Model 
f 

[Hz] 
Absolute Error 

[Hz] 
Relative Error 

[%] 
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(Kesavan et al., 2024) - FEM 6.13 0.02 0.33 

(Cogliano et al., 2025) – AEM (present 
work) 

7.32 1.17 19.02 

(Oktiovan et al., 2023) - DEM 7.59 1.44 23.41 

Experimental test frequency [Hz] 6.15 

Numerical mean frequency [Hz] 7.01 

Standard Deviation  [Hz] 0.78 

Coefficient of Variation CV [%] 11.1 

FEM micro-models discretised individual bricks and mortar joints and represented the 
TRM layer using orthotropic shells bonded to the extrados. They reproduced modal 
frequencies and global stiffness with high accuracy. However, capturing discrete 
cracking, debonding or delamination required complex nonlinear laws and fine meshes, 
resulting in high computational cost. 

DEM represented the masonry as rigid blocks interacting through nonlinear contacts. It 
successfully reproduced hinge formation, joint opening, and shear mechanisms, 
especially along the webs and groins. Nevertheless, DEM tended to underestimate 
small-displacement stiffness and slightly overpredict energy dissipation, due to 
idealised contact mechanics. 

Finally, the AEM adopts a hybrid continuum–discontinuum formulation: cracks form 
spontaneously, elements separate and reclose, and stiffness is preserved until failure. 
The AEM simulations reproduced both the global dynamic response and the local 
cracking evolution observed experimentally, including delayed hinge formation and 
distributed damage across the webs. 

The comparison among the three methods highlights that FEM predicts stress and strain 
with great accuracy but requires complex numerical calibration to catch cracking. DEM 
offers the most intuitive representation of fracture propagation but struggles with elastic 
stiffness. AEM provides a balanced compromise, reliably capturing both global response 
and localised failure at a moderate computational cost. All methods confirm the 
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experimental trends: increased stiffness, delayed cracking, enhanced energy 
dissipation, and no collapse after TRM strengthening. 

While the LNEC vault offers an exceptional benchmark, it represents a single geometry, 
boundary configuration, and TRM layout. Moreover, the simulations highlight the need 
for improved modelling of the TRM–masonry interface. No sensitivity analyses on 
interface parameters (cohesion, friction, separation strain) were performed in the 
present study; dedicated calibration could enhance the accuracy of predicted cracking 
patterns and overall response. 

From a comparative standpoint, no modelling strategy is universally superior. FEM is 
most accurate for modal identification, DEM best reproduces collapse mechanisms, 
and AEM provides the most balanced and operationally effective framework for 
simulating nonlinear seismic behaviour in TRM-strengthened masonry vaults. 

7.5 CONCLUDING REMARKS 
This chapter has explored the evolution of strengthening measures applied on masonry 
vaults starting from experience-based solutions to most innovative ones. The result of 
this rational analysis shows that the assessment of vaulted systems cannot be 
approached through a single technical solution or material choice; rather, it requires a 
complete understanding of the structure, the evolution of boundary conditions, and the 
interaction between reinforcement and the existing fabric. 

The review has started from the traditional strengthening methods (tie rods, reinforced 
concrete overlays and ring beams, steel frames), which mainly stiffen the structure and 
suppress deformations, with an higher seismic demand as a consequence. 

Subsequent research and post-earthquake evidence progressively revealed the 
limitations of such rigidity-based approaches, especially in seismic conditions. 
Composite materials, and in particular TRM/FRCM systems, emerged as a response to 
these shortcomings, offering lightweight, breathable, and mechanically compatible 
reinforcement capable of enhancing the tensile behaviour of masonry without overriding 
its compressive, funicular nature. 

The case studies of Pavia Cathedral and the Basilica of St. Francis of Assisi have shown 
how this philosophy is implemented in practice. In Pavia, where long-term deformation 
and boundary condition degradation threatened the equilibrium of a monumental dome, 
the intervention focused on restoring the load paths through the piers and drum while 
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introducing minimally invasive extradosal CFRP strips. In Assisi, conversely, the sudden 
collapse of entire portions of vaults required a strategy based on innovative composite 
ribs, prestressed belts, and smart devices, designed to restore seismic resilience while 
protecting an exceptional artistic heritage. Although the two case studies were 
completely different, they had in common the same goal: strengthening measures must 
respect the original structural behaviour. 

The full-scale shaking-table tests carried out at LNEC provided an essential bridge 
between conservation practice and scientific validation. The experimental results on the 
TRM-strengthened cross vault demonstrate how composite systems improve stiffness, 
delay hinge formation, reduce deformation demands, and modify damage distribution 
from the webs toward the supports. The AEM simulations reproduced these effects, 
capturing both global dynamic behaviour and local cracking evolution. The comparative 
analysis with FEM and DEM strategies further revealed the complementary strengths of 
different modelling frameworks: FEM excels in stiffness and modal prediction, DEM in 
reproducing collapse mechanisms, and AEM in balancing continuum fidelity with 
discrete cracking at a moderate computational cost. The most critical aspect of each 
modelling strategy is represented by the TRM-masonry interface, which affect the 
retrofit effectiveness. 

Overall, the seismic assessment of strengthened masonry vaults should always take 
into account the geometry, material degradation, changes in boundary conditions and 
construction history. The lessons derived here provide the basis for the analyses 
developed in the following chapter, where the performance of retrofitted vaulted 
systems is examined in greater depth and used to inform broader conservation-oriented 
engineering strategies.  
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8 CASE STUDIES 

8.1 BACKGROUND: THE SMAC MULTILEVEL ASSESSMENT FRAMEWORK 
The three case studies presented in this chapter are part of a much larger portfolio of 
226 churches, which began in 2015. As a result of induced seismicity in Groningen, the 
need to rapidly assess large inventories of unreinforced masonry churches has arisen in 
order to: estimate the level of risk; develop retrofit strategies; optimise the use of 
resources. 

The Seismic Multilevel Assessment of Churches (SMAC) had been developed by 
(Moratti et al., 2019) .It consists of five data collection phases (G.1, G.2, H.1, V.1, V.2) 
and three analysis levels (O.0, O.1, O.2), each characterised by increasing accuracy and 
decreasing epistemic uncertainty. 

• Level O.0 provides a statistical, portfolio-wide estimate of global and local 
performance using an equivalent pier model and Monte Carlo simulations 
based on demographic distributions. 

• Level O.1 extends the assessment to each individual wall of each church, 
combining deterministic geometric data from V.1 inspections with stochastic 
variables and simplified NLPO/NLKA simulations. 

• Level O.2 incorporates detailed measurements from V.2 inspections to generate 
deterministic pushover analyses and refined kinematic checks, enabling 
church-specific safety evaluations. 

This multilevel approach enables robust prioritisation: only a limited number of churches 
display structural configurations, typically involving large or geometrically complex 
vaulted systems, for which simplified analyses cannot ensure reliable safety evaluation. 
These structures progress to Level 3, where advanced nonlinear 3D AEM simulations 
are carried out, and, when required, to Level 4, where strengthening measures are 
designed and validated. The three churches presented in this chapter belong to this 
restricted subset. Their analysis therefore represents the final stage of the SMAC 
methodology. 

8.2 INTRODUCTION  
The advanced assessment and retrofitting procedures presented in the previous 
chapters are here applied to three representative Dutch churches, referred to as Church 
1, Church 2, and Church 3. These structures belong to the limited group of buildings 
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identified as requiring more refined analyses within the SMAC framework. As explained 
in (Moratti et al., 2019) and summarised in Chapter 1, the SMAC framework was 
developed to manage large portfolios of unreinforced masonry churches exposed to 
induced seismicity through a systematic, multi-level procedure based on progressive 
refinement of knowledge and modelling complexity. 

The transition from portfolio-wide, simplified evaluations (Levels 0–2) to building-
specific numerical analyses (Levels 3–4) is a defining feature of the SMAC methodology. 
Starting from an initial inventory of 226 churches, the results of Levels 0–2 progressively 
narrowed the portfolio by identifying those structures for which simplified NPR-based 
checks could not deliver a sufficiently reliable safety evaluation.  

The development of the modelling structures within the Extreme Loading for Structures 
(ELS) software, (Applied Science International, 2024a), were facilitated by the Building 
Information Modelling (BIM) framework. First, a point cloud of the whole church is 
obtained during inspections using a laser scan; the geometrical model is then built within 
a BIM-based software; and lastly, it is converted into the structural model within ELS 
software. 

From the original portfolio, fifteen churches were passed to Level 3. What these 
churches have in common is the presence of vaulted ceilings, some with very complex 
geometries, significant geometric irregularities, pre-existing crack patterns, and 
reinforcement strengthening measures. 

Each church, however, has its own unique characteristics; the three selected churches, 
in fact, feature significantly different geometries, vault types, and construction 
characteristics. Dutch masonry vaults differ substantially from the classical 
Mediterranean cross-vault typologies commonly addressed in research and 
experimental campaigns: examples include ribbed vaults, melon-shaped vaults, and 
distinctive brick arrangements such as fish-bond patterns. These vaults often reach 
spans of 8–9 metres, far exceeding the scale of existing experimental tests. As no 
dedicated full-scale experimental benchmarks exist for such configurations, numerical 
predictions must be interpreted as lower-bound estimates, driven by conservative 
modelling assumptions rather than calibration against physical tests. This conservative 
interpretation is reinforced by three factors: 

• Material prescriptions in the NPR: Dutch guidelines for existing masonry require 
using 40% of the nominal mechanical properties for historical materials, 
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inherently biasing the assessment toward the safe side of the structural 
response. 

• Absence of in-situ destructive or semi-destructive testing: consistent with 
heritage preservation principles and client requirements, no material tests were 
conducted on the churches. As normative values generally reflect lower 
fractiles of material strength, their use inevitably reinforces the conservative 
nature of the analyses. 

• Lack of experimental benchmarks for complex vaults: the only available 
benchmark is the LNEC cross-vault test, which, although scientifically relevant, 
features a simple geometry and significantly smaller scale compared to Dutch 
vaults. While its use helps validate the modelling strategy, it cannot fully 
represent the diverse vaulting systems considered here. 

These limitations call for a modelling strategy that balances accuracy and practicality. 
The approach adopted in this work relies on the meso-modelling validation and 
sensitivity analyses presented in earlier chapters, but also incorporates pragmatic 
simplifications necessitated by the professional nature of the project. 

This chapter presents the advanced seismic assessment conducted for Church 1, 
Church 2, and Church 3, following the workflow defined for Levels 3 and 4. For each 
case, the main geometric and architectural characteristics are analysed, along with the 
results of the seismic assessment of the as-built state (Level 3) and the reinforced 
configuration (Level 4). 

Finally, a comparison between the different churches is presented, analysing the 
possible recurring behaviours and what causes the seismic behaviour to significantly 
vary. 

8.3 GENERAL MODELLING STRATEGY FOR THE CASE STUDIES 
The numerical analyses conducted for Church 1, Church 2, and Church 3 adopt a unified 
modelling framework developed within the SMAC programme to ensure a consistent, 
scalable, and reproducible approach for the seismic assessment of vaulted churches. 
Although each structure displays unique architectural features, the workflow presented 
in this section constitutes the shared methodological basis applied across all case 
studies and reflects the modelling philosophy established internally during the SMAC 
Level 3–4 activities. 
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A central objective of this thesis was to formalise this homogeneous modelling 
procedure, originally developed and refined within the professional practice of Studio 
Calvi during the assessment of the SMAC church portfolio. The strategy was conceived 
to be generalizable across different sizes, vault typologies, and structural complexities, 
enabling a uniform treatment of all churches analysed at Level 3 and preparing the 
ground for Level 4 retrofit design. 

The modelling philosophy adopted in this thesis builds upon a coherent set of 
assumptions governing material behaviour, discretisation, boundary conditions, and 
contact mechanics, integrated within a unified workflow that has been progressively 
refined throughout the Level 3–4 activities. These same principles were subsequently 
employed and discussed in (Davis et al., 2024), where a subset of SMAC Level 3 
churches was analysed as part of a peer-reviewed research dissemination of the 
project. That publication therefore documents and contextualises, in an academic 
venue, modelling assumptions that were originally developed within the SMAC 
engineering workflow. 

Building upon this foundation, the present thesis provides a systematic and fully 
generalised formulation of the modelling procedure, ensuring its applicability to any 
vaulted church within the SMAC portfolio and enabling transparent comparison across 
different case studies.  

All Level 3 and Level 4 analyses were performed using the set of eleven accelerograms 
prescribed by the NPR webtool for induced-seismicity scenarios. For each ground 
motion, nonlinear time-history (NLTH) analyses were performed, in full compliance with 
the (NEN, 2020) requirements for ground-motion characterisation. 

Only structural or architectural features that demonstrably influence the global 
response were incorporated as case-specific refinements; all other assumptions were 
intentionally standardised to avoid modelling-induced variability and to ensure that 
differences in numerical behaviour reflect genuine physical characteristics. 

The results of the nonlinear time-history analyses in terms of global response (e.g., and 
localised vault mechanisms) are presented separately for each church in the following 
sections. For clarity and comparability, the outcomes of the eleven accelerograms are 
synthesised using envelope and statistical measures, while case-specific behaviours 
are discussed in detail where relevant. 
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8.3.1 Modelling of walls, roof structure, and boundary conditions 

Although the focus of this chapter is on the behaviour of the vaulted systems, the 
seismic response of the vaults cannot be understood independently from the 
surrounding structural context. For this reason, the numerical models include the entire 
church configuration using a consistent and standardised set of assumptions, in line 
with the SMAC Level 3 workflow. 

The masonry walls are discretised using blocks of 0.30 × 0.30 × 0.30 m, unless local 
refinements are required near geometric discontinuities or vault springings. Wall tilting 
is incorporated whenever measured out-of-plumb exceeds 1%, as this condition alters 
the effective lateral stiffness and consequently the vault–wall interaction. The 
foundation level is modelled as fixed, in accordance with the modelling assumptions 
adopted in SMAC Level 3 studies. Soil–structure interaction was not considered, as no 
evidence of significant foundation deformability emerged during the inspection process 
and no project-specific geotechnical data were available 

The roof structure is typically made of timber and includes trusses, rafters, purlins, 
secondary timber, and a plank. It is explicitly modelled together with connections among 
elements according to historical documentation and on-site survey. The in-plane 
stiffness provided by the timber planks nailed to the purlins is represented by an 
equivalent elastic membrane. The equivalent shear modulus Geq is obtained through 
analytical formulations by (Gattesco & Macorini, 2014) for drift perpendicular to the 
purlins, and by (Brignola et al., 2008) for drift parallel to the purlins. Since the resulting 
stiffnesses are comparably low and of similar magnitude, a unique value of 2.15 MPa is 
adopted to represent the roof membrane in both directions. 

Where a tower is present, three cases can be distinguished: 

• the tower is completely detached from the church structure and it is not 
included in the model; 

• the tower is adjacent but structurally detached from the church, in this case the 
tower is modelled in a simplified form to reproduce its global stiffness and mass 
contribution but without fine architectural details; 

• the tower is structurally connected to the church and its fully included within the 
numerical model. 

This is consistent with SMAC practice, as towers were typically analysed separately at 
earlier levels and, despite being heavily damaged non-structurally, generally satisfied 
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structural verifications. Including the tower ensures that its mass and stiffness influence 
on the church’s dynamic behaviour is properly captured. 

8.3.2 Material models 

8.3.2.1 Masonry 

Material properties for clay brick masonry follow Section F.4.6 (Table F.2) of (NEN, 
2020). In accordance with footnote (d), which recommends property reduction when 
pre-1945 clay brickwork shows poor mortar quality, the mean values of strength and 
stiffness are reduced by 40%. This choice ensures a conservative representation of the 
masonry behaviour and aligns with the lower-bound interpretation discussed in Section 
8.1. The resulting elastic and strength parameters, Table 4.1, are applied uniformly 
across all masonry elements to maintain consistency and provide a conservative lower-
bound representation of material behaviour. 

Table 8.1. Masonry material properties used in ELS 

Brick Masonry 
Material Properties Good quality 

Poor quality (reduced 
by 40%) 

Young's Modulus 5000 MPa 3000 MPa 

Shear Modulus 2000 MPa 1200 MPa 

Specific Weight 19 kN/m3 19 kN/m3 

Compressive Strength 8.5 MPa 5.1 MPa 

Tensile Strength 0.1 MPa 0.06 MPa 

Cohesion 0.3 MPa 0.18 MPa 

The in-plane and out-of-plane behaviour of masonry elements follows the meso-
modelling framework presented in Chapter 4. Tension is represented through a bilinear 
law with linear softening up to ultimate strain following (Malomo et al., 2020a), while 
compression follows a simplified version of the elastoplastic fracture model by (El-
Kashif & Maekawa, 2004). Shear springs adopt a Mohr–Coulomb yield criterion, 
consistent with the cyclic response of masonry joints. 
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8.3.2.2 Timber 

Timber properties derive from (BS EN 338:2003 Structural Timber – Strength Classes, 
2003). When no specific documentation is available, a default grade C14 is adopted for 
pre-1945 structures and C18 for post-1945 buildings. Mean material values are taken as 
1.3 times the characteristic values, following (NEN, 2020). 

Timber elements follow a bilinear constitutive law with a softening branch after peak 
stress. Shear springs follow a Mohr–Coulomb criterion, and density is assigned 
according to EN 338. Nail connections between planks and rafters are modelled using 
mean capacities derived from EC5 formulations for timber embedment and withdrawal 
strength. 

8.3.3 Interface behaviour and friction model 

In the adopted meso-scale formulation, masonry is modelled as a homogeneous 
continuum material discretised into elastic elements. As a consequence, no frictional 
interfaces are introduced between masonry elements: adjacent elements share the 
same material continuum and interact through the cohesive–frictional laws defined for 
masonry springs. This ensures that the structural behaviour of walls and vaults is 
governed by the constitutive law of the masonry material, rather than by artificial contact 
interfaces. 

Contact or friction models are introduced only where different materials interact, in 
accordance with the modelling practice established in the SMAC Level 3 workflow. The 
bearing material model of ELS is used in these cases. This model: 

• transmits compressive stresses through a linear elastic response up to the 
compressive strength of the weaker material, 

• does not transmit tensile stresses, separating when the normal stress becomes 
negative, 

• activates shear resistance according to a Mohr–Coulomb criterion, with friction 
coefficients taken from Table F.3 of (NEN, 2020). 

This type of interface is used only for specific material-to-material interactions, such as: 

• the interface between timber planks and rafters in the roof diaphragm; 
• timber-to-masonry connections, such as historical nails or bearing elements; 
• steel-to-masonry contacts, where plates or anchorages transfer forces into the 

walls; 
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• the roof membrane–purlin/rafter interface, where sliding and uplift may occur; 
By contrast, the connection between concrete ring beams and masonry walls is 
modelled as a monolithic interface unless deterioration or sliding is explicitly 
documented in the inspection. 

This approach prevents the introduction of artificial sliding or separation within the 
masonry body and ensures that discontinuities develop only in accordance with the 
constitutive laws of the masonry material itself. 

8.3.4 Modelling of the vaulted system 

The vaulted systems were modelled using the AEM meso-modelling approach 
presented in Chapter 4, where masonry is idealised as an assemblage of elastic blocks 
interacting through nonlinear zero-thickness interfaces. Vault discretisation followed a 
refined strategy informed by laser-scanning point clouds, ensuring that the numerical 
model accurately reproduced the as-built geometry while remaining computationally 
feasible for large, multi-vault churches. 

The plan geometry of each vault field was constructed through a polar mesh generated 
by revolving polylines extracted from the point cloud, simulating the geometric curvature 
of the vaults. A uniform block size of 0.20 × 0.20 × 0.15 m (the last dimension 
corresponding to the vault thickness) was adopted across all case studies. This choice 
satisfies three key modelling requirements: 

• capturing the primary geometric curvature of the vault; 
• ensuring adequate resolution around springings, intersections, or geometric 

transitions; 
• avoiding excessive fragmentation that would compromise computational 

performance. 
Where structurally justified, specific architectural details, such as ribs or characteristic 
Dutch brick patterns (e.g., fish-bond arrangements), were included explicitly in the 
geometry. Ribs were modelled using an equivalent mortar-like material with elastic and 
strength parameters adjusted to reflect their larger effective section, ensuring correct 
stiffness and interaction with the adjacent vault fields. In all other cases, simplified 
equivalent geometries were adopted to preserve the correct global behaviour without 
artificially increasing the mesh density. 

No additional mechanical enhancement was introduced at the material or interface 
level: the correct structural response arises from the explicit geometric representation, 
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the frictional behaviour of the interfaces, and the meso-scale formulation adopted for 
the masonry material. This modelling strategy, uniformly applied across Church 1, 
Church 2, and Church 3, ensures both consistency and robustness in the simulation of 
the seismic behaviour of complex vaulted systems. 

8.4 CHURCH 1 

8.4.1 Architectural and structural description 

Church 1 is a Romano-Gothic Church built in the early 13th century. It consists of a main 
nave with a semi-circular apse, originally constructed with timber ties at the vault 
springings and later extensively modified during a major restoration in the 1960s. In 
particulare, from historic documentation, timber ties were replaced with the installation 
of reinforced concrete ring beams, vault cracks were repaired, the timber roof was 
rebuilt, and external buttresses, with no structural function, removed. 

  
(a) (b) 

Figure 8.1 Church 1: external view (a) and internal view of the vault (b) 

The vaulted system is particularly distinctive. The nave and apse are covered by melon-
shaped vaults with ribs and a herringbone brick pattern, consistent with the Dutch 
tradition of complex vault geometries. The vault thickness is approximately 0.15 m, and 
ribs are composed of trapezoidal clay blocks intended to provide continuity at the 
intersection between vault fields. Each vault stands on masonry arches, to which the 
load is transferred. 

The roof structure consists of timber trusses and main purlins, which sustain the rafters 
and secondary purlins. Most connections rely on friction or historical nails, except where 
pockets or visible fixings suggest limited tensile or shear capacity. The tower was added 
in the 14th century and it is classified as semi-detached, consequently it was not 
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included in the numerical model. Furthermore, its seismic assessment was completed 
at Level 2 and found to be structurally verified. 

Church 1 presents the typical characteristics of Groningen vaulted churches: large 
spans relative to the thickness, complex brickwork, and significant geometric 
irregularities at the springings and intersections. These attributes, combined with the 
removal of historical ties, made it a suitable candidate for Level 3 assessment. 

8.4.2 Seismic assessment 

The Level 3 seismic assessment was carried out through nonlinear time-history (NLTH) 
analyses using the set of eleven accelerograms prescribed by the NPR webtool for 
induced-seismicity scenarios. The as-built configuration revealed that Church 1 is not 
verified under the NC limit state. 

 

Figure 8.2 Numerical model of Church 1 

The results, Figure 8.3, show that the main structural problem is related to the masonry 
arches rather than masonry vaults. Across the most severe ground motions (e.g., signals 
I2, I4, I9), the lower arches between the vault fields exhibited progressive cracking, hinge 
formation, and in several cases full collapse. These arch failures compromise the 
boundary conditions of the vaults, triggering partial or complete vault collapse in some 
bays. Observed failure modes include: 
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• Collapse of the arches between the apse and Bay 4, consistently identified as 
the most critical zone. 

• Failure of the lower arches in each bay, especially where no semi-columns are 
present to provide vertical confinement. 

• Damage or collapse of vault fields, but only as a consequence of arch failure. 
• Lintel failures at several window openings, though these did not control the 

overall collapse mechanism. 
• Limited damage to the roof, primarily in the diagonal trusses. 

  
(a) (b) 

Figure 8.3 Damage configuration after the application of one accelerogram: whole 
structure (a) and vaults detail (b) at Level 3 of Church 1 

A key insight from the Level 3 analysis is that the vaults do not fail autonomously. Their 
seismic performance deteriorates only when the arches that establish their thrust line 
and load-distribution path lose stability. This confirms one of the central principles 
discussed in this thesis: vault behaviour cannot be assessed in isolation, and the 
stability of the supporting system is a prerequisite for reliable vault performance. 

8.4.3 Retrofitting proposal 

The Level 4 intervention strategy for Church 1 directly addresses the failure modes 
observed in the seismic assessment. Since the collapse sequences are initiated by the 
instability of the internal arches, the retrofitting measures focus on restoring an effective 
load path and ensuring proper interlocking between arch elements and adjacent 
masonry walls. 

8.4.3.1 Retrofitting of arches and vault supports 

Historical documentation indicated a lack of proper interlocking between the inner and 
outer blocks of the masonry arches. This deficiency is critical because the lower arches 
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act as the primary supports for the melon vaults. To re-establish structural continuity, 
the following interventions were implemented in the Level 4 numerical model: 

• Installation of Helifix bars at the springings to connect the inner and outer arch 
rings. 

• Restoration of effective interlocking between the arch blocks and the supporting 
walls. 

• Modification of the arch-wall interface from a weak or frictional contact to a 
continuous elastic masonry interface, preventing premature sliding. 

 

Figure 8.4 Example of arch reinforced with steel bars 

These strengthening measures significantly alter the collapse mechanism: once the 
arches are stabilised, the vaults remain intact across all eleven input motions, 
confirming that their observed failure in the as-built configuration was secondary. 

8.4.3.2 Roof structure adjustments 

Some roof elements, primarily diagonal struts and ties, continued to experience local 
failures even in the retrofitted configuration. However, these failures: 

• remain non-critical for overall stability, 
• do not compromise the safety of occupants, 
• and do not interact negatively with the vault performance. 

To inform potential future detailing by the client, all normal and shear force demands for 
these connections were extracted and provided separately, assuming elastic behaviour. 
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8.4.3.3 Level 4 results 

The retrofitted model withstands the full suite of eleven accelerograms without collapse 
of the vaults or supporting arches. Only minor, localised roof damage remains. The most 
severe record (signal I2) produces limited cracking but no loss of structural integrity. 

This case study exemplifies how targeted reinforcement of the vault’s support system, 
rather than of the vault itself, can be sufficient to ensure seismic safety, reinforcing the 
methodological principle that vaulted systems must be evaluated as part of the global 
structural configuration. 

  
(a) (b) 

Figure 8.5 Damage configuration after the application of one accelerogram: whole 
structure (a) and vaults detail (b) at Level 4 of Church 1 

8.5 CHURCH 2 

8.5.1 Architectural and structural description 

Church 2 is the remains of an original late Romanesque cruciform church. In 1238 the 
church was damaged by a fire and it was rebuilt in 1259. A shallow transept and a new 
rectangular choir bay were added. At the same time, dome vaults were built, typical of 
late Romanesque. The transept was probably demolished in the early 16th century. 
Traces of the transept can still be recognized on the southern façade. During the 
rebuilding in 1250, a 33 m high tower was built on the west facade, which was 
demolished in 1808 and replaced by the current steeple. In the historical documents 
there is no trace of intervention with concrete beams at the attic level, while timber tie 
beams at the vault impost were added in the 19th century. Anchor plates connected to 
the attic floor joists are also visible from the outside of the church. 
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(a) (b) 

Figure 8.6 Church 2: external view (a) and internal view of the vault (b) 

The interior presents two dome vaults positioned in the eastern portion of the building, 
decorated with medieval painted brickwork patterns. The vaults rest on masonry arches 
of limited thickness, some of which are embedded into recesses and do not benefit from 
lateral buttressing. The western portion of the nave features a flat timber ceiling and a 
large pipe organ sitting on an explicitly modelled timber balcony. 

The roof structure is complex and consists of multiple layers of trusses, purlins, rafters, 
diagonal struts, secondary bracing elements, and ties supporting the steeply pitched 
roof. Many connections rely solely on friction or historical nailed joints with limited 
tensile capacity, and several roof elements act as ties for the front and back gable walls. 
Local pocketing between timber elements provides partial restraint, but simultaneously 
introduces brittle failure mechanisms under seismic loading. 

Overall, Church 2 combines complex vault geometry, geometric irregularities, weak arch 
supports, and a highly articulated yet fragile roof system, which together justify its 
selection for Level 3 modelling. 

8.5.2 Seismic assessment 

The Level 3 seismic assessment was carried out by performing nonlinear time-history 
(NLTH) analyses using the eleven accelerograms prescribed by the NPR webtool for 
induced-seismicity scenarios. 
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(a) (b) 

Figure 8.7 Numerical model of Church 2 with (a) and without (b) the roof 

The as-built configuration of Church 2 is not verified at the NC limit state, and the 
observed failure mechanisms reveal a multi-source vulnerability involving: 

• collapse of the vault fields, 
• failure of the arches between vaults, 
• failure of buttresses, 
• lintel failures, 
• severe damage to roof connections, 
• local collapse of the gable, 
• sliding of the wallplate. 

  
(a) (b) 

Figure 8.8 Damage configuration after the application of one accelerogram: whole 
structure (a) and vaults detail (b) at Level 3 of Church 2 

8.5.2.1 Vault behaviour 

A key difference from Church 1 emerges here: the vaults of Church 2 collapse even when 
the arches have not completely failed, particularly for the stronger records (I1–I4, I7–
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I11). The vaults near the back façade are especially vulnerable, showing early formation 
of tensile cracks and progressive segment separation. This indicates that the vaults 
possess insufficient intrinsic capacity, and that arch instability alone does not explain 
their collapse. 

8.5.2.2 Arch behaviour 

Several arches between the vaults show hinge formation, out-of-plane rotation, or 
sliding at the springings. In multiple signals, the arch failure precedes or triggers the 
collapse of the adjacent vaults. In others, arch and vault failures develop concurrently 
due to geometric and material weaknesses. 

8.5.2.3 Other critical mechanisms 

Across nearly all records: 

• buttresses at the eastern end fail locally, 
• lintels at all façades exhibit shear or bending failure, 
• roof elements (trusses, diagonal braces, ties) fail due to shear and pull-out at 

connections, 
• the back gable experiences local collapse or severe cracking, 
• the wallplate slides on the masonry support due to lack of anchorage. 

Notably, the roof behaves as a highly flexible diaphragm, amplifying out-of-plane 
demands. 

8.5.2.4 Interpretation 

Church 2 exemplifies a case where: 

• arch strengthening alone (as in Church 1) is insufficient to guarantee vault 
stability, 

• the vaults require direct strengthening, 
• local geometric complexity (dome vaults, recesses, absence of laterally 

restraining elements) makes the vault system intrinsically vulnerable. 
This supports one of the methodological conclusions of the thesis: vault safety depends 
simultaneously on intrinsic vault capacity and boundary conditions, and both must be 
addressed when deficiencies are present. 
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8.5.3 Retrofitting proposal 

The Level 4 retrofit measures for Church 2 were designed based on the failure patterns 
observed in the Level 3 assessment. In contrast to Church 1, where reinforcing the 
arches alone was sufficient, here an effective retrofit requires combined strengthening 
of both the vaults and their supporting arches, complemented by selective interventions 
on the roof system. 

8.5.3.1 Strengthening of the vaults 

Two dome vaults are retrofitted using FRCM strips applied at the extrados, localised 
around the springings where collapse was observed during the NLTH analyses. The 
FRCM adopts Geocalce F Antisismico (mortar) and Geosteel Grid G400 (balanced bi-
axial reinforcing mesh). Only the lower third of the vault is treated to respect aesthetic 
and heritage constraints while still restoring structural continuity. In the numerical 
model, the FRCM system is represented through an equivalent RFT mesh, calibrated to 
match the stiffness and strength of the composite system. 

 

Figure 8.9 Wireframe view of the vaults with the reinforcement modelled as RFT elements 
of Church 2 

8.5.3.2 Strengthening of arches and arch–wall interfaces 

Arch failure being a primary mechanism, multiple interventions are included: 

• installation of steel helical bars (Steel Dryfix) at the arch springings, 
• interlocking the inner and outer arch rings, 
• reinforcing the arch–wall connection to prevent sliding failures, 
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• out-of-plane reinforcement of the arch between vault and attic using transverse 
bars drilled into the wall thickness. 

These measures collectively suppress both in-plane and out-of-plane mechanisms 
observed during Level 3. 

 

Figure 8.10 Example of arch reinforced with steel bars 

8.5.3.3 Roof interventions 

Given that roof fragility amplifies seismic demands, several key retrofits are 
implemented: 

• improvement of rafter–wallplate connections, 
• anchoring of the wallplate to masonry walls, 
• reinforcement of truss diagonals and stiffening elements between trusses, 
• retrofitting of timber ties supporting the back gable, 
• application of Planitop Intonaco Armato (M15) on the upper part of the back 

gable, 
• installation of a new roof membrane glued to the existing one, eliminating sliding 

mechanisms. 

8.5.3.4 Level 4 results 

The retrofitted configuration withstands all eleven accelerograms without collapse of 
the vaults or supporting arches. Damage persists only in local roof connections, which 
remain non-structural relative to the vaulting system. The back gable experiences 
cracking but does not collapse, and foundation verifications remain satisfied. 
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(a) (b) 

Figure 8.11 Damage configuration after the application of one accelerogram: whole 
structure (a) and vaults detail (b) at Level 4 of Church 2 

8.5.3.5 Interpretation 

Church 2 demonstrates that: 

• when both vaults and arches exhibit insufficient capacity, 
• a combined strengthening strategy is not only appropriate but necessary, 
• confirming that vault safety must be considered within the entire supporting 

system, 
• and that interventions must ensure both intrinsic vault strength and stable 

boundary conditions. 

8.6 CHURCH 3 

8.6.1 Architectural and structural description 

Church 3 was built in the second half of the 13th century. It was a simple hall church with 
a straight-closed choir and was dedicated to Mary. In the 16th century the nave was 
expanded to its current size with the five-sided closed choir and in 1705 with transepts. 
The old freestanding tower was demolished in 1734. On August 26, 1896, the tower 
burned down. In 1897, the tower was rebuilt. In 1937 a restoration took place, but no 
major repair was carried out on the structural elements. 
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(a) (b) 

Figure 8.12 Church 3: external view (a) and internal view of the vault (b) 

The vaulted system is extensive and architecturally heterogeneous. From archival 
documentation and local inspections, the presence of an old concrete overlay applied 
during a past intervention came out. However, no information is available regarding its 
reinforcement, its thickness continuity, or its bond behaviour with the vault. As a result, 
its structural role is uncertain: it may function as a stiffening layer, act primarily as dead 
load, or behave in an intermediate condition depending on adhesion and cracking. 

In addition, the point cloud survey revealed significant residual deformation in the 
central vault and the first bay of the nave, with an asymmetric depressions towards 
midspan. These deformations are likely the outcome of long-term settlement, thermal 
movements, or past structural interventions that modified the vault’s stress state. 
Because these deviations from the ideal geometry can strongly influence collapse 
mechanisms under seismic loading, they were explicitly studied through an additional 
vault model incorporating the measured deformed geometry. 

Overall, Church 3 is characterized by: 

• heterogeneous vault typologies, 
• uncertain past interventions (concrete overlay), 
• geometrical irregularities, 
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• locally weak arch and buttress configurations, 
• and a highly articulated roof system with limited tensile capacity. 

These features fully justify the need for Level 3 analysis. 

8.6.2 Seismic assessment 

Nonlinear time-history (NLTH) analyses were performed using the eleven 
accelerograms prescribed by the NPR webtool for induced-seismicity scenarios. 

  
(a) (b) 

Figure 8.13 Numerical model of Church 3 with (a) and without (b) the roof 

The as-built configuration of Church 3 exhibits widespread collapse of the vaults, far 
more severe than in Church 1 and Church 2. 

8.6.2.1 Vault behaviour 

Across all signals (I1–I11), the following patterns are consistently observed: 

• Total collapse of the apse vault, typically occurring within the first 4–5 seconds 
of the ground motion. 

• Collapse of both transept vaults, developing shortly after the apse collapse. 
• Severe damage and partial collapse of the central vault, often preceded by 

extensive cracking. 
• Severe cracking in the nave vaults, which in some signals also progress towards 

collapse. 
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The vulnerability of the apse vault is particularly high due to its bombed geometry, where 
the keystone is lower than the formerets, producing an inverted curvature that facilitates 
early separation and sliding. 

  
(a) (b) 

Figure 8.14 Damage configuration after the application of one accelerogram: whole 
structure (a) and vaults detail (b) at Level 3 of Church 3 

8.6.2.2 Influence of the past concrete intervention 

The concrete layer applied to the apse vault behaves in an uncertain and potentially 
counterproductive way: 

• If collaborating, it would only marginally increase capacity. 
• If non-collaborating (poor bond), it acts primarily as added mass, increasing 

seismic demand. 
• If partially cracked (likely), it may induce incompatible deformation modes. 

Because of the absence of reliable historical information, the concrete layer was not 
assumed to provide significant structural resistance. The Level 3 analyses suggest that 
it did not prevent nor delay collapse, indicating that the overlay is either non-
collaborating or insufficiently stiff to modify the global mechanism. 

8.6.2.3 Influence of the existing vault deformations 

A second vault model was created using the deformed geometry extracted directly from 
the point cloud. When this model is subjected to the most demanding accelerograms: 

• central vault collapses, 
• first vault of the nave collapses, 
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• collapse sequences occur earlier and more severely than in the idealized 
model. 

The comparison shows: the deformed geometry systematically reduces vault capacity, 
accelerates collapse, and changes the relative timing of local mechanisms. 

  
(a) (b) 

Figure 8.15 Deformed vaults configuration (a) and their damaged configuration after the 
application of one accelerogram (b) at Level 3 of Church 3 

This confirms that even moderate geometric distortions can significantly worsen the 
behaviour of thin, flexible Dutch vaults. 

8.6.2.4 Other critical mechanisms 

In addition to vault collapse, the following failures occur: 

• severe cracking of tower walls, 
• failure of roof truss connections, 
• sliding of timber wallplates, 
• collapse of timber decks inside the tower. 

These failures, however, are secondary relative to the global collapse mechanism 
governed by the apse and transept vaults. 

8.6.3 Retrofitting proposal 

Given the severity of Level 3 collapse mechanisms, the retrofitting strategy for Church 3 
targets: 

1. strengthening of the vaults, 
2. targeted reinforcement of roof connections, 
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3. stabilisation of critical wall-to-roof interfaces. 

  
(a) (b) 

Figure 8.16 Details of the reinforcement of the vaults: (a) general 3D view and (b) plan view 
of the vaults reinforced for Church 3 

8.6.3.1 Strengthening of the vaults 

The apse and transept vaults are retrofitted using FRCM bands (Geocalce F Antisismico 
+ Geosteel Grid 600), applied along the perimeter of each ribbed vault with a minimum 
width of 1 m. This approach: 

• restores continuity between separated vault segments, 
• improves tensile capacity, 
• limits early sliding at the ribs–field interface. 

The FRCM system is modelled using RFT elements calibrated to match the mortar+fibre 
system. 

8.6.3.2 Roof interventions 

Given repeated failures in the roof under Level 3 signals: 

• RFT connectors are added at critical roof joints, 
• metallic strip connections are strengthened, 
• wallplate anchorage is improved, 
• upper-level ties in the transepts are reinforced. 

These measures prevent progressive roof failures that could amplify vault shaking. 

8.6.3.3 Performance of the retrofitted model 

All eleven NPR accelerograms were applied to the retrofitted model. Results show: 
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• No collapse of apse, transept, central, or nave vaults, 
• roof remains globally stable, though local deck failures in the tower persist (non-

structural), 
• tower walls remain damaged, but in a pattern consistent with Level 2 and non-

critical for global stability, 
• foundations satisfy capacity. 

8.6.3.4 Level 4 results 

All eleven NPR accelerograms were applied to the retrofitted model. Results show: 

• No collapse of apse, transept, central, or nave vaults, 
• roof remains globally stable, though local deck failures in the tower persist (non-

structural), 
• tower walls remain damaged, but in a pattern consistent with Level 2 and non-

critical for global stability, 
• foundations satisfy capacity. 

  
(a) (b) 

Figure 8.17 Damage configuration of Church 3 after the application of one accelerogram: 
whole structure (a) and vaults detail (b) at Level 4 

8.6.3.5 Interpretation 

Church 3 demonstrates that: 

• uncertainty about past interventions (e.g., concrete overlays) can significantly 
affect seismic behaviour; 
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• geometric deformations must be incorporated into the assessment, as they can 
meaningfully change collapse patterns; 

• vault strengthening is indispensable when both material deficiencies and 
geometric distortions are present. 

This case confirms that accurate modelling of historical vaults requires: 

• correct material assumptions, 
• correct geometric representation, 
• and explicit consideration of past non-documented interventions. 

8.7 CROSS-COMPARISON 
These three case studies confirm the evaluation made in previous chapters: vaults 
behaviour is the results of the combination of several aspects: mechanical properties of 
masonry, geometry shape, boundary conditions, which include the interaction of the 
vaulted system with surrounding walls and roof and the presence of steel/timber ties, 
reinforced concrete ring beams. 

Despite their differences, the analyses of these three structures (confirmed also by the 
results of the other Level 3 churches) show recurrent vulnerabilities: limited capacity of 
the supporting arches, weak vault-wall interlocking, absence of a box behaviour of the 
structure, and presence of geometrical and construction irregularities. The as-built 
configuration is different for each church and this explains how all these 
abovementioned aspects affect their behaviour. In Church 1, arch instability is the 
controlling mechanism, whereas in Church 2 the vaults themselves is characterized by 
insufficient intrinsic capacity. In Church 3, geometric distortions and uncertain past 
interventions dominate the response, demonstrating that the as-built geometry, 
including deformed configurations, can critically influence collapse patterns. 

Starting from these evaluations performed in Level 3, the retrofit measures are designed 
in Level 4. In Church 1 the improvement of arches performance is sufficient to preserve 
the vaults system; a combined vault-and arch strengthening is necessary for Church 2 
and Church 3. The last case is a clear example of how pre-existing damages and high 
deformations may affect the whole response of the structure, together with the 
interaction of previous retrofit measures. 

The proposed AEM-based meso-modelling strategy proves to be robust in capturing 
interaction effects, progressive failure, and changes in collapse mechanisms after 
strengthening. At the same time, the analyses highlight the sensitivity of the results to 
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specific parameters identified earlier in the thesis, such as friction coefficients, tensile 
strength, and vault boundary conditions, reinforcing the importance of the sensitivity 
analyses presented in Chapter 5. 

8.8 FINAL REMARKS 
The three case studies presented in this chapter must also be understood within the 
broader framework of the SMAC multi-level methodology, which structured and guided 
the entire assessment process. The outlined procedure from Level 0 to Levels 3-4 
allowed to analyse: 

• Level 0: 226 churches; 
• Level 1: 41 churches; 
• Level 2: 41 churches; 
• Levels 3-4: 16 churches. 

A harmonised and systematic approach is used for all churches, and comparison among 
results of different churches can be carried out with limited source of uncertainty. 
Furthermore, starting from Level 2 the procedure is fully compliant with Dutch 
regulations (NEN, 2020). 

The effort spent for Level 3, both in terms of time and cost, is limited to a small number 
of churches of the portfolio thanks to the ranking of the SMAC approach. 

Level 3 allows to assess that among the different vaults’ shapes, the most common are 
the ribbed shaped vaults, the so-called melon vaults. Their expected behaviour, Figure 
8.18, is defined based on: span, rise to span (R/L) ratio, and presence of ties. Vaults with 
shorter spans (L < 6 m) and higher curvature (R/L > 0.85) generally exhibit a more 
favourable response, if adequate ties or equivalent restraining elements are present, 
otherwise failure mechanisms may develop also in this case. For larger spans (L > 6 m) 
the vaults behaviour become more critical. Indeed, both low-curvature vaults (R/L < 
0.85), and high-curvature vaults (R/L > 0.85), tend to be severely damaged. It can be 
noted that ties play a decisive role for all span categories, and their absence is 
consistently associated with an unfavourable or unsafe mechanism. 

It is important to underline that Figure 8.18 illustrates the expected behaviour, usefull for 
a first fast classification; other aspects, such as existing damages, deformations, walls’ 
out of plumb, will strongly affect the effective behaviour of the structure. 
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Figure 8.18 Statistical considerations of collapse or no collapse of vaults considering the 
16 case studies 

Building upon these portfolio-level observations, the detailed Level 3 and Level 4 
analyses of the three churches confirm that vaults cannot be assessed in isolation. In 
Church 1, vaults possess adequate intrinsic capacity and collapse only when arch 
instability alters boundary conditions. In Church 2, vaults exhibit insufficient tensile 
capacity independently of arch behaviour. In Church 3, geometric distortions and 
undocumented past interventions dominate the collapse mechanism. 

Overall, the case studies validate the modelling framework developed in the thesis and 
highlight the practical value of the SMAC approach in prioritising resources, identifying 
critical configurations, and defining effective, minimally invasive strengthening 
solutions. 
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9 CONCLUSIONS 

9.1 KEY FINDINGS  
The seismic assessment of masonry vaults, with variable geometries and tri-
dimensional arrangement, has become a fundamental research area due to their 
vulnerability. Most of historic masonry buildings are characterized by vaulted ceiling, 
which were built by ancient masters following the rule of thumb and experience-based 
practices. Even though a modern science has been developed on the mechanical 
behaviour of this structural component, knowledge about the effects and potential 
collapse modes is still lacking, especially because of their geometric complex 
configuration, the unpredictable interaction with other structural elements, e.g. walls, 
and their sensitivity to changes in boundary conditions, e.g. settlements. 

Within this context, the present study explores the chance of employing the Applied 
Element Method (AEM), part of discrete elements formulations, to assess the seismic 
behaviour of historic masonry buildings characterized by vaulted system. The AEM 
methodology has been demonstrated to be able to simulate the responses of masonry 
both at local level, considering in-plane and out-of-plane behaviours of wall 
components, and at the global level by modelling entire buildings. The methodology 
satisfactory simulates the elastic phase, initiation and propagation of cracks, up to 
failure and even element detachment. 

The proposed meso-modelling approach built in the AEM framework was found to be 
able to reproduce the seismic response of masonry cross vault, compared against 
experimental shaking table test. The model captures the overall crack pattern, the 
formation of plastic hinges, and the main failure mechanism of in-plane shear. Results 
of simulations have been also compared with the ones obtained using other 
formulations, by means of Finite Element Method (FEM) and Discrete Element Method 
(DEM). A reliable consistent has been reach among the three methodologies, with the 
AEM giving the balance between accuracy and computational efforts. 

The findings obtained in this work reveal that AEM method can be used for the numerical 
assessment of masonry vaults and historic masonry building with vaulted ceiling. 
Depending on the boundary conditions, material properties and pre-existing damage 
patterns, the method is able to capture the damage initiation, development of cracks and 
the failure mechanisms when subjected to ground shaking. Furthermore, the modelling 
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and computational efforts are relatively modest considering the high level of accuracy 
observed, especially when compared with other modelling approaches. 

Finally, these considerations make the proposed methodology suitable for professional 
practice and can effectively support practitioners in real engineering applications, where 
the need to balance the level of accuracy of the results and the time required to obtain 
them is extremely important. 

9.2 POTENTIAL FUTURE DEVELOPMENTS 
The methodology proposed in this thesis is still in its early stage of development. 
Although significant progress has already been achieved, several aspects for 
improvement, related to the modelling choices, remains to be carried out to fully 
consolidate and standardize the approach. 

There are very few experimental shaking table tests performed on scaled vaults, to an 
even lesser extent on full-scale ones; this inevitably led to limit the possibility of 
validating the numerical modelling approach on different vault typology, and most 
importantly, on different vault dimensions. The latter is a significant feature from the 
numerical viewpoint, because when transferring the knowledge from a small specimen 
to a larger one, the influence of mesh dimensions and material properties may be 
different. Indeed, the results obtained from the sensitivity analyses on the LNEC tests 
have been used as a starting point for the modelling of the bigger Dutch vaults, which 
consequently represent a kind of lower bound limit. 

In this context, the micro-modelling of a whole Dutch vault may be of interest in order to 
compare its results with the one obtained using the meso-modelling approach, as it has 
been done for the LNEC simulation. It further allows to take into account the effective 
brick pattern, which can be very heterogenous even on a single vault. Because of the 
complexity of the configurations of the case studies presented in this thesis, and the 
restricted timing of the project this was not built. 

An additional open point, related to modelling process, is the investigation on how other 
mechanical and numerical parameters (e.g. mesh sizes, residual shear strength factor, 
interface material between masonry and FRCM) affect the response of a vault subjected 
to seismic loading. Particular attention has been spent on Separation Strain parameter, 
because of its novelty, it in fact represents the strain corresponding to the detachment 
of rigid elements, influencing the post-peak behaviour of masonry. 
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