Out-of-plane seismic response and modelling
of unreinforced masonry infill walls

Mariano Di Domenico

Universita degli Studi di Napoli Federico II

support

3 mid-span

XXXI Ph.D. Programme
in Industrial Product and Process Engineering







UNIVERSITY OF NAPLES FEDERICO 11

PH.D. PROGRAM
IN INDUSTRIAL PRODUCT AND PROCESS ENGINEERING
COORDINATOR PROF. GIUSEPPE MENSITIERI
XXXI CYCLE

MARIANO DI DOMENICO

PH.D. THESIS

Out-of-plane seismic response and modelling
of unreinforced masonry infill walls

TUTOR
PROF. A. PROTA
PROF. G.M. VERDERAME
PROF. P. RICCI

2018






Acknowledgements/Ringraziamenti

“Sentir, riprese, e meditar: di poco
Esser contento: da la meta mai

Non torcer gli occhi: conservar la mano
Pura e la mente: de le umane cose
Tanto sperimentar, quanto ti basti

Per non curarle: non ti far mai servo:
Non far tregua coi vili: il santo Vero
Mai non tradir: né proferir mai verbo
Che plauda al vizio, o la virtu derida.”

Alessandro Manzoni

Sin da bambino, studiare é stata la cosa che pit ho amato fare e non ho timore di
scrivere che e stato lo studio, insieme a qualcuno, a salvarmi la vita. Per questo motivo,
negli ultimi anni di Universita, ho coltivato il desiderio di partecipare ad un programma
di dottorato di ricerca. Realizzare questo desiderio nel 2015 e stata una delle pit grandi
gioie che ho vissuto e completare questa esperienza, oggi, rappresenta per me un grande
orgoglio. Vorrei ringraziare chi ha reso possibile tutto questo e chi ha contribuito a
rendere meravigliosa questa esperienza.

Vorrei ringraziare il professore Gerardo Verderame, del cui gruppo di ricerca faccio
orgogliosamente parte. La sua grande sensibilita scientifica e umana sono state e saranno
per me di esempio e fonte di ispirazione. Queste sue qualita mi hanno insegnato a
guardare oltre cid che é visibile, una dote estremamente rara e assolutamente
imprescindibile per un buon ricercatore. Vorrei inoltre ringraziare il professore Andrea
Prota, per avermi dato la possibilita di entrare a far parte della grande famiglia del DIST.

Vorrei ringraziare i revisori di questa tesi per il loro contributo cortese, attento e
costruttivo.

Vorrei ringraziare ancora una volta tutti gli insegnanti che hanno contribuito alla mia
formazione e a rendermi la persona, 1’ingegnere e il ricercatore che sono. In
rappresentanza di tutti loro vorrei ringraziare in particolare i professori Luciano
Nunziante, Maria Rosaria Irace, Maria Pia Tanucci.

Vorrei ringraziare i miei colleghi di gruppo: Carlo Del Gaudio, per la serenita e



I’equilibrio che mi ha testimoniato e Maria Teresa De Risi per la sua gentilezza
nell’ascoltare e comprendere. Sono infinitamente grato ad entrambi per la loro amicizia
e per non avermi mai fatto sentire solo.

Vorrei ringraziare i colleghi/amici del DIST con cui ho condiviso momenti
indimenticabili di confronto, divertimento, risate: Andrea Miano, Costantino Menna,
Marco Gaetani, Paolino Cassese, Pasquale Cito, Stefano Carozza e Maddalena
Cimmino. Ringrazio di cuore, inoltre, gli studenti e tesisti che con le loro domande e la
loro collaborazione mi hanno arricchito molto, come uomo e come ricercatore.
Ringrazio Alessandra, per la nostra quasi decennale e sincera amicizia.

Vorrei ringraziare i miei zii Salvatore e Olga per essermi stati vicino in questi anni,
allo stesso tempo belli e difficili, in cui ho iniziato ad assumere alcune delle
responsabilita di adulto. Il loro sostegno non mi &€ mai mancato e so che mi
accompagnera per tutta la vita.

L’eccezionale uomo che mi ha guidato in questi tre anni ¢ il professore Paolo Ricci,
a cui devo ogni cosa. Non esistera mai nessuna parola scritta, o detta, che possa
esprimere la stima e la gratitudine che provo per lui, né che possa raccontare a chi legge
I’irripetibile fortuna che ho avuto nel conoscerlo. A lui dedico la fatica e la dedizione
del passato, la gioia e I’orgoglio di questo giorno, le speranze e le attese del futuro.

Napoli, 11 dicembre 2018

Mariano Di Domenico



Information

The Author would like to acknowledge engineer Giuseppe Campanella for the
scientific and technical support during the execution of the experimental tests described
in Chapter Il1.

The Author would like to acknowledge the staff of the SCOPE Datacenter of
University of Naples Federico 11, whose support has been crucial for carrying out the
numerical analyses described in Chapters VII and VIII.

The experimental, analytical and numerical results of this thesis contributed to the
achievement of the goals of METROPOLIS (Metodologie e tecnologie integrate e
sostenibili per l'adattamento e la sicurezza di sistemi urbani - PON Ricerca e
Competitivita 2007-2013) project and ReLUIS-DPC 2014-2018 project funded by the
Italian Department of Civil Protection (DPC). These supports are gratefully
acknowledged.

Part of the content of this thesis has been already published on research journals, as
reported in the list below.

— P. Ricci, M. Di Domenico, G. M. Verderame, 2018. Empirical-based out-of-plane
URM infill wall model accounting for the interaction with in-plane demand.
Earthquake Engineering and Structural Dynamics 2018;47.3:802-827. doi:
10.1002/eqe.2992

— M. Di Domenico, P. Ricci, G.M. Verderame, 2018. Experimental assessment of the
influence of boundary conditions on the out-of-plane response of unreinforced
masonry infill  walls. Journal of Earthquake Engineering. doi:
10.1080/13632469.2018.1453411

— P. Ricci, M. Di Domenico, G. M. Verderame, 2018. Experimental assessment of the
in-plane/out-of-plane interaction in unreinforced masonry infill walls. Engineering
Structures. 2018;173:960-978. doi: 10.1016/j.engstruct.2018.07.033

— P. Ricci, M. Di Domenico, G. M. Verderame, 2018. Experimental investigation of
the influence of slenderness ratio and of the in-plane/out-of-plane interaction on the
out-of-plane strength of URM infill walls. Construction and Building Materials
2018;191:507-5222. doi: https://doi.org/10.1016/j.conbuildmat.2018.10.011.



Vi




Vii

Table of Contents

Introduction p.1
PART | - OUT-OF-PLANE BEHAVIOUR OF URM INFILLS

Chapter | — Out-of-plane strength, stiffness and displacement capacity

700 [=] L. p.5
L INtrodUCTION. ...ee e p.5
1.2 OOP strength models based on arching action........................... p.7

1.2.1. Strength models based on one-way arching action................. p. 9

1.2.2. Strength models based on two-way arching action................. p. 14

1.2.3. Influence of the load shape on the theoretical OOP strength of

INFillS. p. 26
1.3. OOP stiffness models...........coiiiiii p. 32
1.4. OOP displacement capacity models..............coeiiiiiiniininnnn, p. 34
1.5. IP/OOP interaction modelling formulations............................. p. 38
1.6. IP/OOP interaction modelling strategies ...............ccoeviinininnnn p. 40
RETEIENCES. ...t p. 44

Chapter Il — Experimental state-of-the-art.....cceeeeeeeeieeneiennenennennns p. 47
2.1 INtrodUCtioN. ... p. 47
2.2. Experimental testson 2E infills.................co p. 48

2.2.0. daPortoetal., 2007. ..., p. 48
2.2.2. Haketal, 2014 . ... p. 50
2.3. Experimental tests on 4E infills.................coo p. 52
2.3.1. Dawe and Seah, 1989..........coiiiiiiii e, p. 52
2.3.2. Angeletal., 1994 ... .., p. 55
2.3.3. Flanagan and Bennett, 1999.............ccciiiiiiiiiiiiie, p. 58
2.3.4. Calvi and Bolognini, 2001...........coiiiiiiiieeee, p. 60
2.3.5. Varela-Riveraetal.,, 2012...........ccoiiiiiiiiiiie p. 62
2.3.6. Guidietal., 2016........coouininiiiii e p. 65
2.3.7.Haketal, 2014, .. ..o, p. 67
2.3.8. Furtadoetal.,, 2016...........cccoiiiiiiii p. 69
2.4. Other experimental programs.............cocveiviiiiiiiiiiiiiieeee, p. 72



viii

2.4.1.Beconcini, 1997t p. 72
2.4.2. Griffith and Vaculik, 2007 .......cooneri e, p. 73
2.4.3. Pereiraetal., 2000, ..., p. 75
RETEIENCES. .. et p. 76
Chapter 111 — DIST-UNINA experimental program.....ccccceeeeececesensecn p. 79
3.1 INtroduction. ... ..o, p. 79
3.2. Experimental program general information................................ p. 81
3.2.1. Specimens’ description and construction materials’ properties......  p. 82
3.2.2. Test setup and loading System............ccoiviiiiiiiiiiiieen, p. 85
3.2.3. Instrumentation layout...............coooiiiiiii e p. 89
3.3, RefEreNCE tEStS. . vt p. 90
3.3 L POt St ..ot p. 90
3.3.2.TeSt 80 _OOP_4E.......oeiiiiiee e p. 92
3.33.Test 120 OOP_4E.......cccouiuiiiiiiiiie e p. 95
3.4. Combined IP/OOP teStS. .. .ovirie i p. 99
3.4.1. Test 80 _IPFOOP _L. .ot e p. 100
3.4.2.Test 80 _IP+OOP_M.......oiiiiiii e p. 104
3.4.3.Test 80 _IPHOOP_H.. .o, p. 108
3.4.4. General considerations on the results of tests on the 80 mm thick
INFIllS. p. 112
3.4.5.Test 120 IP+OO0P_L.....ouieiiiiiiieee e p. 114
3.4.6. Test 120 _IP+O0OP_M.. ..ot p. 118
3.4.7.Test 120 IP+O0P_H.. ..o, p. 122
3.4.8. General considerations on the results of tests on the 120 mm thick
TS p. 126
3.5. OOP tests on infills with different boundary conditions.................. p. 128
3.5.1.Test 80 OOP_3E.......coiuiiieiiiieiei e p. 129
3.5.2. Test 80 _OOP _3BED.......ccoviriniiiiiiie e p. 133
3.5.3.TeSt 80 _OOP_2E.......iiiiiieiieieeie e p. 136
3.5.4.Test 120 OOP_3BE.......iuiuiiiiiiiiiiie e p. 140
3.5.5.Test 120 OOP_2E.......coiuirieitiiie e p. 143
3.5.6. General considerations on tests’ results...............coceviiiiien... p. 146
3.6. O0P CYCHICTEST. .. .vintiei i p. 152

3.6.1. Test setup and loading path...............coooiiiiiiiii p. 152



3.6.2. Test 120_OOP_4E_CYClC......oviviiiiiii i p. 154
RETEIENCES. .. .ot p. 158
Chapter IV — Experimental database analysis and modelling proposals  p. 161
4.2, INtrodUCtioN. ... e p. 161
4.2. Definition of the experimental database..................cccoooviieiinnn. p. 162
4.2.1. Database of pure OOP testS........cooviiiriiiiiiiiieeeeeeeeea p. 162
4.2.2. Databased of combined IP/OOP tests...........ccooivviiiiiiiiinin, p. 164
4.3. Assessment of the OOP stiffness..........coooviiiiiiiiii, p. 165
4.3.1 Prediction of secant stiffness at first macro-cracking.................. p. 165
4.3.2. Prediction of secant stiffness at peak load.............................. p. 168
4.3.3. Modelling proposals. ..........cccooiiiiiii p. 169
4.4. Assessment of the OOP strength. .. e P 170
4.4.1. Prediction of the OOP strength of 2E |nf|IIs ............................ p. 175
4.4.2. Prediction of the OOP strength of 4E infills............................ p. 177
4.4.3. Final remarks on the predictive capacity of literature
formulations/models. ..o p. 183
4.4.4. Some considerations on the OOP strength of infills under seismic
J0AA. .. p. 186
4.4.5. Proposed direct mechanical-based formulations....................... p. 188
4.4.6. Modelling proposals. ..........c.coooiiiiiii p. 196
4.5. Assessment of the OOP displacement capacity............................ p. 197
4.6. Assessment of the IP/OOP interaction effects........................o.. p. 201
4.6.1. Assessment of literature formulations............................... p. 201
4.6.2. Modelling proposals (IP effects on OOP).............coeiiiiin.l. p. 204
4.6.3. Modelling proposals (OOP effectson IP).............oooeiviiiiinnnl. p. 214
4.7. Summary of the proposed OOP model for URM infills.................. p. 216
RETEIENCES. .. .ot p. 219

PART Il - EFFECT OF THE OUT-OF-PLANE COLLAPSE OF URM
INFILLS ON THE SEISMIC PERFORMANCE OF RC BUILDINGS

Chapter V - Out-of-plane code-based safety assessment of URM infills  p. 223

5.1 INtrodUCioN. ... p. 223
5.2. General considerations on the seismic safety assessment of URM
INFIIIS ., p. 224

5.3. OOP strength models in building codes..................cooviiiiiinnnn.n. p. 226



5.3.1. Eurocode 6 strengthmodel..............cooooiiiiiiiiiiiii, p. 226

5.3.2. FEMA 306 strengthmodel...............coooiiiii p. 227
5.3.3. FEMA 356 and ASCE/SEI 41-13 strength model..................... p. 228
5.3.4. NZSEE 2017 strengthmodel..............ccoooiiiiiiiiiin, p. 229
5.4. OOP demand models in building codes................ccoviiiiiiinnn.n. p. 230
5.4.1. Eurocode 8 demand model.............oooiiiiiiiiii p. 231
5.4.2. ASCE/SEI 7-10 demand model..............cooiiiiiiiiiiii, p. 232
5.4.3. NZSEE 2017 demand model...............ccoooiiiiiiiiiiiinine. p. 233
5.5. Critical aspects and Open iSSUES.........c.oviiririiiriieriieeeereenans, p. 235
5.5.1. OOP vibration period of URM infills........................... p. 236
5.5.2. OOP behaviour factor.............ocoviiiiiiii p. 238
RETEIENCES. ..ot p. 240
Chapter VI — Description of the case-study RC buildings................... p. 243
6.1, INtrodUCTION. ... p. 243
6.2. Design procedure of the case-study buildings.............................. p. 244
6.2.1. Materials’ Properties. ......ouerertetireteterteiteeaieeirenraieaeans p. 245
6.2.2. Elastic and design response SPectra............coovvvvieirineeneninnnnnn. p. 247
6.2.3. Basic design and modelling criteria................ccooooiiiiiiinnn p. 248
6.2.4. Dimensioning of structural elements......................cooiiin. p. 249
6.2.5. Gravity load determination and combination........................... p. 249
6.2.6. Global verifications of the case-study buildings....................... p. 251
6.2.7. Design of DEAMS. ... p. 253
6.2.8. Design of COlUMINS. ... ..o p. 254
6.3. Some considerations on the design results.....................oooieini p. 254
6.3.1. Results of modal analysis............cccoviviiiiiiiiiiiiee e, p. 254
6.3.2. A proposal for dimensioning Criteria...............cooveveeinienenn.. p. 256
6.3.3. Stuctural members’ characteristics............cooeeveiiiiiiiiniininnn.. p. 257
RETEIENCES. ... e p. 264
Chapter VII — Out-of-plane seismic safety assessment of URM infills in
a non-linear static framework.........ccceiiiiiiiiiiiiiiiiiiiiiineeineeieeennnnn p. 265
7.1 INErOAUCTION. ..ot e, p. 265
7.2. Description of the procedures applied for the assessment of the
COlAPSE PG A . . e p. 266

7.2.1. Designer (code-bases) Approach (DA).........ccccoeviiiiiiiiiiiinn, p. 266



Xi

7.2.2. Reference Approach (RA)......oviiiiiiiie e, p. 268
7.3. Modelling of the case-study buildings....................oooiiiiiiai, p. 273
7.4. Application of DA and RA procedures............ccoooeviiiiniiianannn... p. 276

7.4.1. Designer Approach (DA) application and results...................... p. 276

7.4.2. Reference Approach (RA) application and results..................... p. 280

7.4.3. Comparison of DA and RAresults............coooiiiiiiiiiiinn, p. 287
7.5. OOP safety check of infills in a linear elastic framework................ p. 289
7.6. When is the OOP safety check of infills necessary?..........ccccccooerenvenn. p. 294
7.7.Conclusive remarks. ... ..o p. 301
RETEIENCES. ..o p. 303

Chapter VIII — Seismic assessment of infilled RC buildings in a non-
linear dynamic framework accounting for the in-plane/out-of-plane

111170 TH 1 (1) | D PP PP p. 305
8.1, Introduction. ... ... p. 305
8.2. IP/OOP interaction modelling strategy..........ccooevveiiiiiiiiiiiinnn, p. 307
8.3. Modelling of the case-study buildings................ccooeviiiiiiiiin, p. 316
8.4. ANalYSiS PrOCEAUIE. .. ..ttt e, p. 319
8.5. Global response of the case-study buildings................................ p. 323
8.6. Assessment of the OOP collapse PGAand IDR........................... p. 327
8.6.1. PGAC ASSESSMENT . ...\ttt p. 328
8.6.2. IDRc @SSESSIMENT. ...\ttt e e p. 336
8.6.3. Location of the first OOP collapse............ccoevviiiiiiiiiiiiiiinn, p. 345

8.7. Assessment of the OOP behaviour factor and effective stiffness of

URM INFIS. ..o, p. 347
8.7.1. Straightforward approaches for the evaluation of the g-factor....... p. 349
8.7.2. Practice-oriented approach for the evaluation of the g-factor........ p. 355
8.7.3. Evaluation of the g-factor based on the OOP effective stiffness..... p. 359
8.7.4. Final remarks and proposalS............ccoevviiiiiiiiiiiiiieeea p. 370

RO O ENCES. e ieeeireinieninieriaentineeerecnteasersssessasasesansessasesassessnsesns p. 373

Appendix A — Analytical derivation of mechanical-based OOP strength

10101 ] p. 375
AL INErodUCTION. ... p. 375
A.2. OOP strength models based on one-way arching action................. p. 375

A.2.1. McDowell et al.’s strength model.......................ocooiiiiinn, p. 376



Xii

A.2.2. Angel et al.’s strength model....................cooiiiiiinnnnn, p. 380
A.2.3. Eurocode 6 strengthmodel.............oooooiiiiiiii p. 390
A.3. OOP strength model based on two-way arching action.................. p. 392
RETEIENCES. ...t p. 397

Appendix B — Specimens’ cracking patterns and damage evolution....... p. 399
Appendix C — DIST-UNINA experimental tests’ results..................... p. 425

Appendix D — Experimental database specimens’ properties............... p. 439



Xiii

List of Figures

Figure 1.1. One-way arching action according to McDowell et al. (1956).
Figure 1.2. Deformed shape of a type A and type B stripes divided by
fracture lines in separate parts rigidly rotating about their ends. On the right,
a particular of a stripe single part.

Figure 1.3. Global and local reference systems that should be used to
correctly define the f value for each stripe.

Figure 1.4. Partitioned deformability matrix.

Figure 1.5. Deformability coefficient for the RC frame shown in Figure
1.4. In the above Equations, a=Elw/El. and b=w/h. Ely, and El. are the
flexural stiffness of the beam and of the columns’ cross sections,
respectively.

Figure 1.6. Collapse mechanism considered by Bashandy et al.

Figure 1.7. Assumed deformed shape at maximum for 2E infills.

Figure 1.8. Load shapes considered for the calculation of the external
virtual work.

Figure 1.9. Conversion factor of OOP strength under hipped load to
uniformly distributed load (a), to concentrated 4 points with y=1/3 load (b)
and to concentrated 1 point load (c).

Figure 1.10. Cracked masonry stripe deformed shape at arching action
occurrence (a) and masonry segment detail (b).

Figure 1.11. IP/OOP interaction represented through IP pushover curves at
assigned OOP forces (a) and through a static IP/OOP interaction domain
(b). Adapted from Hashemi and Mosalam (2007).

Figure 1.12. IP/OOP interaction domains in terms of forces (a) and
displacements (b). Adapted from Kadysiewski and Mosalam (2009).
Figure 1.13. IP/OOP interaction domain in terms of forces. Adapted from
Dolatshahi et al. (2014).

Figure 1.14. IP/OOP interaction experimental domains in terms of force.
Adapted from Maheri and Najafgholipour (2012).

Figure 2.1. Experimental setup by da Porto et al. (2007).

Figure 2.2. Specimen TA5 by Hak et al. (2014) after tests.

p. 10

p. 15

p. 18
p. 21

p. 22
p. 24
p. 28

p. 28

p. 31

p. 35

p. 40
p. 41
p. 42
p. 43

p. 50
p. 52



Xiv

Figure 2.3. Effect of boundary conditions at the edges of infills on their
deformed shape and OOP response. Adapted from Dawe and Seah (1989).
Figure 2.4. Concrete Masonry Unit (CMU).

Figure 2.5. State of specimen 23 by Flanagan and Bennett at the end of the
test.

Figure 2.6. Murfor reinforcing system. Picture from:
www.ilnuovocantiere.it.

Figure 2.7. Specimens’ state at the end of the OOP tests by Varela-Rivera
etal. (2012).

Figure 2.8. Reinforcement layout used for thick infills by Guidi et al.
(2013). Adapted from Guidi et al. (2013).

Figure 2.9. State of specimen TAD5 at the end of the OOP test by Hak et al.
(2014).

Figure 2.10. IP-undamaged Inf_01 (left) and Inf_02 (right) specimens by
Furtado et al. (2016) at the end of tests.

Figure 2.11. IP-damaged specimen Inf_03 by Furtado et al. (2016) at the
end of test.

Figure 2.12. Some specimens by Beconcini (1997) after tests.

Figure 2.13. Experimental setup by Griffith and Vaculik (2007).

Figure 2.14. OOP incipient collapse for REF specimen by Pereira et al.
(2011).

Figure 3.1. Overview of the experimental program carried-out at the
Department of Structures for Engineering and Architecture of the
University of Naples Federico II.

Figure 3.2. Construction drawings of the RC frame specimen.

Figure 3.3. Picture of the 250x250x80 mm? clay bricks used for this study.
Figure 3.4. Picture of the 250x250x120 mm? clay bricks used for this study.
Figure 3.5. Picture of an infilled RC frame used for this study.

Figure 3.6. Rendering of the experimental setup.

Figure 3.7. Picture of the experimental setup.

Figure 3.8. Instrumentation layout.

Figure 3.9. OOP force vs infill’s central displacement for the pilot
specimen.

Figure 3.10. Pilot specimen at the end of test.

© T

©

T T T T T T T DO

.94
. 95

.59

.61

. 64

. 65

. 68

.70

.71

.73

.74

.76

80
83
83
84
85
86
87
89

.91
.92



XV

Figure 3.11. OOP force vs infill’s central displacement for specimen
80_OOP_4E.

Figure 3.12. Cracking pattern evolution at first macro-cracking (a), peak
load (b) and at the end of the test (c) for specimen 80_OOP_4E.

Figure 3.13. Deformed shape evolution along vertical and horizontal
alignments (see the instruments’ layout in Figure 3.8) for specimen
80_OOP_4E at the end of each one of the five phases individuated in Figure
3.11. The deformed shape corresponding to the attainment of peak load is
highlighted with a red line.

Figure 3.14. Specimen 80_OOP_4E at the end of test.

Figure 3.15. OOP force vs infill’s central displacement for specimen
120_OOP_4E.

Figure 3.16. Deformed shape evolution along vertical and horizontal
alignments (see the instruments’ layout in Figure 3.8) for specimen
120_OOP_4E at the end of each one of the five phases individuated in
Figure 3.15. The deformed shape corresponding to the attainment of peak
load is highlighted with a red line.

Figure 3.17. Cracking pattern evolution at first macro-cracking (a), peak
load (b) and at the end of the test (c) for specimen 120 OOP_4E.

Figure 3.18. Specimen 120 _OOP_A4E at the end of test.

Figure 3.19. IP (a) and OOP (b) response of specimen 80_IP+OO0OP_L.
Figure 3.20. Cracking pattern evolution during the IP test at first macro-
cracking (a), peak load (b) and at the end of the test (c) for specimen
80_IP+OOP_L.

Figure 3.21. Cracking pattern evolution during the OOP test at first macro-
cracking (a), peak load (b) and at the end of the test (c) for specimen
80_IP+OOP_L.

Figure 3.22. Specimen 80_IP+OOP_L at the end of test.

Figure 3.23. IP (a) and OOP (b) response of specimen 80_IP+O0P_M.
Figure 3.24. Cracking pattern evolution during the IP test at first macro-
cracking (a), peak load (b) and at the end of the test (c) for specimen
80_IP+OOP_M.

Figure 3.25. Cracking pattern evolution during the OOP test at first macro-
cracking (a), peak load (b) and at the end of the test (c) for specimen
80_IP+OOP_M.

p. 93

p. 94

p. 95
p. 95

p. 97

p. 97

p. 98
p. 99
p. 101

p. 102

p. 103
p. 104
p. 105

p. 106

p. 107



XVi

Figure 3.26. Specimen 80_IP+OOP_M at the end of test.

Figure 3.27. IP (a) and OOP (b) response of specimen 80_IP+OOP_H.
Figure 3.28. Cracking pattern evolution during the IP test at first macro-
cracking (a), peak load (b) and at the end of the test (c) for specimen
80_IP+OOP_H.

Figure 3.29. Cracking pattern evolution during the OOP test at first macro-
cracking (a), peak load (b) and at the end of the test (c) for specimen
80_IP+OOP_H.

Figure 3.30. Specimen 80_IP+OOP_H at the end of test.

Figure 3.31. Comparison of the IP responses of the 80 mm thick infills.
Figure 3.32. Comparison of the OOP responses of the 80 mm thick infills.
Figure 3.33. IP (a) and OOP (b) response of specimen 120_IP+OOP_L.
Figure 3.34. Cracking pattern evolution during the IP test at first macro-
cracking (a), peak load (b) and at the end of the test (c) for specimen
120 _IP+OOP _L.

Figure 3.35. Cracking pattern evolution during the OOP test at first macro-
cracking (a), peak load (b) and at the end of the test (c) for specimen
120 _IP+OOP _L.

Figure 3.36. Specimen 120_IP+OOP_L at the end of test.

Figure 3.37. IP (a) and OOP (b) response of specimen 120 _IP+OO0OP_M.
Figure 3.38. Cracking pattern evolution during the IP test at first macro-
cracking (a), peak load (b) and at the end of the test (c) for specimen
120 _IP+OO0OP_M.

Figure 3.39. Cracking pattern evolution during the OOP test at first macro-
cracking (a), peak load (b) and at the end of the test (c) for specimen
120 _IP+OOP_M.

Figure 3.40. Specimen 120_IP+OO0P_M at the end of test.

Figure 3.41. IP (a) and OOP (b) response of specimen 120_IP+OOP_H.
Figure 3.42. Cracking pattern evolution during the IP test at first macro-
cracking (a), peak load (b) and at the end of the test (c) for specimen
120 _IP+OO0P_H.

Figure 3.43. Cracking pattern evolution during the OOP test at first macro-
cracking (a), peak load (b) and at the end of the test (c) for specimen
120_IP+OO0P_H.

Figure 3.44. Specimen 120_IP+OOP_H at the end of test.
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Figure 3.45. Comparison of the IP responses of the 120 mm thick infills.
Figure 3.46. Comparison of the OOP responses of the 120 mm thick infills.
Figure 3.47. OOP force vs infill’s central displacement for specimen
80_OOP_3E.

Figure 3.48. Cracking pattern evolution at first macro-cracking (a), peak
load (b) and at the end of the test (c) for specimen 80_OOP_3E.

Figure 3.49. Deformed shape evolution along vertical and horizontal
alignments (see the instruments’ layout in Figure 3.8) for specimen
80_OOP_3E at the end of each one of the five phases individuated in Figure
3.47. The deformed shape corresponding to the attainment of peak load is
highlighted with a red line.

Figure 3.50. Specimen 80_OOP_3E at the end of test.

Figure 3.51. OOP force vs infill’s central displacement for specimen
80_OOP_3ED.

Figure 3.52. Cracking pattern evolution at first macro-cracking (a), peak
load (b) and at the end of the test (c) for specimen 80_OOP_3Eb.

Figure 3.53. Deformed shape evolution along vertical and horizontal
alignments (see the instruments’ layout in Figure 3.8) for specimen
80_OOP_3Eb at the end of each one of the five phases individuated in
Figure 3.51. The deformed shape corresponding to the attainment of peak
load is highlighted with a red line. Some readings are missing as some
instruments reached the end of their measuring range.

Figure 3.54. Specimen 80_OOP_3EDb at the end of test.

Figure 3.55. OOP force vs infill’s central displacement for specimen
80_OOP_2E.

Figure 3.56. Cracking pattern evolution at first macro-cracking (a), peak
load (b) and at the end of the test (c) for specimen 80_OOP_2E.

Figure 3.57. Deformed shape evolution along vertical and horizontal
alignments (see the instruments’ layout in Figure 3.8) for specimen
80_OOP_2E at the end of each one of the three phases individuated in
Figure 3.55. The deformed shape corresponding to the attainment of peak
load is highlighted with a red line.

Figure 3.58. Specimen 80_OOP_2E at the end of test.

Figure 3.59. Detail of specimen 80_OOP_2E at the end of test.
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Figure 3.60. OOP force vs infill’s central displacement for specimen
120_OOP_3E.

Figure 3.61. Cracking pattern evolution at first macro-cracking (a), peak
load (b) and at the end of the test (c) for specimen 120_OOP_3E.

Figure 3.62. Deformed shape evolution along vertical and horizontal
alignments (see the instruments’ layout in Figure 3.8) for specimen
120_OOP_3E at the end of each one of the three phases individuated in
Figure 3.60. The deformed shape corresponding to the attainment of peak
load is highlighted with a red line. Some readings are missing as some
instruments reached the end of their measuring range.

Figure 3.63. Specimen 120 _OOP_3E at the end of test.

Figure 3.64. OOP force vs infill’s central displacement for specimen
120_OOP_2E.

Figure 3.65. Cracking pattern evolution at first macro-cracking (a), peak
load (b) and at the end of the test (c) for specimen 120 OOP_2E.

Figure 3.66. Deformed shape evolution along vertical and horizontal
alignments (see the instruments’ layout in Figure 3.8) for specimen
120_OOP_2E at the end of each one of the four phases individuated in
Figure 3.64. The deformed shape corresponding to the attainment of peak
load is highlighted with a red line.

Figure 3.67. Specimen 120_OOP_2E at the end of test.

Figure 3.68. Experimental response of the 80 mm-thick specimens (a) and
of the 120 mm-thick specimens (b).

Figure 3.69. Axial stress-strain relationships for some of the masonry
wallets tested for the mechanical characterization of test specimens’
masonry. Results for wallets tested under compressive load perpendicularly
to bricks’ holes (a) and parallel to bricks’ holes (b).

Figure 3.70. Experimental response of the specimens bounded along four
(@) three (b) and two (c) edges.

Figure 3.71. Back (a) and front (b) view of the specimen tested under cyclic
pure OOP load.

Figure 3.72. OOP force vs infill’s central displacement for specimen
120_OOP_4E_cyclic (black line) compared with the monotonic response
of specimen 120_OOP_4E (grey line).
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Figure 3.73. Cracking pattern evolution at first macro-cracking (a), peak
load (b) and at the end of the test (c) for specimen 120 OOP_4E_cyclic.
Figure 3.74. Specimen 120_OOP_4E_cyclic at the end of test.

Figure 4.1. OOP Elastic vs secant at first macro-cracking stiffness of URM
infills.

Figure 4.2. Regularized and idealized deformed shapes of the infills of the
experimental database collected.

Figure 4.3. Trends of the experimental value of the OOP strength of the
specimens included in the database with the specimens’ thickness (a),
vertical slenderness (b) and masonry vertical compressive strength (c).
Figure 4.4. First mode sinusoid deformed shape of an infill bounded along
all edges.

Figure 4.5. Comparison of the experimental and predicted values of the Rq
deformability factor for infills in RC frames (a) and in steel frames (c).
Comparison of the experimental and predicted values of the OOP strength
of specimens in RC frames (b) and of specimens in steel frames (d).
Figure 4.6. Normalized OOP force-displacement diagrams (dooe
normalized with respect to dmax) and position of the candidate collapse
displacements described in Chapter I.

Figure 4.7. Normalized OOP force-displacement diagrams (door
normalized with respect to t) and position of the candidate collapse
displacements described in Chapter I.

Figure 4.8. Normalized OOP force-displacement diagrams (door
normalized with respect to dmax) and position of the OOP displacement at
20% strength degradation.

Figure 4.9. Normalized OOP force-displacement diagrams (door
normalized with respect to t) and position of the OOP displacement at 20%
strength degradation.

Figure 4.10. Comparison of the R factor of DIST-UNINA specimens with
those predicted by applying Angel et al.’s formulation.

Figure 4.11. Comparison of the R factors calculated for the entire database
with those predicted by applying Morandi et al.’s and Verlato et al.’s
formulations.
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Figure 4.12. Experimental values of the reduction factors for secant
stiffness and force at first macro-cracking and at peak load for DIST-
UNINA specimens.

Figure 4.13. Experimental strength reduction factors reported in Table 10.
Figure 4.14. Comparison of the experimental values of the reduction
factors for secant stiffness and force at first macro-cracking and at peak load
for the entire database collected. Black curves are obtained by means of
Equation 13 referred to specimens with slenderness ratio equal to or greater
than 20.4. Blue curves are obtained by means of Equation 13 referred to
specimens with slenderness ratio equal to 15.2. Red curves are determined
independently on h/t. For the experimental points, see the legend in Figure
4.13.

Figure 4.15. Values of the IDR at the onset of the reduction of the OOP
strength as a function of the slenderness ratio.

Figure 4.16. Experimental and predicted R ratios accounting also for Guidi
et al.’s tests. The pink curve is associated with h/t=8.8, the blue curve to
h/t=15.2 and the black curve to h/t>20.4.

Figure 4.17. Conventional OOP collapse displacement for IP-damaged
infills (a) and relation with the IDR of the damaged ductility over the
undamaged ductility (b).

Figure 4.18. Extrapolated IP force degradation based on Flanagan and
Bennett’s specimens 2 and 23 behaviour (b) shown in (a).

Figure 4.19. Proposed OOP response model for IP-undamaged and IP-
damaged infills.

Figure 5.1. Ratio of the OOP strength provided by Eurocode 6 and ASCE
models at varying h/t values.

Figure 6.1. Structural plan of the case-study buildings, together with the
names of the 6 frames parallel to the Z axis and of the 4 frames parallel to
the X axis.

Figure 6.2. Elastic response spectra at LS and DL

Figure 6.3. Design response spectra at LS.

Figure 6.4. Centre of mass positions assumed in the design process.
Figure 6.5. Points for the calculation of the buildings’ displacements for
their verification at DL.
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Figure 6.6. First vibration period in X and Z directions of the case-study
buildings.

Figure 6.7. Average depth of beams’ cross-sections.

Figure 6.8. Average top reinforcement ratio of beams’ cross-sections.
Figure 6.9. Average bottom reinforcement ratio of beams’ cross-sections.
Figure 6.10. Average area of columns’ cross-sections.

Figure 6.11. Average total reinforcement ratio of columns’ cross-sections.
Figure 7.1. OOP response curve of the 80 mm- and 120 mm-thick infills
predicted by using Dawe and Seah’s model.

Figure 7.2. Floor distribution of demand acceleration for given PGA equal
to 1.00 g (a) and PSA evolution at increasing PGA for the last storey (b) of
a 6-storey case-study building obtained by applying Vukobratovic and
Fajfar’s and Eurocode 8’s floor spectrum.

Figure 7.3. Reference approach schematic representation: definition of IP
displacement demand as a function of the IP PGA and definition of the
degraded OOP strength of infills corresponding to that IP PGA.

Figure 7.4. Reference approach schematic representation: definition of
OOP demand (a) and matching of OOP capacity and demand (b).

Figure 7.5. Comparison of the OOP PGA. in X and Z directions for all
case-study buildings obtained by applying the DA.

Figure 7.6. Comparison of the OOP PGA:. for all case-study buildings
obtained by applying the DA. Effect of the design PGA.

Figure 7.7. Comparison of the OOP PGA. for all case-study buildings
obtained by applying the DA. Effect of the number of storeys.

Figure 7.8. PGA. variation with z/H for fixed T./T; ratios.

Figure 7.9. Comparison of the OOP PGA:. in X and Z directions for all
case-study buildings obtained by applying the RA.

Figure 7.10. Frequency distribution for floor at which the first OOP
collapse occurs for all case-study buildings.

Figure 7.11. Comparison of the OOP PGA for all case-study buildings
obtained by applying the DA. Effect of the number of storeys.

Figure 7.12. Comparison of the OOP PGAc for all case-study buildings
obtained by applying the DA. Effect of the design PGA.
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Figure 7.13. Comparison of the PGA. for all case-study buildings with
respect to structural failure and non-structural OOP failure with respect to
LS.

Figure 7.14. Comparison of the fragility curves (continuous lines) in terms
of IDR with respect to the attainment of LS for OOP failure of infills of all
case-study buildings for different infill layouts. Dashed vertical lines
represent the IDR corresponding to the IP collapse of the infill, according
to Panagiotakos and Fardis’s model.

Figure 7.15. Comparison of the OOP PGA for all case-study buildings
obtained by applying the DA and RA.

Figure 7.16. Comparison of the fragility curves in terms of PGA, obtained
by using the DA and RA, with respect to the attainment of LS for OOP
failure of infills of all case-study buildings for different infill layouts.
Figure 7.17. IDR distribution in Z direction for all case-study buildings
with WL infills obtained by means of RSA (red line) and non-linear static
analysis (black line) for PGA=PGA ra.

Figure 7.18. Top displacement demand at PGA=PGAra for the infilled
and bare frame building. The static pushover of the infilled building is
reported in blue, the SPO2IDA for the same building in green. The
incremental response of the elastic bare frame is reported in black
(schematic representation).

Figure 7.19. Comparison of the OOP PGA for all case-study buildings
obtained by applying the DA, RA and SDA.

Figure 7.20. Conceptual example of predicted PGAco0or/PGA.r ratio
surface (dark grey) with limit state curve (blue) separating the h/t-f,, couples
for which the IP collapse foreruns the OOP collapse from those for which
the OOP collapse foreruns the IP collapse.

Figure 7.21. OOP safety domains in terms of slenderness ratio and masonry
compressive strength obtained for the 2-storey case study buildings by
applying the RA.

Figure 7.22. OOP safety domains in terms of slenderness ratio and masonry
compressive strength obtained for the 4-storey case study buildings by
applying the RA.
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Figure 7.23. OOP safety domains in terms of slenderness ratio and masonry
compressive strength obtained for the 6-storey case study buildings by
applying the RA

Figure 7.24. OOP safety domains in terms of slenderness ratio and masonry
compressive strength obtained for the 8-storey case study buildings by
applying the RA

Figure 7.25. Limit state curves for all case-study buildings and their linear
safety-sided simplification. The shaded area covers all the OOP safe h/t-fn,
couples.

Figure 8.1. Potential physically unexplainable issues deriving from
modelling a degrading behaviour for the IP-undamaged infill and a plastic
behaviour for the IP-damaged infill.

Figure 8.2. Graphical representation of the proposed modelling strategy.
Figure 8.3. Simplified schema of the routine aimed at trespassing from one
backbone to another.

Figure 8.4. Modelling strategy workflow.

Figure 8.5. Selected records response spectra for NS components (a) and
EW components (b). Response spectra of the selected records matched to
EC8 design spectrum at LS with PGA equal to 0.15 g (c).

Figure 8.6. Mode frequencies, OOP frequency of the SL infill, control
modes and Rayleigh damping ratios for the 4P05_SL case-study building.
Figure 8.7. IDA curves for building 8P35_WL in the X (a-c) and Z (b-d)
directions for the W/ (a-b) and the W/O (c-d) models.

Figure 8.8. IDA curves for building 8P35_ML in the X (a-c) and Z (b-d)
directions for the W/ (a-b) and the W/O (c-d) models.

Figure 8.9. IDA curves for building 8P35_SL in the X (a-c) and Z (b-d)
directions for the W/ (a-b) and the W/O (c-d) models.

Figure 8.10. Mean PGA:. values on the W/O models for all case-study
buildings.

Figure 8.11. Mean PGA. values on the W/O models for all case-study
buildings.

Figure 8.12. Mean PGA. values on the W/ models for all case-study
buildings.

Figure 8.13. Mean PGA:. values on the W/ models for all case-study
buildings.
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Figure 8.14. Fragility curves (PGA): comparison of the results obtained by
means of non-linear time-history analyses on W/ models (continuous lines)
and on W/O models (dashed lines) for all the case-study buildings.

Figure 8.15. Fragility curves (PGAc): comparison of the results obtained by
means of non-linear time-history analyses (continuous lines) with those
obtained by means of non-linear static analyses (dashed lines).

Figure 8.16. Mean IDR. values on the W/O models for all case-study
buildings.

Figure 8.17. Mean IDR. values on the W/O models for all case-study
buildings.

Figure 8.18. Mean IDR. values on the W/ models for all case-study
buildings.

Figure 8.19. Mean IDR. values on the W/ models for all case-study
buildings.

Figure 8.20. Fragility curves (IDR.): comparison of the results obtained by
means of non-linear time-history analyses on W/ models (continuous lines)
and on W/O models (dashed lines) for all the case-study buildings.

Figure 8.21. Fragility curves (IDRc): comparison of the results obtained by
means of non-linear time-history analyses (continuous lines) with those
obtained by means of non-linear static analyses (dashed lines).

Figure 8.22. Frequency distributions of OOP collapses for all the case-
study buildings.

Figure 8.23. Determination of the behaviour factor for the W/O and the W/
model with reference to the OOP elastic stiffness of the IP-undamaged
(W/O model) and of the IP-damaged (W/ model) infill.

Figure 8.24. Mean g-factor values on the W/O models for all case-study
buildings (straightforward approach).

Figure 8.25. Mean g-factor values on the W/O models for all case-study
buildings (straightforward approach)

Figure 8.26. Mean g-factor values on the W/ models for all case-study
buildings (straightforward approach).

Figure 8.27. Mean g-factor values on the W/ models for all case-study
buildings (straightforward approach)

Figure 8.28. Determination of the behaviour factor for the W/ model with
reference to the OOP elastic stiffness of the IP-undamaged infill.
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Figure 8.29. Mean g-factor values on the W/ models for all case-study
buildings (practice-oriented approach).

Figure 8.30. Mean g-factor values on the W/ models for all case-study
buildings (practice-oriented approach).

Figure 8.31. Determination of the behaviour factor for the W/O and the W/
model with reference to the OOP effective stiffness.

Figure 8.32. Mean g-factor values on the W/O models for all case-study
buildings (effective stiffness approach).

Figure 8.33. Mean g-factor values on the W/O models for all case-study
buildings (effective stiffness approach).

Figure 8.34. Mean g-factor values on the W/ models for all case-study
buildings (effective stiffness approach).

Figure 8.35. Mean g-factor values on the W/ models for all case-study
buildings (effective stiffness approach).

Figure A.1. McDowell et al.’s masonry stripe at the initial stage.

Figure A.2. McDowell et al.’s arching mechanism for a single masonry
part.

Figure A.3. Collapse mechanism for McDowell et al.’s masonry stripe.
Figure A.4. Angel et al.’s arching mechanism.

Figure A.5. Stresses and forces acting at one end of the upper masonry part
according to Angel et al.

Figure A.6. Stresses and forces acting at one end of the upper masonry part
according to Angel et al.

Figure A.7. Calculation of Angel et al.’s contact length b and 0 and y angles
based on geometrical considerations.

Figure A.8. Bashandy et al.’s OOP collapse mechanism.

Figure A.9. Bashandy et al.’s stripe model.

Figure B.1. OOP test 80_OOP_4E.

Figure B.2. OOP test 80 _OOP_3E.

Figure B.3. OOP test 80_OOP_3Eb.

Figure B.4. OOP test 80_OOP_2E.

Figure B.5. IP test 80_IP+OOP_L.

Figure B.6. OOP test 80_IP+OO0OP_L.

Figure B.7. IP test 80_IP+OOP_M.

Figure B.8. OOP test 80_IP+OOP_M.
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Figure B.9a. IP test 80_IP+OO0P_H (1% to 4™ cycle).

Figure B.9b. IP test 80_IP+O0OP_H (5" and 6™ cycles).

Figure B.10. OOP test 80 _IP+OOP_H.

Figure B.11. OOP test 120_ OOP_4E.

Figure B.12. OOP test 120_ OOP_3E.

Figure B.13. OOP test 120 OOP_2E.

Figure B.14. IP test 120 IP+OOP_L.

Figure B.15. OOP test 120_IP+OOP_L.

Figure B.16a. IP test 120_IP+OO0OP_M (1% to 4" cycle).

Figure B.16b. IP test 120 _IP+OOP_M (5" and 6" cycles).

Figure B.17. OOP test 120_IP+OO0OP_M.

Figure B.18a. IP test 120_IP+OO0P_H (1 to 4™ cycle).

Figure B.18b. IP test 120 _IP+OOP_H (5" and 8™ cycles).

Figure B.19. OOP test 120 _IP+OOP_H.

Figure B.20a. OOP test 120 _OOP_4E_cyclic (1%t and 2™ cycles).

Figure B.20b. OOP test 120_OOP_4E_cyclic (3" and 4" cycles).

Figure C.1. Instrumentation layout.

Figure C.2. Test 80_OOP_4E.The vertical axis refers to the displacement
read by the considered instrument, the horizontal axis refers to the OOP
central displacement.

Figure C.3. Test 80_OOP_3E. The vertical axis refers to the displacement
read by the considered instrument, the horizontal axis refers to the OOP
central displacement.

Figure C.4. Test 80_OOP_3Eb. The vertical axis refers to the displacement
read by the considered instrument, the horizontal axis refers to the OOP
central displacement. Instruments B1, C1 and D1 reached the end of their
measurement range.

Figure C.5. Test 80_OOP_2E. The vertical axis refers to the displacement
read by the considered instrument, the horizontal axis refers to the OOP
central displacement.

Figure C.6. Test 80 _IP+OOP_L. The vertical axis refers to the
displacement read by the considered instrument, the horizontal axis refers
to the OOP central displacement.
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Figure C.7. Test 80_IP+OOP_M. The vertical axis refers to the
displacement read by the considered instrument, the horizontal axis refers
to the OOP central displacement.

Figure C.8. Test 80_IP+OOP_H. The wvertical axis refers to the
displacement read by the considered instrument, the horizontal axis refers
to the OOP central displacement.

Figure C.9. Test 120 _OOP_4E. The vertical axis refers to the displacement
read by the considered instrument, the horizontal axis refers to the OOP
central displacement.

Figure C.10. Test 120 OOP_3E. The vertical axis refers to the
displacement read by the considered instrument, the horizontal axis refers
to the OOP central displacement.

Figure C.11. Test 120 OOP_2E. The vertical axis refers to the
displacement read by the considered instrument, the horizontal axis refers
to the OOP central displacement.

Figure C.12. Test 120 IP+OOP_L. The vertical axis refers to the
displacement read by the considered instrument, the horizontal axis refers
to the OOP central displacement.

Figure C.13. Test 120 IP+OOP_M. The vertical axis refers to the
displacement read by the considered instrument, the horizontal axis refers
to the OOP central displacement. Instruments B1, C1 and D1 reached the
end of their measurement range.

Figure C.14. Test 120 IP+OOP_H. The vertical axis refers to the
displacement read by the considered instrument, the horizontal axis refers
to the OOP central displacement. Instruments B1, C1 and D1 reached the
end of their measurement range.
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Introduction

Past and recent earthquakes showed that the seismic performance of buildings is
strongly influenced by the presence and contribution of unreinforced masonry (URM)
infills, which are usually considered as non-structural elements. Such enclosures are
used — especially in Mediterranean countries — to provide buildings with thermic, visual
and acoustic insulation.

On one hand, URM infills can stand significant lateral loads and, so, they contribute
to the lateral strength capacity of structures. In addition, they are provided with a high
in-plane stiffness. For this reason, the assessment of a construction modelled as bare
frame can yield to a significant underestimation of its lateral strength and stiffness.

On the other hand, it is well-known that the high force demand that URM enclosures
attract and then transfer to the confining elements can yield to unexpected failures of
structural members designed without accounting for infills’ presence. For example,
Reinforced Concrete (RC) columns (and beams, potentially) not designed addressing
seismic and capacity design provisions sometimes exhibit brittle failures during strong
earthquakes due to the so-called “frame-infill interaction”, i.e., due to the shear forces
transferred by infills and not considered in the design. Moreover, the absence of infills
at a certain storey of a building (typically, the first) produces a non-negligible stiffness
variation of the structure lateral stiffness along its height, leading, in this way, to
potential peaks of inelastic demand at that storey yielding to a sidesway collapse due to
a soft-storey mechanism. In addition, infills” damaging due to IP actions and their repair
or refurbishment produces most of the financial losses consequent to earthquakes.

In other words, neglecting infills’ presence and their contribution to the seismic
response of structures can be both conservative and unconservative. For these reasons,
the interest in the characterization of the seismic response of URM infills has
significantly grown in the engineering and research community in the last decades.



It should be noted that these bi-dimensional non-structural elements are subjected to
the seismic action both in the in-plane (IP) and in the out-of-plane (OOP) direction. The
expulsion or overturning from the confining frame due to OOP actions of URM infills
is potentially highly detrimental for human life safety and amplifies the economic losses
consequent to earthquakes. The OOP collapse of URM infills is promoted by the damage
due to IP actions, which can reduce their OOP strength, stiffness and displacement
capacity. This phenomenon is called IP/OOP interaction.

This PhD thesis is dedicated to the characterization and modelling of the OOP
behaviour of URM infills and to the study of the effects of the IP/OOP interaction both
at the level of the single (non-structural) component and at the level of the infilled
structure seismic performance.

Chapter | is dedicated to the existing literature concerning this issue and investigating
the definition of the OOP strength, stiffness and displacement capacity of URM infills.
In addition, existing formulation for the prediction and reproduction of the IP/OOP
interaction effects are addressed. Finally, existing URM infills’ modelling strategies
accounting for their OOP behaviour and for the IP/OOP interaction effects are described
in detail.

Chapter Il constitute the second part of the previous literature recall, as it is dedicated
to a detailed description of the experimental tests carried out in the past to investigate
the OOP behaviour of URM infills and the IP/OOP interaction effects. It is observed
that the experimental database allowing evaluating the effectiveness and robustness of
literature formulations and models described in Chapter | is extremely poor.

For this reason, a comprehensive and extended experimental program has been
carried out at the Department of Structures for Engineering and Architecture of
University of Naples Federico Il. The experimental program main aim is the
characterization of the effects of the panel height-to-thickness slenderness ratio, of the
boundary conditions at edges and of the IP/OOP interaction on the OOP strength,
stiffness and displacement capacity of URM infills. A total of fifteen tests has been
carried out to enrich the available experimental database. Chapter Il is dedicated to a
detailed description of the experimental program and of its results.

In Chapter 1V, the experimental database collected in Chapter Il and Il is analysed
and discussed, in order to compare the prediction of literature formulations and models
aimed at assessing the OOP response of URM infills and/or its significant parameters,
such as the force at first macro-cracking and at maximum, as well as their secant stiffness
at the first macro-cracking and at maximum and the displacement capacity/ductility. The



predicting capacity of the available IP/OOP interaction models is assessed, too. This
comparison is aimed at evaluating the effectiveness of the available models for the
prediction of the OOP response of both IP-undamaged and IP-damaged URM infills.
Based on the results of this comparison, original and mechanical based proposals are
described for a robust and effective modelling of URM infills’ OOP response. In
addition, empirical formulation for the prediction of the IP/OOP interaction are
proposed. With Chapter 1V, the characterization of the OOP behaviour of the single
panel, which is the first part of this thesis, is completed.

Chapter V is dedicated to a simple state-of-the-art concerning the current provisions
given by international technical codes and standards for the assessment of URM infills
safety with respect to OOP seismic demands. More specifically, demand and capacity
models provided by codes are described and discussed. This is preliminary to the
assessment of the seismic performance of RC buildings accounting for the OOP
response of infills and for the IP/OOP interaction effects, which is the second part of
this thesis.

To this aim, a set of sixteen case-study buildings has been designed according to
Eurocodes’ provisions. The case-study buildings are described and commented in detail
in Chapter VI. The case-study buildings are different for the number of storeys, which
is equal to 2, 4, 6 or 8, and for the design peak ground acceleration (PGA) at Life Safety
Limit State.

In Chapter VI, the case-study buildings described in the previous section are used to
assess the PGA at the first OOP collapse of different infill layouts in a non-linear static
framework by using both a simplified “Designer (code-based) Approach” and a refined
“Reference Approach”. Only the least accounts, in evaluating the OOP force demand
and capacity of infills, for the structural nonlinearity as well as for the IP/OOP
interaction effects. The dependence of such the PGA capacity with respect to the first
OOP collapse on the number of storeys and on the design PGA is discussed. In addition,
the PGA at the first OOP collapse is compared with the design PGA of the case-study
buildings as well as to the PGA corresponding to their conventional structural collapse.
It is shown that weak infills in mid- and high-rise buildings can collapse for OOP actions
and due to the IP/OOP interaction effects at PGA demand lower than the PGA at
structural collapse or even than the design PGA. In addition, simplified criteria to
evaluate, based on infills geometric and mechanical properties, if the OOP safety check
is necessary or not are presented.

In Chapter VII1, the seismic performance of the case-study buildings accounting and



not accounting for the IP/OOP interaction effects on URM infills is assessed by means
of non-linear incremental dynamic analysis. Also in this case, the overall capacity of
buildings with respect to the first OOP collapse is investigated. In addition, the OOP
behaviour factor and effective stiffness of URM infills accounting for the IP/OOP
interaction effects is evaluated. Such values can be used for a simplified OOP safety
check of URM infills in a linear elastic framework.

In the appendix section, some theoretical considerations and experimental data
supporting the discussions above proposed are reported in detail.
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Chapter |
Out-of-plane strength, stiffness and displacement
capacity models for URM infills

1.1 INTRODUCTION

The first part of this thesis is focused on the characterization of the out-of-plane
(OOP) behaviour of unreinforced masonry (URM) infills. This first chapter is dedicated
to the literature review. More specifically, the existing OOP strength, stiffness and
displacement capacity models are described and commented in detail for both in-plane
(IP)-undamaged and IP-damaged infills.

As will be demonstrated in Chapter Il, based on experimental data, the OOP
behaviour of infills can be represented by a force-displacement relationship that is
defined through three characteristic points, which correspond to the attainment of the
following conditions: first visible cracking or macro-cracking, peak load or maximum
and collapse or ultimate condition. Therefore, the review presented in this chapter will
be focused on provisions, formulations and models that predict the OOP response
corresponding to these points.

The first cracking point is defined as the point in the OOP force-displacement
relationship corresponding to the opening of the first noticeable crack in the infill that is
subjected to an OOP action, generally due to mortar detachment from bricks. This
condition corresponds to the beginning of visible panel damage and to a progressive and
significant reduction in its stiffness exhibited against OOP actions, while prior to it, the
infill undergoes a pseudo-elastic linear response and behaves as an orthotropic plate
under flexure. For these reasons, the first cracking point is also recognizable as the point
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of the experimental OOP behaviour diagram at which the first significant non-linearity
occurs and the load corresponding to such condition is associated with the flexural
resistance of a plate based on the tensile strength of its material.

Timoshenko and Woinowsky Krieger (1959) proposed a relationship aimed at
evaluating the central displacement of a uniformly loaded elastic isotropic plate as a
function of its geometry and material elastic properties. This relationship can be used to
obtain an expression of the initial stiffness of the infill considered as an elastic isotropic
plate, i.e., of the initial stiffness up to the first micro-cracking point. In addition, the
authors provided formulations based on bending analysis to assess the OOP strength of
infills considered as elastic isotropic plates under flexure. Moreover, yield-line theory
was used to predict the flexural resistance of plates by Hendry (1973), Haseltine et al.
(1977) and Drysdale and Essawy (1988). The OOP flexural resistance of URM infills is
defined by masonry tensile strength. However, analytical studies and experimental
evidences showed, as reported, e.g., by Pasca et al. (2017), that infills have strength
capacity greater than the one predicted based on their flexural behaviour. In fact, only
up to first cracking the infill undergoes a pseudo-elastic linear response and behaves as
an orthotropic plate. For this reason, models and formulations described in this work
principally refer to post-cracking strength mechanisms.

Under certain conditions, i.e., if the infill is sufficiently thick and confined by
sufficiently stiff and resistant structural elements (according to ASCE-SEI 41/13 2013),
soon after first cracking, the formation of vertical and horizontal compressive struts
forming resistant arches in the panel thickness occurs. The strength against external
OOP loads is mainly attributed to this post-cracking resistant mechanism called “arching
action”, first individuated by McDowell et al. (1956) and based on masonry compressive
strength. Based on the infill boundary conditions at edges and on its slenderness ratios
(height (h)-to-thickness (t) for the vertical direction, width (w)-to-thickness (t) for the
horizontal direction), arching action can be mono-directional (vertical or horizontal) or
bi-directional (both vertical and horizontal). For instance, one-way arching action occurs
if two parts of the masonry infill rotate about their ends thus producing a compressive
thrust in each infill part. Based on a limit analysis lower bound theorem approach, the
panel OOP strength is the lateral load in equilibrium with the maximum thrust value that
the infill parts can withstand based on masonry compressive strength. One-way arching
occurs in infills bounded to the confining frame elements only along two edges
(hereinafter, 2E infills). In infills bounded along all four edges (hereinafter, 4E infills),
two-way arching action can occur. In this case, both arches contribute to the infill
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strength. However, as will be shown later in this thesis, the activation of two-way or
one-way arching also influences significantly the post-peak behaviour of infill walls.
Strength models and formulations based on the formation of one-way or of two-way
arching will be described in this section. Mechanical-based models and formulations
depend on the assumed OOP load shape: this issue will be investigated, too. Moreover,
existing formulations for the prediction of the secant stiffness at maximum will be also
discussed.

After the attainment of the peak load point, the panel undergoes a severe and
extended damage that, together with the collapse of the resistant three-hinged arch(es)
in its thickness, produces a progressive reduction of its lateral load bearing capacity. For
this reason, generally, after peak load, in the OOP force-displacement relationship, a
softening branch is expected. It will be shown that the definition of the OOP collapse
displacement and/or ductility capacity is an open issue. However, the currently available
mechanical- or judgment-based potential definition of a conventional OOP ultimate
displacement will be discussed.

All the above is referred to IP-undamaged infills. At the end of the chapter, the
existing formulations aimed at predicting the in-plane (IP)/OOP interaction effects are
presented and described, as well as the currently available modelling strategies proposed
to account for the OOP behaviour of URM infills and for the IP/OOP interaction effects
during structural analyses.

1.2 OOP STRENGTH MODELS BASED ON ARCHING ACTION

As already stated, An URM infill constrained by sufficiently stiff and resistant
structural elements (as stated, e.g., in ASCE-SEI 41/13 2013) exhibit an OOP strength
greater than the one associated to flexure, which is based on masonry tensile strength,
due to arching action, which is based on masonry compressive strength, instead. In this
section, OOP strength models based on one-way and two-way arching will be presented
and discussed. All of them are derived based on mechanical principles, such as the lower
bound theorem of limit analysis or the principle of virtual works. The least is applied in
the framework of the so-called yield line theory.

As reported by Kennedy and Goodchild (2004), yield line theory was born for the
analysis and design of reinforced concrete (RC) slabs. In that case, a yield line is a large
crack that concurs, with other large cracks, to the definition of a cracking pattern that
allows considering the slab as constituted by rigid parts rotating around cracks. Such
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cracking or fracture lines are named “yield lines” as it is assumed that the slab’s rebars
passing through them have yielded. Plastic moments develop around such yield lines
and the rotations around them are plastic rotations. In this framework, the application of
virtual work equation allows calculating the strength of such slabs with respect to gravity
uniformly distributed loads. In the second half of last century, efforts to extend the
feasibility of the yield line theory to masonry structures and, namely, to masonry walls
under lateral (e.g., wind) loads, were carried out by different authors (see, for example,
Hendry 1973 and Haseltine 1977). Clearly, in this case the definition of the moment
acting along cracking lines and working for the rotation of the masonry wall’s parts
around them is not straightforward and yield line theory should be called, more properly,
“fracture line analysis”, as done in Hendry et al. (2003). Nevertheless, such approach is
consolidated also for masonry walls, as was introduced in different standard codes, such
as BS 5628 (1992) and Eurocode 6 (2005). In these cases, the moment acting around
fracture lines is calculated based on masonry flexural strength. The use of masonry
flexural strength within the application of the fracture line/yield line analysis usually
leads to highly underestimated values of lateral strength (as observed, e.g., by Brincker
1984). However, as first individuated by McDowell et al. (1956), arching action can
occur in masonry elements. If arching action occurs, moments acting along cracking
lines are not limited to those associated with masonry linear elastic behaviour, but are
defined by arching thrusts forming in the wall thickness and by the lever arm associated
with them. As this lever arm depends on the deformed shape of the masonry wall, the
moment acting along fracture lines varies along them, as well as at increasing OOP
displacement. So, in the literature, fracture line analysis methods for masonry walls and
for masonry infill walls accounting for arching action were proposed based on the
discretization of such walls or infill walls into vertical and horizontal stripes. The first
ones allow accounting for vertical arching and to the moments along fracture lines
associated with it; the second ones allow accounting for horizontal arching and to the
moments along fracture lines associated with it.

Clearly, in 2E infills, in which only one-way arching occurs, only vertical stripes
should be considered. This is the most simple case, while more complex discussions are
needed to apply the yield-line theory for 4E infills in which two-way arching action
occurs.
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1.2.1. Strength models based on one-way arching action

The first model based on one-way arching provided in the literature is the one by
McDowell et al. (1956), which is based on the principle of virtual works applied in the
framework of the so-called yield line theory.

Note that in the derivation of McDowell et al.’s strength formulation, masonry
global mechanical properties are used, with no distinction between the mechanical
behaviour of mortar and bricks. Considering masonry as a homogeneous anisotropic
material, based on the mechanical properties determined on wallet specimens with
standardized dimensions, is a consolidated and usual approach in the application of
fracture line analysis to masonry walls and infill walls. However, it is worth to remember
that in recent times, models for the prediction of the OOP response of masonry walls
accounting for the different properties of bricks and mortar were presented in the
literature (e.g., Edri and Yankelevsky 2017, Vaculik and Griffith 2017).

To derive McDowell et al.’s OOP strength formulation for infills in which one-way
arching occurs, consider a unit-width masonry stripe (i.e., a 2E infill) with length equal
to L subjected to lateral loading. The stripe is crossed by one or more cracking lines that
form the considered cracking pattern. In the derivation of McDowell et al.’s strength
formulation, the stripe is crossed by three cracking lines and separates in two equal-
length parts rotating around their ends, as shown in Figure 1.1. At increasing OOP
displacement at the infill mid-span, increasing compressive stresses develops at the ends
of each infill part. Such compressive stresses produce arching thrusts opposite in their
horizontal component to the external load.

Note that McDowell et al. assume indeed that the infill bounding elements are stiff
and that the considered unit-width infill stripe is subjected to a uniformly distributed
lateral load.
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Figure 1.1. One-way arching action according to McDowell et al. (1956).

A compressive rectangular stresses distribution acting at the ends of each infill’s
rigid part, as shown in Figure 1.1, is considered. The distance of the arching thrust
resultant from this stresses distribution from the stripe cross-section produces a moment,
My, which the application of the principle of virtual works is referred to. The contact
length, c, is determined in order to maximize C value. The distance between the
compressive forces, C, is equal to the infill’s thickness reduced of the OOP displacement
Xy corresponding to the attainment of peak load and of two times one half of the contact
length itself. One half of the resultant moment is applied at each rigid part’s end and acts
along the linear fracture line as My. So, My is expressed as reported in Equation 1.

1 £ \?
M, = —0.85f t2( 1 — —= 1
y 8 m ( E£C> ™)

In Equation 1, E is the Young modulus of masonry in the direction of arching thrusts,
&c IS the limit strain of the panel depending on panel length and on its thickness through
Equation 2a or directly on the panel slenderness through Equation 2b. It represents the
theoretical strain associated with the diagonal single rotating infill part when the OOP
central displacement of the infill stripe is equal to the infill thickness, t.
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As shown in Equation 2b, the limit strain reduces for increasing slenderness.

By equating the external work due to the uniformly distributed load, Qmax2e, and the
internal work due to My, an upper bound value of the infill specific strength (strength
force per unit area) is derived and reported in Equation 3.

qmax,ZE = 16_y (3)

By substituting Equation 1 in Equation 3, Equation 4 is obtained.

_ 17 m_(y_fm 2 (4)
qmax,ZE_ . (L/t)z EEC

A more detailed derivation of the above equations is reported in Appendix A.

Angel et al. (1994), defined an analytical model for estimating the OOP behaviour
of URM infills based on one-way arching action. For instance, an URM stripe simply
supported at edges by stiff boundary elements is considered. The lateral uniformly
distributed load, Omax2e, first produces cracking at edges and at the infill mid-height;
after that, arching action occurs. In post-cracking condition, the reference masonry stripe
can be represented through two equal-length segments rigidly rotating about their ends
and producing a compressive thrust in each infill part. Stresses and strains due to the
stripe flexural behaviour are neglected. Based on equilibrium, the out-of-plane load is
expressed as a function of the resultant of compressive stresses distribution due to
arching action along the boundary stiff-element/masonry segment contact length, which
is assumed to be triangular. It is assumed that the length of the outermost fiber of the
masonry segment is reduced due to a linear strain distribution, with maximum value at
edges and zero point at mid-height crack. Based only on geometric compatibility
principles, closed-form relationships are defined for calculating the compressed zone
thickness, which ranges from 0.3t to 0.5t, the rotation of the stripe segment and the thrust
direction with respect to a vertical reference line as a function of the maximum strain
attained and of the panel slenderness. Based on an experimental or assigned stress-strain
relationship for masonry compressive behaviour in the direction of arching thrust, the
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reconstruction of the entire lateral load-deflection curve of the stripe is possible up to
masonry crushing or infill collapse for arching action vanishing (also called “snap-
through”). A more detailed description of the analytical model is reported in Appendix
A.

Based on the assumption of a certain relationship, depending on the infill
slenderness, between the outermost compressed fiber strain at OOP peak load and
masonry crushing strain, which is set to 0.4%, Angel et al. provided a simplified
formulation aimed at calculating the OOP strength of URM infills (Equation 5).

267
=——R;R,A 5
qmax,ZE (L/t) 112 ( )

Equation 5 expresses, so, in a simplified form, the uniformly distributed load per
unit width in equilibrium with the maximum thrust that the infill parts could withstand.
In other word, Angel et al.’s formulation is the result of an application of the lower
bound limit analysis theorem.

In Equation 5, A is a parameter accounting for the actual width of the compressed
part of the infill cross section due to arching and for the direction of arching thrust.
Through all these terms, A can be expressed as a function of the infill slenderness ratio,
L/t, according to Table 12 reported in Angel et al. or calculated through an expression
by Flanagan and Bennett (1999) reported in Equation 6.

A = 0.154 exp(—0.0985(L/t)) (6)

Equation 6 is effective for L/t slenderness values between 10 and 30. R is a strength-
reducing factor accounting for IP damage, always equal to 1 for IP-undamaged infills.
R1 expression will be shown in section 1.5, concerning literature provision for modelling
IP damage effects on infills’ OOP strength. R> is a factor accounting for deformability
of the infill-bounding frame and is reported in Equation 7.

R, = 0.357 + 2.49x10~MEI<I (7
This term has been defined as ratio of the OOP strength calculated through the

analytical approach proposed by Angel et al. for stiff bounding frame and the OOP
strength calculated through the stripe method proposed by Dawe and Seah (1989), which
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accounts for the confining frame deformability and will be described in detail in the next
subsection.

In Equation 7, El is the smaller flexural stiffness expressed in Nmm? calculated for
the structural elements of the confining frame confined by an infill wall on only one
side; otherwise, i.e., if all the structural elements confining the considered infill wall are
themselves confined by other infill walls on both sides, Rz is assumed equal to unit. The
condition of stiff bounding elements is normally assured, according to Angel et al., if
the infill is confined by common RC members: for instance, an RC element with 30000
N/mm? elastic modulus for concrete and 300x400 mm? cross-section grants an R value
equal to 1. If Angel et al.’s formulation is applied for 4E infills, i.e., if only one resistant
arch is considered despite the fact that in infills bounded along four edges two-way
arching can occur, Flanagan and Bennett suggest to evaluate R, for horizontal and
vertical arching and to assume the largest to be used, considering that the panel will arch
mainly in the direction with the greatest stiffness of boundary elements.

Dawe and Seah (1989) defined a procedure to calculate the OOP response of URM
infills in which one-way or two-way arching action occurs. This procedure consists in
the application, for increasing values of the infill OOP central displacement, of the
equation of virtual works. The model will be described in detail in the next subsection,
as its general definition is dedicated specifically to 4E infills. However, the
simplification of the described procedure for 2E infills, in which only one-way arching
occurs, is straightforward.

It has been already stated that Chapter V of this thesis will be dedicated to code
provisions for the calculation of the OOP force capacity and seismic demand on URM
infills. For what concerns capacity models, non-European standards provide, in general,
formulations based on Angel et al.’s model or on Dawe and Seah’s model. It is worth to
anticipate in this section the discussion on Eurocode 6 (2005) strength model, which is
original and based on a very simple application of the lower bound theorem of limit
analysis.

Eurocode 6, in section 6.3.2, proposes an expression to calculate the lateral specific
strength of masonry walls in which arching action can occur; this relationship can be
extended, potentially, to URM infills. Clearly, this relationship, which is reported in
Equation 8, accounts only for one-way arching and, so, it could be rigorously applied
only on infills bounded along two edges under a uniformly distributed load.
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t
Umax,2E = fq (1_) (8)
a

In this relationship fq is the design compressive strength of masonry in the direction
of arching thrust while |, is the panel dimension in the same direction. Such ultimate
load is the 93% of the one that equilibrates the maximum thrust that can form in the
masonry wall thickness as expressed in Equation 9.

N,y = 1.5f, (1—t0) 9)

This thrust value is obtained as the expression of the resultant of a triangular
compressive stress distribution assumed in the panel thickness: this distribution has
maximum value equal to the masonry compressive strength and resultant applied at a
distance equal to t/10 from the panel intrados. This also means that the depth of the
compressed zone from the panel intrados is assumed equal to 0.30t, which is, according
to Angel et al., the minimum compressed zone that allows the horizontal component of
arching thrust being opposite to OOP loads. This is a conservative assumption, as
expected for a code provision, given that, according to Angel et al.’s analytical model,
the compressed zone width normally ranges from a lower and an upper bound
respectively equal to 0.3t and 0.5t. Moreover, note that also this approach is based on
the lower bound theorem of limit analysis, i.e. on the determination of the maximum
specific load that the infill can withstand as the maximum load in equilibrium with
internal thrusts, as also pointed out for Angel et al.’s strength model.

1.2.2. Strength models based on two-way arching action

For 4E infills, mechanical-based OOP strength models (by Dawe and Seah) and
formulations (by Bashandy et al. 1995) have been proposed, as well as empirical-based
formulations (by Dawe and Seah and by Flanagan and Bennett).

As already stated, Dawe and Seah defined a procedure to calculate the OOP response
of URM infills in which one-way or two-way arching action occurs. Consider an infill
wall divided in unit-width stripes with length equal to L and subjected to lateral loading.
Given a cracking pattern, each stripe is crossed by one or more fracture lines.
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Figure 1.2. Deformed shape of a type A and type B stripes divided by fracture lines in separate
parts rigidly rotating about their ends. On the right, a particular of a stripe single part.

As shown in Figure 1.2, it is usual considering two types of stripes, as also done in
this study. A “type A” stripe is crossed by one fracture line at its centre. Such fracture
line separates type A stripes in two equal length parts rigidly rotating around their ends.
A “type B” stripe is crossed by two fracture lines, both of them at the same distance
from the stripe nearer end. The two fracture lines separate type B stripes in three parts,
with the two exterior parts rigidly rotating around their ends. Clearly, if doop is the OOP
central displacement of the infill, e.g., the central and maximum displacement of a type
A stripes, type B stripes have a maximum displacement z which is different from door
due to geometric compatibility. Hence, as the infill will be considered as divided in
separate parts rigidly rotating around fracture lines, the reference deformed shape
defined for the application of the method is a linear relation among z (OOP maximum
displacement of the generic stripe) and door (OOP central displacement of the infill).

At a certain value of z, a certain rotation ¢ is defined for each stripe, as reported in
Equation 8.

$= (8)

At increasing door (and, therefore, for each stripe, at increasing z and ¢), increasing
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compressive stresses develop at the ends of each stripe part. Such compressive stresses
produce arching thrusts opposite in their horizontal component to the external load. The
compressive stresses develop in the stripe thickness along the contact length between
the masonry segment and the confining elements. The contact length, c, is calculated as
reported in Equation 8.

_ 2ttang — L(1 — coso)
€= 4tane + (k k,f,L/tE)coso

)

In Equation 9, ki and k> are stress block parameters both set to 0.85, f, and En, are
masonry compressive strength and elastic modulus, respectively, in the direction
examined.

According to Dawe and Seah, the resultant of compressive stresses acting, per unit
length, in the depth of contact is equal to N, which is calculated as reported in Equation
10.

N =k, k,foc (10)

This force acts at a distance equal to 0.5¢ from the outermost compressed fibre of
the stripe cross-section. Note that, through ¢, N depends only on the rotation, which is
equal for all stripes oriented in the same direction, and on the infill geometric and
mechanical properties. As shown in Figure 1.2, N generates a moment with respect to
the stripe cross section centroid which is calculated as reported in Equation 11.

M= 05N(t—c—12z) (11)

Note that the moment depends on the OOP maximum displacement of the
considered stripe, so it varies for each stripe, as already stated (however, note that for
2E infills, z is equal for all stripes hence also N is equal for all stripes). For each value
of doop, z can be calculated for all stripes as a reference deformed shape has been
defined, @ can be calculated through Equation 8, ¢ through Equation 9, N through
Equation 10 and M through Equation 11. The internal work for each infill stripe is
calculated as reported in Equation 12.
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d
LI,stripe = ZN(t —Cc— Z)<P = 4N(t —Cc— Z) (;_‘OP (12)

Given a certain value of the OOP central displacement dooe, the sum of the internal
works calculated for both horizontal and vertical stripes must be calculated and equated
to the external work, which depends on the external load shape. This equation provides
the OOP force corresponding to the fixed OOP central displacement door and, so, the
OOP force-displacement curve for the considered infill.

All the above described approach can be applied also when considering the presence
of a gap g between the infill confining elements and the infill edges (as for “3E” infills,
that are detached from the upper structural element). To account for this, only Equation
9 should be modified as reported in Equation 13.

_ 2ttang — L(1 —cosp) — g
€= 4tane + (k k,f,L/tE,)coso

(13)

Note that g is assumed as a constant, i.e., is equal to the initial gap existing between
the infill wall and the confining elements and does not evolves explicitly at increasing
value of dooe. It should be noted that, when accounting for the presence of g, ¢ can result
lower than zero. This means that the considered stripe is actually not in contact with the
adjacent structural element and that arching thrusts do not form. However, at increasing
value of doop, C can become greater than zero. This means that the rotation of the infill
stripe has “filled” the gap and that the stripe and the adjacent element came in contact,
allowing the formation of arching thrusts. This circumstance occurred during the
experimental program carried out at the Department of Structures of Engineering and
Architecture of University of Naples Federico Il, as will be shown in Chapter IlI.

Equation 9 can be modified to consider also the deformability of the confining frame
elements. In fact, due to arching thrusts, the structural elements that support infills
deform and it is possible to associate with each stripe the total outward displacement of
the confining elements, f, in correspondence with the considered stripe. Note that f is
calculated as the algebraic sum of the outward displacements calculated at both ends of
the stripe, according to the reference system reported in Figure 1.3 in the case of an infill
wall that encloses a simple one-bay one-storey frame. The beam outward displacement
is assumed as positive when it has the same direction of vertical thrusts, while columns’
outward displacements are assumed as positive when they have the same direction of
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horizontal thrusts acting on each element.
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Figure 1.3. Global and local reference systems that should be used to correctly define the f
value for each stripe.

To account for the frame deformability, only Equation 9 should be modified as
reported in Equation 14.

_ 2ttang — L(1 — cosp) —g—f (19)
€= 4tane + (k k,f, L/tE ) cose

Differently from g, f is a function of door, as at increasing OOP central displacement
arching thrusts vary and, so, also the outward displacement of the confining frame
elements, which is subjected to arching thrusts applied by the infill, varies. Note that, as
fis different for each stripe, when the deformability of the confining frame is considered,
the depth of contact c is different for each stripe, and, therefore, also N is different for
each stripe. In other words, when the infill is confined by stiff elements, the vertical
and/or horizontal arching thrusts are uniformly distributed along its width/height. On the
contrary, if the confining elements are deformable, such thrusts are no more uniformly
distributed and are lower where the confining elements maximum deflections are
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expected. It will be shown in the next Chapters that arching thrusts in the central part of
very thick and robust infills can even be zero due to the frame elements’ deformations.

As explained by Dawe and Seah themselves and herein recalled, when introducing
the frame deformability in the model, it is necessary to implement an iterative procedure
to calculate, for each stripe, the correct value of ¢ corresponding to a certain value of
dOOP-

The steps of the iterative procedure are reported in the following. Note that in the
following discussions, it is assumed that the considered infill walls encloses a simple
one-bay one-storey structural frame. This is assumed for two reasons: first, Dawe and
Seah’s model accounting for the frame deformability will be applied in Chapter IV on
the results of experimental tests carried out on infills enclosing simple one-bay one-
storey frames; second, in real buildings, the effects of the frame deformability on the
OOP response of URM infills can be often neglected, as the deformation of structural
elements due to arching thrusts is prevented by the confinement provided by other
structural and non-structural elements

i The OOP force-displacement must be calculated under the hypothesis of stiff
confining elements. For a specific value of doop, this leads to a distribution
of arching thrusts N acting on the confining structural elements. As already
stated, at this stage N is equal for all stripes with the same direction.
Therefore, a uniformly distributed outward load acts on the RC frame
structural elements.

ii. To introduce the frame deformability in the OOP response model, it is
necessary to calculate the frame deformed shape under the load distribution
evaluated at the first step. This leads to the definition of a value of f for each
stripe.

iii. A new compression-bearing width value must be calculated for each stripe
by means of Equation 14. Clearly, this yields to a new distribution of arching
thrusts, which is no more uniform even when associated with stripes with the
same direction.

iv. The new outward load distribution leads to a new deformed shape of the
confining frame, which leads to a new value of c for all stripes and, so, to a
new distribution of arching thrusts.

Steps iii. and iv. should be reiterated until no significant variation in the value of
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arching thrusts is observed between successive iterations. As this iterative procedure
must be performed for each value of doop, When accounting for the frame deformability
it is not possible to provide a closed-form final relationship between the OOP force and
the OOP central displacement. So, in this case, the OOP force-displacement relationship
is found numerically: the higher the number of vertical and horizontal stripes, the lower
the error made in the discretization of the infill wall in stripes.

To achieve all these goals, it is necessary to introduce in the routine a matrix
containing the deformability coefficients of the structural frame, A. If n is the number of
horizontal stripes and m is the number of vertical stripes, the frame elements’ outward
displacements must be calculated in n control section of each column and in m control
section in the upper beam. Each control section corresponds to the centre of a stripe. For
all these reasons, the deformability matrix that must be implemented is a
(2n+m)x(2n+m) square matrix. The generic term of the A matrix, d;j, represents the
outward displacement in the i-th control section when a unit-force with the direction of
arching thrusts is applied in the j-th control section. For each value of doop, for each
iteration, the trial value of the arching thrust acting in the j-th stripe, N;, must be
multiplied for the j-th column of A to obtain the outward displacement of all control
sections due to N;.

When this has been done for all columns of A, the actual outward displacement in
the i-th control section, fi, which enters Equation 14, is provided by the sum of all N;5;;
products, as reported in Equation 15.

2n+m

j=1

To express in a closed form all the & terms, it is convenient to divide A in sub-matrices,
as shown in Figure 1.4.
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when the outward force is applied to the
j-th control section belonging to
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outward displacement of the
i-th control section belonging to

the right column the upper beam the left column

Figure 1.4. Partitioned deformability matrix.

Namely, both lines and columns are divided in three groups. The first group is
constituted by n lines/columns and is related to the RC frame left column. The second
group is constituted by m lines/columns and is related to the RC frame upper beam. The
third group is constituted by n lines/columns and is related to the RC frame right column.
Therefore, a total of 9 submatrices is defined. For the sake of clarity, they are numbered
in Figure 1.4. The generic submatrix carries the outward displacement of a control
section belonging to the left column/upper beam/right column when a unit-force is
applied, in the direction of arching thrusts, to a control section belonging to the left
column/upper beam/right column.

The values of the frame deformability coefficients are reported in the following
equations and are determined by considering only the frame flexural deformability.
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submatyix 1.1

(xf(—2(6a +b)(a + 2bJh’x, + 6(6a+ b)(a + 2b)h’x, + 3h(—(15a° + 26ab + 3b*)h + (a + b)(6a + b)x )5, + (63 + b)(3(a +b)h — (2a + blx)x,*)) -
(12(6a + b){a + 2B)EI.hY) HEH

(xy*(3hx,(2(6a + b)(a + 2b)h* — (153" + 26ab + 3b*)hx + (a + b)(6a + b)x') — (6a +b)(2(a + 2b)h* — 3(a + b)hxj’ + (2a + b)x)x)) Ex
(12(6a + b){a + 2B)ELh7) B

submatrix 1.2

xf(bh = x)xj(b(b(h +xi) + a(—5h + 6x;)) — 2(a + 2b)xj)
4b(6a + b)(a + 2b)EL.h?

submatrix 1.3

(%7 (3h(—(9a° + 1%ab + 3b7)h + (a + b)(6a + b)) + (6a + b)(3(a + b)h — (2a + b)x)x))
(12(6a + b)(a + 2b)ELh?)

submatyix 2.1
(bh — x;)%%,” (a(—5bh — 2i; + 6bx;) + b(—4x, + b(h + x,)))
4b(6a + b)(a 4+ Zb)ELh*
submatyix 2.2
—(x)(bh — x;)(2b(6a + b)(a + 2b)h*x] — bhi{3ab(8a + 5b)h* + 3b{13a + 4b)hx; — 2{a + 2b)x{)x; + 2(a + 2b)(6abh* + (3bh — 2x )x,)x*)) =
(123b%(6a + b)(a + Zb)ELRY) =%
((bh — x)x;(3abk?x,(b(8a + 5bjh — 4(a + 2blx,) + 3bhx;(b(13a + 4b)h — 2(a + 2b)x)x, — 2(a + 2b)(b(6a + b)h? + bhx, — 2x7)x%)) .
(12ab*(6a + b)(a + 2b)ELh?) T
submatrix 2.3
—(bh — x;)%p;2(7abh + 3b°h — Zax; — 4bx; — b(6a + b)x})
4b(6a 4+ b)(a + 2b)El.h?
submatrix 3.1
(%2 (3h(—(9a2 + 14ab + 3b7)h + (a + b)(6a + b)x;) + (6a + b)(3(a + bYh — (2a + b)x))x;))
(12(6a + b)(a + 2b)EL.h%)
submatrix 3.2
(57 (bh — %) (a(—7bh + 6bx; + 2x,) + b(b(—3h 1 x) + 4x7)))
(4b(6a + b)(a + 2b)ELhT)
submatrix 3.3

(xf(—2(6a+b)(a + 2b)h’x, + 6(8a+ b)(a + 2b)h’x; + 3h(—(15a° + 26ab + 3b°)h + (2 + b)(6a + blx))x)* + (83 + b)(3(a + b)h — (2a + bjx)x ")) =
(12(6a + b){a + 2b)ELH) 1 =%

(/% (3hx,(2(6a + b)(a + 2b)h* — (15a* + 26ab + 3b%)hy, + (2 +b)(6a + b)xf) — (6a +b)(2(a + 2b}h° — 3(a + b)hxf + (2a + blx))x)) .
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Figure 1.5. Deformability coefficient for the RC frame shown in Figure 1.4. In the above
Equations, a=Elw/El; and b=w/h. El, and El. are the flexural stiffness of the beam and of the
columns’ cross sections, respectively.

A second issue should be considered when dealing with URM infills in RC frames.
Clearly, for steel members, it is possible to assume a constant value of the flexural
deformability coefficients up to yielding. However, the deformation of RC elements
depends on their initial elastic stiffness only at low load levels. If the non-linear
behaviour of concrete and steel rebars is not explicitly modelled, as in the present case,
an effective deformability of members should be defined to obtain a realistic evaluation
of the frame displacements given that a linear elastic behaviour is assumed for them.

The application of the above procedure in a parametric study allowed the
identification of the more important parameters in determining infills’ OOP strength.
Based on the experimental results of the tests performed by Dawe and Seah, an empirical
relationship (Equation 16) involving these parameters was then proposed to compute the
resistant OOP uniformly distributed load for concrete blocks infills bounded on four
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edges in a pinned frame.

, a B
Gmaxse = 4.5 0752 (m + E) (16)

Clearly, Equation 16 is an additive formulation, in which the contributions of
vertical and horizontal arching to Omexse Can be separately evaluated. Masonry
compressive strength, f'y, is different perpendicular and parallel to bricks’ holes.
According to Flanagan and Bennett, the value determined perpendicular to bricks’ holes
should be used, as this is often the only one available. The factors a and  are two
parameters accounting for flexural (EI) and torsional (GJ) stiffness of the surrounding

columns (c subscript) and beams (b subscript) determined as reported in Equations 17
and 18.

1
= (E.Ich? + G.J.th)%25 < 50 7)

1
B = W(Eblbwz + Gb]btW)O'zs <50 (18)

For infills detached from the confining frame along the upper edge (3E infills),
Equation 16 is substituted by Equation 12.

o
qmax,3E = 4’-5frlno'75t2 (m) (19)

In addition, Equation 17 is substituted by Equation 20.
1
= (E.Ich? + G th)%?5 < 75 (20)

The upper bounds applied on o and 3 values were determined through the application
of the step-by-step procedure proposed by the authors to evaluate infills’ OOP force-
displacement relationship on infills surrounded by stiff elements. Note that the
application of Equations 16 and 19 on infills realized in a moment-resisting frame could
produce underestimating predictions of their OOP strength. In fact, as will be shown in
Chapter Il, Dawe and Seah tested infilled steel frames with structural members pinned
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at ends. Steel members constituting infills’ confining frames were provided of relatively
low flexural and torsional stiffness. For this reason, o and [ values close to their
maximum are usually obtained for infills in RC frames. In other words, common RC
confining members usually reproduce a “stiff boundary elements” condition.

Flanagan and Bennett also proposed a modification reported in Equation 21 of
Equation 16 to best-fit additional experimental data.

. a B
qmax,4E = 4'-1me'75t2 (m + ﬁ) (21)

In Equation 21, all parameters keep the already discussed meaning, except for o and
that are determined by neglecting the torsional stiffness terms.

Bashandy et al. (1995), extended McDowell et al.’s approach to infills bounded
along four edges with width equal to w and height equal to h through a stripe method.
The collapse mechanism shown in Figure 1.6 is considered, with 6=45°.

Figure 1.6. Collapse mechanism considered by Bashandy et al.

The infill is divided in vertical and horizontal non-interacting stripes. The first ones
account for vertical arching, the second ones account for horizontal arching. A
maximum displacement equal to the one that produces the attainment of peak load due
to vertical arching, Xy, is assigned to the central horizontal fracture line of the infill, i.e.,
the maximum OOP displacement associated with each central vertical stripes is equal to
Xyv. Given the regularized deformed shape considered, non-central vertical stripes, as
well as all horizontal stripes, are associated with a maximum OOP displacement lower
than xyv. In correspondence with fracture lines, moments due to vertical and horizontal
arching act. Such moments are different for each stripe. Namely, moments due to
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vertical arching are equal to My, for central vertical stripes as to these stripes a
displacement equal to xyv is assigned. For non-central vertical stripes, whose maximum
OOP displacement varies from zero (edge stripes) to Xy, moments due to vertical
arching vary linearly from zero to Myy. For what concerns horizontal stripes, the
maximum moment can be attained only if the maximum displacement of the considered
stripe is equal to xyn. However, no horizontal stripe is associated with a maximum OOP
displacement equal to xyn, as the maximum OOP displacement for the central horizontal
stripe is, for geometric compatibility, equal to x,v. Hence, moments due to horizontal
arching are linearly dependent on the maximum displacement attained by the considered
horizontal stripe and, so, vary from zero to Xy/Xyn times Myn, which is the moment due
to horizontal arching acting around the fracture lines crossing the central horizontal
stripe. For each vertical and horizontal stripe, a uniformly distributed load whose
external work is equal to the internal work due to moments acting in correspondence of
fracture lines crossing the considered stripe is calculated. As moments are linearly
variable from zero to the maximum value when passing from boundary stripes to central
stripes, also the uniformly distributed load calculated for each stripe is different from
stripe to stripe. Namely, it equals zero on the infill edges and is maximum for central
stripes. In this way, the external load shape reproduces the deformed shape itself. In
other words, the load distribution is shaped as a hipped roof as the deformed shape itself,
so it will be defined as “hipped-shaped” in the following. Note that within this approach,
moments due to arching action and acting in correspondence of fracture lines are null at
the infill edges and maximum at the infill centre. This assumption has no mechanical
basis (note in fact that Dawe and Seah’s model is based on completely opposite
assumptions), and yields to strongly underestimated values of the OOP strength of URM
infills, as also noted by Bashandy et al. themselves.

M,y and My can be calculated through the application of Equation 1, with masonry
mechanical properties adapted to the considered direction of arching thrusts. Also &
should be calculated separately for vertical and horizontal stripes by using Equation 2a
or 2b. The OOP resistance obtained is expressed through Equation 22. In Equation 22,
Xyv and Xyn are calculated as reported in Equation 23.

M w—h M, X w
_ YV |12 2 yh 2yv
Finax = 165 [h In2 +h ( - ) +wh <—Myv X—Yh> In (7W — O.5h>] (22)
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tf}] tf!
mv (238) xpp = (23h)
Emhsch

Xyy =
yv
Emv Ecv

The “equivalent” uniformly distributed load whose resultant on the infill surface
produces the resistance expressed in Equation 22 is reported in Equation 24.

My, [h w—h My, x w
=162V |— Z - yh 2yv _w
Amaxsz = 16 h2 [w InZ + < w ) * (Myv xyh> In (w — O.Sh)] (24)

Note that for w that tends to infinity, qmax4e expressed in Equation 24 becomes Qmax.2e
expressed in Equation 3, i.e., the specific resistance of a panel bounded along four edges
tends, independently on masonry mechanical properties, to the specific resistance of a
panel bounded only along two edges as the panel width increases.

Equation 22 can be generalized for 6 varying between 0 and 45°, as reported in
Equation 25.

M, [ h? w —htgdy wh /M, x w
Frax = 16—~ |—In2 hz( ) AR )| <7) 25
max h? [tgG ne+ h ) g6 \M,y %/ " \w— 05htgo (25)

Independently on 6 value, also in this case (maxse tends t0 Qmax2e if W tends to
infinity. Consider also that the formulation reported in Equation 25 does not have an
absolute minimum for varying 0, i.e., it cannot be used to individuate the optimal value
of 0 that minimize the predicted OOP strength.

1.2.3. Influence of the load shape on the theoretical OOP strength of infills

In Table 1, all the OOP strength models described in the previous sections are
recalled. Each model refers to a specific boundary condition for the infill, to one-way or
two-way arching action and to a specific external load shape.

As shown in Table 1.1, all strength models allow calculating the uniformly
distributed load corresponding to the considered infill’s OOP strength, except for
Bashandy et al.’s model, in which the calculated load is hipped-shaped as the considered
collapse mechanism/deformed shape. Not all experimental tests were carried out by
applying on test specimens a uniformly distributed load. So, in order to assess all
literature and code formulations predictive capacity by using the collected experimental
results, which is the scope of Chapter IV of this thesis, it is necessary to “adapt” them
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to different load shapes. In this section, separately for infills bounded along two and four
edges, the relationships associated to different strength models are reformulated for
different load shapes, in order to show the effect of different loading condition on the
theoretical OOP strength of infills. In addition, it is worth to mention that adapting the
OORP strength formulations to different load shapes is useful for the interpretation of
experimental tests’ results, but also preliminary to the proposal of efficient, robust and
reliable strength formulations. Namely, a formulation valid for uniformly distributed
lateral load can be effective for a safety assessment of URM infills under wind load. A
different load shape should be used for infills under seismic load, as will be shown in
Chapter IV.

Table 1.1. OOP strength models based on one-way and two-way arching action.

Author/Code formulation/model arc_hing external load
type action shape
McDowell et al. mechanical one-way uniform
Angel et al. mechanical one-way uniform
Eurocode 6 mechanical one-way uniform
Dawe and Seah mechanical two-way whichever
Dawe and Seah empirical two-way uniform
Bashandy et al. mechanical two-way hipped
Flanagan and Bennett empirical two-way uniform

Note that Dawe and Seah’s and Flanagan and Bennett’s formulations are empirical,
so their expressions cannot be adapted to different loading conditions by using an
analytical approach. For what concerns Dawe and Seah’s stripe model, its application
can be always performed by accounting for the OOP load actual shape within the
calculation of the virtual work of external forces.

1.2.3.1. Strength models accounting for one-way arching

Consider an URM infill wall with height h and width w, bounded only along the
lower and upper horizontal edges. Consider for this infill a collapse mechanism defined
by horizontal fracture lines along the lower and upper edges, as well as along the infill’s
mid-height. The maximum moment per unit width along linear hinges, My, is calculated
according to McDowell et al.’s formulation reported in Equation 1. If ¢ is the rotation
of the infill rigid parts around the fracture lines at edges and 2¢ is the relative rotation
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of infill parts around the central fracture line, as shown in Figure 1.7, the internal virtual
work is expressed as in Equation 28.

Figure 1.7. Assumed deformed shape at maximum for 2E infills.

Ly = 4Myv @ (28)

The external virtual work Le due to loads applied on the infill depends on the
external load shape. The external virtual work for uniformly distributed load (Figure
1.8a), for a concentrated load applied on two points, each one distant yh from the nearest

edge (Figure 1.8b), and for concentrated load applied at the infill mid-height (Figure
1.8c) are reported in Equations 29-30 and 31, respectively.
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Figure 1.8. Load shapes considered for the calculation of the external virtual work.
h2
Lg =q 7 () (29)

Lg = Fyheo (30)
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h
Lg=F-¢ (31)
By equating virtual works, the following expressions, reported in Equations 32-34

are derived for the OOP strength, Fmax, Of the considered infill. As expected, Equation
20 corresponds to McDowell et al.’s formulation.

w
uniformly distributed load Frmax = (Qmaxhw) = 16Myvg (32)
. 4 w
concentrated load on two points Frax = ?MY"F (33)
w
concentrated load at mid-height Fax = 8Myvﬁ (34)

Equations 32-34 show that an infill subjected to uniformly distributed load exhibits
an OOP strength equal to two times the resistance exhibited under concentrated load
applied at mid-height, and to 4y times the resistance exhibited under concentrated load
applied on two points, each one distant yh from the nearest edge.

As already stated, Eurocode 6’s strength model is based on the assumption of a
maximum value for vertical arching thrust and on the calculation of the maximum
uniformly distributed load in equilibrium with that thrust value. In other words, it is
based on one-way arching and on the lower bound theorem of limit analysis. The
resultant load in equilibrium with the maximum arching thrust reported in Equation 9
calculated for different load shapes is reported in Equations 35-37. As expected,
Equation 35 corresponds to Eurocode 6’s formulation (except for the 1.08 factor, which
is dropped in Eurocode 6 formulation for simplicity).

2

uniformly distributed load Fax = 1.08f,, (%) wh (35)
. 0.27 = /t\2
concentrated load on two points Fnax = —fm (H) wh (36)
Y
2
concentrated load at mid-height Froa = 0.54f, (ﬁ) wh @37

As Equations 32-34, also Equations 35-37 show that an infill subjected to uniformly
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distributed load exhibits an OOP strength equal to two times the resistance exhibited
under concentrated load applied at mid-height, and to 4y times the resistance exhibited
under concentrated load applied on two points, each one distant yh from the nearest
edge.

The same results are obtained by “adapting” Angel et al.’s formulation to different
load shapes. For all these reasons, it is possible to conclude that the conversion factor
between one loading shape to another for infills in which one-way arching occurs does
not depend on the infill mechanical or geometric properties and, above all, does not
depend on the specific mechanical-based strength model used.

1.2.3.2. Strength models accounting for two-way arching

Now, consider an URM infill bounded along all edges. In this case, Bashandy et al.’s
model can be adapted to different loading schemes by equating internal and external
works calculated by applying the hypotheses of Bashandy et al.’s approach, especially
in terms on moment distribution along fracture lines.

Equations 38-40 report the calculated value of Fnax for different loading schemes
obtained by applying all the hypotheses of Bashandy et al.’s model, which were
presented in the previous section. The four loading points considered in Equation 39 are
placed on the infills’ diagonal, at distance equal to yh from the nearer horizontal edge
for each horizontal couple of loading points.

3w(2w —h)

Fmax = 16Myv [ﬂm

uniformly distributed load 38
y 3 My ’i( w ) (38)
2 My, xyp \3w —h

concentrated load 1/ w M,y x
on four points Finax = 16Myy [8_y <2 no MZV ﬁ)] (39)

concentrated load 1w 1 1My, Xy
o Foax = 16M,, |=— — =+ -1 40
at mid-height max v [2 h 4 4My,xp (40)

If the assumptions reported in Equation 41 are made:

w X
§=—; (41a); T=_ (41b)
h MyV th
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Equations 38-40 can be rewritten as:

uniformly distributed [3 (25—-1) 3 S
F =16M,, |= = 42

load max wi27(3s-1) 3 (35 1) (42)
concentrated load r 1

. F =16M,,|—2S—-1+T 43
on four points max w _8y( * )] “3)
concentrated load . 1eM 1 s 1 1 T (44)
at mid-height max = w|z> 737 g ]

As can be observed through Equations 42-44, it is not possible, for infills bounded
along four edges, to define a “conversion factor” of the OOP resistance in passing from
one loading scheme to another independently on the infill geometrical (represented by
S) and mechanical (represented by T) properties. A sensitivity analysis to S and T
variation for the ratios of Fmax under a hipped load (Fmaxn) 0ver Fmax under uniformly-
distributed load (Fmaxud), 4-points load with y=1/3 (Fmax4p) and under central 1-point load
(Fmax1p) is shown in Figure 1.9.

| 5=1 5=15 5=2 5=25 5=3 5=35 \
0.98 2 2.8
3 g g
] > 2.6
LLé 0.96 Fj;f; LLE 1.8 LLé
— - - ~ 24
= = N
0.94 : 1.6
g g g ool
L L Lo
0.92 B e ——— ok A
0 2 4 0 2 4 0 2 4
T T T
(a) (b) (c)

Figure 1.9. Conversion factor of OOP strength under hipped load to uniformly distributed load
(a), to concentrated 4 points with y=1/3 load (b) and to concentrated 1 point load (c).

In all cases, the conversion factor shown in Figure 1.9 is independent on masonry
mechanical properties for square panels. A slight variability with both S and T is
observed for Fmaxn/Fmaxud, With conversion factor meanly equal to 0.94, while a
significant variability with S, but not with T, is observed for both Fmaxn/Fmax4p and

Fmax,hI/Fmax,lp-
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1.3 OOP STIFFNESS MODELS

As already stated, infill walls under lateral loads behave, in the initial loading stages,
as an elastic orthotropic plate.

Timoshenko and Woinowsky-Krieger proposed a relationship aimed at evaluating
the central displacement of a uniformly-loaded elastic plate, o, as reported in Equation
45,

4

qa
§=a— 45
a5 (45)

In Equation 45 « is a parameter accounting for the aspect ratio and bounding
condition of the plate (see Tables 8, 29 and 47 in Timoshenko and Woinowsky-Krieger);
a is the shorter dimension of the plate (typically, in an infill wall, the height, h); D is the
well-known flexural stiffness of the plate per unit width, expressed according to
Equation 46.

Et3

D=———
12(1 —v?)

(46)

The previous relationship can be used to obtain an expression of the initial stiffness
of the infill considered as an elastic plate, i.e., of the initial stiffness up to the first
cracking point, as reported in Equation 47, in which b is the longer dimension of the
plate (typically, in an infill wall, the width, w).

K _F _gab bD 1w Et® 1 Ew
T8 @t a@d ah®12(1-v2)  12a(l-v2) (h/1)° (47)
D

As Equation 47 is dedicated to isotropic plates, E is the elastic modulus of the
material. It is well known that masonry is an orthotropic material. Hence, the application
of Equation 47 to masonry infills is not immediate.

It is worth mentioning, as it will be useful when dealing with infills under seismic
loads, that with the same approach above shown it is possible to derive from
Timoshenko’s work also the elastic stiffness of a rectangular plate under sinusoid load,
as reported in Equation 48.
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2

T 1 1 z
23(1—_VZ)EWt3h< ) (48)

Kel h2

The literature provides a formulation for the calculation of the secant stiffness at
maximum. Kadysiewski and Mosalam (2009), in fact, propose to calculate this stiffness
value using an approach based on the first out-of-plane natural frequency of the panel
considered pinned only at the top and bottom edges given by Blevins and Plunkett
(1980) and reported in Equation 49. Clearly, for this reason, the formulation is rigorously
applicable only to 2E infills.

o m [§El  m |EEwt?
"~ 212 |m/L 2h? [12m/h

In Equation 49, L is the infill length and E is masonry elastic modulus, both of them
evaluated in the direction perpendicular to the pinned edges: typically, L is the infill
height, h; m is the infill mass; | is the infill cross-section area moment; & is a coefficient
defining the effective flexural stiffness of the infill cross section.

For such a type of 2E infill, the mass participating to the first out-of-plane mode, m,,
is equal to y times the infill total mass, with y equal to 0.81, as reported by Kadysiewski
and Mosalam. It is well known that for a Single Degree of Freedom (SDOF) dynamic
system the fundamental vibration frequency is calculated as reported in Equation 50.

~on mp ~on llJm (50)

In Equation 50, k is the SDOF elastic stiffness. If the URM infill is considered as an
SDOF with respect to OOP excitations, k is its elastic stiffness in the OOP direction. By
comparing Equations 49 and 50, the value of k can be determined. According to
Kadysiewski and Mosalam, this is the value of the OOP secant stiffness at maximum
and is reported in Equation 51.

(49)
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m* Ew

Kmax = ELIJEW (51)

If, according to Kadysiewski and Mosalam, v is assumed equal to 0.81 and §& is
assumed equal to 0.50 (to account for the cross-section cracking), Equation 52 is
derived.

Ew
Kinax = 3.28W (52)

It is worth to mention that Equation 52 and 47 has the same structure, as if Kmax can
be expressed as a fraction of K¢ depending on the infill boundary condition and effective
stiffness due to cracking.

1.4 OOP DISPLACEMENT CAPACITY MODELS

Usually, the collapse displacement of a structural or non-structural member is
conventionally defined based on a fixed reduction of its resistance. This reduction is
commonly related to a certain damage state of the element or to a significant variation
in its response. A unique and commonly accepted definition of OOP displacement
capacity for URM infills is not available. However, according to previous studies and
code provisions the OOP displacement capacity can be calculated by associating it to
different phenomena.

First, it is commonly accepted that for geometric compatibility the OOP
displacement cannot be greater than the infill thickness, t.

In addition, based on Angel et al. (1994)’s analytical model, two candidate
expression for the definition of the OOP collapse displacement can be derived. The first
one is associated to an instability phenomenon called “snap-through”, which occurs
when arching action vanishes. The second one is associated to masonry mechanical
properties, i.e., to masonry crushing due to the compressive stresses associated with
arching thrusts.

To derive such expressions, a masonry stripe simply supported at ends is considered.
Indefinitely stiff and resistant supports are assumed. As shown in Figure 1.10, masonry
stripes are supposed to crack at ends and mid-height and to divide in two equal-length
masonry segments.
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Figure 1.10. Cracked masonry stripe deformed shape at arching action occurrence (a) and
masonry segment detail (b).

Based only on equilibrium and geometrical compatibility, the expressions reported
in Equations 53-55 are derived for the compression bearing width in the infill thickness
normalized with respect to the infill thickness itself, b/t, for the rotation of masonry
segments, 0, and for the angle of arching thrust direction with respect to vertical
direction, vy, in the hypothesis of small displacements and rotations.

% =0.25 (1 + |1-2c (%)2> (53)

L/t
0= Cb—/t (54)
B 2(1 — 2k, (b/V) Lt (55)
= (L/0 “b/t

In Equations 53-55, L is the length of the infill panel in which arching action occurs, k.
is assumed equal to 0.33 for triangular compression stresses distribution in the bearing
width, ¢ is a dimensionless parameter defined as reported in Equation 56.
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1
Cc= ZSmaX (56)

In Equation 56, emax is the strain attained at the outermost compressed fiber in the
panel thickness. The masonry stripe central displacement is calculated as reported in
Equation 57.

L
-9 57
cle2 (57)

As shown in section 6.2 of Angel et al., when c is equal to the value reported in
Equation 58, the direction of arching thrust becomes vertical, i.e., y equals 0.

0.481
Glim = 7702 (58)
At this point, if a little displacement increment is applied to the masonry stripe,
arching thrusts assume horizontal component with the same direction of OOP loads, i.e.,
a little increment of lateral displacement produces a sudden snap-through collapse of the
stripe as arching action separates masonry segments from each other.
If c=ciim, the b/t ratio assumes a limit value as reported in Equation 59.

b /b L\?
2= (—) =025 (1 + 1= 204, (—) ) =030 (59)
t \t/im t

In the same case, also the masonry segment rotation attains a limit value, as reported
in Equation 60.

L/t 1.60 t
/ =1.60— (60)

9=911m=climm=m L

The displacement at snap-through is obtained by substituting Equation 60 in
Equation 57, as reported in Equation 61.
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L tL
d = dlim = elimz = 160 EE = 080t (61)

So, both vertical and horizontal arching vanish if the infill central displacement is
equal to 0.80 times the infill thickness.

For what concerns the displacement at masonry crushing due to arching thrusts, in
this case, ¢ assumes the value reported in Equation 62.

1
Ccrush = Zscrush (62)

The masonry segments’ rotation at masonry crushing is reported in Equation 63.

L/t L/t
0 = Bcrush = Cerush b_/t = 0.25€¢rysh b_/t (63)

In Equation 63, b/t should be equal to the value reported in Equation 64.

b L2
(—) =0.25( 14+ [1—2cerush (—) (64)
t/ crush t

In order to provide a conservatively simplified equation for deysh prediction, it is
necessary to assume for b/t the maximum possible value for b/t, equal to 0.50. In this
case, Equation 63 can be rewritten as reported in Equation 65.

L/t L
0 = Ocrush = Cerush m = 0.50€crysn ; (65)
The displacement at masonry crushing can be expressed as reported in Equation 66.

L LL L
d = dcrush = Ocrush E = 0.50&¢ysh FE = <O-25£crush ?) L

(66)
Moreover, the OOP displacement at the attainment of peak load for infills with

slenderness equal to 20 and masonry crushing strain equal to 0.004 should be lower than
3% of the infill height to ensure that such infills can reach their maximum load-bearing
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capacity without snapping through according to Angel et al. and FEMA 274 (1997). This
height percentage is assumed as OOP displacement capacity by ASCE/SEI 41-13 (2013)
at Life Safety Limit State.

Finally, Kadysiewski and Mosalam (2009), based on judgment, suggest assuming
the OOP collapse displacement equal to 5 times the OOP displacement at peak load. In
other words, they assume an OOP ductility capacity for the infill equal to 5.

1.5 [IP/OOP INTERACTION MODELLING FORMULATIONS

As already stated, the damage of infills due to IP actions affects their OOP response
and vice-versa. This phenomenon is called IP/OOP interaction.

For what concerns the IP damage effects on the OOP response, previous works
mainly investigate the effects on the OOP strength. The IP damage entity is usually
represented by a main displacement demand parameter such as the Interstorey Drift
Ratio (IDR) and, in some cases, by the infill vertical slenderness ratio, h/t. In fact, it is
assumed that at equal IP displacement demand, less slender infills should be less
damaged and then that their OOP capacity should be less compromised. The same result
was observed by Agnihotri et al. (2013) through numerical FEM analyses.

An OOP strength model accounting for IP/OOP interaction was proposed by Angel
et al. (1994( based on experimental data. In this case, the pure OOP resistance of the
undamaged infill is reduced using an R; factor that will be called R in this thesis. R is
expressed as a function of the infill height over thickness slenderness ratio and of the
maximum IP drift (IDR) attained normalized with respect to the IP drift corresponding
to the infill IP first cracking (IDRcrack), as reported in Equation 67.

IDR

R= 1 — <05
ZIDRCFaCk
[1.08 + (h/t) (—0.015 (67)
R = + (h/6)(—0.00049 DR o5
IDR ZIDRcrack

+ 0.000013(h/t)))]ZIDR”aCk

OOP strength reduces for increasing IP displacement and reduces faster for higher
slenderness values, as intuitively expected.
Morandi et al. (2013) based on Calvi and Bolognini (2001)’s tests, proposed
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empirical stepwise (Equation 68) and linear (Equation 69) formulations for the
calculation of the OOP strength reduction factor due to IP damage. In the “stepwise”
formulation, the onset of IP/OOP interaction effects on the OOP strength for thin infills
is set corresponding to an IDR equal to 0.30%, which is the threshold IDR for infilled
RC buildings at the attainment of Damage Limitation limit state according to the Italian
building code NTC2008 (2008).

1.00 IDR < 0.30%

R= 0.20 0.30% < IDR < 1.00% (68)
0 IDR > 1.00%
1-2.67IDR IDR < 0.30%

R= 0.20 0.30% < IDR < 1.00% (69)
0 IDR > 1.00%

Based on Guidi et al. (2013)’s tests on unreinforced masonry strong and thick infills,
Verlato et al. (2014) proposed an empirical relationship for the evaluation of the R
factor. Such relationship is reported in Equation 70.

1-0.861DR IDR < 0.70%
R= 040 0.70% < IDR < 1.20% (70)
0 IDR > 1.20%

For what concerns the effects of damage due to OOP action on the IP response of
infills, based on numerical analysis, Al-Chaar (2002) states that the effects of OOP loads
on the IP capacity of infills could be neglected if these loads do not exceed a threshold
fixed at 20% of the corresponding capacity; otherwise, a formulation based on FEM
analysis is provided and is reported in Equation 71.

2
Ipred =1+ lopdem _ E(Opdem> (71)
IPeap 4 0Py, 4\ 0Py,

In Equation 71, IPq is a general parameter of IP capacity reduced due to OOP
action; [P is the same parameter of IP capacity in absence of OOP action; OPgem is the
OOP demand acting on the infill corresponding to the IP capacity parameter under exam;
OPcqp is the same parameter of OOP capacity in absence of IP action.
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Further formulations and approaches dedicated to the prediction of the IP/OOP
interaction effects will be shown in the next subsection, in which the available modelling
approaches and strategies to account for the OOP behaviour of infills and for the IP#FOOP
interaction effects during structural analyses are presented and discussed.

1.6 IP/OOP INTERACTION MODELLING STRATEGIES

Hashemi and Mosalam (2007) proposed a strut and tie macro-model of infills based
on the results of FEM analyses. In this model, the infill is represented by eight no-tension
truss elements joined in the center by a no-compression truss element. The coordinates
of the characteristic points of the constitutive law together with the geometric
characteristics of struts and tie are calibrated in order to obtain an interaction domain of
IP action, Py, and OOP action, Py, which follows the one obtained through numerical
analysis. In order to obtain this domain, several numerical analyses at finite two-
dimensional elements were carried out, during which the infill was subjected to a
constant OOP action P and to an IP action Py increasing up to the panel collapse. The
pushover curves and the resulting interaction domain obtained are shown in Figure 1.11.
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Figure 1.11. IP/OOP interaction represented through IP pushover curves at assigned OOP
forces (a) and through a static IP/OOP interaction domain (b). Adapted from Hashemi and
Mosalam (2007).

Kadysiewski and Mosalam (2009) introduced a macro-model alternative to the one
proposed by Hashemi and Mosalam. In this case, the infill is modelled through one
diagonal beam element pinned at the edges and provided with a lumped mass in the
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center active only in the OOP direction. Kadysiewski and Mosalam calculate the OOP
strength of the undamaged infill by applying FEMA356 (2000) provisions, based on
Angel et al.’s formulation, as will be explained in Chapter V, while the stiffness is
determined following the indications based on OOP frequency of the panel discussed
the previous subsections. Then, the OOP displacement at peak load Anyo is determined
as the peak force resulting from the peak load to the above-mentioned stiffness ratio,
while the ultimate displacement is set equal to 5 times the peak load displacement. In
order to take into account the IP/OOP interaction, the authors introduce a convex
relationship derived from numerical analysis and represented in Figure 1.12; moreover,
an interaction domain in terms of yielding and collapse displacements is defined as
reported in Equation 72.
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(a) (b)
Figure 1.12. IP/OOP interaction domains in terms of forces (a) and displacements (b). Adapted
from Kadysiewski and Mosalam (2009)

B b hioanmnes

Given that until yielding the IP and OOP behaviour of infill is assumed to be linear
elastic, the interaction domain in terms of yielding displacement is expressed through
the same convex relationship used for the domain in terms of forces; moreover, given
the lack of specific indications in literature, the authors postulate that the same 3/2 power
relationship can be used to model the interaction in terms of ultimate displacement.
Integral part of the discussed model is a routine that removes from the structural model
the elements representative of the infill when their IP/OOP displacement history exceeds
the interaction domain in terms of ultimate displacement.

Dolatshahi et al. (2014) carried out three-dimensional FEM analyses resulting in
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interaction domains in terms of yielding and peak load. The analytical relationship
proposed to represent the elliptical yielding curve, which is shown in Figure 1.13, is
reported in Equation 73.
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Figure 1.13. IP/OOP interaction domain in terms of forces. Adapted from Dolatshahi et al.
(2014).

)

Furtado et al. (2016) defined an infill model inspired by the proposal of Kadysiewski
and Mosalam. In this model, the infill is represented by 4 diagonal rigid elements joined
in the center by one element which takes into account the non-linearity of the infill
behaviour. The central element is joined to the diagonal struts through 2 nodes in which
the OOP mass is lumped. The OOP behaviour is assumed as elastic-plastic with strength
and stiffness calculated accordingly to Kadysiewski and Mosalam’s approach. Also in
this case, part of the model is an algorithm that removes the elements representative of
the infill from the structural model if its IP/OOP displacement history exceeds an
interaction domain in terms of ultimate displacement. The domain is linear and is based
on the assumption that, for the undamaged panel, the maximum IP drift is equal to 1.5%
while the maximum OOP drift is equal to 3%.

A macro-model based on the one defined by Kadysiewski and Mosalam was also
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proposed by Longo et al. (2016). The interaction domains previously considered were
derived through numerical analysis. Maheri et al. (2012) carried out a sequence of tests
aimed at determining an experimental IP/OOP interaction domain in terms of strength
of infills. Fifteen masonry panels were tested until collapse under combined IP/OOP
action. Each of these panels was subjected to a fixed OOP load monotonically applied
and kept constant while IP diagonal action was applied until the panel collapse. At
increasing values of the previously imposed OOP load, a reduction of strength and
stiffness under IP action was registered, as reported in Figure 1.14.
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Figure 1.14. IP/OOP interaction experimental domains in terms of force. Adapted from Maheri

and Najafgholipour (2012).

o

Di Trapani et al. (2018) proposed a macro-model in which the infill wall is
represented by two fiber-section diagonals accounting for the IP/OOP interaction and
through a vertical and a horizontal element accounting for the bi-directional arching
action.

An infill wall model accounting for the IP/OOP interaction was proposed by Oliaee
and Magenes (2016). The infill is represented by 2 diagonals, each one divided into 2
non-interacting in-series no-tension elements, an inelastic truss representing IP
behaviour and a distributed inelasticity fiber element representing OOP behaviour. The
IP/OOP interaction is introduced through the updating of the strain at peak load of the
material assigned to fibers (OOP stiffness reduction) and through the reduction of the
fiber elements’ thickness (OOP strength reduction) depending on the maximum IP
displacement registered. The reduction of the fiber elements’ thickness represents the
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expulsion of outer shells of masonry units due to IP damage. The effort made to provide
the model’s features of a physical meaning, unlike Kadysiewski and Mosalam-based
models, has to be highlighted.
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Chapter 11
Experimental state-of-the-art

2.1 INTRODUCTION

The first Chapter of this thesis was dedicated to the presentation, analysis and
discussion of the OOP strength, stiffness and displacement capacity models for IP-
undamaged and IP-damaged URM infills. In order to assess the effectiveness of these
models, in this Chapter the experimental tests previously carried out and presented in
the literature aimed at assessing the pure OOP behaviour of such types of infills as well
as the IP/OOP interaction effects are described.

First, it is worth to mention that, with respect to the number of IP tests (which is,
according to De Risi et al. 2018, in the order of hundreds), the number of OOP or
combined IP/OOP tests performed on URM infills is very small, i.e., in the order of the
dozens. In this Chapter, only pseudo-static tests on URM infills will be considered.

The first section of this Chapter is dedicated to the pseudo-static OOP tests carried
out on 2-edges (2E) infills, i.e., on infills bounded only along the upper and the lower
edges also indicated, sometimes, as masonry stripes, in which only one way arching
occurs. The second section is dedicated to the pseudo-static OOP tests carried out on 4-
edges (4E) infills, i.e., on infills bounded along all edges to the confining structural
elements. In this second section, also some specimens that will be defined as 3-edges
(3E) infills, i.e., infills bounded along three out of four edges to the confining structural
elements, will be presented. A third section is dedicated to other experimental programs
that will not enter the database discussed in Chapter IV for reasons that will be explained
for each of them.

The experimental programs will be presented in chronological order. Within the
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description of each experimental program, pure OOP tests and combined IP/OOP tests
will be described. For each experimental program, test specimens’ characteristics, tests’
procedure and tests’ remarkable results will be described. Geometric and mechanical
properties of specimens are reported, if provided by the authors or procurable in the
literature. More specifically, masonry compressive strength in the vertical (fm) and in
the horizontal (fn) direction are reported, as well as masonry elastic modulus in the
vertical (Emy) and in the horizontal (Emn) direction. An overall collection of geometric
and mechanical properties of specimens is reported in Appendix D.

In addition, for what concerns the OOP response of specimens, information
concerning the load and displacement corresponding to the first visible crack/first
significant non-linearity (Ferack and derack, respectively), and to the maximum (Fmax and
dmax, respectively), as well as the displacement at the end of the test (deng) are collected.
Based on F and d values, the secant stiffness at first visible crack (Kcrack) and at
maximum (Knax) are calculated. If such data are not directly provided by the authors,
they are derived, if possible, from the observation of the OOP force-displacement
relationships, based on the tests’ description provided by the authors and, sometimes, on
judgment.

2.2 EXPERIMENTAL TESTS ON 2E INFILLS

In this section, the pure OOP experimental tests carried out on 2E infills, i.e., on
masonry stripes by da Porto et al. (2007) and by Hak et al. (2014) are described. The
report by Modena et al. (2005) is also considered at support of the description of the
tests by da Porto et al. (2007).

2.2.1. da Porto et al., 2007

Single-wythe panels made of clay hollow bricks were built between the ceiling and
the floor of laboratory and used as test specimens. Each specimen was 2520 mm high,
1000 mm wide and 300 mm thick, with a slenderness equal to 8.4 and aspect ratio equal
to 0.40. Bricks were jointed through 10 mm thick M3 cementitious mortar layers.

The tested specimens differed for the direction of bricks’ holes (O — horizontal, V —
Vertical) and for the bed joint type (A, B, C). More specifically, stripes with type A
mortar joints were characterized by non-continuous vertical and horizontal joints; stripes
with type B mortar joints were characterized by non-continuous vertical joints and
continuous horizontal joints; stripes with type C mortar joints were characterized by
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non-continuous vertical and horizontal joints. Three classes of panels were so defined:
FOA, FOB and FVC; for each one of these classes, three specimen were realized and
tested 28 days after their construction. Characterization tests on brick units and mortar
specimens were performed. Their results are reported in Modena et al. (2005). Based on
these results, masonry compressive strength and elastic modulus are determined based
on Eurocode 6 (2005) formulations (section 3.6.1.2 and 3.7.2, respectively). Such
average values determined and provided for FOA, FOB and FVC specimens are reported
in Table 2.1.

Table 2.1. Mechanical properties of the specimens by da Porto et al. (2007).

fmv Emv fmh Emh
specimen [N/mm?] [N/mm?] [N/mm?] [N/mm?]
FOA 1.87 1870 - -
FOB 2.62 2620 - -
FVC 5.22 5220 - -

Test were performed by applying a concentrated load at the infill mid-height. Such
load was distributed along a horizontal line through an horizontal steel beam. In
addition, the load was applied monotonically and in displacement control at 0.01 mm/sec
velocity. A picture of the experimental program setup is reported in Figure 2.1. All tests
were interrupted soon after the attainment of peak load, at which the specimen collapsed.

The experimental evidences showed that the out-of-plane strength of panels was
mainly influenced by brick units’ compressive strength and by their general robustness:
in fact, panels made of bricks with vertical cores showed a global collapse mechanism
instead of the local (at the edges) mechanism exhibited by panels made of bricks with
horizontal cores. Moreover, panels with continuous horizontal bed joints exhibited a
peak load greater by about 30% with respect to the one exhibited by panels with
interrupted joints. In this study, given the boundary conditions of the specimens, there
was no significant contribution of vertical joints typology to the ultimate load of panels.

A summary of tests’ results is reported in Table 2.2.
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g ,'3 e .
Figure 2.1. Experimental setup by da Porto et al. (2007).

Table 2.2. Summary of tests’ results by da Porto et al. (2007).

Ferack dcrack Kerack Fmax dmax Kmax dend
specimen [KN] [mm] [KN/mm] [kN] [mm]  [kN/mm] [mm]
FOAl 13.0 0.35 37.1 43.2 2.3 18.8 2.3
FOA2 13.0 0.35 37.1 43.8 24 18.3 2.4
FOA3 13.0 0.35 37.1 45.1 2.3 19.6 2.3
FOB1 145 0.35 41.4 63.9 2.9 22.0 2.9
FOB2 14.5 0.35 41.4 55.3 2.6 21.3 2.6
FOB3 14.5 0.35 41.4 58.0 2.3 25.2 2.3
FVC1 23.4 0.20 117 174 3.4 51.2 3.4
FvC2 23.4 0.20 117 193 44 43.9 4.4
FVC3 23.4 0.20 117 179 3.4 52.6 3.4

2.2.2. Hak et al., 2014

Hak et al. (2014) tested thick real-scale URM infills both in the in-plane and in the
OOP direction. Among these, specimen TA5 was bounded only along the upper and the
lower edges to the confining RC frame. The specimen was realized with clay hollow
bricks placed with vertical cores and vertical and horizontal mortar joints. It was 350
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mm thick, 2950 mm high and 1380 mm wide. The aspect ratio was equal to 0.47, the
vertical slenderness was equal to 8.4. The mechanical properties provided for specimen
TADS are reported in Table 2.3.

Table 2.3. Mechanical properties of specimen TA5 by Hak et al. (2014).

fmv Emv fmh Emh
specimen [N/mm?] [N/mm?] [N/mm?] [N/mm?]
TA5 4.64 5299 1.08 494

The OOP test was performed by applying the load at the specimens’ mid-height by
means of two horizontal beams. Being the infill detached from structural elements at
both lateral edges, this loading type can be schematized with two concentrated forces
acting at distance from the infill mid-height equal to one-half the distance between the
horizontal beams. However, the distance between the two horizontal beams is not
provided, although it seems to be very small from graphical sketches of the experimental
setup. Hence, also in this case, the external load will be considered as concentrated at
the infill mid-height.

In this case, differently from da Porto et al.’s tests, the OOP load was applied to the
infill surface with load-unload cycles. In addition, the infill stripe was bounded to the
upper and to the foundation beam of an RC frame. The compressive strength of da Porto
et al.’s masonry predicted, based on the compressive strength of bricks with vertical
holes and mortar, through EC6 formulation and equal to 5.22 N/mm? was similar to the
compressive strength parallel to bricks’ holes declared by Hak et al. for their masonry
wallets, equal to 4.64 N/mm?2 Moreover, the two masonry stripes had similar
slenderness ratio. However, da Porto et al.’s stripes had an OOP strength equal to around
2.5 times that exhibited by the similar stripe by Hak et al. and a displacement at peak
load equal to 1/5 of that shown by Hak et al.’s stripe. Moreover, Hak et al.’s specimen
did not show a brittle failure at peak load. First, such significant differences can be due
to the cyclic nature of Hak et al. tests. Second, such differences can also be due, for some
part at least, to the deformability of the bounding elements for Hak et al.’s specimen.

A summary of the test results is reported in Table 2.4.
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Table 2.4. Summary of test TA5 results by Hak et al. (2014).

Fcrack dcrack Kcrack Fmax dmax Kmax dend
specimen [kN] [mm] [kN/mm] [kN] [mm]  [kN/mm] [mm]
TA5 35.0 1.0 35.0 67.0 18.0 3.72 75

A picture of the specimen at the end of the test is reported in Figure 2.2.

Figure 2.2. Specimen TAS5 by Hak et al. (2014) after tests.

2.3 EXPERIMENTAL TESTS ON 4E INFILLS

In this section, the pure OOP and combined IP/OOP experimental tests carried out
on 4E infills, i.e., on URM infills bounded to the confining structural elements along all
edges are described.

The tests considered are those by Dawe and Seah (1989), Angel et al. (1994),
Flanagan and Bennett (1999a), Calvi and Bolognini (2001), Varela-Rivera et al. (2012),
Guidi et al. (2013), Hak et al. (2014), Furtado et al. (2016).

2.3.1. Dawe and Seah, 1989
Steel frames infilled by real-scale single-wythe walls made of concrete hollow
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bricks were used as test specimens. Each infill was 2800 mm high and 3600 mm wide,
with aspect ratio equal to 1.29. The concrete units were jointed by a type S mortar.

The tested infills were 90, 140 or 190 mm thick, with a vertical slenderness ranging
from 14.7 to 31. Specimens WE2, WE4, WES5 and WES8 were realized with plain
unreinforced masonry and were mortared along all edges to the confining steel elements.
Specimen WE3 was constituted by a dry-stack unreinforced masonry panel. Specimen
WEZ1 was reinforced with trust type joint reinforcement at alternate courses. Specimens
WE®6 and WE7 were unreinforced and reinforced, respectively, infills provided with a
20 mm gap between the upper edge and the upper beam of the steel frame (i.e., they
were 3E infills). Specimen WE9 was a plain masonry panel provided with a central
opening. The mechanical properties provided for the specimens are reported in Tab