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Summary in English

Summary in English

This research work proposes methods to rises gistaace and to evaluate the behavior of
confined masonry walls built from clay solid brickEhese elements are widely used in
Guerrero State (México) to build masonry structurelsich should resist high lateral loads

because of the serious seismic hazard.

Therefore, a large experimental program to evalttegemechanical properties of bricks and
masonry currently required in the design process rmasonry analysis was developed. To
rises the masonry resistance and to counteraatflnence of the compressive strength of the
pieces on the masonry behavior, a high compresstvength mortar and a metallic
reinforcement inside the joints were used. Witlpees to referenced values of the mechanical
properties, some were similar and others were twigger. In this country zone, the first
three tests under lateral load on full-scale cadfimasonry walls built from clay solid bricks
were carried out in order to evaluate its behavoreinforcement composed by metallic
hexagonal mesh-mortar coat was placed on the faiceso walls to rise or to restore the
resistance. The walls showed good behavior andeiméorcement had adequate structural

efficiency.

Numerical models of panels and walls built by usithg experimental data evaluated the
envelope resistance, the failure mode and showedhfluence of the mechanical properties
of the pieces and joints on the global behavioio Tmodels had metallic reinforcement inside
the joints. In addition, a constitutive law of theasonry defined from experimental results
allowed to elaborate a simple model, which resulese concordant with respect to the

experimental results and similar to those calcdlaéecomplex models.

Finally, two simplified models to evaluate the stance of confined masonry walls by
considering the failure plane on the wall diagomate developed. One supposes the masonry
failure by shear effect and the other supposesrasonry failure by induced tension. The
ratio theoretical resistance vs. experimental tasce was adequate for walls built from
different materials and tested under different &aahich had ratio Height/Length ranging
from 0.74 to 1.26.
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Summary in French

Cette recherche propose des méthodes d’amélioratenrésistance et d’évaluation du
comportement de murs en macgonnerie confinée catssen briques solides d’argile cuite.
Ces éléments sont largement utilisés dans la emtistin des batiments & I'Etat du Guerrero
(Mexique) lesquels doivent résister charges séisesigmportantes.

Ainsi, un programme expérimental a été développé goaluer les propriétés mécaniques

des briques et de la maconnerie, qui sont nécessdans la conception et analyse des
constructions. Pour augmenter la résistance deatzonmerie et compenser la variabilité de la

résistance a la compression des briques, un martiaute résistance et un renfort métallique
dans les joints ont été utilisés. Certaines progsiémécaniques sont égales a celles
communément citées, cependant, les autres ontatlasrs deux fois plus grandes. Dans cette
région du pays, les trois premiers tests de mugshalle réelle construits en briques solides
d’argile cuite ont été réalisés sous charge laéattbrnée afin d'évaluer son comportement.
Un renfort métallique et une couche du mortieré@gtplacés dans les surfaces de deux murs.
Ceux-ci ont présenté un bon comportement et leorer eu un comportement structural

adéquat.

Avec les données expérimentales, plusieurs modelegriques de panneaux et de murs ont
été mis au point afin de reproduire I'enveloppeaistance et le mode de défaillance. Ces
modeles ont également évalué l'influence des pFtdmimécaniques des briques et des joints
sur le comportement global des spécimens. Aussiremfiort métallique a été placé a
I'intérieure des joints dans deux modeles. D'umeacdté, a partir de résultats expérimentaux
obtenus et cités, une loi de comportement de leonraarie a été définie pour construire un
modele simple qui donne des résultats concordaladais avec les résultats expérimentaux

et ceux obtenus par la méthode des éléments finis.

Finalement, deux modéles simplifiés ont été propadin d’évaluer la résistance de murs en
maconnerie en supposant que le plan de ruptusiesint la diagonale du mur. L'un suppose
la rupture de la magonnerie par effet de cisaill@nt@ndis que l'autre suppose la rupture par
effet de tension induite. Le ratio entre résistati@®orique et résistance expérimentale a été
acceptable pour 27 murs faits de matériaux différeat testés sous différents types de
chargement ou le ratio hauteur sur longueur vanied,7 et 1,2.



Summary in Spanish

Summary in Spanish

Este trabajo propone méetodos para aumentar laeaesia y evaluar el comportamiento en
muros de mamposteria confinada elaborados conubago recocido. Dichos elementos son
ampliamente utilizados en el Estado de Guerreroxi®d$ donde las fuerzas sismicas de

disefio son elevadas.

Asi, un programa experimental fue desarrollado eaeduar las propiedades mecénicas de
piezas y mamposteria requeridas en el disefio ysende la mamposteria confinada. Para
aumentar la resistencia y contrarrestar la vargdil de la resistencia a compresion de las
piezas fue utilizado un mortero de alta resisteadi& compresion y un refuerzo metalico en
las juntas. Algunas valores de las propiedades mesafueron iguales a los comunmente
referenciados, sin embargo, otros registraron galdios veces mayores. Adicionalmente, en
esta region del pais fueron realizadas las primanaebas bajo carga lateral alternada de tres
muros a escala real construidos con tabique rajocrdo con el objeto de evaluar su
comportamiento. Un refuerzo constituido por malp@ tgallinero y mortero fue colocado en
las caras de dos muros. Estos presentaron un laumepoctamiento y el refuerzo tuvo una

adecuada eficiencia estructural.

Con los datos experimentales fueron elaborado®sariodelos numeéricos de paneles y
muros para reproducir la envolvente de resistegcel modo de falla. Dichos modelos
también evaluaron la influencia de las propiedadesanicas de las piezas y de las juntas en
el comportamiento global de los especimenes. Emmmielos fue colocado refuerzo metélico
en las juntas. Por otro lado, a partir de resutasiperimentales obtenidos y referenciados
fue definida una ley de comportamiento de la manepi@spara construir un modelo simple
de un muro, que proporciona resultados adecuatieag/ aproximacion similar a la obtenida

en modelos elaborados mediante elementos finitos.

Adicionalmente fueron propuestos dos modelos sfiogtios para evaluar la resistencia de
muros de mamposteria considerando el plano dedalla diagonal del muro. Uno supone la
mamposteria falla por efecto cortante mientragrel supone la falla por tension inducida. La
relacion resistencia tedrica entre resistencia raxpatal fue satisfactoria para 27 muros
elaborados con distintos materiales y probados distetos tipos de carga cuya relacion

Altura/ Longitud varié entre 0.7 y 1.2.






Table of Contents

Table of Contents

F o [0 1V =T o =T 0 =T o £ 4
SUMMArY iN ENGLSN ...ooeeeee e e e e e e e e e e 5
YU ] = U2 T T =] o o 6
YU = T A T TS = 1] ] 7
TaDIE Of CONTENTS ... e e e e e e e e e e e e e e e s s 9
LISt Of TADIES....eeeeiieeeiee e e e e 13
LISt Of HIUSTrATIONS ... e ettt e e e s e e e e e e e e e e e e e e e e s e annnans 15
(@ F=T o1 (= g A 01 1 To [T 1T o I 21
O A 10 13 1 0= 1[0 o PSSR 21
1.2 Main objective and gOalS..............uuiemmemmeeeiiieeieeeeiie e e e e e e e e e e e 24
1.3 StUAY CONEENTS ...ttt s e e e e e e e e ettt e et te bbb s e e e e e e e e e e e aaeeeeens 25
Chapter 2 MASONIY FEVIEW .........coiiiiiieeiieeeeeme e e e eeeeeeeeeeetttbteaa s s e e e e e eaeaaeaeaeaeeaaaeeeeeeesssnnnnns 27
P2 A [ 01 0T ¥ o1 1 o] o OO P OO PP 27
2.2 CONFINEA MASONIY ..ottt eeeeeeee e ettt b bbb s e e e e e e e e e e e aaaas 27
pZ 0t R Y = 1T o Y U T £ 28
2.2.2 IMIOTTAIS ...ttt ettt e e oottt e a2 e ettt e e e et e et ammae e e e eeensn e eaeanne 29
2.2.3 Confining elements of reinforced concrete............cccovvvvvveviiiicciiiniiee e, 30
2.3 Failure modes of confined masonry walls................iiiiiiiineeeieee 31
2.4 Experimental research inN MEXICO......... .o eeenniieeieieeeeeereeeeeeeeeerinnnn s 32
2.4.1 Experimental research in MeXiCO CitY ...ccccccuuuuuiiiiiiiieeeee e 34
2.4.2 Experimental research outside MeXiCO City..........uveeeiiiieeieeeiiiiiieeeeiiieiiiienes 36
2.5 Retrofitting and rehabilitation Of MaSONIY .. oooeeeiiiiiii e, 38
2.5.1 Types of reinfOrCemMENL ..........oovieiieeeeeee e e e 39
2.5.1.1 External reinforCemeNnt...........ooiieeeeeeri i 39
2.5.1.1 Reinforcement of mortar jJOINIS ..........uuuuvvueiiiiiiiiiee e eeee e 40
2.6 Design of masonry buildings in Guerrero State...........coovveveeiiiiiiiieeeviiiiiees 41
2.7 CONCIUSIONS ...ttt e e e e e e e e et e e e e e e e e e eeeeeas 42
Chapter 3 Masonry modeling FEVIEW ... eeeeeeereeeiiiiiniiiiissaaeeeeeeeesaaessaeeaaeaaeeeeens 45
1 700 {1 o T (U Tox 1o o [T OUSUPPPPPPR 45
3.2 Types of Masonry MOUEIS .......cccoee e i s 45
3.3 Masonry miCro-modelsS ..........ouuuuuiiiiiiiie 46
3.4 Masonry MacCrO-MOUEIS..........cceuuuurrtcmmmmmm e e eeeeeeeeeeeeeeeeaettaar s e e e e e e e eaaeeeaeaeeaaaeeeeees 52
3.4.1 Level-0ne Macro-MOUEIS...........uuuuucmmmmmmiaie et s 52
3.4.1 Level-two Macro-MOdElS............cuiiiiiieeeiiiiiiiiiiieieeeeee e 56
3.5 SIMPlIfied MOAEIS ......oueeeieee s 58
3.6 CONCIUSIONS ...ttt et e e e e e e e e e sesrb et e e e e e e e e e eeeeeeas 61
Chapter 4 Experimental program and reSUItS .....ccee.evevveeiiiiiiiiie e 63



Experimental and numerical study of confined masony walls under in-plane loads

I o (oo [8ox 1 o] o TSP 63
4.2 Description of the experimental Program. ..o 64
4.3 TESIS ON CIEMENTS ..ooiiiieiiee et e e e e bbb e e e e 66
4.3.1 Compressive strength of solid clay brickS.............oooiiiiii e, 66
G B 0 = L3P PPP PP 68
O =TS o g S o= Tox T =] 1P 68
4.4.1 Mechanical properties of Mortar JOINS ..eeeeeoivvveeeeeiiiiiiieee e eeeeeeeeeee 68
4.4.2 Shear strength of Masonry panels. ... 70
4.4.2.1 Behavior of unreinforced panels .....cccccceeceeiiiiei e 71
4.4.2.2 Behavior of reinforced panels ....... o eeeeeeiiiiiiiiiiii e eeeeeeeeeee 74
4.4.2.3 Panels associated t0 Masonry WallS e «.vveeeeeiiiieeeeeeeeeeeseeeeeeesnssnnnnns 11
4.4.3 Compressive strength of masonry priSms...........cooooviiiiiiiiiiiiiiiii e 79
4.5 Test on confined MasoNry WallS..........ccco i 81
4.5.1 Description of the mechanical-electronic desiand apparatus.............ccccccevvueeees
4.5.2 Building process and characteristics of walls............ccccceeviiiiiiiiiiiiiiviiieee, 83
4.5.3 Instrumentation Of WallS...........oo oo 85
4.5.4 TeSt ON Wall MURL .......ouiiiiiiiiiiiis ittt a e eae s 86
4.5.5Test OnN Wall MURZ ..ottt e e e e e e e e e eeeeeeetbenneneseeeeennnnn 87
4.5.6 Test on retrofitted wall MRM2 ..o 90
4.5.6.1 RELrOfIit PrOCESS ...vvveiiiiiiiie e 90
4.5.6.2 Description of behavior and failure mode............ccccceeeeiiiiiiiiiiiiiieeiiiins 91
4.5.7 Test on rehabilitated wall MMRS3 ... 93
4.5.7.1 Rehabilitation PrOCESS ........coii e sttt s e e e e e e e e e e e e e e e eeeeeesesrennnneesennne 93
4.5.7.2 Description of behavior and failure mode..............cccoeoiiiiiiiiiiiiiiiins 94
4.5.8 Comments about the behavior of confined mgsealls ............cccccceeeveeiiienennn, 95
G o] (o 111 o] 1 PP 100
Chapter 5 Numeric simulations of masonry walls b@a.............ccccoeeeeeiiiiiiiiiiiiiiiiiens 103
ST A [ a1 0T U Tod 1 (o] o TP PPPPPPPPPPP 103
5.2 Masonry modeling by using MiCro-MOUEIS .. e cvvrrnniiiiieeeeeeieieeeeeeeiiiiiaaas 104
5.2.1 Behavior of the MOItar JOINt............uueeeeereeeeeeeeeeeerreeeeeeerie e 104
5.2.1.1 Shear slipping MOde ........cooiiiiiieeeeee e 105
5.2.1.2 Tension CUt-Off MOTE ........ccoiiieeeeee e 108
5.2.1.3 COomPression Cap MOUE .....cooi ittt eeeeeeeas 109
D.2. 0.4 COIMEIS ...t e e eerree e e et n e e et et e e e e e e ena e e e e eeenmmnnnn e e enennes 111
5.2.2 Behavior Of MasOoNnry UNIS ...........icccccreeeieeiiiiiiaseeeeeeeeeeeeeeeseeeesseeenneeesnne 112
5.2.3 Behavior of concrete elements ...... .o 113
5.3 Micro-models for the masonry panels.....oooeiiiiieiiiii e 116
5.3.1 Unreinforced masonry panel MM ... 116
SR 00 01 I |V o To 1= 1] o 116
5.3.1.2 Mechanical PrOPertiIES ............cet e eeeeeeeeeeeeeiiiiiiara e e e e e e e e e eeeeeeeaaens 116
5.3 1.3 RESUILS ...ttt e e e e 118
5.3.2 Reinforced masonry Panel............oooiiiiiiiiiiiiiiiiiie e 120
SR T80 N |V o To 1= 1] o 120
5.3. 2.2 RESUILS .. 122
5.4 Micro-model of confined masonry wall......cccooooerveieiiiiiiiii e, 123
5.4.1 Model of the wall MURZ ... 123
5.4.1.1 Description and MOdeliNg ........ccoi e eeeeeeeeeeeiierr e e e eeeeeees 123
5.4.1.2 Mechanical PrOPertIES ............oet e eeeeeeeeeeeeiiiiiiaa e e e e e e e e aeeeeeea e 124
5.4, 1.3 RESUILS ...ttt ettt e e e e e 126

10



Table of Contents

5.4.2 Model of the wall MUR2 with metallic reinf@ment mesh inside the joints..... 130

5.5 Masonry modeling by using a macro-model lew@l.t...................coooeiiiiiiiiiiiiinnnns 31
LS TN I 7= Tod 2o | o 11 ] o S 131
5.5.1.1 Behavior Of MAaSONIY ......ccooiiiiiiiiieieiee et e e e e 131
5.5.1.2 Behavior of concrete COIUMNS........cccceeiiiiiiiiiiiiiiiiice e 134
5.6 Analysis procedure and reSUILS...... .ot ee e 135
5.6.1 Results of the Wall MURZ .............uummmmmmeiiiiiiiieeeeee e 136
5.6.2 Results for other WallS.............uuuuueiiiii e 139
5.7 CONCIUSIONS ...ttt ettt e e e e e e e st r et e e e aeaeeeas 143
Chapter 6 Simplified models to asses the lateraslome walls bearing capacity ................ 147
(0 R [T 0o U Tod 1 To] o TR 147
6.2 Experimental iNfOrMAatioN ................. mmmmmeseeeeeeeeeeeeeeeeeeeeeeeeearr e e e eeeas 147
6.3 Vertical load supported by the Masonry.......cccviieiiiiiiiiii e 149
6.4 Shear fallure MO ..........uuiiiiiiiii e 149
6.4.1 Masonry Wall FESISTANCE ............... o eeeeeeeeeeeeeiiiiiiiaaa e e e e e e e e e eaeeeeeeaaaeeees 151
6.4.1.1 MaSONIY rESIStANCE .......cceeeeieeeeeeeiiiiiee e e e e e e e e e e e e e e e s 151
6.4.1.2 Vertical l0ad effeCt............ i 151
6.4.1.3 COlUMNS FESISTANCE........ciiiiterereees e 152
B.4.2 RESUILS ...ttt e e e e e e e e e e e e e e e e e e e e aeeeaarae 153
6.5 Induced tension failure Model ...t 155
6.5.1 Masonry Wall FESISTANCE ............... e eeeeeeeeeeeiiiiiiiiiaa e e e e e e e e e eeeeeeeeaaeeeees 156
B.5.2 RESUITS ...ttt e e e e ettt a e e e e e 157
6.6 Comparison of results for both models .........cooooiiiiii e, 158
6.7 LimitS Of @PPlICALION .........eviiiiiiiiimmmmm e e e s e e e e e e e e e e e e e e e eeeeeeeeeeeeeenrnnnnns 159
(ORI 0] g [od [1 1] o] o 1S3 PP 160
Chapter 7 Conclusions and PErSPECLIVES ...t eeeeeeeeeeeeeeees 161
RETEIEBINCES ... e et e e e et et e ettt ettt bt s e e e e e e e e e e e e e e eeeeeerenees 167
ANNEX AL AJAItIONAI TESTS ...t e e e e e 179
Al.1 Compressive strength of CONCrete ......ooommeeeiveviiiiiiiiee e 179
Al.2 Tensile strength of longitudinal reinforcement.............cccooviiiiiiiiie e, 180
AL.2 NON-StaNdardized TESTS .......cccuuuiiiiiiiieiiiiiii ettt 182
Al.2.1 Tensile strength of metallic reinforcemer@sm...............ccccccceiiiiiiieieeeennnnn. 821
Al.2.2 Tensile strength on masonry circular SPenIMEe...........cceverieeeeeeeeeeeeeeeeieienns 83
Al1.2.3 Tensile strength on masonry unitS CIrCUBBCEMEN ..........ceveveeiieeeeeeeeeeeeeeeianns 184
Annex A2 Parameters to define the behavior of mgsealls..............coooeeiiiiiiiiiiiiiiinne, 185
A2.1. Parameters to define the wall behavior ... 185
0 0t R 1 (] 1 [ PP PT TR 185
A2.1.2 SHINESS ...t ettt e e e e e e e e aa e e e e e e e e e e e eeeeaeaeeee 186
A2.1.3 DiSSIPALEA ENEIQY ..covevieeeiiiiiiiiimmmmmme e e e e e e ee e e e e eeeeeaa e e e e e e e e e eenaaaaaaaaaeeeees 186
A2. 1.4 DUCHTTY ..ottt e e e e e e e e e e e e e e e e e e e eeeeeenenees 186
A2.1.5 Equivalent VISCOUS AamMPiNg.........uummmmmreeeeeeeereeeeeeeiiiininnnnnaneeeeeeasssaneeens 187
A2.1.6 Load history applied to masonry walls...........ccooooeiiiiiiiiiiiiiiiiiee 188
Annex A3 Concrete behavior under flexural StreSS.cae......eeviii i 189

11



Experimental and numerical study of confined masony walls under in-plane loads

Annex A4 Information about the simplified MOdelSa........ceeiiiiiiiiiiiiiii s 191
A4.1 Technical INFOrMALION ........iiveiii e e ar e eaaas 191
A4.2 Results of the shear failure MOdel .....ceeeeniiieiiiii e, 193
A4.3 Results of the induced tension failure model...........cccoeviiiiiiiiiicii e, 194

12



List of Tables

List of Tables

Table 2.1 Seismic hazard and sites with confinesomiy walls tests [23]............oooeeee et 33

Table 4.1 Experimental program deVelOPEQ. .. .o . oooourrirmiiiiieeiiiiiiiie et 65
Table 4.2 Mechanical properties of MasoNry UNILS__...........ccooiiiiiiiiiiiiiiiiieeieeeeeeeee e 67
Table 4.3 Mechanical properties of MOrar JOINESa........ooooeviiiiii e, 69

Table 4.4 Mean shear strength according to typeaaf and size of panel..................... s cvvvnnn 73

Table 4.5 Angle of the failure plane ... 73
Table 4.6 Mechanical properties on diagonal tenBON................uuivviiiiiiiiiiiiieees e e eeeeeees 77
Table 4.7 Mechanical properties 0n COmMpPresSiOB tEST...........ccovvviiiiiiiiiieiieeee e 80
Table 4.8 Compressive strength of concrete elemPMBa] ... 85
Table 4.9 Lateral load and distortion from differ6tages...........ccovvveiiiiiiiiiiiiiiii e 97
Table 4.10 Theoretical and experimental resistamckelastic stiffness..........cccoovviviiiiiccccccn e, 98
Table 4.11 Ductility according to Park and Paulaiedon (1989) ... 99
Table 4.12 Equivalent viSCOUS dampPing [Y0] ... o e eeeeeeeeeeeeeeeeee e 99
Table 5.1 Mechanical properties Of MOraAr JOINESa.....cccoiieeiiee e 118
Table 5.2 Mechanical properties of metallic reigfament Mesh.............ccccvvvviiviiiiiiiiceeeeeereninnns 121
Table 5.3 Mechanical properties Of MOIaAr JOINES ....cooiiiee e 124
Table 5.4 Mechanical properties of concrete eleBIeNt.............uuuuueniiiiie e e e 125
Table 5.5 Mechanical properties of MasoNry UNitS..............covviviiiiiiiiiiiieiiieiiiieeeeee e e 125

Table 5.6 Mechanical properties of longitudinahfercement and Stirrups..................... v 125

Table 5.7 Comparison of results fOr MOAEI ML e .vveeeiiiiiii e 127
Table 5.8 Comparison of results fOr MOUEI M2 .vvveveiieiiiiii e 127
Table 5.9 Data of masonry spring elements and QUBUM.............uuuuenemmnnnnene e eeeeeeees 137
Table 5.10 Ratio experimental value vs. NUMENGHIE.................ooeviiiiiiiiiiiiie e 138
Table 5.11 Ratio numerical value vs. eXperimertiliey................cccoevvveeeiieeieeeeeeee s e e e e e e 140
Table 6.1 Statistical parameters Of K.......ccueeeeuiiiiiiiiiiiiii e e 153
Table 6.2 Statistical parameters of k for conchetow DIOCKS .............ccovviiiiiiiiii 154
Table 6.3 Statistical parameters of k for cemaneIbloCKS..............cooiiiiiiiiiii e 154
Table 6.4 Statistical parameters of k for clay@Gohicks...............uuuiiiiiiiiiiiii 154
Table 6.5 Coefficient Of frICHON U  ......iee e e e e e e e e 155
Table 6.6 Statistical parameters of k accordiniguitding local code .............cccooiiiiiiimmreniiienenn. 155
Table 6.7 Statistical parameters Of K.......ccceeeeuiiiiiiiiiiiiiii e 158
Table Al1.1 Mechanical properties of concrete folsMsdlUR1 and MUR2/MMR2 ........................ 179
Table A1.2 Mechanical properties of longitudinahfercement..............cccccoooiiiiiiiresmmmmmeeeeeeen. 181
Table A1.3 Mechanical properties of metallic rengEment mesh...........cccccvvviieiiiinint cmmmmmn e 182
Table Al1.4 Tensile strength of masonry on CirCB[@ECIMENS .........cooeeeiiiiiiiei e 183

13



Experimental and numerical study of confined masony walls under in-plane loads

Table A4.1 Dimension of masonry walls, types ofdl@ad units Used.............ccccoovviivvrt mmmmneee. 191
Table A4.2 Geometrical properties of concrete frame reinforcement ratio........................... 192

Table A4.3 Mechanical properties and experimemsistancCe. ................eeeeeeeeee e e 192
Table A4.4 Ratio k of walls built from concrete knaV bIOCKS ...........ccooviiiiiiiiiiiieee 193
Table A4.5 Ratio k of walls built from cement-liMECKS............ccvviiiiiiiiii e 194
Table A4.6 Ratio k of walls built from clay SONEIEKS..............euuemiimiiiiciiccccccrcee e, 194
Table A4.7 Ratio KOr Whole WallS.............uuueieiiei e 194

14



List of lllustrations

List of lllustrations

Figure 1.1: Movement of tectonic plates in the fadilexican coast [23]..........ccccvvvivvviieeiennnnn.. 22
Figure 1.2: Epicenters of earthquakesM during the 20th century and geographical pasitib
TN =T g =T o I r= (= 2| Y 23
Figure 1.3: Seismic history of GUEITEro gap [54)ce .. eveiiiiiiiiiiiiiie e 23
Figure 2.1: Confined masonry wall characteristt®] [L106]...........ccccvvrriieeeeeeiiiiiiimeee e 28
Figure 2.2: Common masonry units used in Mexicdi@)ow concrete block, b) Solid concrete
block, d) Hollow clay block, and d) Solid clay BHiC...............uuviiiiiiiiiiiir e 29
Figure 2.3: Manual process to obtain solid Claghsi..............ooooiiiiiiiiii e 30

Figure 2.4: Failure modes of confined masonry waljg-lexion failure [20], b) Sliding shear [106]),
Diagonal tension failure [106] [107], d) Splittifgilure and opening of interface at the unloaded

Lodo =] £ 1 K01 PSPPSR 32
Figure 2.5: Masonry panel failure caused by unisking and joint sliding....................cceeeee. 32
Figure 2.6: Seismic hazard map and sites with pedfimasonry walls tests [23]................ . 33
Figure 2.7: Reduced model of confined masonry ingkitested in shaking table by Alcocer, Muria
AN PENA (1999)....ciiiiiiiiiiee ettt e e eeee et e e e e e e e e e e e e e e e e e e e e aaa 35
Figure 2.8: Structural system tested by Alcoceasrdd and Sanchez (1993)........c.ccvvvvvviimcceeenen.. 35
Figure 2.9: Experimental resistance envelope witlinear relationship (Aguilar, 1997) .............. 36
Figure 2.10: Failure modes of two walls tested IBnvIF0 et. al (2004)..........eveeeeeeennennneeeeeeee 37
Figure 2.11: Failure modes of walls tested by Hedea and Urzua (2002) ..........c.cccceeeeiimeeennns 38
Figure 2.12: Types of reinforcement [18] [87] [LO6]........covveriiiriiiiiiieieiieiieiiiieviereeee e eee e eeeeeeeeeees 39
Figure 2.13: Experimental resistance envelope dbvested by Pineda (1996) .................ccceee.. 40
Figure 2.14: Ordinary, micro and macro-reinforcemtar [18] .............oooviiiiiiiiicc e, 41
Figure 2.15: Lateral seismic load for two site$fiexico [43] [46]........ccovvvvvviiiiiiiiiiiiiieeeee e 42
Figure 3.1: Kinds of numerical models of masonjyCanfined masonry wall, b) Micro-model
[8][57], c) Macro-model level one [12] [50], d) M&@emodel level two [101] [114]................co. 46
Figure 3.2: Two-dimensional interface model projdsg Lourenco and Rots (1997)................. a7.
Figure 3.3: Tests on masonry wall referenced byré&oco and RotS (1997) .......vvvvvevvieeiiiiieeeennns 48
Figure 3.4: Numerical simulations and experimergallts by Lourenco and Rots (1996) .......... 48..
Figure 3.5: Two-dimensional interface model prodsg Alfaiate and Almeida (2004)............... 50
Figure 3.6: Two-dimensional interface model prodsg Lofti and Sing (1994) .........ccoooeevviieeeee 50
Figure 3.7: Finite element mesh proposed by Laiti 8ing (1994) for an unreinforced masonry wall
................................................................................................................................................ 51

Figure 3.8: Load vs. displacement curves underikd®4f vertical load by Lofti and Sing (1994).... 52
Figure 3.9: Stress vs. strain relationship of cetecand masonry, a) Tension, b) Compression [58].. 5

Figure 3.10: Stress vs. strain relationship at @&anasonry interface, a) Normal spring elements, b)
Tangential Spring €lemMeENtS [50] .. .....eeiiiieeemeereeeeeieeeeereeteeeraeerrrererrereee e eesaereseesssesssessssssrnnnrnnnnnnes 53

Figure 3.11: Confined masonry walls analyzed bybsshi and Kastumata (1994)...........cccccuuee. 54
Figure 3.12: Damage state to maximum lateral lep&xperimental failure pattern [6], b) Numerical

15



Experimental and numerical study of confined masony walls under in-plane loads

L= UL =N o=t (=] 4 0 T 151 ] 55
Figure 3.13: Masonry building and model of wideurdh [114]...........ccvvvvvviiiiiiiiiiieiiiiieeeeee e, 57
Figure 3.14: Damage on wide column model for twaelenasonry building [114]....................... 57

Figure 3.15: Masonry wall model: a) Four diagoriaheents, b) Spring elements with shear behavior
[101]

Figure 4.1: Experimental setup of compressivedasiolid clay bricks and tested specimen .....66..
Figure 4.2: Histogram of compressive strengthpahis project, b) With large size of sample [108] 6

Figure 4.3 Definition of elastic modulus and congsiee stress vs. axial deformation relationshif... 6

Figure 4.4: a) Schema of mortar joint test, b) Expental setup for mortar joint test.................. 69
Figure 4.5: Mortar joint behavior with confininge$so = 0.25 MPa............ccccciiiiiiieee e 69
Figure 4.6: Size of specimens: a) Panel MM and i[Panel MR with metallic reinforcement mesh,
C) Panel MM and MOCC ... ..o oottt me e e e seeesesssssennessnnnnnnennne 71
Figure 4.7: Experimental setup of diagonal teN$BEh ............cceviiiiiiiiiie e 71
Figure 4.8: Load history applied to panels MM an@................ccccoooiiiiiiiieeeeee e 72
Figure 4.9: Types of load applied to panels MCCII@D ...............ccooeeiiiiiiii e 72
Figure 4.10: a) Failure mode of the panel MM1, &iju¥e mode of the panel MM5.................... 73
Figure 4.11: Failure modes of un-reinforced paaals definition of failure angle........................ 74
Figure 4.12: Position of metallic reinforcement mé@sside the mortar joint....................commmmeeeees 75

Figure 4.13: a) Tension failure of metallic reirdement mesh in panel MR18, b) Failure mode of the

PANEIIMR23 ...ttt 44 e e e e e a4 e e e e e e e e e e e e e e e e e e e e e e e e e e eaaaa et s e e s e e e e e e e e e e e e e e e e e e aaaaaaaaaaaaaaaaans 75
Figure 4.14: Failure modes of reinforced panels................ooooviviiiiiiiiieeiiieeeeeeee e, 76
Figure 4.15: Vertical displacement vs. verticaldwalationship of reinforced panels.................. 76
Figure 4.16: Shear stress vs. shear strain refdtiprof masonry panels.........cccccceeeeesemmmmevvvenen. 78
Figure 4.17: Histogram of shear StrenNgth ... 79
Figure 4.18: Experimental setup for COMPreSSION LES.......uuuuruieiiiiiiireie e re s 80
Figure 4.19: Compression stress vs. normal stedationship for masonry prisms...................... 80
Figure 4.20: Foundation slab, mechanical apparafngLDVT’S position ............ccceevvvvvevvvmmnennnns 82
Figure 4.21: Mechanical-electronic devices for lag@lication.......................co oo, 82
Figure 4.22: Construction process of confined MBs@llS ...............ccccoiiiiiiiiiiiiiiiiimneeee 83
Figure 4.23: Size of confined MasOoNry WAlS . eeeeeeieieiiiiiiiiiiiiiiiiiiiiiiiie e 84
Figure 4.24: Characteristics of reinforcement Steel.............ooovvviiiiiiiiiiiiiiiieeeee e, 84
Figure 4.25: LVDTSs’ control length to define thelidaehavior...................cc s 85
Figure 4.26: a) LVDT to measure the displacemerrissure sensor to measure the load....... 85....
Figure 4.27: a) First flexural crack; ¥ 40 KN (Cycle 3), b) Damage state, V=80 KN (Cycle 12
................................................................................................................................................ 86
Figure 4.28: a) Damage state; ¥ 80 KN (Cycle 14), b) Damage state, maximum lateral load=/
105 KN (CYCIE 15) ... ittt ettt et e e et e e te e eateeeteeeeteeenteesseensnesseeesseeanteeaneeans 87
Figure 4.29: a) First diagonal cracking,#R0.10 % and V= 101 KN (cycle 9, b) Damage state,

maximum lateral load, R=10.47% and V=137 KN (cycle 10)........cccoeereeireiieeeeeeeeeeee e

16



List of lllustrations

Figure 4.30: a) Compression failure at the loadiegiion zone, b) Flexural failure of the longitodi

reinforcement and shear failure of the CONCretB@RBC. ...........coovviiiiiiiiiiii e 88
Figure 4.31: Hysteretic behavior and resistancelepe of the wall MUR2................ooo oo, 89
Figure 4.32: Rotation caused by shear effect andiffl effect ............ccccooviiiiiiiiiiieccee 89
Figure 4.33: Extension of concrete columns by EMSIfeCt...............evviiiiiiiiiiiciicmmeee e, 90
Figure 4.34: Retrofit process of the Wall MIMRZ . ....vvvviiiiiiiiiiiiiiiiiieesaaeeeveeeseeeeseennnnn 90
Figure 4.35: a) First diagonal cracking, R0.20 % and V=51 KN (Cycle 3), b) Damage state,
maximum lateral load, R=0.73 % and V= 133 KN (CyCle 17 .......c.coovoveveeeeeeeecceeeeeeee e 91
Figure 4.36: a) Second diagonal cracking=\124 KN, b) Damage state, maximum lateral load; V
IR 1 N PRSP 29
Figure 4.37: Final damage state of reinforcemeti@upper COrMEers .........ccccccoovviiirimmmmececeeeennn 92
Figure 4.38: Hysteretic behavior and resistancelepe of the wall MMR2 ...................oooo o 93
Figure 4.39: Rotation caused by shear effect andiffl effect...........ccccoeeiiiiiiiiiiiice e, 93
Figure 4.40: a) First flexural cracking; R 0.19 % and V= 135 KN (Cycle 13, b) Damage state,
maximum lateral load, R=0.67 % and V=181 KN (CYCI€ 22)........cceeeeereeeeee e 94
Figure 4.41: Damage state, maximum lateral load, R55 % and V= 156 KN (Cycle 22)........... 94
Figure 4.42 Hysteretic behavior and resistancelepeeof the wall MMR3..............ccoooiiiicmmenee. 95
Figure 4.43: Stiffness variation with respect tBtOlitioN................oooiiiiiiiiiiiee e 95
Figure 4.44 Cumulative diSSIPated ENEITY ....cceeeeeiiiieiieee i eie et 96
Figure 4.45: Lateral load vs. lateral distortiolati®nship for all walls.................cccoo oo 97

Figure 4.46: Deformed position of the wall MUR2 endnaximum load V= 133 KN, R = 0.73 % 98
Figure 4.47: Deformed position of the wall MMR3 @ndnaximum load V= 181 KN, R = 0.67 %99
Figure 4.48: Equivalent viscous damping in poSiBeai CYCIES .........ccevvevvveevieviiiiiiiiicceeeeeennn 100
Figure 5.1: Two-dimensional interface model [59].........cooviiiiiiiiiiieeeeee e 104

Figure 5.2: Interface 4-nodes element, a) Topolbpisplacements, c) Stress [102] [103] .....105

Figure 5.3: Hardening-softening relationship fomgpoession cap mode [102]............cvvvvvvvmnnnnn. 110
Figure 5.4: Behavior of masonry units: a) Yielddtion surface, b) Stress vs. strain relationshii2]1
............................................................................................................................................... 113
Figure 5.5: Failure model of concrete element¥ield function surface, b) Stress vs. strain

(=] =TT 0 1] a1 N 0 2 SO PPPPRPN 114
Figure 5.6: Different meshes to model the MasSONIy. L.................ouviiiiiiiiiiiiiiiiiiicreee e 116
Figure 5.7: Finite element mesh of the masonry llsiMdl, case 3.............cee oo, 117
Figure 5.8: System units-joint to compute the waltstiffness K..........ccccoeeee, 117
Figure 5.9: Experimental behavior and numericalgation of the panel MM1........................... 119
Figure 5.10: Numerical simulation and experimefddlre pattern to Dv = 0.29 mm, case 3, a) Units
cracking, b) Joints slipping and principal StraddfR].............ccoeeeiieeiiii 119
Figure 5.11: Influence of the units’ tensile strémgnd joints’ cohesion for case 2...........co... 120
Figure 5.12: Numerical model of reinforced panl..........ccccoovvvieiiiiiiiiiiiiiieieee e 121

Figure 5.13: Hardening strain vs. normal stresstiaiship of metallic reinforcement mesh .....122

Figure 5.14: Experimental behavior and numeric &ten of reinforced panel...................c.... 122

17



Experimental and numerical study of confined masony walls under in-plane loads

Figure 5.15: Width of cracks to maximum verticaplacement, a) Metallic reinforcement model, b)
Modified CONESION MOUE........cciiiiiiiiit e e e e e e e e e e e e ae s 123
Figure 5.16: Finite element mesh of the confinedanay wall MUR2 (Model M1)...................... 24
Figure 5.17: Hardening strain vs. normal stressigrship for the longitudinal reinforcement..126
Figure 5.18: Experimental envelope and numericalkition for the wall MUR2....................o 127
Figure 5.19: Deformed position of the model M1liettfflexural cracks, R = 0.09 %, D = 1.5 mm . 128
Figure 5.20: Deformed position of the model M1 aximum load, R = 0.45 %, D=7.4 mm ......... 128
Figure 5.21: Final failure pattern for the wall MPIR.............ccooiiii e 128
Figure 5.22: Width of cracks of the quadrilatedahgents of the model M1 to maximum load and R =
0145 0.ttt ————— ettt e o4 o4 4o bttt £ et e e e aeah bt £ttt e e e e e e n e bbb e et e eeeaeeenaane 29
Figure 5.23: Conditions of the model M1 to maximiaad, R = 0.45%, a) Numerical and
experimental vertical displacements of columnsdmgsion effect, b) Yield of stirrups at the lowet le

(ol ] 1 =] S TP TP UTUUUTTUOPRPP 129
Figure 5.24: a) Position of the metallic reinfar@nt mesh in model M1, b) Influence of metallic
reinforcement mesh on Masonry Wall DENAVION ceeeeeee...ivviviiiiii e 130

Figure 5.25: a) Confined masonry wall subject teria and vertical load, b) Macro-model, ¢) Model
simplified by considering only shear deformation................. o 132
Figure 5.26: Behavior of a masonry panel subjegtttical 10ad ...............occciiiiiiiiiiiciiiiieeeeen 132
Figure 5.27: Lateral load vs. lateral displacenemve of masonry spring element................... 134
Figure 5.28: Moment vs. rotation relationship oficte elements...........ccceeviiiiiiiiceeeeeenennnns 135
Figure 5.29: Experimental positive envelope and engrsolution of the wall MURZ2 ................. 137
Figure 5.30: Experimental positive envelope and eninrsolution of the wall MUR2.................. 138
Figure 5.31: Experimental positive envelope by Agyu{1997) and numeric solution................. 139
Figure 5.32: Experimental positive envelope by Hedez and Urzua (2002) and numeric solution139
Figure 5.33: Experimental positive envelope by iite\et. al (2004) and numeric solution ........401
Figure 5.34: 3-D masonry structure tested by Saneheaal (2000).............ouvvvvriinininnnsmmmmmneeeeeenns 141
Figure 5.35: Experimental envelope and numerictsmiwf 3-D masonry structure [96]............. 411
Figure 5.36: Geometrical characteristics of the WMBINW [50] ........oceiiiiiiiieiie s 142
Figure 5.37: Experimental envelope and numerictsmiwf the wall WWW [50]............cccce..... 142
Figure 5.38: Comparison among different modelgtier3-D Structure ............ccceevvvnninneeeennen. 143
Figure 5.39: Comparison among different numeric et®tbr the wall WWW ..................... 143
Figure 6.1: Geometrical properties of confined mMaBOVallS ...........ccccceeiiveiiiiiiiiiii e, 148
Figure 6.2: Equivalent system masonry-concretedram..............ccccoovviiviiiiiiiec e 149
Figure 6.3: Experimental resistance envelope (BIAB95) ...........cccvveieiiiiiiiiiiii e 150
Figure 6.4: State of damage for several levelgsibdion (Flores, 1995) ...........cccccoee et vmmmmeeeee.. 150
Figure 6.5: Free-body diagram Of NOAE B .........euuiiiiiiiiiiiiiseece e 151
Figure 6.6: a) Resistance of masonry, b) Influesfoeertical load...................oooooe i, 152
Figure 6.7: Histogram of ratio theoretical resis@ns. experimental resistance ..............ou.. 153
Figure 6.8: Normal distribution of the error moftai the ratio K..............ooovvvvviiiiiiiiiiieis 154

18



List of lllustrations

Figure 6.9: a) Diagonal cracking by induced tensmrinfluence of the vertical load ................ 156

Figure 6.10: Histogram of ratio theoretical regisgavs. experimental resistance .............ceuee. 158

Figure 6.11: Normal distribution of the error mofmithe ratio K.................ooooooee i, 158
Figure 6.12: Comparison between both ModelS............ooooiiiiiiiiieeeee e 159
Figure 6.13: Influence of the vertical stress anghear strength ...........ccccooveiiiiiiiii, 159
Figure Al.1 Histogram of compressive Strength...............eueuiviiiiiiiiiiiiicse s 180
Figure A1.2. Normal strain vs. normal stress retaghip of concrete ............ccccceviiiiiiecccceenee 180

Figure A1.3. Normal strain vs. normal stress retathip of longitudinal reinforcement..............181
Figure Al.4: Metallic reinforcement specimen andezimental setup on tension test.............. 182
Figure A1.5: Axial stress vs. axial strain relaship of metallic reinforcement mesh ................ 182
Figure Al1.6: Failure of circular masonry specimex)d)y diagonal cracking of the masonry units, b)

[0} VA1 ] o] oTTaTo o € U= o | PP 183
Figure A1.7: a) Cut of circular specimen brick Splitting failure induced by vertical load appliicat
............................................................................................................................................... 184
Figure A2.1: Components of displacement and diStDrL.................ccoeeeiiiiiiiieiiiie e 185

Figure A2.2: a) Definition of cycle stiffness, buulative energy of i-segment................ccc.... 186
Figure A2.3: a) Definition of ductility by Park afthulay (1989), b) Definition of viscous equivalent

(0 F= 0 0] o1 o TN 24 ) [P 187
Figure A2.4: Load histories: a) for wall MURL, lorfwall MURZ2, c) for wall MMR2, d) for wall
IMIMIR 3 ettt ettt oot oottt e et e e e e e e et e e e 188
Figure A3.1: Proposed behavioral model of CONCIELE..........cooviiiiiiiiiiiee e 189

19






Chapter 1 Introduction

CHAPTER 1

Introduction

1.1 Justification

Since ancient times, masonry has been used to &llilgbes of structures providing excellent
resistance in presence of different natural phemamblowadays, around the world a large
variety of masonry units can be adopted for mamycsiral and architectonic forms in an

extensive variety of construction such as buildjfg&lges, dams, walls, etc [106].

This project analyses the confined masonry, whaé leen extensively practiced in the last
30 to 35 years in regions of high seismic hazah sas the Mediterranean Europe (ltaly,
Slovenia, and Serbia), Latin America (Mexico, Chikeru, Venezuela, Argentina, and other
countries), south Asia (Indonesia), and the Fat E2lsina) [92]. For instance, it represents
40% of the total housing stock in Slovenia, wheliedglexico, it could reach up to 70% [49]
[92]. The first report about confined masonry camdion concerns the reconstruction of
buildings damaged by the 1908 Messina, Italy eardkg. In Chile, its use started in 1930
after the 1928 Talca earthquake [19].

Confined masonry construction was introduced in exCity, Mexico in the 1940’s to

control the wall cracking caused by large diffef@ntsettlements under the soft soll
conditions. The system became popular in othersapédnighest seismic hazard in Mexico
due to its excellent earthquake performance [6Bg Uise of confined masonry in Colombia
started in the 1930’s and it is currently usedhfousing construction: single-storey dwellings
up to five storey buildings [40]. The limitation fore-storey building height given by the
seismic design [86] usually coincides with most stauction codes’ height restrictions for

buildings without elevators [47].

Concerning to the seismic contact in Mexico, thevemeent of four tectonic plates generates
high seismic hazard. Figure 1.1 shows this conéiiton, where the arrows present direction
and mean velocity among plates. Then main eartreguetkMexico have been caused by two

kinds of movement:
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a) By subduction phenomenon along the Pacific tctvam Jalisco to Chiapas: the
Rivera plate and the Cocos plate move beneath dinn merican plate,

b) By lateral displacement between the Pacificeplatd the North American plate in

Baja California State continues until Californiatgt(USA).

\\ North American plate
\¢

Guerrero State /K//
= Caribe plate

Rivera plate - i
SYMBOLOGY
X Direction of movement and
Pacific plate displacement, cm/year
, Cocos plate A )
li_ v Boundary of divergent plates

m f1 2 -l Zone of subduction

N
= Lateral movement between plates

Figure 1.1: Movement of tectonic plates in the fadilexican coast [23]

Figure 1.2 shows the epicenters of strong eartrepitdeger than 7 occurred during thé"20

century. Approximately, 77% of these events hawirthypocenter within the zone from

Jalisco to Chiapas, with less than 40 km deep [B8]addition, this figure presents a

concentration of epicenters in Guerrero State, herlocated the Guerrero seismic gap,
Figure 1.3. According to research, this zone hashilghest potential seismicity in Mexico

because registered major earthquakes in 1899, 190B, and 1911. After this period, only
have occurred moderate earthquakes in 1957, 18621289, Figure 1.3. Thus, it is expected
the occurrence of two earthquakes with magnitudgefahan 8 [23].

To face the high seismic hazard in the Pacific Maxicoast, the seismic behavior of masonry
constructions must be accurately evaluated in ada@ropose reinforcement or confinement
aiming high resistance of the masonry buildingsalfsis of behavior under seismic loads is
done through the numerical models, which complebetaels vary. Some models evaluate the

behavior of the whole elements (masonry unitstgpiconcrete elements), others evaluate the
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global behavior of the masonry, and the othersdamly on the masonry resistance. Another
way to evaluate the behavior of confined masonbyiseans of full-scale walls tests.

Figure 1.2: Epicenters of earthquakesM during the 20th century and geographical
position of Guerrero State [23]

185 I 1 U 1 I

: IGUA

North American Plate

18.0 ¢

17.5

17.0

16.5 ' MAF"‘\

—~—
-~
S~
Cocos Plate 5.8 cm/y?\ ~ -
160 | | I | | *;l
-1025 -1020 -101.5 -101.0 -1005 -100.0 -99.5 -99.0
Figure 1.3: Seismic history of Guerrero gap [54]

This project, devoted to the particular case of rGre State (Mexico), considers the

following factors:

a) High seismic forces for the masonry structuessigh [23],
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b) Use of confined masonry walls in 70% of houges lzuildings [49],
c) Large variation of the masonry units’ mechanpralperties [64] [65],

d) Lack of data for some masonry mechanical proggert

1.2 Main objective and goals

This project is divided into three parts: the fipstrt contains the development and results of
tests on solid clay bricks, mortar specimens, mgsspecimens, and confined masonry walls
subject to lateral load. The second part showsdhelts of numerical models of panels and
walls elaborated with the mechanical propertiesioled previously. Finally, the third part

contains two simplified models developed in orderevaluate the resistance of confined

masonry walls.

The main objective of this research is to evaluhte mechanical properties of units and
masonry specimens, study the influence of the etainforcement on the masonry shear
strength, and to evaluate the experimental and noahdehavior of confined masonry walls
under lateral loads. The materials and quality @ this project are similar to those used

for the construction of masonry structures in GereriState (Mexico).

The experimental program aims to:

a) Asses the mechanical properties of solid clagkbrand masonry specimens (expected

values and/or equations to behavior modeling),

b) Measure the resistance increment in panels mghallic reinforcement inside the joints

and evaluate the change of the failure patterns,

c) Evaluate the resistance, failure mode, stiffndegradation, and hysteretic cycles of

confined masonry walls with or without reinforcerhen

The numerical part aims to:

a) Reproduce the behavior of one tested masonrytivaligh a micro-model built with the

experimental data of units and joints previousliaoied,

b) Obtain the load-displacement response of testadonry walls by means of a macro-

model with the experimental data of masonry panels,

24



Chapter 1 Introduction

d) Measure the influence of the reinforcement iaside joints on the walls and panels

behavior,

c) Propose simplified models to assess the resistahconfined masonry walls under lateral

and vertical loads.

1.3 Study contents

This document contains seven chapters. The firaptel presents the justification of the
research. The second chapter shows the characteratd components of the confined
masonry walls, their behavior, and the failure madd@eperimental programs developed in
Mexico, as well as the characteristics of the bngdocal code, and the existent proposals of

masonry reinforcement are described.

The third chapter describes the types of humenuadieling currently used to evaluate the
masonry behavior. First part contains the micro-el&dwvhere all elements are modeled. The
second part shows the macro-models built with hanagd properties and the simplified

methods focused to obtain the ultimate load.

The fourth chapter contains the results of the expntal program on individual specimens,
masonry specimens and three full-scale walls. Mper@mental envelope, dissipated energy,
stiffness degradation, damping, and failure moéeearluated in the full-scale walls tests, the
mean values of the mechanical properties and maae of stress vs. strain are obtained for

remaining tests.

The fifth chapter contains the numerical modelslengented by means of the finite element
method. The application to panels and full-scalésywas well as the comparison with respect
to the experimental results are provided. One mawdel developed from experimental data

of masonry panels is also presented.

The sixth chapter describes two simplified methimdsrder to evaluate the ultimate lateral
resistance regardless the deformation by consgleha failure plane on the wall diagonal.

Finally, the chapter seven shows the general ceimig and research perspectives.
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CHAPTER 2

Masonry review

2.1 Introduction

This chapter shows important aspects of the codfimasonry and its situation in Mexico: the
components, the materials, the making processek@an values of the more important
mechanical properties. Most experimental prograevelbped, their location, validation, and
the failure modes of the masonry walls are presentde review continues with the
description of the seismic risk and the charadiessof the local building code in Guerrero
State.

Furthermore, common methods of rehabilitation atcbfit of masonry structures to improve

its resistance by means of low cost, easy placeamahstructural efficiency are described.

2.2 Confined masonry

“Confined masonry is a construction system, wheasonry structural walls are confined on
all four sides with reinforced concrete elementseamforced masonry vertical and horizontal
confining elements, which are not intended to caitlyer vertical or horizontal loads, and are

consequently not designed to perform as momengtnegiframe” (Tomazevic, 2000).

Construction of confined masonry wall is differér@m masonry infilled reinforced concrete

frame. In fact, the structural masonry walls arastaicted in the first steps. Afterwards, the
vertical confining elements, and finally the floossth horizontal bond-beams elements are
put in place [19]. Figure 2.1 shows a confined magwall.

As the experimental investigations and the expegsnobtained after earthquakes have
shown [106], confining the masonry walls with bdmems and tie-columns results in:

* Improvement in the connection between structurdliswa
* Improvement in the stability of slender structuallls

* Improvement in the strength and ductility of magopanels
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* Reduction of the risk of masonry panels destrudbpearthquakes

Horizontal confining element
(bond beam )

Vertical confining element
(tie column)

RC floor slab or
wall foundation

0.15-0.20

0.15-0.20m
= wall = wall
thickness thickness

Confining elements

Figure 2.1: Confined masonry wall characterisi#& [106]

2.2.1 Masonry units

Masonry units solid or hollow are made with differenaterials: sand-cement, lime-cement,
concrete, or clay. The current size of the uniss @06 m X 0.24 m X 0.125 nHéight X
Length x Thickneggor clay solid brick, from 0.1 m X 0.4 m X 0.20t@m 0.30 m X 0.40 m X
0.3 m for hollow concrete blocks, Figure 2.1. Ceterblocks size must have at least 0.06 m
X 0.24 m x 0.10 m [71]. Figure 2.2 presents the wmm masonry units used in Mexico. The
mechanical properties governing the behavior aecttimpressive strength and the initial rate
of absorption (IRA). The first must be greater tlmarequal to 0.6 MPa and the second must
be smaller than 21% for clay solid bricks and 1%%cbncrete blocks [42] [71].

In Mexico, well as in other parts of the world, tim@sonry units may be obtained by means of
three processes: manual, semi-industrialized, rahalstrialized. Usually, concrete and cement
units are produced by the last two processes wherksy units are elaborated by either
manual or industrial ways, Figure 2.3. The manuatgss used to produce 85% of units in

Guerrero State [5] has neither quality control e tselection and dose of materials nor
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adequate process of preparing and firing. Thergthiee compressive strength and IRA have
large scatterness. For these variables, resul@inglok by Meli and Hernandez (1971) of
various lots of clay brick show coefficients of iion ranging from 20% to 36% for solid

units and from 8% to 16% for hollow bricks. Thisusas a large uncertainty of the masonry

constructions’ reliability designed according te tbcal building codes.

c) d)
Figure 2.2: Common masonry units used in Mexicd{@a)ow concrete block, b) Solid
concrete block, d) Hollow clay block, and d) Satldy brick

2.2.2 Mortars

Mortars are mixtures plastic binder resulting fréme combination of sand and water with
cementing material that may be cement, lime, origure of both materials. Their main
properties are the compressive-tensile strengtistieity, and ability to avoid the water
absorption [110]. The indicative parameter to dfgsthem (type I, Il and Ill) is the
compressive strength (12.5 MPa, 7.5 MPa or 4.0 §#23), which varies according to
cementing used and ratio sand vs. Cementing. Thetstal mortars elaborated with cement
have compressive strength from 0.6 MPa to 28.0 Blifthmodulus of elasticity from 1000

MPa to 5000 MPa [110]. In addition, premixed mastaalled masonry cements containing
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cement, lime and additives are used. To ensureuatiegesistance, good adhesion, and low

shrinkage, volumetric ratio sand vs. cementing f&@b to 3 is recommended [42].

b

Figure 2.3: Manual process t obtain olid Igzltsri

Unlike the masonry units, the selection of raw malge and production of mortars have good
quality control. However, the dosage by volume #r@non-control of the water amount are

important points, which cause a coefficient of aaan equal to 20% [110].

2.2.3 Confining elements of reinforced concrete

Masonry is a brittle material that resists smallod@ations. Then concrete elements with
thickness equal to the wall thickness and widtlgrag from 0.15 m to 0.20 m are in general
added to improve its behavior. The compressivangtheof these elements must be greater or
equal than 15.0 MPa and the percentage of thetlatigal steel ratio must be greater (or
equal) than0.2f/fy, wheref'c is the concrete compressive strength §nd the steel yield
strength [42].

In Mexico, concrete elements commonly used have fangitudinal bars 9.5 mm diameter

yield stress equal to 42 MPa and stirrups 6.5 mamdier yield stress equal to 23 MPa [48]
[107]. Besides, in the market there are prefabedtatebar formed by three or four

longitudinal smooth or rough wire and stirrups lé tsame material with steel yield stress
greater than 50 MPa [33]. Figure 2.1 shows the aapts of confined masonry walls,

which tie-columns should be located at maximumadisé of 3.0 m or 1.5H. For any wall

opening with length greater than one quart of Wwalbth confining elements should be used
[42].
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2.3 Failure modes of confined masonry walls

From damage observed after earthquakes and testdts of confined masonry walls have
been identified several mechanisms of failure umalgrane lateral loads. Among many other
variables, the resistance of masonry (combinatfomasonry units and joints), the resistance
of the concrete columns, the quality of workmansimpl steel reinforcement ratio define the

failure pattern [66] [85] [106]. The following payephs describe four main failure modes.

1. Flexion failure. This failure mode appears on séengalls, where the tension is high
and causes the yield of the longitudinal steelthedcompression failure on the wall’s

corners [20], Figure 2.4a.

2. Sliding shear failure. Sliding of a portion of thell along to the horizontal joint
occurs when the shear stress is greater than #a skrength. Sliding produces the
short column effect on the concrete elements tleateates plastic hinges [106],
Figure 2.4b.

3. Diagonal tension failure. This failure mode occhexause the stress along the wall
diagonal exceeds the masonry tensile strength mguasagonal cracking. [106][107],
Figure 2.4c.

4. Splitting failure by diagonal compression. It happevhen there is separation between
masonry and concrete columns on discharged corAecempression strut is then
formed. This generates compression at the loadeteioand causes crushing of the

masonry units [106], Figure 2.4d.

In two last failures modes, masonry may fail focanbination of the units cracking and
joints sliding. In general, the failure occurs e tunits when they are weaker than the joints.

Indeed, the failure appears in the vertical orzwntal joints, Figure 2.5.

31



Experimental and numerical study of confined masony walls under in-plane loads

T R Rl I 10 Tt ] T T ] T
T I T I 10 I Tt T ] T T
I T I I . I 10 Tt ] T T ] T
T I T I 1L ] Tt Tt ] Tt T
I T I I ] | S | o —
e | | Plastic I IL T 1L T I T T
T I T I hinge S | | | — S— ——
e —— 9 IL I TC I T I T
I T I I I i I I I I I I
T I T I T T T T T | T
I T I I ) | | | B S — | —
" H/L=1.9 I I T I I T I I
T I T I I IL TC T I T T
I T I I IL IL T I I T I T
T I T I I IL TC T I T T
I I I ) | | | B S — | —
" IL IL T I I T I T
T I T I I IL TC T I T T
I I I I IL IL T I I T I T
] T T T I T I ] I ] I
a) b)
| N — I i T T i T ~ —
[ - ] i 1T ] — S T — = ] 1T —
[N 1L [i I 1L i i il i I 1L . i . i "\‘ [}
\\‘AL\U '—\—‘H \—“—IH LH - ’71_1\ ] ] ] I
i
= [E——" )N T I — I It T e e [
B e e | —— — l I0 I 1L TL [ —
1L 1L
L X i I I T Tr Tt ] ——
1L I——] iy l ) Tt I [—] It ] ] Tt —]
T Wi [ ——— I l ] Tt l I Tt | —
i 1[ 1L I[IY i [ I Il 1L ] b\ I I [ — |
| e\ S | — Se——) l L l I —
I I Tr I il N Tt e —] — =
Ti T Tt i —|— ] [ [ It i 10 It I
1L 1L 1L | 1]l 1\ 1L 1
IL IL IL IL IL W] IL IL 1L 1L Il 1L S It ]
T L L I i T —]i I T I I [ I T
. - - - R L \ I S | s et | s e i B
e It 10 -
e e s B s R | L I 1L 1L I I I
[ I I ] I ] I I 1| . ——_ s

c) d)
Figure 2.4: Failure modes of confined masonry waljg-lexion failure [20], b) Sliding shear
[106], c) Diagonal tension failure [106] [107], 8plitting failure and opening of interface at
the unloaded corners [106]

Figure 2.5: Masonry panel failure caused by unmiégking and joint sliding

2.4 Experimental research in Mexico

Seismic hazard map, Table 2.1 and Figure 2.6, edédb according to Mexican seismic
history [23] shows the highest seismic hazard faxMo City and for one segment of the
Pacific coast. The three Mexican States with tlveeki economic level (Guerrero, Oaxaca,
Chiapas) [49] are located in the last zone, wheeemasonry units are obtained by manual or
semi-industrialized processes with slight or noliggiaontrol. Then the reliability of masonry

buildings is difficult to assess.
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Table 2.1 Seismic hazard and sites with confined raanry walls tests [23]

Zone Seismic hazard level Site
A Low Monterrey, Nuevo Leon
B Moderate
C High Guadalajara, Jalisco and Chilpancingo,
D Very High Guerrero (in this project)
Special Moderate and High Mexico City
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Figure 2.6: Seismic hazard map and sites with ocedfmasonry walls tests [23]

In this context, it is important to define the staf-the art of the experimental research guided

to evaluate the behavior of masonry units and cedfimasonry walls. It is worth to notice

that some experimental results were used to defiegparameters required in the building

codes. In addition, this information was usefub&dine the experimental program presented

herein and to compare their results (chapter 4prder to elaborate

the numerical models

(chapters 5 and 6). Figure 2.6 shows the diffesgats where have been developed full-scale

masonry walls tests.
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2.4.1 Experimental research in Mexico City

In Mexico City and its surroundings, where a quadiethe Mexican population lives, there

are areas with records of large damage causedrbygaakes in 1957 and 1985. Then, the
pioneering studies about the masonry walls behawiere carried out at the National

Autonomous University of Mexico (UNAM). The more portant experimental studies are:

* Meli and Salgado (1969) tested 34 confined masw@aiis under monotonous and cyclic
loading. They used the same mortar to glue hollowcrete blocks, hollow and solid
bricks, whereas the reinforced concrete elemerdsdiferent longitudinal reinforcement
ratios. All walls were fixed to a bottom massivenciete beam and most of them had
vertical and horizontal movement on top. The rassliowed the failure types, the load-
deformation characteristics, the influence of tlegtigal load and established criteria to
seismic design. The walls with low longitudinal m@ircement ratio showed horizontal
cracks at the bottom concrete beam-masonry interéa at the top joints while the
presence of vertical loads reduced by flexural ksaét the end, cracks appeared along

the wall diagonal.

* Meli and Hernandez (1971) and Meli and Reyes (1@9&l/eloped an extensive program
on different pieces and mortars to evaluate theptessive strength and other statistical
parameters. Besides, compression tests on prisitdrbm different units to measure the
axial stress vs. strain relationship were carrigtd Shear tests on three-piece prisms were
also performed for assessing the joint cohesioreudidferent confining stress. Diagonal
tension test on masonry panels were also developethe results are still used by
building local codes [42] [45].

e Alcocer, Muria and Pefa (1999) tested in shakibtetéhree models of reduced scale 1:3,
two models ratioH/L = 1 (Height/Length) and other model ratitL = 1.5. These
represented the ground floor of a four-level buitgi which were constituted by two
parallel walls fixed by an upper reinforced conerstab. From the results, it could be
concluded that the shear deformations were moreritapt for model$d/L = 1, while the

flexural deformations predominated for the mad#l = 1.5, Figure 2.7.
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Figure 2.7: Reduced model of confined masonry imglsltested in shaking table by Alcocer,
Muria and Pefa (1999)

The National Center for Disaster Prevention (CENEBPR has developed a large number of

full-scale walls tests under cyclic loading. Thédaing experiments are the more important:

» Alcocer, Flores and Sanchez (1993) tested threersgsbuilt from two confined masonry
walls, 2.5 m height. An upper system beam-congietie cast in-situ linked the walls and
created the space of a door, Figure 2.8. Differeinforcements in horizontal joints of two
systems were placed and the third un-reinforcedesysvas the control specimen. A
compression stress equal to 0.50 MPa simulatedjridnatational load and cyclic lateral
loads were applied. All systems showed cracks irB&sides, the edge wall above the
diagonal wall displaced with respect to the infeedge wall generating cracking at both

ends of the tie-columns for the maximum load.

Slab

Bond beam

Dimensions
in [cm]

250
Tie
C0|umns %

Slab foundation

| 240 f 100 f 160 |

Figure 2.8: Structural system tested by Alcocesréd and Sanchez (1993)

e Sanchez, Alcocer and Flores (1996) developed tist fiill-scale test of a two-level
building in Mexico. Two parallel systems of idemtliavalls with perpendicular restriction
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in order to eliminate torsion effects composed dagkl. The main conclusion were: a)
the structure resistance was satisfactory withaesip that proposed by the local code, b)
the shear deformation and diagonal tension crackihghe masonry dominated the
building behavior, b) hysteretic cycles were synmuetnd stables. In addition, it could be
seen that the resistance of the three-dimensidnattgre can be extrapolated from the

walls’ individual resistance.

Aguilar (1997) tested, under cyclic load, four magowalls built with solid clay bricks,
2.5 m X 2.5 m. Three walls were reinforced witHetiént percentages of steel ratio inside
the horizontal joints. A fourth un-reinforced walkas the control specimen, which failed
by diagonal cracking. The results showed resistavoéution, high deformation capacity
of reinforced walls and identification of three belor stages. The first stage is linear
behavior and ends with the presence of the fiestks due to diagonal tension, the second
stage finishes at the peak load, and the thirdesthgws resistance degradation and the
distortion increment until the longitudinal steeailfire, Figure 2.9. From wall
instrumentation, it can be seen that the tie-cokinesist 70% of the vertical load.

Lateral
Load, V Maximum
load Yield of
Voo™ longitudinal
First diagonal reinforcement
crack V L A
R=A/H
b
. . -
Distortion, R

Figure 2.9: Experimental resistance envelope witlniear relationship (Aguilar, 1997)

2.4.2 Experimental research outside Mexico City

Additional to Mexico City, two sites have evidenaktests on confined masonry walls. The

first site is the Structures Laboratory at the Aamous University of Nuevo Leon (UANL)

in the Northern, where there is not seismic hazddte second site is the Structures

Laboratory at the University of Guadalajara (U&dted in high seismic hazard zone, Figure

2.6. The following paragraphs describe these emparial programs.

e Trevino et. al (2004) tested eight confined masowalls built with hollow concrete

blocks, 2.5 m X 2.5 m, under cyclic loading. Foamditudinal bars 9 mm diameter linked
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through stirrups reinforced the columns of four lsvand prefabricated steel reinforcing
frames were used on the columns of the remainiritgwihe lateral load was applied in
two series under constant vertical stress equiddaibapplied at the ground floor of a five-
level building. Loading control for the first sesiand control displacement for the second
series were applied. Symmetrical hysteretic, typioh the confined masonry were
measured. In the same way, the tie-columns faidur@ the longitudinal reinforcement
yield happened after the masonry units’ failure.e TAuthors found no significant
behavioral differences between the two sets ofsy&igure 2.10.

Figure 2.10: Failure modes of two walls tested bgvinio et. al (2004)

Hernandez and Urzua (2002) built three masonryswall using lightweight lime-cement
blocks commonly used to construct residential gd. Size of the walls, 2.50 m X 2.5
m, represented the dimension of a building wallhwiertical loads similar to those
applied at the ground floor of a two-level buildinghe concrete columns had four
longitudinal bars 9 mm diameter. Tests on prisnt @asonry panels were also carried
out to evaluate the compressive strength, sheangtti, and modulus of elasticity.
Dynamic loads corresponding to displacement asteutia EI Centro accelerogram were
applied. The main conclusions were: a) the wallsetshear failure mode, b) the walls fail
due to diagonal tension of masonry units, and e€yésistance of the three specimens was
identical, Figure 2.11. They proposed an expressoevaluate the stiffness degradation
in function of the walls rotation, R.
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Figure 2.11: Failure modes of walls tested by Hedea and Urzua (2002)

In other way, the influence area of this projeciGserrero State, where the experimental
programs have focused on evaluation of the mechbd@aracteristics of masonry specimens
and masonry units. For example, Salgado (2000)wzird a field study among the building

workers for assessing the characteristics of mgrtaasonry units, as well as the compressive
strength of the concrete elements. Additionallytdsted eighteen panels of 0.80 m X 0.80 m

reinforced with metallic reinforcement mesh and taior

A second study developed by Navez (2002) incluéstston twenty-one panels of solid clay
bricks, three panels of hollow concrete blocks, #m@e panels of solid concrete blocks.
Mortars type | and Il were used according to locadle. The shear strength of solid clay
bricks and hollow concrete blocks panels was diggkss than the specified value, while the
shear strength of concrete block panels was adequitt respect to the normative value. In
addition, tests on masonry prisms in order to eatalithe compressive strength were carried

out with satisfactory results.

To determine the influence of the manual fabricatpyocess on mechanical properties of
solid clay bricks, Jorg€2005) conducted an experimental study to measwephysical
properties of the raw material, the compressivensih of masonry units and the modulus of

rupture. The two last parameters had mean valugs ém5.6 MPa and 1.2 MPa.

2.5 Retrofitting and rehabilitation of masonry

After an earthquake occurrence, an inspection &uate the residual safety of the buildings
must be done. It has three possible outcomes:uhéir is safe, the construction should be
repaired, and the building should be destroyed.tRersecond case, the reparation process
called “retrofit” can apply in order to recover tlogiginal seismic resistance. A different
situation occurs in those structures which resegashould be improved to achieve an
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acceptable level of safety, as is the current éashistoric structures. This process is called
“rehabilitation” [105].

2.5.1 Types of reinforcement

There are two main forms to place the reinforcemene placed on the wall faces, called
herein external reinforcement, and another plansiie the joints[18] [87][106], Figure 2.12.

Although other types of reinforcement exist, sushfiber reinforced polymer [37] [94] and

plastics straps [91], next paragraphs describe paeicular case of two experimental
researches with similar reinforcements to those heeein. This information will be useful to

compare the results in chapter 4.

Reinforcement of mortar joints External reinforcement
40 -50cm
Welded-wire mesh
D4-6mm
.
I I i / <
[ I I \ /
Reinforced mortafr with: = (=, I T I T n! 4 40-50¢cm
a) polypropylene|fibres I I H:\\ Mortar layer
b) non-metallic thesh Il I | AncHor tie
; 7 . ‘ - ’7‘ & 76 hm ( [
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Figure 2.12: Types of reinforcement [18] [87] [106]

2.5.1.1 External reinforcement
Pineda (1996) tested three walls, 2.50 m X 2.50mth) welded-wire reinforcement mesh

fixed to wall faces by means of steel pins and ematy mortar 2.5 cm thickness. The
percentage of reinforcement wepe= 0.07%,0 = 0.15%, angp = 0.21% according to local
code. Cyclic load by using load control until theeorrence of the first crack was applied, and

then displacement control was applied.
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The first wall, p = 0.07%, showed some horizontal cracks on tiemnaki and uniform
inclined cracks on masonry caused by the benefiefidct of the reinforcement. The
hysteretic cycles were symmetrical in linear raragel relatively large with high-energy
dissipation. Moreover, the yield of reinforcemerites over the diagonal crack caused the
wall failure but the rest of the wall did not presdamage. Finally, masonry failed at the top

corners by compression-shear effect.

The second wallp = 0.15%, was designed with partial safety factuad to 1.5 in order to

ensure the shear failure. The welded-wire fabrcfoecement was anchored to columns in
order to prevent the masonry separation. At thérakearea next to columns and in the middle
of the walls, the compression-shear effects caasgghing of the masonry units. At the end,

neither the welded-wire reinforcement nor the calarhave important damage.

Reinforcement of the third walp = 0.15%, was fixed to masonry and to right colwmwith
manufactured bolts. At the end, the lack of ancheraf the reinforcement generated the
opening of the masonry-left column interface buteanellent performance of the bolts was
observed. Figure 2.13 shows the resistance envelappe three walls, where the distortion is
the ratio between lateral displacement and walilttei

600
p=0.21%

500
<
2 400 p=0.07%
=]
S 300 S
-
©
T 1=20.15%
g 200 A: Lateral displacement
3 H : Height wall

100 +

S

Distortion, % R = (A/H)* 100
Figure 2.13: Experimental resistance envelope disvested by Pineda (1996)

2.5.1.1 Reinforcement of mortar joints
Bosiljkov (2005) developed an experimental program on thngsest of specimens

(compression test, diagonal tension tests and shests) by placing two kinds of
reinforcement inside the joints. The first type nfied the normal mortar by adding

polypropylene fibers (micro reinforcement). The @®t type (macro reinforcement) was a
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non-metallic mesh placed inside the joints. Fiyeetyof mortar that represent different stages
of the construction history were used to glue tlesonmry units. Thus, mortar “cement sand”
has been used in modern construction. Mortar “ceéiimae sand” has been used in the latest
five decades, and mortar “lime sand” has been usbdstoric structures. One additional type
of mortar was reinforced with polypropylene fibees)d other was reinforced with non-

metallic mesh, Figure 2.14.

The mesh-reinforced mortar panels showed a ressstalightly greater than the resistance
registered with mortar “cement sand” panels. Indtieer way, the reinforced mortar panels
had smaller elasticity modulus than the normal argrainels.

First layer of mortar

Mesh (macro reinforcement)
Second laver of mortar

a) Ordinary masonry b) Micro-reinforced ¢) Macro-reinforced
MASOnry masonry
Figure 2.14: Ordinary, micro and macro-reinforceattar [18]
For the diagonal tension tests, mesh-reinforcedtangoanels showed the higher shear
strength and an increase of ductility with resgedhe reinforced mortar panels. The failures

were combinations of joints sliding and masonrytsiaracking.

In the same way, Zhu and Chung (1997) developess@arch in order to improve the bond
resistance by adding carbon fibers to the mortheyTtested two types of specimens: one

joint specimen subjected to tension, and otheresitiyl to shear stress.

2.6 Design of masonry buildings in Guerrero State

Guerrero State located in zones C and D has highvary high seismic hazard according to

seismic hazard map, Figure 2.6. This situation gaas high values of the lateral loads to the
masonry buildings design, Figure 2.15. Thus, adng placed on the same type of soil must
resist a lateral load equal to 43% of its weighGurerrero State [46], which decreases to 23%

of its weight in Mexico City [43].
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In addition, because of the limited experimentaesrch conducted in Guerrero Stab®ut
masonry or its components and due to absenceuditstes laboratories able to develop full-
scale tests walls, the local code adopted idenpaeimeters to those expressed in the Mexico
City code. The compressive strength of units andamgy, the shear strength, and the

modulus of elasticity and rigidity of masonry ane imore important.

This generates high uncertainty about the behaara reliability of masonry buildings
because the raw materials and building processéseainasonry units are different to those
used in México City. In this way, one goal of thi®ject is to obtain representative values of
the mechanical properties required for the desigrcgss or numerical analysis of masonry
buildings.

V = 0.43W in Guerrero State

V = 0.23W in Mgxico City

I:[‘>

w

Figure 2.15: Lateral seismic load for two siteddexico [43] [46]

2.7 Conclusions

Confined masonry is the material most used for wooson of buildings and houses in

Guerrero State, where most masonry units are el&abrby means of manual process
showing a large variation of their mechanical prtips. In addition, the design seismic loads
are high. Thus, the combination of both variablsising non-realistic normative parameters

causes high seismic vulnerability for the masonuidmngs.

To deal with this situation, a large experimentaigram (chapter 4) is proposed in order to:
a) evaluate the mechanical properties of masoniis tand masonry, b) determine the
influence of reinforcement on masonry behavior, ah@valuate the behavior of full-scale
masonry walls. This experimental program requiree knowledge of the researches
developed in the countrywide in order to evaluaseajpplicability Guerrero State or have

comparative analysis of the results.
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In addition, it is justified the development offet complex numerical models to simulate the
masonry behavior or simplified models to evaluatly the masonry resistance (chapter 5 and
6). Besides, validation of the results requires khewledge of the failure modes of the

confined masonry walls.
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CHAPTER 3

Masonry modeling review

3.1 Introduction

In addition to the analysis of the masonry behawioder lateral loads by means of
experimental programs, the numerical modeling, lpadeveloped through the finite element
method, is unavoidable for masonry research. Themtasonry behavior can be simulated
without any need to develop expensive experimetgsis of masonry walls or masonry
buildings. Input vectors of these models can be ifieadto develop a large number of
numerical simulations. Besides, one can be analsgeeral materials and different
configurations, with or without opening, slendersbrort walls, and so on [1][9] [12] [29]

[50].

This chapter shows the more common numerical madetl to analyze the masonry. Its
represents the basic hypothesis, the models ckasiits, and the walls characteristics used

to validate the results.

3.2 Types of masonry models

The numerical models can be classified into threegs: a) micro-models, b) macro-models,
and c) simplified methods. The first group modéls joints, masonry units, concrete frame,
and the concrete frame-masonry interface. For @aaterial, a behavior model based on
plasticity theory, plasticity-damage theory or frtae theory is proposed, as well as the stress-
strain relationship [1][38] [41][57], Figure 3.1b.

In this project, the second group is divided intw ttypes. For “level-one” macro-models,
masonry can have different behavior: homogeneousinbobmogeneous, isotropic or
anisotropic. The mechanical properties are evalllayemeans of either experimental tests on
specimens or homogenization process. Usually,kihid of modeling evaluates the masonry
behavior under monotonic load [12][50], Figure 3.Ite second type of macro-models,

called herein “level two”, evaluates the behavidrconfined masonry walls tested under
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cyclic loads by considering many simplificationso8 models consider the replacement of
the masonry by strut elements [101] [114], Figufel3

The third group considers semi empirical or sindif models, which main purpose is to
assess the ultimate resistance of masonry waltgdbgss to the displacement. Its application
requires the tensile strength, the shear stremgtkhe compressive strength of the masonry
and the vertical loads applied. Some models consitd® the contribution of the external
frame [42] [61][106].

Mortar joint elements
with thickness = 0 Masonry unit elements
and non-linear behavior with linear or brittle behavior

Reinforced concrete elements

| : :
L
— |

Masonry un

]

p—
Interface or spring elements Concrete elements with
between concrete and masonry  non-linear behavior and/or

damage
a) b)

Masonry elements with non-linear 1-D concrete element

isotropic or anisotropic behavior with or without plastic

and/or damage hinge at the ends

=
L ] g
Spring element
ith shear behavior
Strut diagonal element wiht
T non-linear behavior
| L

Interface or spring elements Concrete elements with
between concrete and masonry non-linear behavior and/or
damage

c) d)
Figure 3.1: Kinds of numerical models of masonjyCanfined masonry wall, b) Micro-
model [8][57], c) Macro-model level one [12] [5@]) Macro-model level two [101] [114]

Wide colum model with
plastic hinge at the ends

3.3 Masonry micro-models

* Lourenco and Rots (1997) proposed a model thanssstive forms for the failure of the
system joint-units. They are: a) joint failure bnsion stress, b) joint failure by shear
effect, ¢) units cracking by tension effect, d)tanfailure by diagonal tension, and e)
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failure of the system joint-units by compressiofeef To consider all possibilities, the
authors propose an envelope defined by three sgfdthe first surface related to Mode |
and valid in the tension-shear area type cut-b#, decond surface associated to Mode Il
that considers a linear model of Mohr-Coulomb ireashcompression, and the third

associated to the compression failure by meana eflgsoidal surface cap, Figure 3.2.

A

Coulomb T
friction mode

Cap mod Intermediate yield

surface Tension
/ mode
/ Initial yiel
/ surface
' >
Residual yield o

surface

Figure 3.2: Two-dimensional interface model proplosg Lourenco and Rots (1997)

The model requires joints of zero thickness andicadrinterfaces at the central plane of
the units; these have an elastic behavior untiltéimsile strength with degradation after
the peak. For Mode |, the tensile strength has mempal softening by considering
plasticity associated with strain softening, EquatB.1. For Mode II, the cohesion has
exponential softening while the initial value ofetffriction angle decreases during the
charging process to reach a residual value. Modbal a non-associated plasticity
function g by considering the dilatancy angle different toozevith strain softening

hypothesis, Equation 3.2 and Equation 3.3. Equaidnshows the yield function for the

cap mode. The model considers coupling between Modad Mode Il with strain

softening.
f,=0-0, (3.1)
f,=|r|+o®-c (3.2)
g=|r]+ oW -c (3.3)
f,=0’+C.1°-0? (3.4)
Were:
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f1 Yield surface function in tension mode

o Tensile stress of the joint

fa Yield surface function in Mohr-Coulomb mode
@ Tangent of the variable friction angle

c Cohesion of the joint

4 Tangent of variable dilatancy angle

fa Yield function in cap mode

g Potential flow function in Mohr-Coulomb mode
Cs Parameter to control the shear distribution

o,r  Acting normal and shear stress on the joint

Experimental results of two types of masonry whildt from clay solid bricks with joints

10 mm thickness and vertical uniform stress wesslis compare the numerical results.
The tests were carried out under lateral load [][, Figure 3.3. Figure 3.4 shows the
numerical and experimental results, where it casd®en a good concordance except for

the test with maximum vertical stress. In additiboth failure modes were similar.
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Figure 3.4: Numerical simulations and experimergallts by Lourenco and Rots (1996)
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» Alfaiate and Almeida (2004) modified the model ppepd by Lourenco and Rots (1997)
by means of a continuous parabolic surface of yiBlguation 3.5 and Figure 3.5. To
facilitate the numerical development, the authooppsed an exponential variation of the
cohesion in function of the tensile strength armb@astant value of the friction angle. The
plastic flow functiong has two non-associated plasticity functions: go@iad in tension
zone, and other applied in compression zone. Bafiressions are functions of the

dilatancy angley, the tensile strengttx and the joint cohesior) Equation 3.6.

g, +2c®og -¢

f =r? 2 o? —02(1+ CI>2)+(U+<DC)2 (3.5)
t
r2+(oW-c,) if 0<0
= 2 _ 2 3.6
J T2_0't0+200kl:am Co0'2—(1+LIJ2)002+(0'+COLIJ)2 ifo=0 (3.6)
O
Were:

—h

Yield surface function

o Tensile stress of the joint
O Initial tensile stress of the joint
@ Tangent of variable friction angle

c Cohesion of the joint

Co Initial cohesion of the joint

w Tangent of variable dilatancy angle

g Potential flow function

o,r  Acting normal stress and acting shear stress ojothie

With regard to units, this model considers a linglastic and isotropic behavior when the
tensile stress is less than the tensile strendtbr,Ahe pieces show perpendicular cracks
to the direction of the principal tensile stresse Buthors consider a rotating crack model.
Because of the fragile behavior of the pieces,nioelel does not suppose transferring
shear after the cracking. A bilinear isotropic grelfectly elastic model resulting from

Von Mises criterion describes the compression behai the masonry units. The results

show that the inclusion of the rotating crack mademportant to evaluate the behavior

of unconfined masonry walls.
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>
Oo (0)

Figure 3.5: Two-dimensional interface model propisg Alfaiate and Almeida (2004)

e Lofti and Shing (1994) proposed a hyperbolic modklyield with smooth transition
between the criterion of yield tension cut-off @hdt of Mohr-Coulomb, Equation 3.7 and
Figure 3.6. Tensile strength decreases dependinth@requivalent strain and energy

fracture associated to Modes Il and |.

A
1 T
Asymptote
Co
>
Oo o
Initial yield surface

Figure 3.6: Two-dimensional interface model propise Lofti and Sing (1994)

On the other hand, the asymptotic slope decreagementially, as well as the curvature
radius of the yield surface that is function of thetion angle®, the cohesiomr, and the
tensile strengthg:.. In order to avoid excessive dilatancy, a non-cissed plasticity

functiong was proposed, Equation 3.8.
f =12~ (0-0,) ®*+2r(o-0,) (3.7)

g=nt*+(r-r)(o-q,) (3.8)
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Where:
f Yield surface function
g Non-associated plasticity function
o Tensile stress of the joint
@ Tangent of variable friction
r Curvature radius of yield surface at the hyperlveldex
r Residual curvature radius of yield surface at tyygeinbola vertex
n Scale factor of dilatancy

0,7  Acting normal stress and acting shear stress ojoiitie

The authors proposed a combined criterion of Ramkion Mises to describe the yield
surface of the units. It has linear elastic behavioder tension stress and parabolic
behavior under compression stress with exponedggtadation after the peak in both

cases. Besides, the joints have zero thickness.

The numerical model was applied for two unreinfdragngrouted hollow concrete block
masonry walls, 1.62 m X 1.62 m (Height X Lengthjese the normal load was applied
first and kept constant during the test. On tophef wall restrained against rotation was
applied in-plane lateral displacement. Figure 3i@wss the finite element mesh used and
Figure 3.8 presents the numerical and experimegatallts of the wall subjected to 264
KN of vertical load. It can be seen a good corretabf both curves except for the final
stage. One cause of discrepancy may be the deficiehthe smeared crack model that

modifies the shear resistance at top and bottonpoession toes of the wall.

L
Masonry units
Joint zero thickness
jsmnsn inmmnmE]
Figure 3.7: Finite element mesh proposed by Laiti 8ing (1994) for an unreinforced
masonry wall
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Figure 3.8: Load vs. displacement curves underkd84f vertical load by Lofti and Sing

(1994)

In order to evaluate the masonry behavior, addaianicro-models have been developed by
Giambanco, Spallino and Rizo (2001), Merabi andh&I§1997), and Abdou (2005).

3.4 Masonry macro-models

3.4.1 Level-one macro-models

Ishibashi and Kastumata (1994) conducted numentadeling of five specimens, each
one composed by two walls 2.50 m height coupledbgns of different systems. Even if
the walls were tested under cyclic lateral loae, dathors developed the study assuming
an incremental monotonic loading because the crackeasonry walls are difficult to

simulate The proposed hypotheses were:

a) There was no influence of the slab foundatiothenwalls behavior,

b) To model the masonry, homogeneous elementsméithanical properties obtained on

tests were used. Its size was approximately squidinewo courses height,

c) Horizontal joints between masonry elements weogleled by using spring elements,
which had a tensile strength equal to three tirhesitasonry strength,

d) Two types of spring elements were placed at é&amasonry interface, one in normal

direction, and other in perpendicular direction.

The failure surface of masonry and concrete wasebeddunder biaxial stress by using a
stress vs. elastic strain relationship with britddure in tension zone by means of the
Kupfer et al. (1973) approach. However, in compogsgone was used a stress vs. linear-

parabolic-exponential strain relationship, Figure. 3
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a) b)
Figure 3.9: Stress vs. strain relationship of ceteeand masonry, a) Tension, b) Compression
[50]

Two spring elements at frame-masonry interface weaeed, one in normal direction
with elastic behavior until the tensile stress @odterior brittle failure, and the other in
parallel direction with elasto-plastic behaviordmnsidering an elastic sliding equal to 0.1
mm, Figure 3.10. At the beginning, the verticaldaos applied followed by increments of

lateral displacement.

Tu |
k2 = k1/100

6 o ‘: 0.1mm 6
a) b)
Figure 3.10: Stress vs. strain relationship at &anasonry interface, a) Normal spring
elements, b) Tangential spring elements [50]

Figure 3.11 shows two of three structural systenmayaed composed by two walls built
from solid clay brick 0.15 m thickness, 2.5 m X 2Mdand 2.5 m X 1.6 m, composed
these. Connection element between them was diffarezach system, one had a steel bar,
other had a beam-slab concrete, and another hadra-blab concrete plus a parapet on
top of the wall. In addition, reinforcement stemside the horizontal joints was placed in

two systems. Tests were carried out under verticastant load and lateral cyclic load.
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Figure 3.11: Confined masonry walls analyzed bybs$hi and Kastumata (1994)

In general, the numerical models were able to sateuthe experimental cracking of the
units, sliding of the joints, and opening of fram@sonry interface, Figure 3.12. Besides,

the ratio numerical resistance vs. experimentastasce ranged from 0.72 to 1.06.

» According to experimental results, Andreus (199Bssified the failure modes of the
masonry subject to biaxial stress state. The augnoposed ten failure mechanisms
classified into three groups: a) slipping of thmja) splitting of the bricks with slipping
of the joint, and c) spalling of the bricks by camegsion effect. Under principal stresses
normal and parallel to the horizontal joints withlirshear stress, the model supposes the
first failure caused by slipping of the joints. Ththe second failure may occur by the
splitting of units and slipping of the joints ant the end happens the spalling of the

pieces.

54



Chapter 3 Masonry modeling review

- g 7 T
B —=
5 E f i ey
I S Ll AR AN Z
-y, qe {.'l r o
f’ -'_.r-'l E-Fﬂ\‘.__
I ol o I
s Vsl # L
[- =4 A== L ] = sl
7 PHES ~ T IR L
A : FMEEES
|— - | = . v .'\.“'
_?r. | i . |~ § "
R T T e e P ey
f Experiment / After 14th Cycle L
a)
L b — 1.0 d | W - | I I | - L1
Q"m \%'\ A s
AR A TS an h s sl
Tl S =1 e
AEARaEREe \.:_ PRRRERE
W T S \-.\-{k'\_,
R Y 1N SN B ATEY A
Al S AP S S TS i sl
H S SIS SRS SEEv s A
o et et et ) B T T T T Y e et Y Y Y
e s s S S S N S Pl N N
FH SRS sl
e B EEIAT YA %, M| S S
HLre o o [ sl S o ] ™ ™ e |
S S RSN

Figure 3.12: Damage state to maximum lateral laa&Experimental failure pattern [6], b)
Numerical failure pattern [50]

The author proposed the Mohr-Coulomb modified doteto evaluate the slipping of the

joint, Equation 3.9. The anisotropic linear elaSaint Venant criterion is used to analyze
the normal cracking with respect to the princigaision stress of the units. It supposes
that the slipping started at the vertical jointsdiaes as units’ normal cracking, Equation

3.10. Finally, the criterion of maximum compressistiness modeled the failure of the

units, Equation 3.11.

f,=r*- (c,~0,®)’ (3.9)

"2 E, " E 4 E, E,
t,=r?=(0,-1.) (0.~ fon) (3.11)
Where:
fi Yield function of surface
Ce Effective cohesion
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@ Friction coefficient of slipping in direction palall to the bed joints
G Modulus of rigidity
& Ultimate strain in direction of the tensile maxim stress before the crack
opening
= Modulus of elasticity in parallel direction
En Modulus of elasticity in perpendicular direction
Von  Poisson’s ratio
Vop  Poisson’s ratio
"¢ Biaxial compressive strength in direction of thmimum principal stress
fen Biaxial compressive strength in normal direction
Oh Stress normal to bed joints
Op Stress parallel to bed joints

T Absolute value of shear stress

In each state and for each integration point avéeweed the stress conditions and the
stress-strain criteria to evaluate which criterfaifls. The model showed good agreement

with experimental results of the solid-units partelged by Dhanasekar et al (1985).

* Another model to simulate the masonry behavior Bans of the tension-compression
multi-surfaces criterion is the combination of Rankine modified model in tension and
the model of Tsai Hill in compression. It considére anisotropy of the masonry and the
variation of the shear stress. For this modeltémsion stress varies in both directions in
function of the tensile strength, characteristitgla of finite element, and fracture energy.
Its application requires at least six tests on masganels to obtain the necessary
parametersAbdou (2005)implemented this model combined with damage catetio

evaluate the masonry wall behavior, which resutsenacceptable.

3.4.1 Level-two macro-models

e Zuniga and Teran (2008) proposed a non-linear aislyrocedure based on the wide
column model to estimate the cyclic behavior of omag buildings. The model replaces
the masonry walls by a wide column element witmtaml properties, while an element (
with infinite stiffness to flexion and shear) suhges the concrete slab, Figure 3.13. The

authors defined three phases of the wall behawaridated by shear deformations. The
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first phase has an elastic behavior until the masdiagonal cracking. Then, the second
phase presents stiffness degradation until the maxi lateral load. The last phase has
stiffness and resistance degradation until the Veallire. From experimental evidence,
they proposed three pairs of values of lateral laad distortion to define the envelope

curve.

Beam with infinite stiffness Beam that considers

to flexion and shear ’_lhgslab_mmribulion
W
E ]

k| L

Column wtih
wall propertie:

b)
Figure 3.13: Masonry building and model of widéuocon [114]

They proposed also an equation to define the sg8frdegradation that considers the cycle
stiffness vs. initial stiffness relationship asdaas the flexural stiffness is constant during
the analysis. The application to individual wallsdawo-level masonry building shows

good precision with respect to experimental res#iigure 3.14.

@ Plastic hinge

Figure 3.14: Damage on wide column model for tweelenasonry building [114]

To evaluate the response of the confined masorbjesied to dynamic loading, Smyrou
(2006) developed a numerical model, where fivedinelements replace the masonry
wall. Two strut elements parallel to each diagomabe hysteretic behavior defined by
Crisafulli et. al (2000). A spring element undeeahsolicitation, which joints opposite

corners, has hysteretic bilinear behavior dependihghe panel deformation and can
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withstand compression effects. Each strut elemaked a wall corner with a fictitious
point defined by the width of the diagonal to siatalthe contact between masonry and

frame, Figure 3.15.
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Figure 3.15: Masonry wall model: a) Four diagoriaheents, b) Spring elements with shear
behavior [101]

The system stiffness obtained from equilibrium aodmpatibility of loads and
displacements is the sum of the spring elemerihetif and the struts elements stiffness.
The model application requires many geometricaltraaical and empirical parameters
such as: a) compressive strength, modulus of elgstiand tensile strength of the
masonry, b) cohesion, friction and shear strendtithe joint, d) size of the concrete
columns, e) vertical separation and area of th& stements. Empirical parameters have
been proposed according to masonry walls behaVlw. model proposes to reduce the
strut elements area according to empirical fadiorsrder to analyze walls with doors or

windows.

A full-scale test with, four storey, three-bay femced concrete building with infilled
brick walls under pseudo-dynamic loads was usetbtopare both results. They show a

good agreement.

Mandan et al (1997) and Puglisi (200¥gve proposed also numerical models level two for

assessing the hysteretic behavior of confined mgsealls.

3.5 Simplified models

The aim of these models is to assess the masoniy/ nesistance regardless of the distortion.

Some models evaluate only the masonry resistana¥eab others take also account the
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external frame resistance and/or the reinforceratadl resistance. Most models require the
mechanical properties of masonry obtained on ptissts or panel tests and other models

require the mechanical properties of joints andsuni

Tomazevic (2000) evaluates the lateral resistariceonfined masonry walls by means of
Equation 3.12 that considers the masonry resistandehe concrete frame resistance.

V=GV +Y, (3.12)
Where:

Vi1 Masonry resistance related with the cross-sedtianea of masonry, tensile
strength, acting vertical load, and an interactoefficient that considers the
distribution of forces as well as the variationtbé shear stress on the wall
horizontal section

Cr Reduction factor ranging from 0.5 to 0.7

Vuxr  Concrete frame resistance evaluated as the sunhezfr gesistance of the

stirrups and shear resistance associated to thiwdlemoments of the columns

Mexican code$42][45] consider only the masonry resistance ameglect the concrete frame

resistance by means of Equation 3.13

\Y :min{Ar (O'ST:”T 0'307) (3.13)
157 A

Where:

At Cross-sectional horizontal area of the wall
ITm Reduced shear strength obtained on diagonal tetesson

o Vertical stress generated by gravitational loads

From experimental results of walls built with haelloconcrete blocks and different
Height/Length ratios tested under cyclic loadingstila and Marinilli (2003) proposed
Equation 3.14.

V = A(0.220 /f, + 0.50 (3.14)
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Where:

Ar Cross-sectional horizontal area of the wall

o Vertical stress generated by gravitational loads
fm Compressive strength of the masonry

0.50 Shear strength in MPa

Besides, other type of models supposes that orgypamt of the wall resists the lateral load
and the failure occurs by compression effect ofdiagonal equivalent element. Thus, Cruz
(2002) proposed Equation 3.15, where the diagotmat slope is equal to either the wall

diagonal slope for vertical full joints or the wiitiagonal slope for vertical empty joints.

V =f_ tl.cosx (3.15)
Where:

fm Compressive strength of the masonry

t Wall thickness

I Width of the equivalent diagonal obtained by an eitgd equation

a Diagonal angle of the diagonal strut

Mebarki et al. (2009) avoid the use of the diagstalt and consider the presence of the
normal tension stress along the wall diagonal. Ttheswall failure occurs by induced tension
when it overcomes the tensile strength of the m@gsdaquation 3.16 requires a fitting

functionf ()) related to the angle of the wall diagonal.
V=A0 f(y) (3.16)
Where:

Aq Failure diagonal area
G Tensile strength of masonry

f()) Fitting function
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3.6 Conclusions

This chapter describes the numeric models commasdy to evaluate the masonry behavior.
The existing models have been divided into threrigs: micro-models, macro-models, and
simplified models. The micro-models represent thasomry units, joints, and concrete
elements by means of finite elements, where eaafpoaent has a constitutive law. In this
way, it is possible to take in account, with pari@e accuracy, the characteristics of the joints
that play an important role in the masonry globethdvior. However, the principal limitation

of these models is the high computational effoqumeed. In general, this type of model

analyzes specimens under monotonic lateral load.

In this project, the macro-models have been divitéa two levels. The “level-one” macro-

models assume that the masonry is a continuum mlaiewhich it is necessary to define the
behavior criterion, the yield function, and thegtia flow function. Tests on masonry prisms
or homogenization process are useful to evaluaentachanical properties. Then, without
high computational effort, these become possildeatialysis of the masonry walls. This type

of model is able to carry out the analysis undenatonic lateral loads.

The “level-two” macro-models represent the masdoyymeans of several struts elements or
spring elements. Most models assume the failurednypression effect of the strut elements,
which characteristics are measured on masonry pigsts or on masonry walls tests. Other
models require additional mechanical propertieshef masonry joints. This type of model

simulates the masonry walls behavior subject toatamic lateral or cyclic load.

By contrast, the simplified models evaluate the anag walls resistance regardless of the
deformation. Most models measure only the masoesistance and neglect the frame
resistance. Their application requires mechaniogpgrties of the masonry and units, as well
as the vertical acting stress.
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CHAPTER 4

Experimental program and results

4.1 Introduction

The high seismic forces used for the structuraigiesf masonry structures [26], the large use
of this type of constructions [49], and the wideiaton of this material generate high seismic
risk for these type of structures built in Guerr&tate [46]. One additional factor that should

also notice is the lack of experimental data ofgleees and masonry used in this zone.

For this reason, it was necessary to developedla @xperimental program that: a) measures
the mechanical properties of pieces, masonry aimdsjob) assesses the increment of shear
strength caused for the metallic reinforcementd@ghe joints, and c) evaluates the behavior
of various confined masonry walls: unreinforcedinf@ced and repaired with metallic

reinforcement-mortar. Thus, this chapter contawesdescription and results of the tests, some

of them used to build the numerical models andstimellations presented in chapter 5 and 6.

Compressive strength and modulus of elasticity rofsuand masonry, cohesion and friction
angle of the joint, horizontal stiffness of thenpimodulus of rigidity of the masonry, and
Poisson’s ratio of units and masonry are amongrsthiee required mechanical properties for
the numerical models developed in chapter 5. Int@dd the simplified models of the chapter
6 require the shear strength and tensile strerifibn if there are some references of the
mechanical properties of the joints [7] [65] andsarary units [4] [64] in Mexico, some tests

are still required.

In addition, this project is the first work devesmpin Guerrero State to evaluate the modulus
of elasticity and rigidity of the masonry. Furthenm, testing of the walls depicted herein are

the first tests conducted at the Laboratory Stmestin University of Guerrero.

The experimental program shows two innovationsthfios type of masonry in Mexico: a)
placement of the metallic reinforcement inside jomts, b) placement of the metallic

hexagonal mesh-mortar coat on the wall faces.
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With respect to the second reinforcement, a sintyjpe composed by metallic wire-welded
mesh bolted to wall faces and mortar has been nsktéxico [87][93]. However, the wires
of the hexagonal mesh proposed herein are not deddd their diameter is smaller. Thus,
this metallic reinforcement is cheap, flexible tmagantee its placement, and currently used in

the rural areas for other type of activities.

For the metallic reinforcement inside the jointse selection criteria were the flexibility to
placement and the perfect bond to mortar in ordeguiarantee its yield. Its collocation does
not require additional mortar. Then, the wall facas stay without mortar layer, as this is a

common situation in developing countries.
Two important points of this experimental programwsd be noticed.

* Measurement of the modulus of elasticity of thetsuof which that has not any national

reference,

* Usefulness of the resistance of confined masonrjsweom which is evaluated the
resistance of the masonry buildings according toedarmental evidence and local code
[45] [96].

4.2 Description of the experimental program

The tests were carried out on three types of spwmtests on masonry units, mortar
samples, and concrete cylinders as the first tgss on masonry panels and masonry prisms
with different arrangements as the second type testd of three full-scale confined masonry

walls are the third type. The local specificatiolesined the number of samples for each type.

Table 4.1 summarizes the experimental programfitstecolumn shows the specimen tested,
the second column defines the number of samplésdieand the third column shows the
minimum quantity of samples to be tested accordimgocal specifications. The fourth

column defines the mechanical properties to evalaatthe last column describes their use.

Tests for elasticity modulus and rigidity moduluseres developed at the CENAPRED

Laboratory and the remaining tests were condudtéfteaGuerrero University laboratories.
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Table 4.1 Experimental program developed

Number of samples according to Mexican

Use of mechanical property or technical

Specimen Samples specifications [42], [70],[72],[83] Mechanical properties evaluated information
. 30 pieces for compressive strength; for Compressive strength and modulus of Micro-models and design
Masonry units 30 o PR vt
modulus of elasticity there are not specification elasticity
) ) Design
Mortar 31 9 samples for wall, 27 samples in total ompressive strength
; i~itvMicro-models, macro-models and simplified
Concrete cylinder 23 12 samples for wall Compressive stren_gth, rT’10dL_J|US of elasticity models P
and Poisson’ ratio
Metallic . " ) Micro-models, macro-models
. 9 3 samples for set Tensile stress and load-gtesdtionship
reinforcement mesh
o ] ] ) Micro-models, macro-models and simplified
Longitudinal steel ba 3 3 samples for set Terstiless and stress-strain relationsh|p models
i icti i Micro-models
Mortar joint 11 There is no specification Cohesion, frlcthn angle and horizontal
stiffness
i Macro-models, simplified models and design
Unrelnfg;cneglsmasonr) 12 9 samples Shear strength to several types of loa| P ?
Reinforced masonry Shear strength and influence of metallic| Micro-models, macro-models and simplified
8 9 samples : models
panels reinforcement
Masonry panels o Macro-models, simplified models and
associated to walls 13 9 samples Shear strength and modulus of rigidity design
) Compressive strength and modulus of | Macro-models, simplified models and design
Masonry prisms 12 9 samples LS
elasticity
i Macro-models and simplified models
Circular masonry 5 There is no specification Tensile strength P
specimen
) ) ) Micro-models, macro-models, simplified
Wall MUR1 1 1 specimen Shear resistance and faihodel models and design
Wall MUR2 1 . . Shear resistance, failure model and hystergticMicro-models, macro-models, simplified
a specimen behavior models and design
Wall MRM2 1 1 specimen Shear resistance, failure model and hystergticMicro-models, macro-models, simplified
P behavior of confined-repaired masonry walls models and design
Shear resistance, failure model and hystergticMicro-models, macro-models, simplified
Wall MRM3 1 1 specimen behavior of confined-reinforced masonry; models and design

walls
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4.3 Tests on elements

4.3.1 Compressive strength of solid clay bricks

To evaluate the compressive strength of masonng,uthiirty specimens of solid clay bricks,
0.13 m X 0.13 m X 0.05 m, were tested accordingpt@al specifications [71][73][74]. Six
specimens instrumented with strain-gages provithedelasticity modulus, Figure 4.1. The
compressive strength had mean vdjue 9.4 MPa and coefficient of variatio@V = 0.17,
Table 4.2 and Figure 4.2a. However, the manualoesion of the units causes a large
variation. Thus, Figure 4.2b presents the resdl93@ tests where the mean value decreases
to f, = 6.5 MPa and the coefficient of variation risesa@V = 0.43 [108].

Figure 4.1: Experimental setup of compressivedastolid clay bricks and tested specimen

The masonry prisms specification was used for asggghe units’ modulus of elasticity
because there is not local specification to meas|ii]. It considers the coordinates at 5%
and 40% of the maximum stress according to Figude Bhen Table 4.2 presents the mean
value E; = 25, 099 MPa and coefficient of variati@V = 0.34. A second option proposed
herein aims to evaluate the secant modulus ofielgdbetween the origin point and the peak.
In this case, the mean value was= 5257 MPa while the coefficient of variation w@¥ =
0.20. Figure 4.3 presents the compressive stressxial strain relationship, where was

measured a mean value of axial str&ig = 0.002 for the peak.
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Although the compressive mean strength is acceptalfter the test can be seen that the core
of the specimens had some preexistent holes afetaif colors, both probably associated to

the non-uniform process of firing which indicatesllguality of the units.

Table 4.2 Mechanical properties of masonry units
E1, E,

Parameter P &
[MPa] [MPa] [MPa] max
Mean value 9.4 5257 25099 0.0020
C. of variation  0.17 0.20 0.34 0.11
50 T T T 30
45+ ] — .
Number of specimens: 30 250 Number of specimens: 297
401 = 9.4 MPa 1 p=6.5MpPa
Cv =017 CV =0.43
35r
20+
S 30t 2 o
§ 251 :C__; 15
£ 20} £
101
15¢
: Jom -
5, .
0 —
0 7 9 1 13 1 3 5 7 . 9 11 13 15 17
Compressive strength,p,f[ MPa] Compressive strenghtp,f[MPa]
a) b)
Figure 4.2: Histogram of compressive strengthnahis project, b) With large size of sample
[108]
A 14
Compressive ol |
stress, O
g 10+ 4
fo — 3
g o |
. E. g -
40% E2 § o il
—B4
2 B5 ||
Os% | | o B7
Es%  Ea0% Emax € o o ) ) ) ) ) B8
0 0.5 1 1.5 2 25 3 35
Axial deformation, € x10°
Figure 4.3 Definition of elastic modulus and congsiee stress vs. axial deformation
relationship

It is common to define the modulus of elasticityfunction of the compressive strength
[42][45]. Then data of Table 4.2 defines Equatich @d Equation 4.2.

E, =559f, (4.1)
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E, = 2670f, (4.2)

4.3.2 Mortars

Mortar type | with dose by volume 1:3 cement-sadfl] [was used for the specimens and
walls tested herein. It has high compressive strerapd reduces the influence of the
compressive strength of the units on the masoningwer. Tests on 31 samples were carried
out according to local specifications [76] with meaalue of the compressive strendjh
28.0 MPa and coefficient of variati@V = 0.11.

Mortar specimens show better behavior than thedsolay brick. Thus, the design
compressive strength 'i*s;) = 21.9 MPa by using the normative equation [4BjsTvalue is 75
% greater than the design compressive strengttev8esides, the coefficient of variation is

less than the specified value.

4.4 Test on specimens

4.4.1 Mechanical properties of mortar joints
The numerical modeling of the masonry by means afrarmodels requires the joint

mechanical properties: cohesia), friction angle 3, and horizontal and vertical stiffnesg (
kn). Although the two first parameters have someresfees in Mexico [7][65] and the
stiffness joint has been evaluated in internatichadies [2][3].

Figure 4.4a shows the test specimen of three masmitts. Three samples under vertical load
and confining stress equal to 0.25 MPa and eighiptes under vertical load were tested. In
order to measure the joint displacement, a linearable differential transformer (LDVT)
precision equal to 0.01 mm was used, Figure 4.4le. dohesior{r) was equal to 0.41 MPa,
the friction angle(¢) and shear stiffnesgks) were 35.7° and 28.0 N / mm, Table 4.3. The
failure modes of the system joint —units were samiio those reported in previous works
[2][3]. Figure 4.5 shows the shear stress vs. jslim relationship for samples p15 and pl7.
According to Meli and Reyes (1971) and CEN (20G8g joint cohesion 7 is a linear
function of the confining stress then data of Table 4.3 defines Equation 4.3 [MPa].

r=0.4% 0.7 (4.3)
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Table 4.3 Mechanical properties of mortar joints

Numberof ¢ T, ks,
test [MPa] [MPa] | [N/mm]
8 0.00 0.41
3 0.25 0.59 28.0
Friction anglep=35.7 °, tg (¢) = 0.72

-

a)
Figure 4.4: a) Schema of mortar joint test, b) Expental setup for mortar joint test
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Figure 4.5: Mortar joint behavior with confininges$so = 0.25 MPa
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From results, it can be seen that the excellenlitgud mortar raises the cohesion up to 0.41
MPa. It is greater than 0.25 MPa obtained by Mell &Reyes (1971), who used lower
resistant mortar. Other reference parameter in dteis the value equal to 0.65 MPa for
joints elaborated with compressive strength of ardyt= 7.6 MPa and confining stress equal
to 0.55 MPa according to Alcocer et. al (1999). ldwer, the cohesion evaluated herein is

approximately equal to one third of that evaluatedther countries [1][38].

With reference to the friction angle, the valye=(35.7°) is smaller than that obtained by Meli
y Reyes (1971), Abdou (2005), and Gabor et. al §BD0p = 36.8°, ¢ = 45°, ¢ = 39.6°,
respectively. The horizontal stiffness of the jo{kf) has no variation with respect to the

referenced values [1][57].

4.4.2 Shear strength of masonry panels

In order to increase the shear strength of the migigmanels, two options were proposed: a)
use of high compressive strength mortar, b) plaetalic reinforcement mesh inside the

joints [99]. For this purpose, twenty panels wesdd (0.41 m X 0.41 m X 0.13 m, 0.55 m X
0.55 m X 0.13 m, and 0.63 m X 0.63 m X 0.13 m).vEle panels tested under monotonic
loading (panels MM and MR), six panels tested unidading-unloading cycles (panels

MCD), and three panels tested under alternate igadiong their diagonals (panels MCC).

The characteristics of the units and mortar havenliefined in section 4.3 and the size of

panels satisfies the local code specifications.[42]

Figure 4.6 shows the size of the panels and latatiothe metallic reinforcement mesh,
which behavior is defined in Annex Al. Tests wemgried out in a machine 1000 KN
capacity, Figure 4.7. Two metallic “shoes” placédhe corners of the vertical diagonal are
placed to guarantee the uniform distribution ofltseed during the test. Equation 4.4 evaluates

the shear stress [42], Figure 4.6a.

T :F/ Lt (4.4)
Where:
Shear stress
F Ultimate load

Ly Vertical diagonal length

t Thickness panel
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Figure 4.6: Size of specimens: a) Panel MM and I§®anel MR with metallic
reinforcement mesh, ¢) Panel MM and MCC

Figure 4.7: Experimntal setup of diagonal tensest

4.4.2.1 Behavior of unreinforced panels
Twelve unreinforced panels under three types ofidoaere tested. The control specimens

MM1, MM5, and MM6 were tested under monotonic leaepaccording to local code [45][75]
while three loading-unloading cycles were appliegpecimens MCD7-MCD12, Figure 4.8.
One third of the maximum theoretical load along thst diagonal before applying the
maximum theoretical load along the second diagweas applied for specimens MCC2 and
MCC3. For specimen MCC4, two thirds of the maximthmoretical load along the first
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diagonal before applying the maximum theoreticadlcalong the second diagonal was

applied.
120
3
3 100 -
L
© i
£ 80 Panels
3 60 -
o
% 40 - Parjels MCD
<
Q
g 20
e Cycles
O T 1 T 1 T T
0 0.5 1 1.5 2 2.5 3 3.5

Figure 4.8: Load history applied to panels MM anGIM

The load applied on panels MCD and MCC aims to Rteuhe seismic actions developed in
masonry walls. Then the loading-unloading cyclepliad to panels MCD simulate the
seismic load on masonry near the corners. Alterlvatés along two diagonals of the panels

MCC represent the load conditions in the middléhefwall, Figure 4.9.
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Figure 4.9: Types of load applied to panels MCC @D

Table 4.4 shows the independence of the sheargsitrevith respect to the type of load and
size of panel. Then the mean valugis= 0.70 MPa. Table 4.5 presents the angle of thea ma
crack measured at the end of the test with resigethe panel base. The highest values
correspond to failure panels caused by diagonakorg of the bricks, MCD11, MCD7, and
MCC3, Figure 4.10 and Figure 4.11. The mean vaudase to the masonry friction angie,

= 33.20°.
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Most panels had a combined failure of masonry wriggking and joints slipping. Masonry
units present parallel cracks to the load directiotin angle of 45° with respect to its base.
Another casual failure of pieces is the parallackrto the horizontal joints generated by shear
effect. The failure by compression effect appeanelg in panel MCD7 whereas panel MM6
presented several failure zones by slipping ofjtngs. In some specimens, the joints had
vertical cracks generated by the fragmentatiomefwall. Figure 4.10 and 4.11 show the final

crack patterns.

Table 4.4 Mean shear strength according to type dbad and size of panel

Tm, Size, I,
Type of load [MPa] [m (MPal]
MM 4(F8')9“re 0.70 0.41 x 0.41 x0.13 0.70
cc 0.68 0.66 x 0.66 x0.13 0.70
cD 0.70

Table 4.5 Angle of the failure plane

Specimen Angle @ Specimen Angle @ Specimen Angle @
degrees degrees degrees

MM1 29.7 MM5 29.3 MCD9 32.2
MCC2 33.7 MM6 32.0 MCD10 25.8
MCC3 39.0 MCD7 38.6 MCD11 44.9
MCC4 30.3 MCD8 33.7 MCD12 29.3

b)
Figure 4.10: a) Failure mode of the panel MM1, aji¥e mode of the panel MM5
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Figure 4.11: Failure modes of un-reinforced paael$ definition of failure angle

4.4.2.2 Behavior of reinforced panels
In order to increase the shear resistance, a efrapetallic reinforcement mesh was placed

inside the vertical and horizontal joints of eigignels [35], 0.55 m X 0.55 m X 0.125m.
Location of the metallic reinforcement aims to dnafthe panels’ core in order to induce the
presence of the cracks across the reinforced joiritas, the reinforcement absorbs tension
stress on the horizontal joints. It improves thatjeesistance and generates the cracking of
the piece, the ideal mechanism to obtain highesarsktrength. The position of the metallic
reinforcement mesh at middle of the joint ensutes perfect adherence with the mortar,
Figure 4.12. Tests were carried out under monotlmading according to specifications [45]

[75] and Annex A1 summarizes the mechanical progeedf the metallic reinforcement mesh.

The mean shear strength was = 0.85 MPa and the results present predominahiréai
modes of the units cracking by diagonal tensioraddition, the cracks crossed the metallic
reinforcement mesh except for specimen MR17. Tlearsktrength is still high for the panels
MR17 and MR19 where there was slipping of the micdd joints. Figure 4.13a shows the
failure by tension effect of the metallic reinfoncent mesh on the horizontal joint of the
panel MR18, which pieces had a failure angle apprately equal to 45°. Figure 4.13b
presents cracks across two reinforced joints optrel MR23 while Figure 4.14 contains the
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remaining failure patterns. Finally, Figure 4.15eg®nts the vertical load vs. vertical

displacement relationships and the mean experirheuntze.

Dimensions

J Clay solid brick

Mortar joint

T
Strap of metallic
reinforcement
mesh

b)
Figure 4.13: a) Tension failure of metallic reirdement mesh in panel MR18, b) Failure
mode of the panel MR23

The collocation of the metallic reinforcement hiad following benefits:

* Increased the shear strength from 0.71 MPa tolaB& (20% of increase) ,

* Changed the failure modes with respect to thategmtesl in unreinforced panels.
Almost panels failed by diagonal cracking of thetsiand the cracks crossed at least

once the metallic reinforcement, and

» Strengthened the joints and avoided the failurehmar effect.
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Figure 4.14: Failure modes of reinforced panels
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Figure 4.15: Vertical displacement vs. verticaldaalationship of reinforced panels

In addition, the behavior and the cracking patteohghe reinforced panels indicate an
adequate adherence between mortar and metallioregment mesh.
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4.4.2.3 Panels associated to masonry walls
As part of the tests on confined masonry walls gmésd in section 4.5, diagonal tension tests

were also carried out on thirteen panels, 0.40 40 m X 0.13 m, for assessing the shear
strength and the modulus of rigidity [11][42][75Thus, the men value of shear strength
calculated by Equation 4.4 is, =0.71 MPa, while the modulus of rigidity calculatbg
Equation 4.5 had a mean val@, = 1013 MPa [11]. Table 4.6 and Figure 4.16 show
additional mean values of the mechanical properties

G=r1/y (4.5)
Where:

G Modulus of rigidity
4 Shear strength
y=a,/ L, + &/ Ly

Shear strain [11]
Ly Control vertical length, Figure 4.16
Ln Control horizontal length, Figure 4.16
o} Vertical shortening

foX Horizontal extension

Table 4.6 Mechanical properties on diagonal tensiotest

T, Gm, Vo K G/ T'm
Parameter [MPa] [MPa]
Mean
0.71 1013 0.0007 0.0015 2110
value
C. of 0.26 0.27 0.21
variation

Figure 4.16 shows the shear stress vs. tangeiish selationship of eight specimens. The
curves have an important variation of its initilpe that determines a coefficient of variation
CV= 0.27. These are characteristics of brittle makenvith a sudden failure followed by a
horizontal part that ranges fropa = 0.0007 toy, = 0.0015. Figure 4.17 shows the histogram
by considering all results including those of 8.2.1, then the coefficient of variation way
=0.19. In order to describe the shear stress \earsttrain relationship is proposed Equation
4.6.
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G if y<
r= m¥ _ V= Vm (4.6)
Tm it yn sy <y,
Where:
r Shear stress
Im Mean of the shear strength,
% Shear strain
Gm Mean of the modulus of rigidity
7 Mean of shear strain used to evaluate the moduldgidity
W Ultimate shear strain
1
0.9 s R _
0.8+ / e :
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o ‘ ProPosed equation ‘ o
0 0.0005 0.0010 0.0015 0.0020 0.0025

Shear strain, y
Figure 4.16: Shear stress vs. shear strain refdtiprof masonry panels

In general, the joint slipping by shear effect, thagonal cracking of the units by induced
tension and the cracking of masonry units by cosgiom are the independent failure modes
observed. Almost panels presented the failure nadesed by diagonal cracking indicating
the presence of weak units and strong joints. Gtlpeesented a combination of diagonal
cracking and joint slipping. Furthermore, the feglunode by diagonal cracking provides the
highest value of shear strength. The behaviornslai to that described by Meli and Reyes
(1971) and Salgado (2000).
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The design shear strength computed by normativetitau4.7[45] for the 25 specimens is
T m = 0.48 MPa by considering,= 0.71 MPa an€V = 0.19. This value is 37 % greater than
the specified shear strength, = 0.35 MPa [45].

I, =1,/(1+2.5CV) (4.7)

The experimental values of the design shear stnang¥lexico ranges from 0.19 MPa to 0.35
MPa [4] [48][65] [69][107] but one referenced valegqual to 1.20 MPa for the masonry
panels constructed with multi-hollow concrete b®§{B6]. Then, the shear strength calculated

in this project is greater than all values previgubtained.

4.4.3 Compressive strength of masonry prisms

During the construction of the walls twelve masoprisms with six pieces each one were
tested according to specifications [75], in orderassess the compressive strength and the
elastic modulus of the masonry, Figure 4.18. Tharmelues expressed in Table 4.7 fare

4.5 MPa,E,, = 2426 MPa, and;, = 0.0029, wheré,, is the compressive strength, is the
modulus of elasticity, and, is the normal strain related to the compressivength. Figure
4.19 shows the normal stress vs. normal strairtioakhip of nine masonry prisms and the
parameters of Table 4.7.
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Table 4.7 Mechanical properties on compression test

fm, fu, Em, *
Parameter [MPa] [MPa] [MPa] &n & EW/fm
Mean value 4.5 4.0 2426 0.0029 0.0052 809
C. of variation 0.20 0.16 0.21 0.25 0.31 0.34
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Figure 4.19: Compression stress vs. normal stedationship for masonry prisms

Besides, to define the behavior of masonry prisoigest to axial stress Equation 4.8 has
been proposed. The first part defines a parabddicatton of the axial stress until the

maximum load and the second part proposes a lwaation.
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(4.8)

gu _gm
Where:
f Normal stress
fm Mean of the compressive strength
£ Normal strain

&m Normal strain related to mean compressive strength
fu, Ultimate compressive strength

&, Ultimate compressive strain

The evaluated compressive strength is similar &b dfbtained by Navez (2000) for the same
kind of masonry units and mortar. Therefore, thatue is slightly greater than that presented
by Meli and Reyes (1971) and Aguilar (1997).

In other way, the mean and ultimate normal stramsidentical to those values obtained by
Meli and Reyes (1971). However, the modulus oftali&g is twice the referenced values. The

normative Equation 4.7 provides the design comprestrengtH = 3.0 MPa by using, =

4.5 MPa andCV = 0.20. Then the ratiB,/ f m = 809 is different to that proposed by the local
building code. Finally, the Poisson’s ratious: 0.19 according to Equation 4.9 and data given
in Table 4.6 and Table 4.7.

v=—m -1 (4.9)

4.5 Test on confined masonry walls

Technical errors during the first test caused thes lof the experimental data for the wall
MURZ1, from which only the maximum load and the dedd mode were obtained. The

following paragraphs describe the characteristidh® systems used [27], the construction of
the walls, its instrumentation, the developmenheftests, and the results.
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4.5.1 Description of the mechanical-electronic devices and apparatus

The load device is a metallic frame anchored teaztion slab, 9.0 m X 9. 0 m X 0.7 m. The
frame elements consist in two columns, one beard, @me strut element. Two lateral

actuators 500 KN capacity can move vertically altimg columns to apply alternate lateral
load in opposite directions, Figure 4.20. A loadleyincludes: a) opening of the left actuator,
b) loading by the left actuator during 15 secongjsunloading and retraction of the left

actuator, d) opening of the right actuator, e) ingdby the right actuator during 15 seconds, f)
unloading and retraction of the right actuator.

The hydraulic system for the load application ides the following components: a) 10

horsepower engine, b) pump for injecting oil 2.1 aMgapacity, c) valves of pressure control
and tank capacity equal to 80 oil’s liters. Thecttenic system operates by means of three-
phase current at 220 V and 60 Hz. It develops amdrals the tests through a programmed
load history that is automatically applied, Figdt21. The system does not have any option to

develop tests under displacement control.

Figure 4.20: Foundation slab, mechanical apparai$ . DVT’s position

Figure 4.21: Mechanical-electronic devices for lagglication
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4.5.2 Building process and characteristics of walls
The next steps define the construction processeoivhole walls, Figure 4.22.

1. Placing the reinforcement steel within the supptstk hole and placing the columns

reinforcement steel,
2. Placing the formwork and pouring the bottom coreietam,
3. Placing the solid clay brick up to the requiredghej
4. Placing the formwork and pouring the concrete colsm
5. Placing the top beam reinforcement steel,

6. Placing the formwork and pouring the top concretamn.

Figure 4.22: Construction process of confined maswoalls

The three walls (MUR1, MUR2/MMR2, MMR3) have thersasize, 2.0 m X 2.50 m X 0.125
m (Height X Length X Thickness), Figure 4.23. Salldy bricks, 0.048 m X 0.25 m X 0.125
m, were assembled by using the mortar defined3r24Thirteen masonry panels and twelve
masonry prisms built during the walls constructioncarry out diagonal tension tests and
compression tests guaranteed the quality control.
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The concrete elements have four longitudinal bansn® diameter yield stredg = 46 MPa.

Besides, stirrups 6 mm diameter and yield stfgs25 MPa were placed every 10 cm at the
ends of the columns, Figure 4.24. Table 4.8 shdwescompressive strength of the concrete
elements and Annex Al contains additional infororatabout the mechanical properties of

the concrete and reinforcement steel.
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Figure 4.24: Characteristics of reinforcement steel
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Table 4.8 Compressive strength of concrete elemenidMPa]

Walls MUR1, MUR2/MMR2  Wall MMR3
24 14

4.5.3 Instrumentation of walls

Six linear variable differential transformers (LVDWisplacement capacity equal to 30 mm
measured the wall displacements. Two LVDT measuhed shortening-extension of the
columns and two LVDTs measured the lateral displesgs on top of the wall. In addition,
two LVDTs measured the shortening-expansion ofnthk diagonals, Figure 4.26a. To define
the walls behavior, it was necessary to measuredh#ol length of the LVDTs presented in
Figure 4.25. Pressure transducers connected tadtuators hoses measured indirectly the
load, Figure 4.26b. These devices and the LDVTswennected to an electronic module in
order to record data.
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Figure 4.25: LVDTSs’ control length to define the llaehavior

a) b)
Figure 4.26: a) LVDT to measure the displacemerRrgssure sensor to measure the load
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4.5.4 Test on wall MURL1

Due to failures in instrumentation for this watlwas not possible to measure the hysteretic
behavior during the tests. The load history appliad fifteen cycles with a maximum value
of 105 KN, Figure A2.4a (Annex A2). Figures 4.28ah28 show different levels of damage
that are described here after.

The first flexural cracks appeared at the lowerdttof the right column and reached the
masonry units in cycl&" with loadV" = 40 KN. Subsequent cracks appeared on bottom of
the both columns that spread in the lower joinigufe 4.27a. Afterwards, the force actiiy
=80 KN in cyclel2" increased the cracking, which began on top ofitjte column to cross
the masonry units. One zone at the right side ef ilall presented vertical cracks that
dropped at the centre of the wall before continumthpe lower joint until the left column. For
this stage, the wall was divided in two blocks ahd flexural cracks of both columns
increased until to extend into the masonry, Figuggb.

a) b)
Figure 4.27: a) First flexural crac; = 40 KN (Cycle3"), b) Damage stat®&,” = 80 KN
(Cycle12")

The left column cracking reached the masonry uniteeasing their width and length during
cycle 14 when the load wa¥ " = 80 KN, Figure 4.28a. The main quasi-verticakkratarted
on top of the frame-masonry left interface and prested the masonry causing the cracking of
the joints and units by compression effect.

Figure 4.28b shows the final stage for the maximoad V' = 105 KN, the increase of the
cracking of units and columns caused the slippinip® top block with respect to the bottom
block. The extreme sections of the right column kreer section of the left column showed

cracking by shear effect.
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a)
Figure 4.28: a) Damage staté, = 80 KN (Cyclel4 ), b) Damage state, maximum lateral
loadV " =105 KN (Cyclel5")

4.5.5 Test on wall MUR2

The second specimen, called MURZ2, was tested uhddoad history shown in Figure A2.4b
(Annex A2) to 28 days after its construction. Thiall showed a linear behavior up to the
cycle 9" for distortionR" = 0.090% and lateral load” = 114 KN, at this point appeared the
first flexural cracks at the central part of thghti column that penetrated the masonry. The
diagonal cracking of the units and slipping of ghiets occurred suddenly with distortiét =
0.1% and lateral loa® = 101 KN in cycle9. Simultaneously, the left column showed
flexural cracks at the central part and shear cratkhe upper end, Figure 4.29a.

The positive resistance was™ = 137 KN with distortionR" = 0.47% in cyclell’. At this
point, Figure 4.29b shows the cracking at the uppght interface masonry-column that
continued along the diagonal until it become vattat the wall central area. Then it changed
its direction and caused the failure of the hortabjoint, after the cracking continued on
masonry until the end of the left column. A seconack appeared beneath the main crack on

the right side of the wall.

a) b)
Figure 4.29: a) First diagonal crackirg),= 0.10 % and/ = 101 KN (cycle9), b) Damage
state, maximum lateral loaR, = 0.47% and/" = 137 KN (cyclell’)
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Figure 4.30a shows the cracking by compressiorcetiethe load application zone and the
extension of the cracks into the masonry. At the ehthe test, the longitudinal steel of the
left column reached its yield stress and the cdaarelumn failed by shear effect with lateral
load and distortion were equal¥ = 122 KN and R= 0.99%, Figure 4.30b. In addition, the

right column lost its vertical alignment, Figur@ga.

a)
Figure 4.30: a) Compression failure at the loadiegiion zone, b) Flexural failure of the
longitudinal reinforcement and shear failure of thacrete section

Figure 4.31 presents the hysteretic cycles and ritapbpoints that define the behavior of the
wall MUR2, whereR is the rotation evaluated by Equation A2.2. Theklnee is the resistance

envelope obtained with the maximum lateral forcd araximum rotation of each cycle, the
resistance evaluated by means of Equation 4.10opeapby the local code is also plotted
[45]. Herein, T is the design shear strength, § 4.4.2.4. Tablsdn@marizes the values of the

lateral load and distortion for the wall MUR2.
Viyrew =0.57, A, (4.10)

Where:

Vntem Normative lateral resistance according to localecizib]
Tm  Design shear strength

At Cross-sectional horizontal area of the wall
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Figure 4.31: Hysteretic behavior and resistancelepe of the wall MUR2

With regard to distortion, the shear distortion duwaies during the first four cycles while the
flexural distortion dominates during the followirsix cycles. At the end of the test, both
distortions were equal. Equation A2.4 and Equaf@b calculated the distortion history
shown in Figure 4.32. Sometimes, masonry modeliegdsa to limit the concrete columns
deformation caused by tension then the maximumgelibton measured was 2.0 mm at the

right column according to Figure 4.33.
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Figure 4.32: Rotation caused by shear effect andifbl effect
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Figure 4.33: Extension of concrete columns by msiffect

4.5.6 Test on retrofitted wall MRM2

4.5.6.1 Retrofit process

The wall MUR2 repaired by means of metallic wiresm@nd mortar coat was named MRM2.

Figure 4.34 shows the reinforcement process surastads follows:

1. Fill all cracks with mortar

2. Scarify the masonry and concrete surfaces to ermrfect bond between the mortar

coat and the original surfaces

3. Place and anchor the metallic wire mesh by meaninefsteel nails/fm

4. Place two mortar layer 12 mm thickness on the saflaces

Figure 4.34: Retrofit procesof the wall MRZ
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Mortar characteristics have been specified in 84 Bhe metallic wire mesh has a hexagonal
form with wires 0.90 mm diameter which yield stresf = 891 MPa [34]. The reinforcement
ratio isp = 0.0004 according to Mexico City Code [42]. Thsttwas carried out 28 days after

the mortar was placed in order to ensure an adegesistance [76].

4.5.6.2 Description of behavior and failure mode
Alternate load was applied up to the cydlg’, for which the diagonal most damaged in

previous test showed re-cracking. After the cytté the load was applied only in negative
direction to generate cracking along the other aliadj Figure A2.4c (Annex A2) shows this

load history.

The diagonal with highest residual damage showeditst diagonal crack, Figure 4.35a, for
R" = 0.20% andv’ = 51 KN (Cycle3"). Then the load increment caused increase of the
diagonal crack width and generated two cracks leaisbffect on top of the right column. The
positive resistance wag" = 133 KN withR" = 0.73% in cyclel7", when a wide crack
generated on top of the right column continued imasonry, Figure 4.35b. Besides, the
cracking of the mortar coat at upper right cormelicated the yield of the metallic wire mesh.
The reinforcement prevented the cracking of thetanoroat along the other diagonal and

over areas previously damaged. After the c{dle only the load was registered.

b)
Figure 4.35: a) First diagonal crackiri, = 0.20 % and/* = 51 KN (Cycle3"), b) Damage
state, maximum lateral loaB’ = 0.73 % and/" = 133 KN (Cyclel7"

After the maximum positive load, the force was &apbnly in negative direction to cause the
diagonal cracking loall” = 124 KN as it is shown in Figure 4.36a. At thel e the test, the
maximum loadv’ = 133 KN caused the cracking of the same surfaoeaged in previous test
(wall MUR2). However, the metallic wire mesh gertedathe change of the cracks direction
and prevented the cracking of the low section ghtricolumn. The left column presented

flexural cracking along its length and shear cnagkon top, Figure 4.36b. Because the
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metallic reinforcement lost adherence and the puatar cracked, the reinforcement at both
upper corners showed considerable damage, Figare 4.

a) b)
Figure 4.36: a) Second diagonal crackiigs 124 KN, b) Damage state, maximum lateral
load,V =133 KN

Figure 4.37: Final damage state of reinforcemetti@upper corners

Figure 4.38 presents the hysteretic behavior tinéilcyclel7" and the resistance envelope,
which marks the first positive diagonal crackingdathe maximum load reached. The
hysteretic cycles are asymmetric and the wall shtves highest deformation along the
direction of the greater residual damage. Figud® 4hows the predominance of the flexural
rotations with respect to the shear rotations exdep the loads close to the maximum
positive load. This behavior is opposite to thasexed in wall MUR2. Table 4.9 and Table
4.10 summarize the wall behavior. The shear andiféd distortion presented in Figure 4.39
were evaluated by means of Equations A2.4 and A2.5.
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Figure 4.38: Hysteretic behavior and resistancelepe of the wall MMR2
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Figure 4.39: Rotation caused by shear effect andifhl effect

45.7 Test on rehabilitated wall MMR3

4.5.7.1 Rehabilitation process
This wall had the same constructive process thanptecedent walls. However, unlike the

wall MUR2, the metallic wire mesh was placed beftive test and fixed by means of steel
nails (nine pieces/M Then mortar with 25 mm thicknesses was placetherwall surfaces.
To ensure an adequate strength, the test wasdcawie28 days after the mortar placement

according to local code [76].
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4.5.7.2 Description of behavior and failure mode
The load history applied to wall MMR3 contains mogeles than those applied to precedent

tests according to Figure A2.4d (Annex A2). Conoegrio the wall behavior, it can be seen
that the metallic reinforcement changed the behlaanm raise the wall resistance. Thus, it
showed the first flexural cracks on bottom of tightr column and slipping of the lower joints
until the cyclel3" related with a high lateral load” = 135 KN andR" = 0.19%, Figure
4.40a. In subsequent cycles there was no visibieada up to cycl@2’, where the loading
area (upper right corner) failed by compressioeatfivith V' = 181 KN andR" = 0.67%,
Figure 4.40b. In semi-cyclg3, the loading area of the left actuator showed craghy
compression. However and according to Figure 44 rest of the wall showed no damage
except the lower joints and the lower right corfriégure 4.42 presents the hysteretic behavior

with wide, stable, and symmetrical cycles thatcatiks an excellent performance of the wall.

The red line is the resistance envelope curve.

a) b)
Figure 4.40: a) First flexural cracking, = 0.19 % and/* = 135 KN (Cyclel3"), b) Damage
state, maximum lateral loaR®, = 0.67 % and/* = 181 KN (Cycle22")

Figure 4.41: Damage state, maximum lateral |16&ek, 0.55 % and/ = 156 KN (Cycle22 )
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Figure 4.42 Hysteretic behavior and resistance lepeeof the wall MMR3

4.5.8 Comments about the behavior of confined masonry walls
The parameters that describe the wall behavior heen defined in Annex A2 and their

values are described on next paragraphs.

Hence, Figure 4.43 shows the ratio cycle stiffnessnitial elastic stiffness as function of the
distortion. Because of the different characterssti€ the three walls (confined wall MUR2,
confined-retrofitted wall MMR2, and rehabilitatedrdined wall MMR3), it is not possible to
define an equation to determine the stiffness reoludor all walls. In general, there is
symmetrical degradation of stiffness for the wMI§R2 and MMR3, while the behavior of
the wall MMR2 presents the influence of the residiEmage. At the end of the tests, the
walls stiffness ranged from 10 to 20% of the etastiffness.
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Figure 4.43: Stiffness variation with respect tstdiition
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The elastic stiffness of the walls is function bételastic stiffness of the masonry and the
elastic stiffness of the concrete columns. Theactilumns of the wall MUR2 provide greater
stiffness than the columns of the wall MMR3, whicbncrete compressive strength was
small. ThusKe was 135 KN / mm, 42 KN / mm and 93 KN / mm for isaVlUR2, MMR2
and MMR3. For the wall MMR2, the reinforcement does increase the elastic stiffness and
its value was one third of the elastic stiffnesthef wall MUR2, Table 4.10.

Although the metallic wire mesh does not raiseitiit@al stiffness, it modifies the quantity of
dissipated energy. Then walls MMR2 and MMR3 dissidaa quantity of energy
approximately equal to twice the energy of the unrioeced wall MUR2, which developed
hysteretic cycles with reduced area, Figure 4.44thermore, the residual damage of the wall
MMR2 generates an asymmetric curve of dissipatedggnvs. lateral displacement different
from the curve of the wall MUR2 and MMR3.
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Figure 4.44 Cumulative dissipated energy

Cumulative energy, E, KN -m

Figure 4.45 shows the envelope curves of the egistobtained with the maximum load and
maximum distortion of each load cycle. The curvéhaf wall MMR2 in negative zone did not
register the maximum negative resistanCe 133 KN because the LDVT associated cannot
register the displacement. It can be seen thatdiméorcement placed on wall MMR2 has
adequate structural efficiency because its regsistavas equal to that of the undamaged wall
MURZ2.
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Figure 4.45: Lateral load vs. lateral distortiolat®nship for all walls

Low compressive strength of the concrete elemantke wall MMR3 generated the failure
by compression effects at the load application goaed prevented to reach a greater
resistance and deformation. However, this wall tidbest behavior than the rest according
to Table 4.9. For walls MMR2 and MMRS3, the point mbximum load and the point of

failure are similar.

Table 4.9 Lateral load and distortion from different stages

First flexural  First diagonal Failure of the

Wall : . Maximum load
cracking cracking wall
V' =114 KN, V =97KN, V' =137KN, V' =122KN,
MUR?2 R'=009% R=010% R =047% R =0.99%
V' =51 KN, V' =133 KN,
MMR?2 R =020% R =0.73%
V" =135 KN, V" =181 KN,
MMR3 R =0.19 % R =0.67 %

Table 4.10 shows the experimental resistanceof V), the resistance computed by local
code considering a unitary reduction factds)( and the elastic stiffneskd). By considering
only the contribution of the metallic wire meshe tresistance of the wall MMR2 is greater
than the theoretical resistance according to loodE. It may mean two aspects: a) the mortar
layer resists lateral load, and/or b) the crackexsonry has residual resistance. For wall
MMR3, the experimental resistance is close to tie®tetical resistance, which considers the
contribution of the metallic wire mesh and masofitye mean of two experimental values,

positive and negative, have been used in ordevadtuate the increment with respect to the
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normative resistance. The theoretical resistantlke and without metallic reinforcement are

drawn in Figure 4.45.

Table 4.10 Theoretical and experimental resistancand elastic stiffness

Wall Vp, V', V, Increment / Ke,
[KN] [KN] KN] local code %  [KN/ mm]
MUR1 75 105 97 35
MUR?2 75 137 122 73 135
MMR2 68 133 133 96 42
MMR3 143 181 156 18 93

Figure 4.46 shows the deformed position of the WRIR2 for the maximum load. The upper
bond beam has rigid body behavior because botleregs have similar lateral displacement.
However, the columns situation is different becahseleft column has greater tension effect
than the right column. Moreover, one diagonal ssffextension, and the other suffers
compression. Figure 4.47 presents the influencéhefreinforcement on the wall MMR3

behavior. Therefore, the horizontal displacementagnof the wall is greater than that of the
wall MUR2 while the expansion of columns decredsaisthe deformation of the diagonals

has no variation.

-0.67

Units: mm
- compression

Figure 4.46: Deformed position of the wall MUR2 endhaximum load/" = 133 KN,R" =
0.73 %
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Figure 4.47: Deformed position of the wall MMR3 @nanaximum load/* = 181 KN,R" =
0.67 %

Table 4.11 shows the values of the ductility byngsihe Park and Paulay criterion in both
directions, see Annex A2 [84]. Because of errofeciihg the instrumentation during the
tests, the displacements of the wall MMR3 and negadisplacement of the wall MUR2

related to maximum load were used in Equation AZBnex A2) instead of the ultimate

displacement. Even so, it had adequate values.

Table 4.11 Ductility according to Park and Paulay gterion (1989)

Wall Ppsﬂwe N_egat_lve
direction direction
MUR2 12.4 6.13
MMR3 4.06 5.21

Table 4.12 and Figure 4.48 present the equivaléstous damping computed in both
directions. These values are similar to those obthby Aguilar (1997) and Barragan (2005)
except for the negative direction of the wall MMR&ich reached a damping equal to 34%
caused by the highest residual damage of the wagjbdal during the test of the wall MURZ2.

Table 4.12 Equivalent viscous damping [%]

Wall F?ositi_ve N_egat_ive
direction direction
MUR?2 21 17
MMR2 14 34
MMR3 12 15
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Figure 4.48: Equivalent viscous damping in posiseeni cycles

4.6 Conclusions

The lack of available experimental data for masamrgs and masonry specimens required a
large experimental program in order to evaluaté tihain properties to be used in the design
as input data and for numeric analysis. Besidesgtfull-scale walls were built and tested.
The first two walls were tested without reinforcameafter having been tested and damaged,
the second wall was repaired and tested againllyitiee third wall was reinforced before the

test.

From the obtained results, it can be seen thatldfieient quality control of materials and
production process of the masonry units generale Wariationof the compressive strength,
CV = 0.43. For this reason, a mortar type | with gestompressive strength equal to 21.9

MPa (i. e. 75 % greater than the normative valuenewsed to build all specimens and walls.

With respect to the cohesion and friction angleha joint, the values are similar to those
obtained in other national research programs. Hewehe cohesion is approximately one
third of the common values measured in Europe. Vé#ipect to horizontal stiffness, its value
is equal to those referenced.

Results from unreinforced panel tests show thasttear strength is independent of the type
of load and damage level on the perpendicular dialgdMoreover, two independent failure
patterns were identified: slipping of the joint asidgonal cracking of the units, with possible
combination of these independent modes. Thus, itifeest shear strength was associated to

the diagonal cracking of units. In addition, thgidity modulus and shear stress vs. tangential
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strain ratio were obtained. Finally, it can be daded that a high compressive strength of
mortar gives an adequate cohesion of the jointhagll shear strength of panels. It is greater

than the common values registered in Mexico.

Shear strength of the reinforced panels increage2D®o with respect to that of unreinforced
panels and the predominant failure pattern wasdiagonal cracking of the units. The
reinforcement proposed herein is flexible and casilg be placed inside the joints. Besides,
its reduced thickness and the spaces between Wilex$ with mortar guarantee a good
adherence, inducing its failure by tension efféxie to its low cost, easy placement and
structural efficiency, this reinforcement is an ellent alternative compared to carbon fibers

or fiberglass.

In the same way, compression tests on masonry pipsavided a compression stress vs. axial
strain relationship. Thus, one parabolic functignta the compressive strength and other
linear function to descendent zone have been peap@sth an axial strain associated to
compressive strength, = 0.0029. However, the modulus of elasticity iscevthe common

values reference for this type of the units.

In general, the walls MUR1 and MUR2 show diagomatking of masonry units, slipping of
the joints, shear failure at the end of the colunamsl failure of longitudinal reinforcement.
For these walls, the first crack occurs on the mwisi by flexural effect. The wall MUR1
shows an atypical failure pattern with a main qwastical crack near to left masonry-
columns interface. The other direction shows diafjoracking on the central area.

In the first cycles, the wall MUR2 had rigid behavand reduced deformation energy until
the first flexural crack and then two large cycigspear before the maximum load. At this
peak point, occurred the cracking by shear effech@ end of the columns with posterior
failure of the longitudinal reinforcement. The fgo& tri-linear envelope is similar to that
defined by Flores (1995).

The metallic reinforcement placed on walls MMR2 &dlR3 had two main functions: to fix
the mortar layer and to spread the stress on thieswdace. Unlike the fibers carbon, this
reinforcement has a low cost and does not requigaadified workmanship. Besides, it has
good structural efficiency shown in wall MMR2, whiceached the same resistance of the
wall MUR2, even if the initial damage was considiea
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For the wall MMR3, with reinforcement placed beftine test and low compressive strength
of the concrete frame, the failure by compressiteceoccurred in the load application zone

preventing the increment of resistance. Relatagrég show no other damaged zone.

For the walls MUR2 and MMR3, the same lateral dispment on top of the wall for the
maximum load indicates a rigid body behavior of timper beam. In other way, the wall
MMR3 had better behavior than the wall MUR2 becathgereinforcement raised the lateral

displacement and reduced the expansion of the ¢@um

With respect to the building local code by consiugra unitary factor of resistance, the
increase of resistance is equal to 35%, 73%, 9618 % for walls MUR1, MUR2, MMR2,
and MMR3. Thus, one can conclude that the wallsdraddequate resistance as long as the

proposed reinforcement guaranteed an excellenvimhander lateral load.
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CHAPTER 5

Numeric simulations of masonry walls behavior

5.1 Introduction

The goal of this chapter is to reproduce, by meansumerical models, the experimental
behavior of the masonry panels and masonry wadlsgmted in the previous chapter by using
the mechanical properties evaluated herein. Urdikine walls MMR2 and MMR3, the wall

MURZ2 represents the typical masonry walls useduitllihe masonry structures in Guerrero

State, consequently it has been chosen to be ntbdeieng the whole set of walls.

In order to analyze different specimens throughntih@o-models, the first part of the chapter
describes the theoretical behavior of the wholeensls: joint, masonry units, and concrete
frame. The second part describes the main chaistaterof the numerical models of the
unreinforced and reinforced panels and the resdtsparison. The third part presents the
numerical model of the masonry wall MUR2 as welltlas principal characteristics of its
behavior. One additional model considers the céseeatallic reinforcement mesh inside the

joints.

Although the analysis requires a large computatieffart, the main advantage of micro-
models is those allow the analysis and visualipatb the deformations and stress for the
different elements at each load level. The implestérn of these models by considering the
2-D plane non-linear stress analysis was developeiNO DIANA program, which is a

general-purpose finite element code based on gpatiement method [103].

The last part present a macro-model developedrhé&@n a simplified model that supposes
the masonry failure by shear effect (chapter 6ubyng the experimental data of chapter 4.
The macro-model is applied to wall MUR2 but additibexperimental results of the other

walls are used for assessing its performance.
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5.2 Masonry modeling by using micro-models

5.2.1 Behavior of the mortar joint

In order to evaluate the joint behavior, we addm tnulti-surface model developed by
Lourenco (1996), Lourenco and Rots (1997) and iwguioby Van Zijl (2000). It considers

the Coulomb friction model combined with a tensiont-off mode, and an elliptical

compression cap according to Figure 5.1. The thmeedes consider the strain-softening

hypothesis, adding hardening for the cap mode.

Coulomb Tl
friction mode

//\

Intermediateyk
surface )
/ @l\ Tension

, mode
Initial yiel
,:/ surface
: : : >
Residual yield 0)
surface

Figure 5.1: Two-dimensional interface model [59]

The interface model is derived in terms of the galmed stress and strain vect@, &)
defined by Equation 5.1 and 5.2 [102]. Thus, arerfate four-node element in a two-
dimensional configuration zero thickness is adoptethe joint model. The local xy axes for
displacements are evaluated in the first node witftom node 1 to node 2 and the variables
(stress and displacements) oriented in the xy akegjre 5.2. The element has linear
interpolation functions with an integration scherwe 3-point Newton-Cotes [104]. In
addition, Equation 5.3 describes the elastic regfrtbe constitutive behavior, whelteis the

diagonal stiffness matrix defined by Equation 5.4.

02{0} (5.1)
T

Au
8_{Av} (5.2)

6=Ds¢ (5.3)
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D=diag[k, k] (5.4)
Where:
o Generalized vector of stress
& Generalized vector of strain
o Normal stress

T Shear stress

Au Relative displacement in the interface normal diogc

v Relative displacement in the interface paralletction

D Diagonal stiffness matrix

Kn Normal stiffness of the joint proposed with expezirtal data of chapter 4

Ks Tangential stiffness of the joint, § 4.4.1

Figure 5.2: Interface 4-nodes element, a) TopolbyRisplacements, c) Stress [102] [103]

5.2.1.1 Shear slipping mode
Equation 5.5 represents the Coulomb friction mdds tlescribes the shear slipping at the

joints. Herein, the cohesianshows softening expressed by Equation 5.6 [59].

f,=|7|+o®-c (5.5)
~Gk
c(ok)=¢ e (5.6)
Where:
f1 Yield function surface for the Coulomb friction ned

1] Absolute value of shear stress

o Normal stress

@ Effective friction angle defined by Equation 5.7
C Effective cohesion defined by Equation 5.6

Co Initial cohesion of the joint, § 4.4.1

G's  Shear-slip fracture energy
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K1 Internal softening parameter

The friction softening is coupled to the cohesioftening by means of Equation 5.7. The
cohesion and friction parameters are proposed fiioenexperimental program while the
fracture energy is determined by the appropriategmation of the load vs. displacement
relationship [16] [57]

c,—C

b(0.k)=6 +(@-%)=

(o]

(5.7)

Where:
Effective friction angle
Initial friction angle, § 4.4.1

@

®»

@ Residual friction angle

Co Initial cohesion of the joint, § 4.4.1
C

Effective cohesion evaluated by Equation 5.6

The flow rule expressed by Equation 5.8 [30] presié way of describing the dilatancy by a
choice of a suitable potential function expressgdEquation 5.9, wherd/ = tan ¢ is the
dilatancy coefficient. From Equations 5.8 and ®8e obtains Equation 5.10 aoglcan be
given by integration of Equation 5.11. This is omeperimental evidence that dilatancy

depends on the confining stress and the sheaji€ljj .

. ul .

=) Pl=3% (5.8)
v, do

9 ) ¥ (5.9)

oo |sign(r)

W :ﬁ sign(7) (5.10)
Vp

u,= [Wdlav, (5.11)
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Where:
g Plastic strain rate vector
A Plastic strain-rate multiplier
g_g Normal vector to yield surface, derivate of no assted potential function
()

with respect to stress vector
W= tgy Dilatancy coefficient

sign(7) Sign of shear stress

up Displacement rate in the interface normal directio

Vo Displacement rate in the interface parallel dioett
Up Displacement in the interface normal direction

Av,  Displacement increment in the interface parallsdction

A dilatancy formulation of separate variables egpegl by Equation 5.12 simplifies the curve
fitting and ensures convexity of the potential fiilme g, Equation 5.13. Therefore, a

description of the normal uplift upon shear sligpia chosen in function of normal stress and
the dilatancy, Equation 5.14. It can be seen tbatténsile stress, a stress-independent

dilatancy is assumed [102].

W =W, (g)W,(v,) (5.12)
g=j(ggj do=[r}+w, (v,)[W,(o (5.13)
0 if o<o,
9. %(1 iJ(l e ) if 0,<0<0 (5.14)
oo | o\ o,
%(1—65”") if 0=0
o)
Where:

%= tgy Dilatancy coefficient
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Y¥(o) Dilatancy function related with normal stress

¥4(vp) Dilatancy function related with the displacement the interface parallel

direction
g No associated potential function
0 , o . . ,
a—g Normal vector to yield surface, derivative of ne@sated potential function
()
o Normal stress
Vp Plastic displacement in the interface parallelatios

Wo Value of dilatancy associated with zero confinirigess and null shear-slip
from experimental test
a, Compressive stress when dilatancy becomes zemodxperimental test

o Dilatancy shear-slip degradation from experimetesi

A strain-softening hypothesis is adopted, wheresthigening is governed by shear slipping
through Equation 5.15 by considering Equationsabi@® 5.9. The stress-update can be cast in
the standard plasticity predictor-corrector fornddhe corrected stresses, together with the
plastic strain incremendlk, or 44 can be solved by a Newton-Raphson iterative schéme
consistent tangent modulus is employed for the ajlobnvergence iterations, which ensures

quadratic convergence [59][109].

Ak, =|Av | =AA (5.15)
1 p 1
Where:

Ak;  Increment of internal softening parameter
Av,  Increment of displacement in the interface paraliedction

AA;  Increment of plastic strain multiplier

5.2.1.2 Tension cut-off mode
Equation 5.16 defines the yield function for thesien cut-off mode, where the tensile stress

o of the joint has an exponential softening defilgdEquation 5.17 while Equation 5.18
shows the softening governed by the strain-softeninypothesis. Thus, assuming an
associated flow rule, Equation 5.19 leads to EqQuaii20 [102].

f,=0-0, (5.16)
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o(o.k,)=fe® (5.17)
Ak, =[Au | (5.18)
of

Ae =N, —2 5.19

p 2 do ( )
Ak,=0A, (5.20)

Where:
f, Yield function surface for tension cut-off mode
o Normal stress
o Effective tensile stress
fi Tensile stress of mortar joint
G| Fracture energy of tension cut-off mode
K2 Internal softening parameter
Ak,  Increment of internal softening parameter
Au,  Increment of displacement in the interface normaation
4&  Increment of plastic strain vector
AA;  Increment of plastic strain multiplier
f , L , : .
% Normal vector to yield surface, derivative of tesociated potential function
o

5.2.1.3 Compression cap mode
Equation 5.21, wher€s is a parameter controlling the shear distributorfiailure ando is

the compressive strength, defines the yield funcliw the compression cap. If it assumes the

strain-hardening hypothesis of Equation 5.22 with associated flow rule defined by
Equation 5.23, then Equation 5.24 evaluates themsiofy-hardening for this mode [102].

f,=0°+C.r’-o’ (5.21)

Ak, =,|Ag; Ag (5.22)

of

By =DA (5.23)
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Ak,=

Where:

f
o

T
Cs
O
Ak3
4,
YAV

%
0o

20 \|o?+(C 1)’ (5.24)

Yield function surface for compression cap mode

Normal stress

Shear stress

Materials parameter controlling the shear distrdouto failure
Effective normal stress

Increment of internal softening parameter

Increment of plastic strain vector

Increment of plastic strain multiplier
Normal vector to yield surface and derivative bE tassociated potential

function

After the yield surface hardening there is a paiakxponential softening, Figure 5.3. The

peak strength; is reached at the plastic strasp. Subsequently, the softening branch is

governed by the fracture ener@®y. For practical reasons, all stress values in FiGuBeare

related to the compressive strenftlaccording to Equation 5.25. Equation 5.26 defitnes

three regions of this hardening-softening rule [102

O

A
fo |

0
o
On A\
K ch A \
Ol ] 6-3
O
>
Kp Km K3

Figure 5.3: Hardening-softening relationship fomgwession cap mode [102]
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1
0'125 fc
1
Um—E fc (525)
1
q:7Q
- 2K, K.
01(K3)= 01"'( fe _Ulj K_;_K_%
2
_ K3=K,
g, =f.+|om—f, (5.26)
Ko=K o
- Om—f K=K
03(K3):0-r+(0-m_0-rjex 2 i = 3 m
Km_Kp Om—0¢
Where:
o1 Normal stress at the beginning of the joint naredir behavior
fe Compressive strength of the system units-joint
Om Normal stress related with the change point froarapolic softening to
exponential softening
O Residual normal stress
o Normal stress for different zones: hardening, Ipalia softening, or
exponential softening
K3 Internal softening parameter
Kp Internal softening parameter associated to nortneg s,
Km Internal softening parameter associated to nortnegso,

5.2.1.4 Corners
At each of the intersections of the Coulomb friotizriterion with the tension cut-off and the

compression cap, the plastic strain incrementvisrgby Equation 5.27, where the subscript 1

refers to the shear criterion andefers to tension cut-ofi£2) and to compression caix38).

Then the corners are analyzed consistently.

In bsiiear/tension corner and the

shear/compression corner, the stress correctianbeavritten in standard predictor-corrector

form and solved for, together with two plastic strencrementsdA; and4/;, by a Newton-
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Raphson iterative scheme [53]. In addition, thesczient tangent moduli are employed for
the global convergence iterations to ensure quiadrahvergence [102]

Ac, :A/}l%—%l+A/1i ‘3—% (5.27)

5.2.2 Behavior of masonry units

The previous model of the system joint-unit conssdie failure surfaces by tension-shear,
shear-compression, and compression. For this rediserbehavior model of the pieces only
considers the tension capacity by means of Rankiodel, Equation 5.28. Then, Equation
5.29 shows the plastic strain rate vector by cargid an associated flow rule and the
relation between the internal state variakjeand the plastic process is given by the strain
hardening hypotheses expressed by Equation 5.30[]82]. Figure 5.4 shows the yield
function surface and the stress vs. strain relatlign which has linear behavior up to the

tensile strength and then it shows linear softenimty &:.

f (o,k,)= /%GT Pc+—;ﬂfc—a_1(/( ) (5.28)

Po
Agp =AA {—+alnl} (5.29)
2y

Ak =0, (5.30)

Where:

fi(g,k1) Yield function surface for Rankine model
0= [0x0y 0y Tay Tyz Tnrd |

P Projection matrix, Equation 5.31

7= [110000]

o(k1)= f;, Tensile strength of masonry unit, Figure 5.4
w= \(12)e" Pe
4g,  Increment of plastic strain vector

AA1  Increment of plastic strain multiplier

Ak1  Increment of internal softening parameter
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[12 -72 0 0 0 O
-2 Y2 0 0 0 0
0O 0 0000
p= (5.31)
0O 0 0200
0O 0 0000
0 0 00 0 0
O'Ak
O1, ﬁ
) f . Gi/h .
N fi 02 Eult 'g
v
a) b)

Figure 5.4: Behavior of masonry units: a) Yielddtion surface, b) Stress vs. strain
relationship [102]

5.2.3 Behavior of concrete elements
A multi-surface plasticity model defines the meahahbehavior of concrete elements, one

surface type Von Mises model the compression failamd other type Rankine model the
tension failure. This last model has been preseinteékde previous section whereas Equation
5.32 defines the Von Mises model. Then, Equati@3 proposes the plastic strain rate vector
by considering an associated flow rgél f,, while the relation between the internal state
variablek, and the plastic process, by considering straiddrang, is defined by Equation
5.34 [102]. For points close to corners, the sunomadf the inelastic strain of each yield

function can be performed by means of Koiter’s [6[&].

f,(6.k,)= /%apo-a‘z(/(z) (5.32)

Agp =AM, {E} (5.33)
2y
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a2 ot +{ et

Where:

fo(g,k2) Yield function surface for the Von Mises model

o=
P

T
[0x Oy 07 Tyy Tyz T2

Projection matrix, Equation 5.35

o(k)= f ., Compressive strength, Figure 5.5

(1/2)6"Po

Y
45,
A&,
A4,

Ak

[ 2

-1
-1

Increment of plastic strain vector
Increment of plastic strain for direction
Increment of plastic strain multiplier

Increment of internal softening parameter

-1 -1 00 O
2 -1 0 0 O
-1 2 00 O
0O 0 6 00
0O 0 06 0
0O 0 00 6

(5.34)

(5.35)

Figure 5.5a shows this combined model, wherend o, are the principal stres§,is the

tensile strength, anfl; is the compressive strength. Figure 5.5b predéststress vs. strain

relationship, where the compression zone has arliparabolic curve and the tension zone

has a linear-exponential curve.

a) b)

f'e/3

Figure 5.5: Failure model of concrete element¥igd function surface, b) Stress vs. strain

relationship [102]

114



Chapter 5 Numeric simulations of masag walls behavior

The compression stress vs. strain relationshipthvag characteristic values: the strgimi3
that corresponds to one-third of the compressivength f’c, the straing related to
compressive strengthi,, and the ultimate straig, at which the material is completely
softened in compression, Figure 5.5b and EquatiBf.3t can be seen thagt/3 and & are
independents of the element size or compressivetufi@ energy [102]. Equation 5.37
describes now the parabolic compression curve ewhé relation between the fracture energy
Gc and the characteristic element lengtfor softening part is governed by last expressibn
Equation 5.36.

£ ===
' 3E,
5f
£, =——= 5.36
c =3 (5.36)
_. _3G
“ % 2hf
-1 L if &, <£<0
3"E‘l
1 4( e-¢ 2( £-¢ 2
—f | =+= L-= - ife,<e< ¢
3 3l&—g ) 3lE—¢€
f= (5.37)
2
‘ E-€
- f, 1—{ C} ife <e<e¢
E —€& u c
0 ife<e
u

For masonry plasticity models, concrete plastioitydels and smeared cracking models, the
crack bandwidthh of the quadrilateral elements can be evaluateBduation 5.38, whera

is the total area of the element [102].

h=vA (5.38)

115



Experimental and numerical study of confined masony walls under in-plane loads

5.3 Micro-models for the masonry panels

5.3.1 Unreinforced masonry panel MM1

5.3.1.1 Modeling

The numeric model of the unreinforced panel MM1 sito simulate its experimental

behavior under monotonic load and to evaluate niflaence of different variables. For this

purpose, three different models were constructedrder to measure the mesh sensitivity,

Figure 5.6. Then the masonry units have been mddalemeans of four 8-nodes elements
(case 1), four 4-nodes elements (case 2), ancesixdarodes elements (case 3).

s s ¢ Case 1[4 elements 8
nodes]

Case 2 [4 elements 4
nodes]

Case 3 [16 elements
4 nodes]

Figure 5.6: Different meshes to model the masonri u

Figure 5.7 shows the finite element mesh for theepMM1 presented in § 4.4.2.1. The size
of the model is 0.40 m X 0.40 m X 0.125 m (Height.&nhgth X Thickness) and the size of
the masonry units rises to 0.06 m X 0.28 m X 0.42# order to consider the joint thickness.
Sixteen 4-node elements with linear interpolatiod & X 2 Gauss integration points model
each unit, case 3 in Figure 5.6. Besides, interfanede element zero thickness models the
joint.

5.3.1.2 Mechanical properties

According to experimental data (chapter 4 and aeseand references presented herein, the

mechanical properties of the masonry units andtgoivere proposed. Table 5.1 shows the

characteristics of the joints, which have beenrdefiin § 5.2.1.

In Mexico there are not references about the nostiffthessk,,, then an underestimated value

by considering the modulus of elasticity of thetegs units-joint equal t&;= 5227 MPa was
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proposed, 8 4.3.1. It is associated to the heightof one piece plus a joint according to
Figure 5.8. Then Equation 5.39 proposed by Lotfi 8hing (1994) calculatés.

Materials

A s m MASOHRY
GROUT
STEEL

Figure 5.7: Finite element mesh of the masonry lpisiihgl, case 3

n

B
=5 (5.39)

Masonry unit

i Mortar joint H=60 mm

Masonry unit

Figure 5.8: System units-joint to compute the caittstiffnesk,

Other unknown parameter fsthat represents the compressive strength of themysnits-
joint. For this case, Equation 5.40 obtained byikgkn and Noland (1983) has been used.

f=f (ftp+afj)

c pUu(ftp +O’fp) (540)

a=j/4.1h (5.41)
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Where:
fc Compressive strength of the system units-joint
fo Compressive strength of the units, § 4.3.1

fip Tensile strength of the units, Annex Al

fi Compressive strength of the mortar, 8 4.3.2
Uy Uniformity coefficient equal to 1.5

j Joint thickness

h Masonry unit height

The numerical model requires additional mechamcaperties of the joint. Thus, the values
of the joint tensile strength, the fracture energy of the three modes (tensibearsand
compressionG, G't , Gt ), the scalar parameter of hardening-softeningdmpressive
strengthk,, and the controlling parameter of sh€ahave been proposed according to typical
values collected from the references. In the same the dilatancy angle had a close value to
zero [1][59]

Table 5.1 Mechanical properties of mortar joints

kn, ks fr, G', Co, (e 9w o
[N'mm] [N/mm] [MPa] [N/mm] [MPa]
87 28 0.35 0.018 0.41 0.72 0.09 0.72
O, o) fe, Cs Gre, Kp G,
[MPa] [MPa] [N/mm] [N/mm]
-1.3 5 12.0 9 5.0 0.093 0.05

Tensile strengtty, = 0.40 MPa according to experimental data (Anney Add fracture

energy in tensio's = 0.02 N/mm [59] were supposed for the masonrisuni

5.3.1.3 Results
From Figure 5.9, it can be seen that the casesd?23ashowed best approximation to

experimental results. The ultimate vertical disptaent related to maximum vertical load is
Dy = 0.29 mm that has an errBr= 11 % with respect to experimental value. Thanate
vertical numerical load wasihe = 50 KN while the experimental value wWes, = 53 KN, it

has an erroE = 6%.
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60
50 A ]
40} : 1
z
4
3
2 3oL _
©
(8]
=] .
(] ~
> 20l Experimental |
Case 3 (16 4-nodes
elements)
Case 2 ( 4 4-nodes
10+ elements) b
Case 1(4 8-nodes
elements)
1 1

1 1 1 1 1 1 1
0 005 01 015 02 025 03 035 04 045 05
Vertical displacement, mm

Figure 5.9: Experimental behavior and numericalusation of the panel MM1

The numeric simulations show concentration of thésucracking in accordance with the
experimental failure pattern, Figure 5.10a. Besidles joint theoretical slipping is in good

agreement with the experimental results, Figuréth.1

Figure 5.10: Numerical simulation and experimefddiire pattern tdv = 0.29 mm, case 3,
a) Units cracking, b) Joints slipping and principaess [MPa]
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In order to evaluate the influence of two principachanical characteristics of the masonry,
the tensile strength of the units and the cohesiothe joint, two additional analyses were
developed. Figure 5.11 indicates that the cohesidhe joint has greater influence than the
tensile strength of the units on the panel behavtmnsidering the criterion defined by

Lourenco (2009) both parameters were increased®8%.2

60

__________

50+ i
a0t 1

30+ B

Vertical load, KN

20+ b
.......... c= 1.25cexp ftp = ftpexp

c= <:exp ftp =125 ftpexp i

Experimental behavior

10

O L L 1 L 1 L L L
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
Vertical displacement, mm

Figure 5.11: Influence of the units’ tensile strdngnd joints’ cohesion for case 2

5.3.2 Reinforced masonry panel

5.3.2.1 Modeling

A numeric model, 0.55 m X 0.55 m X 0.125m, was efabed by using eight 4-nodes
elements for each brick, Figure 5.12. Their medta&nproperties were similar to those
presented in Table 5.1. Additional metallic reimfment mesh or modified cohesion were
placed at the joints according to experimental dataise 4.4.2 and Annex Al. The

reinforcement contribution to the panel resistamas modeled in two ways:

1. By an increment of the initial cohesi@naccording to Equation 5.42. Annex Al and

Table 5.2 presents the experimental data. Theradadional cohesion is, = 0.15
MPa.

c,= Fy/(Lt) (5.42)

2. By means of a 1-D element that simulates the behafithe metallic reinforcement

mesh bonded to adjacent elements by consideringVre Mises model. The
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mechanical properties summarized in Table 5.2 leen presented in Annex Al. In
addition, Figure 5.13 shows the hardening strainsttess experimental relationship

for the metallic reinforcement mesh.

v
¢ %

4
%

<

Figure 5.12: Numerical model of reinforced panel

Table 5.2 Mechanical properties of metallic reinfocement mesh

ES) L) tl ASI Fult, fyl
[MPa] [mm] [mm] [mm? [KN] [MPa]
300000 1150 100 5.81 2.2 126.5

In Equation 5.42 and Table 5.2:

Es Modulus of elasticity
L Length

t Width

As Steel area

Futr  Ultimate axial load
fy Yield stress
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400 T T T T T T T T

350

300
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Maormal stress, <, MPa

200
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100 1 1 1 1 1 1 1 1
0 0.0005 0.0010 0.0015 0.0020 0.0025 0.0030 0.0035 0.0040 0.0045

MNormal deformation, &

Figure 5.13: Hardening strain vs. normal stressticship of metallic reinforcement mesh

5.3.2.2 Results
From experimental results detailed in 4.4.2.2, tiean curve of vertical displacement vs.

vertical load was used to compare the numericalltesFigure 5.14. It shows a good
approximation at the beginning where all curvesehawmilar slope, then the experimental
curve becomes different from the two numerical esrvAlthough the maximum vertical
displacement has little variation, both models walée to reach the experimental vertical

load. Thus, the relative displacement error for madels does not exce&gt11%.

90
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60 - B
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40 1

Vertical load, KN

30 B

20 ——— Modified cohesion 7
—+— Mean cune of experimental behavior
104 —— Metallic reinforcement mesh i
0 1 1 1 1 1 1 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45

Vertical displacement, mm

Figure 5.14: Experimental behavior and numeric atnen of reinforced panel

Another advantage of the metallic reinforcement messthe reduction of the width and

quantity of cracking of the masonry units with respto those presented in un-reinforced
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panels, Figure 5.15. Thus, the width of the cratrkgps to half for the metallic reinforcement

model and to one quarter for the modified cohesiodel.

~ .301E-3
.15E-3 T L187E-3

a) b)
Figure 5.15: Width of cracks to maximum verticamacement, a) Metallic reinforcement
model, b) Modified cohesion model

5.4 Micro-model of confined masonry wall

5.4.1 Model of the wall MUR2

5.4.1.1 Description and modeling

Figure 5.16 shows the finite element mesh usedddeithe confined masonry wall MUR2.
The size of the model is 2.5 m X 2.0 m X 0.125 rer(fith X Height X Thickness). The
masonry units have 0.28 m X 0.06 m X 0.125 m ireotd consider the thickness of the joint,
each unit have been divided in eight 4-node quaerhl elements based on linear
interpolation and Gauss integration by using 2 Xt2gration. These elements have been
drawn in red color. The concrete frame, represebtedreen quadrilaterals in Figure 5.16,

was modeled with the same kind of elements.

An interface 4-node element in two-dimensional @punftion zero thickness models the
joints and the interface masonry-concrete frame [0hal xy axes for the displacements and

stress are shown in Figure 5.2.

The longitudinal steel and stirrups in concreteunois are modeled as 1-D elements bonded
to adjacent element without possibility of relatigdisplacement and its stiffness is added to
stiffness of the quadrilateral elements [102]. dishbeen considered that only the stirrups

placed at the end of the columns has influencdemall behavior.
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5.4.1.2 Mechanical properties

Mechanical properties of the different materialgevadopted according to experimental data

given of chapter 4 and references. Table 5.3 shbesparameters of joints and interface

masonry-concrete frame previously defined in §1523.
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Figure 5.16: Finite element mesh of the confinedonay wall MUR2 (Model M1)

Table 5.4 contains the mechanical properties ottmerete frame, whekg. is the modulus of

elasticity, v is the Poisson’s ratid, . is the compressive strength dhis the tensile strength

supposed equal to 10% of the compressive streddta. first three parameters obtained

experimentally were presented in Annex Al and thkies of fracture energy in tension-
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compression@®';, G'y) are taken from references. Table 5.5 shows thehardcal properties
of the units, where the modulus of elasticBy, the tensile strength,, the compressive
strengthf,, and the Poisson’ ratio have been defined in § 4.3.1 and Annex Al. Theroth
parameters have been collected from referencestiogus.38 computes the crack bandwidth

h for both materials.

Table 5.4 Mechanical properties of concrete elemesit

EC) % ftl Glfl fiCl G“f) h1
[MPa] [MPa] [N/mm] [MPa] [N/mm] [mm]
24506 0.17 2.5 0.06 25.0 5.0 54

Table 5.5 Mechanical properties of masonry units

E3 E3

Em 4 fo Gre fip GIf h
[MPa] [MPa] [N/mm] [MPa] [N/mm] [mm]
15000 0.19 6.0 0.06 0.25 0.02 33

" 63% of the experimental value, § 4.3.1 and Annex Al

The Von Mises model is proposed in order to define behavior of the longitudinal
reinforcement. Table 5.6 and Figure 5.17 summatize mechanical properties and
experimental curve presented in Annex Al. Besidwsninal values of the modulus of

elasticity and yield stress were proposed forigbist

Table 5.6 Mechanical properties of longitudinal renforcement and stirrups

Longitudinal reinforcement Stirrups
Es f, As Es f, A
[MPa] [MPa] [mm7] [MPa] [MPa]  [mm’]
177548 464 142 200000 253 63

According to preliminary results, it can be seeat tfthe numerical model showed failure by
tension effect at the lower mortar joints. In amhif the vertical displacements of the concrete
columns were greater than the experimental valbesthis reason, it was necessary to put
vertical spring elements on top of the wall. Théfregss of this elements was adequately
chosen in order to guarantee that the vertical mgaledisplacement doest not exceed the
experimental values. A similar criterion has beermppsed by Giambanco, Spallino and Rizo

(2001) in order to reproduce the experimental #tead vs. lateral displacement curve.
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Figure 5.17: Hardening strain vs. normal stresatigiship for the longitudinal reinforcement

5.4.1.3 Results
Figure 5.18 shows the horizontal displacement aterdl load envelopes of two numerical

models and the experimental resistance envelope.nlimerical model M1 corresponds to
the variables of Tables 5.3 — 5.5 by considerirgy uhits behavior defined according to the
Rankine model. The numerical model M2 considersctmabined Rankine-Von Misses model
that defines the behavior of the units with the haical properties given in Table 5.5. In
addition, the wall resistance was calculated bynieans of the failure shear model presented

in chapter 6.

In general, the two models are able to asses tpheriexental results. The slope of the initial
branch of both models coincides with the experirmlewalue according to Figure 5.18. Then
both models reach the point associated to the flegural cracks and show afterwards a
sudden drop. In the next stage, there is recoveoinghe structure and the slopes are
approximately equal. At the point of maximum remigte, both numerical models recorded
close values to the experimental resistance. Horvewdy the model M2 is able to measure

the degradation of stiffness and resistance buegteexperimental point is not reached.

From Tables 5.7 and 5.8, it can be seen that botlefa had acceptable results except for the
displacement related to the first flexural crackshe model M1, which has an error equal to
50%. With respect to the load values, the modelnd2 the highest error, 17 %, associated to

the first flexural cracks. For the maximum loacrthis a maximum error of 5.8 %.

126



Chapter 5 Numeric simulations of masay walls behavior

150

s Maximum
s ] oud

First
flexural
cracks

100

/%/

7

)

Lateral load, V, KN

50

Experimental envelope

Numerical simulation, model M2

—— Simplified model of shear failure

—*— Numerical simulation, model M1

0 \ \ \

0 2 4 6 8 10 12 14 16 18
Lateral displacement, mm

Figure 5.18: Experimental envelope and numericaufation for the wall MUR2

Table 5.7 Comparison of results for model M1

Results First flexural cracks Maximum load
Load Error Displ Error | Load Error Displ Error
[KN] % mm % [KN] % mm %
Experimental| 114 8.7 15 50 137.4 5.8 7.7 3.8
Numerical 104 1.0 146.0 8.0
Table 5.8 Comparison of results for model M2
Results First flexural cracks Maximum load
Load Error Displ Error | Load Error Displ Error
[KN] % mm % [KN] % mm %
Experimental| 114 17 15 25 1374 1.8 7.7 6.9
Numerical 97.0 1.2 140 7.2

Figure 5.19 shows the deformed position of the rhdtleto the first flexural cracks related
to distortionR = 0.09% that has horizontal displacement at thetdorizontal joints. Figure
5.20 presents the deformed position related tortieimum lateral load. In general, the angle
of the damaged diagonal corresponds with respethiécexperimental failure pattern. The
model is able to simulate the opening of the ugeftrmasonry-columns interface and the
failure of some vertical joints. However, the damédporizontal joints and the opening of the

lower right interface do not coincide with the expeental evidence, Figure 5.21.
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Figure 5.19: Deformed position of the model M1ligsgtfflexural cracksR = 0.09 %D = 1.5
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Figure 5.20: Deformed position of the model M1 aximum loadR = 0.45 %,D= 7.4 mm

Figure 5.21: Final failure pattern for the wall MBR
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For the masonry units, Figure 5.22 shows the wadiith the direction of the cracks by tension
effect in each integration point that define satsbry the experimental cracking pattern. The
cracking of the units occurs when the tensile steegeeds the low tensile strendths 0.25
MPa, 63% of the initial experimental value. Howeue failure pattern and the envelope
resistance change if this value rises. Besides,nthe inclined cracks appear in good
agreement with the cracking pattern. The crackhwadtthe bottom right column rises and the
stirrups yielded at the end of the test in accordanith the experimental evidence, Figure
5.22 and 5.23b.
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Figure 5.22: Width of cracks of the quadrilatedaheents of the model M1 to maximum load
andR=0.45 %

Figure 5.23a presents the numerical and experirheaittcal displacement for both columns
at the end of the test. It can be seen that tlsielstiffness of the springs elements placed on

top of the wall is able to control the deformattpntension effect.

b)

|
0
1

Figure 5.23: Conditions of the model M1 to maximiaad, R = 0.45%, a) Numerical and
experimental vertical displacements of columnsdngsion effect, b) Yield of stirrups at the
lower left corner
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The numerical models presented herein had 3396ealtsmand their numerical analysis
required high computational effort. Then two aduill models with less elements were
elaborated: one model of four 4-nodes elementsbfmk and another with four 8-nodes
elements for brick (for this case an interface @a®element was used). However, their
results were not satisfactory because the firsiweldoexcessive deformation at the right
interface and the second had problems of conveegenc

5.4.2 Model of the wall MUR2 with metallic reinforcement mesh inside the
joints

In order to improve the masonry wall behavior, rietaeinforcement mesh referenced in
4.4.2.2 was placed in numerical model M1. Thenedahidentical straps were placed as is
shown in Figure 5.24a. Two straps placed clos@éeacbrners and the third placed in the low
left area of the wall. However, even if the reim@®ment changes the behavior after the first

flexural cracks, the masonry wall resistance radyg 6% for the peak load, Figure 5.24b.
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—+— Numerical simulation without metallic mesh

i —+— Numerical simulation with one metallic mesh
> & L < ‘\‘ — Numerical simulation with two metallic mesh
Experimental behavior

o ¢ o o ‘ ‘ ‘ ‘

2 4 6 8 10 12 14 16 18
Lateral displacement, mm

a) b)
Figure 5.24: a) Position of the metallic reinfar@nt mesh in model M1, b) Influence of
metallic reinforcement mesh on masonry wall behavio

As there is no experimental evidence about this,iteumerical results are not conclusive.
Two main causes may govern this situation: a) th@aymodel is not able to simulate the
influence of the metallic reinforcement mesh, ® kbcation and/or the form of the straps is

not adequate.
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5.5 Masonry modeling by using a macro-model level two

5.5.1 Background

Among the macro-models adopted to evaluate the mmadmehavior, a special attention is
devoted to those where masonry is modeled as leBesit subject to compression. For
example, Smyrou (2006) and Crisafulli et. al (2006 this type of model to evaluate the
hysteretic behavior of the masonry walls subjedtediateral cyclic load, meanwhile Cruz
(2002) proposes a simplified model to compute tresanry walls resistance under lateral
load regardless the lateral displacement. A disatdwgge of these models is to evaluate the
equivalent width of the diagonal element, which hasphysical dimension and its evaluation

is not clear.

Another alternative is to developed models thatpssp the failure surface along the wall

diagonal [98]. In this way, the bases of the manadel developed herein are:

* analysis of the experimental behavior of the cadirmasonry walls tested under
lateral cyclic load [4] [13] [20] [21] [36] [48] [a7],

« experimental results of the walls MUR1 and MUR2(utka 4),

* experimental behavior of the masonry panels suligecliagonal tension(chapter 4),

and

e results of the shear simplified model developedet@luate the masonry walls
resistance (chapter 6)

Then, the confined masonry wall under lateral apdiscal load, Figure 5.25a, can model
according to Figure 5.25b. Hereiny ks the masonry lateral stiffness anglik the column
lateral stiffness. This model does not consider flegural and axial stiffness of both
components. Thus, the wall modeled as the pasatstem according to Figure 5.25c¢ has only
one degree of freedom, i.e. the lateral displacémidre model supposes that both columns

fail simultaneously by shear effect.

5.5.1.1 Behavior of masonry
The mechanical properties of the diagonal sprimgneht are computed from results of the

diagonal tension on masonry panels, § 4.4.2.3.Vales are currently referenced from these
tests, the shear stregsiq and the modulus of the rigidity. Then Equation $143 evaluates

the shear strairgieq at the final point of the elastic behavior accogdit® Figure 5.26.
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Because there are not sufficient experimental daéultimate shear strapax has the value
obtained in § 4.4.2.3, Equation 5.44. Accordingexperimental results obtained herein and
referenced [38], the horizontal shear strain meabumn the diagonal tension tests is not
significant. Therefore, Equation 5.45[11] computiee vertical deformatior, of masonry

panel along its vertical length, .

v LTI S

| | e ——
—]—] Panel under [

| — .  —
e diagonal load ——]
I E— — I‘:II:
 E— — | E— —
—_—_ s

ke s
Vv

kvsin 3

ke

a) b) c)
Figure 5.25: a) Confined masonry wall subject terla and vertical load, b) Macro-model, c)
Model simplified by considering only shear deforioat

Viyield :Tyield/ G (5.43)
Vinax = 0.001E (5.44)
g,=Ly (5.45)

The horizontal displacement associated to the nmgsoeeld is the horizontal projection of the
diagonal displacement, Equation 5.46, wh@iis the angle of the wall diagonal with respect
to the vertical direction, antlyn, is the length of the masonry diagonal. In the saase,
Equation 5.47 evaluates the ultimate horizontgbldisement proposed as 25% greater than

the experimental value.

A Shear
stress
Tyield |-
G Lv@ jal
| | Shear strain, y
Yyietd 125

Figure 5.26: Behavior of a masonry panel subjegtttical load
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5yield =yyieIdemSin(/8) (5.46)

5ult :1'25ymax|—dm Slr(ﬂ) (547)

From the results of the shear failure model devedap § 6.4, Equation 5.48 defines the yield
lateral load,Vyiels. Herein, 7; is the shear strength stress defined by the lowase of the

Equation 5.49 or Equation 5.50 in function of thedulus of the rigidity.

V,i0a=0.8A,sin(B) 7, (5.48)

If G> 1000 MPa

. {ryield /(1+2.5¢V)

08T (5.49)

If G <= 1000 MPa

Tr = Tyield (5 50)

Where:

Vyiew Lateral load associated to the yield displacendggi

Adqm  Cross-sectional area of the masonry diagonal

4 Angle of the wall diagonal with respect to the i@t direction, Figure 5.25
I Shear stress of masonry related with the rigidiodalus

Lielw Shear strength obtained on the diagonal tensiats, ©¢.4.2.3

CV  Coefficient of variation, [42][45]

fm Design compressive strength of masonry, [42][45]

G Rigidity modulus of the masonry, § 4.4.2.3

The ultimate lateral load of the masonvy;, associated to the ultimate lateral displacement,
Aui, considers the contribution of the vertical loadleated by Equation 5.51 according to the
results presented in 8§ 6.4.1.2. Herdiis, the percentage of the vertical load supportethby
masonry, Equation 5.52. Consequently, the two whlfethe masonry stiffness defined in

Figure 5.27, |1 and k2, can be evaluated.

V= Ansin(B) (r,+ fsin(B) co$p)o) (5.51)

133



Experimental and numerical study of confined masony walls under in-plane loads

f =A,E,/(AE+2AE) (5.52)

Where:

Vut  Lateral load associated to the ultimate displaceémgn

Adqm  Cross-sectional area of the masonry diagonal

f Distribution factor of the vertical load, § 6.3

B Angle of the wall diagonal with respect to the et direction, Figure 5.25
o Vertical acting stress

Am Cross-sectional horizontal area of the masonry

Ac Cross-sectional horizontal area of the columns

Em Elasticity modulus of the masonry

Ec Elasticity modulus of the columns

A Lateral
Varl load
kM2
Vyield~
le
Lateral
displacement
| |
Sye S

Figure 5.27: Lateral load vs. lateral displacenemve of masonry spring element

5.5.1.2 Behavior of concrete columns
In order to evaluate the elastic stiffness of tresamry walls, Tomazevic (2000) takes into

account both shear and flexural deformations oftiyee components: masonry and concrete
frame. Herein, the spring diagonal element defialedve gives the stiffness of the masonry.
As the vertical displacement is not important fothbcolumns of the wall MUR2, § 4.5.8, it

can be supposed that the upper boundary has andiedeconditions. Then, Equation 5.53

computes the stiffness of the concrete columns][MigereH is the column length.

k. = 12E1/H? (5.53)

The termEl is variable during the load process according tufé 5.28. In the first phase has
a linear behavior until the first cracking. In then-linear range, however, the stiffness of the
concrete columns is defined as the secant stiffnesgh follows the displacement on the

idealized curve [106].
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Figure 5.28: Moment vs. rotation relationship ohciete elements

The constitutive relations of the concrete and ignal steel are necessary to define the
moment-rotation curve, Figure 5.28. In this reskarmork, the modified model of Kent and
Park (1971) presented in Annex A3 defines the egircbehavior while the mechanical
properties of the reinforcement steel has beemee@fin Annex Al.

In other way, Equation 5.54 defines the plasticghinength [89] and Equation 5.55 [89]
computes the shear associated to cracking molgmr yield momenMyieq.

V=2M,/H (5.55)
Where:

Lo Plastic hinge length
h Total depth of the concrete columns
\% Load shear related to the moment i-moment

H Column length

5.6 Analysis procedure and results

The analysis procedure at each stage presentedaavs [89]:

a) According to prior stage is obtained the stiffnesstrix of the structurek) from
the stiffness of the memberk:( kv). At the first stage all members have elastic

stiffness,

K, =k,, + 2k, (5.56)
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b) A unit horizontal force is applied,
c) The displacement associated to unit forde\J is evaluated,
Dy =YK, (5.57)

d) The shear associated to unit foré&y) is obtained for each elemenq,is the

stiffness of the concrete or masonry,
Vin = kiByy (5.58)

e) For each element, the parametefratio shear remaining before reaching the next
point of the behavior curve vs. shear associatednib force) is obtained. The
lowest value ofa gives the shear increment for this stageis the next value of

shear resistance curve avigt .y is the cumulated shear at the prior stage,
a=(VsVigig ) N (5.59)

f) The shear incremenl{g) for each element and total shedr Jare obtained

AV =aV,, (5.60)
V; = AV, + Vg (5.61)

g) The displacement incrememY and total displacememntf ) are evaluatedac-1

is the cumulated displacement at the prior stage

A=al,, (5.62)

A=A +A (5.63)
T i AC

(i-1)

h) Return to the first step

i) The process finish when all elements reach theassbapacity
5.6.1 Results of the wall MUR2
Table 5.9 shows the parameters that define Figou@s and 5.28. Chapter 4 and Annex Al

contain the experimental data of the wall MUR2. Ba other walls, the experimental data

are taken from references [4] [48] [107].
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Table 5.9 Data of masonry spring elements and colums

Wall or author Masonry ( KN, m) Concrete columns
(KN/m)
Vyield Vuit Qjield Qutt Eler Ely

MUR2 101.2 126.4 1.46E-3 3.91 E:3 2243.2 321.1
Aguilar (1997) 77.8 1195 1.66E-3 4.13H-3  499.3 74.3
Hernandez and
Urzua (2002) 80.0 113.4 0.89E-3 4.20E43 709.3 217.4
Trevifio et. al

(2004) 93.0 154.7 0.49E-3 4.27 E-3 1044.3 207.3

Figure 5.29 shows the numeric envelope curve ferwhall MUR2. The process has four

increments, the first finishes when the columnghethe cracking shear, the second finishes

with the cracking of the masonry, the thirst firsshwhen the masonry reaches the ultimate

shear, and the last ends with the shear yieldeo€tthumns.

The model is not able to measure the resistancest#fitess degradation after the maximum

load because the two columns reached their resstsimultaneously and the stiffness matrix

becomes non-positive. However, the two brancheshef experimental and numerical

envelopes have similar slopes and both loads ase dbr the permissible distortion, 0.25 %.

In general, it can be seen that the macro-modelalaguate concordance until a distortion

equal to 0.5 %.
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Figure 5.29: Experimental positive envelope and encrsolution of the wall MUR2

Figure 5.30 shows two numerical solutions of thél WAJR2: one obtained by micro-model

and the other obtained by macro-model, as wellwas éxperimental envelopes. The first
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experimental envelope shows the extreme curveshef hysteretic cycles, the second

experimental envelope contains the maximum loadnaaximum distortion of each cycle.
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Figure 5.30: Experimental positive envelope and enersolution of the wall MUR2

Table 5.10 summarizes the ratio (numerical valiee®xperimental data) of the two models.
The elastic stiffness and the rotation associatethe yield masonry have the highest ratio
ranging from 0.64 to 1.35. However, the ratio valug the masonry yield load, load to

permissible distortion and maximum load ranges f@1 to 1.08. From these results, it can
be seen that the macro-model is capable to evalnatenvelope resistance until a distortion
equal to 0.5 %. For the three last parametersyésgclose values to those obtained by the

micro-model elaborated through the finite elemeathmad.

Table 5.10 Ratio experimental value vs. numericalalue

Parameter Experimental Micro- Macro- Ratio Ratio
b model model Micro/Exp  Macro/Exp
Elastic stiffness (KN 121 164 78 135 0.64
/mm)
Yield load (KN) 115 104 109 0.91 0.95
Load to 0.25 %
distortion (KN) 118 120 120 1.02 1.02
Maximum Load 136 146 134 1.08 0.99
(KN)
% Rotation
associated to yield 0.09 0.06 0.08 0.67 0.89
load
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5.6.2 Results for other walls

For assessing the performance of this macro-medelitional referenced walls [4][48][107]
were analyzed. Unlike the wall MUR2, the wall testey Aguilar (1997) has vertical load
acting, and then Figure 5.31 shows the masonryribotion, where can be seen a different
slope for the second branch. Figures 5.32 andf@&sent the experimental envelopes and the
numeric simulation for other walls. The test infation and mechanical properties of the

walls are defined in chapter 6. All figures pregehthe permissible distortion equal to 0.25%

according to local code.

140

A \\ —®
120 : N
: Failure of
100 ; rasuriry
zZ \ .
X Cragking of
> 80 —— the golumns
g
o] " Cracking of
E 60 mas nruéy
S
-
40

: Experimental envelope
201 —®— Numeric solution —
0

------- Permissible distortion

0 01 02 03 04 05 06 07 08 09 1
Distortion, R, %
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Figure 5.33: Experimental positive envelope by Tite\et. al (2004) and numeric solution

The performance of the macro-model is summarizedaiple 5.11 by means of the ratio
(numerical values vs. experimental values). For wladls tested by Hernandez and Urzua
(2002) and Trevifio et. al (2004), the experimentdlies used to do the comparison are the
average obtained from all tests. From these restultan be seen that only three values have
high variation: the elastic stiffness of the waksted by Hernandez and Urzua (2002) and
Trevifio et. al (2004) and the distortion to yietshd of the walls tested by Hernandez and
Urzua (2002). The remaining values range from @o8F.11.

Table 5.11 Ratio numerical value vs. experimentalalue

Aguilar Hernandez

Parameter and Author (1997) and Urzua T;Fég%f)t'
(2002)
Elastic stiffness 1.03 2.04 1.20
Yield load 0.90 0.87 1.11
Distortion to yield load 0.88 0.42 1.10
Load to distortion 0.25 % 1.00 1.02 0.98
Maximum load 0.91 0.87 0.94

Two additional applications of this macro-model veteveloped. The first applied to the
ground floor of 3-D masonry structure two levelstéel under cyclical loads by Sanchez et. al
(1996). Two parallel systems of two masonry cordimalls for each level, 2.4 m X 2.50 m
(Length X Height) and 1.6 m X 2.50 m, and two-stalncrete composed the structure, Figure

5.34. The second application is for a system of itkemtical walls that the previous test fixed
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by means of a slab concrete, it is referenced ds\W\/W, Figure 5.36. Both applications
show the adequate performance of the macro-modaluse the numerical envelope is close
to the experimental envelope inside the range efplrmissible distortion. However, the
elastic stiffness of the numerical envelope of3He structure has some variation with respect
to the experimental envelope, Figure 5.35. Theeagent rises for the second case according
to Figure 5.37.

Numerical results of other complex models were usearder to comparer the results of the
macro-model developed herein. Then Coral (2004)istlboth structures by using the model
of the strut diagonal under incremental load, thesults have identical estimation of the

structural behavior as is shown in Figure 5.38 ligdre 5.39.

Load d\reclm\;i
Slab 5

P | Bond beam

1 i
pn faty
2% | Bond beam

T %

' S

cplumns
‘ Slab foundation ‘
i ' ' |
b + A + A i

Figure 5.34: 3-D masonry structure tested by Saneheal (2000)
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Figure 5.35: Experimental envelope and numerictgwiwof 3-D masonry structure [96]
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Alvarez (2000) analyzed the wall WWW through the8 8ihite elements by using the model

of the smeared crack. He modeled all materials ¢gmgs concrete, and reinforcement steel)

by considering a rigid interface concrete-masotuglike Alvarez (2000), Ishibashi and

Kastumata (1994) modeled the interface concreteemmgsby using spring elements, see

incise 3.4.1. Thus, according to Figure 5.38 amguig 5.39, the macro-model developed

herein has equal estimation that other complex tsdolalt by means of the finite element

method.
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5.7 Conclusions

In order to analyze the sensitivity of the proposeskh, several models of the un-reinforced
panel were elaborated. Thus, it can be determin&dtihe units modeled through 4 [4-nodes
elements] or 16 [4-nodes elements] have the besiamation of the experimental behavior.
Thus, the vertical load vs. vertical displacemanngrical curve is similar to the experimental
curve as well as the failure mode, cracking ofuhés and slipping of the joint. In addition,

numerical simulations proved that the cohesion thes highest influence on the panel

behavior.
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With respect to the reinforced panels, both modeis, with modified cohesion and other with
a 1-D element inside the joint, simulate adequatké/ experimental behavior. Additional

benefits observed were the increment of the registand the reduction of the crack’s width.

In other way, two models were proposed in ordeartalyze the wall MUR2. Then the model

M1 considers brittle behavior of the units whiles ttnodel M2 shows a combined behavior
tension-compression. Thus, the model M2 can ovierast the unit resistance because the
joint model already considers the compression tasie of the system. This situation can be
avoided if the compressive strength of the unitarigicially increased in order to guarantee

only the tension failure of the units.

The model M1 has good agreement until the maximateral load. At this point, according to
experimental evidence, the cracks extend alongvliediagonal and the units are cracked or
there is slipping of the joints: it could be onasen for which the numerical model cannot
evaluate the wall behavior after this point. By sidering the compressive resistance of the
units after of the point of maximum load, the mol is able to define the behavior of the
descendent branch until 12 mm of horizontal diggaent. From these results, it can be
concluded that the tension failure mechanism astetito model M1 has brittle behavior

while the tension-compression failure mechanism@aged to model M2 is more ductile.

For the model M1, the failure numerical pattermated to the maximum lateral load is similar
to the failure experimental pattern except for shpping of the horizontal joints at the lower
right corner and the opening of the interface at tight side of the wall. In addition, the
cracking of the left concrete column is similaithe experimental mode. This model was able

to predict the cracking at the end of the rightioomh and the yield of the lower stirrups.

The control parameters during the test were thedwotal displacement on top of the wall and
the vertical displacement of the concrete coluniig last was used to propose the stiffness
of the vertical spring elements on top of the walbrder to prevent the tension failure of the
joints. In addition, to obtain the failure pattern and thteral load vs. lateral displacement
relationship, the tensile strength and the modafusasticity of the units were reduced to 63

% of the experimental values while the dilatancglamad a value close to zero.

According to experimental evidence, the masonrylsMahve a symmetrical behavior under
lateral load. Then, the two micro-models can astdes&nvelope of resistance and are useful

to evaluate the influence of the mechanical progerof the each material on the global
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behavior. However, this model is not able to measiie increment of the masonry resistance
caused by the metallic reinforcement mesh aretiede@nside the joints.

A main disadvantage of the micro-models proposedihes the large number of mechanical
properties: some have been presented in chaptedt Arsnex Al, others haven been proposed
according to references and the others have bealuadgd approximately by means of
experimental data. In addition, these models shéavge number of freedom degrees, which

causes high computational effort to develop itdyansa

With respect to the macro-model, their resultsaatequate by considering its simplicity. For
the wall MUR2, the agreement of the results is lsintio that obtained by means of micro-

model.

The wall tested by Aguilar (1997) had the same typanits that the wall MUR2. Thus, the
behavior of both walls was similar and the concoogaof the results obtained by means of
the macro-model was adequate. However, the walleddby Hernandez and Urzua(2002) and
Treviiio et. al (2004) were built with lime-cemenbddks and hollow concrete blocks. Then,
the masonry behavior on the diagonal tension tastg be different from that proposed as
base for this model. In addition, the distributioh the vertical load between frame and
masonry is different to that existent in walls bwith solid clay bricks. However, this model
proposes an adequate envelope of resistance hatpeérmissible distortion that is equal to
0.25%.

Additional results show the sufficient robustnedstliis macro-model to evaluate the
resistance envelope of the structural system owgiés or 3-D structure and its assessment is
identical to those of the complex models. Becausdsosimplicity and performance, the
model is useful to evaluate the wall behavior fritte mechanical properties of the masonry

and concrete elements and can be applied for tsemrmabuildings design.
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CHAPTER 6

Simplified models to asses the lateral masonry
walls bearing capacity

6.1 Introduction

This chapter presents two simplified models tharlgis to assess the resistance of the
confined masonry walls under lateral load regasltbe lateral displacement. Both models
assume the failure generated by cracking of thé advatjonal, the difference is the cracking
nature. The first model, called shear failure [¥8jsumes that the diagonal cracking occurs
when the shear stress along the wall diagonaleatgr than the masonry shear strength. This

model also supposes the cracking of the columrehbagr effect.

The second model, called induced tension failussumes that the diagonal cracking occurs
when the normal tension stress along the wall diabg@xceeds the tensile strength of
masonry [61][62][97]. Both models consider the uefhce of the vertical load on the

resistance of the walls.

6.2 Experimental information

For assessing the performance of the simplified etspdexperimental results collected from
tests on twenty-seven walls developed in AmericatinLcountries were used: a) eight walls
built in Venezuela, b) seventeen walls built in Me&x and c¢) two walls built in Colombia.
Table A4.1 (Annex A4) presents the characteristicthe walls and types of applied loads.
Walls 1-8 tested by Marinilli and Castilla (2003)dawalls 9-16 tested by Treviiio et al.
(2004) were built from hollow concrete blocks whilalls 17-19 were built from lime-
cement blocks by Hernandez and Urzua (2002). VE&HR7 were built from solid clay bricks
and tested in different places, thus, wall 20 vestetd by Aguilar (1997), walls 21-23 were
tested by Meli and Salgado (1969), walls 24-25 wested in this project, and walls 26-27

were tested in Colombia [13].
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Table A4.2 (Annex A4) shows additional charactersstand Figure 6.1 defines the wall
geometry expressed in Table A4.1 and Table A4.2alli, Table A4.3 (Annex A4) contains

the mechanical properties necessary to apply botteis.
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Figure 6.1: Geometrical properties of confined nmagavalls

For walls tested in Mexico without information dfet modulus of elasticity, we adopted the
normative equations [42][44]. For walls 1-8, theahstrength of design,, was calculated
by Equation 6.1 [42] by using the mean shear sthepgesented by Castilla and Marinilli
(2003) with coefficient of variatio@V = 0.2, while the modulus of elasticity were evédaa
according to Equation 6.2 [68] and Equation 6.3].[#%ith regard to the tensile strength of
masonry, the lowest value of the two expressioesgnted in Equation 6.4 is chosen, one
obtained from experimental results defined in Anelk and the other based on results
obtained by Mebarki et. al (2009).Units of all etijoias are MPa.

r,=1,/(1+2.5CV) (6.1)

E, =4729,/f ¢ (6.2)

E_=250f (6.3)

f, :min{O'MTT (6.4)
0.10f,

Herein:

*

T'm  Design shear strength of masonry
Im Mean of shear strength obtained on diagonal tertein

cvVv Coefficient of variation
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fi Tensile strength of masonry
fe Compressive strength of concrete
Ec Modulus of elasticity of concrete

Em Modulus of elasticity of masonry

f'm  Design compressive strength of masonry

6.3 Vertical load supported by the masonry

According to experimental evidence [4] and in fumctof its vertical stiffness, the columns
and masonry hold on fraction of the vertical actiogd on top of the wall. Then the
equivalent parallel system of the wall, Figure 62,useful to obtain Equation 6.5 that
computes the load distribution factdy for the masonry by considering the compatibibty

the vertical displacement among elements. Herdjp, E, are the area and the elastics

modulus of the masonrg. andE; are the area and the elastic modulus of the ctencre

f=AE./(AE+2AE) (6.5)

[ |
Kq=Ac Ec Kd=Ac Ec
m =Am Em

Figure 6.2: Equivalent system masonry-concrete éram

6.4 Shear failure model

The bases of the shear failure model are the behaf/imasonry walls referenced herein and

the results of the walls MUR1 and MUR2. The modgimoses the predominance of the shear
deformations with respect to the flexural deformiasi. In most cases, the failure occurs along
the wall diagonal when the acting shear stresseslsc¢he design shear strength [98]. The

wall resistance has a tri-linear envelope accortinglores (1995), Figure 6.3. The first stage

ends with the presence of the first diagonal cragkthe second stage ends when masonry
and concrete columns are cracked at the peak,yfinaéld of the longitudinal steel of
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columns defines the last stage. Figure 6.4 show#mage pattern associated to different
levels of distortion.

ALateral
Load
Wall resistance
e
First diagonal Yield of
crack longitudinal

reinforcement

—
Distortion, R

Figure 6.3: Experimental resistance envelope (Bldt895)

First diagonal crack Intermediate state Walll resistan
Figure 6.4: State of damage for several leveldsibdion (Flores, 1995)

The simplified model has the following assumptions:
1. Failure occurs along the wall diagonal, whichc&s simultaneously in all length by shear
effect.

2. Wall or any of their two parts have behaviorrigsd body with respect to its diagonal

before and after of failure,
3. Upper beam has infinite flexural stiffness amithite axial stiffness.

Figure 6.1 shows the forces acting on the masoral}, whereV is the horizontal seismic
force, o is the vertical stress applied,is the lengthH is the height, ang/is the diagonal
angle with respect to the vertical direction. FEy@.5 shows the free body diagram of the
upper left node, where the horizontal fordecauses tension on the concrete column and

compression on the diagonal wall that generategrgteess on masonry.
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V/itgy
V/seny

Figure 6.5: Free-body diagram of node B

6.4.1 Masonry wall resistance
Next paragraphs define the wall resistance by densig the masonry resistance, the

concrete frame resistance, and the contributiaghefertical load.

6.4.1.1 Masonry resistance
The panel resistance under the diagonal tensianstése maximum loa® used to evaluate

the mean shear strength according to Equation 6.6[45]. Thus, through aremse process
the value ofP, which direction coincides with the panel diagomsicalculated with Equation
6.7. Then by considering the wall of the Figurea6#& a set of panels, where the wall
diagonal coincides with the diagonals of thganels subjected to diagonal tension (shear),
the total resistancB, is the sum of the resistanBgof theN panels evaluated by Equation
6.8. In this equation, the mean shear strergtiis replaced byr ., which considers the
flexion effect and the size effect of the wall. EierAq is the diagonal area of the panel and

Admis the diagonal area of the masonry.

Tm=P/A (6.6)
P=rn Aﬁ (67)
Pm = Z T:nAdmi = T*rrz Admi: f nAdr (68)

6.4.1.2 Vertical load effect
The vertical force acting on top of the masonrfoi,, which is in equilibrium on the failure

plane by the tangential fordg and the normal forc&,, the parametet is the ratio of the
masonry vertical stiffness with respect to the walltical stiffness calculated by Equation
6.5. The parameted, is the cross-sectional horizontal area of the mgsand o is the
vertical acting stress. From equilibrium conditiapplied to the upper wedge of the wall

according to Figure 6.6b, Equation 6.9 definestdimgential forcd-;
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\Ql lfoAm

Diagonal tension test in
masonry assemblages

PN
= Ft

a) b)
Figure 6.6: a) Resistance of masonry, b) Influesfoeertical load

F = foA,,serycosy 6.9)

The sum of the tangential lo&d plus the resistance of masority, Equation 6.10, gives the
resistant load along the diagonal and its horidzgmtajection provides the resistance of the

masonrywm, Equation 6.11.

F. = A, (T + foserycosy) (6.10)
V. = A, seyr, + b sepcosy) (6.11)

6.4.1.3 Columns resistance
Equation 6.12 or Equation 6.13 provide the nomshaar strength of the columns [44], where
t andh, are the dimensions of columnsjs the percentage of reinforcement, dnds the

reduced compressive strength. Units of Equatioh® &énd 6.13 are MPa.

If p< 0.015

V, =0.31(0.20+ 2 Y/, (6.12)
If p>=0.015

V, =0.16th |/, (6.13)

Finally, Equation 6.14 evaluates the resistancthefwall. Equation 6.15 is proposed by the
local code to evaluate the resistance at the dil@gonal cracking, wherér is the cross-
sectional horizontal area of the wall. Equation66el/aluates the relationship of theoretical

resistance vs. experimental resistance.
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Ve =V, + 2V, (6.14)
=A(050,+ 03 k 15, A (6.15)
K=V Vo (6.16)

6.4.2 Results

Table 6.1 presents the mean values of the theaketsistance vs. experimental resistance
ratio. It shows that the model predicts a contrdubf 81% for the masonry and 12% for the
columns. Then the sum of both values gives a medmeysk = 0.93 and coefficient of
variationCVx= 0.13. The walls built from solid clay brick retgised the extreme values of the
k, thus, the walls 23 and 29 register a minimum & 0.73 while the wall 25 has the
maximum valuek = 1.29. Annex A4 contains tHevalues for whole walls and Figure 6.7

shows the statistical distribution.

Table 6.1 Statistical parameters ok

Vm/ Vexp Vthe/ Vexp

Mean valueu 0.81 0.93
C. of variationCV 0.15 0.13
45
40+ Specimens:27
p=0.93
30+
S
2 251
&
>
T 20t
T
15F
10+
5, 4
O L L L L L L

0.7 0.8 0.9 1 1.1 1.2 1.3
Vthe v exp

Figure 6.7: Histogram of ratio theoretical resisg@ns. experimental resistance

To assess the influence of the heterogeneity ofrtaierial, the uncertainty of the mechanical
properties and the hypotheses used, it was proppseidmal distribution of error according

to Figure 6.8, where can be seen that 89% oktaues ranges within the limitkgy, = 0.73
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andkgsy, = 1.13%. The lognormal and gamma distribution wads® used but the results are

not satisfactory.
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Figure 6.8: Normal distribution of the error modt&i the ratiok

For the walls constructed from hollow concrete kkyanasonry provides 84% of resistance
and the columns provide 11% with mean value= 0.95 and coefficient of variatioGVg =
0.07, Table 6.2. According to Table 6.3, for wallgilt from lime-cement-blocks, masonry
provides 78% of resistance and the concrete colyprmade 13% with mean valyg = 0.91.
Finally, for walls built with solid clay brick, masry contributes at 80 % and the columns

provide 12% to obtain a mean value= 0.92.

Table 6.2 Statistical parameters ok for concrete hollow blocks

Wa” k :Vm/ Vexp k = Vthe / Vexp
Mean value 14 0.84 0.95
C. of variationCVi 0.08 0.07

Table 6.3 Statistical parameters ok for cement-lime blocks

Wall K=Vm/ Vexp K= Vine / Vexp
Mean value /4 0.78 0.91

Table 6.4 Statistical parameters ok for clay solid bricks

Wall K= Vm/ Vexp K= Vine! Vexp
Mean value 4 0.80 0.92
C. of variationCV, 0.06 0.05
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In other way, a similar function to normative Eqoat6.15 [42][45] can be calculated by
using Equations 6.11, 6.17, and 6.18. The resulguiation 6.19 shows the contribution of
vertical load on the total shear strength, whigges the cross-sectional horizontal area of the
masonry and-,, which represents the angle of friction of the amag, is function of the
masonry stiffness vs. wall stiffness ratio andwal geometry. It can be seen that the values
of F, are close to those proposed by the local codd48RExcept for the third type of the

units according to Table 6.5.

An = Amsery (6.17)
F, =f sery coy (6.18)
V., = AV, + Fo) (6.19)
Table 6.5 Coefficient of frictionF,
Walls and kind of units used F, inthis | F, local
project code
Walls 1 -17, concrete hollow blocks 0.33
Walls 18-20, cement-lime blocks 0.30 0.30
Walls 21-29, clay solid bricks 0.20

With respect to the design resistance expressdefjbgtion 6.15 [45], the mean value for all
walls is 14 = 0.58 as is shown in Table 6.6, it means thatntlasonry walls have an over-

strength equal to 1.72 by considering a factotm@ngth reduction unit.

Table 6.6 Statistical parameters ok according to building local code

Wall Mean valuey C. of variation C\k
Concrete Hollow Blocks 0.64 0.06
Cement-Lime Blocks 0.58 0.18
Clay Solid bricks 0.52 0.23

6.5 Induced tension failure model

This model assumes the failure pattern caused dhyced tension along the wall diagonal,
which occurs when the normal stresses caused bgeisenic load on the wall diagonal are
greater than the tensile strength of masonry acogtd Figure 6.9a [61][62][97]. This model
does not consider the contribution of the columaos ib considers the distribution of the

vertical load.
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The simplified model has the following assumptions:

1. Failure occurs along the wall diagonal, whiclackis simultaneously in all length by

induced tension effect.
2. Upper beam has infinite flexural stiffness amithite axial stiffness.

3. Mechanical properties of the columns are sintdahose of the masonry.

6.5.1 Masonry wall resistance

The model assumes that the columns and masonrpdupraction of the vertical load in
function of the ratio masonry axial stiffness valivaxial stiffness according to Equation 6.5.
Then the vertical load on the failure surface las ¢components, one normal component, and
other parallel component, Figure 6.9b. The norroadd generated by the vertical stress and
the force generated by the tensile strength of mgsmave the same direction and sense and
the sum of these values represent the resistanttee ohasonry. In other way, the force that
cracks the wall is the sum of the tangential focaeised by the vertical stress and the
component of the seismic load along the wall diajoim this way, Equations 6.20 and
Equation 6.21 shows the parallel forf€g and the normal forc&,q on the failure surface.
Applying the equilibrium conditions along the walilagonal when the resistant forces are
equal to the acting forces, one can be evaluatedlateral loadV, which generates the

diagonal cracking, Equation 6.22.

V/siny

LLLLLLLLILLY

£ foArsiny/| S o 1
%—;I;‘l:\:—tllzlmalon ;‘ié OAT I:IEI:E
e diagonal A foAr cos S ——
a) b)
Figure 6.9: a) Diagonal cracking by induced tensiprinfluence of the vertical load
Fa=V/siny+foA;coy (6.20)
F.=A f,+ foA;siny (6.21)
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V= A,[ f, siny+ fosirf y( siny- co;;()] (6.22)
Where:

Fod Parallel force to the wall diagonal

Frd Normal force to the wall diagonal

y Diagonal angle with respect to the vertical direction
f Distribution factor of the vertical load

o Vertical stress

At Cross-sectional horizontal area of the wall

Aq Cross-sectional area of the wall diagonal

fi Tensile strength of masonry

\% Lateral resistance of the masonry wall

For walls with ratioH / L = 1, the influence of vertical load expressed by the second term of
Equation 6.22 becomes equal to zero and it contradicts the expeairaeistence. For this
reason, it was proposed a fitting functiofy)=tan()) defined in previous works [61]. Finally,

Equation 6.23 evaluates the resistance of the masonry walls.

V,, = A,[ f, f(y)+ fosin® y( f(y)- cosy)] (6.23)

6.5.2 Results

The results of the ratio (theoretical resistance vs. experimental res)starc@indVex, are
presented in Table A4.7 (Annex A4). It can be seen that the valdesaage from 0.75 to
1.95 and the mean value/ig = 1.17 and coefficient of variatioDV = 0.23, Table 6.7. Figure

6.10 shows the histogram lovalues of the 27 walls.

To assess the impact of the heterogeneity of the material, the umgedfathe mechanical
properties and the hypotheses used, it was proposed a normélutitrimodel of error,
Figure 6.11, where can be seen that 96% of valuésrafiges withirksy, = 0.73 andkgsy, =
1.61%. In addition, the lognormal and gamma distribution weesl but their approximation

is not adequate.
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Table 6.7 Statistical parameters ok

Parameter K= Vind Vexp
Mean value z4 1.17
C. of variation,CV 0.23
30
250 [ Specimens: 27 ]
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Figure 6.10: Histogram of ratio theoretical resistance vs. experinrestsiance
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Figure 6.11: Normal distribution of the error model for the ratio

6.6 Comparison of results for both models

Figure 6.12 shows the results of both models. It can beluded that the shear failure model
has better approximatiorCV= 0.13, whereas the inducted tension failure model has a

coefficient of variationCV = 0.23. However, both models have similar valuek &r the
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walls 9-18 and both register the maximum value for the wall Z/ur€i6.12. Then, it can be

established that the two models are complementary.

2

1.8 I shear failure model ]
I nducted tension failure model

Figure 6.12: Comparison between both models

6.7 Limits of application

An important feature of the proposed models is to limit theevalf the masonry resistance
expressed by Equation 6.14 and Equation 6.23. Ganz andnanri(1985) and Woodward
and Rankin (1985) conducted tests on walls with L equal to 1.33, 1.00, 0.67, 0.55, and
0.25. They concluded that the lateral resistance remain constantowhie, is greater than
0.25, wheref ,, represents the masonry compressive strengthaaiglthe acting vertical
stress. In this project, the maximum valuegf f ", = 0.19 corresponds to wall 20 wheré

“m = 0.18 that is less than the experimental limit, Figure 6.12.
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Figure 6.13: Influence of the vertical stress on the shear strength
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6.8 Conclusions

The simplified models presented herein were applied to walls radib H/L ranging from

0.74 to 1.26 with acceptable results, which are independeng ¢yl of load applied and the
type of masonry units. The contribution of both masonry aedical acting load were
evaluated in order to assess the resistance of the walls under laderathe shear failure
model considers also the shear resistance of the columns. The ssteemth and the
compressive strength of masonry, which are easily obtained dgorhl tension tests of

panels and masonry prisms, are the basis for these models.

The shear failure model, based on the assumption that the agdindil fails when the shear
stress exceeds the diagonal shear strength, is able to assessd fhéemahlresistance with
good approximation. From the obtained results, it can be baethe masonry provides 84%
of resistances for walls with hollow concrete blocks and 78% fdswath solid clay bricks,
whereas the columns provide 11% for both materials. The meanfealole walls shows
that masonry provides 81% of resistance and the columns piihdde

The second proposed model assumes that the masonry failgdiigedhtension along a
diagonal (wall diagonal or internal friction angle) when the acsingss are greater than the
tensile strength of masonry and it considers the contribafighe vertical load. This model
does not assess the shear capacity of columns. One fittingofuhets been proposed (tg#)
with satisfactory results though the coefficient of variationreater than that of the shear

model The mean value of the ratio theoretical resistance vs. experimentaesistas 1.17

A model of normal distribution error was proposed to considerviriation of mechanical
properties, scale factor of specimens, heterogeneity of the materialssiampdified
assumptions of both models. From the collected results, ibeaseen that the shear failure

model has better confidence intervals.

Both models avoid the concept of the diagonal compressibichwequivalent width is
empirical and has no physical meaning. Thus, these models are atosktol evaluate the
resistance of confined masonry walls. Finally, the author recommtndse for masonry
walls where the vertical stress does not exceed 25% of the compreseingth of the

masonry in order to avoid the non-linear behavior of the masomgraxial load.
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CHAPTER 7

Conclusions and perspectives

This research project is justified by the large use of solid bltigks in Guerrero State

(Mexico) where 70% of the masonry house or masonry buildingsarstructed with this
material. In this zone, 85% of masonry units are obtaineddywal elaboration process that
causes up to 40% of variation of its resistance. Furthermore, tigm desizontal loads reach

43% of the structures weight.

Besides, most experimental research has been developed in Mexical@aty,results have
been used to elaborate the Mexico City building code. Howedwar, hain parameters have
been taken as the basis for other states codes, where the material chtitactonstructive
process, and design loads are different. In addition, in thetrgothiere are not sufficient
structures laboratories to developed full-scale wall tests, which arexegllent tool to
evaluate the masonry behavior. Thus, this situation generatestainty about the masonry

reliability and requires the accurate evaluation of the masonry features.

In order to reduce the seismic vulnerability of masonry structur€&uagrrero State, a large
experimental program and the use of its results into numerical nmodetedict the masonry
behavior as well as simplified models for assessing the masonis/ nesistance have been

developed.

Another option to reduce the seismic vulnerability of the massinugtures is to improve the
masonry behavior by using different strengthening, which capldmed before or after the
earthquake occurrence, or during the construction structure. Thetydes of rehabilitation
or retrofit modes have been shown, one placed on the wall surfaceheanthér placed

inside the mortar joints. About this last type, there are adable references in Mexico.

With respect to experimental results, the compression strengtrasdénmy units has high
coefficient of variation CV =0.43 caused by the manual elaborgtiocess meanwhile the
elastic modulus, for which there is no national reference, registtrss close to the elastic

modulus of the concrete. Then, a mortar denominated type lcontipressive strength 75%
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greater than the specified strength was used to build all speciarehwalls in order to
overcome the bad quality of the masonry units. With respechdontortar joints, their

mechanical properties are similar to the referenced values.

The results for the unreinforced panels show the independence dhghae sdrength with
respect to the applied load and level of damage on the perpemdi@agonal. In addition, the
failure model associated to the cracking of the units providebigest resistance. Due to
the good quality of the mortar, the rigidity modulus is rappnately twice the value
referenced and the shear strength is among the highest reported Vaugmnels with
metallic reinforcement within the joints, the shear strengthaseased by 20% with respect
to resistance of the unreinforced panels and the high adherence betaganand metallic
mesh generates a reduction of the cracking masonry units. Due tealy constructive
process, structural efficiency, and low cost, this material is aquade alternative to the
carbon fibers or fiberglass. In the same way, the masonry prisyistered a modulus of

elasticity equal to twice the reported common values.

The test of the wall MUR1 showed an atypical failure pattern waittmain quasi-vertical
parallel crack close to the left interface masonry-columns whilettrex direction shows the

diagonal cracking until the central area where it drops in verticaitoire

For the wall MUR2, the first load cycles were narrow and shott vatluced deformation
energy until the first flexural crack, and then two large cycles appedose the maximum
load. In this point occurred the cracking at the end of coluwitks posterior failure of the

longitudinal reinforcement. Both diagonals suffered cracking.

The reinforcement of the walls MMR2 and MMR3 fixed the mortar layet spread the
stress over the walls surfaces. Unlike the carbon fibers, this re@nfient has low cost, does
not require qualified workmanship, and its structural efficien@dsquate as it can be seen
on the repaired wall MMR2, which resistance was similar to thadteofmall MUR2. For the
wall MMR3 reinforced before the test and with low compressive stresfgtioncrete frame,
the failure by compressive effect occurred at the two zones of thealgalctation and

prevented the increment of resistance.

For all the walls, the experimental resistance was greater thahebetical resistance with
respect to local code. According to the collected results, the Wwadl an adequate resistance

and the reinforcement guarantees an excellent behavior of the walls undefdateral
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With regard to numerical simulations, the results of the panals’o-models showed the
influence of the finite element mesh. Thus, the modeling withdodes elements” or 16 “4-
nodes elements” for each brick provides the best approximati@uldition, the cohesion of
the joint is the more important variable on the masonry behawam numerical models of
the reinforced panels were able to simulate the experimental behavilerthdiincrease of
the resistance and the reduction of the crack width were observed.

A wall similar to those used for the masonry building comsion in Guerrero State was
analyzed by means of two micro-models. The first considers amgnsion behavior of the
units while the second considers a combined tension-compressiamidrel\lthough the
second model can overestimate the unit resistance because the joahtaineadly supposes
the compression behavior of the system, this situation can eavddy using a high

compressive strength of the units in order to guarantee its nefadiare.

For the first model, the failure numerical pattern related to thermawilateral load is similar
to the failure experimental pattern. However, the slipping of thedal joints at the lower
left corner and the opening of the masonry-frame interface at the righbsthe wall are
different for both cases. The model predicts the columns failure andidld of the lower
stirrups. Then, both envelopes are similar until the maxirtateral load. At this point and
according to experimental evidence, the units cracking is considerdhig, the first model
is not able to measure the wall behavior after this point mgidering the brittle model
proposed for the masonry units. The second model that consierpression-tension
behavior of the masonry units evaluates the behavior of the descénaect until 12 mm of
the horizontal displacement. From the obtained results, it caormguded that the tension
failure associated to the first model has brittle behavior whédes#ttond model has ductile
behavior.

The spring elements placed on top of the wall allows a coherastares envelope and
failure pattern even if the tensile strength and the modulus ofcélasif the units were
reduced to 63 % of the experimental value and the dilatancy angkqwalsto zero.

According to experimental evidence, the masonry walls have quasi-ssicahé&ehavior
under lateral load. Then, the two micro-models assess the resistaredepe and are useful
to evaluate the influence of the mechanical properties of each material glnlibebehavior.

However, this type of model is not able to measure the incremieéhé anasonry resistance
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caused by the metallic reinforcement mesh placed inside the joirgdwb disadvantages of
these micro-models are the large number of required parameters aadyehguantity of the

freedom degrees requiring therefore a large computational effort.

With respect to the macro-model developed herein, the results are adgqoatsibering its
simplicity. Its application to the wall MURZ2 is in goodraement with the micro-model. The
model applied to other walls built with the same material shamesjuate results. Their main
advantages with respect to the micro-model are the reduced numbeuioédagechanical
parameters for its implementation and the low computational exgamts. However, for
walls built with lime-cement blocks and hollow concrete blogWsere the masonry behavior
and the distribution of the vertical load between frame and masoayybe different, the
numerical resistance envelope has some variation with respe& éxpkrimental envelope.
For design purposes, where the permissible distortion is 0.B&86omodel has adequate

results.

The application of the macro-model for a structural system composewdycdnfined
masonry walls and a 3-D structure shows good agreement simillwatoobtained with
complex models elaborated by the finite element method.

The simplified models applied to walls with ratio Height / génranging from 0.74 to 1.26,
have acceptable results for all types of the applied load and fiypallof masonry units. Its
application requires the mechanical properties of the masonry ancetmframe. The results
of the shear failure model shows that the masonry provides 81% isfaneg and the
columns provide 12% with mean ratio (theoretical resistance vs. egedl resistance)
equal to 0.93 and coefficient of variati@V = 13%. With respect to ratio of the induced
tension model, this mean value is 1.17 and coefficient of vari@@dr= 23%. A main
advantage of both models is to avoid the concept of the diagmmapression, which
empirical equivalent width has no “physical meaning”. Finallg, author recommends its use
for walls where the vertical stress does not exceed 25% of the c@mprsfrength of the

masonry.

The products of this research, which include experimental and nunrescéts, will be used
to evaluate the behavior of confined masonry walls or design myabaiding in Guerrero
State (Mexico). Thus, it can be concluded that the main objectivgaald presented at the

beginning of this document have been reached.
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The three parts of this research were fundamental and complemengmth&hexperimental
data (chapter 4) were used to elaborate numerical and simplified nodeter to simulate
the experimental behavior of the panels or walls (chapter 5 and 6)ditiroadthe results of

the simplified models were useful to check those obtained by neédms numerical models.

Among the principal research activities to be further developedeimélar future concerns

what follows:
« Evaluate the mechanical properties of the masonry by using offgeotynortar

e Carry out tests on masonry walls with metallic reinforcement nrestle the joints

and slender masonry walls under vertical load

« Evaluate the influence of the mechanical properties of the units anoliriteeon the

angle of the failure pattern

e Develop numerical models to analyze the wall behavior reinforced weld-wire

mesh-mortar layer
e Develop numerical models of slender walls

* Extend the application of the simplified models to slender walls
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ANNEX Al

Additional tests

This annex contains experimental data used to elaborate the masoneyioal models

presented in chapters 5 and 6. In addition, the results of thetandardized test as tensile
strength on metallic reinforcement mesh, tensile strength on masiocuiar specimens and

tensile strength on circular specimen of the units are presentecexpl@emental results are

useful to propose values of those mechanical properties that havetioothreferences.

Al.1 Compressive strength of concrete

Twenty-three concrete cylinders during the construction of confinesbnry walls MUR1
and MUR2/MMR2 were elaborated to control the concrete quality. I€encylinders were
tested under monotonic load according to specifications [78§@P][The mean value of
compressive strength wé's= 24 MPa with coefficient of variatio@V = 0.08, Figure Al.1
and Table Al1.1. A set of nine specimens was instrumented taureei® normal stress vs.
normal strain relationship, then the mean value of the modaidiletasticity wase; = 24506
MPa and the Poisson’ ratio was= 0.17. Experimental data is fitted by means of Equation
Al1.3 [102] to define the compressive strength associated toahstrain defined by Equation
Al.1 and Equation Al.2. Figure Al.2 shows the experimentalesuand the proposed

equation.

Table A1.1 Mechanical properties of concrete for wiéss MUR1 and MUR2/MMR2

Statistical e & Ec, Vv

experimental [MPa] [MPa]

values
Mean valuept 24.0 0.0018 24506 0.17
Coefficient of 0.08 0.19 0.18
variation, CV

E —L (A1.2)

' O3E '
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5f,
£, =—= (Al1.2)
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Figure A1.2. Normal strain vs. normal stress relationship ofrede

Al.2 Tensile strength of longitudinal reinforcement

In order to propose a mathematical expression to build the numeracid|, tests of tensile
strength of longitudinal reinforcement was applied. Three specisigrilar to those used in
concrete columns of the walls were tested according to local specifcg8tfi82]. Table
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Al.2 shows the mechanical properties while Equations A1.46 [8B] were used to obtain
the mean curve, Figure A1.3.

Table A1.2 Mechanical properties of longitudinal renforcement

fy, fsu, & &su
[MPa] [MPa]
464.7 721.5 0.0026 0.0107
Esh r m ES!
[MPa]
0.1008 0.090 122.17 177548.7
800
700 - B
600 - B
&
= 5001 4
©
2 400} -
[_EU 300 { 4
z
200 —+— Specimen 51 7
— Specimen 52
100 —+— Specimen 53 -
Equation proposed
t}EJ U_IUQ [J_I[M U_I[JE [J_IUB U_I1 012

Mormal deformation, &

Figure A1.3. Normal strain vs. normal stress relationshiprajitudinal reinforcement

r':‘E‘su_“;sh (A14)
f.,/f )(30r +1)°-6a - 1
m:( s/ 1) rzj) (A1.5)
15r
E.& if e,<e,
f, = f, if e<es<eg (Al.6)
—€£4)¥2 - 60-
f, m(gs gSh) (ES gSh)( Zm) if £,<e<¢€,
60(e, —£4,)+2  2(30r+)
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Al1l.2 Non-standardized tests

Al.2.1 Tensile strength of metallic reinforcement mesh

A set of nine specimens of metallic reinforcement mesh fabricated agrdadistandard
ASTM 740-98[10] was tested to measure its tensile strength &®ivn in Figure Al1.4. The
mean value of the ultimate stress ias 379.5 MPa, its coefficient of variatid@V = 0.10

and mean axial straig, = 0.005. Figure Al.5 shows the axial stress vs. axial strain
relationship of four tests. The maximum force=jg = 2.20 KN. Table A1.3 summarizes the
mechanical properties.

Table A1.3 Mechanical properties of metallic reinfocement mesh

fy, fSU, gy gsu Es
[MPa] [MPa] [MPa]
126.5 379.5 0.0004 0.005 300, 000

1000 mm

17@6.35mm=107.9 mm

Figure Al.4: Metallic reinforcement specimen and experimental settgnsion test

450

400+

100 — —&— Spacimen Da-2
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—+— Specimen Da-8
—+— Specimen An-10
— Equation proposed

Il 1 Il 1 Il 1
0 0.001 0002 0.003 0.004 0.004 0.006 0.007
Normal deformation. £

Figure A1.5: Axial stress vs. axial strain relationship of nhiete#dinforcement mesh
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Al.2.2 Tensile strength on masonry circular specimen

In order to evaluate the tensile strength of masonry were testedifoular specimens 0.41
m diameter, the mortar, units and workmanship are similar te thesd to build the panels
and walls. The load was applied along its vertical diameter landensile stress is valued
according to Equation A1.7 [77], wheres the length of specimen adds the diameter. Even
if there are not specifications to develop it, the test generagédsl uisformation about the
masonry behavior. As can seen in Figure Al1.6, the specimehdbblved sliding of the joint
and its tensile strength was less than to that evaluatec iotlier specimens, the specimen
CM3 showed the main cracking along the load axis and generatddiltire of masonry
units. Table A1.4 shows the results which mean valfie=i§.52 MPa without to take account
the specimen CM4, the last column describes the failure modgeWHD means failure by

diagonal cracking and SJ means failure by sliding joint.

Table Al1.4 Tensile strength of masonry on circulaspecimens

Specimen fi, Failure mode
[MPa]

CMm1 0.56 TD

CM2 0.51 TD, SJ

CM3 0.50 TD

CM4 0.15 SJ

CM5 0.50 TD

a) b)
Figure A1.6: Failure of circular masonry specimens, a) by diagoackiog of the masonry
units, b) by slipping of the joint
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f, =20P/rid (AL.7)

It is possible to define the ratio between the shear streimgibe 4.4) and the tensile strength
(Table A1.4) by means of Equation A1.8, which is similar twwséhpresented by Yokel and
Fattal (1976), Meli and Salgado (1969), and Blume and Prou68j19

f =0.73r (A1.8)

A1.2.3 Tensile strength on masonry units circular specimen

To evaluate the tensile strength of masonry units were testeddinatyar specimens 70 mm
diameter obtained of masonry units, Figure Al.7a. Althoughlbad plane of the test is
normal to the true load plane on the wall, Equation Al.7 coesptlie tensile stress by
considering an isotropic behavior of the masonry units. Figar@bAshows a typical pattern
of splitting after the load application, the mean values fyyas 0.40 MPa and coefficient of

variationCV= 28 %.

b)
Figure A1.7: a) Cut of circular specimen brick, b) Splitting f&linduced by vertical load
application
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ANNEX A2
Parameters to define the behavior of masonry

walls

Required parameters to assess the walls behavior and load histptied &p the masonry

walls, chapter 4, are presented on next paragraphs.

A2.1. Parameters to define the wall behavior

A2.1.1 Distortion
With regard to Figure A2.1 and according to Aguilar (1997),displacement caused by the

lateral load is the sum of the shear displacerderdnd flexion displacemeiidlg expressed by

Equation A2.1 and measured by the LDVT C20 and C21, Figia@. Similarly, Equation

A2.2 evaluates the distortidR whereHc2o-c21iS the height control. The varialdReis the sum
of the flexion distortionRg and shear distortioRc according to Equation A2.3. In addition,
Equation A2.4 evaluates the shear distortion according to mectdmuaterials [24], where

Dc24 andDcos are the control lengths of the wall diagonalsz, and &5 are displacements
measured for the LDVT C24 and C25(see Figure 412(%y,the wall length andli is the wall
height. Finally, Equation A2.5 expresses the flexion distof&e

ST oz Ds De R D=Ds + Dc
H === ‘\\ﬂL_____J T -~ T ili
i Bs= De/H|/ ! y=Dc/H| ! i | H
| = o
Figure A2.1: Components of displacement and distortion
(A2.1)

D =D,+D,
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R=D/Hepocon (A2.2)
R=R+R (A2.3)
R. =(0c24/ DepatOcas/ Deg)/2LH (A2.4)
R,=R-R (A2.5)

A2.1.2 Stiffness

Another important parameter is the cycle stiffness. This pararegessed by Equation
A2.6 [4] represents the slope between two finals points of a dgelé. HereinK is the
stiffness of semi cycley” is maximum shear load for the positive cyalejs the maximum
shear load for the negative semi cy@é,andR" are the rotations associated, Figure A2.2a.

K :(v++\V'\)/( R 4 R|) (A2.6)

A2.1.3 Dissipated energy
Dissipated energy is the sum of the surface-eégments of the load cycle, Figure A2.2b.
Equation A2.7 [4] evaluates the energy in each segment, \Ehexr¢he segment energyVs,

Vo, V3, Vs, Dy, andD; are the values of lateral load and displacement to define the increment

E =[(\+V,)-(%+V)]( - D)/2 (A2.7)

Lateral Lateral
Load Load

<
=

R Distortion D: D, Displacement

a) b)
Figure A2.2: a) Definition of cycle stiffness, b) Cumulative egerty-segment

A2.1.4 Ductility
According to Park and Paulay (1989), the ductility is the mdtimate displacement vs. yield

displacement. The authors propose an elastic-plastic perfect meokel plateau defined by a
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force equal to 85% of the maximum load, Figure A2.3a. The fogitpof the plateau is
defined by the line that intersects the experimental curve to a egu& to 75% of the
maximum load of the proposed model and the intersection of thteapl with the

experimental curve defines the ultimate displacement. EquationcAghgutes the ductility.

H=R/R (A2.7)

Lateral

Lateral
Load

Vmax

(Ry, 0.85mental envelope

(Ru, 0.85Vmax)

DO
0.75(0.85 Vmax) Displacement

Ductility =Ru/ Ry

Distortion

a) b)
Figure A2.3: a) Definition of ductility by Park and Paulay&2§ b) Definition of viscous
equivalent damping [25]

A2.1.5 Equivalent viscous damping

Other parameter to define the behavior of masonry walls is theadept viscous damping
currently used to dynamic analysis. Most common method foridgfim is to equate the
energy dissipated in a vibration cycle of the actual structure arduamalent viscous system
[25]damping

Other parameter to define the behavior of masonry walls is theadent viscous damping
currently used to dynamic analysis. Most common method foridgfim is to equate the
energy dissipated in a vibration cycle of the actual structure aeduamalent viscous system
[25]. For the masonry walls, the force-displacement relation rdafrom an experiment
under cyclic loading with displacement amplitudigis determined, Figure A2.3b. The energy
dissipated in the wall is given by the aigaenclosed by the hysteretic loop. Equating this to
the energy dissipated in viscous damping leads to EquA&d®, where the strain energy,

Es= kDo/2, is calculated from the stiffne&sdetermined by test.
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1E,
=—— D A2.8
§eq 47E. (A2.8)

A2.1.6 Load history applied to masonry walls

qqqqq

Cycles Y
c) d)
Figure A2.4: Load histories: a) for wall MUR1, b) for wall MUR2 for wall MMR2, d) for
wall MMR3
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ANNEX A3

Concrete behavior under flexural stress

The macro-model presented in chapter 5 requires defining of the coneheteids. In this
research, the model proposed by Kent and Park (1971) and mdoyfi€tott, Park, and
Priestley (1982) was used. Figure A3.1 and Equations AR 1~ define this model.

fol
i B
S Unconfined Concrete
Confined Concrete
0.50f.
D
0.20f;-
A

Figure A3.1: Proposed behavioral model of concrete

The parameters are:

If & <= 0.00%

2
f=kf| 25 —( & j (A3.1)
0.00% | 0.00%

If 0.00K < & <= &qc

f.=kf[1-Z(£,~0.00) ] (A3.2)
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0.5

Egoy TE€59,—0.00K

k :1+105 fyh/ fc

gSOh :0'75ps\/ b/sh

55 Ou

gZOc

Herein:

_ 3+0.29f,
145f_ -100C

0.8

~Z+0.00X

Compressive strength of concrete

Concrete strain
Shear reinforcement ratio

Yield stress of stirrups

Distance between branch of the stirrups

Distance between stirrups

190

(A3.3)

(A3.4)

(A3.5)

(A3.6)

(A3.7)



Annex A4 Information about the simplified models

ANNEX A4

Information about the simplified models

This annex contains the experimental information necessary to hespsrformance of the
simplified models presented in chapter 6 as well as the values patametek for whole

walls, werek = Theoretical resistance vs. Experimental resistance.

A4.1 Technical information

Table A4.1 Dimension of masonry walls, types of lasand units used

Wall L, H, H/L t, [m] Load type Units used
[m]  [m]

1 236 2.30 0.97 0.15 Cyclic Hollow concrete block
2 236 230 0.74 0.15 Cyclic Hollow concrete block
3 236 230 1.27 0.15 Cyclic Hollow concrete block
4 312 230 1.27 0.15 Cyclic Hollow concrete block
5 312 230 1.27 0.15 Cyclic Hollow concrete block
6 182 230 1.27 0.15 Cyclic Hollow concrete block
7 182 230 1.27 0.15 Cyclic Hollow concrete block
8 182 230 1.27 0.15 Cyclic Hollow concrete block
9 250 2.45 0.98 0.14 Cyclic Hollow concrete block
10 250 245 0.98 0.14 Cyclic Hollow concrete block
11 250 245 0.98 0.14 Cyclic Hollow concrete block
12 250 245 0.98 0.14 Cyclic Hollow concrete block
13 250 245 0.98 0.14 Cyclic Hollow concrete block
14 250 245 0.98 0.14 Cyclic Hollow concrete block
15 250 245 0.98 0.14 Cyclic Hollow concrete block
16 250 245 0.98 0.14 Cyclic Hollow concrete block
17 250 250 1.00 0.14 Cyclic Cemen-lime block
18 250 250 1.00 0.14 Cyclic Cemen-lime block
19 250 250 1.00 0.14 Cyclic Cemen-lime bloct
20 250 250 1.00 0.13 Cyclic Solid clay brick
21 200 200 1.00 0.12 Monotonic Solid clay brick
22 200 200 1.00 0.12 Monotonic Solid clay brick
23 200 200 1.00 0.12 Monotonic Solid clay brick
24 250 190 0.76 0.13 Cyclic Solid clay brick
25 250 190 0.76 0.13 Cyclic Solid clay brick
26 3.15 215 0.68 0.12 Cyclic Solid clay brick
27 3.15 215 0.68 0.12 Cyclic Solid clay brick
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Table A4.2 Geometrical properties of concrete fram and reinforcement ratio

Wall Column Beam wall Column Beam
he, [M]  hy, [mM] he, [M]  hg, [ M]

1 0.15 0.20 0.031 14 0.15 0.15 0.005

2 0.15 0.20 0.031 15 0.15 0.15 0.005

3 0.15 0.20 0.031 16 0.15 0.15 0.005

4 0.15 0.20 0.031 17 0.15 0.10 0.013

5 0.15 0.20 0.031 18 0.15 0.10 0.013

6 0.15 0.20 0.031 19 0.15 0.10 0.013

7 0.15 0.20 0.031 20 0.15 0.10 0.013

8 0.15 0.20 0.031 21 0.20 0.20 0.035

9 0.15 0.15 0.013 22 0.20 0.20 0.035

10 0.15 0.15 0.013 23 0.20 0.20 0.035

11 0.1t 0.1t 0.01: 24 0.20 0.20 0.011

12 0.1% 0.1% 0.01: 25 0.2C 0.2C 0.011

13 0.15 0.15 0.005 26 0.20 0.20 0.015
27 0.20 0.20 0.015

Table A4.3 Mechanical properties and experimentalesistance

Wall Vm f, o, fm, f'e, E., Em, Vexp
[MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [KN]
1 0.49 0.5 0.7¢ 7.88 29.4: 2565, 6,27¢ 274.7
2 0.4¢ 052 0.3¢ 7.88 2947 2565, 6,27¢ 233.F
3 0.4¢ 052 0.0 7.88 29.47 2565, 6,27¢ 182F
4 0.4¢ 0.5 0.5¢ 7.88 29.47 2565, 6,27¢ 372.¢
5 0.4¢ 0.5 0.3¢ 7.858 29.4: 2565 6,27¢ 311.(
6 0.4¢ 0.5 0.7¢ 7.88 29.47 2565, 6,27¢ 206.(
7 0.4¢ 052 0.0 7.88 29.47 2565, 6,27¢ 158.(
8 0.49 053 039 7.85 2943 25657 6,278 169.7
9 0.2¢ 0.2¢ 054 3.82 23.0°F 12,030 3,957 154.(
10 0.2¢ 0.2¢ 054/ 3.82 23.0° 12,030 3,957 157.
11 0.2¢ 0.2¢ 054/ 3.82 230° 12,31 3,957 189.
12 0.2¢ 0.2¢ 054/ 3.8 23.0° 12,030 3,957 173.t
13 0.2¢ 0.2¢ 054 3.82 23.0°F 12,030 3,957 162.¢
14 0.2¢ 0.2¢ 054 3.82 23.0° 12,030 3,957 166.¢
15 0.2¢ 0.2¢ 054/ 3.8 23.0° 12,03° 3,957 167.¢
16 0.28 029 054 3.82 2305 12,031 3,957 1589
17 0.2¢ 0.2C 0.3¢ 1.47 17.66 10,52¢ 1,90F 137.:
18 0.1¢ 0.1¢ 0.3¢ 25° 17.66 10,52¢ 1,997 141.
19 0.35 0.34 036 203 17.66 10,529 2,325 140.3
20 0.26 026 0.49 265 27.47 10,898 715 138.3
21 0.34 0.3t 0.2¢ 10.01 15.6( 9,89¢ 1,07¢ 132.
22 0.34 0.3t 0.C 10.01 232t 12,08 1,07¢ 107.¢
23 0.79 0.80 0.0 10.01 32.47 24987 1,079 191.3
24 0.45 0.43 0.0 4.3 24.9 25114 2,331 137.0
25 0.45 0.43 0.0 4.3 23.4 22,073 2,331 104.9
26 0.35 0.36 0.26 19.13 2855 20,639 8,927 2256
27 0.37 0.38 0.44 22.37 18.84 16,764 8,339 264.9
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Herein:

L Wall length

H Wall height

t Wall thickness

yo Percentage of reinforcement of the concrete elements all length
he Total depth of columns

hy Total depth of beam

Vm  design shear strength of masonry according to local code

fi Tensile strength of masonry
o Vertical stress applied
fe Compressive strength of concrete

Ec Modulus of elasticity of concrete
Em Modulus of elasticity of masonry
f m  Compressive strength of the masonry according to local code

Vexp  EXxperimental resistance

A4.2 Results of the shear failure model

Table A4.4 Ratiok of walls built from concrete hollow blocks

Wall K=Vin/ Vexp K= Vire / Vexp
1 0.83 0.93
2 0.81 0.93
3 0.83 0.98
4 0.78 0.85
5 0.85 0.93
6 0.77 0.90
7 0.71 0.88
8 0.80 0.96
9 0.95 1.08
10 0.93 1.06
11 0.77 0.88
12 0.84 0.96
13 0.90 0.98
14 0.88 0.96
15 0.87 0.95
16 0.92 1.01

193



Experimental and numerical study of confined masony walls under in-plane loads

Table A4.5 Ratiok of walls built from cement-lime blocks

Wall K=Va! Ve K= Vine/ Vero
17 0.69 0.83
18 0.64 0.77
19 1.00 1.13

Table A4.6 Ratiok of walls built from clay solid bricks

Wall K= V! Ve K= Vine/ Vero
20 0.69 0.84
21 0.56 0.73
22 0.61 0.87
23 0.8 0.97
24 0.87 0.98
25 1.07 1.29
26 0.71 0.77
27 0.67 0.73

A4.3 Results of the induced tension failure model
Table A4.7 Ratiok for whole walls

wal K ‘V\e’XISE’ wal K ‘V‘Qfxtgel
1 111 15 1.02
2 1.25 16 1.08
3 151 17 0.85
4 1.39 18 0.75
5 1.57 19 1.34
6 0.92 20 0.92
7 1.20 21 0.93
8 1.12 22 1.12
9 1.11 23 1.46
10 1.09 24 1.50
11 0.90 25 1.95
12 0.98 26 1.17
13 1.05 27 1.20
14 1.03
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