Table of Contents

ACKNOWLEDGEMENTS ...ttt i
SYNOPSIS .o e e e arae e 1\,
TABLE OF CONTENTS ..ottt Vil
LISTOF FIGURES ... ...t Xii
LIST OF TABLES ... ..o e e e XiX
ABBREVIATIONS ... XXI
CHAPTER 1 INtrOUCTION ..ot e 1
I = - Vo 1 [ (o1 o USSP RPRSP 1
1.2 Need of Strengthening and REtrOfittiNg ..........cooeviriiiieiiiie s 2
1.3 Conventional Methods for Retrofitting/Strengthening of Masonry Structures...................... 3
1.3.1 SUITACE trEAIMENT. ... ettt ettt et esne e teeneesreesteeneesneenneas 3
1.3.2 Bamboo reiNfOrCEMENT .........cciiiieecie ettt snee e 4
1.3.3 Stitching & grout/epOXY INJECTION .....c..ciiiiiieieieie e 5
1.3.4 Center COre MELOG........ccviiie e e e e sneenne s 5
1.3.5 POSE tENSTONING. ...ttt bbbttt ettt sb bbb e ns 6
1.3.6 CONFINBIMENT ..ottt bbbttt re e s e 6

1.4 Fiber Reinforced POIYMEr (FRP) .....coviiiei ettt 7
1.4.1 History of FRP MAterialS ..........cooveiiiieiieii et 7

I B ] e o0 101 010 LY I ST TSRPR 8
1.4.3 Structural applications of FRP materialS............cccocoviiiiiiiii e 9

1.5 Engineered Cementitious COmMPOSIte (ECC).......ccoueriiiiriiiiiiie e 11

vii



Table of Contents

1.5.1 BENAVIOT OF ECC ...ttt 12
1.5.2 Application OF ECC .......cuiiiiiice ettt sre e ns 14
1.6 RESEArCh SIGNITICANCE ....c.eiiiiiiiiiie ettt sttt neenne s 15
1.7 Scope and Objective of the Present INVESLIGAtioNS ...........ccccoiiiiiiiieieienesee e 16
1.8 ThesiS CONIDULIONS .......oiuiiiiiiiiee e 16
1.9 Organization OF TRESIS ........ciiiiiieiee bbbt 17
CHAPTER 2 LIterature REVIEW.........oiiiiiiiiiiiiesieee e 18
2.1 GBINEIAL ...t 18
2.2 Strengthening of Masonry Beams using FRP and ECC............cccooiiiiiiinincinieens 19
2.3 Strengthening of Masonry Columns using FRP and ECC ... 22
2.3.1 Experimental reSearch WOrK ... 22
2.3.2 ANAlYLICAl reSEArCH WOTK ........cviiiieiiciiesii e 25
2.4 Strengthening of Masonry Walls using FRP and ECC ... 28
2.4.1 Experimental reSearch WOrK ... 28
2.4.2 Numerical MOCEIIING .......cooviiiieee e 33
2.5 MASONTY COUBS.....c.veeieeiieiie ettt ettt sttt e et e e se e sae et e e st e sbeesbeassesseesseaseesseeneesnaenres 35
2.5.1 Codes for design of Masonry StFUCTUIES ..........ccveeeieeiiiie e 36
2.5.2 Codes for repair/ strengthening/retrofitting of masonry structure.............cccccoevveevvenen. 37
2.5.3 Codes and design guidelines for FRP strengthened masonry Structures....................... 38
2.5.4 Codes, standard and design guidelines for ECC materials...........cccccooeviviiieiiciieennnns 38
2.6 CoNCIUAING REMATIKS ....c.viiiiii et be et e e 39
CHAPTER 3 Material Characterization.............ccccooviieiiniieiiiienceeseee e 40
L INEFOTUCTION ..o b ettt bbb 40
3.2 Material Properties of BriCK UNItS .........cccooiiiiiiiic e 40
3.3 Material Properties Of MIOIAr..........ccviiiiiiie et 42



Table of Contents

3.4 Material Properties 0f MaSONIY.........cccuciiiiiiieie et nre s 46
3.4.1 Masonry SPecimen PreParation...........cccviieieereiee e see s sre e sre e sre e re e 46
3.4.2 Compressive Strength of PriSM.........occoiiiiiiii e 47
3.4.3 Flexural and shear bond Strength.............cooiiiiiiiiiii 52

3.5 Material PropertieS OFf ECC ..o 55
3.5.1 Material and MiIX J8SIGN ...eoiiiiieieie et 55
3.5.2 Mixing process and SPecimen Preparations..........cooeoerererieeneeieeriesese e 57
3.5.3 Compressive Strength OF ECC ........oiiiiiiiiicee e 58
3.5.4 SPIlit tenSile SIrENQN ..o 61
3.5.5 Tensile strength 0f ECC COUPONS......cueeviiieiieieiie e sie sttt e e 62
3.5.6 Bending test Of ECC PriSIM.......cccuiiiiiieie ettt ne e 64

3.6 Material Properties OF FRP.........coiiiice e 66
3.6.1 FRP SPECIMEN PreParatiOnS ........ccueeiiuiiireiie e esiee st sieesteesteesaeesiee e e taesreesreesbeenreeas 67
3.6.2 Uniaxial tensile strength of FRP.........cooviiiii e 67
BUB.3 FRP DAIS ..ttt re e e 69
3.6.4 Tensile strength of FRP DAIS ........ccoiiiiiiiiiee e 70

3.7 BONAING MALEIIAL.....c.eeiiiiieiii ettt 72

3.8 CoNCIUAING REMAIKS ...ttt bbbt 73

CHAPTER 4 Flexural Response of Masonry Beams ...........cccoovevieiiniieniinnnn, 75

A1 INEFOAUCTION ..ot bbbt b bbbt 75

4.2 Flexural Response of Masonry Beams with Cement Mortar and ECC as Bed Joint............ 76
4.2.1 SPECIMEN PrEPATALION .. .e.viteiietieii ettt sttt ettt b e et b bbbt eenneeneas 76
4.2.2 EXPErimental tEST-SELUD .......eiuiiiieiiiiiiieie sttt 83
4.2.3 RESUIT AN QISCUSSTON ...ttt bttt 84

4.3 Flexural Response of Masonry Beams Strengthened with ECC Sheet...........ccoccovevevvennnee. 94



Table of Contents

4.3.1 SPECIMEN PrEPArALION .....ccviivieiiieieiieite et eeesteeste e s et e e te e te e e e saeesteesaesreesreeneesreenren 94
4.3.2 Installation of ECC sheets 0n masonry DEAmMS ...........cccveveieeieiiieiee s 95
4.3.3 TSE SBEUP ...t etee ettt ettt ettt ettt ettt e bt ekt e e hb e bt e hb e e bt e e ne e e nbe e nb e e b e e e e e nneeeneas 95
4.3.4 RESUIT AN QISCUSSIONS ......cveiiiieiieiiete sttt 96
4.4 CoNCIUTING REMAIKS ..ottt 99
CHAPTER 5 Flexural Response of Masonry Walls...........cccccoovviiiiiiiennnnn 102
5. L INErOAUCTION ...t b bbb 102
5.2 Flexural Response of Masonry Walls Strengthened with FRP and ECC................cceeve. 102
5.2.1 SPECIMEN PrePAIALION ......ciueeiieiiieeteete sttt bbb enes 102
5.2.2 Instrumentation and tESTING ......cccveiuriieiieie e 108
5.2.3 ReSUIt AN ISCUSSION ......cuiiiiiiiieicec et 108
5.3 ConCIUAING REMAIKS ......ocviiiiiiiiiiii et bbbt 115
CHAPTER 6 Numerical Modelling........cccccevieiiiiiiiiiiecee e 116
6.1 INErOAUCTION ... bbb bbb 116
6.2 NUMETICAl MOUEITING ..o 117
6.2.1 Material MOTEL.........c.o i 118
6.2.2 CONESIVE DENAVIOT ... 123
6.3 FE Models for Masonry Beams Strengthened with ECC Sheets..........ccccociiiiiiiiniennne, 123
6.3.1 Validation of numerical MOUEIS ..o 126
6.3.2 Results and discussion of parametric StUAY .........cocoeereririiiniciee s 131
6.4 FE Models for ECC Strengthened Masonry Walls with and without Opening ................. 138
6.4.1 MESN SENSITIVILY ....viivieiiieiecie ettt te e e e e sre e nns 138
6.4.2 Validation of numerical modelling...........cccoovveiieii i 143
6.4.3 Parametric study on ECC strengthened masonry wall without opening .................... 148
6.4.3.1 Results and discussion of ECC strengthened masonry wall without opening.......... 148



Table of Contents

6.4.4 Parametric study on ECC strengthened masonry wall with opening ..............cccco..... 152
6.4.4.1 Results and discussion of ECC strengthened masonry wall with opening............... 154

6.5 CONCIUAING REMAIKS ..ottt sttt sre e 160
CHAPTER 7 Summary and ConcClUSIONS..........cccoceevieeiiie e 162
7.1 SUMIMANY oottt bbb bbb bbb e bbb e 162
7.2 CONCIUSIONS ... bbbt e bbbt 163
7.2.1 Material CharaCterization ...........cccociiiiiiiiiiicee s 163
7.2.2 Flexural response of masonry DEAMS .........cocveiveeiieiiiie i 164
7.2.3 Flexural response of masonry WallS ..o 164
7.2.4 NUMETiCal MOGEITING. ......eiiiiiiiiieit s 165

7.3 RECOMMENUALIONS ...ttt bbbttt b bbbt 165
7.4 Future SCOPE OF the WOTK .......ooiiiiiiici e 166
APPENAIX-A ettt re e neeanreene s 167
BIDIOGIapNY ... e 173
Research Publications & Presentations Based on Present Work.................... 188
BiographiCal NOTES .........ooiiiieieeee e 191

Xi



