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ABSTRACT

Reinforced concrete structures often have to face modification and improvement of their
performance during their service life. The main contributing factors are change in their use,
new design standards, design errors, deterioration due to corrosion in the steel caused by
exposure to an aggressive environment and accident events such as earthquakes. In such
circumstances there are two possible solutions: replacement or retrofitting. It is desirable to
repair and reuse reinforced concrete structures from the point of view of sustainability.
Strengthening may also be needed to prolong the life of deteriorated members. Use of Fiber
reinforced polymers (FRP) can be considered as one of efficient technique for such
strengthening of reinforced concrete elements.

The previous research studies show the lack of field scale experimental studies and analytical
studies such as finite element models (FEM) have been carried out to complete
understanding of strengthening reinforced concrete structural element using FRP with
respect to failure behaviour, strength enhancement, ductility assessment and deflection
behaviour. Further, no studies have been carried out in Sri Lankan context to understand
behaviour of FRP strengthening reinforced concrete systems and no technical data is
available. This has led to less confidence of using this technique by practicing engineers in
Sri Lanka. Various design guidelines shows the different approaches to design FRP
strengthening system, especially the prediction of failure strains. This has led to poor
understanding of safety against ultimate failure and confidence of using the existing

guidelines for the designs. This study covers the above aspects with respect to strengthening
of reinforced concrete flexural elements usina carbon fiber reinforced nolvmers (CFRP)_

A comprehensiy perimentdh | program/ hascheen' darriéd but!using field scale flexural

strength (:dé*??gﬂ';‘i 1d Generete elements{beams and skabs)1o;under failure behaviour,
flexural strength e It ductility asse leflecti iour. A nonlinear
finite element-m fas' beeh' devetoped tos ntal behaviour of
CFRP ¢ Cl and Japanese

method of désigning flexural system have been evaluated and checked with the experimental
results.

It was observed that CFRP strengthened beams with u-wrapping showed about 60% load
carrying capacity improvement with respect to control specimens It was about 140% load
carrying capacity increment for normal strengthened R6 slabs (reinforced with 6mm
diameter mild steel) with CFRP at soffits. The load carrying capacity increment for T10
slabs (reinforced with 10 mm diameter tor steel) with CFRP was about 70% with normal
wrap of CFRP. It was clear that gain in flexural enhancement has highly depend on the
reinforcement ratio and the wrapping method of CFRP.

It was observed from the experimental study, a reduction in ductility of both beams and slabs
strengthened with CFRP. This reduction has considerably depended on the reinforcement
ratio of the elements. However, the elements still have sufficient ductility against failure.

The only failure mode observed in beam failure can be classified as cover separation with
simultaneous deboning of CFRP laminates. The failure has initiated by cracks formed in the
reinforced concrete elements during loading. The failure mode in the slabs is due to peeling
of CFRP laminates from the slab soffit known as debonding failure. The measured strain
values of CFRP for beams specimen are almost constant at failure. It was about 3570 pe. The
slabs are also constant with 2540pe which is independent on the reinforcement ratio. This
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indicates the failure is governed by the FRP strain at failure. The difference in FRP strain at
failure in beams and slabs are due to wrapping method of the laminates.

It was observed that tested specimen with flexural enhancement still satisfied the
serviceability deflection criterion (span/300) for reinforced concrete elements. Hence, these
flexural enhancement designs for beams and slabs are governed by the ultimate limit state
failure.

ANSYS based non-linear finite element model has been developed to simulate experimental
behaviour of FRP strengthened flexural system. It has good agreement with experimental
results. The calibrated material parameters has presented in this dissertation.

ACI and Japanese method of designs of flexural system are governed by the prediction of
debonding strain values by empirical based formulae. It was observed that prediction of
debonding strain by ACI method overestimate the value compared to Japanese method. On
the other hand, it was observed that Japanese method prediction is more close to
experimental CFRP strain observed at the failure in this experimental program. However,
ultimate moment of resistant calculation using conventional section analysis (this method is
used in both codes) indicates that both ACI and Japanese method have adequate safety
margin against ultimate failure of beams whereas ACI method does not show the adequate
safety margin for the slabs but Japanese method does. However, Japanese method has high
safety margin against beams and less value of the slabs. This difference in strains, highly
depending on the failure behaviour which is directly related to the wrapping method, has to
be accounted in the prediction of the debonding strain values.

Proposed Japanese method of debonding prediction formula has been modified based
experimental ggsults. Thisimodification hasded tolprediction ofultimate design moment for
flexural enhﬁ?@d elementsthoth: slabs,and.beams)wuith-reaspnable factor of safety against
ultimate failure.

This study has led Sri Lankan engineers to understand complete behaviour of CFRP
strengthened flexural systems. Proposed methodology can be used for the design with higher
confidence.

Keywords: flexural strengthening, CFRP, debonding failure, nonlinear FEM, Design

criterion

[iv]



ACKNOWLEDGEMENT

My sincere gratitude is first expressed to Dr. C. S. Lewangamage for being my
principal supervisor and giving me this opportunity together with his motivation,
great support and excellent guidance provided throughout this research study.

I would like to thank Professor M.T.R. Jayasinghe, former Head, Department of
Civil Engineering, University of Moratuwa for being chairperson of the progress
review committee and provided me good guidance while doing this study. | also
thank Professor H.S Thilakasiri, research coordinator, Department of Civil
Engineering, University of Moratuwa, for his support throughout the period.

My special thank should go to Senate Research Grant of University of Moratuwa
(Grant no: SRC/LT/2011/26) for creating this opportunity to me by providing

financial support during this research study.

| am grat‘ff'ull to- MF S BDhanimikd OWikalatatfiné {(NAVCORP  Engineering
Consultants;S?i Lanka) Who sponsored” for the Carbon Fibéer Reinforced Polymer

(CFRP) material during the experimental programme.

I am also thankful to Professor Mrs. C. Jayasinghe, Director of Post Graduate studies

division for her help during this study.

It is worth mentioning here assistance rendered by the other members of academic

staff and support given by the non-academic staff of Civil Engineering Department.

Finally, 1 must thank those who helped me in many ways, through by the way of
material of verbal thus enabling me in reaching of the present stage of the study.

[v]



Table of content

Table of content

DECIAIALION. ...ttt e I
ADSITACT. ...ttt iii
ACKNOWIEAZEMENT ...ttt e v
Table Of CONtENL. ... . vi
List Of FIgUICS. ... ettt e e Xii
LISt OF TaDIES ..o Xvii
Chapter 1
INTRODUCTION
1.1 BACKGIOUNT ...ttt bbbt 1
1.2 Repair and rehabilitation of structural elements ..., 1
1.3 Strengthening of RC flexural elements (beams/slabs) by using FRP ................ 4
1.4 Scop'%iof;the STUY. .. . e G s apsap e B S smmary aad pasagas s n s o sssmessesanssnssnnsensens 6
1.5 Maingsults. SR LD UL ACIK oo 7
1.6 DiSSertation OULHNE .........cviieiieieiiiisie e 8
Chapter 2

LITERATURE REVIEW

2.1 INEFOTUCTION ...ttt ettt 10
2.2 Historical development of FRP strengthening systems on RC structures........ 11
2.3 Material DERAVIOUN .........cciiiiiiiiic e 12
2.3. 1 GENEIAL ... e 12
2.3.2 CONCIELE ..ottt 13
2.3.3 ReINOrCiNG StEel ......ocvoiiiiiiiee e 13
2.3.4 FRP MALEIIAl.....c.ocviiiiiiiiiieeeee s 15

[vi]



Table of content

2.3.5 Bond between FRP and CONCIELE .........ccoovviiiniirieiese e 17
2.4 Associated failure behaviours of FRP strengthened flexural systems.............. 17

2.5 Ductile behaviour, durably issues and wrapping methods of FRP strengthened

FIEXUTAL SECLIONS ...t 22
2.5.1 DuCtile DENAVIOUL ..o 22
2.5.2 DUFability I1SSUBS .......eiviiieieiesiie et 23
2.5.3 Wrapping MethodsS .........cocviiiiiiiiei e 24

2.6 Available material’s failure Criteria ..........cocveveiiiiiciiiiieees e 24
2.6.1 GENEIAL ...t e 24
2.6.2 Available failure criteria for CONCrete...........ccoovvveiereniineseeeeeeen 25
2.6.2.1 Mohr-Coulomb yield Crterion ..........ccovriiineienese s 25
2.6.2.2 Drucker-Prager yield Criterion.........cccoccvvveiveieiiesi e 27
2623 Willam and Warnke failure Criterion............ccccevoeiiiiinennencnseennenns 28
2.6.®ailable fallureGriteria fof dugtiley Malefials: vy . oo rvererererereeeenes 35
2.6.'?;":‘iif-Tresca TATRIF RO Sl 35
2.6.3.2 Von Mises yield Criterion ..........cccccevveiiiie i 36
2.6.3.3 Bresler—Pister yield Criterion..........ccoeiiriiiiieese e 36

2.7 Finite element modelling of FRP-concrete COmposIte...........cocvvvrvvvevenennen, 38

2.8 Design guidelines for flexural strengthening with FRP ..., 38
2.8. 1 ACI440.2R-08 ... 39
2.8.2 Japanese standards (JSCE recommendations)..........cccccccevvvevveiienreenenn, 41
2.8.3 The Egyptian code ECP 208-2005...........cccooeiirieeiienienienenesieseseeeenes 42

2.9 SUMIMANY ..ttt b et b ettt e e b e e 42

[vii]



Table of content

Chapter 3
EXPERIMENTAL STUDY
B L INErOAUCTION ...t 45
B2 MALEITAIS. ... 46
3. 2.1 FRP QN BPOXY ...vvverveiiieiieeiesiiesisetesee e te e sia et te e ste e e e e 46
3.2.2 CONCIELR ..ttt 47
3.2.3 REINTOICEMENT ...t 48
3.3 TeStiNG OF DBAMS ... 49
3.3.1 Specimen detailS.........cciveiiiieiece e 49
3.3.2 Surface preparation 0f DEAMS .........ccoiiiiiiiiiieeee e 49
3.3.3Application of CFRP 0N DEAMS...........cccoiiiiiiiieieieese e 50
3.3.4 Testing procedure of beams ..., 51
3.3.9MIEBSUNEIMENIS pest oy - A e parterywar s St Lotiphs o ooeeesssesesseness ol
3.4 Testig%f Slabs el e R R 53
3.4.“»1.gbecimen AELAIIS ..o 53
3.4.2 Surface preparation of Slabs ...........cccovvveiiiiciic e, 55
3.4.3 Application of FRP 0N Slabs...........cocooveiiiiiiccececese e, 55
3.4.4 Testing procedure of SlIabs...........ccccoeiiiiiiiciic e, 56
3.4.5 MEASUIEIMENES. ...ttt 57
3.5 SUMIMAIY .ot 58
Chapter 4

EXPERIMENTAL RESULTS (flexural enhancement, failure behaviour,

deflection behaviour and ductility assessment)
e [ oo [ od 1 o] o SR 59

4.2 Strength eNNanNCEMENT ..........coviiiiieiii e 59

[viii]



Table of content

4.2.1 Ultimate failure loads of DEamMS ............cooeiiiiiiinincce 59
4.2.2 Ultimate failure loads of slabs...........c.cooviiiiiiiiie 60
4.3 FAIIUIE MOUES ...ttt bbb 61
4.3.1 Failure modes 0f DEAMS..........cciiiiiiiiiie e 61
4.3.2 Failure modes Of SIabs.........ccccoiiiiiiiiic e 65
4.4 Load-Deflection and Load-Strain plotS..........cccoviriiiiiiiiniie e 68
4.4.1 Load-Deflection and Load-Strain plots for beams...........c.ccocvvevviienennn. 68
4.4.2 Load-Deflection and Load-Strain plots for slabs ............cccccovevvinnnen, 69
4.5 DUCHIITY @SSESSIMENT......eeviiiiitiecie et ste e s 73
4.5.1 Ductile behavior 0f DEAMS..........ccoeiiiiiiiieee e 73
4.5.2 Ductile behavior of slabs............cociiiiiiii e, 74
4.5 Serviceability limit deflection ...........cccoveii i 75
4.6 SUMM@TY ... L fypiversiiv ol Moratnwa Sridoamha e 75

Chapter 5

NONLINEAI& FINITE ELEMENT MODELING

5.1 INEFOTUCTION ...t 76
5.2 EIBMENT LYPES ..ottt et 77
5.2.1 ReINTOrCed CONCIELE. .......oiuiiiiiieeiieieie e 77
5.2.2 ST ... 78
5.2.3 FRP Material .........ccooiiiiiiiiee e 78
5.3 Material constitutive models and failure criteria ............ccocooeoriieiniicienn, 79
5.3 1 CONCIELE ..ot 79
5.3 2 S ... 82
5.3 B CFRP e 83
5.4 Nonlinear finite element analysis of flexural members .............cccccoeeiiinen. 84

[ix]



Table of content

ST 3 R CT=To ] 1 1] 1 T TP UPP PP 84
5.4.2 Finite element diSCretization ............ccocoeiiiiiinieiencse e 86
5.4.3 Loading and boundary Conditions .............coveririeieneneieneseseseeeees 87
5.4.4 Nonlinear SOIULION .........ccoiieiiiieiiire e 88
5.4.5 Load steps and failure definition for FEM ............cccccoveveiiiiiciccieen, 89
5.4.6 Finite element modeling results ... 91
5.4.6.1 Load — deflection and load — strain plots for beams .............ccceeeee. 91
5.4.6.2 Load — deflection and load - strain plots for slabs ................ccccvn..n. 93
5.4.7 First cracking 10ads ..........cccooveiiiiiiieie e 97
5.4.8 Evaluation of crack patterns...........cccceeveieiieeie e 99
5.4.8.1 Comparison50f Crack Patterns. .........ccocvvvrerieienienene e, 102
5.4.8.2 Evaluation of CFRP strain at failure ............ccccceveieiiiiiininceen, 105
5.5 Summal P R N S SV 109

Chapter 657

EVALUAT (O = NG STF ) FACTOR OF
SAFETY FOR FRP STRENGTHENED FLEXURAL SYSTEMS

6.1 INEFOAUCTION ... e 110
6.2 Comparison of debonding strain at failure of beams...........c..cccocvevveiviienenn, 110
6.3 Comparison of debonding strain at failure of slabs ...............ccccoeviiieiennn, 112
6.4 Overall factor Of safety..........ccoivviiiiiiic 114
6.5 Proposed expression for debonding strain evaluation in FRP ..................... 117
6.6 Factor of safety for design based on proposed debonding strain................... 118
6.7 SUMMAIY ..eiiiiiii ettt e et e st e e e b e e e b e e e b e e e nbeeeenseaeanseeeanes 119

[x]



Table of content

Chapter 7

RECOMMENDED DESIGN PROCEDURE FOR FRP FLEXURAL SYSTEMS

7.1 Flexural design of FRP strengthened SeCtion............ccccceveviienenininieienenn 120
7.2 SUMMIAEY oottt ettt bt e skt e b e e b e e et b e e e bt e e ssbeeennbeeeanes 124
Chapter 8

CONCLUSIONS AND RECOMENDATIONS

8.1 Conclusions and reComMmENdatioNS...........ccoveririririnieie e 125
8.2 Future prospective for further research...........cccocovveieiieci s, 127
RETEIEINCES ...t 128
APPENIX A bbb 136
Material PrOPEITIES ......c.eeeeieieiteie e 136
APPENAIX B .o e 142

APPENAIX C oottt et e re e reeaeare s 145
Design example on FRP strengthened flexural system.............ccccoceveiiiieienn, 145
V2 7 S 146

[xi]



List of figures

List of Figures

Figure 1.1: Spalling of concrete from a beam due to carbonation..............c.cccccvevenen. 2
Figure 1.2: Cracks appeared in the beam due to a design error ...........ccceeeeveresiennnn. 2
Figure 1.3: Exposed corroded reinforcement in RC slabs ... 3
Figure 2.1: Uni-axial stress strain curves for CONCrete..........ccoovvvrereninennsieieens 13
Figure 2.2: Tensile stress-strain curve for Steel ...........cccovevveieiieiicie e, 14
Figure 2.3: Idealized stress-strain curve for Steel...........ccccovveieiiieiiiiii v, 15
Figure 2.4: Stress-strain curve for FRP ... 16
Figure 2.5: Compression failure...........coooiiiiii s 20
Figure 2.6: RUPLUIe OF FRP .......oouiiiice e 20
Figure 2.7: Shear failure............cocvoiieii i 21
Figure 2.8: Delamination of FRP ... 21
Figure 2.9: /‘f‘-'}ncrete ch¥dedadation Y Oratuwa, ofl Lanka. . ... 21
Figure 2.10:;§rapping methods forflexunal strengthening........c..cccevcevveviciiencne, 24

Figure 2.11: View oi Mohr-Coulomb failure suiface in 3D space of principal stresses
FO1 C =25 0 = =207 .o 27

Figure 2.12: View of Drucker—Prager yield surface in 3D space of principal stresses
FOrC = 25 0 = 200 i 28

Figure 2.13: Willam and Warnke 3-D Failure Surface in Principal Stress Space ..... 31

Figure 2.14: Willam and Warnke failure Surface in Principal Stress Space with

Nearly BiaXial StrESS.........cciviiuiiieiieie sttt re e 34
Figure 2.15:Tresca-Guest yield SUITACE ..o 35
Figure 2.16: The Tresca-Guest and VVon Mises yield surfaces in 3D space .............. 36

Figure 2.17: a) The Bresler—Pister yield surface in 3D space; b) The Bresler—Pister
yield SUrface IN 2D SPACE. ......civeeiii it abe e 37

[xii]


file:///C:/Users/Raj/Desktop/Thesis%20Rajeev/Thesis%20part%202.docx%23_Toc349028455

List of figures

Figure 2.18: Analysis of cross section in FleXUre..........ccocevvveieeninie e 39

Figure 2.19: Debonding failure modes associated with FRP strengthened flexural

SBCEIONS ...ttt bbbttt bt 40
Figure 3.1: Methodology for study programme...........ccccceevveieneeiesie e 45
Figure 3.2: EPOXY COMPONENES ......oviiiiiiiiiiieiieiete sttt 46
Figure 3.3: Formwork and reinforcement for beams .........cccceoeveiiienininiciice 47
Figure 3.4: Formwork and reinforcement for slabs ...........cccoovevveiiiiiiciecc e, 47
Figure 3.5: Testing of steel SAMPIES.........cccvevviiiiiieiice e 48
Figure 3.6: Reinforcement and FRP arrangement for beams (not in scale)............... 49
Figure 3.7: Surface preparation 0f DEAMS ..........ccooviiiiiiiiiiee e 50
Figure 3.8: Saturating of CFRP layer and beam surface with epoxy............ccccceeu..... 50
Figure 3.9: Application of CFRP 0N beams............cccecveiieii i 50
Figure 3.10: Typical test set up for beams ..o, 51
Figure 3.11§i%sting afeangemant Tohadeantz. [Dissertations. ..o vcennen 52
Figure 3.12:':. gt’rain gauge 10Cations 0T DEAMS ........ccvveiieirieee e ee e 52
Figure 3.13: LVDT and dial gage positions of beams ............c.cccccevvvieiievicvc i, 53
Figure 3.14: Details Of SIabS.........cooiiiiiiicc s 54
Figure 3.15: After surface preparation of slabs............ccocvviiiiiiiiiiie 55
Figure 3.16: Laying of FRP 0N SIabs ...........ccooiiiieii e, 56
Figure 3.17: Applying second coating of epoXy 0N FRP ..........ccccccvevieiieiecicciee, 56
Figure 3.18: Test Set Up Or S1abs ........ooviiiiiic s 56
Figure 3.19: Test Set Up fOr SIabs ........ooviiiiice s 57
Figure 3.20: LVDT and dial gauge locations for slabs............c.ccccevviiiiiiiciiiciiene, 57
Figure 4.1: Flexural cracks development of control beaml...........cccccocvveviiiiiieiinnne. 61
Figure 4.2: Flexural cracks development of control beam 2...........ccccccovevviiiciinne. 62

[xiii]


file:///C:/Users/Raj/Desktop/Thesis%20Rajeev/Thesis%20part%202.docx%23_Toc349028463
file:///C:/Users/Raj/Desktop/Thesis%20Rajeev/Thesis%20part%202.docx%23_Toc349028465
file:///C:/Users/Raj/Desktop/Thesis%20Rajeev/Thesis%20part%202.docx%23_Toc349028466
file:///C:/Users/Raj/Desktop/Thesis%20Rajeev/Thesis%20part%202.docx%23_Toc349028467
file:///C:/Users/Raj/Desktop/Thesis%20Rajeev/Thesis%20part%202.docx%23_Toc349028468
file:///C:/Users/Raj/Desktop/Thesis%20Rajeev/Thesis%20part%202.docx%23_Toc349028470
file:///C:/Users/Raj/Desktop/Thesis%20Rajeev/Thesis%20part%202.docx%23_Toc349028471
file:///C:/Users/Raj/Desktop/Thesis%20Rajeev/Thesis%20part%202.docx%23_Toc349028472
file:///C:/Users/Raj/Desktop/Thesis%20Rajeev/Thesis%20part%202.docx%23_Toc349028474
file:///C:/Users/Raj/Desktop/Thesis%20Rajeev/Thesis%20part%202.docx%23_Toc349028480
file:///C:/Users/Raj/Desktop/Thesis%20Rajeev/Thesis%20part%202.docx%23_Toc349028481
file:///C:/Users/Raj/Desktop/Thesis%20Rajeev/Thesis%20part%202.docx%23_Toc349028482

List of figures

Figure 4.3: Flexural cracks development of control beam 3............cccoooiiiiiiiiennenn 62
Figure 4.4: Ultimate failure mode of a control beam............cccceveiiieniiniiiic, 62
Figure 4.5: Crack initiation and CFRP debonding of TB1 ........ccccccvevevivevviiieiieenn, 63
Figure 4.6: Crack initiation and CFRP debonding of TB2 .........cccccevivvevviieiieenen, 63
Figure 4.7: Concrete cover separation 0f TB3..........cocoiiiiiiiiieieieeceee s 64
Figure 4.8: Concrete cover separation 0f TB4 ..........ccccooiiiiiiieieiccc e 64
Figure 4.9: Concrete cover separation Of TB5.........ccccccevveviiieiicce e 65
Figure 4.10: Crack propagation and failure of R6 control slab..............cccccoeevvienen. 66
Figure 4.11: Crack propagation and failure of T10 control slab..............cc.ccccevennenn. 66
Figure 4.12: Debonded CFRP layer of R6TS1 type slab.........cccooeviiiiiiiiiiiiien 67
Figure 4.13: Debonded CFRP layers of R6TS2 type slab ........cccccccvevevveiiiiciiennn, 67
Figure 4.14: Debonding failure of TI0TS1 type slab......cccccevevieiiiiiviieccceee, 68
Figure 4.15:k0ad vs i span deflection 0f DEAMS - Gy fuaphon e, 68
Figure 4.16%§ad VS FRP Straifi-at mid-Span for Beams - e 69

Figure 4.17:ﬁléomparison of load vs mid span deflection for R6 control slabs and
RETSL EYPE SIADS ...t 70

Figure 4.18: Comparison of load vs mid span strain for R6TS1 type slabs............... 70

Figure 4.19: Comparison of load vs mid span deflection for R6 control slabs and
RETS2 tYPE SIADS ... e 71

Figure 4.20: Comparison of load vs mid span strain for R6TS2 type slabs............... 71

Figure 4.21: Comparison of load vs mid span deflection for T10 control slabs and
TL0TSL EYPE SIADS ... 72

Figure 4.22: Comparison of load vs FRP strain at mid span for T10TS1 type slabs. 72
Figure 5.1: SOLID65 geometry and node 10Cations ...........cccccveeveeiieiieeiie e 77

Figure 5.2: Geometry and node locations for LINKS...........ccccoooveviiiiiiiie i, 78

[xiv]



List of figures

Figure 5.3: Geometry and node locations for SHELLAL ..........cccoooviiviiiiiiienennnen, 78
Figure 5.4: Simplified compressive uniaxial stress-strain curve for concrete............ 80
Figure 5.5: Bilinear elastic model for Steel..........cccoovvieiieii i, 83
Figure 5.6: Linear elastic model for CFRP .........ccccooi i 84
Figure 5.7: Typical beam dimensions (N0t in scale) ........cccccoevvveiiiiiiniiiice e, 84
Figure 5.8: Typical slab dimensions (N0t IN SCale) .........ccccuvvvrieieiiiiieee 85
Figure 5.9: Finite elements mesh for a control beam model..............ccccoevviiieieenenn, 85
Figure 5.10: Finite elements mesh for a FRP strengthened slab model..................... 86
Figure 5.11: Mesh size vs mid span deflection (convergence study) ..........c.ccocveueee. 86
Figure 5.12: Mesh size vs compressive stress at top (convergence study) ................ 87
FIQUIE 5.13: PN SUPPOIT.....cvieieciie ettt ettt re e 87
Figure 5.14: ROIEr SUPPOI .......ocvieieee et 87
Figure 5.15:(_7N¢Wton—Raphson Herative LAANSYS)a - Qgei e eay take e eereesresressesesensennes 88
Figure 5.16%éinforced coricrete behaviotrfor COntrol Beams ..., 90
Figure 5.17“} Load vs mid span deflection of control beams............cccccccvvvvievivienvinn e, 91
Figure 5.18: Load vs Deflection at mid span for FRP strengthened beams............... 92
Figure 5.19: Load vs FRP strain at mid span for FRP strengthened beams .............. 92
Figure 5.20: Load vs at mid span deflection for R6 control slabs ..............cccccecvenee. 93
Figure 5.21: Load vs at mid span deflection for T10control slabs................c..c......... 94
Figure 5.22: Load vs deflection for R6TS1 SIabs ........c.cccevveveiieiiic e, 94
Figure 5.23: Load vs FRP strain at mid span for R6TS1 slabs...........c.ccovvviininnnn. 95
Figure 5.24: Load vs deflection for RETS2 SIabs ..........ccoovveiiiiiieiiieciccce, 95
Figure 5.25: Load vs FRP strain at mid span for R6TS2 slabs............ccccccveviievnnnne. 96
Figure 5.26: Load vs deflection for TI0TS1 slabs.........cccccoevviiiiiiiiiiicccce e 96
Figure 5.27: Load vs FRP strain at mid span for T10TS1 slabs..........cccccoevivevinnne. 97

[xv]


file:///C:/Users/Raj/Desktop/Thesis%20Rajeev/Thesis%20part%202.docx%23_Toc349028511
file:///C:/Users/Raj/Desktop/Thesis%20Rajeev/Thesis%20part%202.docx%23_Toc349028519
file:///C:/Users/Raj/Desktop/Thesis%20Rajeev/Thesis%20part%202.docx%23_Toc349028520

List of figures

Figure 5.28: Integration points in concrete solid element (ANSYS) .......cccoviiiennene. 99
Figure 5.29: Cracking Sign (ANSYS) ..o 99
Figure 5.30: Cracking of a flexural member............cccccov i 100
Figure 5.31: Crack propagation of control beam .............cccoovevviieiieeiicce e 102
Figure 5.32: Crack pattern at failure of R6 control slab ............cccccooiiiiiiien, 103
Figure 5.33: Crack pattern at failure of RE6TS1 slab .........ccoovviiiiiiiiien, 103
Figure 5.34: Crack pattern at failure of R6TS2 slab ..........cccccovevviieiiiiicee 104
Figure 5.35: Crack pattern at failure of T10 control slab............ccccceeveiiiiieinenene. 104
Figure 5.36: Crack pattern at failure of TI0TSL1Slab .....ccccoovvviiiiiiiiiiieee, 104
Figure 5.37: Strain variation of CFRP layer in Deams...........cccocveniieniniinieniinnennn, 107
Figure 5.38: Strain variation of CFRP layer in R6TS1..........ccccooevieviiiecec e 107
Figure 5.39: Strain variation of CFRP layer in R6TS2..........ccccooevievviie e 108
Figure 5.40g8train varigtion-of CRRPNAYar-H TIATEL g mbea e, 108

Figure 6.1 %rlatlon of-stratn'at farture-bétween design 'stahtlards predicted values

and experlmental VaIUBS ... e e s 111

Figure 6.2: Variation of strain at failure between design standards predicted values

and experimental values for slabs ... 113
Figure 6.3: Analysis of cross section in flexure...........ccoooeiiiin e, 114

Figure 7.1: Stress and strain across the depth of a reinforced concrete section
strengthened With FRP .........cviiiiice e 120

[xvi]


file:///C:/Users/Raj/Desktop/Thesis%20Rajeev/Thesis%20part%202.docx%23_Toc349028537
file:///C:/Users/Raj/Desktop/Thesis%20Rajeev/Thesis%20part%202.docx%23_Toc349028538
file:///C:/Users/Raj/Desktop/Thesis%20Rajeev/Thesis%20part%202.docx%23_Toc349028539
file:///C:/Users/Raj/Desktop/Thesis%20Rajeev/Thesis%20part%202.docx%23_Toc349028540
file:///C:/Users/Raj/Desktop/Thesis%20Rajeev/Thesis%20part%202.docx%23_Toc349028551
file:///C:/Users/Raj/Desktop/Thesis%20Rajeev/Thesis%20part%202.docx%23_Toc349028551

List of tables

List of Tables

Table 2.1: Typical properties of materials ..........ccoccovvveviiiiiienii e, 16
Table 2.2: Input parameters for Willam and Warnke failure criterion .................... 29
Table 2.3: Environmental reduction factors for FRP suggested by ACI 440-2R ...... 41
Table 3.1: Properties of CFRP and COMPOSITE .........cccoririririiieeniesie e 46
Table 3.2: Reinforcement details of DEAMS...........cccooiiiiiiiiicee, 49
Table 3.3: Reinforcement details of SIabs...........ccoiiiiiiiic 54
Table 4.1: Ultimate failure loads and failure modes of beams .............cccceovireinn 59
Table 4.2: Ultimate failure loads and failure modes of slabs............c.ccccoovriiiinnnnnn, 60
Table 4.3: Cracking loads of control beams..........cccoovevvieiiiene i 61
Table 4.4: First cracking loads of slabs...........cccccooveiiiiiiiciecc e, 65
Table 4.5: Ultimate displacement ratio and ductility index for beams........cccc.c...... 73
Table 4.6; Léiljgﬂate displacement ratio and quctility index.for slabs ..........c.ccecceueene. 74
Table 5.1: A"TNTSYS PARAMELES FORIGOACTAIE . ..........o. o 81
Table 5.2: Steel material properties for ANSYS.......coooiiiiieiiieceeeee e 82
Table 5.3: Linear orthotropic material properties for CFRP............ccccccevevieiiiienen. 83
Table 5.4: Load step sizes for control beam model ..........ccocoeeviiiiiieienieiiece e, 89

Table 5.5: Comparisons between experimental observed and ANSY'S first cracking

10AAS OF DBAIMS ... ettt e e e, 97

Table 5.6: Comparisons between experimental observed and ANSYS first cracking

1080S OF SIADS ... 98
Table 5.7: Comparison of failure loads of beams ..........ccccceevevieviviie i, 105
Table 5.8: Comparison of failure loads of slabs ............cccceveiiiciii i, 106
Table 6.1: Comparison of ultimate debonding strain values of beams at failure..... 111

[xvii]



List of tables

Table 6.2: Percentage variation of the proposed debonding strain values by the
design standards to the experimentally measured values for beams........................ 111

Table 6.3: Comparison of ultimate debonding strain values of slabs at failure....... 112

Table 6.4: Percentage variation of the proposed debonding strain values by the

design standards to the experimentally measured values for slabs.............c............ 113
Table 6.5: Safety factors in Japanese standards...........ccooeoeiereneneneninesceee 115

Table 6.6: Comparison of overall FOS between ACI-440-2R and Japanese standards

FOI DBAMS ... s 116
Table 6.7 Design moments and safety factors based on proposed expression......... 119
Table 7.1: Environmental factor ..o 121
Table A.1: 28 days cube strength of concrete..........cccvvvevveiciiecce e, 136

Table A.2: Cube strengths of concrete at the date of testing of beams and slabs .... 137

Table A.3: Tensile test results of concrete at the date of testing of heams and slabs

.................................................................................................................................. 138
Table A.4: _‘ __fisile teST TESUITS TOF MITA SR .. ... e eeeereeeeeeeeeenees 139
Table A.5: Tensile test results for tor StEEI .....coovvvveveeee e, 139

[xviii]



