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Abstract

There is an urgent need to develop economic and efficient methodsatoaregp strengthen
existing reinforced concrete structures. This demand is motivated by several factors including
the aging of concrete structures, the desire to upgrade design standards, and the exposure to
severe environmental effects. A particular peobl confronting engineers in repairing
deteriorated structures is the rehabilitation of reinforced concrete elements. Conventionally,
steel plates were utilized to restore and enhance the tensile strength of damaged concrete
members. Despite the effectivaseof this practice in terms of improving the structural
capacity, it is still considered disadvantageous due to the excessive weight of steel and its
susceptibility to corrosion in moist environments. The application of fibre reinforced polymer
(FRP) to @isting reinforced concrete structures has gained the interest of many researchers in
the last few decades. These materials are superior to steel when it comes to comparing the
resistance to electrochemical corrosion, stremgtiveight ratio, ease of halig, fatigue
resistance, and availability in any length or shapewever, there is still a serious concern
regarding the effect of premature debonding of the FRP plates before reaching the desired
strength or ductility. This debonding can initiate frdm £nds of the plate or can be induced

by intermediate cracks in the concrete member. Although thelateldebonding and peeling
mechanisms have been studied extensively, there is still a significant lack of data for FRP
strengthened beams in which imtexdiate cracknduced debonding is the dominant failure
mode. On the other hand, the interfacial bond capacity between the concrete and the FRP
composite has not been thoroughly investigated. Whereas, there is still need to study the effect
of some of themechanical and physical parameters on the bond strength ecCBRGEtete
interface. Moreover, researchers have also shown a keen interest in simulating flexural cracks
in concrete beams, and examine their effect on the debonding mechahiBRP materials.
However, more realistic approach is needed to model cracks and account for their growth.

In this study, a thredimensional nonlinear finite element model was developed for simulating
theflexural behaviour of RC beams externallgnded with FRRBystemsThe ABAQUS/CAE

software version 6.12 was used for this purpose. This numerical analysis was performed

iv



based on a comprehensive experimental program conducted by Brena et al. (2003). The
simulated RC beams were categorized in two groups: Control Beatmsut fibore) and CFRP
Beams (with carbon fibre reinforced polymdduring the process of constructing the CFRP
beam modelstwo distinct procedures were followed t&imulatethe interfacebetween the
concrete and the externally attached FRP lamina&$ed® bond was assumed in the first
approach, an@ Cohesive Zone Model (CZM) was adopted in the second approach. In the
latter, cohesive surface technique was implemented in the ABAQUS model through the use of
tractionseparation lawDespite the lack ofjuantitative evaluation in the literature as no
similar techniques was attempted by others,rédsailtsof this numerical analysis weanly
compared witlexperimental findings, anthe proposed modeiverefound to be reliable.

A parametric study was germed to investigate the influence of various parameters on the
flexural capacity of the proposed beam model, and the debonding behaviour of the externally
attached FRP laminate. This analysis was conducted by either changing the mechanical
properties osome of the constitutive materials (e.g. concrete and reinforcing steel), or altering
the geometrical and mechanical properties of the FRP reinforcement. It was then found that
the effect of internal steel reinforcement ratio has the most impact on ltéaataicapacity.

While changing the FRP bond length beyond a certain value bears no effect on beam strength.
Moreover, the numerical model was modified to review the effect of intermediate crack
spacings on the overall beam performance. A discrete apmkach was adopted to replicate
crack propagation throughout the body of the bediis technique has showmn
approximately 30% improvement in theediction capacity of this model when compared to a
similar specimen in which smeared crack approach is Udeglresults of this analysis showed

that the debonding behaviour of FRP laminates is largely influenced by crack spacing. In
addition, the radts have also indicated that the initiation of FRP mibebonding was
prolonged as crack spacings were decreased. This response can be attributed to the abrasion
effect within the FRRConcrete interface. Finally, this numerical analysis provides avelati
reliable guidance on the application and the mitigation of externally bonded FRP reinforcement
in concrete beams. The predictive capability of the proposed FE models ensures their

suitableness for further investigations of FRP effectiveness in agiheering field.

Vv



Acknowledgements

| would like to express my sincere appreciation and gratitudenyosupervisorProfessor
Stanislav Potapenkior his guidance, patience and untiring support.dgisstant mentorship
and suggestionsalwe not only enrichd my technical knowledge, bbhavealso provided me
with the confidence and determinatiorededo pursue and complete this reseawlso, |
like to acknowledge his generous financial support throughout my proguadrhis kind
endeavar to ensure the edinuity of such support. wholeheartedly believe thatiit work

would not have come to frigin without thetrust and the encouragemeafitmy supervisor.

Special thanks gto the members of the examination committee for the time they spent on
reviewingmy thesis, and providing me with their constructive comments and feedtiask.

insights have undoubtedly made this work more valuable and practical.

| would also like to extend my words of appreciation to Bepartment ofCivil and
Environmental Engieering at the University of Waterloo for their academic and financial

support.

Finally, my deepest gratitude and appreciation go to my parents, my sistay &ndther for

their unconditional love anencouragemernhroughout these yeargour presence in my life

has been nothing short of a continuous inspiration to push forward and achieve my ultimate
goals. | trulyhope that I will always live up to your expectations, and pay back some of my
enteral debt to yodor your limitless kindnes and compassion. Thank you very mdch

believing in me and givingne allthe support | need to pursue my dreams.

Vi



Dedication

| dedicate this thesis to my parents, my sister, and my brother

vii



Table of Contents

Examining Committee Membership..........coooviiiiieiiiiiiiee s i
Aut hor 6s De.cl.ar a b O iii
Y 0111 = Vo SRR \Y
ACKNOWIEAGEMENTS ... eeeea e v
D=0 [or= 1o o PO PPPPPPPPPPPPPPPPRS Vi
Table Of CONIENTS.......ci oo e e e e e s ennr e e e e e ees Viii
LIS Of FIQUIES....ceeeeeeeeeee et eeea bbb Xiv
S A0 N 1= 10 =R PPP XXIi
Chapter One  INtroOdUCLION .........ccooiiiiiiiiii e e a e e e e e 1
1.1Background INfOrmation...............uuuuiuiiiiiicreeeeee e e e e e e e e e e e e e 1
1.2 Research Objectives and SCOPE........coii it 2
1.3 ThesSIS OrganizZatiOn............ooiiiioiiiieeee s eeeeass bbb e e e e e e e e e e e s eeeseeees 4
Chapter TWO  Literature REVIEW .........ovvuuiiiiiiiii e eeeen e e e 7
2.1 OVEIVIEW.....eeiiiiiiiiiee ettt e e e s bbb s e e e e e e e ennnsssssnnseeeeeeneenee il
22 o 1153 (o] g o= 1 [ Y {0] 124 F=1 1o o 8
2.3 Fibre Reinforced POIYMEL..........coo i 9
2.3.1 FRP Constituents: FIDLes.........ccoooi oo 10
2.3. 1.1 GIasS FIDreS......couuiiiiiiiiie e 11
2.3.1.2 Carbon FIDresS........uveviiiiiiiie et 12
2.3.13 Aramid FIDIeS.......oveiiiiiiiieie e e e eeees s e e e e e e e e e e e e eeeaenenens 12

2.3.2 FRP CoNnstituentS: RESINS........uuuuiiiieei i e e eneer e e e e e e e e eeeees 13
2.3.2.1 Unsaturated POIYESIEL..........oooovviiiieeeee e 14

2.3. 2.2 VINYI ESEEI...euuiiii et 15

2.3, 2.3 EPOXY .ttt ettt e anana s 15

2.3.3 FRP Constituents: Fillers and AdditiVES..........cooevvvvvveiiiireeeeeeeeviiee e 16
2.4 AONESIVES ...ttt ettt s 16
2.5 Manufacture of FRP ReiNforcemMent............coeiiiiiiiiieeeciiie e 18
P2 TNt U 1€ [ o 18



pZE 228 |V (o 11 ] o | oo RS 19

2.5.3 Manufacturing of DrfFibre Sheets and FabriCs.............ccccooveeiiieeeeiccviiee e, 20
2.6 Externally Bonded FRP ReiNfOrCeMENL.........coovvviiiiiiiimmmieiieeeieeiiiiiiii s 21
2.7 Mechanical Properties BRP Reinforcement...........cccooovvieiiiiieeciiciiiiieeeeeeeeeee 23
2.8 FRP Applications in Structural ENgINEENNG...........uuuuuuiiiiiieceeeriiiiieineeeeeeeeeeean 25
2.9 Advantages of FRP ReiNfOrCemMEents...............uuuvuiiiimemiiiiiiiiiiiiieeeeeee e 27
2.10 Failure Modes ifRP-Strengthened Concrete Beams.........cccoovvveeiiiececieennn. 29

2.10.1 FleXural FAIUIES........ccuiiiiiiii e s 32

2.10.2 LOCAl FAIUIES......uuuiiiiiiiiiiiiiiie et mmee e eeenes 37

2.10.21 PlateEnd Interfacial Debonding.........ccuuviiiiiiiiiiiieeneeeeeeeeeee e 37
2.10.2.2 Concrete Cover SEParatiON...........ccccuuururrimmmraaaiiinieieeeeeeeeeeeeeaereneeeesd 41
2.10.2.3 Midspan Deboning Induced by Flexural Cracks............cccceeiiiicerennnnns 44
2.10.2.4 Midspan Deboning Induced by Flexural/Shear Cracks......................: 47
P22 I I =T To I8 1Y/ 1T o o = T £ o o P 50

2.11.1 Factors Affecting Bond Strengthi..........cooooiiiiiiiiiccc e 50

2.11.2Numerical Modelling of Bond Behaviour of Concrete and FRP Interface..53

2.11.3 MeseScale Finite Element Approach............ooooeiiiiiieeeiii e 58

2.11.3.1 PreciSe MOMEL.........ooeeeeiiiiiiicr e ereeee e e e e e e e e e aeeeen) 60
2.11.3.2 SImplified MOEL.........ccoi e 64
2.11.3.3 Bilin€ar MOUEL.........ccoeeiiiiii e 65

2.11.4 Ultimate Bond Strength...........ccoooeiiiiiiiiieeei e 66
2.12 FiniteElement Modelling of FRFStrengthened RC Beams.........cccccvvviiiiiiianee. 68
2.13 Nonlinear Fracture Mechanics of CONCLete.............covvvvvviicccriiieeeeiiiee s 70

2.13.1 Cracking Of CONCIete.....cciii e 71

2.13.2 FracCture PrOCESS ZONE.......cuuuuiiieiiiiiiii i e ettt e et e e e e e e s 12

2.13.3 Fictitious Crack Model.............coovvviiiiiiieemreeeieeeeeeee v

2.13.4 TeNSION SOMENING.......uuuuiiiiiiiiiiiiei ettt et e e e e e e e e e e e e e e e e e 75
P I o T (o VA I g T=T0 Y PSR 77

2.14.7 Initial Yield CriteriON. ......uu oot rene e e e e eeeeeenees 78

iX



N A - 0 =T o] o S 80

2. 143 FIOW RUIB....cceeeee et e e e e e e e e e anene e e e e e 81
Chapter Three  Numerical FOrmulation ..o e 83
G0 I [ o1 (o o (3 Tox 1 o] o U TRTTPPPPP 83
3.2 MethOdSs Of ANAIYSIS.....uuuiiiiiiiii ettt eeer e e e e e e e e e e e e e nnne s 84
3.2.1 Finite Difference Method (FDM)..........oouuuiiiiiiiiiieiiiiire e 84
3.2.2 Boundary Element Method (BEM)............uuuuiiiiiiiieeeiiiiiiienee e aeeens 85
3.2.3 Finite Element Method (FEM)...........ouuuiiiiiiii e eeeerse e 85
3.3 Finite EIement PrOCEAULE...........uuiiiiiiiiiiiieeeiiiieieiee et e e e e s e e e e 86
3.3.1 EightNode Brick EIEMENL... ...ttt 87
3.3.2 Finite Element Formulation for General 3D Stress Elements..................... 89
3.4 Finite Element Analysis Software (ABAQUS).........ccceiiiiiiiii i a3
3.5 Constitutive Models of Concrete in ABAQUS.............eeeeeiiiivimemeeeieee e Q4
3.6 Concrete Damaged Plasticity Model.............coooemn e 95
3.6.1 Concrete Compression MOdel..........cooooiiiiiiiiiccc e 95
3.6.2 Concrete TenSion MOGEL...........uuuiiiiiiiiiiieeeiiiiiiiiiee e 96
3.6.3 Damage MOelliNg........cooooriiiiiiii e e e e 99
3.6.4 Yield FUNCHOM......cco ittt e e e e e e e e e e e e annn s 101
3.6.5 Hardening Variables............coooiiiiiiie e 103
36.6 FIOW RUIE...cciiiiiiieeeeee e enenese e ene s 103
3.6.7 Viscoplastic Regularization................cooiiiiiieeeiiiie e 105
3.7 TractionSeparation MOGEL.............uueiiiiiiiiiiieeeiieie e 106
3.7.1 Linear Elastic MOEL.............uuuumiiiiies e e e e e 106
3.7.2 Damage INItIation.........cccooeeiiiiiiiieeeeee s 109
3.7.3 Damage EVOIULIQN..........oouuiiiiiie et 110
3.8Elements in ABAQUS.........ouui it e e e e e e e e enee s e e e e e e e e e e e e e aeeannaanee 112
Chapter Four  Beam ModelliNg........coooiiiiiiii et 115
V0 R 11 o o [ 3o (o] o 1RSSR 115
4.2 Concrée Compression MOAEL...... .o 116



4.3 Concrete TeNSION MOAEL ... ... e 117

4.3.1 Stres$Strain APPrOaCK........oooii it re e 118
4.3.2 Fracture Energy APProachi.........ccccciiiiiiiiieemiiieeeeeeeeeeeee e 119
4.3.3 CrackOpeningDisplacement APProach...............oeuvvviviiiccsrreeeeeviiiiiieeenn 121
4.4 Concrete Damage Modelling..........ooovveeeiiiiiiire e s 122
4.5 Concretélasticity MOAelliNg..........eveiiiiiiiiiiiiiiiee e 124
4.6 Steel Reinforcement Model..........oooo oo 125
4.7 Fibre Reinforced Polymer Composites Model.............ooooviviieeeeeiiivieeeiiis 126
4.8 FRRConcrete Interfee MOEL............cooiiiiiiiiiieeee e 127
4.9 Beam MOEllING.......coouiiiiiiii e 129
4.9.1 BEAM GEOMEBIIY. ...ttt eeeee ettt re e e e e e e e e e e 131
4.9.2 BAIM PAITS.......o it ereme e e e e e et e e e ameee e e eeenes 133
4.9.3 EIemMENtS SEIECHION........ccciiiiiiiiiiieee it r e e e e e e e e e e 136
4.9.3.1 Concrete ElementS.... .o 137
4.9.3.2 Reinforcing Steel ElemMents...........cccuuiiiiiiimmmiiiieee e 137
4.9.3.3 FRP EIEMENIS ... .uuuiiiiiiiiiiiiiiiiieeetiiiitiiieeeeee e e e e e e e e s seeteeeeeeeaeaaaeeeaaaeaessnns 138
4.9.3.4 CohesSiVe ElIBMENLtS.........cooeeiiiiiiiiiccee e 138
4.9.4 Beam Boundary CONAITIONS.........uuueiiiiiiiiiiiieeeiiieieeieeee e s 139
4.9.5 Time Step Configuration...........oooiiiiiiiiieeee e 142
Chapter Five  Model Results ANalySiS..........cccoviiiiiiiiiiiiieeeeeeeeeeee e 143
CS 0 I [ o1 (o o (3 Tox 1 o] o TR 143
5.2 Constitutive Material Calibration................uuueeiiiceeee e 144
A R O] g o3 (= =TT 144
I B Y [o o [ o =T 0 = T 1] o NS 144
5.2.1.2 Results Calibration...............coooiii e 145
5.2.2 Main Steel ReiNfOrCemeEnt...........ovvviiieiiiieeeeeeieirre e e eeenr s 146
5.2.2.1 Model Preparation...........ooouiiiiiiiiiieee e eee e 147
5.2.2.2 Results Calibration...............coooi e 148
5.2.3 CFRPCONCrete INtEIfACE.........evuiiiiiiiiei e e 150



5.2.3.1 Experimental SPECIMEN...........uuuuiuiiiii it eeremn s 150

5.2.3.2 Model Preparation...........coooiiiiiiiiiieee e eee e 151
5.2.3.3 Results Calibration..............coiiiiii e eeeceeee e 152

5.3 Beam ModelS VerifiCAtiON..........ccocuiiiiiiiiiiieeeiiiiriiiie e e a e e e e e 155
5.3.1 Control Beam MOEL............uuuiiiiiiiiiiieeeiiiiiiiieieieee e 157
5.3.2 CFRP Beam Model (Perfect Bond ASSUMPLION)........ccoeeeeiiiiiiiicceieeeeeeenn, 163
5.3.3 CFRP BeariModel (Cohesive Zone Model).............ueeiiiiiiiiieeeiiiiiiiiieneeennns 169
TR [0 0] =Y/ PP PPPRN 175
Chapter Six Parametric StUAY........cccceeeieiiiiiiiiiieeees e 177
(G300 I [ 0T [0 Tod 1 o] o T 177
6.2 Scope and ODbjective Of StUAY...........ooiii e 178
6.3 RESUILS ANAIYSIS......cci i i eieeeieeeeeeeeeee e e e e s emrennnns 180
6.3.1 Effect of Concrete Compressive Strength............cccoeiiiiieeeiiiieeeeeee, 180
6.3.2 Effect of Steel Reinforcement RaLiO.............covvvvviiiimeeeeiiiiiiieeeiei e 184
6.3.3 Effect of Concrete Plasticity Parameters............oooooioiiemn e 189
6.3.4Effect of CFRRConcrete Interfacial Bond Strength..............ccccooiiiiieeennnnee. 199
6.3.5 Effect of CFRP Bond Length...........ccooooiiiiiiiiicee e 204
6.3.6 Effect of CFRP BONd WidIh...........ovviiiiiiiii e 209
6.3.7 Effect of Steel Stirrups Removal..............cccuuiiiiiiemniiii e 214
R YU [ 1 11 1= U/ PSPPI 217
Chapter Seven Effect of Multiple Cracks on CFRP Debonding.............ccccvvvvvnnnnnne 221
7485 T 10T [ T4 1 o] o T 221
7.2 MOdelliNG APPIOACKL. .....uuiiiiiiiiiiiiii et 222
7.3MOdEl Preparation..............uuuuiiiiiiiimreeeeeee e ereea s e e e e e e e e e e e e e e eeaeene s 223
7.4 RESUILS ANAIYSIS.....coiiiiiiiie e e e et e e e e e et e e e e e e es s mmmraa s 225
7.4.1 Model With SiNgle Crack..........cccuuiiiiiiiiiieeeiiiiiiiiee e 226
7.4.2 Model with Crack Spacing of 250MM.........ccouiiiiiiiiiiiieceee e 230
7.4.3 Model with Crack Spacing of 200mMm..........cccooviiiiiiiicceiiiee e 234
7.4.4 Model with Crack Spacing of 150mMm.........ccccooviiiiiiiicceiiiee e 238

Xii



7.4.5 Model with Crack Spacing of 200MM.............uuuiiiiiiieecreiiceeeee e e e e 242

7.5 SUMIMIATY...i ettt ettt s e e e e e e e e s enen e n e e e e e e e e e 246
Chapter Eight Conclusions and Recommendations...........ccccceeeeeeiiiieeeiciineeeeeeeeee 248
8. L OVEIVIEW. ....uuiiiiiiiiiieeee ettt e e eeete ettt ettt et e e e e e e e e e e e s st e e e e e e e e e e e e e s s e s e s mnne s e s e e s annnnnne 248
8.1.1 BeanMOdelliNg........oooiiiiieiei e e e 249
8.1.2 ParametriC StUAY.......cceeeiuriiiiiiiiimreeeeeeeitttis s s e e e eeeenee e s e e e e e e e e e e e eeenas 250
8.1.3 Effect of Multiple Cracks on CFRP Debonding..........ccccccvviiiieamiiinnnnnnnn. 251

I @] a1 1] o]0 1110 ] o < T PP PP PT PP STUPPPPRR 252
8.3 Recommendations for FUture WarK..........cccooeeeiiiiiccc e 254
] (=] (=] o= 255
APPENdIX A MESNANAIYSIS. ...ttt e e e e 267
Appendix B Parametric StUAY............uuuiiiiiiiicc e eeereeen e 284

Xiii



List of Figures

Figure 1.1: ThesSiS OrganiZatiOn.............uuuuuuuuuicrereeeieiniesss e s e e e e s ememssnnnanseeeeeeeeaeaaseese) 6
Figure 2.1: Different types of FRP (Quayyum, 2010)..........cccoiiiiiiiiimmmneeeeeeeeeeeeeeeiieiinnns 9
Figure 2.2: Stresstrain response of various types of fibre and steel (ACI Committee 440,
LS ST T RSO PEPP R 10
Figure 2.3: Pultrusion process (Pultrusions, 2018)...............uuvviiccrrreeeeeiiiiieeee e 19
Figure 2.4: Vacuum bag, autoclave and pressure bag moulding (Schwaiz,.1992.....20
Figure 2.5: Prepregging process (Mathys, 2Q0Q).............ceeeiiiiimmmirimiiiiiiieeeeeeee e 21
Figure 2.6: Comparison of stresgain response of FRP and steel (ACI Committee 440, 1996)
.................................................................................................................................... 23
Figure 2.7: Different types of FRP rebars (Quayyum, 2010).........cccceviiiiiiimaniinnnnennnn. 27
Figure 2.8: Various modes of failure in externally bonded FRP reinforced concrete beams
[(® 0= o F= L A2 0 I N PSPPI 31
Figure 2.9: Analysis results of Arduini and Nanni (1997) in termi®adf O ratio vs FRP plate
thickness (Monteleone, 20Q8)...........uuuiiiiii e e e e e e e e eeeera e e e e e e e e e e eeeaeaaaane 33
Figure 2.10: FRP reinforcement configuration (Grace, et al., 1999).......................... 34

Figure 2.11: Loadlisplacement assumptions used in the section analysis model (Ross, et al.,

Figure 2.12: comparison of loatisplacement plots for (a) lightly reinforced beams (b) heavily
reinforced beams (Ro0ss, et al., 1999)...........ooiiiiiiiiiiccreeeeee s 36

Figure 2.13: Comparison between the predictions of the analytical and the numerical model

(Malek, et al., 2998)......ccoiiiiieeiiiie et e et e e e e e e e e e e e e e annnr e e e aeaaees 38
Figure 2.14: Shear stresses at the interface between the concrete and the FRP plate
(Mukhopadhyaka & Swamy, 200L)........ccuuuiiiiiiiiiiiiee e ee e e e e e eeaeaaa 39

Figure 2.15: Interfacial shear stress plot versus: (a) concrete strength; (b) FRP stiffness; (c)
FRP moment resistance (Mukhopadhyaka & Swamy, 2001).........cccccceviiiaannninnnnnnn. 40
Figure 2.16: Load vs midspan deflection of the five beams (Maalej & Bian,.2001)...41

Xiv


file:///C:/Users/Soosan/Desktop/PhD%20Thesis%20(Michael%20Cohen).docx%23_Toc510549372

Figure 2.17: Composite model of externddignded FRP concrete beams (Ngujen, et al., 2001)
.................................................................................................................................... 42

Figure 2.18: Crack propagation in externally bonded FRP concrete beam: (a) ungpaodd

cracks at the initial loading; (b) migration of major crack and initiation of new cracks; (c)
initiation of horizontal crack; (d) platend debonithg (Yang, et al., 2003)...................... 44

Figure 2.19: Shear stress variation along the midspan of the beam (Sebastian,.2004%

Figure 2.20: Debonding failure: (a) inclined cracks and concrete fracture near the midspan
region; (b) the bottom of the beahthe midspan after failure (Sebastian, 2001)......... 45

Figure 2.21: Stress in reinforcement vs midspan deflection for different gracikng (Niu &

WU, 2005).....0ceceeereieieeeeieeeeseeesesesssseeeesesseses s s ssmasaesessss s s esssssesasesemmnss s ssssaseentesneeenenans 47

Figure 2.22: Comparison between beams response with and without the presence of diagonal
crack (Kishi,et al., 2005)...........ooiiiiiiiiiiiiiimmr e s er e e e e e e e e amaens 48

Figure 2.23: Effect of interfacial bond strength parameter orrdeéldction response (Niu, et

LT 010 1 PSR PPUPPPPPY 49

Figure 2.24: Load vs midspan deflection curves of results obtained from experimental,

analytical, and numerical FE analysis of B€&ams strengthened with CFRP (Arduini & Nanni,

LS L I TSP PEPP TR 54

Figure 2.25: Comparison between numerical and experimental results Khi&rdleale,

S 1oL ) T PSSO PEPP SRR 55

Figure 2.26: Constitutive relationship for bond interface: (a) etasdistic; and (b) linear
elastic (Wong& Vecchio, 2003).......ccceeiiiiiiiiiiiieiieeee e s 56

Figure 2.27: On@limensional contact element (Wong & Vecchio, 2003).................... 56

Figure 2.28: Load vs deflection curves of the numerical and experimental results from first set
(Wong & Vecchio, 2003)........ccoiiiiiiiiiiiiiieeee et s e e e e e e e e e e e e amanaas 57

Figure 2.29: Load vs deflection curves of the numerical and experimental results from second
set (Wong & Vecchio, 2003).........uuuuuuiiiiiiiiiiiieeeriiieeeee e e e e e e e e e e e e s st e e e e e e e e e e e e e e e aannane 58

Figure 2.30: Different FFT smoothing lengths used to smoothendlgndurves (Lu, et al.,

120101 TSP EPPR R 60

XV



Figure 2.31: Three forms of botstip curves simulated by mesagale finite element model

(LU, €t al., 2005) ... i eee e eeree e e e e e et ennnr e e e e aaraa e aead 61
Figure 2.32: Initial stiffness of borglip curve (Lu, et al., 2005)..........cceeeeeeiiiiiiiieenneennn. 63
Figure 2.33Shearslip model for plate to concrete bonded joints (Chen & Teng, 20057
Figure 2.34: Testing of concrete plates under ualagnsion (Shah, et al., 1995).........72
Figure 2.35: Toughening mechanisms of Fracture Process Zone (Shah, et al.,.1995)3
Figure 2.36: Fictitious Crack Model (Malm, 2006)..........cccoeiiiiiiiiieemne e 74
Figure 2.37: Tension softening response within the FPZ (Karihaloo, .2003).............. 75
Figure 2.38: Derivation of fracture energy (Shah, et al., 1995)..............ccccceveeeeeee..... 76
Figure 2.39: Different tensiesoftening relationships (Stoner, 2015)............ccccccvvvvvenn. 77
Figure 2.40: (a) Valmetric strain in biaxial compression; (b) Loading curves under biaxial
stresses (Karihaloo, 20Q3)..........cooiiiiiiiiiiieeee e e e e emennes 79
Figure 2.41: Yield criteridor biaxial stress state (Jirasek & Bazant, 2002)................. 80
Figure 2.42: The DruckePrager hyperbolic function (Hibbitt, et al., 2004).................. 82
Figure 3.1: Eighthode brick element: (a) Global Cartesian coordinates; (b) Natural coordinates
with an origin at the centroidHutton, 2004).............ooiriiiiiiiiie s 87

Figure 3.2: Compressive strestsain response of concrete (DSS, 2014)........cccceeen..... 96

Figure 3.3: Tensile strestrain response of concrete (DSS, 2014)..........cccoovvvviiiieen.. 97

Figure 3.4: Various examples of stre&Bsplacement curves (Stoner, 2015).................. 98

Figure 3.5: Linear stissdisplacement curve (Stoner, 2015)...........ccooviviiiiiieeee e, 99

Figure 3.6: Yield surfaces in plane stress (DSS, 2014)..........eeiiiiiccmeeeveniiiiieeenn. 103
Figure 3.7: Hyperbolic DruckdPrager flow potential function (DSS, 2014)................ 104
Figure 3.8: Beam under tensile load (Wenkenbach, 2011)............ccuvvviieeeiivivinnnnnne. 108
Figure 3.9: Approximation of the bond interface in the normal direction (Wenkenbach, 2011)
.................................................................................................................................. 108
Figure 3.10: Bond traction separation relationship with linear damage evolution (DSS, 2014)
.................................................................................................................................. 110
Figure 3.11: Bond traction separation relationship with exponential damage evolution (DSS,
120 T EEPROPPPPPRRRI 110



Figure 3.12: Various elements types (DSS, 2014).........ceiiiiiiiiieeeiiiiieeee e e 112

Figure 3.13: Shear locking of firstderelements (DSS, 2014)...........cooeoiiiiiiiieennnnnne 113
Figure 3.14: The reduction of integration points (DSS, 2014).........ccccovvvvvvrieemreeennnne. 114
Figure 3.15: Hourglassing in reduced integration point (DSS, 2014)..........cccccceeun.. 114

Figure 4.1: Idealized stressrain relationship for concrete (Brena, et al., 2001)........ 117
Figure 4.21dealized uniaxial stresstrain curve of concrete under tension (Stoner, 2018)
Figure 4.3: Stressrack opening diagram femiaxial tension (CEB-IP, 1990).............. 121
Figure 4.4: Idealized stressrain relationship for steel (Brena, et al., 2001)............... 126
Figure 4.5: Idealized stressrain relationship for FRP composites (Brena, et al., 2001137
Figure 4.6: Bond stresslip model for FRRconcrete interface (Monteleone, 2008)......128
Figure 4.7: Components of main window in ABAQUS/CAE 62@{SS, 2014)........... 130
Figure 4.8: Beam dimensions and reinforcement details..............cccovvieeeeiiee e, 131

Figure 4.9: Schematic representation of the modelled beams (double symmetry)..132

Figure 4.10: CFRP BeaModel Parts............cccouiiiiiiiiieeeiiiiiiiiieee e 134
Figure 4.11: Boundary conditions used in the beam madels.................ccooeeniiiinnns 140
Figure 4.12: Predefined reaction forces and midspan nodes.............cccccvvccrvveennnnns 141

Figure 5.1: Concrete cylinder model: (a) boundary conditions; (b) stresses at complete failure

Figure 5.2: Compressive strestsain relationship for concrete cylinder....................... 146

Figure 5.3: Reinforcing steel rebar: (a) boundary conditions; (b) stresses at complete failure

.................................................................................................................................. 148
Figure 5.4Tensile stresstrain relationship for steel rebar ( p @ & ). 149
Figure 5.5: Experimental specimen test setup (Mazzotti,, &Q08)...............ccccvvveneen. 151
Figure 5.6: Boundary and loading conditions of the pulteat model.......................... 152

Figure 5.7: Comparison between the numerical and experinaaméttrains along the bonded

Figure 5.8:Shear stresses along the conc@ERP Interface for different loading stag&S4

Figure 5.9Final stage of tested pediut SPECIMEN..........cvviiiiiiiiiiiiiieeeeeee e 155

Xvii



Figure 5.10: Schematic representation of the typical load vs deflection response of the CFRP
beams (Brena, et al., 20QL).......ccoouuiiiiiiiiiie e anae 156
Figure 5.11: Load vs midspan deflection response (Control Beam Model)............. 160
Figure 5.12: Axial strain in steel rebar (Control Beam Model).............coovvvvieeeeeeenen. 161
Figure 5.13: Comparison of crack patterns at final stage (Control Beam Model).....162
Figure 5.14: lbad vs midspan deflection response (CFRP Beam Model, Perfect BohgH
Figure 5.15: Axial strain in steel rebar (CFRP Beam Mdeetfect Bond)..................... 166
Figure 5.16: Axial strain in CFRP laminate (CFRP Beam Model, Perfect Band).....167
Figure 5.17: Comparison of crack patterns at final stage (CFRP Beam Model, Perfect Bond)
.................................................................................................................................. 168
Figure 5.18: Load vs midspan deflection response (CFRP Beam Model,.CZM)......171
Figure 5.19: Axial strain in steel rebar (CFRP Beam Model, CZM)...............cc......... 172
Figure 5.20: Axial strain in CFRP laminate (CFRP Bédadel, CZM)..............ccccc....... 173
Figure 5.21: Comparison of crack patterns at final stage (CFRP Beam Model,.CZNIy4

Figure 6.1: Load vs midspan deflection curve (effect of concrete compressive sti@dgth,

Figure 6.2: Axial strain in steel rebar (effect of concrete compressive stré&pgth,......182
Figure 6.3: Axial strain in CFRP laminate (effect of concrete compressive str&pgthl83

Figure 6.4: Comparison of crack patterns at final stage (effect of concrete compressive

SEENGLIN;Q) . 184
Figure 6.5: Load vs migsn deflection curve (effect of main reinforcement rajio.......186
Figure 6.6: Axial strain in steel rebar (effect of main reindoment ratio}) ) .................... 187
Figure 6.7: Axial strain in CFRP laminate (effect of main reinforcement fatiq,......... 188

Figure 6.8: Comparison of crack patterns at final stage (effect of main reinforcemerit)ratio,
Figure 6.9: Load vs midspan deflection curve (effect of concrete plasticity parametd8 (1))

Figure6.10: Axial strain in steel rebar (effect of concrete plasticity parameters.(l))..192

Figure 6.11: Axial strain in CFRP laminate (effect of concrete plasticity parameterd 93)

Xvili



Figure 6.12: Comparison of crack patterns at final stage (effect of concrete plasticity

Q=T = 11T (=T S () T PP UPPPPRRT 194
Figure 6.13: Load vs midspan deflection curve (effect of concrete plasticity parameters (11))
.................................................................................................................................. 195

Figure 6.14: Axial strain in steel rebar (effect of concrete plasticity parameters.(l1))197
Figure 6.15: Axial strain i®FRP laminate (effect of concrete plasticity parameters. D8
Figure 6.16: Comparison of crack patterns at final st@fect of concrete plasticity

[Tz LT = CS T (1) SRS 199
Figure 6.17: Load vs midspan deflection curve (effect of GElRRRcrete bond s¢ngth,t )
.................................................................................................................................. 200
Figure 6.18: Axial strain in steel rebar (effect of CF®éhcrete bond strength, ).....202
Figure 6.19: Axial strain in CFRP laminate (effect of CFRéhcrete bond strength, )
.................................................................................................................................. 203
Figure 6.20: Comparison of crack patterns at final stage (effect of CHRErete bond
SI NG, ) i r—————————— 204
Figure 6.21: Load vs midspan deflection curve (effect of CFRP bond léngth,......... 205
Figure 6.22: Axial strain in steel rebar (effect of CFRP bond lefgjh,....................... 207
Figure 6.23: Axial strain in CFRP laminate (effect of CFRP bond ledgjh,................ 208
Figure 6.24: Comparison of crack patterns at final stage (effect of CFRP bond lepgto
Figure 6.25: Load vs midspan deflection curve (effect of CFRP bond width,.......... 210
Figure 6.26: Axial strain in steel rebar (effect of CFRP bond with,......................... 212
Figure 6.27: Axial strain in CFRP laminate (effe€ICFRP bond widthd ) ................... 213
Figure 6.28: Comparison of crack patterns at final stage (effect of CFRP bondéw)d#i4
Figure 6.29: Load vs midspan deflection curve (effect of stirrups removal)............. 215
Figure 6.30: Axial strain in: (a) steel rebar; (b) CFRP laminate (effect of stirrups removal)
.................................................................................................................................. 216
Figure 6.31: Crack patterns at final stage (effect of stirrups remaval)..................... 216
Figure 7.1: Fracture zones in concrete member (Monteleone,.2008)...................... 224

XiX



Figure 7.2: Modied stressstrain relation of concrete in: (a) compression; (b) tensia225

Figure 7.3iInterfacial shear stress distributiomad) the beanfsingle crack).................. 227
Figure 7.4Rebar tensile strain along the begaimgle crack)...............covvvvviiiiiicccnnnnnnns 228
Figure 7.5.CFRP tensile strain along the beam (single crack)..............cccccvvcevrnnnns 228

Figure 7.6: Crack pattern dnnterfacial stress distribution at miedebonding (single crack)

Figure 7.7Interfacial shear stress distribution aldhg bean{crack spacing of 250mn830

Figure 7.8Rebar tensile strain along the be@rack spacing of 250mm).................... 232
Figure 7.9.CFRP tensile strain along the bearratk spacing of 250mm)................... 232
Figure 7.10: Crack pattern and interfacial stress distribution at +defvonding (250 mm)
.................................................................................................................................. 233
Figure 7.11:Interfacial shear stress distribution along the béarack spacing of 200mm)
.................................................................................................................................. 234
Figure 7.12Rebar tensile strain along the be@rack spacing of 200mm).................. 236
Figure 7.13: CFRRensile strain along the beawrgck spacing of 200mm).................. 236
Figure 7.14: Crack ptarn and interfacial stress distribution at midebonding (200 mm)
.................................................................................................................................. 237
Figure 7.15:Interfacial shear stress distribution alohg beam(crack spacing of 150mm)
.................................................................................................................................. 238
Figure 7.16Rebar tensile strain along the be@rack spacing of 150mm).................. 240
Figure 7.17: CFRRensile strain along the beawrdck spacing of 150mm).................. 240
Figure 7.18: Crack pattern and interfacial stress distribution at +defvonding (150 mm)
.................................................................................................................................. 241
Figure 7.19:Interfacial shear stress distribution along the béarack spacing of 100mm)
.................................................................................................................................. 242
Figure 7.20Rebar tensile strain along the be@rack spacing of 100mm).................. 244
Figure 7.21: CFRRensile strain along the beawrgck spacing of 100mm).................. 244

Figure 7.22: Crack pattern and interfacial stress distribution at riieblmnding (100 mm)



List of Tables

Table 2.1: Typical properties of fibres (Mathys, 2000)...........cccoovririiieeere e, 11
Table 2.2: Typical properties of polymer resins (Malek & Saadatmah@8h)................ 14
Table 2.3: Comparison between the mechanical properties of epoxy adhesives, concrete and
StEEl (SAW, 1982).... .o errer e e e e e e e e e e e e e e e arr e e e aaaaaaaaees 18
Table 2.4: Some typical properties of externally bonded FRP systems (Mathys,.2Q0fD
Table 2.5: Typical properties of different FRP reinforcing rebars (Bank, 2006)......... 24

Table 2.6: Typical properties of different FRP reinforcing strips (Bank, 2006)........... 24
Table 2.7; Typical properties of FRP reinforcing sheets (Bank, 2006)....................... 25
Table 2.8: Predictions of failure modes (ArduinN&anni, 1997).............cccoevvvviiiviviennennn. 33
Table 2.9: Comparison between the measured and predicted bond strength ratios (Chen &
L] 0T 24010 1 TP PPPPPPPPPP 68
Table 4.1: Base value of fracture enei@y (Nmm/mn?) (CEB-FIP, 1990)................... 120
Table 4.2: Coefficient used to estimaté (CEB-FIP, 1990)..........ccccccceeiiiiiiiiine.... 122
Table 4.3: Beam geometriC PrOPEItiES. .....cuuuiiiiie it 132
Table 4.4: Concrete parameters used in the beam models............cccoveeeei 135
Table 4.5: Steel reinforcement parameters used in the madel...............ccooeeeeeennnnne 136
Table 4.6: FRP composite parameters used in the model..............ccvvveeeeiiiieeieinnnns 136
Table 5.1: Critical loading points (Control Beam Model)............cccuviviiiieemriiiiiiiinee. 158

Table 5.2: Critical loading points (CFRP Beam Model, Perfect Bond Assumption)..163
Table 5.3: Critical loading points (CFRP Beam Model, Cohesive Zone Model)....... 169

Table 6.1: Summary of concrete parameters used in this study...........ccccceeviceeeennens 179

XXi



Chapter One

| nt roducti on

1.1 Background Information

The need to develapew economic and efficiemiethods tstrengtheror rehabilitateexisting
reinforced concretestructureshas received considerable attention the engineering
community. This desire to produce such innovative techniquess inspiredby the
deteriorationof infrastructures, high demand for increasing structural capacity of exciting
concrete structures, and theadequate design provisions to mobililgese methods.
Reinforced concrete structurassually endurevarious loading and weather conditions
throughaut their service livesThis becomes more challenging places where sewer
environmental exposure is expected sucindsorth America.

The cost of repairingr replacingdeterioratecconcrete structures is often tremendous, and
suchprocess is time consuming. Therefore, rd@gign methods and materials were studied
extensively toovercome the drawbacks associated with using traditional technigonesof

the most effective methods to strengthen and repair reinforced concrete srisctivecuse of

fibre reinforced polymer (FRP) as an alternative to steel reinforcementsHiftiso FRP can

be attributed to their high tensile strength, high stretgheight ratio,fatigue resistance,
nonmagneticelectrical insulation, small creepefdrmation, and corrosion ressice
Moreover, the light weight of FRP and their ease of application result in lowering construction
time and labor, and consequently compensating for their relatively high cost. As a result, the
use of FRP reinforcement monsidered very practical in concrete structures subjected to
aggressive environments such as chemical astewater treatment plants, sealls, floating

docks, and under water structiRazaqgpur, 2000)
1



Over the last two dmdes, the application of fibre reinforced polymer (FRP) as external
reinforcement has been introduced as an efficient alternative to steel plates due to their light
weight and corrosion resistance. FRP reinforcements were mounted on the surface of beams
where tensile stresses are expected. The application of FRP laminate on the beam substrate can
increase the flexural strength significantly, control crack growth and ultimately the failure of
the reinforced concrete beam. It must be noted that in ordehdoFRP reinforcement to
function effectively, sufficient bond must be maintained between the concrete and the attached
FRP laminate throughout the service life of the reinforced structure. This bond is expressed by
the resistance of the FRPoncrete intdace to the interfacial shear stresses within that region.
Moreover, experimental observations stated that the presence and distribution of multiple
cracking in concrete have a tremendous effect on bond mechanisms-@dfRfete interface.

On the othehand, premature debonding of FRP (i.e. peeling of the plate from the reinforced
structure) before achieving the desired capacity or ductility is one of the important issues that
might arise in FRBtrengthened beaniBocciarelli & Asani, 2017) The catastrophic nature

of FRP debonding can be the result of several failure mechanisms in the reinforced concrete
structure. Experimental data have shown that such debonding can initiate at the plate end and
moves towards the middle tfie beam. However, several studies have indicated that FRP
debonding can also be the result of intermediate flexural and flexural/shear cracks within the
midspan vicinity of the beam. Extensive review of the literature shows a considerable lack of
effective numerical representation of concrete beams where intermediateirctackd
debonding of FRP composite is the dominant cause of fdiNower, et al., 2007) Moreover,

many studies have shown a need to develop a numericil i@t is capable of accounting

for the interfacial properties between the concrete and the bonded FRP laminate, and explore
possible methods to increase and protect the bond between the these nidterjads al.,

2017) Furthermore, there has been a significant interest in examining the influence of multiple
cracks in concrete beams on the debonding mechanisms of FRP reinfor(dometeone,

2008) Previous studies often overlooked the ché simulate concrete cracking discretely,

and focused only the effect of cracking by smearing the damage over the entire sfiucture

et al., 2005)



Therefore, advanced analytical and numerical methods are emhoyesl studyto simulate
the behaviour of FRiReinforced structuresThe effect of flexural cracking and interfacial

properties, mentioned, earlier, weneplicitly consideredn the proposed numerical program.

1.2 Research Objectives and Scope

This thesis presesithe results of an extensive numerical analysis dii¢txaral behaviour of
FRPRstrengthened beams, in which intermediate flexural cracks are the main cause of FRP
debonding. Moreover, the interfacial parameters of the-EBfrete interface were also
considered in the current research. It is worth mentioning that the effect of flexural cracking
on the debonding of FRP system was incorporated in the proposed model. This was achieved
by presenting each crack schematically and mechanically. Thereforantnéwtion of this
research allows for the effective utilization of the numerical model in the design of
experimental tests and prediction of beam response. In addition, the conclusions made in this
study can be used toward developing more reliable desapedures in the field of FRP
A finite element analysis (FEA) was performed using ABAQUS to simulate the flexural
respons®f FRP beams. Experimentstudy, which was performed/tBrena, et al. (2003)n
concrete beam externally bonded with FRRs usedo validate the numericdindings.
Concrete DamagkPlasticity Model (CDPMprovided by ABAQJSwas used in the analysis.
In addition, the interfaciaimechanical properties of the FR§urface were taken into
consideration in the ABAQUS model. Tipeincipal steps that were pursued to achieve the
research objective are summarizedollows:
1. Introduce acomprehensive literature reviet elaborate on the application and
behaviour of FRP materiin RC beams.
2. Perform a sound numerical analysis of a@te beams exteafly reinforced with FRP
reinforcement, where intermediate debonding of FRP laminate is the cause of failure.
3. Include the effect of concrete plasticity by utilizing the Concrete Damage Plasticity
Modelas provided by ABAQUS.



4. Investigatethe interfaciakresponse within the vicinity of concrefdRP interface. This
was achieved by utilizing the cohessurfacemodelling techniques in ABAQUS.

5. Validate the numerical results with the experimental data available in the literature.

6. Conduct a thmugh parametric study to examine the effect of different mechanical and
physical parameters on beam capaciand the debonding behaviour of FRP
reinforcement.

7. Study the effect of multiple flexural cracks on the load capacity and debonding
mechanismmin FRPbeams, by incorporating a discrete crack approach.

8. The findings of this research can add to the limited literature on the numerical

modelling of concrete structures reinforced by FRP composites.

1.3 Thesis Organization

This thesis consists ogéight chapters as can be seenFigure 1.1. A brief outline ofthe
remainingsevenchaptes is summarized as follows:

1 Chapter Twastarts with a commpehensive literatureeview ofthe development of FRP
materialsin structural field, their manufacturingprocess, and their applications.
Moreover it presents anverview on the potentidilure modes of concrete structures
that are reinforcedith FRP composites.

1 Chapter three elaborates on tlte element analysis used in this study, and the
numerical formulation techniques supported by ABAQU®Idb provides an insight
onthe Concrete Damaged Plasticity Model implemetedBAQUS software. The
interfacial elations between thexternal FRP and the surrounding concrete material
will be illustrated by the use of Tractigdeparation response provided by ABAQUS.

1 Chapter four introducesdetailedreport on the numerical analysis procedure that was
followed to onstruct the finite elememodel. Thechapter presents the steps necessary

to create the FRP beam model in ABAQUSXplains the modelling techniques used



to implementhe geometries, material definitioregntact simulation for every model
partwithin the ABAQUS environment

Chapter five reviews the results obtained from the numerical analysis, and cover the
validationof these results with the experimental datee modellingesultsof the main
constitutive materials such concrete, main steel relaaud FRP composite aedso
calibrated against the corresponding materials in the experimental program.
Chaptersix presents the parametric analysis that was performed using the proposed FE
model to examine the effect of several parameters on beapacity and FRP
debonding response.

Chapter seven covers the effect of multiple cracks on the overall debonding
mechanismsf externallypbonded FRP in RC beams. The method to simulate the cracks
in RC beam is explained, and the effect of various craakirspés also considered.
Chaptereight summarizeghe conclusions anthe recommendatias drawn from this
research. Thishapter, also, suggests soafghe future work that can be built on the

findings of this study.



Thesis Organisation

Chapter One
Introduction

Chapter Two
Literature Review

Chapter Three
Numerical Formulation

Chapter Four
Beam Modelling

Chapter Five
Model Results Analysis

Chapter Six
Parametric Study

Chapter Seven
Effect of Multiple Cracks on CFRP Debonding

Chapter Eight
Conclusions & Recommendations

Figurel.1l: Thesis organization



Chapter Two

Li terature Revi ew

2.1 Overview

This chapter presents a comprehensive review of the existing knovaldgeforced concrete
beams strengthened with fdreinforced polymer (FRPYhe subsequent sectioreiew the
definition of the RP composites, theicomponentsmanufacturing methodsnechanical
properties, andapplications in civil engineering structurel. also covers some of the
advantages and disadvantages associated with use of [EBRciete stictureslt is proven

that there are various forms of failure in reinforced concrete be&ink areeternallybonded

with FRPmaterials This chapter details the differences between failure modes and their effect
on the flexural capacity of FRP bearhhe significance of each failure mode which is not fully
studied or reflected in the isting literature is then discussed based on the linstadies.

It is evident that the performance of reinforosmhcrete member, both the ultimate state
(strength) andhe serviceability state (crack and deflectiar)ies on the transfer capacity of

the interfacial regions between the concrete and the reinforcehhentransfeforces, in turn,
dependon the bond quality between the two materi@siayyum, 201Q)Therefore, this
chapterconcetrateson thebond mechanisms between the FRP and the surrounding concrete.
Thisreview starts with an introductioto the bond behaviour of the interface elements, and the
factorsinfluencing thé response, anldencethe capacity of R@eams. Iraddition, this section
reviews the perfect bond assumption adapted in some of the common. $ilatiesver,a
mesascale finite element approachtroduced in the literature, is explainetth attention to

its relativity to the current studyhe ultimate bond strength is also investigatedermsof
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existing modeldo calculate thigparameterMoreover,the fundamentals of finite element
analysisare also covered in the form of historic development of this method to predict the
structural behaviour of FRP beamnideverthelessan overview of the nonlinear fracture
mechanics bconcreteis alsopresentedin order toprovide an understanding of the \ars
mechanisms that govern crack pattern and damage evolution in concrete carfpulte
anintroduction to the plasticity of concrete is given with reference to some of the existing
studies available in the literature.

2.2 Historical Information

Historically, the use of fibres to reinforce brittle materials is nat new concept. Early
applications of straws used to reinforce clay brick was recorded in ancient Egyptian
constructions. Similar techniques were found in ancient construsities inAsia (Cohen,
2012) It is clear that one of the advantages of using fibre is to suppdenhance brittle
matrices to which it is added. The brittle nature of concrete under tension prompted the need
to develop efficient mateals that could increase the resistance, and enhance thargdshg
response of concrete membéts, 2000).

The high mechanical properties and light weight of fibre reinforced polymer (FRP) materials
has prompted their use in the aeros@awkautomotive industrie¥hey were used as pressure
vessels and in airplane parts due to their light wei§tdaner, 2015)The applicatiorof FRP

in civil engineeringg o e s b a ¢ k s,that theyhave rbtdBed donsidered as practical
reinforcementfor concrete structuregntil thel 9 7 QSIS Canada, 2007)n addtion, the

high strength and lighweightcharacteristicef FRP motivated sport industries to consider this
material as a building tool for tennis rackets, golf equipment, etc.



2.3 Fibre Reinforced Polymer

Fibre reinforced polymers (FRP) can simply be dadims composite materials that typically
consist oforganic or nonorganifibres embedded ia resin matrixThe matrix is a polymer

resin, often with some fillers and additives of different nat&RP reinforcement forms a
group of products rather than being one reinforcement type. The characteristics of each group
depends on fibres and resin types and properties, volume fractions, production parameters,
shape and surfadexture. Theanain componestof FRP and their properties will be outlined

in the subsequent sections. Tires strength and stiffnesentribute to the performance of

the composite and generally carry most of the applied |ddasbond between the fibres and

the surrounding striigres is induced by the epoxigmlyesters, and vinylesters, which also

help protect the fibie(ACI Committe 440, 2007)There are various typed FRP materials

used in engineering structures. Some of whiclglaes (GFRP), chon, (CFRP), and aramid
(AFRP), as can be seen fgure2.1. Each type of FRP has its unique characteristics and
applications. For example, GFRP is known for its durability in harsh environments and its light
weight. It also has a high tensile strength, but a relatively low resistance under shear loading.
It is advisable not to use GFRP in applications that are exposed to high content of alkaline.
CFRP is more ductile than GFRP, but does not perform well under cyclic loading. AFRP has
high resistance against heat, but it is less common than the other two dueskiiess against
moisture and ultraviolet radiation. Therefore, painting and coating is requiprdteet and
improve AFRP performang@inouei, 2013)

AFRP

GFRP rebar

CFRP tendon

CFRP sheet

CFRP rebar

Figure2.1: Different types of FRRQuayyum, 2010)



2.3.1FRP Constituents Fibres

There are different types of fibres with wide range of material propehegssuit a variety of
structural demands. In another word, the selection of FRP reinforcement is governed by their
characteristics such as corrosion resistance, tensile strength, ultimate strain, fatigue resistance,
and their dimensional stabilityidfes have highénsile strength and relatively small diameter,
which allows themad efficiently transfer the load between fibre composit€seir dimeter
usuallyranges from 3 to 25 micrometgitSIS Educational Committe, 2003)owever, there

are three main types of fibres used in FRP reinforcement: glass, carbon and (#namid
following sections detail the properties of these fibr&be tensile strength of these fibres is
significantly higher than that of steel, and their resgocan be idealized as linearly elastic up
until failure, and hence no ductility is expected. The mechanical properties vary considerably
between fibreg{seeFigure 2.2) and may vary for a given type of fibre as wédlable 2.1
summarizesome of the typical properties different fibres

4000 Carbon HT 3
f /. S-glass
3500

/ Aramid HM / _
3000 4 Carbon HM Aramid IM

E 2500

Z / / / // . E-glass / AR-glass
1]/ // I

» foeee - --=-. | Prestressing steel
1500 = /

1000 / / / // |
77
/4

0.0 1.0 20 30 40 50 6.0
Strain [%]

Figure2.2: Stressstrain response of various types of fibaad stee(ACI Committee 440,
1996)
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Table2.1: Typical properties of fibre@Vathys, 2000)

Fibre type Tensile Modulus of | Ultimate | Density Fibre
strength elasticity strain diameter
[N,-"nnnz] [kN:"nnnz] [%] [kg/ m’ ] [pm]
Aramud - IM 2700-4500 60-80 4.0-48 | 1400-1450 12-15
Aranmud - HM 2700-4500 115-130 25-35 | 1400-1450 12-15
Carbon — Pitch HM 3000-3500 400-800 0.4-1.5 | 1900-2100 9-18
Carbon — PAN HM 2500-4000 350-700 0.4-0.8 | 1800-2000 5-8
Carbon — PAN HT 3500-5000 200-260 1.2-1.8 | 1700-1800 5-8
E-glass™ 1800-2700 70-75 3.045 | 2550-2600 5-25
S-glass 3400-4800 85-100 45-55 | 2550-2600 5-25

IM: intermediate modulus, HM: high modulus, HT: high tensile strength
M Properties of AR-glass fibres are similar to those of E-glass

2.3.1.1Glass Fibres

The chemicalprocess,usedto manufacture glass fibremvolves the mixingof the main
gradi ent 0 with bmakt quantities>ofi other oxideShe formation and shaping of
glass fibres is achieved kxtrudingliquefied glass and fibre stretchirigdividual glass fibres

are immediatelycoated by a sizing agent due to their active surface and hydrophilic nature.
The sizing also plays a roleriestraining abrasion damage and improve coupling with polymer
matrices. Thecategorizatiorof glass fibres islependentn ther chemical composition. The
most commonly used aredtass fibres, which are based on calcialtiminoborosilicatglass.

This type of fibress known forits low cost and high strength and electri@sistanceOn the

other hand, Sjlass fibres are composed of magnesalomnosilicate, and it has higher
strength, stiffness, and thermal stabilitygfasss made of sodime-borosilicate composition

that is used for its higher chemical stabilityaarggt acids. Alkalresistant glass fibsg(AR)
consistof high amount okirconium oxideto improve resistance against alkapsrticularly

in cement matrice@Mathys, 2000)

Despite the high strength, good electrical #imekrma resistivity and low cost, gladres
suffer fromconsiderable degradation moist environments, and in the presenca®él and
alkaline solutions Moreover,their creep response is neéry desirable undelong term
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loading, thus theirtensle strength degrade considerabiyder constant stresShese
drawbackshaveprompted the need to better protect the surface of glass.finescan be
doneby using protective matricésuch as in ARjlass fibresjo enhance fibredurability in

aggressivenvironments

2.3.1.2Carbon Fibres

The main ingredients of carbon and graphite fibres are polyacrylnitrile (PAN), and pitch or
rayon.Low modulus carbon fibre¥O v mmak@ & are generally made of isotropic pitch

and rayon Whereasarbon fibres witthigh modulus and strength are mainly manufactured
from PAN or liquid crystalline pitclisee

Table2.1). PAN fibres are made througtrigorous chemical process that invedvseparating

a chain of carbon atoms from polyacrylnitrile through heating and oxid&tbite pitch fibres

are fabricated by using refined petroleum or coal pitch that is passed through a thin nozzle and
stabilized by heatingMathys, 2000) Carbon fibres are known to be the strongest and stiffest
between other types of fibreBheyexhibit high resistancéo creep and fatigueomparing to

other fibre composites. They also resist chemical, ultraviolet light and moisture e#ry w
These characteristics makes carbon fibres very durable materials with excellent mechanical
propertiesHowever, carbon fibres are electrically conductmaterials,and hence they can
induce galvanic corrosion in contact with metdiareover, the wetting process of fibres by
resins is not an easy task, so special surface treatments are suggested. Therefofidrearbon
are generally provided with an epoxy size treatment that improves the rid@sis&ance to

abrasionand offers apoxy matrix compatible interface.

2.3.1.3Aramid Fibres

Aramid fibres (also known as aromatic polyamide) are manufacturedthysion process as

a liquid crystal polymer and by fibre stretching. The main chemical component of aramid fibres
is paraphenyleneterephthalamid These organic fibres have an anisotropic fibrillar structure.
Along the xial direction, fibres havan aligned molecular chaimith strong covalent bond.

While in the transverse direction, thed®mainsare crosdinked by weaker hydrogen bond
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Therefore, the high tensile strength and stiffness are dominated by the longitudinal direction
of the fibres

aramid fibres are also known for their high energy absorption and toughness, good vibration
damping and fatigue resistance, low thermal conductivity and stability, moderate to fairly good
chemical resistance, low compressive strength and moderate adpespesties.Under
tension, aramid fibrelsehaveelastically, but show nehinearity ard ductility when subjected

to compressivéoads(Mathys, 2000)

Aramidfibres resistance to acid and alkalis ranges between low to moderate, bagaiost
ultraviolet radiation. These fibres are also sensitive to veatdrwet surfacesTo overcome

these drawbacksttention must be given selecting the appropriateatrices in which fibres

are embedded. Surface treatment might be required to enhance the bond strength between

fibres and matrix.

2.3.2FRP Constituents: Resins

Resins binder is one of the componeahtt compose the polymer matrix, and it can be made
of thermosding or thermoplastic polymersihen cured, the formesolidifies or sets
irreversibly due tahe high degree of crodimking of molecules (polymerizationThese cured
resinsdo not experiencendting under high temperature, but ratlehibit decomposion.
Thermoplastic polymers are composed by more linear macromolecules, and hence can be
repeatedly softened when exposed to heat and hardened upon cooling.

When hermosetting plymer resinsare used, no high pressure or temperature is needed to
procesdibre wetout. Thus it makes them a suitable choice when processability is a factor
These types of polymerso provide relatively good thermstiability, chemical resistance
creep and stress relaxation. Nonetheless, their storage life and ultimate strain aredimited.
the other hand, thermoplastic polgra are more ductile and tough, and consequently, they
offer higher impact strength, fracture resistance and ru@EoOKking resistance than
thermosetting polymers. In addition, thermoplastics hawetter posformability, shorter
fabrication time and long storage lifelowever,embedding of continuous fibres into the

thermoplastic polymer@and hence composite productisaichallenging task due to the high
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viscosity of thermoplastse(Mathys, 2000) There are various types of polymer binders such

as: unsaturated polyester, vinyl ester and epalthese thermosetting resins, polyesters are

the most commonly used for genepalrpose applications because of tigeiod processability,
properties and low cost. Vinyl esters process essentially like polyesters, but they have superior
mechanical and chemical properties. On the other hand, epoxy aesimore expensitkan

the last two, but are largely used in higirformance composites due to their excellence
mechanical performance, good adhegooperties and resestce to chemical and solvents.

Table2.2 shows some the properties of these polymers.

Table2.2: Typical propertiesof polymer resingMalek & Saadatmanesh, 169

Resin type Tensile Modulus of Density Cure
strength elasticity shrinkage
[N/mm’] [KN/mm’] [kg.-"m3 ] [%]
Polyester 35-104 2.1-35 1100-1400 5-12
Vinyl ester 73-81 3.0-35 1100-1300 5-10
Epoxy 55-130 2841 1200-1300 1-5

2.3.2.1Unsaturated Polyester

Unsaturated ester polymer considered a main ingredient of thermosetting polyesters. They
are acondensation polymerization product of dihydroxyl derivatives and dibasic acids or
anhydridesdissolved in a crosknking monomer such as styrenghe process also involves
adding a fregadical initiator(in the case of elevated temperature cure) or a promoter (in the
case of room temperature cure). This results in areeersible chain polymerization reaction
which, in turn, induces arosslinked styrenepolyester copolymer (cured polyester resin).
Inhibitors may be introducetb limit premature cure during storage of the unsaturated
polyester(Mathys, 2000)

A wide range of polyester resins properties can be obtained through their formulation process.
For examplehigher stifness can be achieved by formulatinggher crosdink density which

also can lead to better glass transition temperature and thermal stelbiitgver this type of

formulation results inlow ductility. Polyester resins are also known for thew cost,
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moderate chemical resistance, good processability (as a result of their low viscosity and fast
cure time) and dimensional stabilityevertheless, polyestesafferhigh volumetric shrinkage
during curing, which produces undesired residual stresshs tomposite.

2.3.2.2Vinyl Ester

These materials are produced fraombining an unsaturated carboxylic acid (such as
methacrylic acid) andn epoxy resin. Similar to unsaturated polyester, vinyl esters are mixed
with styrene for crosinking. Consequentlythis similarity extends to their process and cure.
However, vinyl esters are more superior to polyesters in term of their chemical and temperature
resistancebut they cost morédoreover, they have betterorkability and fracture toughness
because¢hereare fewcrosslinks in their molecular structur@hey alsopromotebetter wet

out and good adhesion with the surface of glass fibres due to the presence of hydrogen bonds
in their chemical composit®/hen epoxy resins are presentedyvestergoromotehigh heat
resistance and thermal stabilityut their tensile strengtioes not change dramaticaWinyl

esters have lowiscosity and short curing time, and the drawback of having a high volumetric

shrinkage during curing process.

2.3.2.3Epoxy

These resingre made of lowmolecular weight organic liquid resins containing epoxide
groups (rings of two carbon and one oxygen atding. most commonly used epoxy resins are
based owliglycidyl ethers of bisphenol A (DGEBA). The impact resistance oftined epoxy

canbe enhancelly adding diluents to rede viscosity and agents to improve flexibility. The
addition of hardenersontributego the crossinking or curing of the epoxy. These hardeners

are generally reactive curing agents of the amine, anhydride or ladstype. The
mechanical and physical propertiesd the processing conditions of epoxy resins are
influenced by variety of input materials. Therefore, they are the most vepsayiteer binder

for fibre compositesTheir cost, however, is higher thidmat of polyester and vinyl ester resins.
Epoxy possesses excellent strength, good creep resistance, strong adhesion to fibres, good

resistance to chemicals and solvents and lmlmetric shrinkage during cure. Their
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disadvantagedie in their relative high cost, long curing time and the need for careful

processing to maintain moisture resistance.

2.3.3 FRP Constituents:Fillers and Additives

Fillers areinorganic materials added to the polymer rédema range of purposes. Fillers are
usedto reduce matrixostsby diluting the expensive resin materials. They can also improve
fire resistance of FRP by reducing the organic content of the composite, and hence its
flammability. Some of the mechanical properties of the composite, suchammess,
shrinkage, fague and creep response, can be improved by adding fillers to the ribag&ne.

are different types of fillers which are commercially available such as: clay (alumina silicate),
calcium carbonateyollastoniteand glassnicrosphere¢Bai, 2013)

Additives are incorporated in the FRP composite to enhance the matrix resistance and improve
the processing of FRP production. They also play a role in enhancing certain mechanical
properties of the composit®ifferent kinds ofadditive s may be used, such as ultraviolet
inhibitors, flame retardants, asdkidants, initiators(catalysts), wetting agents, colour

pigments, and mold release mater{sthys, 2000)

2.4 Adhesives

The main purpose of usiraglhesive is to connect two materials and initiate a full composite

act in the compsite. In the case of externalhonded FRP, the adhesive works as a gluing
agent between the FRP reinforcement and the supported concrete. It allows a load path between
thetwo materials which exhibits bond stresses in transverse directions (along the surface) of
the adhesive layer. Although, peel stresses (normal the bonded surface) might occur as well.
The selection of the appropriate adhesive materials is determinedgyfators, such as the

type of substrate on which the adhesive is applied, the desired mechanical response, and the
environmental conditionsAdhesives employed in structural applications are generally based

on thermosetting polymerExamples of which ar epoxies, polyesters, crelgskable acrylics
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and polyurethanes. Epoxies are considered the most widely acceptéigsive incivil
engineering structures because of their high surface activity and good wetting prépedies
variety of substrateg€poxies also provide high cohesion (failure in the adhesive) and adhesion
(failure in the bond interface) strength which limits the debonding by the adherent stéength.
mentioned earlier, their creep and shrinkaggelatively low.Some of the typical nobanical
properties of epoxy adhesive are summarizetainle2.3, and compared to those of concrete
and steel.

There are several requiremeintsorder for the adhesives to perfomell in the externally
bonded FRP reinforcemei@ome ofthe general requementsare outlined belowHutchinson

& Quinn, 1999)

9 Careful gplication methodologierelated to mixing, curing and placing of adhesives
shouldbe implemented to maintaimdequateadhesion tahe concrete andhe FRP
(wetting ability), gapfilling properties and workability. The adhesivesosld be
attached to FRP with no temporary fixings required.

1 Maintain good bond quality and workabilinegardless of the surface quality or
environmental conditions.

1 Adhesives must be vergurable in terms of resistance to moisture, creep, thermal
instability, and alkaline presence in concrete.

High glass transition temperaturempared to service temperatanast beobtained.
Adhesives modul us of el as tthircthetrapge 6f2a@ n g 6 s
to 15000N/mm?. Whereas the lower limit restricts the creep effect, and the upper value
minimizes stress concentrations.
The minimum allowable shear strengf the adhesive should beN/Znn? at 20C.
Good permeability and maximumoisture absorptionf adhesivesnust be achieved.
The equilibrium moisture content should not be larger thanb3%weight after
immersion in distilled water at 20.

Though choosing the suitable adhesive is crucial, extra care must be given to thprgluesg

andaquality control is requireCEN, 1999)
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Table2.3: Comparison between the mechanical properties of epoxy adhesives, concrete and
steel(Shav, 1982)

Property Epoxy adhesive Concrete Steel
Compressive strength [N/mm"] 55-100 25-150 200-2000
Tensile strength [N,r"mm:] 9-20 1-6 200-2000
Modulus of elasticity [N.v"mm:] 500-20000 20000-50000 ~ 200000
Coefficient of thermal expansion [1 Oén""C] 25-30 8-12 ~ 10
Density [kg_z;"m3 ] 1450-1550 ~ 2400 ~ 7800
Poisson ratio [-] ~0.30 0.15-0.20 0.30

2.5Manufacture of FRP Reinforcement

FRP reinforcement can be manufactured through various techniques, saghi@siethods,

moulding methodge.g. injection, compression, resin transfer, vacuum bag and autoclave
moulding), pultrusiorand filament windingThe following sections summarize some of the

typical manufacturing methods for o t phe-cufied andfin-situ curingg t ypes of ext

bonded FRP reinforcement.

2.5.1Pultrusion

This method can simply be defined as a continuous moupaimzess that combines fibres and

a thermosetting matrix to form a straight composite element that has a constant cross section.
First stage involves feedingoving-shaped fibreshrough a resin bath where they are
impregnated with the polymer matrikhenafter, the saturated fibres go through a heated metal

die to form their shapes and dimensidifsetemperature of the heating station isssmurately

to control the curing (polymerization) of the FRP matffilxe FRP composites are continuously
driven though the pultrusion machine by a system of pullers located betwedie et and

the cutoff station (se&igure2.3). Thepultrusion process generally produces FRP composites

with highfibre content. The initial cost associated with this method is relatively high, but the
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processing cost is considered m@ble for high volume production. The process quality is

influenced by many factors such as machine speed, die temperature, and resin reactivity.

Rovings Guide

Plate Resin

Impregnator

Surfacing
o~ Veil

Forming &
ing Die Pulling System *

Cut-Off Saw

Continuous
Strand Mat

Preformer

* Caterpillar Pullers (shown) or
Reciprocating Pullers

Figure2.3: Pultrusion proces@ultrusions, 2015)

2.5.2Moulding

The simple moulding method (also called opaould method) involves a manual lap of

FRP composites, then consolidating and curintaaiinas in onesided mould. On the other
hand, more complex moulding techniques maysist of vacuum/pressure compactingcpss
(seeFigure 2.4) and matched mould process (which can be compression moulding, resin
transfer moulding, injection mouldin etc.).Vacuum/pressureompacting moulding applies
compression forcen the uncured laminate to release the entrapped aidessifies the resin

at the start of theuring and cure the laminate by one of the typical curing metfidds.
method is moreersatile than pultrusion and does not need high production volume. However,
the produced laminates cannot be delivered in eg@ginuous length@Vathys, 2000)
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Figure2.4: Vacuum bag, autoclave and pressure bag mou(@algwarz, 1992)

2.5.3Manufacturing of Dry -Fibre Sheets and Fabrics

There are two types of difibres that are commercially available in the industry: unidirectional
and multidirectiomal dry-fibres. The former armade of parallel fibres, tows, yarn or rovings,
and as the name suggeste aligned and straightened in one directidre produced sheets
are characterized by vergmall thicknessand a variety of widths However, he
multidirectional nature of the latter is obtained by weaving, knitting, stitching or braiding
continuous fibres (tows, yarns) into a fabfiibe stability of fabric is essential for the handling
and the wetting processlultidirectional fabrics are provided dhifferent patérns and having
certain fibre orientations in the sheet. Woven fabrics have fibres in°ther&p) and 90
direction (wet or fill) and may be produced with different weave pattéioseover, the
unidirectional fibresare characterized byhagh degree of fibre alignment when compared to
the multidirectional fabrics.

Following a smilar method used to produce multidirectional fabrics, gquasiirectional
fabricscan be made of only a small amountibfes normal to the axial direction of the sheet.
Theseproducts are generally used as alternatives to the unidirectional fibres.

The dryfibre sheets and fabrics can alsofbened as prepreg, where the polymer matrix is

already impregnated into the fés and partially cured to a tafiee state, the soalled B
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stageDuringthe polymerization reaction of a thermosetting resin, the material is softéhed
heat until it become plastic and fusible (§@égure2.5). The final cure of the prepreg is done

by a heat source in order to harden the rasthreach the final form (Stage).

Heated
Horizontal or Paper or Poly
Yertical Oven Interleaf

Reinforcement \ x
/ Nip Rolls @\
4
J
; Prepeg I
|
; Prepeg
Solution Resin  Looping Carrier Wind-Up
for Horizontal Roll

Owven

Figure2.5: Prepregging mcesgMathys, 2000)

2.6 Externally Bonded FRP Reinforcement

This reinforcement system consists of both the FRP composites that can be attached to the
concrete surface, and the adhesive materials which is used to glue the FRP to the concrete.
There ae various systems of externatlgnded FRP reinforcement dependimgtheir material
properties, thehape of the FRP and application techniqlibesesystems can bedded into
either fAEpmuefeal 0 of p dieite dunnd)(Matthys, 1997)The préab FRP
laminates are produced a fully cured compositejth final shape, strength and stiffness. The
volume fraction of fibresn this system is about 70% and its thickness ranges from 1.0 to 1.5
mm (where the larger thickness refers to the global thickness of the strip). Asmadmtolier,

this system of fibres is installechdhe concrete surfaeesing adhesivagentswhich in turn

provide the necessary bond strength betvieeriwo materials (concrete and FRP).
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Thewet layup or the insitu curingsystems can take the form of dilgre or prepreg sheets

and fabrics. The main difference eken this system and the prefab technique is that an exact
thicknessof the FRP stripsafter insitu curing may be difficult to obtain. In such case a
nominal hickness is used, which can be an equivalent to thélahg/thicknessThis thickness

is taken as the ratio of fibre mass per area (kilogram of fibres provided per unit area) and fibre
density.The thickness of sheets and fabrics used mgistem vaes from 0.1 to OfBHm. It

should be noted thatfterimpregnationwvet lay-up types generally have a much smaller fibre
volume fraction (magnitude of about 30%) than prefab systEmally, Table 2.4 outlines

some of the typical properties of the two systems.

Table2.4: Some typical properties ekternallypbonded FRP systen(§athys, 2000)

PREFAB (PRE-CURED) WET LAY-UP (IN-SITU CURING)
Shape of FRP Strips or laminates Sheets or fabrics
Thickness About 1.0 to 1.5 mm About 0.1 to 0.5 mm
Bonding Thixotropic adhestive for bonding Low viscostty resin for bonding
agent and impregnation
Fibre volume About 70 % About 30 % (after impregnation)
Application Simple bonding of the factory made Bonding and impregnation of the
elements with adhesive sheets or fabrics with resin
(shaped and cured 1n-situ)
Applicability | If not pre-shaped only for flat surfaces Regardless of the shape,
sharp corners should be rounded
Number of Normally 1 layer, Often multiple layers
layers multiple layers possible
Surface Stiffness of strip and use of thixotropic Often a putty 1s needed to prevent
unevenness adhestve allow for certain surface debonding due to unevenness
unevenness
Ease-of- Simple mn use, higher quality guarantee | Very flexible in use, needs rigorous
application (prefab system) quality control
Quality Wrong application and bad workmanship = loss of composite action between
control FRP EBR and substrate/structure, lack of long term mntegrity of the system, etc.
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2.7 Mechanical Properties of FRP Reinforcement

The geometric and mechanical properties of the FRP reinforcements are dependemt on th
shape and formulation, constituents, and the fiaatwring methodsExperimental tests are
usually used to obtaithe popaties of the FRP composites. Tkegsts and data recording
follow particularprocedures and provisions such as CSA S806, ACI 440.3 and various ASTM
standardsHowever, the properties reported by most manufacturers are typically in the
longitudinal directbn (the basic direction of the fibred)herefore thestrength and stiffness

are significantly higher in axial direction than in the transverse dire@aayyum, 201Q)

As indicated previously, the FRP reinforcementaresidered efficient alternativesseveral

of the conventional reinforcing materials due to their superior ctaarstics.Some of the FRP
special properties reside in their high strength, corrosion resistivity, light weight, fatigue
creep resista®; nonmagnetic nature, and electrical insulatiblowever, the tensile stress
strain response of all FRP reinforcement is seen as linear elastic without yielding or ductility.
Except for some carbon fibre reinforced polymer (CFRP) composites, mostétfhgystems
have a lower stiffness than steel rel{aeeFigure2.6). Typical properties of the FRP rebars,

strips and sheets are listedTrable2.5), (Table2.6) and {Table2.7) respectively.

Strain (mm/mm)
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g 1500 | ri %
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I e e
0 1 2 3 4
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Figure2.6: Comparson of stresstrain response ¢fRP and ste€/ACI Committee 440,
1996)
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Table2.5: Typical properties of different FRP reinforcing reb@ank, 2006)

GFRP- CFRP- CFRP-epoxy
vinylester vinylester
Fibre volume (%) 50-60 50-60 50-60
Fibre architecture unidirectional  unidirectional  unidirectional
Tensile strength, longitudinal (MPa) 500-700 2070 2255
Tensile modulus, longitudinal (MPa) 41-42 124 145
Shear strength, out of plane (MPa) 22-27 22 253
Bond strength (MPa) 1.7 9 -
Coefficient of thermal expansion, longitudinal (10°°C")  6.7-8.8 -1.2-0 0.7
Coefficient of thermal expansion, transverse (10° °C™") 22.0-33.7 73.8-104.4 :
Density (g/em’) 2.1 a5 1.6

Table2.6: Typical properties of different FRP reinforcing str{@ank, 2006)

Standard High modulus ~ GFRP epoxy CFRP
modulus CFRP epoxy vinylester
CFRP epoxy

Fibre volume (%) 65-70 65-70 65-70 60
Fibre architecture Unidirectional ~ unidirectional  unidirectional  unidirectional
Nominal thickness (mm) 1.2-2.9 1.2 1.4-1.9 2.0
Width (mm) 50-100 50-100 50-100 16
Tensile strength, longitudinal (MPa) 2690-2800 1290 900 2070
Tensile strain (max), longitudinal (%) 1.8 - 2.2 1.7
Tensile modulus, longitudinal (MPa) 155-165 300 4] 131
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Table2.7; Typical properties of FRP reinforcing she@ank, 2006)

Standard modulus High modulus GFRP epoxy
CFRP CFRP

Thickness (mm) 0.165-0.33 0.165 0.35
Width (mm) 600 600 1200
Fibre architecture Unidirectional Unidirectional Unidirectional
Tensile strength, longitudinal (MPa) 3790 3520 1520-3240
Tensile strain (max), longitudinal (%) 1.67-1.7 0.94 2.1-2.45
Tensile modulus, longitudinal (MPa) 230 370 712

2.8 FRP Applications in Structural Engineering

Over the past 20 yearsiere has been a need to devele constructiormaterials thatre

both economically and structukal viable for buildings and bridges. Therefore, FRP
composites can been sdeday as reinforcement alternatives in new structures, and repairing
tools in existing structural memberés discussed before, FRP can b#iagd as internal
reinforcementwhich can, partially or fullyreplace conventional steel rebansconcrete
structures due to the FRP superior properthdassimiliano, et al., 2017)The surface of
external FRP reinforcementin be eithesand coated, helically wound spiral outer surface,
indented, braided, or with ribs (sEigure2.7). The main purpose of finishing the outer surface

of FRP rebars if to improve their bonding performance and add extra protection to the FRP
compositel n t he 198060s, F R temdarns due ® ¢hdir abilgy toprasists t r e ¢
corrosion compared to the conventional steel reinforcement. However, FRP potentials in
prestressed concrete structures were not fully achieved due to the fact that steel anchors could
not be used because of thevlransverse strength of FRBoudki, 1998)Nonetheless, FRP

has been used in structures made of concrete, steel, masonry, and timber to enhance their
flexural and shar capacity, and hence prolong their service life signifigain recent years,

nearsurface mounted methods started to be adapted mainly in existing concrete structures,
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where FRP tendons or strips (prestressed orpmestressed) is inserted and then bonded
adhesively into a machined groove at the surfaceeotdimcrete membéQuayyum, 201Q)

In the last few decades, FRP laminates were introduced as external reinforcement materials
bonded to the top, sides, or bottom of the concrete beams to increase their flexural or/and shear
capacity.

It must be noted that FRP sheets are relatively more expensive comparing to steel plate.
However, their light weight makes the installation process much easier, adddreasethe
associated labor time and cost. FRP laminates possesses nist@ncesto aggressive
environments which makes them more practical alternative than conventiongbstexlres

that areexternally reinforced with FRP sheets exhibited a noticeable improvement in their
performance and durability.

FRP reinforcement cabe used as column confinements in structures that are susceptible to
seismic activities. FRP wraps can largely increase the ductility of the confined column and
improve their seismic resistandgeggio Emilia Soccer Stadium in Italy and Aigaleo Soccer
Stadium in Greece are well known examples where FRP wraps where used as column
confinementIn masonry structures, FRP sheets and rods are used to rehabilitate shear walls
and improve their resistance to seismic loads. They are also used to repair histasmady
structures such as the Basilica of St. Francis of Assisi and Vercelli Castle ifMtabuei,

2013)

It can be seen that FRP composites play a great role in civil engineering applications mainly
as retrofitting/strengthening agent in new or existing structiitesy can also be considered

an attractive alternative to conventional steel rebars, or ¢haype combined with other
materials such as steel or concretereate hybrid structures (eapncretefilled FRP tubes)

(Chen, 201Q)
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Figure2.7: Different types of FRP reba(®uayyum, 2010)

2.9 Advantages of FRP Rinforcements

As mentioned in previous sections, FRP reinforcements have been utilized in engineering
applications for quite some time due to their supeatioability and performance comparing

to conventional steel reinforcemslamasivayam, et al., 2013) is noted that corrosion has

a very damaging effect on the ovenadirformance and service life of a structure. This effect

is characterized by the inducedd#e stresses in the affected areas of concrete struahick

often leads to spalling and delamination of concrete. The area of steel reinforcements tend to
bereduced due to corrosion built up, which results in a significant drop of the reinforcement
cgoacity to transfer loadsThe destructive impact of corrosion, both aesthetically and
mechanically, has prompted the urge to develop more durable and efficient altetoatiees
reinforcements. Therefore, FRBbarshave been introduced as very effeetreinforcing

systemdor strudures in corrosive environments such as undergr@ondrete tanks,oads
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and bridges etc. Moreover, FRP elements are characterized by thegistance to
electromagnetic aefties. This property is very advantageous foustures that are used to
storeequipment that uses magnetic fields which are very sensitive to(Gidkton, et al.,
2017) Nanctechnology laboratories, hospitals using magnetic reson@iid), and toll
booths arecommon structures where the electromagnatsistivity of FRP materials is
benefitted fromIn addition, FRP reinforcing rebars have a very high stretaogtteight ratio.

Their tensile strength is significantly higher than the yield capacity of conventioslaletiars.

In another word, FRP rebars are approximately one fifthiight of steel This low weight

of FRP materials influences the shipping and application time drama{i&iB/Educational
Committe, 2003)

Steel platesvere originally used a& repair method for deteriorated structures,retiieey are
bonded to the beam surfaddst are subjected to tensioFhough the flexural capacity of
concretebeams ismprovedby using this method, there are some disadvantageffests
related tothe use of steel plate. As indicated earlier, steel is vulnerable to corrosion and its
weight becomes a burden in lesgan structuresTherefore, externallyponded FRP
reinforcements were considered for the same purpbsrengtheninghenv and existing
structures, witithe added benefits of higétrength and stiffneg®-weight ratio, durability,

low maintenance costs and applicatiohgh strength in elevated temperatures, and high
impact resistanceTherefore, external FRP systems are largely used in civil engineering
infrastructures applicationshere dead weight, space, or time restrictions afipbgs, et al.,
1999)

It should be stated th#te initial cost of manfacturing FRPcomposites is higher than steel
reinforcements However, this cost is shifted by theavingin labor time, and he low
maintenance cost required during the-tfgle of FRP reinforcementin spiteof the high
tensile strength of FRP matdsatheir stiffness is relativelpwer than steel rebars. Therefore,
larger tensile strains, and hence wider cracks, are expected in structures supported by FRP
reinforcementsAs a result, serviceability limits are adopted in designing FRP strengthened

concrete structures instead of strength lir(idisao, 1999)
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2.10Failure Modes in FRP-Strengthened Concrete Beams

In the last decade, several researchers have condextedsive experimental studies to
investigate the failure mechanisms of concrete structures reinforced with FRP laminates
(Esfahani, et al., 200/)Ashour, et al., 2004jGaden & Hallaway, 1998)and(Smith & Teng,
2002) It was observed that there are three main modes of failure irréiRBrced concrete
structuresDuring the first two types of failure, the composite action between theete and

the FRP reinforcement is achievdaduring the first failure mode, the steel reinforcement
yields, followed by rupture of FRRVhereasn the second mode, the failure occurs due to the
crushing of concretieefore or after the yielding of tensdéeel reinforcement, and without any
damage to the FRP laminate.

However the third mode involves a significant loss of this composite action mainly due to the
debonding of FRRaminatesIn such case the external FRP reinforcements seize to contribute
to thebeam capacity, which ultimately results in a brittle failure of the concrete structure
(Majid, et al., 2017)The detailed descriptioof each modeas well assome of the literature
gatheredaboutthis topic are given ithe following sections.

1. FRP Rupture: as seenfingure2.8(a) this failure is characterized by a flexural failure
with yielding of tensile steel reinforcements follesv by the rupture of FRP. in this
mode, the FRP laminate is fully utilized into the concrete beam response

2. Concrete Crushingthe crushing of concrete in the compressive region initiates this
type of failure, which occurs before or after the yieldingeoisile steel rebars. While
the FRP laminate remain intact ($&gure2.8(b)).

3. Concrete Shear Failurgpically, in the externallpponded FRP concrete members, the
FRP plates do not extend along the entire span of the.b&am result, a region of
stress concentrations exist at the end of the.pldis leadgo the formation of nearly
vertical cracks at the plate end which could propaigébeinclined shear craskin the
concrete body and resutito a sudden failure of the structure (5égure2.8(c)).

4. PlateEnd Interfacial Debondingthis failureis originated within th&oncrete surface

close to theconcreteadhesive interface due to the high interfacial normal and shear
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stresses. When these stressaseed the concrete strength near the plate end, cracking
initiates and starts moving tand the midpan regioriSmith & Teng, 2002However,

this mode is characterized by the failure of Huhesive layer and the presence of a
very thin layer of concretattached to the fibre plate as showirigure2.8(d).

5. Concrete Cover Separatian:this mode the entire cover of concrete is separated as a
result of thecrack formulation at or near the plate etide to the high concentratiof
normal ad shear stresse$he cracks first initiates in the concrete near the plate end
and then travel to thievel of the tensile reinforcement. Once it reaches that level, it
moves horizontallylong the bottom of the reinforcemd@arden & Hallaway, 1998)

As the load increases, therizontal crackwill cause the concrete cover to peel off
and ultimately the failure of the structus=eFigure2.8(e)).

6. Midspan Deboning Induced by Flexural Cracksis mode is initiated by the crack
propagationin the vicinity of concrete parallel to the FRP plate and adjacent to the
concreteadhesiventerface. Tk initial debonding is induced by the flexural cracks at
the midpan regiorifMostafa & Razagpur, 201,/andpropagate toward one of the ends
of the beam which results in failure as illustrate&igure2.8(f).

7. Midspan Debonding Induced by Flexural/Shear Cracks: similar to the mechanism in
the previous mode, the debonding of the FRP psateggered by the flexural/shear
crack. These types of cracksart as flexural crasitocated farther away from tloenter
of the beam. Initially, they grow verticallgto a small segment of the concrete cover,
then they shift to become inclindBizindavyi & Neale,1999) The debonding also
start in the midpan region and move to the sidl the plde leading to a brittle failure
of the entire structure. Some concrete residues can be found on the debonasdtéplate
failure (checkFigure2.8(g)).

In summary, FRP rupture and concrete failure (crushing or shear failure) are categorized as
AFIl exur al As mantionad rinetlseoprevious section, a complete composite action
between concrete and FRP external reinforcement is achieved. However, failures due to loss
of composite action such as plate end debonding, concrete cover separatibath types of

intermediate crack nduced debonding ar e dHedaHlesis feryed as
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essential to be considered in designiRP reinforced concrete beams to ensure safety and
structural integrityThe following sections will cover some of the previous research conducted
to investigatehe flexural and local failure.

FRP rupture Loss of composite action

Crack initiation
(d) Plate interfacial debonding.

(a) FRP mupture.

Concrete failure
Compression failure

Crack initiation
(e) Concrete cover separation.

Crack initiated in concrete L
Crack propagation <

(b) Compression failure.

(f) Mid span debonding initiated by a flexural crack.

Diagonal shear crack L
at plate end

A

'f

Crack propagation %_Crack initiated

\ ‘// in concrete

(c) Shear fatlure mode. (g) Mid span debonding initiated by a flexural-shear
crack.

Figure2.8: Variousmodes of failure irexternallypbonded FRP reinforced concrete beams
(Obaidat, 2011)
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2.10.1Flexural Failures

Early studies regarding the FRP nupg and concretéailure in FRPstrengthened beams
started i Although enostloftBeBedstudies were experimental in nature, there has
been a new shift toward the analytiesd numerical analysis of the mechanisms related to
flexural failuresof FRP concrete beanAn extensive parametric study was conducted by
Arduini and Nanni (1997)o investigate the effect of iaus FRP parameters (such asdo
length, thicknessandFRP and adhesive stiffness) in the case of applying FRP reinforcement
asrepair systems in concrete beafBe authors have used an analytical moséiich they
created in a previous study predict themode of failure of the&oncrete beams repaired by
FRP laminates. This model involvegrious constitutive laws for each detmain components

in the studied structures. Concrete behaviour in compression was taken as nonlinear and
affected by the confinement action provided by closed stirrups accordingBd-[® Model

Code 90.While the tensile response of concrete was chanaetd by a bilinar elaste
softening relationThe steel rebars was modelled by a bilindastehardening response. On
the other hand, FRP and adhesive are both considered perfectly linear elastic materials. This
study has produced a prediction tool tbe mode of failte of concrete beams externally
bonded with FRP sheets if certain conditions are mexplsinedn Table2.8. Moreover the
results othe analyss are depicted iRigure2.9in the form of ultimatdéoad of the FRP repaired
beam "O to the ultimate load of the unrepairbdam "O . The plots are characterized by
four curves for a given FRP stiffness at tlagiation of the FRP bonddedngthto-shear span

nj @ ratios For ratios less than 0.65, there is no visible improvemetitarstrength of the
repaired beamgd.here are five distinct points on the plots at FRP thickness values of 0.0, 0.1,
0.5, 1.0, an@.0. These points are labeled with a letter that indicates the mode of failure where
C,R, S,and D denotesrashing rupture, sheatension, and debonding failure, respectively.
As it is expected, when no FRP materigbissentd 11, the beam is expeed tofail due
to the crushing of concrete. While for FRP thicknes8.txhm, the dominant failure mode is
ruptureof FRP laminates, regardless of thg & ratio. In the case of Orim thickness of

FRP, rupture failure was only observed for thg ratio of 0.95nm. While sheastension
failure was the dominate mode for all other ratios at that thickibssauthors also statéuht
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increasing thd-RP stiffness leads to a reduction in deflecabrservice loads. Nonetheless,
the onset of shedensbn or debonding failure prevents any possible increase of flexural
capacity of the concrete beamingreasing FRP stiffness and/or thicknéssluini & Nanni,
1997)

Table2.8: Predictions ofdilure modegArduini & Nanni, 1997)

Condition Failure Mechanism
Ultimate strain of material i1s reached FRP Rupture
Shear stress, 1. reaches 1, Shear Failure
Maximum tensile stress. op .reaches fi Tensile Fracture of Concrete
Ultimate tensile strain. €, is reached Local Adhesive Failure

Fur/Fu

0.0 02 04 0.6 08 1.0 1.2 14 1.6 1.8 20
FRP thickness tp [mm]

Figure2.9: Analysis results ofrduini and Nanni (1997) in terms & j "Oratio vs FRP
plate thicknesgMonteleone, 2008)

Grace et al. (1999) hawevestigatedhe behaviour of reinfoced concrete beanssrengthened
with different types of FRRaminates. The proposed 14 simply supported beams have a
rectangular cross section awere loaded beyond the cracking load limit. Then theatged
beams were repaired witiFRPor GFRPlaminates and tested to their ultimate capa€itye
configurationsof FRP reinforcements wre usedio study theeffect of FRP addition on the
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flexural and shear capacity of the repaired beamdHgeee2.10). The materials consist of

two types of CFRP sheets, bi and unidirectional GFRP sheets, and CFRPIpl#tesstudy,

the effect oFFRP reinforcement on deflection, failure load and mode, strain and beam ductility
were discussed.he authors also examined the effecsaieof the FRP parametersuch as

the number of FRP layersype of epoxy, and reinforcement configuratiam the beam
capacity.lt was observed thatsinga combination ofongitudinaland Ushaped=RPreduces

beam deflection anidcrease load capacity. Moreover, the use of vertical FRP sheets along the
entire span length preverite rupture of the longitudinal FRP sheetsvdis concluded that
combination of vertical and horizontal sheets, together with proper epoxy, camolead t
doubling ofthe ultimate load strength of the beam. Nevertheless, the authors suggested using
a higher factor of safety in the future design of similar beams as all of the strengthened beams

have failed in a brittle mannéGrac, et al., 1999)
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Largescale CFRRexternallyreinforced concrete beameere tested by Ross, et al. 989,

where threeply uniaxial CFRP laminates weagtached to the longitudinal sides of the beams.
The authors have used an inelastic section analysis procedure to predict thedieanair,

and correlatethe results with the experimental data obtained from the tests. In addition, a
nonlinear finite elemenmhodel was employed to agak the beams, and have a full comparison
between thehree methods. T& study comprises ofwenty-four rectangular RC beams,
divided into six groups of four depending on the used reinforceragat” . It was noticed

that for lightly to moderately reinforced beamis p® P the dominant failure mode was the
debonding of the CFRP plates, otherwise known as mod Il faMitele for the heavily
reinforced beamsp&@ b " o& b the failure of beams was determined by the crush of
concrete in the compression zone and some horizontal cracking along the tensile
reinforcement This kind of failure is also known as mode | failure. e inelastic section
analysis used in this study, a multilinear ladigplacement relationship was obtained as
depictedin Figure2.11. As seen in this plot, eagtement igdivided into four regions which

are identified bysimilarly numbered pointdhese points are defined by using the appropriate
assumptions for the beambés behaviour within
by a trilinearstressstrain relationship. An elastiplastic response was assumed for the steel
reinforcementand CFRP is taken as perfectly linear elastic until failure. Althqugiht 4 in
Figure2.11 is not necessary reached, it is used to calculate the load displacement curve in
region 4.The failure of CFRRepresented in point 4 could lpeeceded by the crushing of
concrete under compressistness, thelebonding of FRRadhesive intdace due to inadequate
bond strengthor the debonding of the concretdhesive interface due to low interfacial shear
strength.

The nonlinear finite element analysis was conducted using the commercial software ADINA
to predict the behaviour of the exprartal specimens, and to verify the results obtained from
the section analysis. The FE model consistswai-dimensional, eighhode plane stress
element to represent the concrete, and thoske truss elements used for the reinforcing steel
and FRP platesA hypo-elastic model based on a uniaxial stregain relation was used to

simuate the concrete response, with considering the biaxial and triaxial cordilibe
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material constitutive models fateel and FRP composites were the same as those used in the
section analysis. The load displacemant/es plotted from the experimental program, section

analysis, and FE model are compare#igure2.12 for lightly and heavily reinforced beaimns

respectively.

Load A POINT 3 POINT 4
concrete compressive CFRP failure
strength f'.

¥~ REGION 4
cracked concrete in tension zone
inelasic tension steel
inelastic concrete in compression zone

POINT 2
steel
yielding
~REGION 3
cracked concrete in tension zone
inelasic tension steel

- REGION 2
cracked concrete in tension zone

POINT 1
~ concrete modulus of rupture

~REGION 1
complete elastic behavior

Y

Displacement

Figure2.11: Loaddisplacement assumptions used in the section analysis (i, etl.,
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Figure2.12: comparison of loadlisplacement plots for (a) lightly reinforced beams (b)
heavily reinforced beam®oss, et al., 1999)
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2.10.2Local Failures

As previously mentioned, this failure is categorized by the loss of composite action between
the concrete and FRP reinforcement systefhgs can be attributed to the concrete cover
separation, platend interfacial debonding, and intermediate cranttuced @bonding.In
FRP-strengthened RC beams, the tensile stresses initiate in the FRP plades tadsferred

to the beam by interfacial shear and normal stresses. Thereforeendagad intermediate
debonding may take place when the interfacial sheangitreis reachedThe following
subsections review some of the literature on the local failure mode in RC beams strengthened
by external FRP plates.

2.10.2.1Plate-End Interfacial Debonding

This type of failure is instigated by the high concentration of normal and shear stresses at the
end of the bonded plate in RC bearbus, thelocalization of these stresses results in the
delamination of FRP laminate and adjacent concrete c@anerally,the FRP composites

endures tensile stresses under loading, and theses stresses are transfer to the adhesive layer
through shear forceblence, the crack development is similar to fracture modeidintafillou

& Plevris (1991)have proposed amquation ¢ calculate the release rate of the critical strain
energy for the interfacéO  which is shown in equatiofi2i 1). This quantity cabesimply

defined as the fracture energy required to cause thegidtelebonding of the FRP external
reinforcement.

%;_23 (2i1)
where,Qis aconstant) is theapplied load®is theme mb e r 6,$ is teinverse of the
gradient of the loadieflection curveandmis acrack length
Malek, et al. (1998have proposed elosedform analytical model to predict thdstribution
of normal and sheastress localizationat the platend point. Tlke materialbehaviourin this
modelwas assumed linealastic and of an isotropic nature.p&rfectbond (no slip) was
consideredetweenlte concrete and tHeRP plate. Adiscretecrackapproach waadapted to
model the craclpattern inconcrete.Then after, the results obtained from this model were
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verified using a finite element analysis conducted by the software ABA@EShown in
Figure2.13 a reasonable correlatiamas foundbetweenthe results from both the analytical

and the numerical model.
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Figure2.13. Comparison between tipeedictions of the analytical and the numerical model
(Malek, et al., 1998)

Mukhopadhyaka an8wamy 001)have reviewed some of the existing models to predict the
plateend debonding of FRP laminatan RC beams. ie authorsuggested that the analytical
models proposed by other scholars such as Robertdagnihazemi(1989) Roberts {989)

Arduini and Di Leo(1996) Taljsten(1997) andMalek, et al.(1998)are not very reliable in
practical design, and do not produce consistent resultseanepared to existing experimental
studies. Therefore, there has bee®ed to develop more rational model to predict thiate

end debondingmechanism of FRP composites. While the majoritypodvious research
concentred on predicting shear and normal stress concentrations near the FRP plate end, the
approach conducted by Mukhopadhyaka and Swamy (2001) praésentscept of interfacial

shear stresses to predict plate debonding failthre.déonding occurs when the shear stress

at the interface between the concrete and the FRP plates reaches a certain limit. This value
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becomes very critical near the plate-otitend as depicteith Figure2.14the criticalinterfacial

shear value can be calculated usggation( 2i 2 ).
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Figure2.14: Shear stresses at the interface between the concrete and the FRP plate
(Mukhopadhyaka & Swamy, 2001)
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where, is the ultimate interfaciahear stressQ is theforce resisted by external plass)

0 0, isthewidth of externally bonded plate

This model was verified against a large library of publications focused on theepthteRP
debonding. The review has reported that the critical interface shes iIstnges between 0.33
and 1.3B81Pa for CFRP plates, arficom 0.26 to 0.9MPa for GFRP plas(Monteleone, 2008)
The effect of several other parametavere studied by the authosgjch as the concrete
strength, FRP stiffness, moment resistance capacity,seredof beam in relation to the
interface shear stresBhe effect of concrete strength on the interfacial slstt@ss was found

to be minimal as shown iRigure2.15(a). On the other hand, thacreasing the values the
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moment capacity and the FRP stiffneasses the interface shear stress to increase as well (see
Figure2.15(b) andFigure2.15(c)). The authors stated that FRP plate is more likely to debond
in beams with depth to width ratequal orlarger than 2.0, or in beams with shepan to

depth ratio equal or greater than 6.0.
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Figure2.15: Interfacialshear stress plot versus: (ancrete strength; (b) FRP stiffness; (c)

FRP moment resistan¢®lukhopadhyaka & Swamy, 2001)

Maalej and Bian (2001)ave performed a large experimental progtanmvestigate the shear
stress concentrations at the interfacial region between the concrete and the FRP plate. This
experimental progransolate the effect of FRP sheet thickness by construfitiedgRC beams
with various number of FRP layersShefirst beam was controhfo FRP reinforcememwas
used in this beamYVhile the remaining fouheam?2 to 5 haveone, two, three, and four layers
of externally bonded CFRP, respectivelyThe beam was set up in fepoint loading
configuration, and the deformations were measured by applying strain gauges to the
longitudinal and transvergeinforcement. The tests have shown two types of failure modes:
CFRP tensile rupture, and pladad interfacial debonding. The forms&as reorded in beam
2, while latter was the dominant mode in beam and,5. Thdoad versus mispan deflection
was plotted irFigure2.16. Although, the area &@FRP external reinforcement was increase in
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beam 4 and %by increasing the number of CFRP layers), the CFRP beams did not exhibit
larger stength capacity comparing to beam 3. It is, then, concluded that there is an optimum
thickness of CFRRvhich could esult in a higher load resistandéhis phenomenogan be
explained byinability of thick FRP plates to maintain strain compatibility throughout their
bonded lengt{Monteleone, 2008)Nevertheless, FRP plates tend to deforrd araintain
crosssectional strain compatibility under small loadis. another word, this tendency to
maintain strain compatibilittpbecomes more rigorous as the thickness and/or the applied
deflection is increased due to high normal and shear stress caticer(iMaalej & Bian,

2001) Theefore, the authors recommend modelling the interfacial normal and shear stress

concentration as functions of displacement instead of loads.
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Figure2.16. Load vs midspan deflection of the five beaikaalej & Bian, 2001)

2.10.2.2Concrete Cover Separation

The separation of concrete cover is promgigdhe shear failure of the concrete beneath the
tensile steeteinforcement, which eventually lemtb the debonding of FRP laminatdhe
debonding of the external FRP reinforcement usually starts from the end of the platéhdue
high concentration foshear stresses around this vicinity. A study was conducted by
Triantafillou and Plevris (1991p calculate the ultimate value of the interfacial shear stress

at which the debonding of FRP plate from the anchorage zone commences. This quantity was
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set & a function of concrete compressive strength. Some researchers luatedrtéps value

to be around 8IPa for normal strength concre{@riantafillou & Plevris, 1991)

Another study was done by Ngujen et al. (2G01gredct the failure load of externallyonded

CFRP beam due to concrete cover separation.aliieors examined the composéetion

between the RC beam and the FRP plate analytically. As mentioned bleéopate end is a

regionof concentrated bond stressgsvhich the peeling of the FRP plate initiates. However,

the ripping of concretes generated at the tensile steel level after shear cracldeae®ped

at the plate ends. These shear stresses result in an eccentricity between the tensile stresses in
the FRP plates and the steel rebars, which in turn, cause the spalling of concrete cover. The
authors haveeveral experimental investigations aheyt concluded that the c@usite action

of the externalfb onded FRP beam can be di-svtirdeeds @ dhd oz o
at the end of the plate whest&ain are approximately zerp;2 ) aidfebveerr d pment 0 z
where strains increase linearyyn d ( 3) a fAcompositedo zone wher

with the concrete beam. The three zones are schematically shévwguia2.17.
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Figure2.17. Composite model of extermglbonded FRP concrete beathgujen, et al.,
2001)
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The study has suggested that the concrete cover separation can be prevented if the plate strain
at the transibn point between the bordevelopment and the composite zodeknot exceed
0.0017 in this caseMoreover, the axial strain in the plate at the transition peint, is

calculated using the equation:

L (2i3)
(OO
where,0 is the applied bending moment at the transition p@nts the elastic modulus of
concrete,Ois the cracked equivalent moment of inertia of composite b@ais,the distance
between the top of the beam to the centre of the platepmritie distance from the top of the
beam to the neutral axis.
The location of the transition point can be identified by evaluating the bond development

length &  from the following equations:

. Q 1 y
S (2i4)
¢ _
P ‘00 75
= 00600 06 (215)

where,® is the thickness of concrete cover,is the elastic modulus of FR®) is the shear
modulus of adhesivéQ is the shear modulus of concrete,is the FRP plate thickness, and
0 is the adhesive thickness.

A finite element analysis was conducted Ygng et al. (2003) based on thesdiete crack
analogy of concrete. Thpropagationof multiple discrete cracks during the loading were
simulated by using a mixemiode, linear elastic fracture mechanics progrArnombination
of four-node isoparametric elements and thmeede constant stirmelements were employed
to model the concrete, adhesive, and FRP plate. Howevemdd® truss elements were
chosen to model the internal steel reinforcem&wpical crack popagation is illustrated in
Figure 2.18(a) throughFigure 2.18(d). Under the initial loaduniformly-spaced crackare
formed at the tension side of the beas shown ifrigure2.18(a). Theoriginal flexural cracks

in the midspan start travelling upward past the reinforcing steel, and new cracks simultaneously
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initiate between the major cracks as showhigure2.18(b). As the loading continuesew
flexuralshear cracks form and start moving towardltiaeling point. At his stage, the crack
initiated at the platendcan develop into another major crack that has the largest width. When
this crack meets the tensile reinforcement, a new horizontal crack is formed (check
Figure2.18(c)). As the load continues to increase, the major cracks widen, and the horizontal
crack propagates rapidly along the interface between the concrete cover and the tension steel
reinforcementAt this level, tle other cracks do not exhibit noticeable changes, and the beam
fails when the horizontal crack intersects with existing major flexalvalar crack which causes

the concrete cover to delaminate as showkigare2.18(d).
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Figure2.18. Crack propagation in externalbpnded FRP concrete beam: (a)farmly-
spaced crdes at the initial loading; (b) mration of majorcrack andnitiation of new cracks;

(c) initiation of horizontal crack; (d)late-end debondingYang, et al., 2003)

2.10.2.3Midspan Deboning Induced by Flexural Cracks

It has been proven that the debonding of the FRP plates candratgéreither at the plate end

or the mid regiomf the concrete beam. Although, enormous number of previous research have
suggested that the FRP plate delamination occurs exclusitvétg end points, many recent
studies have found that debonding of HRMinates can be induced by inteediate cracks as

a resultof high interfacial shear and normal stresses under loading.
44



One of the first pioneer to address this kind of debonding mechanism (midspan debonding)
was Sebastian (2001). Thethor has examinedl large data gathered from an experimental
program that was conducted at Bristol University in UK. pregram involved the testing of
largescale FRPstrengthened RC beams under fpoint loading. In each specimen, a crack
inducer in the form of thin kricated steel plate was implemented in the midspan, to ensure
the initiation of flexural cracks. In addition, the effect of corrosion of steel was simulated by
reducing thecross section of all main steel rebars within the nadsiength. A& shown in
Figure2.19, the debonding of FRP plates were prompted by the high interfacial shear stresses
These stressese attributedo tension stiffening in cracked concreted corrosion of internal

steel reinforcementAfter the onset of first midspan debonding, the process is then self
propagating until the collapse of the entire concrete member as depiEigdrna2.20.
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Figure2.19: Shear stress variation along the midspan of the §8atmastian, 2001)

B == v
| e
O ’ \
i
e ey -, ¢
ok | X

\R

Figure2.20: Debonding failure: (a)nclinedcracks and concrete fraceunear the midspan
region; (b) he bottom of the beam at the midspan after fai8ebastian, 2001)
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An analytical studyn the midspn debonding of FRP plateas presented by Leung (2001)

This model was initially created teelate the bonding stress in an FRP plate to the crack
opening width. Then, it was further developed iatéracture mechanidsased equatioto

include moment, eck length, and crack widthis analytical model allows a relationship
between the ultimatmterfacialshear stress , and the applied moment to be drawn for
different material and geometric properti&dis model was verified with data from a finite
element analysis, and the results shows that FRP plate debonding [rabadgle in the case

of large crack space, low adhesive thickness, low plate stiffness, and small contact area
between the plate andettadhesivéMonteleone, 2008)

Niu and Wu (2005) have examingéae effect of multiple flexural cracks on the debonding
behaviour of FRBtrengthened RC beams. The authors investigated this particular debonding
mechanism by styihg the effect of crack spacing, local bond capacity, interfacial stiffness,
and interfacial fracture energd.nonlinear fracture mechanics based finite element model was
developed in this study. The crack growth of concrete was modelled using digeke c
approach. While the FR&oncrete interface was modelled by a bilinear bond relationship with

a softening behaviour. The authadentified the debonding failure as the instance when the
delamination of FRP plate passes through two flexural cracksangfacing equal to the
effective bad length. Therefore, crack spacing has a noticeable effect on the debonding
mechanismandhencethe concrete beam structural respoht®wvever, if the provided bond
length of FRP plate is longer than the effective blemdjth, the ultimate load capacity of the

RC beam is characterized by debonding failure from a single flexural éiracs also shown

that when the crack spacing is larger than the effective transfer length of the FRP sheets, the
debonding response atite structural capacity of RC beam can be idealized by the case of a
single localized crack.

The relationship between the stress in reinforcementraaigpan deflection fadifferent crack
spacing is plotted iRigure2.21. It is seen that the stress in the FRP increases at high rate when
the reinforcing rebars start yieldinghen this stress becomes constant at the onset of the FRP
plate debonding. e debonding pr@mates easier along the FR&hcrete interface in the case

of large crack spacing, which allows the stresses to remain constant until the final debonding
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failure. Nonetheless, highebeam ultimate capacity is observed in the presence of small crack

spacng due to stres®distribution in the FRP plate after cracking.
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Figure2.21: Stress in reinforcement vs midspan deflection for different crack sp@dimng:
Wu, 2005)

2.10.2.4Midspan Deboning Induced byrlexural/Shear Cracks

One of the overlooked FRP debonding mechanisms is that induced by the critical diagonal
cracks in reinforced concrete bearksshi et al. (2005) haveresented a thregimensional
elastoplastic finite element maa. This numerical model aimed to study the debonding
behaviour bexternallyattached FRP sheetsRC beams under the effect of diagonal flexural
shear crack Interface elements were employed to model crack openings, rebar slippage, and
debonding of FRBheet.The effect of diagonal crack presenoeRC beamson the FRP
debonding was further elaborated by making a compatbstween those beams with and
without diagonalcracks (sed-igure 2.22). It is evident from the plots that critical diagonal
cracks influence the debonding behaviour of FRP sheet in concrete beams. The case where
diagonal cracks were not considered,|td@® carrying capacity of the beam incredsesarly

after the rebars have yielded, and the FRP sheet tends to achieve full capacity until rupture.
However, the opening afiagonal cracks have impacted the beam load capacity due to the

resulted debonding of FRP sheets. Therefore, this study seddbat limiting the initialing
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or propagation of diagonal cracks is critical to enhance-¢aaying capacity and ductility of

concrete beams externally reinforced with FRP laminates.
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Figure2.22: Comparison between beams response with and without the presence of diagonal
crack(Kishi, et al., 2005)

Another study was conducted blu et al. (2006}0 examine the &ct of diagonal macro
cracks on the debonding BRPreinforcements irRC beamsThe authors have developed a
finite element model using the commercially available software DIANA simulate the RC
beam structural response. The concrete parts were modelled-mothedquadrilateral and 3

node triangular planstress element2-node beam elements were used to model the FRP
reinforcement. The FRP interfaces and the crack planes were modelled usitigckeress
interface elements. The model also includes a predefined midspan crack and two diagonal
flexuralsher cra&s. These localized cracks were modelled by using the discrete crack method
to replicate the crack growth and discontinuity under tpeeat bending loads. The FRP
interface capacity was simulated by a linear shear sétgsselationship with sdéning
behaviourAs indicated before, the aim of this study is to examine the debonding mechanisms
due to diagonal macroracking. Therefore, shear retention was ignored once the diagonal
crack widens. The effect of interfacial bond strength was alsstiga¢ed, and it was found

that has a tremendous impact on thegexking, postracking, and initiation of debonding

response until beam failu@®liu, et al., 2006)As seen inFigure 2.23, a set of four bond
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strength values, 0.5, 2, 8, andMBa were used to study the effect of interfacial bond parameter
on the loaddeflection response of RC beams. Low interfabiahd strengths, as 5 and

2MPa case, shows premature crack opening, lower beam capacity, and low rates of stress
transfer. Consequently, this leads to the debonding of FRP sheets from the midspan flexural
crack without thepresence of the diagonal cracks causing only mode Il response. However,
increasing the interfacial bond strength results into a higherdaagling capacity and
ductility, faster load transfer, and the occurrence of diagonal crack induced debonding of FRP
sheetlt was suggested that there is a threskalde of interfacial bond strength, beyond which

no increase in ultimate load capacity is expectedbasroed in the case of 8 andMBa levels.

On the other hand, the authors have investigated thencBugf interfacial fracture energy on

the debonding failure of FRP sheets. It was concluded that low interfacial fracture energy
contributes to the initiation and growth of FRP debonding within the midspan region towards
the end of the FRP laminate. Moreoythe low value of interfacial fracture energy constrains
stress transfeand hence the capability to distribute the effect of cracking on the overall

responsef beamgqNiu, et al., 2006)

—8—(0.5MPa | Mode II debond through the diagonal crack
] = 2MPa ’ o

——8MPa G0y
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—

i
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Figure2.23: Effect of interfacial bond strength parameter on idaflection respons@iu,
et al., 2006)
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2.11Bond Mechanism

The bond strength at the FRBncrete interface is one of the crucial parametersrifia¢nce

the debonding behaviour ofetexternallyattached FRP sheets in RC structuiidgs bond
strengths characterized by the load transfer capacity oFfRBconcretanterface regiorXu,

et al., 2015)The mechanisraf thisload transfer issomewhatsimilar to hat between concrete
andsteelplates In another word, the ability to transfer shear stresses can be induced by the
epoxy which is provided at the interface of the concrete and theNt&tBover, @pending o

the roughness of surface, the interfacial load transfer can be carried by the frictional forces
generated at the FRfdncrete interface. Finallypechanical interlocking is also a major
element in producing bond strength between the concrete and theeirRfPcement. This

type of interlocking can be identified in different forms, sucglamg aggregate on the surface

of the FRP, or by applying mechanical anchors on the FRP reinforcing sthemte, the FRP
laminates are mechanically fastened to thereal body of concrete beam by steel fasteners
and boltyYingwu, et al., 2017)

The main difference between the bond behaviour of-E&tRerete interface and the steel
concrete interface is the anisotropic nature of FRP pesmal to the isotropic behaviour of
steel. The anisotropic characteristic of FRP is attributed to the type and orientation of the fibre
and the resins used primarily in manufacturing Feposites(Cosenza, et al., 1997)
Furthermore, the method of processing FRP sheets results in various characteristics in the
surface texture of FRP, as well as, the mechanical properties in both longitudinal and transverse

directions.

2.11.1Factors Affecting Bond Strength

The debonding failure tathe FRPconcrete interface was investigated by Triantafillou and
Deskovic (1992)The authors have observed that thain cause of failure in the studied
specimens was crack propagation in the vicinity of the-E&Rrete interface. Therefore, it

was sugested that bonding concrete should not have any loose particles to prevent any
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fracture. The authors have also presented empirical models to predict the bond strength
between the concrete and the FRP sheets.

Another study was conducted ¥pshizawa et al(1996) to investigate the effect of different
bonding conditions on the bond capacity between concrete and CFRP sheets. Some of the
bonding conditions; such as the surface preparation, type of CFRP sheets, and debonding area;
were tested using doubtace shear specimens. The surface preparation condition was assessed
by studying the effect of using water jet or sander for preparing the substrate of the FRP
strengthened concrete members. It was concluded that surfaces prepared with water jet
treatment preided better bonding response. This treatment allows the removal of very fines
articles that may constrain the bond between concrete and epoxy. It was also observed that
bond strength can be enhanced by providing CFRP plates with high tensile strenfftiess s
Moreover, increasing the number of CFRP layers helps improve the bond capacity at the
interfacial region.

The effect of surface preparation on the interfacial bond strength of FRP plates was examined
further by Chajes and Finch Jr. (1996). Thidé&erent methods to prepare the specimens: (a)

no surface preparatiopb) grinding with a stone wheel; and (c) mechanically abrading with a
wire wheel. The authors have set the bond strength of the FRP laminates as the ultimate load
that the bond can stain divided by the bonded area. The failure of the tested specimens was
mainly characterized by the shearing of the concrete under the adhesive layer. From the test
results, the mechanical abrasion of the concrete surface was considered the modt efficien
procedure to maintain a high bond strength. The authors have also proposed that in the case of
the failure due to cracking at the concratthesive layer, the ultimate bond strength varies
proportionally with the square root of the compressive strerfgtbrrete.

A pullout tests were performed by Taljsten (1997) on concrete prisms which were externally
bonded by steel or CFRP sheets. The researcher has defined the anchor length as the minimum
length of steel or FRP plate that contributes to the ulérnwd capacity, and beyond which

no real impact on ultimate bond strength is observed. This study focused on determining the
optimum anchor length of steel and FRP plates, in addition to the critical strain level in the

concrete at ultimate capacity. Netreeless, results from the tests suggested that defining the
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anchor length depends on the material used in building each specimen. Additionally, the author
has concluded that the interfacial bond failure was essentially governed by the strain in the
concree. This failure takes place in the thin concrete layer beneath the adhesive. Finally, the
study presented a load response of the bond stress, and the debonding behaviour was related
to the strain distribution in the FRP reinforcement.

Bizindavyi and Nea (1999) have examined the load transition mechanism of FRP laminates
bonded to concrete surface. The researchers have conducted severat msts in which

various parameters were investigated. The type, thickness, and geometrical properties of FRP
were assessed, as well as different types of concrete were included in thEnestisidy has

also presented an empirical model to predict the ultimate load. However, it has been noted that
surface preparation is the dominant factor influencing the bom@vimur. It is worth
mentioning that the proposed empirical model has some significant restrictions and drawbacks
when used to simulate stiff composite lamingtésda & Dai, 2005)

Coronado and Lopez (2006) have performed an experimental program by conducting several
single lap pulout tests. The study evaluated the load and strain distribution at failure of
specimens with various geometries of FRP sheets. It was found that theidtimid the most

critical parameter in increasing the bond strength of-Féfforced structure. Moreovehe
experimental data were validated against different empirical mddedss concluded that the

best agreement between the experimental and meaheesults can be achieved by using a
model proposed by De Lorenzis et al. (2001).

The effect of moisture on bond behaviour of F&iAcrete interface was investigated by
OQuyang (2007). The author presentedncetenew co
RTCo. I n this method, the residual thicknes:
FRP plate was measured. Nonetheless, it was concluded that RTC is inversely proportional to
the relative humidity of the interface region. Therefordgadr thickness of residual concrete

attached to the plate is expected in dry condition.
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2.11.2Numerical Modelling of Bond Behaviour of Concrete and FRP Interface

It is proventhatunderstanding the complete response of the interfacial load transfer in FRP
reinforced beams is rather complicated. Therefore, thorough experimental programs are
needed to fully comprehend the effect of all relevant parameters, which can be expensive and
time-consuming. Alternatively, numerical analysis emerges as a practical mietitiod) cost

and time, to simulate the behaviour and predict the ultimate capacity of RC beams strengthened
with FRP laminatesin another word, finite element analysis can be employed to analyze the
nonlinear behaviour of FREoncrete interface. Nevertlesls, more research is still required in

the field of numerical analysis, and the focus needs to be shifted towards devebopeng
rational moded that can be used in design provisigiei, et al., 2017)

It must be noted tharack simulation is very crucial in any numerical analy@@&onado and

Lopez (2009) have used the cohesive element approach to simulate the behaviour of the FRP
concrete interface. In this analysis, numerical results shows a reasonable agreement with
experimental data, and the dominant debonding failure took place within the concrete but close
to the interface.

Arduini and Nanni (1997) have proposed analytical models to predict the different failure
mechanisms in concreteedms reinforced with extermalattached FRP sheets. The results
from the modelvere then validated against an experimental stfidRC beams supported with
CFRP strips and sheatsnducted by the same authas well as a commercial finite element
program based on smeared crack apph of concreteTwo-dimensional mesh was used to
simulate the beams with CFRP strips. While beams strengthened with CFRP sheets were
modelled by a thredimension mesh. Perfect bond assumption was used to simulate the
interfacial behaviour between contrand FRP laminates in both the analytical and numerical
models.Figure 2.24 depicts the loadleflection response for the beams bonded with CFRP
strips, along with the results from the analytical and numerical analysstailure mode of

beam Al and A2 was identified by the crushing of concrete long after the steel rebars have
yielded. While beam A3, A4, and A5 collapsed in a brittle mannertawshear failure. As
discussed before, this mode of failure is characterized by the onset of crack at one of the plate
ends, and the propagation of that crack along the tensile steel reinforcement. Beam A6 also
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exhibited a brittle failure due to the delamaiion of FRP plate from the concrete boltiyan

be seen that the analytical and numerical analysis has produced a stiffer response comparing
to the experimental results. This can be justified by the possible slippage between the concrete
and the FRP lamates in both vertical and horizontal direction. Such slippage was disregarded

when perfect bond was assumed at the-E&Rrete interface in the analysis.

Mid-span deflection [mm]

Figure2.24: Load vs midspan deflection curvekresults obtained from experimehta
analytical, and numerical Fahalysis of RC beams strengthened with CERf8uini &
Nanni, 1997)

Nitereka and Neale (1998nveproposed a nonlinear finite element model to predict the ful
load-deformationresponse of RC beams externatyengthened with FRP laminatds.this
study,the concreteinder compression was modelled by a nonlinear relationship with a post
cracking tension stiffening effect. The behaviour of steel reinforcemastsimulated by an
elastieplastic model, while a perfect linear elastic curve was adopted for the FRP materials.
The presence of the steel rebars and the FRP laminates was smeared into the model in the form
of layers of equivalent area. Full bond wasuassd between the concrete and the steel
reinforcement. On the other hand, a bond slip model was used to replicate the interaction
between the concrete and the FRP laminates. Shear strains are ignored in this model, and equal
displacements were applied witlthe interfaces of adjacent layers to maintain compatibility.
Experimental programs publisthdy M'Bazaa (1995) and Chicoine (1997) were used to
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validate the proposed finite element model (Bagire 2.25). As it can be seen from the
comparison, the beam tested by M'Bazaa (1995) has failed due to concrete delamination at
about 60% of the predicted ultimate load. However, the specimen tested by C(l€8iAg
exhibited a higher performance due to the application-eh&ped composite anchors at the

end of the beam. This beam reached an approximately 95% of the ultimate capacity predicted

by the numerical model.
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Figure2.25. Comparison between numerical and experimental reiitereka & Neale,
1999)

Another numerical study was performed Wong and Vecchio (2003)o examine the
interfacial boneslip response between the ncoete and the FRP composite. A two
dimensional nonlinear finite element model was adopted in this study, in which two
constitutive models were used for bond interface: ekgdistic and lineaelastic as presented

in Figure 2.26. The interfacial connection between the concrete and the FRP elements was
presented by a ordimensional contact bond element as showRigure2.27. The nodes of

the concrete and the adjacent FRP elements were connected by bond elements to ensure relative
displacement or slip between the two materials. In another word, the differential displacement
between the concrete node and FRP node represents the nodal slip of the bond element.
Accordingly, the bond stress is calculated by using one of the constitutive relationships. The
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bond force is then found by multiplying the bond stress by the bonded sudacejpresented

by the element.

BOND BOND
STRESS STRESS
U Uax
~Ep
Ep
> >
Smax Sun SLIP Smax ™= Sue SLIP
(a) (b)

Figure2.26. Constitutive relationship for bond interface: (a) elaptastic; and (b) linear
elastic(Wong & Vecchio, 2003)

undeformed _yp'or,
shape i

Figure2.27: Onedimensional contact elemefWong & Vecchio, 2003)

Vecchio and Bucci (1999%ave presented a nonlinear finite element model, in which a perfect

bond was assumed at the=concrete interface. The results from the numerical analysis were

then validated against two sets of published experimental data. The first set involves flexural

RC beams strengthened with CFRP plates and test@imyc et al. (1999)The mode of

failure exhibited by those specimens was dominated by the delamination of the FRP plates

under the concentrated load regibrgure2.28illustrates the loadieflection cuves obtained

from the experimental and numerical analyses. The comparison shows that the perfect bond

model (FEP) overestimated the failure load by 19%, with a corresponding midspan deflection

that is 66% larger than the experimental valiile, the elatic-plastic bond model (FEP)
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has overestimated the ultimate load and deflection by 17% and 59%, respeCitivislg.other
hand, the lineaelastic bond relationship (FEE) provides the closest prediatiowith an
ultimate load of 111kN, whicls 5% laver than the experiment value.
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Figure2.28. Load vs deflection curves of the numerical and experimental résutidirst
set(Wong & Vecchio, 2003)

Thesecond set axperimental data, which was used in the comparison, was tedbeiRyse

and Sheikh (1997)t should be noted that shear failure was dominant in this set of specimens.
The numerical results and the experimental data were compared in terms of loadspahmi
deflection inFigure 2.29. The perfect bond model (HE) resulted in a higher pegtelding
stiffness, and underestimated the deflection at the ultimate pof&%y Whereas, the linear
elastic bond relationship (FEE) predicted a premature ultimate deflection at around 65% of
the tested value. Nonetheless, the specimen modelled with -glastiic bond law (FEEP)
exhibited a flexurakhear failure at a loaaf 246N, which is 2% lower than the real ultimate

load.

It can be observed that selecting the appropriate bond constitutive model governs the accuracy
of the numericgprediction. Therefore, linealastic bond relationship was found most suitable

to madel specimens in which sudden delamination of FRP plate due to weak epoxies is
expected. However, specimens with higher epoxy strength, peeling of the concrete cover is
more dominant, and hence elagilastic bond law was found to produce more realistic

prediction. The researchers have suggested that the ultimate bond stress can be taken as a
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function of the concrete modulus of rupture, and the maximum slip as a function of the shear
modulus of the epoxy. They also noted that the existence of the péasie in the bond law
is dependent on the shear strength of the efdong & Vecchio, 2003)
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Figure2.29: Load vs deflection curves of the numerical and experimental resaritssecond
set(Wong & Vecchio, 2003)

2.11.3Meso-Scale Finite Element Approach

It has been already established that the external FRP plates or sheets are counted as a practical
alternative to the typical reinforcing methods of concrete beams. However, additional care
must be given to designing such members against debonding failure timatdesre identified

in pervious sections. Therefore, to maintain the integrity and the safety of concrete beams
externally reinforced with FRP laminates, a sound understanding to the bond mechanism at the
FRP-concrete interface needs to be developedahtiqular, a reliable interfacial boralip is
necessary to understand the debonding failure in$tRIAgthened RC structure.

Lu et al. (2005) have studied the potential of creating adsbpaurve at any point along the
FRP-concrete interface throughcomprehensive numerical analysis. This study was driven by
the difficulty in obtaining reliable bonslip curves directly from the strain measurements in

pull tests.The authors noted that debonding in pull test generally initiates in the concrete. As
sweh, if the failure of concrete can be accurately modelled, a reliable shearspess
relationship carme attained from a finite element model. Moreover, an accurate modelling of

concrete failure near the adhesive layer is critical in this numericalsamdlhe analysiglso
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considered that the delamination of the FRP laminates usually takes pilaiceanconcrete
layer of 2 to Bnm thickness which is adjacent to the adhesive materiak phoposed meso
scale finite element model consists of very sralments that are one order smaller than the
thickness othe fracture zone of concrete. The implementation of small elements in this model
prompts the ability to trace crack paths as deformations progitessiumerical analysis also
employs a fixed anglerack model (FACM)which allows for a clear representation of material
parametergéRots & Blaauwendraad, 1989)he threedimensional FRRoncrete interface was
modelled with a twalimensional plane stress model with fade isoparametric elements to
reduce computational effoflowever, there could be some discrepancies between the width
of the FRP plate and the concrete prism. To overcome this issue, the applied load and the axial
stresses and strains were adjustedigrtiodel by using a width ratio factbr , proposed by
Chen and Teng (20085 shown in the equation below:

C QjO

oG (2i6)

—x

where, and® are the widths of the FRP plate and the concrete prism, respeciinely.

authors have implemented their numerical model into géeeralpurposefinite element
software MSC.Marc as a user subroutine. The results predicted by the finite element model
werethen verified by experimental data obtained form 10 pull tests conductéfulst al.

(2001) Ueda et al. (1999)ran (2002) and Yuan et al. (2004 he predictions of the finite
element model were in a reasonable agreement with all of the actuabtadis tthis studya

Fast Fourier Transform smoothing procedwas usedo process the raw finite element
interfacial shear stresses. The smoothened results were then used to obtain lesip bond
curve(Lu, et al., 2008)As can be seen irigure2.30a smoothing length of HOm is suitable

and this length was uden this numerical analysisoreover, all of the finite element models

in this numerical study havecluded an unbonded zone ofri2&.

It ought to be noted that the authors have presented their numerical model in three forms:
Precise, Simplified, and Bilinear model. The predicteslits from each model was then

compared with actual data from extensive experimental programs. The predictions were in a
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close agreement with the test results and performs better than existinglipormbdels.
Although the prediction of the precise and 8implified models were practically similar, the
former was observed to perform slightly betfeu, et al., 2005)The three forms of the

proposed models are elaborated furithehe following sections

8 FTT smoothing length
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Figure2.30: Different FFT smoothing lengths used to smoothen shipdcurveqLu, et al.,
2005)

2.11.3.1Precise Model

The initial mesascale finite element model adopted some of the constitutive redhtms
provided by the Chinese code for the design of concrete stru¢@BeS0010, 2002)These

models were used to calculate the mechanical properties of concrete as shown in the following

equations.
QTR (2i7)
N ™ 8 (2i8)
o pmnrnlrr (279)
& o®y1Q

Where "Q is the cube compressive strength of concr@eQ andO are the compressive

strengththe tensile strength, and the modulus of elasticityoofkcrete, respectively

A comparison between the typicabndslip curves, obtainedfrom the three fams of the

proposedinite element modeis illustrated inFigure2.31. It is observed that all of the curves
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comprise of an ascending and descending branch, with the bond stress reducing to zero when
the slip is sufficiently largeMoreover in the precise anthe simplified modelghe initial

stiffness of the bondlip curve is much higher than the secant stiffness at the peak stress point.
This initial high stiffness reflects the linear elastic state of the interface prior to debonding.
However, the interfaciastiffness starts to drop with onset of mian@cking in concrete as the

bond stress propagat@su, et al., 2005) The authors also indicated that the maximum bond

stress , and the corresponding slip, increag almost linearly witfiQ On the other hand,

the interfacial fracture energ¥), increases almost linearly with'Q
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Figure2.31: Three forms of bonglip curves simulated by mesgoale finite element model
(Lu, et al., 2005)

Based on the above observations, the precise-sliqmchodel was proposed, and the following
series ofequations were introduced to describe the local shipdrelationship of RGeam
externallybonded with FRP sheets/plates.
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T 7 — o6 © ifi i (2i10)
Tt Qo iji p ifi i (2111)
o i i ji (2112)
B=i T¢i i (2113)
The maximum bond stres§, , and the corresponding slip,, are calculated by the
following equations:
t 1 Q (2i14)
S B o T (2i15)
i L, (2i16)
0 b 0 (2117)
O U

whereU is the initial stiffness of the borglip model,0 "0jo and0 "OjoO. The
elastic shear modulus of concrete and adhesive is represent®druyO, respectivelyo

ando are the effective thicknesses of concrete and adhesive layer, respectively.

The ascending branch of the besith curve isrepresented ifrigure 2.32, which allows the

initial stiffness to be approximated. It can be observed that concrete thiaknesSmm leads

to close predictiorof the boneslip curve. However, the exact value @f requires more
rigorous analysis, and the effect of such precision on the overall-ddpndnodel is
insignificant for practical purposes. Therefore, this approximate value of thickness was
implementd in the precise bonrsglip model. In addition, the other two mescale finite

element models do not include theparameter in their procedures.

62



1.4 .
t=25mm ! /7

! fe=5mm
’
1.2 / 7
/ ',"// f=10mm
~ 10f T
& / ’
= / 7k
? 0.8 ')’” o~ 0
2 U ’
7 0.6 i /)
e -
g /I /" KO:KJKC/( K“+I\\.)
23] L .
04F [r \ G Jt,=5GPa/mm
/
02 ,’l Meso-scale FEA G=13.6GPa
r"
0.0 = .
0 0.0005 0.001 0.0015 0.002 0.0025 0.003

Slip (mm)

Figure2.32: Initial stiffness of boneslip curve(Lu, et al., 2005)

The parameter in equation( 2i 11) affects the shape of the descending branch of the-bond

slip curveand can be computed using the following equation:
It {ij 0 O (2i18)
where the interfacial fracture enerd®, can be expressed as follow:

'O | T "QQU (21 19)
where the functioriQy is introduced to account for the future extension of the model to
interfaces with very soft adhesive layers. However, for normal adhesive layers with
¢®GPa/mm, the value 600 is taken as 1 because finite element results have shown that
the efect of the adhesive layer stiffness @ is minimal for such normal adhesiv@su, et
al., 2005)

While the fracture energy of the ascending branch of the-blimdurve,’O , can be calculated
by:
dp 6506

"0 tQit i . 5 o ( 2i 20)
o (0]

aln

As indicated before, the parameteandd can be calculated usimgjuatiors ( 2i 12) and( 2i
13).

63



The authors have also proposed an iterative procedure to determine the three coefficients in
the bondslip model ,| , and . This procedure assumes the values oandf equato
5GPa/mm and 1, respectively. The final values obtained from this process for the three
coefficients arg: =1.50; =0.0195, and =0.308While the refine expression of the width

ratio factor] , is given by:

CRU Q)

This termpresented in the previous equatioslightly different than the expression originally
proposed by’hen and Teng (2001andasshown in equatiof2i 6 ). However, the difference
between the two expressions is very small and both formulae are applicable in practical
applicationgLu, et al., 2005)

2.11.3.2Simplified Model

It is evident that the procedure in the precise model is somewhat complicated and time
consuming. Thus, more simplified form was proposed by the authors without a significant loss
of accuracy. Similar to the observation made in precise model, tia stiffness of the bond

slip curve is considered much larger than the secant stiffness at the peak point. Hence, the
initial stiffness can be approximated as infinity and the following simplified {stipdnodel

can be presented:
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where the values df  and{ can be determined by using equasi¢@i 14) and( 2i 21).
Though the simplified model is simpler and shorter than the precise model, thslipandve
predicted by this model is very similar to that calculated by the precise model. Thetefore,
simplified model is considered in many practical applications in which normal adhesive joints
with Q0 =1 is usedLu, et al., 2005)

2.11.3.3Bilinear Model

The bondslip curve in this model is generated by adopting adslirrelationship which can

be used to induce a simple design equation for the bond strength. This model uses the same
local bond strength and total interfacial fracture energy as in the simplified model. As a result,
the bond strength is unaffected by gmplification made in the bilinear model if the bond
length is longer than the effective bond lengthe bilinear model can be summarized by the
following series of equation:
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wheret ,i , and"O are calculated by using equatioh8i 14 ), ( 2i24 ) and( 21 25),

respectively. Moreover, the predictions of the bilinear bslimimodel are also degied in
Figure2.31in comparison with the last two models.

2.11.4Ultimate Bond Strength

In order to better understand the delhinganechanism of the externathpnded FRP pltes in

RC beams, more rational models are required to assess the ultimate bond strength of the FRP
concrete interface. Some researchers sucfhen and Teng (2001ave reviewed and
validated the existing empirical models by comparing them to relatiperiexental data
gathered from literature. This study has exposed the insufficiencies of the existing models and
presented a more rational approach based on fracture mechanics analysis and experimental
observations. In this approach the befig relationsip was presumed linear in a decreasing
fashion, whereas the bond stress drops as the displacement grows until it reaches zero at the

ultimate allowable slif, , as shown irfrigure2.33.
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Figure2.33. Shearslip model for plate to concrete bonded joif@hen & Teng, 2001)

The authors have examined a large library of experimental datheand concluded that the

width ratio of the bonded plate to concrete has a noticeable effect on the ultimate bond strength.
This effect is very pronounced when there is a difference between the width of the bonded
plate and the concrete member. In anotherd, if the plate has a smaller width compared to

the concrete beam, a noniform stress distribution will be induced across the width of the
concrete member. This may also lead to a higher shear stress in the adhesive at failure, which
can be the attrilted to the contribution of the comrete outside the bonded area.

This study has revealed that the ultimate bond strength varies linearly with the width ratio,

in the form of equatiorf 2i 6 ). Accordingly, the following model was proposed to evaluate

the ultimate bond strength:
0 & c¢ixf QOO (2i31)
where,0 is the ultimate bond strength, is the width ratio factor, arid is calculated by

P 0 O
I 0erd © b (2i32)
cL

"Qis the compressive strength of concreteif the FRP plate width, and finally , effective

bond lengthis calculated by the following expression:

]
O‘

(2i33)

3

The O and 0 represent the modulus of elasticity and the thickness of the FRP plate,

respectively.
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It should be noted that this model is more convenientristigal application becausteuses
the cylinder concrete compressive stren@@hyhich is available in most casgshen & Teng,
2001) The authors have validated their model by constructing a comprehensive comparison
with six other wellknown models as shown irable2.9. As indicated in the compaon, the
proposed model produces an overall average of 1.05 for the ratio of experimental to predicted
ultimate bond strength, and a corresponding standard deviation of 0.18 which is considered

reasonably low.

Table2.9: Comparison between the measured and predicted bond strengtiiGhgas&

Teng, 2001)
Source Average | Standard Deviation | Coefficient of Variation
Hiroyuki and Wu (1997) 2.87 0.95 33%
Tanaka (1996) 2.92 1.65 56%
Van Germert (1980) 2.19 1.12 51%
Chaallal et al. (1998) 1.81 0.89 49%
Khalifa et al. (1998) 1.07 0.24 23%
Neubauer and Rostasy (1997) 0.82 0.15 18%
Chen and Teng (2001) 1.05 0.18 17%

2.12Finite Element Modelling of FRP-Strengthened RCBeams

In recent decades, finite element method has been vastly considezffdcéine tool in the
analysis of both simple concrete structures, such as RC beam, column, slab, etc., and complex
concrete structures, such as deep beam, shaelyr affshore wall, FRFstrengthened RC
structures etc. However, the advancement in the atergindustries, in terms of memory
capacity and speed, has pushed further for the use of finite element analysis in modelling more
complex concrete structures with both material and geometric nonlinearities. Many researchers
have dedicated their effod teview and develop accurate finite element models for RC beams.
Their work and findings are well established in recent literature, and some of which is
discussed in this studifoque, 2006)
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As mentioned earlier, FRP matesdiave emerged as effective reinforcing agent in RC
structures due to their advantages over steel reinforcement. Over the last deamage,
experimental programs were conducted to examine the behaviour of RC structure where FRP
reinforcement are emploge However, a considerable number of studies have also
concentrated on the development of finite element models for the analysis-sefrERfthened

RC structures. A twalimensional nodinear finite element computer program was developed

by Shahawy et al1996)for analyzing beams reinforced with CFRWoreover,Nitereka and

Neale (1999predicted the full loadleformation response of RC beams reinforced in flexure
with FRP composites. For that purpose, the researchers have developetinear finite
element layered ndel in which both material and geometric nonlinearities are considered. The
numerical results obtained from this model have reflected the effectiveness of FRP laminates
when used as external reinforcement against flexure in RC bEameira et al. (2001)ave
developed a finite element model for analyzing RC beams that are intemiaftlyrced with

FRP rebarsThe first order shear deformation theory was used in the analysis of concrete shells
reinforced with internal unidirection&RP rebars. The concrete was modellsthg smeared

crack approach, ile the compressive response of concrete was anabyzagerfect plastic

and a straifhardening plasticity approacA.dual critgion for yielding and crushingiiterms

of stresses ahstrains were adopted. The effect of cracked concrete zone was considered in the
analysis of concrete under tension. The tensile response of concrete was assumed to be linear
elastic until the fracture of surface is chad.Postcracking behaviour was édlized by the
sudden and total release of normal stresses in the affected directions, or its gradual relaxation
according to the tensiestiffening diagram. Cracking in two principal stress directions in the
plane of structure was considered in this mo@el the other hand, the reinforcing bars were
modelled as layers of equivalentakiess, with strength and stiffness in the bar direction only.
Finally, the finite element was applied in the degenerated shell element by considering the
modelling techniges mentioned before. The numerical results of the model were then
validated against experimental data of simply supported RC beams strengthened with FRP
rebars. The predictions of the proposed finite element model were found in a good agreement

with the atual beam daté&upaviriyakit et al. (2004)roposed a finite element model to predict
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the behaviour of RC beams strengthened with externally bonded FRP piege®ncrete and

steel reinforcement were modelled by&de 2D isoparametric plane stress @eta.In this

model, the effect of cracks and reinforcing steel was smeared over the entire element. In
addition, perfect compatibilitywas considered between cracked concrete and steel
reinforcement. The FRP composite plate was modelled as a 2D-leddeoelement. A full
compatibility between the concrete and the FRP plates was assumed due to the expected higher
strength of bonding agents such epoxies. The numerical predictions of the model were then
verified against some experimental data. In thidysisg loaddeformation, load capacity, and
failure mode of FRBtrengthened beams were recaddd et al. (2004)presented a finite
element model to analyzeonlinear response of FRfrengthened concrete beams using
ABAQUS software. The authors relied @me constitutive models available in the material
library of ABAQUS program to simulate the nonlinear behaviour of concrete and reinforcing
steel. Nonetheless, the nonlinearity of FRP composites was introduced to the ABAQUS model
as an external subroutindhe nonlinear irplane shear behaviour was simulated by the
nonlinear stresstrain relation for composite lamina proposed Hghn and Tsai (1973)
Moreover, perfect bond was assumed between the concrete and the FRP in this model. Finally,
the numericatesults were verified against experimental data of similar-§iRfgthened RC

beams.

2.13Nonlinear Fracture Mechanics of Concrete

Fracture mechanics can be simply defined as the study of the response and failure process in
structures as a result of craskset and growth. This branch of science is effectively used in
concrete structures to predict and evaluate various crack patterns and damaging effects on these
structureqShi, 2009) The subsagent sections covers the cradiprocess of concrete, and

place an emphasis on the fracture energy and tessftening laws which will be adopted in

the finite element model proposed in this research. Moreover, plasticity of concrete is reviewed
to introduce some of the crucial parders related to modelling the concrete section.
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2.13.1Cracking of Concrete

Concrete is a heterogeneous material that comprises of cement, fine aggregate, coarse
aggregate, water, and sometinagBnixtures andgupplementary cementitious materials. In
another worg concrete consists of two main composites: cement matrix and aggregates.
Therefore, the interface between the two composites is seen as the most susceptible
environmental for cracks to occur due to bleeding or segregation of fresh concrete. Shrinkage
of hardening concrete can also cause-noiform distribution of strains and hence cracking of
concrete materials. These internal cracks in concrete, which occurs before loading, govern the
mechanical behaviour of the entire concrete stru¢tinah, et al., 1995)

The concrete response under uniaxial tension loading was broadly examined by several
researchers, includingughes and Chapman (1968)dEvan and Marathe (1968)he data
collected from these tests were used to setfuhdamental concepts of concrete fracture
mechanics.

Moreover, Liet al. (1993have performed several uniaxial tension tests on concrete plates.
The displacements in each specimen were measured by four linear variable differential
transducers (LVDTs) pasbned symmetrically on each plate as showrFigure 2.34(a).

While Figure2.34(b) depicts the displacements measured by each L¥glire2.34(c) shows

the stresslisplacement curves for LVD3 and LVDT-4.

From the last two figures, fourgtinct regions of crack growth can be specified. The first stage

is identified by point A, and in which negligible internal cracks were observed by the four
LVDTs. However, disparities in the displacements recorded by each LVDT were found in the
second stge, between point A and point B. This change reflects the initiation of internal cracks,
which in turn are isolated and uniforradystributed.In stage three, between point B and point

C, some internal cracks were observed by LVDQTand translated as ancrease of
displacement rate experienced by LVAATThis stag sets the limifor damage localization

(also known as strain localizatioahd intenal micracracks propagation. Finally, stage four

is identified at the region beyond the peak load at g@imt this stage the displacement in
LVDT -4 continues to increase while the displacements of all other LVDTs decreases. This can
be attributed to the instability of major cracks even after decreasing the appliednload.
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summary, lhe discussephenomenaeflects the typical concrete response under tension. The
concrete specimen is expected to experience strain localization before the peak load is reached,
which triggers the initiation of a major crack. In addition, stsoftening response is also
observeds this major crack propagates and the loading decréstsals, et al., 1995)
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Figure2.34: Testing of concrete plates under uniaxial teng&imah, etl., 1995)

2.13.2Fracture Process Zone

According to the linear elastic theory in fracture mechanics, the stress usually approaches an
infinite value at the crack tip. However, this phenomenon is realistically unacceptable, and
hence an inelastic zone musist at the crack tip®when analyzing the structure numerically
using discrete crack approach, the inelastic zone around the crack tip is referred to as the
Fracture Process Zone (FPZ). The latter is classified as a tension zone which is formed ahead
of the preexisting crack tip and experiences various toughening mechanisms as the crack
grows.Figure2.35illustrates these mechanisms which include: (a) micack shelding; (b)

crack deflection; (c) aggregate bridging; (d) cracked surface interlock; (e) crack tip blunting;
(f) crack branching.

Micro-crack shielding is characterized by the formation of maexks at weak spots close to

the crack tip which causes higtress state. Crack deflectiafiers to the mechanism of altering

crack path around large aggregate or along weak interface. While, aggregate bridging takes
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place when a crack has moved beyond an aggregate that continues to carry stress across the
crack Crack surface interlock is defined as the friction that occurs between two cracked faces
which results in energy dissipation. Crack tip blunting is when a crack tip is terminated by an
internal void, resulting in a blunted crack tip which in turn requadarge amount of energy

to propagate. Finally, crack branching occurs when a crack grows into multiple branches, and
hence more energy is needed in this mecha(fmah, et al., 1995)

It can be concluded that the FPZ camgs a noticeable amount of energy from the applied
external loads, and hence the propagation of cracks is somewhat stable before reaching the
peak load. Moreover, the toughening mechanisms associated with FPZ are the main factor in
creating the quasirittle response of concrete after peak load. While, brittle materials are linear
elastic up to the peak stress followed by a catastrophic and complete loss of strength, quasi
brittle materials behave nonlinearly before the peak load, followed by strain sgfteni
Nevertheless, some crack surfaces might still maintain some contact, and thus mechanisms
such as friction and aggregate interlock could restrain brittle failure after peak load and lead to

a more gradual and softening response. In summary, due taishenee of such complex
mechanisms in cracked concrete, the use of nonlinear fracture mechanics approach seems more

appropriate than linear elastic respo(Bkah, et al., 1995)

Main crack Microcracks N crnii;. OGRS
=
(a) (b)
Friction betwaen
Aggregates crack face
(c) (d)
Maln crack Yod Secondary crack tip
Main crack tip

(e) (f)

Figure2.35: Toughening mechanisms ofdeture Process Zor{8hah, et al., 1995)
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2.13.3Fictitious Crack Model

One of the drawbacks of the Fracture Process Zone (FPZ) is that it cannot be classified as a
continuaus region nor as a discontinuous region, which impasemalytical challenge to the
modelling of concrete fracture. Furthermore, this region is seen as a partially damaged zone
that retains some stress transfer capability through the toughening mechaissossed
previously. This region is characterized as a transition zone between the open crack which is
completely discontinuous and the intact concrete composite that is completely continuous.
Many researchers have suggested that concrete fractures aigcdims region, and thus the
analysis of cracking requires a comprehensive modelling of the(6Rah, et al., 1995)
Hillerborg et al. (1976}s one of the first pioneers in proposing a nonlinear theory of fracture
mechanicgn the form of the Fictitious Crack Model (FCMn this approach, the FPZ is
modelled as a fictitious crack that extends beyond the physical, traction free, crack. This

fictitious crack is subjected to closure stresges, , as seen ifrigure2.36 (Karihaloo, 2003)

crack length

Figure2.36: Fictitious Crack Mode{Malm, 2006)

FromFigure2.36, ® represents the length of the open cracks the length of the fracture
process zone (FPZ); andis the crackopeningdisplacenent within the FPZ. Moreover, the
closure stresses (also known as the cohesion stresses) is not constant and varies with the crack
openingdisplacement. The closure stresses are equal to zero at the tip oféxespng open

crack, which is also the lation of the critical craclopeningdisplacementy . Thesestresses
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tendto increase until it reaches the ultimate uniaxial tensile strength of the mai€riatsthe
location of the fictitious crack tip (extent of the FPZhe tension softeningghaviour within
the FPZ is well depicted ifrigure 2.37. Region AB represents the fraction of the load
deflection curve por to peak load. The concrete in this region exhibits mecezking but is
not yet subjected to the fracture process zone. Within theppagtregion, BC, the presence
of toughening mechanisms in the FPZ induces closure stresses that are a funo#anamfd
openingdisplacement) . The crackopeningdisplacements continues to develop until it
reaches point D, where stress is equal to zero and-opsekngdisplacement has reached the
critical value,0 (Stoner, 2015)

Load

|_Microcracking | Micro- _|{

——

+ T
Traction-frec crack, a,  bridging zone cr:gﬁ%“gﬁ

' -
Deformation Fracture process zone, !p

Figure2.37: Tension softeningasponse within the FP&arihaloo, 2003)

2.13.4Tension Softening

It is noted that some regions of a concrete specimen subjected to tension exiibit str
localization at ultimate load. While other portions of that concrete section experience
unloading.Figure 2.38(a) illustrates a generalized strekformation rggonse of a concrete
member subjected to tension.
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Figure2.38: Derivation of fracture mergy(Shah, et al., 1995)

However, the total c¢ hacaguatedusingahe folowitgequdien: | e n g
Yo 1 0 (2i34)

where] is the elastic deformatioi, is the inelastic deformation, and is the crack

openingdisplacement of the fictitious cra¢Bhah, et al., 1995Figure2.38(b) shows a typical

stressstrain behaviour o&dn uncracked concrete member, and thus the unloading at the peak

point follows a lineaelastic pattern. HoweveFjgure2.38(c) represents the streskbngation

response for the additional deformation,within the damage sectidHlillerborg, 1985) It is

also observed that the areader the stresdeformation curve ifrigure 2.38(c) refers to the

energy that is absorbed by the damaged concrete. In another word, this parameter represents

the enegy needed to overcome some of the resistance of different toughening mechanisms and

hence initiate a crack of unit area. This quantity is known as the IMiodeture energy, or

simply the fracture enerd. The following formuladepicts the mathematicdescription of

the relationship between the stredsngation response and the fracture energy:
O , 0 Q0 (2 35)

whereU s the critical craclopeningdisplacenent when the softening stresegual to zero.
As it is shown irFigure2.38(c), the tensile stress decreases as the-apekingdisplacement

increases, and this phenomenon is referred to as the tea$iening lawThis law is used to
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characterize the tensile response within the fracture process,zane, and the fracture
energy, ‘'O. Thesetwo parameters are material properties and considered independent of
structural shape or siZ&hah, et al., 1995)The softening curve, U , requires only three
parameters to be drawn: the ultimate tersilength of the materidl) the fracture energjo,

and the shape of the cunfgure 2.39 depicts some of the common shapes of the softening

curves proposetly many scholars, including linear, bilinear, and exponential relationships
(Stoner, 2015)
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Figure2.39: Different tensiorsoftening elationshipgStoner, 2015)

2.14Plasticity Theory

Plasticityis a tool for describinghe behaviour of ductile materials that experience permanent
deformations. Nevertheless, plasticity theory can also be used in finite element analysis of
brittle behaviour. Originally, plasticity theory is develdp® model metals which undergo
differentmechanisms of deformation compared to conventional con¢éteteever, concrete
experiences a nonlinear strestmain behaviour during loading and exhibits a noticeable
irrecoverable strain when it is unloadédany, et al., 2016)Concrete also shows some
ductility under compression loading and confining pressure. Therefore, the theory of plasticity
is considered a suitable tool to model that typbedfaviourin concretecomposite§Chen &

Han, 1988)
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It ought to be noted that when tension is present, such as shear in reinforced concrete structures,
plasticity theory is usually employed in the compression zone. On the other hand, regions
subjected to tensile stresses are treated with one offtheedt versions of fracture mechanics
(Lubliner, et al., 1989)However, there are three main components of any plasticity model:
Initial yield criterion, Hardening/softening rule, and Flow rule. The plasticity models that hav
been proposed by several researchers might vary in terms of the shape of the yield surface, the
hardening/softening rules and the flow rule used in each model.

2.14 1lInitial Yield Criterion

It has been concluded by various biaxial tests on concrete thaedtfferitical surfaces in

stress spaces are similar. A large volumetric change is expected in concrete members that are
subjected to enormous inelastic statdgure2.40(a) reflects an increase in volume which is
more than twice as large for the hydrostatic compressive stress state (shown as
o ) pX p) as for uniaxial compressiop { ,, pAm). The bold points on each curve

in Figure 2.40(a) represents the limit of elasticity, the point of inflection in the volumetric
strain, the point of strain localization, and the ultimate load. WhilEigure 2.40(b) the
depicted critical surfaces of these material stegflectthe onset of the expansion of failure
surface. In another word, the amount of concsgtEngthfrom the point it entered the plasticity

zone until the level of ultimate capac{tgarihaloo, 2003)

The initial yield surface can be simply defined as the limit of elastic response and the onset of
plastic behaviour. Therefe, when the applied stresses are within the initial yield surface, the
material is said to behave in a linedastic manner. However, if those stresses exceeded the
initial yield surface, the material would be described as plastic and new yield sisrface
developed. This new created surface replaces the initial yield surface and is called a loading
surface. If the additional stresses remain within this new loading surface, no additional plastic
deformations are expectedonversely, if the loading is ireased beyond the loading surface,
another new loading surface wilevelop,and the material will exhibit an increase in plastic
strain(Chen & Han, 1988)Consequently, the subsequent loading surfaces are counted as yield

functions for the deformed material.
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Figure2.40: (a) Volumetric stran in biaxial compression; (b)dading curves under biaxial
stresse¢Karihaloo, 2003)

There has been a sigieéint progress in the field of material plasticity and the constitutive
models of concrete. Many vyield criterions can be found in recent literature, and some of the
commonly used models are presente#figure2.41. The von Mises failure criterion, shown

in Figure2.41(a), is most suitable for steel materials. However, the yield criterion often used
for concrete are the Druck@rager and MohR€oulomb criteria (se€igure2.41(b) and (c),
respectively). Nevertheleskubliner et al. (1989fuggested that these failure models do not
represent the experimental results for concrete efficiently unless appropriately mdebfied.
instance, one effective modification would be the use of a combination of the@dolomb

and the DruckePrager yield functions, where the latter is used for biaxial compression and
former is more suitable for other stress states. Moreover, a swHifperbolic DruckePrager

yield criterion is proposed biubliner et al. (1989)and has beewastly implemented in

ABAQUS software package.
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2.14.2Hardening

The strain parameter in plastictyased modelss usually comprise@f an elastic part and

plastic part. Moreover, the dependence of material strain on its load history is characterized in
plasticity theory by the use of internal scalar variable, here defin&l Esis internal variable

reflects the irreversible material behaviour and its evolution is evaluated by means of rate
equations which are functions of the plastic strain @€ "QQ . Nevertheless, the scalar
hardening variableQ is obtained by integrating the hardening parameter along the loading
pathin both the workhardening and straihardening hypotheseBhe hardening rule is mainly

used to define the expansion of ubsequent yield sudas during plastic loading. The yield
condition usually presents the concept of yield stress as multi axial stress states ansl include
the history dependence through the scalar hardening variable. Therefore, the dependence of
yield function on the loading history through the hardening varid@lpermits this function

to only expand or shrink in the stress space, and not translate or rotate. Such hardening is called
Ai sotropic har deni nghardeningror stramhardenirey sheorysfcanu s i n g
be seen irFigure2.42, the direction of the plastic strain tens®, , is determined from the
derivative of the plastic potential fumat (Karihaloo, 2003)

Isotropic hardening is usually apied in models where plastic deformation exceeds initial
yield state and the Bauschinger effect is insignificant. The Bauschinger effect refers to one

particular type oftlirectional anisotropy geerated by plastic deformation. In another word, the
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initial plastic deformation of one sign reduces the resistance of the materials when subjected

to a subsequent plastic deformation in the opposite Sigelaborate further, vém a rode is

stretched beyond its yield strength in tension, plastic deformation will be recorded. However,
subsequent compressive stresses applied to the same rod will result in a significantly lower
compressive yield value than the initial tensile yjdiht due to Bauschinger effect.

It is rather convenient to use the isotropic hardening theory in materials where large plastic
strain is expected and in which the plastic strain rate does not continuously reverse direction
sharply.Therefore, this theoris intended for problems involving essentially monotonic and
proportional loading. On the otherhandn A ki nemati ¢ hardeningo ap
translates as a rigid body in the stress space, without changing shape, size, or orientation of the
initial yield surface. Thus, kinematic hardening approach is usually employed in materials that

are subjected to cyclic and reversed cyclic loading with a present Bauschinge (it

1982) In the third type of hardeninglrue , known as fi nthehardemidge nt h e
in compression isndependent of that in tension. This rule is more effective in modelling
hardening effect in concrete, and is a combination of the both isotropic and kinematic
hardening rule¢Chen & Han, 1988)It must be noted that the independent hardening rule is
implemented in the plasticity model used by ABAQUS.

2.14.3Flow Rule

As discussed in the previous section, the hardening rule can be used to define the shape of the
yield surface at any given loading condition. The relationship between the yield surface and
the stresstrain curve is determined with a flow rule.

Concrete ndergoes enormous volumetric changes under large inelastic stress states. This
change in vol ume, resulted from plastic def
reproduced by using an adequate plastic potential functihubliner, et al., 1989)The

evolution of the inelastic displacements in the fracture process zone is defined through the flow

rule which can be expressed by the following equation:
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Q Q _%;O (2i36)

whereQ @ a scalar hardening parameter which varies throughout the straining process. This

parameter uses positive values, and is nonzero only when plastic deformations occur. The
gradient of the potential surfacefdefines the diretion of the plastic strain increment vector,

Q , and the hardening paramet&, etermines the leng{Chen & Han, 1988)

When the plastic potential function shares the same shape as the yield surface, the flow is
cassi fied as fnassociated flow ruleo (i.e. th
If the associated rule is used, the plastic flow develops along the normal to the loading surface.
However ,-ashhecinabed f | ow achadfusiogtwosepaatesunctioms, t h e
one of the plastic flow and the other for the yield surfacthis rule the plastic flowdevelops

along the normal to the plastic flow potential and not to the yield sui@eadeez, et al., 202).

Figure 2.42 depicts an example of a plastic potential function known as DrRiegyer
hyperbolic function. This figure also illustrates the hardening process through the scalar
hardening parametefFindly, the DruckerPrager hyperbolic plastic potential function is
utilized in modelling concrete material through damaged plasticity model in ABAQUS.
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Figure2.42: The DrucketPrager hyperbolic functiofHibbitt, et al., 2004)



Chapter Three

Numer i c al For mul atil o

3.1 Introduction

It is now a common practice to strengthen the vulnerable faces of reinforced concrete beams
with external FRP materials in order to increase the-t@awying capacityf the structure. As

it has been previously discussed, extensive research was conducted on the application of FRP
composites in RC beams. However, most of these studies have been experimentally based and
only a very limited amount of research is availadiighe numerical modelling of such beams.
Structural members such as reinforced concrete beams externally bonded with FRP are
classified as heterogeneous composite structurés.tyije of members usually comprises of

three major components: concrete, stesforcement, and FRP materials. The composite
nature of such structures imposes an enormous nonlinear analysis challenge due to the expected
extensive cracking, local effects, and failure modé®re has been several research attempts

to overcomehisissue and reach a reliable modelling methodology. One common approach is
to model each of the components individuallyusynga suitable numerical method, and then
obtain their combined effects by imposing the condition of material contirloitgnother

word, a complete analysis typically involves selecting an appropriate numerical method,
modelling each material using thelative constitutive laws, and finally modelling the
interaction between the composite materials.

There are various methods whidn be used to analyse the behaviour of a reinforced concrete
structural element and investigate the internal forces and displacements in the rmMémber.

following section highlights some of the common methods available in literature.
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3.2Methods of Analysis

Structural analysis is typically performed for any given structure to evaluate local effects such
as internal forces or stresses, or global effects which involve despéants and reactions. For

this analysis to function properly and produce decent resudts defined geometry, material
properties, and boundary conditions of the studied member have to be provided. There are
three analysis methods which are commonly used by researchers: empirical, analytical, and
numerical. Although emirical investigatios makeup the majority of data compiled on FRP
strengthened RC beams, there are some shortcomings related to the feasibility of testing large
scale specimens and being vesypensive and timeonsuming.Conversely, analytical
methods are generally usednimdel simple elements due to the difficulty of reproducing the
boundary conditions and any geometry limitations. Additionally, most of the analytical
methods used to model the interfacial bond between FRP and concrete assumed linear
approach and are notlieble in nonlinear settingéLi & Chua, 2009) Therefore,many
complex engineering problems cannot be arelyusing the last two methods, and more
practical analysis is usually carried out using numerical approaches. Thisdmevolves
breaking down a structure (domain) into smaller piecesdsuatrains). The common numerical
solution techniques are provided in the coming sections.

3.2.1Finite Difference Method (FDM)

This method generally involves breaking the structure into neggbns and the governing
equations are replaced by finite difference equations, then these equations are solved
simultaneously to obtain a solution. However, some of the major drawbacks of this method are
that it is impractical to apply the procedure dtyuctures with complicated geometries,
boundary conditions, and problems of fast changing variables as in the case of stress
concentration. Therefore, this technique is more suitable for problems where heat transfer and

fluid flow are to be studied.
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3.2.2Boundary Element Method (BEM)

As i mplied by the methodds name, el ements
The method applies Greenbds theorem as the
guantities of interest such as displacemeanis stresses within the closed boundary. Despite
the efficiency of this method in terms of computation, large matrices are sometimes expected
which makes the techniques difficult to use in nonlinear problems and strueithreson

homogeneous media.

3.2.3Finite Element Method (FEM)

This method is based on the laws of mechanics, and depending on the nature of the problem,
it can beassociated witlsolid or structural mechanics, fluid mechanics, or thermomechanics.
The modelling procedure of the finite elemenalgsis can be simply described as a loop. The

first step involvesmodelling the physical problemumerically by using the appropriate
differential equationgalso known as shape functions) to create the finite element model that

is a close representatiohthe structure. Loads are then applied to the model and displacements
are quantified at the nodes, followed by stress and strain analyses of the system. The results
obtained from this numerical modelling is validated against real data. Based on theafevie

the analysis results, the numerical model might need further refinement and imenbyvand

the system is reanalgd for the same applied loads. Another review of the resylésfisrmed,

and more refinement might be required until the results lgiasdlect the experimental
response of the system under similar loading conditions.

In summary, the finite element method involves the choice of elements (such as truss, beam,
2D or 3D continuum), mesh, and boundary conditions. The combined soluti@tistioé
elements form the solution of the entire part. This method is typically utilized to analyse
structures with complex features and various material properties. It also offers an effective
analytical tool for studying structural behaviour of reinfor@®ncrete members. Cracking,
tension stiffening, nonlinear material properties, interface behaviour, and other mechanisms
that are ignored or treated approximately by other numerical methods can be modelled

rationally using finite element method. Neveldss, the reliability of this method relies on the
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accuracy of theriginal model and the degree of agreements between the numerical results and
the actual data from the prototype struct(ionteleone, 2008)Finally, the tremendous
advantages of this technique made it the method of choice in the numerical analysis segment

of this research study.

3.3 Finite Element Procedure

Theprincipal characteristics of a fimattrei xd.em
For a structural finite element, the stiffness matrix comprises the geometric and material
behaviour information that defines the element resistance to deformation when subjected to
external loading. These deformations may include axial benslregr, and torsional effects.

On the other hand, in finite elements usedan-structuralanalyses, such as fluid flow and

heat transfer, the stiffness matrix is also used, since the matrix reflects the resistance of the
element to change when externdéefs are preserfHutton, 2004)

In the early applications of finite element method, and without the benefit of modern
computers, force analysis was used to develo
In this procedure, the unknowns are the forces and the knowns are displacements. However,
the finite el ement met hod often corresponds
unknowns are system displacements in response to applied loads. The structural stiffness
matrix typically takes the form:

~

v 'Y O (3r1)
where U is theassemblegjlobal stiffness matrix,”Y is the vector ofjlobal displacement,
and "O is thevector of applied nodal forces. These forces may include directly applied external
forces at nodes, the wedquivalent nodal forces attributed to body forces and pressure forces
applied on element faces.

After calculating the displacements, stress dralrscan be evaluated for the entire structure.
As indicated previously, the equations involved in the analysis are derived from the related
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structural theory and stratify the following conditions: equilibrium (relate stress to applied
forces), compatibity (strains to displacement), and constitugggiations (stresses to strains).
Shape functions (also knowns as interpolation functions) are utilized to formulate finite
element equations for different types of physical problems in one, two, or threesdine

These functions are created through the use of Lagrangian interpolation in order to relate the

local coordinate position to global coordinate position.

3.3.1Eight-Node Brick Element

The most common element used in thdgeensional finite elemenmnodelling is theeight
node brick element (rectangular parellopipeshown inFigure 3.1. The global Cartesian
coordinates in this element are transformed to theraigerendipity)coordinate system by

the followingin order to simplify the derivation of the shape functions

i - 3i2

i = (312)
W 0

i — 33

l - (313)
a aof .
C_F 3i4
= (314)

wherec@ ¢@ andcare the dimensions of the element inxhe z, coordinates, respectively,
and theuf 3 andafare the centroids of the element. The natural coordinates varies between

and +lover the domain of the element.

Figure3.1: Eightnode brick element: (a) Global Cartesian coordinates; (b) Natural

coordnates with an origin at the centrdidutton, 2004)
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The eight shape functions are necessary to express the three directions of displacements as a
function of the eight nodes when 3D modelling is used. These eight interpdlatabions are
defined in the forms:

6 2o ipip oo (3i5)
v

6 —-p i p i p O (376)
Y

6 —-p i p i p O (317)
Y

06 —-p i p i p O (378)
Y

6 —-p i p i p O (319)
Y

0 -p i p i p o (3r110)
Y

0 -p i p i p O (3r11)
Y

0 EJ o i pi p o (3112)

and the field variable (such as displacement) is described by:

N ahuho O ifAmn (3i13)

wheren corresponds to the global displacement in three dimengiormd? are thenodal

shape function and displacement, respectively.
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3.3.2Finite Element Formulation for General 3D Stress Elements

Although the conditions of plane stress, plane strain, and axisymaretrfyequently met,
sometimes the geometry of a structure and the applied loads are such thatartensenal
state of stress is present. Generally, there are three displacement compdhatitasewu, v,
andw in the directions o%, y, andz axes, respectively. The six components of strain are derived

from simple solid mechanics rules and given by:

T o |

v — T
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For convenience, the stradtisplacement relationa the previous equation can be expressed

as:
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and matrix 0 is theqg o matrix of derivative operators.
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The stressstrain relation iexpressed in matrix form as:

”
s >
v v
> n >

1P 1P
" cel e
et e
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and for simplicity,, , can be shown as:
” O - (3117)

where 'O corresponds to the material property matrix, and for the general casegit iga
matrix involving only the elastic modulu®, and P o i Us(ldutdom,@@04)r at i o,
For threedimensional elastic element having M nodese ftlisplacement components

discretized as:

6 ofuin 0 ofedx O (3i18)
O afudt O ofudi O (3i19)
0 ottt O ofudin 0 (3i20)

whereo , U, and0 are the Cartesian nodal displacement, &ndfudty is the interpolation

function associated with node
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Moreover, for ageneral threelimensional element with any element shape or number of

nodes, the discretized displacement field can be written in matrix form as:

o) 0 T 1
0 m 0 T 0 (3i21)
0 m 1w U

In the lastequation, each submatrix i8 is thep 0 row matrix of interpolation functions
(depending on the choice of element shape and number of nBdghe matrix U is ac

o0 matrix composed of the interpolation functions and many zero values.

Finally, the total potential energy theorem can be utilimedonstruct the stresisplacement
relationfor anygiven threedimensional elementhetotal potentiaknergy of an element can

be expressed as:

LY 0w = - 0-Qw 1 Q (3i22)
where'Y is the elastic energy (strain energy), ands the mechanical work of a conservative
force which is considered to be a loss in potential energy. The-displacement matrix is

given by he relation below, and is observed to lye acl matrix composed of the first partial

derivatives of the interpolation functions.
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In order to simplify the stresgisplacement relation further, and after applying the principle of

minimum potential energy— 11, the following form is obtained:
0 O006QW Q (3i24)

From the above equation, we identify the element stiffness matrix as below

~
v

Q 0 O006Qw (3i25)

The element stiffness matrix is defined asla o0 symmetric matrix, as expected for a

linear elastic elemerfHutton, 2004) Moreover, the integration in these equations depend on

the specific element type in question. If an eigbtle brick element is to be used, the
interpdation functions, mentioned earlier, are such that strains vary linearly and the integrands
in the stiffness matrix are not constartie integrands are polynomials in the spatial variables,

and hence numerical integration is performed (e.g. Gaussiarafiu&din three dimensions).

The stress and strain components can be computed as secondgpydgesting) phase of the
analysis. The calculation of these parameters becomes a simple task, once the unknown nodal
displacements are determined by the stggmethod which was previously elaborated. The
strain components at each node in the model are discretized in the finite element form:

b0 D61 6 (3126)

It must be noted that thetrain component calculated in the above equation correspmads
individual element and must be carried out for every element on the finite element model. On
the other hand, the stress components are identified in the same manner, and the matrix form

is as follow:
. 0O 6 1 (3127)
and the material property matriYO depends on the state of the stress (i.e. plane stress, plane

strain, or axisymmetric).
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3.4 Finite Element AnalysisSoftware (ABAQUS)

There are many commercially available software packages that are used for finite element
analysis of reinforced concrete structures. Some of which includes: ADINA (Automatic
Dynamic Incremental Nonlinear Analysis) developed by ADINA R&D Inc., and is mainl
used for modelling fluid structure interactions, heat transfer and also linear and nonlinear
structural analysi§ADINA Ré&D, 2015), DIANA (Displacement Analyzer) developed by
TNO DIANA, which employs the displacement methodi anainly used for structural and
geotechnical analys(3NO DIANA BV, 2015), and ANSYS developed by ANSYSompany,

is used for simulation in different technologies including structural mechanics, fluid
mechanics, and electromagit (ANSYS, 2015) However, ABAQUS is the finite element
software that was selected for the simulation performed in this §D&ly, 2014)

ABAQUS was developed by Hibbitt, Karlss@md Sorensen, Inc. which was established in
1978. This company was then acquired by Dassault Systemes Simulia Corp. (DSS) located in
Providence, Rhode Island USA, in 20BBAQUS is a very powerful finite element analysis

tool due to its broad selectiofi materials and elements and its capacity to model one, two,
andthreedimensionalprojects. The ABAQUS program suite includes three major products:
ABAQUS/CAE, ABAQUS/Standard, and ABAQUS/Explicit. The first product refers to
Complete ABAQUS Environmengnd is used to create, analyze, and visualize model output
all in one environment using graphical user interface (GUI). ABAQUS/CAE gives the option
of creating the model geometries using the software drawing tools, or importing CAD models
that have been ppared by another compatible products. Users can then submit the assembled
and meshed model parts for analysis. The results are reviewed and graphed by the help of the
available comprehensive visualization tools. ABAQUS/Standard is generally used fr finit
element simulations of structures that are subjected to static argpémd dynamic effects.
ABAQUS/Explicit on the other hand is more suitable for transient dynamic and highly
nonlinear simulations. However, ABAQUS/CAE supports both Standard and iExplision

for preprocessing and pegrocessing simulation®SS, 2014)
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3.5 Constitutive Models of Concrete in ABAQUS

There are three concrete constitutive models supported by ABAQUS, and their application
depends orthe tyme of structural loading and cracking analysithese modelsinclude
Smeared CraciModel (SCM), Brittle Cracking Model (BCM), and Concrete Damaged
Plasticity Model (CDPM). The three models are fully capable of modelling a variety of
concretestructures sutas beams, trusses, shells, and solids. Although, these models can be
used for plain concrete or other qubsitle materials, they are mainly utilized to model
reinforced concrete structuréStoner, 2015)

The Smearec€rackModel (SCM) can be employed in ABAQUS/Standard and is primarily
used for concrete structures subjected to monotonic loadings at low confining pressure.
Cracking of concrete is one of the most crucial aspects in any structural analysis, and thus it is
impeative to implement the cracking and posicking behaviour of concrete in the
modelling. A smeared crack approach is usually used to reflect the discontinuous brittle
response of cracked concrete. However, this technique does not track the formation of
macrocracks, instead it updates the stress and stiffness material properties to account for the
crack effect.

The Brittle Cracking Model (BCM) is usually implemented in ABAQUS/Explicit and is
intended for applications in which tensile cracking of mateisatbominant. This approach is
suitable for ceramics, brittle rocks, and plain concrete. In this model, the concrete compressive
behaviour is assumed to be linedastic which is an enormous simplification of the actual
response. Thus, the BCM is only gtigal in applications where tensile behaviour overshadows
the assumption of lineaalastic compression model. The BCM only represents the brittle
aspects of concrete behaviour (i.e. when maexks merge to form discrete macrocracks
resulting in a hight localized deformation).

On the other hand, the Concrete Damaged Plasticity Model (CDPM) can be utilizeth in
ABAQUS/Standard and ABAQUS/Explicit. It is usually used to analyze plain concrete and
other quasbrittle materials.The CDPM can be implemtad for the analysis of concrete

structures under monotonic, cyclic, and dynamic loading under low confining pressure. It is
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proven that Concrete Damaged Plasticity Model is highly flexible in modelling concrete under
different loading conditions. Therefrthe CDPM model was selected for the analysis of
concrete materials in this study, and will be reviewed in broader details in the following

section.

3.6 Concrete Damaged Plasticity Model

In most recent numerical studies of concrete materials, includingetgarch work, plasticity

and damage evolution of concrete parts are considered in the basic finite element modelling.
The typical damaged plasticity model uses the concepts of isotropic tensile and compressive
plasticity to represent the inelastic behaviof concrete. These concepts are reflected by the
assumption of two failure mechanisms: tensile cracking and compressive crushing of concrete
compositesHardening variables correspotuithe extent of damage in concrete, and stiffness
degradation paraner is used to characterize the uniaxial tensile and compressivesste#ss
relationships under applied loads. The hardening variables are then used in cooperation with
the yield surface to identify the failure mechanisms under tensile and compressiivel In
concrete modelling, a neassociated plastic flow potential is implemented using the Drucker
Pager hyperbolic function to represent flow potential. Furthermareyiscoplastic
regularization of the constitutive models is sometimes used to imfinewconvergence rate in

the concrete softening and stiffness regimes. The following seciiemsnore details on the

available constitutive models which are used for the concrete plasticity concepts.

3.6.1Concrete Compression Model

Thegeneral stresstrain response of the concrete under uniaxial compression is illustrated in
Figure3.2. It is observed that concrete behaves linearly within the@tagion until the initial
yield, , . After reaching the initiayield point, concrete starts behaving in a plastic fashion

and exhibits some wotkardening up to the ultimate stress,, followed by strairsoftening.
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Figure3.2: Compressive stressgrain response obocrete(DSS, 2014)

The elastic compression behaviour of concrete can be modelled by calculating the initial
undamaged modulus of elasticit®), . For the inelastic response, compressive stresses are
provided in a tabular form as a function of the inelastic strainwhich can be calculated by

the following equation:

- - - - = (3i28)

where- is the inelastic strain, is the total compressive strain, is the elastic compressive
strain corresponding to the undamaged materiais the compressive stress, add is the

initial undamaged modulus of elasticifihe inelastic strain data are inputted in the material
definition section of ABAQUS model as positive values, starting at zero value corresponding

to the initial yield point.

3.6.2Concrete Tension Model

Figure 3.3 illustrates thegeneralstressstrain response @ concrete member under uniaxial

tensile loadinglt can be seen that the strestgin response is linear elastic until thalpgress

» . I'he onset of micr@racks occurs when the tensile stress reaches the peak point, which

leads to strain localization. The latter impacts the crack growth and may result in the unloading
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of regions beyond strain localization which in turduces stin-softening pospeak response.

In a typical reinforced concrete beam, the concrete (a-@uidtse material) is bonded to the
reinforcement. When cracking initiates in the member, concrete continues to resist some tensile
stresses between tlcer a c k s . This characteristic is refe

helps improve the control of the deformation of an RC member and the growth of crack widths.
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Figure3.3: Tensile stresstrain esponse ofoncrete(DSS, 2014)

In ABAQUS, the user is required to define the pgosak tensile response of concrete in order
to account for the interaction between the concrete and the reinforcing bars. The Concrete
Damaged Rusticity Model in ABAQUS provides three different methods that can be used to
characterize the pegpeak response of concrete in tension:
1. The tensile stress in concrete can be entered in a tabular form as a function of the
corresponding cracking stram, .
2. The tensile stress can be entered in a tabular form as a function of thepeackg
displacement) .
3. The value of concrete fracture ener@y, can be simply inputted into the model.
In the first method, the user can plot a stgsain cuve similar to that illustrated iRigure3.3.
The postpeak response can be determined in a procedure similar to the one described in the
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concrete compression modélh e cr ac ki ng -ii careble eakulated usingstier ai n,

following expression:
- - - - = (3i29)

where- is thecrackingstrain,- is the total tensile strain, is the elastic tensile strain
corresponding to the undamaged materjal,is the tensile stress, arfd is the initial
undamaged modulus of elasticiBimilarly, the cracking strain data are entered in thec@zie
Damaged Plasticity Model of ABAQUS model in a positively increasing manner. The first
value is set as zero corresponding to the initial yield stress.

In the second method, the pg@sak tensile behaviowf concrete is defined in a way that the
use has to input the tensile st as a function of the craodpeningdisplacement,y .
Hillerborg et al. (1976has proposed the concept of using fracture enédgyn this method.

This fracture energy of a brittle material corresponds to the eneygiyed to open a crack of
unit area. Therefore, the pgstak behaviour of concrete in idealized by a stdegslacement
response rather than a streimin response as in the first methdde user has the liberty to
modify the tension stiffening respsaof the concrete member by selecting one of the proposed
examples of stresdisplacement curves as showrFigure3.4.
(b) g, (©) 7,

Oto

]
> W : > W > W
0.8 Gy/oto 3.6 Geloy,  0.75 Gg/oy, 5.0 Gp/ay, 5.14 Gg/oy,

Figure3.4: Various examples otressdisplacementurves(Stoner, 2015)

It is worth mentioning that the area under these curves represents the fracture energy of the

material. Therefore, this method has the advantage of allowing the user to define the rate of

strength | oss after c¢cracki n(Gtonarn2015al so t he
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Finally, the third method allows the user to simply define the tensile peak stresand the
value of the fracture energyp. As it can be seen igure 3.5, this method assumes a linear

stressdisplacement podtilure response.

Gy

W, W

Figure3.5: Linea stressdisplacementurve (Stoner, 2015)

The user is expected to identify the value of the peak stresh@adea under the linear curve

(i.e. the calculated fracture energy). Then aftdte maximum crack displacement

corresponding to a complete loss of strength,is computed by thequation:
0

it (3i30)

3.6.3Damage Modelling

Sometimes, unloading of the concrete member can occur within th@gaistegion of the
compression and tension stre$sain curves. In such case, the unloadiggponséecomes
weaker and degraded, and modulus of elasticity is utilized to accountSaletiradation as
expressed irFigure 3.2 and Figure 3.3. This degradation dimrg the unloading phase is
identified by two damage variable§® and Q for member subjected to compression and
tension, respectively. The damage parameters are functions of the plastic-staids
temperatures-and other predefineiiled variables'Q as can be seen in the next equatidin

is noted that the values of the damage parameters ranges from zero (corresponding to the

undamaged material) to one (for the material with complete loss of strength).
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Q0 Q- hHHQ 1™ Q p8r (3i31)

Q Q- hHQ m Q p8r (3i32)

As it has be mentioned previously, the damagerpetars are functions of plastic strains, and
hence, ABAQUS will automatically generate the plastic strains from thedefieed inelastic

or cracking strainThe plastic strain in compression is obtained by converting the inelastic
strain- ,and damage parameters) as expressed below:

Q- (3i33)
p Q0O
whereO s the initial undamaged modulus of elasticity. However, the calculation of plastic
strain in tension depends on the method used to define the tensiegepkstesponse of
concrete. If the first method was used, dgm parameters are providedfasctions of the

cracking strains; , which are converted to plastic strains as shown below:

Q - (3i34)
- p Q0O
However, if method two or three was used to defineghsile pospeak curve of the concrete
member, damage parameter values are ideres] as functiors of the crackopening
displacementd (also referred to a8). The plastiadisplacementare thernobtainedby the

eqguation:

6 o =8 (3i35)
p Q0O
and the termi corresponds to the specimen length which is assumed to be equal to 1.0.
Furthermore, the value of the damage parameter ought to be controlled witlangbeof ©
0.99 to avoid severe damage, and thus possible convergencqg &sues, 2015)
When the initial undamaged modulus of elasti€ity is identified, the stresstrain response
of the concrete under tension and compression with consideration of the degradation of the

elastic stiffness can be represented by:
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, p QO - - (3i36)

., p QO - - (3i37)

It should, however, be mentioned that a concrete structure subjected to uniaxial load will
exhibit crack initiation and propagati. Therefore, a reduction in the expected load carrying
area is expected which in turn increases the concrete effective stresses. ABAQUS accounts for
that phenomenon by calculating these effective compressive and tensile sjreases,, |,

respectrely. These terms are expressed in the following equation:

” —F0 - - (3r38)

" —F0 - - (3139)

3.6.4Yield Function

The Concrete Damaged Plasticity Model in ABAQUS implements a yield function proposed
by Lubliner et al. (1989)and incorporatemodifications presented hyee and Fenves (1998)
to account for different modes of strength evolution. The yield function can be expressed as

follows:
0, Fr pL'rﬁ GArT 68 016, O, -6 m  (340)
o de P (3i41)
Cn Ju p
” -é .
I — p | p | (3i42)
s -9
o 2P0 (3i43)
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where:

1T . -9 and, -¢ are the effective compressive and tensile cohesion stress,
respectively;
1 . istheinitial equibiaxial compressive yield stress;

» IS the initial uniaxial conpressive yield stress;

f 1 is the Mises equivalent stress, where -"HYY o0; and0 is the second

deviatoric stress invariant;
1 nlis the effective hydrostatic pressure stress, where "9 g; andOis the first stress
invariant;
1T . is the maxmum principal effective stress.
The two term¢$ andl represent material constants. The terns a function of the ratio of
., and, ,and experimental data put this ratio between 1.10 and 1.16, resulting in values of
| between 0.09 and 0.1Rubliner, et al., 1989)The default value of, j, adopted by
ABAQUS is 1.16 based on a parametric study performea¢upyer et al. (1969)On the other
side, he term corresponds to the state of triaxial compression where T, and is a
function of the parametar . the latter is defined as a ratio of the second stress invariant on
the tensile meridian (T.M.) to the second stress invariant on the compressigiam@.M.)
at initial yield for any given pressure invariant vallibe value ob governs the shape of the
failure surface within the deviatoric plateeeFigure3.6). In the case ab P8, the failure
surface within the deviatoric plane takes the shape of a circle, which sets well with the classical
DruckerPrager theory. Moreover, the original model suggested ubjfiner et al. (1989)
indicates that constawalues of0 varying from 0.64 to 0.80 are acceptable. However, the
Concrete Damaged Plasticity Model in ABAQUS recommends a default vaRi8 foir 0 ,
and limits the permissible valuet® 0 p3t(Stoner, 2015)
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Figure3.6: Yield surfaces in plane stred3SS, 2014)

3.6.5Hardening Variables

Lubliner et al. (1989haverecommended the use of isotropic hardening in their plasticity
model. Though this hardening rule is effective in modelling members under monotonic
loading, it has been proven inappropriate for cyclic response of concrete structures. When
cyclic load is apleed, the progress of one strength (compression or tension) does not affect the
progress of the other strength. Consequently, in the modifications propdsed &yd Fenves
(1998)included twavariable hardening rule; one variable to control compressidiiee other

to control tension. Adliscussed in sectioR2.14.2 this approach assumes independent
hardening rule. In another word, the hardening of the matedeturs in an independent

manner in both compression and tension. Nonetheless, the evolution of yield and loading
surface, in the Plasticity model of concrete, is governed by two hardening varigblasd

-9, which refer to the tensile and cprassive equivalent strains, respectively.

3.6.6Flow Rule

Several studies have shown that the application of the associated rule for concrete is not
adequate for full range of the concrete response spectrum, and thus results in large
inconsistencies betweenethexperimental and theoretical predictiairéu & Schnobrich,

1989) Concrete is proven to be a material that undergoes large volumetric changes under

loading. Therefore, a neaissociated flow rule is appropriate to control dilatancy in the
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modelling(Lee & Fenves, 1998)The Concrete Damaged Plasticity Model in ABAQUS uses
a nonassociated plastic potential flow rule, which can be expressed in the effective stress space
as follows:

i . (3i44)

where- is the plastic strain ratéQis the flow potential function and is a nonnegative
scaler hardening parameter. The flow potential functi@mysed in this study is a hyperbolic
DruckerPrager function and is expressed in the fj plane (meridional plane) using the

following equation:

O 7, 0wE[N NP OET (3i45)
where[ is the dilation angle, is the usedefined uniaxial tensile stress of concrete at
failure, and is the plastic potential eccentricity.

The flow potential curve helps establish a connection between the plastic flow direction and

the plastic stria rate. This curve is continuous and smooth to ensure that the flow direction is

always clearly definedzigure3.7 defines the flow potential curve within the 1 plane.

'

Figure3.7: Hyperbolic DruckeiPrager flow potentialunction(DSS, 2014)

The function asymptotically approaches the linear Drukkemager flow potential as the
confining pressure increases, and intersects the hydrostatic pressure akig e $bape of
the hyperbola is modified by the use of the eccentricity paramet€his parameter is taken
as a small positive quantity that defines the rate in whichpthstic potential function
approaches the asymptote. ABAQUS recommends a default value of 0.1 for this parameter
which implies that the material has a relatively constant dilation angle over a wide range of

confining pressure. However, trials have showat thsing an eccentricity value that is
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considerably different from the default value might lead to convergence issues when modelling
low confining pressure. This can be attributed to the tight curvature of the function at the

intersection with th@- axis(Stoner, 2015)

Moreover, the flow potential function depends on the dilation angl&his angle is defined

as a material property which is used to measure the inclination of the flow potential function

within the meridionbplane relative to the hydrostatic pressure axis at high confining pressures

(seeFigure3.7). When a small value is assumed for this angle, a brittle behavioyrastes.

On the contrary, higher value of eccentricity angle leads to more ductile regaiseg,

2009)

3.6.7Viscoplastic Regularization

The softening behaviour and stiffness degradation that occur in some materials upon loading
often result in severe convergence issues in the model. This problem is more profound in
member loaded in tension due to the significant change in slope of the tensileststiiess
curve at peak stress. One of the common techniques used to resohathis te implement
viscoplastic regularization of the constitutive models. The Concrete Damaged Plasticity Model
in ABAQUS uses a generalization of the Devhigins approach which allows the stresses to
pass the yield surface. To incorporate the visctiplasgularization in the ABAQUS model,

the user can enter a small value of viscosity parameiastead of the default value of zero.

When a viscosity parameter is greater than zero, the viscoplastic-strais,defined by the

following equaton:

e

. (3i 46)

where* is the viscosity parameter which represents the relaxation time of the viscoplastic

system,- is the plastic strain evaluated in the inviscid solution (i.e. no viscoplastic

regularization is assumed), and is the viscoplastic strain. Moreover, when the viscoplastic

strain is used, the viscous stiffness damage varigbfe, i s i and expressed leelbw:
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Q -Q Q) (3i47)

whereQis the damage variable of the inviscid solution. It has to be noted that when viscoplastic

regularization is used, model output will be édson plastic strain andlastic stiffness

degradation values, andQ, respectivelyln conclusion, the use of a small value for the
viscosity parameter will yield a significant improvement in the solution convergence rate
without affecting theaccuracy of the resul{Stoner, 2015)When the value of approaches
zero, the solution becomes a plastic response. Conversely, as ghemeter is taken

significantly larger than the iteration time increment, the smhuiends to be elastic solution.

3.7 Traction-Separation Model

ABAQUS provides a variety of constitutive models that are utilized to define the interactions
between surfaces, and can range from mechanical to thermal contact (D&&:12014)
Tractionseparation law is a mechanical model that is generally utilized to simulateride
between two surfaces, andstexpressed as linear elastic relationship between traction (bond
stress) and separation (slip). The damage can also be accounted for by defining the maximum
allowable stress or displacement in the bshpl responseDamages usually observed when

the intefadal materials start to behawe an inelastic manner. Once the initiation of damage

is recorded, the evolutioaof damage can then be defineddrder to model the inelastic
behaviour of the interfacial bond. Thmethod of modelling using thgypical traction
separation model are thoroughly described in the next sections.

3.7.1Linear Elastic Model

The tractiorseparation model in ABAQUS follows initially linear elastic behaviour followed
by the initiation and evolution of damagghis elastic relation isvritten in the form of an
elastic constitutive matrp@X, which relategshe nominal stres® nominal strains across the

interface as seen in the next equation. The nominal stresses are defined as the force
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components divided by the original area at @atégration point. While the nominal strains
are simply the separations divided by the original thickness at each integration point.

0 0 (3i48)
where 0 is the traction stress vector) is the elastic constitutive matrix, and is the
separation vector.
The traction stress vector consists of the normal tractonsnd shear tractions, for two
dimensional problems. Whereas, a tangential shear tragbipissadded to the traction vector
in the case ofthreedimensionalmodelling. The separation vector are made up of the
corresponding contact separations. The contact separations are characterized by the relative
displacements betwee&mdes on the slave sace and their projections on the master surface.
The surface under load is considered the master surface, such as steel or FRP reinforcement in
pull-out specimenWhile the slave surface is defined as the reacting surface such as the
concrete.
The complée matrix form of the constitutive stiffness relation for the bond is expréassied

following equation

6 0 0 0
6 0 0 0 (31 49)
6o 0 0 0

In ABAQUS the behaviour of bond can take two main forms: uncoupled and coupled response.
In the case of the uncoupled form, the stiffness matrix above is modified so tdéegonal

terms have zero values 0 0 1 . This implies that the paration occurring in

the tangential direction has no effect on the normal traction stress. Similarly, separation normal
to the bond surface does not influence the traction in the tangential shear plain. Whereas, in
the second form of bond behaviour (cag)lone or more of the constant that were mentioned
previously is not equal to zero. Consequently, there is some of shared effect between the
tractions and the separations acting in different directions.

In order to efficiently evaluate the material paetens in the elastic constitutive matrix, a

simple comparison can be made between this bond stiffness and the equation of elastic truss.
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Thestressst rain relationship of the |l iner el asti
law as shown below:

. O- (3750)
where, isthe stresfDi s Youngo6s -imtheatrdinile the case of a beam or truss

member, this strain can be defined as change in lef@ytiover the original (undeformed)

length 0 of the member (sdéigure3.8).

Figure3.8: Beam under tensile logVenkenbach, 2011)

The original stresstrain equation can be modified by replacing the strain with-théerm,

so that the stress can be defined in terms of displacemrarefore, theincoupled interaction
behaviour in th@ormal direction for example can be modelled as a truss element with a length
equal to the thickness of the cohesive lay¥ras shown irfFigure3.9. Thevalue of the normal

stiffness can be represented as:

O
) —_ 3i51
0 vy ( )
whereO i s the Youngds modulus of the bonding |
surface. The stiffness, in this case has a unit of [Force/Lerfjthvhich is equivalent to the

Youngds modulus in homogeneous materi al

Slave surface
(Concrete)

Truss T
element

Master surface
(Steel)

Figure3.9: Approximation of the bond interface in the normal direc{Menkenbach, 2011)
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The constitutive stiffness matrix does not define the material properties but rather the interface
behaviour. The traction corresponds to the stress between the surfaces and has a unit of
[Force/Lengtf]. While the separatiois characterized by the change in original length and
clearly has a unit of [Length]. When adopting the tracdeparation model in ABAQUS, the

user is required to fill the stiffness matrix with appropriate valuds tf better reflect the

interaction between contact surfa¢@égenkenbach, 2011)

3.7.2Damage Initiation

As the name implies, the damage initiation refers to the onset of degradation of the material
response after a specific poifrt.this stage, ABAQUS allows the user to define the maximum
stressesO O M or maximum displacements A h  that can be allowed without any
damage occurringn the case of assuming maximum stress criterion, the damke® place

when one or all of the stress exceeds a maximum allowed value. ABAQUS interprets the

initiation of damage when any of the expression in the following equation is equal to one:

ddubg—h—ﬁ; P8t (3i52)

The normal stress) , in the above equation has been placed between Macaulay brackets to
avoid a case where a compressive stress may result in damage initiation. Moreover, the
damage initiation point can bexpressed in a quadratic form using a quadratic interaction

function. In a similar fashion, damage will initiate when the following criterion is met:

o

o8t (3i53)

o‘|

The quadratic function shown that the stresses in each direction contribute to the definition of
the damage initiatiofWenkenbach, 2011)The normal stress was put again in Macaulay
brackets to eliminate the effect of coragsive normal stresses on the damage initiation. It is
important to mention that the procedure of using stresses to define the damage initiation is

identical to the caseheredisplacements are considered instead.
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3.7.3Damage Evolution

This crucial stage adescribing he interfacial bond behavioaimply refesto the degradation

of material stiffness beyond the point where damage has been initiated. The damage evolution
can be computationally expressed by defining the separation at which the bond is fully
degraded, or as the energy required to overcome the bond between surfaces. In order to
describe the evolution of damage under a combination of normal and shear deformations across

the interface, it is useful to introduce an effective displacement ternfiasdieelow:

) 6 O 1 (3i54)

The full bond response of a typical interfacial material can be illustraté&dggoye 3.10 and

Figure3.11 for linearandexponential damagevolution respectively

traction

o ) & - separatiory
Figure3.10: Bond traction separation relationship with linear damage evol(Di8®, 2014)

traction

separation

Figure3.11: Bond traction separation relationship with erpntial damage evolutiqibSS,
2014)
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At point (A), the effective separation at damage initiation is represented byhile point

(B) corresponds to the effective separafion, at full degradation. The area undez {(©OAM)

reflects the energy dissipated due to full failure. In summary, damage evolution defines the
behaviour between the damage initiation (point A) and the full degradation stage (point B).
ABAQUS provides a choice of linear, exponential, or wdefined response of the damage
evolution.

The stress components of the tractsmparation law are affected by the damage according to:

p oo o 1

o &I 00l (3i55)
6 p O (3156)
0O p O (3157)

The damage traction® M Fd in the previous equations is determined by the implementing
a scalar damage variabl® , and the theoretical tractionsl IOl are calculated using
equation( 31 49). The value of the damage variable ranges from zero at the initiation of
damage (point A) to 1.0 at full degradation (point B).

For linearand exponentiadoftening, the evolution of damage variabl®,, can be expressed

in the following forms, respectively

() (3i58)
1 1 1

v e 1 1 lfv

: oy PQON EEE L
[ _ 3i 59
° e 1 i p ADD r (3759)

I’y v

Vg o

wherg is the effective displacement recorded at the point of damage initiationrefers

to the maximum value of the effective displacement at any given point during the loading
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histary beyond damage initiatig]  corresponds to the effective displacement at complete
bond failure and is a nondimensional material parameters which defines the rate of damage
evolution(DSS, 2014)Furthermore, ABAQUS allows the definition thfe failure mode mix
using a variety of methods including the Power Law and the Benzeggagine form
(Benzeggagh & Kenane, 199@oth are based on the fracture energies in the normal and shear
directions. In conclusion, theccuracy of the traction separation analysis is contingent on the

choice of the interfacial parameters and how closely they represent the actual bond properties.

3.8 Elements in ABAQUS

The general procedure of modelling any structure in ABA@X8 assemble meshed sets of
finite elements into one global assembly, and then evaluate its overall response under loading.
ABAQUS provides an extensive library of elements that can be effectively used to model a
variety of materials. The geometry arfeettype of an element is characterized by several
parameters including: family, degree of freedom, number of nodes, formulation, and
integration. Each element in ABAQUS has a uniqgue name which is derived from the five

aspects mentioned previouslyigure 3.12 illustrates some of the most commonly used

elements.

-

Continuum Shell Beam Rigid
(solid) elements elements elements elements
.,:\/-\, f \ i \
Membrane " Infinite Springs and dashpots Truss
elements elements elements

Figure3.12: Various elements typdBSS, 2014)
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In a standard stress analysiBe degrees of freedom of interest are the translations of the
element nodedn order to evaluate the field variables (usually displacements) at all nodes
within the element domain, interpolation of these nodal values is performed. The number of
nodes per elements determines the order of the interpolation (e.g. linear, quadratietc.).

The 8node continuum brick element, shownFigure3.12, uses linear interpolation and is
referred to as a firgtrder element. On the other hand, and@e continuum element utilizes
guadratic interpolation and known as a seeordkr elementn theory, secondrder elements
provide more accurate results than fostler elements, if they were used in adequately small
applications. However, the use dfjherorder elements has some of drawbacks associated
with convergence issues, especially when used in highly nonlinear analyses. For that reason, it
is imperative to select the appropriate type of elements to achieve a sound numerical analysis.
Althoughfirst-order elements ar@quite practical choice for a large number of applications,
they happen to exhibit a phenomenon call ed
a constrained distortion which may lead to drastic convergence issues. For example, when the
two-dimensioml block illustrated inFigure 3.13(a) is subjected to pure bending, the entire
element will deform in the manner shownRigure 3.13(b). However, if a twalimensional,
4-noded, quadrilateral, linear element with four integration points is used to model that block,

the material is expected to deform as sedfignre3.13(c).

{

Figure3.13: Shear locking of firsbrderelementg(DSS, 2014)

(@ (b)

In Figure3.13(c), the dashed lines are no longer perpendicular at each integration point which
implies that the shear is not zero at these points. This development contradissutihgtion

that material under pure bending do not exhibit shear strddgsss attributed to the inability

of linear element$o have curved edges. Consequently, strain energy is generating shearing
deformation as opposed to the expected bending deformationh wésults in a #fer
elements. However, one of the effective resolutions to this issue is to reduce the number of

integration points per element so the excessive restraint is preventedKaheeld.14).
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4-NODED
ELEMENT

a 3
1 2

4-NODED
REDUCED INTEGRATION
ELEMENT

8-NODED
ELEMENT

m
1 5 2

8-NODED
REDUCED INTEGRATION
ELEMENT

Figure3.14: The reduction of integration poin®SS, 2014)

The reduced integration method is considered rather advantageous iflingoteee

dimensional problem as it decreases the time of analysis. Within the environment of ABAQUS,

the user can choose the type of integration to be performed on the elements. A solid element

such C3D8 is an-8ode continuum element with 8 integratjoints refers to full integration

option. While a C3D8R is the same element with the exception of having only one integration

point (reduced integration optior\lthough, this practice is effective in eliminating shear

locking, it may also result in a phomenom a me d

i h o uTheyquaardaseialrelgndent

in Figure3.15 has only one integration point (reduced from a fully integrated element with 4

integration points). When this element is subjected to pure bending, the length of the two

dashed lines and the angle between then remain unchanged. This implies that all the

component s

of

stress at

t he

el

ement 6s

singl e

word, the strain energy in the element is assumed to be zero, and thus the element will not

resist this type of deformation as it has no stiffness under thisnthads a result, the

occurrence of hourglassing may cause significant uncontrolled distortions in théStoes,

2015) However, ABAQUS offers elements with hourglass control to overcome this issue.

o

{

(@)

)” .\__/

(b)

Figure3.15: Hourglassing in reduced integration pqiBSS, 2014)
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Chapter Four

Beam Model |l I ng

4.1 Introduction

Fibre reinforced polymer composites are commercially available materials that are often
utilized for grengthening new or existing RC structur@fthough extensive research have

been dedicated to study the effect of fibre composites on the structural capacity of concrete
members, numerical studies on the debonding mechanism of FRP composites in these
memters are still scarcdrena et al. (2003pave conducted a comprehensive experimental
program on a series of carbon reinforced polymer strengthened concrete beams. The study was
designed to investigate the increase in flexural capacity and the poteihir@ faodes that

these beams might exhibithe CFRP composites were attached tosing¢ace ofconcrete
beansin different configurations. Some tife laminatesvere placed at the bottom fagkthe

beams, while other were placed on the sides. All obtans were tested under fqoint

loading until thaultimate capacityvas reachedt was observed that the dominantdeé mode

in this program was attributed to the cracluced debonding at the FRF®ncreteinterface.

This chapter represents thamerical analysis and the modajj techniques used to model
some of thosdoeams(namelycontrol specimen ané4 specimel), tested byBrena et al.
(2003). The modelling was perofmedusing the commercial finite element program
ABAQUS/CAE version 6.142. The constitutive models of oarete, steel reinforcemeriRP
compositesand the interface elements (e.g. F&dAcrete)are discussed thoroughly in the

next sections.
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4.2 Concrete Compression Model

The uniaxial stresstrain behaviour of concrete in compressiwas modelled using the
constitutive relationship proposed Bpgnestad (1950)n thismodel, the acceding branch of

the compressive stresgrain curve is modellesvith a parabolic relationship. The curve
inflection point resides at the peak stressoofarete;Q , and at which the corresponding strain

is called- . The peak compressive strength of concrete is calculated as the product of a
constank, which was set equal to 0.9, and the compressive stress determined from concrete
cylinder tests; Q. This constant is identified as the ratio between the compressive strength
obtained from concrete cylinders to that of the concrete in the actual tested member
(Hognestad, et al., 1955Mowever, the concretalso exhibits an elastic phase prior to the
occurrence of first cracking. Experimental evidence has shown that this linear response can be
limited to the range ofrt@"Q . Beyond the peak load poirif) , the parabolic branch starts
descending linearly with areasing strain until the maximum usable strain in the concrete is
reached; . The stress corresponding to the maximum concrete strain is assumed to be equal
to 85% of the peak stresBigure 4.1 depicts the governing equations and the sts&ssn
behaviour of concrete under compression.

The material properties of concrete, used in the finite element model, were adopted from the
experimental tests of Breret al. (2003) The peak compressive strength of concrélewas

taken as37.2MPa. For a constant value olQ 1o, the theoretical value of the peak
compressive strengt’@, isisat toHhe3848¢Ps.tTeedndduluscoti r v e,
elasticity of concrete (Youngds modul us) w a
provided by CSA A23.84, which is applicable for normal density concrete with compess
strengths between 20 andMBa.

0 tTuT® (4i1)
Therefore, the calculated value ©f was found to b&7446.3/Pa. The literature suggests a

val ue of 0. 2 t qfortconeretePnath nerma stréngth.r at i o,
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Accordingly, thevalue of the shear modulug, was taken a§1435.96/Pa and calculated

below:

0 O (4i2)
—_— |
cp U

The concrete strain, , at the peak stress was calculated using the equation provided in
Figure4.1, and found to be 0.0@2Finally, the ultimate strain the concrete can undergq,
is limited to 0.0035.

oy aerfefe)]
frl A E. /\ fo=fn [1—0.15(—;c '_‘: ]]
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Figure4.1: Idealized stresstrain relationship for concre(Brena, et al., 2001)

4.3 Concrete Tension Model

Concrete in tension is usually assumed to behave linearly up to the stress corresponding to its
tensile capacityQ. The tensile strength of concrete is governed by the type of aggregates,
compressive strength of concrete, and the presence of confining stid¢ssesmlue can be
determined by various test settings, including the direct tensile tes\dpider tes, and the
modulus of rapture test. The latter is commonly chosen to determine the tensile strength of

concrete, because of the difficulty of applying the first two tests as well as the tensile capacity
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of concrete under flexure is a primary concern. Tleuus of rupture’Q is identified using
the CSA A23.3204 equation:

0 ™ 0 (4i3)

where_ is a parameter that depends on concrete density, and is taken as 1.0 for normal
concree. Therefore, the value of the tensile strength of concrete used in the model was
3.66MPa.

As previously indicated in sectidh6.2, there are three methods tdfide the uniaxial post

peak tensile behaviour of concrete in the Concrete Damaged Plasticity Kl9&thessstrain
approach (2) Crackopeningdisplacement approach{3) Fracture energy approachihe
following subsections elaborate on the procedurech epproach

4.3.1StressStrain Approach

The tensile strength of concrete beyond the cracking is often ignored in design standards.
Nevertheless, in reality concrete is capable of carrying some tensile stresses between cracks
when there is sufficient bond betere the concrete and the internal reinforcement. This
phenomenon is known as Atension stiffeningod,

peak tensile respongseeFigure4.2).

A A

SCT

Figure4.2: Idealized uniaxial stresstrain curveof concrete under tensig¢&toner, 2015)
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The following constitutive model, proposed Bbgmai (1988)was used to plot the strestsain

behaviour of concrete

Q O- Q¢ - - (4i4)
- 8
o0 — e - (4i5)
9
- = 46
= (4i6)

where'O is the modulus of elesticty of concrete, is the concrete strain at peak stress
(cracking), and is found to be 0.00013.

Nevertheless, many studies have found that employing the-strass approach to model
concrete response under tension has significant drawbacks. It was observed thaifthiechse
model might lead to convergence issues and premature termination of the job analysis
particularly in ASBAQUS software. This problem can be caused by the abrupt change in
curvature of the stresstrain curve at the peak stré¥gang & Hsu, 2001)Moreover, models
implementing this technique might encounter major mesh sensitivity issues, especially when
large regions of concrete has little or no reinforcement (e.g. beams with no st{b§%)

2014).

4.3.2Fracture Energy Approach

As discussed previously, the tensile behaviour of concrete can be defined by the use of fracture
energy(Hillerborg, et al., 1976)This response is assumed to be linear when this method is
adopted. The fracture energparameter represesthe energy required to propagate a tensile
crack of unit area in concrete under tensidns parametedepends on several factors such as
waterto-cement ratio, maximum aggregate size, curing condition, and age of coitrete.
influence of the type and quality of aggregate become more significant in high strength
concrete. Tougher aggregates are morécdiffto fracture and may cause the crack orientation

to change, hence more energy is needed in the fracture p(Btassr, 2015)
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In the absence of experimental dai@, may be evaluated using following expression

introduced by Model Code 1990:

!‘O “O — ( 4| 7 )
where’Q is equal to 10MPaQ is the mean value of the concrete compressive strength, and
can be expressed as a function of the characteristic compressive sttengshshown below:

Q. Q  3Q (418)
wherez'(Qs taken asBPa.Reineck et al. (2003)roposed that the characteristic compressive

strength,Q , can be estimated as a function of the concrete cylinder stréRgéls, explained

below:
M Q pP O ® (4i9)
The"O is the base value of fracture energy, and it depends on the maximum aggregate size,

‘Q , as given in the next table

Table4.1: Base value of fracture enerd®y (Nmm/mn¥) (CEB-FIP, 1990)

dmar (Mm) G o (Nmm/mm?)

8 0.025
16 0.030

32 0.058

In this finite element model, the values of the base fracture ené&fgy, taken as
0.023:Nmm/mn?, corresponding to the aggregate size of 8 mm that were ugrdna et al.
(2003) test. The values ofQ and™Q were set to35.a0MPa and43.6VIPa, respectively.

Therefore, thecalculated value of the fracture energ®, was 0.0ON/mm or 70N/m.

However, when fracture energy approach is used in the Concrete Damaged Plastieity Mo

within ABAQUS, the user needs to select the

the tensile strength of concrete and the fracture energy.
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4.3.3Crack-Opening-Displacement Approach

This method allows the user to plot a custom stdesslacemetrelationship andmplement

the response into ABAQUS model. While the -pracking tensile response of concrete is
assumed linear, the pestacking behaviour is defined as a function of the cimning
displacement) . The postcracking tensile behasurr of concrete can be simulated in various
forms, includingbilinear and exponential curve. In this study, a bilinear relationship was

adopted to model the pestacking behaviour of concrete subjected to ten@edrigure4.3).

$UCI

f ctm

0.15fcm

|
i

O >
wy We W
Figure4.3: Stresscrack opening diagram for uniaxial tensi@EB-FIP, 1990)

Theconstitutivemodelsintroducedby the Model Code 199@ere taken for a cracked section,

and presented as follow

0
N Q p T U= QU IMP R Q0 (4i 10)
Q

g& - 0 Qim0 ™ 0 (4i11)

, O . §
0 C— T 0 (4i12)

Q

‘ © 4713
O 1 g (4713)
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Q | )
Q Qo — 4114
g ( )
where the code value @® | istaken as #OMPa and’Q as 1MPa.The0 represents the
crack opening (mm)) isthe crack openingalQ 1@ Q ,0 isthe crack opening (mm)
at the complete failure pointQ 11, and’O is the fracture energy calculated using equation

(417). Finally,| is a coefficient given by the following table, and was taken as ghér

aggregate size oindm:

Table4.2: Coefficient used to estinta0 (CEB-FIP, 1990)

"o

d,.. (mm) 8 16 3

-] 8 | 7 S

This method was employed in modelling the tensile response of concrete in this study due to

the impractichty of the first two techniques. As indicated before, the stsassn approach

might lead to mesh sensitivity issues, and thus produces inaccurate results. On the other hand,
and despite the fact t hat the fractmanye enei
parameters to implement, it enforces a linear stilegdacement curve which might offset the

actual tensile behaviour of cracked concrete. For those reasons, theopeacky
displacement approach was adopted in the Concrete Damaged Plasticftiviodghout the

numerical analysis segment of this research.

4.4 Concrete Damage Modelling

The loading of concrete member beyond the elastic region induces plastic strains, and hence
the subsequeninloading of this member will result in a degraded modafusasticity. The
Concrete Damaged Plasticity Model in ABAQUS allows for the consideration of this effect by

implementing the damage paramet&sandQ, for both compression and tension loading,
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respectively. In ABAQUS model, the user needs tondeihese parameters in a tabulated form
as a function of the inelastic strain,. As depicted previously iRigure3.2, the compressive

damage parameté® , is a function of the plastic strain, , and elastic strain, . Recalling

equation( 3i 28), the inelastic concrete strain can be expressed as:
- - s = (4i15)

where, and- are determined using the specified constitutive models. The plastic strain of

concrete; , can be approximated using a proposed mod@&diyng (2001)
- G- (4i16)

The recommendalue of® for concrete under compression is OMfus, the elastic strain

corresponding to the damaged concrete can be calculated using the following:

T B (4i17)

Along with the calculated elastic strain, the goassion damage parameter at any given strain

level can be determined by:

, - 41 18)
0 - (

P 0
Similarly, the damage parameter of concrete subjected to teiésjargn be inputted into the
model in a tabulated form as a function of either the cracking strainor the cracking
openingdisplacement) . When using the stressrain approach to define the tensile response
of concrete, the tensile damage paeten'Q, is evaluated in a similar fashion to that of the

compression damage paramefer, However Polling (200) suggests & value of 0.1:

(4i19)

9

- - (47 20)
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- - - - W- (4121)

Q o (4i22)
In the case of implementing the cramfieningdisplacement approaclf) is entered as a
function of the crack displacement, The latter can be estimated using the methods discussed
in sections4.3.2and 4.3.3 However, the damage parameter varies frddn 71 at aack
opening of zero toQ  p8t at the maximum crack opening, . In order to avoid possible
excessive damage which might lead to convergence issues in ABAQUS model, the damage
parameter is usually limited t®% reduction of the elastic modul(Stoner, 2015)

4.5 Concrete Plasticity Modelling

The plasticity modelling within the Concrete Damaged Plasticity Model is governed by the
following parameters.,f,, j, ,U0 and‘'.As mentioned before, the parameterg ,,

andv directly influence the yield function. The term j, is defined as the ratio of the

initial equibiaxial compressive yield to the initial uniaxial compressive yield stress. The default
value of 1.16 was used for this ratio in all slations. The parametér represents the ratio

of the second stress invariant on the tensile meridian to the second stress invariant on the
compressive meridian. The default value of 2/3 was used féor all beam simulation$.
corresponds to theotential eccentricity which influence the flow potential functi@h,The

default value of 0.1 was adopted through the plastic model.

The dilation angle of concrete, is a material parameter that is also used to control the plastic
flow potential function,’O This angle is a measure of the inclination of the plastic flow
potential function within the meridional plane relative to the hydrostatic pressure axis at high
confining pressure. A numerical study, using ABAQUS, was performdddign (2006)to
examine the effect of the dilation angle on the structural response of RC beams. The study
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suggested that small dilation angles of concret® (h@uced very brittle beanesponse, while
angles larger than 4@riggered more ductile response and produced larger peak loads. The
author has concluded that dilation angles betweé@raB0 40 provided the best fit to the
experimental resultd.ee and Fenves (1998pave recommated a dilation angle of SXor

both uniaxial tension and compressidinerefore, typical values for the dilation angle of
normal grade concrete varies from°30 4® as found in literaturéStoner, 2015)For ths
reason, a ithtion angle of 30 was adopted for the plastic modelling of concrete in all
simulations.

As mentioned earlier, the Concr&amaged Plasticity Model in ABAQUS allows the user to
perform viscoplastic regularization of the constitutive equations to presenergence issue
related the pogbeak response of concrete. This regularization is provided through the viscosity
parameter; (Stoner, 2015)The default value of this parameter is zero, which indicates no
viscoplastic rgularization is used. For the beam modeitethis study, a value of 0.0002as

used for the parameter in the plastic modelling of concrete. Thiszreno value introduces
viscoplastic regularization that overcomes the potential convergence problenmapaoves

computational efficiency, without affecting the accuracy of the results.

4.6 Steel Reinforcement Model

The stressstrain relationship for the reinforcing steel with a clear yield point was idealized
using three linear segments as showrkFigure 4.4. The slope of the first linear segment
represent the elastic moduli®, and was assumed to be &BRaassociad with a yield
strength of 44BIPa, fromBrena et al. (2003pst Beyond the yield strain; T8t 1T ¢, ¢he

slope of the stresstrain curve was assumed equal to zero (straight line) until the point of strain
hardening,- , is reached. The strain hardening behaviour of the steel in thig wiasl
modelled using a line with a positive slope beginning at The slope of this lin€D , was

calculated from the stress-at to the stress at a strain equal to 0.0BEena, et al., 2001)
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This value wagalculatd as6368.58Pa.ThePoi ssonds ratio used in

material was taken as Q0.8s suggested by literature.
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Figure4.4: Idealized stresstrain relationship for steé@Brena, et al., 2001)

4.7 Fibre Reinforced Polymer Composites Model

Theuniaxial behaviour of the carbon fibre reinforced polymer composites (CFRP) used in this
research was assumed be elastic linear up to failureF{gaes 4.5). The failure in these

materials normally occurs when the ultimate strain, corresponding to the rupture stress,

"Q , is reachedMoreover, the FRP composites in this study are g@rilpnused to carry tensile

stresses. Therefore, only longitudinal stiffness (along the fibre) was considered, and hence no
shear or lateral resistance is observed. Based on the experimental Bliagaaoét al. (2003)

test, the mechanical properties of FRomposites were recorded as follows: the ultimate
strength of fibre (rupture stres¥p, was taken as 378Pa, the equivalent rupture strain was
0.015,the ¥ u n madslus valuewas28P a, t he Poi ssonds messti 0 wa
of the CFRPdminates wataken a$.165mm (per ply).
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4.8 FRP-Concrete Interface Model

FRPConcrete interface was modelled first using a perfect bond assumption, and second
implementing a bondlippage relationship between the FRP and the concrete. The interface
between the two materials plays a significant mleansferring the stressesifina@oncrete to

the FRP comgsites. In this study, the FRBoncrete interface refers to the thin layer of
adhesive and adjacent concréfhis layer is quite important toe examinel as within which

the relative strains between the concrete and the FRP rmamly(Yuan, et al., 2004 Several
studies have been conducted to propose rational bondslipgssge relationships for the FRP
concrete interfacé he simplified model proposed hy et al. (2005was adopted to simulate

the interfacial bond behaviour between the concrete and the FRP in thisAstudgticated in
section2.11.3.2this model was chosen over theegse model due to its simplicity and
accuracyWhen the structural members are subjected to external loading, interfaciasstress
are developed along the FRI®ncrete interface. Initially, the applied load is small and the
interfacial stress}, is less tharthe ultimate bond strengthf, , and hence the interface
responsés considered within its elastic ran(geeFigure4.6). As the load increases, the initial

slip at the location of flexural crack widens until it reaches(the onset of micr@racking).
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Beyond this stage the micovacking continues to grow until the interfacial stresses reduce to

zero at full debonding stage (maanacking).
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Figure4.6: Bond stresslip model for FRRconcrete interfacéMonteleone, 2008)

Restating equation(2i 22) through( 2i 26), equationg 2i 14) and( 2i 21), the bond stress

slip curve was expressed as follows:

i
i

T T Qi (4123)
t t+ Q = 0 i (4i24)
i m&tp huQ (4i 25)

0O ™ Ty Q (4i 26)

p
| 0 < (4i 27)
T 1 o
T 1 Q (4i28)
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m (4729)

The width factor] was found to b&.0,and consequently the ultimate bond strangit
was calculated as.49MPa for | p® . Thei value was 0.01, the interfacial fracture
energy, O, was 0689IN/mm, and the value of the parametewas 1.D4.

Theseconstitutive models can be utilized in ABAQUS by the use of tracteparation law.
The material properties required for modelling the interachetween the FRP and the

concrete will be discussed later.

4.9 Beam Modelling

The objective of the experimental investigation conductedBbgna et al.(2003) was to
examne the flexural capacity of CFRf@amsin which FRP debonding is the cause of failure.
Two beamgcontrol and A4) werselected for this numerical analybiscausehey provided

the most rational results data. Moreover, tBERP configuratiorof A4 specimerallows to

study the intermediate craghduced debonding mechanism. The beam wasfiodelled as
aficontrolbead where no CFRP was addedinwkéchfbresecond
laminates were attached to thettom faceof the RC beamThe CFRP beam modelas
createdin two phasesinitially a perfect bond relationgh was assumedat the interface
between the concrete and the CFRP lamjraatd then a cohesive model was implemented for
the interfacial bond. As indicated before, ABAQUS/CAE version-@. Whs used in the finite
element modelling of all beam3his software is very poarful and offers a customizable
graphical user interface (GUI), in which the user can navigate through a large library of tools

that help create the model efficiently ($@gure4.7).
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Figure4.7: Components of main window in ABAQUS/CAE 6:24DSS, 2014)

The following sections review the geometric properties of the beams, the ndgénalons,
model parts and sections, the finite elements usewbdel each material, and beboundary

conditions.
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4.9.1Beam Geometry

All thebeams modelled in this numerical analysis have a rectangular cross section and tested
under fourpoint monotonic loding as shown inFigure 4.8. The two vertical loads were
applied symmetrically about the midspan of the beams to generate a 560 mm region of constant
moment.The modded beams were 200 mm wide, 350 mm deep, and 2890 mm long. The
beams were supported by a gupport on one end and a rolraped support on the other

end to allow for possible movements under loaditig.order to limit stress concentration
occurring inthe concrete elements around the loading and supporting points, elastic steel plates
of dimension2200 x 100 x 25 mm were introduced into the numerical malded different

steel grades were used in the longitudinal directieM1® for the compression ne and 2

M15 for the tension zone. 10Mtirrups were spaced every DO to guarantee flexural
response of the tested beaf@® stirrups were used itotal). The thickness of the FRP
laminates used in the model wiaken a$.165nm. Table4.3 summarizes all the geometric
properties of the modelled bearbaie to the symmetry of the beams and applied loading, only
guarter of the beams were analyzed to reduce computational effdrtb&am was split at the

mid-span along thgy- andyz plane, as depicted Figure4.9.

ﬂ 10M (@ 100mm c/c 2-MI10
35
s / NN
65 'd

‘ ‘ 7 ] —N
5 ‘ 2-MI15
- - ‘ 1 280
| | =1 v ~N I
100, wp e 1322 Tl00, 35, 130 ME
. IRP Sheet I_ e *I Iq-—- —o-| - —-—
(Unat: 1)

Figure4.8: Beam dimensiaonand reinforcement details
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Table4.3: Beam geometric properties

Beam widthp 200 mm
Beam heighth 350 mm
Beam effective depth 315 mm
Beam total length 2890 mm
Beam clear length 2690 mm
Shear sparg 1065 mm
Shear spaito-effective deptha/d 3.3
0 € Qpda@ad 200 mn¥
0 € Qpma 71mn?
o) £ 'QYd a 50 mn?
Reinforcement ratid, 0.0(86
FRP length 1320 mm
FRP width 200 mm
FRP thickness 0.165mm
Loading point 12
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Figure4.9: Schematic representation of the modelled beams (double symmetry)




4.9.2Beam Parts

The finite element model in this study is characterized aslnear threedimensional model.

The first step in constructing any model in
represent the building blocks of any ABAQUS model, and are collected in an assembly to
create the final model. Each phdasan irdependent geometry in which the materialefined,

and specific sections are assigned. A section contains the information about the properties of a
part or region of a partThe type of parts being modelled determines the properties of the
assigned seidns. For a deformable wire part, the section will define the gessonal area

of the wire. Whereas, for beam parts, the section will carry information about the profile of the

part (i.e. defining the crossectional properties of the part in termsradment of inertia, etc.)
Moreover,theothergoal of the section assignment is to relate the desired material to the part.

In summary the followingprimary steps are required to create a complete part in ABAQUS

(1) create pari;2) define material3) create setion; (4) asggn the material to the secticand

(5) assign the section to the part.

For the finite element models created in this research, six main parts were necessary to build
the model. The first part was the rectangular geometry of the beasisting of concrete

elements. The second part was the bearing steel plate for both the loading point and the support
point. The third and the fourth part was the longitudinal tensile and compressive steel
reinforcement, respectively. The fifth part watated to the steel stirrups. Finalljagtsixh

part was the CFRP compositesd it was only added to the second beam model (CFRP Beam).

Each of these parts was created independently, assigned material and section properties, and
then assembled to forthe final model as illustrated Figure4.10.

The concrete part was created as a tdréeeme nsi on al ADef or mabl ed booc
take any arbitrary shape and can deform under mechanical, thermal, or electrical loading (as
opposde t o a fADiscrete Rigido body which is as
section assigned to the concrete part was a
all ows to define a single materiabl fdo awodi

AfGeneralized Pl ane Straino).
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Figure4.10:. CFRP Beam Modearts

The parts of the tensile and compressive steel reinforcement were created in ABAIQYS
embedded region technique. In this techmeighe interaction between the steel and the
surrounding concrete was assumed to be a perfect bodthe steel rebars were defined as

def ormable AWireo parts. This type of part i
a solid that has a very sihthickness and depth when compared tdite n gt h . The AT
section was assigned to the wire parts, and in whickrttessectionalarea of each bar was

provided as shown imable4.3.

For the shear reinforcementafi models, each stirrup was formed using three discrete rods to
create an openecthannel stirrup due to symmetry cut, as showRigure4.10. The stirrups

parts were then assigned material and esossc t i on a | properties thro
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section.Furthermore, the CFRP laminate in the CFRBrb model was created usiathree-

di mensi onalf piaDretf.o r thealb&Pa@sraposite was assigned the appropriate
material and section properti¢anally, Table4.4 throughTable4.6 summarizeéhe material
properties for the concrete, steel, and FRP composites, which were calculated using the
corresponding constitutive models explained in previous sections. These parametersader

in defining the sections of all parts of the models.

Table4.4: Concretgparameters used in the beam models

Compressive strengtfQ 37.2MPa
Peak strain; 0.0024
Ultimate strain; 0.0035
Tensile strengtiiQ 3.66 MPa
Cracking strain; 0.00013
Youngods Wmodul us,|27446.31IMPa
Shear modulusO 11435.96MPa
Poi sonds ratio, 0.2
Fracture energyQ© 70N/m
Dilation anglef 30°

oo 1.16
Eccentricity[ 0.1

0 2/3

Viscosity parametef, 0.00@
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Table4.5: Steel reinforcement parameters used in the model

Yield strength;Q 440 MPa
Yield strain,- 0.0022
Strain hardening, 0.0076

Youngds @Mmodul us, | 200000 MPa

Strain hardening modulu§) 6368.58MPa
Shear modulusQ© 7692308 MPa
Poi sonb6s ratio, 0.3

Table4.6: FRP composite parameters used in the model

Ultimate d¢rength "Q 3790 MPa

Rapture straim, 0.015

Youngods @modul us, |230000MPa

Thicknessp 0.165mm

Poi sonds rati o, 0.3

4.9.3Elements Selection

In this numerical analysihé composite beam in consideration is broken down into finite
elements. Since more than one type of material and interfaces are considered in the analysis,
various types of finite elements are required to discretize the struetteryindividual part

of themodel is assigned a specific element and meshed in a certain way to produce the final
form of the finite element modéle. mesh) Theanalysis is then run in a static form and the
output data are plotted at the ppsbcessing stage. The following secis review the selection

of elements forll the material used in the model
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4.9.3.1ConcreteElements

The concrete i €0 nntoidneu u neofseebigaieBdd) assthey are more
suitable for three dimensional nonlinear materialaddition, this type of elements is typically
used when plasticity and large deformations are expected, such asciaséef concrete
beamsLinear reducedntegration option was used throughout the analysis of concrete parts
for their ability to withstand severe distortions, as previously mentioned in s&8oim
summary,C3D8R elements were employed to model all concrete region. These elements are
hexahedral continuum elements (€iree dimensional (3D),-8oded linear brick (8), and
reduced integration (R) with hourglass ttoh

4.9.3.2Reinforcing Steel Elements

The main steel reinforcements aldeam madelsiel | ed
Truss elements are slender structural elements that can only transmit axial force and do not
transmit moments or transverse loablses elementsire available in either-Boded form or

3-noded form in ABAQUS (seBigure3.12). The former implements linear interpolation of

the nodal displacement valsiand carry constant strains. While the latter perform a quadratic
interpolation, and hence allowing for curved elements and linearcaomstant, strain
distribution within the elemer{Btoner, 2015) The T3D2 elements weohosen to model the

truss sections, as (T) refers to truss elements, (3D) refers tedihreasional, and (2)
corresponds to-Aodes per linear element.

Each reinforcing steel bar is then embedded
Re g i o rtraint thad ie @vailable in ABAQUS tools. This type of constraint defines the truss

el ements as the fAiembedded regiond and the so
nodes of the embedded region become tied to the nodes of the host regidmjsatitet
translational degrees of freedom of the rebars are constrained to that of the concrete. Therefore,

in theproposednodek, the influence of the interaction between the concrete and steel bars are

not considered.
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The transverse steel reinforcement (stirrups) were modelled using truss elements as in the main
rebars of thegproposedmodel. They were embedded individually into the concrete region
through the embedded regitool as mentioned earlier

4.9.3.3FRP Elements

The FRP laminate is modelled as a tha#mensional solid element (C3D8R), similar to that
of concrete regioriicontinuund e | elrmtbenFRP Beam model, where perfect bond is
assumedThe FRP element is tied to the bottom surface of concrete through satots.
However, in the CFRP beam model where a cohesiveteshaiques usedthetop surface

of thelaminate is connected to the cohessueface and the latter iattached tdhe concrete
substrate through he use -6 ufiftacéaaaavalabke dint ABAQUS.This
CFRRConcretecohesive surface allows for differential movement between thenaterials

and hence simulates any possible slippage that might occur within that vicinity

4.9.3.4Cohesive Elements

These elements were essentially usedhe beam models where interfacial bond between
adjacent materials was considerdd. mentioned previously,ahesive elements enable the
modelling of fracture initiation and development in finite element analysis. The constitutive
response of cohesiveeshent in ABAQUS may be based on a continuum description of the
material or a tractioseparation description of the interface. The first approach is more
convenient when the actual thickness of the interface is considaieeleas the second
approach iswdtable when the thickness of the interface is negligible and considered to be zero.
The constitutive behaviour of cohesive elements with a continuum description is defined by
any of the general material models offered by ABAQUS, with the relative maievjaerties
obtained from physical testing of the bulk material constituting the cohesive layer. On the other
hand, the parameters othe cohesive elements with tractisaparation behaviour are
determined beforehand, including the initial stiffness, damaijation, and damage evolution
properties (DSS, 2014) For this purpose, the tractigeparation modelling technique
described in sectioB.7is followedso thathese parametecsin be implemented in ABAQUS.

Nevertheless he initial stiffness parameter defined in terms of traeieparation laws does
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not representaphysicallyeta s ur abl e quantity and is treatec
the stiffness value of the cohesive el ement
that it does not affect the overall response of the model prior to damage initiatidn poin
However, a finite valuef the penalty stiffness), must be entectin ABAQUS model, and it
can be expressed using an equation proposéditmn et al. (2007)

(VI g (4130)
whereOistheYoungodés modul us o foistthetaickrressof the aohesive me mb e
layer which was considered i@, and the parameterhas to be much larger tharD, and
was recommended to be 50 Dyron et al. (2007) The damage initiation poirorresponds
to the peak value of the tractiseparation relationship (i.e. the strength of the interfacial
layer). However, the damage evolution carrépresented in ABAQUS model bgfining the
effectivedisplacement at the point of complete debondirfeRP laminate, the fracture energy
dissipateds a result of the damage processn atabulated form as a function of the damage
parameter and the relative displacement.
As stated earlier,ahesive elements were utilized to model the feRRcrete intdace in this
thesis. Theconstitutivesimplified model proposed by et al. (2005)vas used to create the
necessary parameters of the cohesive elements. Based on e@dadonthe initial stiffness
was found to be 1.Z%@0°MPa/mmfor normal stresses and 0.57%MPa/mmfor shear and
traction stresses. Whitbe damage was assumed to initiate when the traction stress reached a
value of5.49MPa which was calculatedybequation( 2i 14 ). The damage evolutionvas

accounted for by using the effective displacement parameter at corpietéailure. This

effective displacement, , was expressed by equatip?i 30) andfound to be ®@14mm. The
exponential nature of the softening branahithe used bondglip curve was accounted for by

the ug of parametegr, which was evaluated as 1.194.

4.9.4Beam Boundary Conditions

Only quarter of the beam was modelled due to its symmetry kytlaedyz plane. The beams
were supportedby two types of supports: one thainstraing the vertical and longitudal
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displacements (pin support), and other provided restraint to only vertical displacements (roller
support). To simulate these conditions, a displacement of zero was prescribetl anti
axeswhich corresponds to theandy-axes irABAQUS "Yp Tt  Tt. Moreover, as only
guarter of the beam wasodelled additional boundary conditions were applied at the cut faces

of thespecimerto provide continuity of the beam (sEeure4.11).

Figure4.11: Boundary conditions used in the beam models

Load was applied in the form of an imposed displacement at the top facdaddhey plate

A displacementontrolied loading was selected for this model to capture the pmat
response of the loadisplacement behaviour of each beam. A downward vertical displacement
boundary condition was applied at the point load. This displacement was large enough to

ensure thedilure of each specimen. Furthermore, the value of the outpurisaction force)
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was quadrupled in order to represent the real applied load, given that only quarter of the beam
was modelledThe reaction forces wemrdstributed ora series of nodes dtd bottom fae of

the support plate (sd¢agure4.12). Therefore, the output data at each support were summed
and multiply by 4 to represent the real applied load. The midspan deflection was plotted by
extracting the values of vertical displawcent at thanner corner of the beamas shown in
Figure4.12. Thiscorner point was predefined before running the analysis, so that a complete
output history is recaetl. The load versus midspan deflection curve is then plotted using those

points, as will be illustrated in next chapter.

Figure4.12: Predefinedeaction forces and midspan nodes
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4.9.5Time Step Configuration

One of the important features in any ABAQUS model is the analysis step, in which the user
controk thesequencef essentiamodelling operationsThe size and sequence of the step

help capture changes in the loading and boundary condiaodghangesd the interaction
between parts in the modéVloreover, the type of analysis procedure (i.e. static, dynamic,
guasi static, etc.ganbe specified in the step toat well(DSS, 2014) Only one step was
needed to capture the static loading conditions of the proposed model in this thesis.
ABAQUS/ St andard was wused for modedniethodg al |
incorporated to solve nonlinear equilibrium equations within stggh This method basically

runs a series of iterations to acquire equilibrium within each step increments. The user can use
AAut omati ¢ ©6n ompdmbicntthe tsoftaane will determine increment size
automaticallybased oncomputational effi@ncy. However, it is necessary to define the
maximum number of increments, the initial size of increment, and the minimum and maximum
increment sizelf ABAQUS needsa larger number of increments than the specified value to
reach convergence, the analysifl be prematurely terminated. Therefore, a value of 10000
increments was inputted to ensure the continuity of the analysis. Similarly, when ABAQUS
requires a smaller increment time than the predefined value, the analysis will also be
terminated Conseqently, a very small increment size iscommendedor highly nonlinear
analysis such a$e one in this study, and henceaue of 1x16° was usedor all proposed
models. The Automatic Incrementation option in ABAQUS allow the analysis to use the
larges increment size possible to increase time efficiency. However, the software will not
exceed the usatefined value of the maximum increment sizhis value was set as 0.01 for
control beam and CFRP beam (with perfect bond assumption) models. Whilgeraviaue

of maximum increment size was used in the CFRP beam (with cohesive zone model). A value
of 0.1 was used ithe CZManalysis as it was found to achieve a good correlation between the

numerical anegkxperimental data.
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Chapter Five
ModREe s WAlntad ysi s

5.1 Introduction

As stated beforéBrena et al. (2003)ave conducted a foynoint flexural testing on a series of
CFRRstrengthened RC beams. The aim was to evaluate the flexural capacity of these beams
in the presence of intermediate craclluced debondingféhe CFRP plates. Two of the tested
beams were chosen for this numerical study. A control bederewno external FRP
reinforcement was present, and CFRP Beam in which the cause of failure was the debonding
of CFRP plate due to intermediate flexural cragkiA threedimensional nonlinear FE model

was initially created using ABAQUS/CAE, and then expanded to account for different
interactions and mesh analyses. The ABAQUS models were created in the manner described
before, and the material definitions wed®pted from the experimental results.

This chapte focuses on the collection and the calibratadrthe modelling results, on both

local (material) and global (composite beam) levels. The results obtained from the numerical
study were validated againstetiexperimental dataotlected from the tested beanibhis
validation of numerical data was performed by correlating the overall flexural response of the
proposed beamsgcordingthe strain development in the internal and external reinforcament
andobservingerack patterns throughout the analysis pracéssrder to ensure the reliability

and effectivenes®f the proposed models, the mechanical properties and the simulation

techniques used to model tbenstitutivematerials weralsocalibrated
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5.2 Constitutive Material Calibration

Thematerial properties were numerically testedccordancevith CSA testing procedures to
further validate the proposed models. The mechanical properties of the concrete under
compression were calibrated using the déad cylinder test. While, the performance of main

steel reinforcement were evaluated by the use of coupon test. Finally, the interfacial
mechanisms between the concrete and the externally bonded FRP laminate were validated by
simulating a puHout test ona numerical specimen created for that purpose. The testing

procedures and analysis results are elaborated in the next sections.

5.2.1Concrete

The uniaxial concrete compressive respdosall beamavas simulatedising he Hognestad
Parabolaconstitutiveequdions. For the purpose of ensuring the validity of this simulation, a
compressive concrete cylinder was created using ABAQUS, and tested according to the CSA
standardThe recorded stressrain relationship was then compared to data report&itdna

et d. (2003).

5.2.1.1Model Prepartion

The finite elemnet model was contsructed using the same numrical steps desdTibaptar
four. The cylinder was 100mm in diamter and 200 in height, anccontstructed using
concrete matreial only. The mechanical propertigh@used concrete were idesatito those
used in all mode]swith compressive strengtff), equals to 37)Pa, Youn@® siodulus value,
O, of 27446.3/Pa, and t he v Bfd.L2. 3Visreomned soncrete plastcity was also
accounted for in this test by using Concrete Damage Plasticity Model with the same parameters
as described in the main models.

The concrete is modelled using continuelement{C3D8R), because they are neosuitable
for this type of material as mentioned previously. The model is then mesheauslagvely
small mesh size (Bm) to enhance analysi®nvergence and accuradywo bearing plates,
with negligible properties, were placed on both ends of thaedgr to evenly distribute the

load on the concrete specimen. The cylinder is then loaded monotomisalgth ends by
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using displacemertontrolled loading approaclA vertical displacement of 0.8%m was
imposed on the specimen taserre total failurefahe concretefFigure5.1 depicts the boundary
conditions used in this model, and the stresses at the final stage of the simulation process.

(a) Boundary conditions dkested (b) Stresses at ultimate stagktested

concrete cylinder concrete cylinder
Figure5.1: Concrete cylinder mode(a) oundary conditions; (b) stresses at complete failure

5.2.1.2Results Calibration

The postprocessing stage of this numerical simulation involved recordingdh®ressive
stressstrain response of the concrete cylinder. The plotted curve was then validated against
the actual data reportéy Brena et al. (2003), as seerfigure5.2. Thethree distinct regions
of the stresstrain cuve can be obsereved in the numrical results. The model behaved in a
linear elastic manner up to the initial cracking moat a stress ofl3.46VIPa and a
correspnding strain of 0.00049The ascendinngrbnchof the curve was modelled with a
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parabolic relatioship, as indicated beforbisTsegment of the stressain curve follows the
experimental response very closy, ahé recoded concrete strengif2, was 33.58Pa,

which corresponds to peak strain,, of 0.0024.Therefore, there is onl%.0%% difference
between the numericablueandthe experimental peak strengtii 33.9MPa There was also
anagreement between the descending linear branch of the finite element model and the real
data.Finally, the good correlation between the numerical material model and the experimental
data implies that theoncrete material properties andnstitutiveequatons were properly

used.
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Figure5.2: Compressive stressrain relationship for concrete cylinder

5.2.2Main Steel Reinforcement

The reinforcing steel rebars were also modelled using ABAQUS, to simulate andevtirla
mechanical properties and the modelling techniques used in the global nitodetssential
to define the flexural response of the steel reinforcement properly to ensure that the beam has

sufficient ductility and avoid shear failure. Moreover, dppropriatanodelling of steel rebars
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limit mesh sensitivity issues thedn be exhibited with tensile cracking of concrete as the load

develops.

5.2.2.1Model Preparation

A finite element model was designed to simulate the steel rebarmarfoe under tension

The modeb geometry and boundary conditions weesed on the CSA provisions, namely

the coupon testing of steel rebars. The outputted sitema response was then compared to

that reported brena et al. (2003 he mechanical propertiestbis modelledebar ardased

on the ones used in all poposed models of this researchmdthel included a value of yield
strength,’Q, equals to440MPa, elasticmodulus value©, of 200000M P a and the Poi
ratio, v, of 0.3 With the exceptiom f Poi sonédés ratio, the remaini
the rebars used in the experimental study.

A single steel rebar was modelled asia e f mIr enawi r e 0, with a | engt
diameter of 16im.the model was then meshed usingr@o#e trusslements (T3D2)with a

small size of Bam to ensure convergence and accuracy. All degrees of freedom (movements)

of the steel rebar was constrained at the bottom end. While, the tensile loadajgpliedon

the upper free end of the rod, in the form afpficementontrolled loading to help capture

the ductile response of the specimé&his value of this imposed vertical displacement was
calculated based on the recorded rupture strain of this gtadé, andvas found to be
approximately22mm. Figure5.3 illustrates the boundary and loading conditions used in this

model, as well as the state of tensié&dormationsat the final stage of the analysis.
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(a) Boundaryconditions of tested (b) Stresses at ultimate stagetested

steel rebar steel rebar
Figure5.3: Reinforcing steel rebar: (a)bindary conditions; (b) stresses at complete failure

5.2.2.2Results Calibration

Theresults of this numerical analysis were plotted in the foirsiressstrain relationship, and

then calibrated with the real response recorded in the experimental prégrare5.4 depicts

the elastieplastic relationship, which is typical of conventional steel reinforcement. There are
three linear segment of that respotisd aradentified by alinear elastic regiorthen a yield
constant region which ends with an ascending branch of strain hardening rekpsmssed

that the elastic behaviour of the numerical model is almost identical to the actual response of
the tested rebar. The predicted yieldstigess was 440.04Pa, with a yielding strain of 0.0022.

Thus, theras only 0.0MPa differerre betweethenumericaland theexperimental valuér'he

148



yielding plateau region continues as a horizontal Migich represents unchanged stresses
with growing strains. Similar to the sléc response, this region follows the experimental plot
very closely. The modelled steel rebar does not exhibit strain hardeniniperstitess reached
443.860MPa, with a corresponding strain of 0&0While, the actual steel rebastarted
experiencing tsain hardening at a stress of 440MiPa and a strain equals to 0.0075. It can be
observed that the overall strain hardening response for the numerical model was slightly
overshadowed by the experimental plot. However, the ultimate strengtle afutherich
specimen was 615.5Pa, with a maximum strain of 0.036. Consequently, the model ultimate
strength isonly 1.7% lower than the 626.88a which is recorded in the experiment.
Nevertheless, the observed ultimate strains remain the same for both the rlwenelritee
experimental program. Finally, the results obtained from this ABAQUS model indicate that
the mechanical anconstitutiveproperties of main steel rebars are reliable, and can properly

simulate the real specimens.
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Figure5.4: Tensile stresstrain relationship for steel rebar ( p ¢ &)
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5.2.3CFRP-Concrete Interface

It has been proven that when using FRP laminates or sheets to enhance flexural capacity of RC
beams, FRRoNcrete interface plays a sificant role in maintainingluctility and reaching
beambs ul t i mapdssbledaamiaatian tyP. comipbsiee is very brittle in nature,

and thus must be avoided in practical applications. As indicat&haptertwo, mode Il
crackingand loadids cr epanci es al ong beam | ength can
result, a sound interface lawastical to account for these scenarios and effectively predict the
debonding response of FRP laminate. In this study, the interfacial region beedmitom

face of the concrete beam and the top surface of the CFRP reinforcement was modelled by
cohesiveelementsThe governing interfacial equations and the inputted parameters were tested
and calibrated against an experimental study conductédialzydti et al. (2008) as will be

explained more in the following sections.

5.2.3.1Experimental Specimen

Mazzotti et al. (2008) investigated tdebonding of CFRP plates bonded to concrete surface
by perfor mi ng -aubtfestiThetgdted coscletspeamenpvas 600mm long,
150mm wide, and 20@m deep. Tis prism wadabricatedby usingnormal strength concrete,

with mean compressive strengtk), equals to 52 P a , Youngo6s @ooflul us
3070MPa, and & o i s s o nWaf 0.224AA CFRR plate, of 200mm length and &On

width, was thenattached to the top surface of thencrete specimen. The bonded plate was
extended a certain distance away from bieck front face to avoid generating stress
concentrations at the contactrner Moreover theplate bonded length starts X0t far from

the front corner o§pecimenThis was done tensure that debonditghavour of CFRP plates

is not affected by the boundary effeofshe specimen. The concrete block was mechanically
clamped with steel ptes to prevent horizontal and vertical moversdaeeFigure5.5). A

series of 10 strain gauges were placed along the centerline of the CFRP plate, to measure axial
strains. The tes was carried out by applying an initial pullout loafd4kN on the free edge of

the CFRP plateThe loading was then increased mamtally at a rate of about kHl/s.
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However, during the final stages of testing (i.e. during plate deléimmahe loading was

conducted under controlletisplacement mod@azzotti, et al., 2008)

Strain gauges
A ’ Load cell

>

Reaction elements

Figure5.5: Experimental specimeest setuggMazzotti, etal., 2008)

5.2.3.2Model Preparation

The experimental specimen, described in previous section, was numerically tested using
ABAQUS/CAE software. A threglimensional finite element model was created based on the
mechanical and physical properties of the tespgtimenSimilar to the actual tested block,

the FE modeils comprised ofwo main parts: concrete and CFRP laminaéte concrete prism

was created as 3D deformable solid entity, and the appropriate material definitions were
assigned to it. Tis part wa modelled with continuum elements (C3D8R), agiden a
(20x20mm) mesh sizeAlthough he modelling process of the CFRP composite was sitoilar

that of concretea smaller mesh size of (10xhénh) was used for this part due its relatively
small geometry.

The debonding response of the CFRPtglas simulated by the use obligsiveZone
Modelling technique (CZM). Th€FRRConcreteinterface wasnodelled as an interaction
surface, and a nonlinear tractisaparation law was adopted for that purpd$e. constitutive

model proposed blyu et al.(2005)was utilized once again to define the deboding response of
the said interface. The initial stiffness parameter of this formula was calculatsgliagon

(41 30) and found to be 1.53x3MPa/mmfor normal stresses and 0.62%MPa/mmfor shear

and traction stresses. The mictebondingof CFRP plate was estimated to start when the
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interfacial shar stresses reach 6M®a,based on equatioph2i 14 ). Moreover, the damage
evolution parameter was set based on the effeclisglacement, , at point of failure

Equation( 2i 30) predicted a valuef 0.23 mm for} , and the exponential rate parameter,
was evaluated as3B. Finally, the composite system was constrained from all movements in
thex andy directions, byidentifyingboundary conditions on the front and bottom $aufethe
block (seeFigure5.6). These constrains simulate the supporting configuration ofctiuala
tested specimen.The model was then tested under monotonic loading significant
delamination of CFRP plateasobserved

Figure5.6: Boundary and loading conditions of the pullbest model

5.2.3.3Results Calibration

As indicated previously, the sole purpose of this numerical modelling is to validate the
effectiveness anckliability of CZM techniqueused in this research. In addition, the nonlinear
interaction laws used in creating the cohesivenelds were also verifiedhe experimental
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results presented bylazzotti et al. (2008plot the axial strains exhibited/tihe CFRP plate
along the concrete blockh&se data were recorded &dgeries of strain gauges, glued to the
surface of CFRP platenocertain intervalsNonetheless, this response was plotted under six
different loading stagg4, 8, 12, 16, 18, and 1%R), ascan be seem Figure5.7. The resulé
obtained from the finite elmenet model wemmpared to thexpremental data, and a good
correlation was found between thebespitetheminor dfferenecesithin thestrain softening

stages at higher loads, the ultimate strain points seem to be aligned very well.
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Figure5.7: Comparison between the numeriaad experimentaixial strains along the
bonded length

Furthermore, the development of interfdcehear stresses along the cohesive surface was
graphedfor the sixloadingstagesFigure 5.8 demonstrates a typical debondingpense of
CFRRConcreteinterface as the load progresses. plas also show a clear resemblatce

the constitutive tractionseparation equation, predicted hy et al. (2005), and used in

fabricating this model.
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When the pullout load was applied on @ERP plate, the shear stresses were concrnetrated at
the loaded end of the plate near the front face of the block.lEaestresses become neglible

as the load moves further into the plate, as can be notiéeglire5.8. More visible debonding

of CFRP plate started to appedrem the applied load reachedkN2 The debonding evolution

of CFRP plate can be schematically expressed by the moving peaks of the caydéoaw

the loaded end. As indicated before, each peak represents the ultimate bond stresses that can
be resisted by the cohesive surface. Once the system sustairssressgsmicro-debonding

take place between the concrete surface and the attachedol@f&H he stresses then start to
diminish untiltheybecome zero at the point of failure (mad&bondingstagg. In summary,

the interfacial stress profilesinder thelast three loading stages indicate significant
delamination of CFRP plate, which wdsaexperimentally detected.
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Figure5.8: Shear stresses along tlencreteCFRP Interface for different loading stages

At the end of the analysis, it was observed that approximately 1/3 of the plRiePhas
experienced complete debonding from the concrete block, as ¢aguire5.9. Finally, the
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numerical results obtained from the finite element model shoaod ggreement with the
experimental data. Moreover, the nonlinear formula, which was used to fortheletdesive
surface allowedfor an accurat@redictionof the potential debonding mechanisitherefore,
this comprehensive numerical analysimfirmsthat the Cohesive Zone Model method, used
in simulating some of theFRRConcretdnterfaces in this thesis, is valid. It also supports the

ability of such technique to predict the debonding of CFRP lamurater Mode Il loading.

Figure5.9: Final stage of tested publut specimen

5.3Beam ModelsVerification

This section reviewthe disinctionsbetween the main beam models that are proposed in this
thesis. A brief description of the modellipgocedures and mesh analysis is also presented

herein. Moreover, a thorough evaluation of the current numerical predictions against the
155



experimental data is made in the following sectidie aim of such numerical analysis is to
determine the efficiencyfe@ach model against selected beams testdgiréya et al. (2003).
Themodelling approach used @hapterfour has produced three different beam models, which
were fabricated based on actual beam specimiéres database consists Gbntrol Beam,
CFRP Bean(with perfect bond assumption), and finally CFRP Beam (with Cohesive Zone
Model). As mentioned in previous chapter, the tested beams were wbjec fourpoint
loading conditonThe control concrete beam was construted without any FRP reinforcemenmt,
while externally bonded CFRP laminate was added to the substrate of the CFRP beam

In addition to the mesh analysis conducted on each model, the flexural capacity of each model
was evaluated by measuriitgii | edaedf | eresponse.rEdomparative anabrs was made
between the numerical and experimental idaflection profiles. Furthermore, the typical
load-deflection plot of the studied specimens can be describ&ighye5.10.

Deflection
Material Behavior
Region
Concrete Reinforcement CFRP
A Uncracked Elastic Elastic
B Cracked Elastic Elastic
C Cracked Yielding Elastic

Figure5.10: Schematic representation of the typical load vs deflection response of the CFRP
beamgBrena, et al., 2001)
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In this figure, three distinct regions are observed. Each region is represented schematically by
a line with aslope that depends on the flexural stiffness of the composite beam. The first region
reflects the elasticity of the beam, and ends when firsksrstart to form. The second region

is bounded by the cracking load and the load at which steel reinforcements yield. Finally,
region three represents the remaining stiffness of the beam to the point of ultimate capacity.
As stated before, the slope difetloaddeflection curve in each regias governed by the
stiffness of the composite beams. The flexural stiffness of region A can be calculated by using
gross crossectional properties of the beam, because the specimen remains uncracked at this
stage.ln region B, the flexural stiffness of the beams corresponds to cracked concrete and
elastic behaviour dboth internal (steel) and external (CFRP) reinforcements. Therefore, the
slope of curve in this region is governed by the amount of steel and CFRBsit@sjpised in
beamsOn the othehand the stiffnes®f region C is controlled by the stiffness of the CFRP

laminate and the strain hardening stiffness of steel rebars.

5.3.1Control Beam Model

Thebeam analyzed in this section was modelled by ABAQUS usmgdhbrated Concrete
Damage Plasticity (CDP) model. The geometry and material defintised in this model
inspired by the control beam Brena et al. (2003) repodre extensively described @hapter

four. To reiterate, this beam model consistxoicrete, main steel reinforcement, and steel
stirrups.To simulate the experimental testiognfiguration a static load was assigned to this
analysis with a small time step of 0.Gowever, four different meshing criteria were followed

in manufaturing each control beam model. Mesh size alzsngedn order to examine the

effect of smaller elements on the convergence and the overall performance of the proposed
models.The selected mesh sizes for this analysary from coarse (size 30Xg8éhm and

(25x25 mmto finer mesh (size 20x30nm and(15x15 mm. The model with the largest mesh
consists of 2720 elements and 3952 nodes, while the one with finest mesh have 16054 elements
and 19540 nodedhe breakdown of each model, in terms of element typesamibers is
summarizedn TableA-1 of Appendix A However, t must be noted that the global mesh size

of the modelvas determined by tredement sizef the largest component in the specimen (i.e.
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concrete). While m element size ofLlOx10 mmwas set for the steel reinforcements and the
two bearing plees in all control beam modelBuring the postprocessing stage of the finite
element modellingthe response of the proposed models was recorded anpgaced to the

experimental data, as shownTiable5.1.

Table5.1: Critical loading point§Control Beam Model)

Cracking Yielding Capacity
Specimen

Load (kN)| L.R. Load (kN) L.R. Load (kN) L.R.
Experimental 29.40 1.00 100.9 1.00 130.8 1.00
Mesh 30x30| 41.20 0.71 100.8 1.00 119.23 1.10
Mesh 25x25| 42.38 0.69 100.9 1.00 120.04 1.09
Mesh 20x20| 46.27 0.63 102.79 0.98 120.43 1.09
Mesh 15x15| 52.45 0.56 102.15 0.98 120.16 1.09

" L.R.: load ratiocalculated as the experimental load divided by the predicted numerical load

The resisted load for each model was recorded at three critical points: cracking, yielding of
mainsteelrebars and finally when the beam reached its ultimate capacity. The fped@lues

were then compare the experimental data to evalugite accuracy of the FE models. The

load ratio (L.R.) inTable5.1 can be used to indicate how the numerical mpddgbrmed. For

a given load response, if this ratio was greater than 1.0 that means the proposed model
underpredicted the load relative to #gerimental specimen. On the other hand, if the ratio
was less than 1.0 then the numerical model overpredicted the loading respamesser, the

load versus midspan deflection response was plotted for each individual model, as seen in
Figure5.11(a) through (d)It can beobserved that the strength and deformation capacity of the
numerical models varied depending on the element size used in eachovadster,it must

be noted that all four beam models overpredicted the cracking and yielding loading compared
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to the experimen{This can be attributed tiovo reasonspossible irregularities in the actual

test or convergence instability of FE model due to lack of sidgfit restraints in the plain
beamwhich allows for more crackini occur inconcreteMore details about this justification

will be made in sectiob.4. Controlbeam model with mesh sizeQ)(& 30) mmoverestimated

the cracking and yielding loads by 40.34% and 0.27%, respectively. Whereas, the largest
difference was observed in the moueéth finest mesh size (15 x 15) mrie cracking and
yielding loads were overpdicted by78.66% and 1.61%, respectively in the fine mesh model.
Nonetheless, the finite element model underestimated the ultimate capacity of the control
specimenby as low as 8.82% for model with coanmsesh size (30 x 30) mm.h& closet
estimation otheultimate strength load was recorded in the beam model with mesh size (20 x
20) mm. This model predicted the beam todail20.43kN, compared to 13RN of the actual
controlbeam.

The axial strains were also studied for the bottom steel rebar, @itttated against the
corresponding data from the tested specimen. In the actual experiment, the strains of embedded
steel rebars were recorded by strain gauges placed on the steel Juréseestrairgaugs
werelocated at a position that is aligned wihe point of applied load. Similarly, the axial
strains of the steel rebars in the numerical models were recorded at the same location (loading
point), as can be seen kigure5.12. It is noted that strain profiles in the FE models match
closely the response of steel reinforcement in the actual.deanworth mentioning that
possibledissimilarities can been observed in strain plots between numerttakaerimetal

data, due totesting environmest which might impact the strain gauges reading and
performance.

Finally, the crack pattern of each nebat final stage of loading wakepicted inFigure5.13.
AlthoughBrena et al. (2003Jid not report the experimental crack patterns of the beams, the
authors indicated that debonding initiated at a main flexural crack located near the loading
point and then propagated toward that@lends. This phenomenon was albservedn this
proposed modelThe crack patterns at different loading stages was capturéigjune A-1

throughFigureA-4 in Appendix A The loading stageat which the observations were made,
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included: hecracking of concretet a midspan deflection ofrim, the yielding of steel rebar,

and finally at a midspan deflectisof 20mm and 47r@m, respectively.
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Figure5.11: Load vs midspan deflection response (Control Beam Model)
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5.3.2CFRP Beam Model (Perfect Bond Assumption)

This finite element model was created identical to the control beam described in previous
section, with the exception of adding CFRP external reinforcement. The geometry and
mechanical progrties of the CFRP laminateeabased on specimen A4 from the experiment

As in the Control Beam Model, a static loading condition and a time step of 0.01 were used in
this model.The distinct characteristic of the current proposed model is the assumption of
perfect bond between thetom surface of concrete and the attached CFRP lamiAsate.
mentioned before, this sort of mechanism can be incorporated into the ABAQUS model by
u s i n dieconbktmintgitool. Thistype of constraint basically links two regions with different
geometryand /or meshes so that there is no relative motion betweenThemesh analysis
conduckd on thisspecimenncorporated the same meshing criteria as in the last model. The
coarse mesh size (30 x 30) mm was built by 3116 elements, while the finestfrsezsh(15

x 15) mm used 16450 elements. The complete description of element types and numbers used
in each mesh density is providedTiable A-2. On the other handhe flexural response of

proposed model was analyzed and calibrated with the experimental refgeaisbles.2).

Table5.2: Critical loading points (CFRP Beam Model, Perfect Bond Assumption)

Cracking Yielding Capacity
Specimen

Load (kN)| L.R. Load (kN L.R. Load (kN) L.R.
Experimental 37.4 1.00 110.8 1.00 129.0 1.00
Mesh 30x30| 38.22 0.98 105.92 1.05 124.37 1.04
Mesh 25x25| 39.09 0.96 105.36 1.05 125.58 1.03
Mesh 20x20| 42.21 0.89 107.14 1.03 124.04 1.04
Mesh 15x15| 47.44 0.79 110.29 1.00 124.37 1.04

L.R.: load ratio calculated as the experimental load divided by the predicted numerical load
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The loads at the three critical points (cracking, yield, and ultimate) were recorded and
normalized with the experimental daltacan be seen that the current model overpredicted the
cracking loads as compared to the experiment as hig$.88% for the fine mesh of (15 x 15)
mm. However, the yielding of steel occurred at an earlier stage than the actual beam, as can be
seen inTable5.2. Mesh (15 x 15mm matched the yielding response of the experiment very
closely. In terms of the ultimate load of the beam, the coarsest and finegireaisted similar

beam capacity, whictvas 3.5%owerthan the actual testVhile, the closest representation of

the failure load was produced by model (mesh 25 x 25 mm), with only 2.64% underestimation.
The longitudinal strains in streel rebars at the loading location were plotteglire5.14(a)
through (d).Beam model with mesh size (30 x 30) mm provided the best presentation of the
actual strain in streel reinforcements, followed by beam with mesk {5% mm.The strains

in the other two models can be characterized byldbk of strain hardening response,
immediatelyafter the yielding of rebafThis behaviour can be justified by the additional
capacity of perfecthattached CFRP laminate to carhetload, which it turn might idle the
steel performance.

A new strain profile was added in this model, which captures the axial deforreationed

by CFRP laminate. e plot was again drawn to each individual mesh densitythamgadings

were taken at point underneatthe loading location to simulate the actual strain gauges
positions. Fronfrigure5.15(a) through (d), the best prediction of strain activitiesHRe plate

is given by the models with mesh size (30 x 30) mm and (15 x 15) mm. Moreover, the lack of
close representation of steel axial strain in mesh @%ex(25) mm and (20 x 20) mm is
compensated by their close predication of strearGFRP laminate

Figure5.17illustrates a comparison betwees ttrack patterns for the various mesh densities

in the proposed CFRP beam model. It barseen that the cracks captured in this model are
smaller in size as compared to those in the Control Beam Mode. This is however expected
when adding external reinforcement such as CFRP lamiasithbey tend to bridge the cracks
and prevent them from wideng. Finally, Figure A-5 throughFigure A-8 show more details

about crackingpatterns that were captured at different loading stages (e.g. cracking, midspan
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deflection of %nm, steel rebar yiding, midspan deflections of 12mm

respectively).
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Figure5.17: Comparison of crack patterns at final staQERP Beam Model, Perfect Bond)
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5.3.3CFRP Beam Model (Cohesive Zone Model)

This model is the final one in this series, and it was constructed in a similar fashion to the
specimen inthe pervious section. Similarly, the physical properties of this model and the
mechanical parameters of the congiite materials are those of beam ABiena et al. (2003)
experimental program. A static loading was applied to this model , and the size of step time
was increased to 0.1 to enhance consecg and reduce computational tin@n the other
hand, the CFRIoncreteinterface was simulated by using the Cohesive Zone Model
approach, to simulate angtential slippage between the concrete and the CFRP lanihate.
mechanism and the gawving equations of this technique was explaisethprehensivelyn
Chapterfour. It must be noted that a different procedure was followed to mesh this model as
compared to the last two beamdelregionof concrete confined by the perireebf CFRP

plate wasmeshed using a smaller sizelements. This was done to improve coneeie
qualityin highly small partsuch aghethin CFRP laminatelhe description of element types

and numbers used in this mesh stadyshown inTableA-3. Moreower, the flexural response

was recorded during the postprocessing stage of the FE ana$ysisnmarized imable5.3.

Table5.3: Critical loading points (CFRP Beam Model, Cohesive Zone Model)

Cracking Yielding Capacity
Specimen

Load (kN)| L.R. Load (kN) L.R. Load (kN) L.R.
Experimental 37.4 1.00 110.8 1.00 129.0 1.00
Mesh 30x30| 44.32 0.84 109.78 1.01 127.38 1.01
Mesh 25x25| 44.18 0.85 112.13 0.99 127.78 1.01
Mesh 20x20| 46.67 0.80 113 0.98 127.04 1.02
Mesh 15x15| 49.05 0.76 111.37 0.99 126.56 1.02

L.R.: load ratio calculated as the experimental load divided by the predicted numerical load
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It is worth mentioning thiaa significant improvement in simulation capability was shown by
this model,jn comparison to the Control Beam and CFRP Beam (Perfect Béodgls. The

closest prediction of cracking load was shown by mesh size (25 x 25) mm, with8o2df6
difference to the experimental value. However, the finest nodskize (15 x 15) mm
overestimated the cracking load by the highest margin (31.27%), similar to the response of the
same mesh size in last two models. Nonetheless, with the exceptioesbfsize (30 x 30)

mm, this model slightlpverpredicted the yielding response of steel reinforcenmetest with

only 2.&N difference seen in mesh size (20® 2nm.Most importantly, the ultimate load
prediction of the current model was theost acctate between the three proposed beam
models. Mesh size (25 x 25) mm predicted the faibdieeam at 127 8kN, with only 0.93%
difference to the actual beam.

The axial strains in steel rebaas the loading locatiorwere drawn irFigure5.19(a) through

(d). In this model, the closest prediction was provided by mesh size (25 x 25) mm and (20 x
20) mm, respectivelyWhile, thestrain response of the remaining two models were diitl

nature and did not exhibit strain hardening. This incomplete strain response of steel can be
attributed to the delayed debonding of CFRP lamimateese meshes, which means additional
loads are being mostly carried by the CFRP system instead lofetiaes.

The strain response of CFRP laminate at loading positions are plofigdiie5.20(a) through

(b). In general, th€FRPstrain predictiongn this modelaremore representative of the actual
material. This enhancement was expected when the interfacial region between concrete and
external CFRP plate was modelled using CZM technique. In another word, accounting for
possible slippage between the two adjaceaterials provideamore realistic performance as
compared to the use of perfect bond assumption in séeBak Beam model with mesh size

(20 x ) mm and (2% 25) mm presented the best simulation to CFRP strains.

The crack patterns were compared at the final loading stage between the four mesh densities,
as can be shown iRigure5.21. There are minor dissimilarities in crack presentation within

the beam regiobounded by CFRP plate, agesh size was reducéd this areao improve
convergencelThe more detailed crack patterns for each mesh size are illustrated in Appendix

A (seeFigureA-9 throughFigureA-12). The same loading stages, as in previous model, were
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used to plot these crack patterns. Moreokeyure A-13 depicts the deinding evolution of

CFRP plate, which was allowed by the use of CZM technique in this model.
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5.4 Summary

It has been observed that cracking and yielding loads for all three proposed models were either
overpredicted ounderpredicted, depending on mesh size and procedure followed to model
CFRRConcrete interface. However, the ultimate load capacity of the experimental control and
CFRP beams was underestimated by the propAB&QQUS models in this chapteAs seen

in theControl Beam Model, all mesh sizes provided ultimate load predictions that were within
9% of the experimental resultdowever, the difference between the simulation and the actual
ultimate capacityvasnarrower forthe CFRP Beam Model3he specimen witperfect bond
assumption predicted the failure load within 4% range. Whereas, the model with CZM
provided the closest estimate, and the kept the estimate ratnzfé

It must be saidhat the flexural response of different mesh densities presents aeotnsestd

for all proposed beams in this section. When finer mesh is utilized, thmepkeresponse of

the proposed beam model becomes stiffer. This trend contradicts the expected outcome of
mesh refinement where smaller mesh size gitdds restraint to nodal displacements, and
hence less stiff response. However, this observation was made by other researcihdafsuch
(2006) and Stoner (2015). In addition to these studies, ABAQUS manual suggets that such
mesh sensitivities can be expst in regions of concrete with little or no reinforcemnet. The
absence of reinforcemnet can lead to uneven distribution of cracking failureiwtuch leads

to possible localization of craking. This narrow and localized crack beamdgprevent the

modd from converging to a unique solution as the mesh size is decreased. Moreover ABAQUS
manual stated that threfmensional models are more vulnerable to expee mesh
sensitivity, due to oubdf-plane crackingStoner, 2015)

Nevethelessit is noted that the prediction of the FE model has improved by the addition of
CFRP laminate, when compared to the Control Beam Model. Furthermore, the mesh sensitivity
issues, which led to stiffer beams with the refinement of mesh, aidedvia this model. The
localization of cracking in concrete due to the absence of constraints are dampened or
eliminatedby the presence of CFRP system. However, this enhancement in the predicted

flexural response was more superior in CFRP Beam Mod&#i<G¥M, as relative to the beam
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with perfect bond assumptio@n the other hand, the strain deformations in both steelsrebar
and CFRP laminasawere captured in this analysis, and calibrated with their corresponding
datain the experimental program. Altahgh some of the predicted strain profiles of steel rebars
were more sensitive to mesh size and cohesive sultésign, a close prediction can still be
reached by changing elements size and using CZM melmtkthelessthe simulation of

strain responsaiCFRP plates for most of the FE models was found in a good agreement with
the actual tested CFRP composite.

The final stage of this numericahalysis was designated to review the crack patterns observed

in each model. The cracking of concrete for eackhiensity was illustrated at figgages as

the load increasedMoreover, t can also be seeim Figure A-1 through Figure A-12 in
Appendix Athat all mesh densities accurately capture the presence of diagonal shear cracks in
beams. These cracks were represented by large plastic strains, extending from the load point
to the support. In addition, with the refinement of the mesh, the crack pattern remains the same,
but the crack bands become narrower and better defined.

Finally, the outcome of this modelling analysis and the calibration of the numerical results
have corfirmed the validity of the proposed models in this thesisfurther reflects the
effectivenessf the adopted modelling parameters and techniques in simulating the debonding

response of externaligttached CFRP in concrdteams.
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Chapter Six

Parametric Study

6.1 Introduction

The analysis in this chapter is an extension to the numerical program described in Chapter five.
In the last two chapters a comprehensive finite element stfidgncrete beams strengthened

with external FRP reinforcementsvas presentedlnitial recommendations were made
concerning the effect of some of tbeamparameteron thep r e d i @dcuracyofdhe
ABAQUS models In another word, the advantage of considering concrete plasticity, the
appropriate tension and compresstamstitutiveequations, andhe damage behaviouwas
previouslyintroducedduring the modelling procesiloreover, the effect of accounting for the
interfacial behaviour between concrete and CFRP plates was also ob&atesdive mesh
analysis was also conducted onleacodels, to acquire the best simulation of the relative
experimentaprogram.Therefore, it can be safely presumed that the failure mode, ductility,
and flexural capacity of FRBtrengthene®C beams are sensitive to changes in geometric and
material paremeters.

This chapter mainly examines the effect of common physical and mechanical parameters on
the flexural and debonding responseé CFRRstrengthenedRC beams.Based on the
demonstratedaccuracy of the proposed FE models, a numerical parametric study was
performed in the following sectionhe findings of this analysis will add to thentributory

nature of the developed ABAQUS models, and may provide some implications for future

designcodes.

177



6.2 Scopeand Obijective of Study

Three models were initially proposedgrevious chapterdut the main focus was given to the
CFRP Beam Modekith CFRRConcrete cohesive surfacEehis particulamodel was chosen

to further investigate the effect ofotal (constitutive material) and global (geometric)
parameters on the CFRP beam behavidte numerical and mesh analysis conducted in
section5.3.3 has led to tb conclusion thathe beam model with mesh size (25 x 25) mm
produced the most accurateplication of the experimental specimen. Therefore, this model
was selected for this parame i ¢ study and refedealed. tToheasi ni
material and gemetric properties were unchanged, in order to have a taskel for
comparisonSimilar to the approach followed in previous chapters, the analysis represented
herein is that of only one quarter of the beam due to symmetry. The loading criteria and the
step time size were kept the same (i.e. static load with step size = 0.1).

The primary objective of this parametric study was to investigate the effect of changieg

of the parameterselated to the concrete material, such as: concrete compressingh, "Q,
concrete dilation anglé¢, , and viscosityparameter, . The impact of excluding one or both
damage parameters (e.g. compression and tension damage) is also examined. The ratio of main
steel reinforcement;, was part of the current analysis. On the other hand, some of the
constitutive(e.g. interfacial shear strength,) and geometrige.g.0 , 6 ) properties of the
external CFRP reinforcing laminate was also investig&edhermorethe effect ofemoving

shear steel reinforcement (stirrups) was reviewed, to pave the way for part of the modifications
that will be applied to th CFRP Beam model next chapter. The developed stages of this
parametric study are summarizedliable6.1. Finally, the overall outcome of this parametric
study will be summarized at the end of this chapter.
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Table6.1: Summary of concrete pameters used in this study

Study Q " (%) Congrgte Damage T 0 0 Stirrups
Mode | (MPa) Plasticity Parameter | (MPa) | (mm) | (mm)
20 Compression
30 rom
I 0.86 . & 5.49 100 661 \%
‘ Tt
50 ¢ Tension
70
0.4 Compression
0.63 [ OTt
I 37.2 ' . & 5.49 100 661 Y,
) T
1.27 ¢ Tension
1.54
[ qm .
Compression
[ uTt
&
T8I )
Tension
1 37.2 0.86 C TdtTp 5.49 100 661 Y,
r oM No damage
C o om@imTc Compression
Tension
Compression 15
[ OTt 3
v 37.2 0.86 & 100 661 Y,
‘ TBITITT C )
Tension
10
Compression 60
rom 80
Vv 37.2 0.86 . & 5.49 661 Y,
‘ T
¢ Tension 140
180
Compression 400
o om 500
\ 37.2 0.86 . & 5.49 100 V
) Tt
N Tension 800
1000
Compression
[ om
Wl 37.2 0.86 & 5.49 100 661 U
‘ TBITITTC )
Tension
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6.3 ResultsAnalysis

The effect of each parameter was demonstrated by comparing thmildsmhn deflection
response of each model to the reference beam. In addition, the tensile strains along the steel
rebar and the CFRP laminate was also illustrated for each modete axial strain

def ormations were plotted wi fThsfeatireallovesitad o f
specify the pointsiodes on which the strairmse extracted.Finally, gmilar to the analysis
procedure in last chapter, the crack pattern and ewnlutas captured and compaiaceach
beam.The following sections provide an analytical review on rbgults of this parametric

investigation.

6.3.1Effect of Concrete Compressive Strength

There is a clear need the currentiteratureto developa comparatie studyaboutthe impact

of concrete compressive strength @RRPbeam response. The influence of this parameter
was sudied by changing the value @, while maintaining all the othemechanical and
physicalproperties constant. Four values were z#ili in defining the compressive strength of
concretdn this parametric studyp0, 30,50,and 70/Pa. Consequently, the material definition

of concrete in ABAQUS has to be modified to include the new compressive and tensile
behaviour, as well as the damagy®lution parametergurthermore, the load versus midspan
deflection output of each model was compared to the corresponding response of the reference
model, as shown iRigure6.1.

It is evident from this analysis that the compressive strength of concrete has a profound impact
on the flexural performance of the CFRP beam. This influence can be translaggghiifitwant
increase or decrease in service and ultimate loads of the depanding on the used valoie

"Q. As expected,helowest responswas observed in the modshere™Q ¢ i U s used

The cracking, yielding, and ultimate loadssisted by this modlevas decreased by 19.3%,
5.07%, and 7.63%, respectively. On the other hand, the us@ ofx fi 0 dhas shown an
increase of 34.2%, 3.97%, and 5.04% in recorded cracking, yielding, and ultimate loads,

respectively. It must be noted that the effect ltdnging concrete compressive strength was
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more prominent on craaky loadsof the CFRP bears. This can be attributed the improved
concrete capacity under tensjavhichis proportionatelyelated to the value 6f2. However,
once the concrete reachis tensilestrengthand cracks take place, the internal (steel) and

external (CFRP) reinforcements carry most of the load.
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Midspan Deflection (mm)

Figure6.1: Load vs midspan deflectiarurve(effect of concrete compressive strengf®),

On the other hand, the tensile strains in steel rebar were recorded along the bottom surface of
the rebar (to simulate the standard location of strain gauges). The plots introduced in
Figure6.2(a) through (b) compare the strain deformations, at the beam ultimate capacity stage,
between the models with differ€i@2 and the reference CFRP beam. It is shown that the stee
rebar in the original model exhibited the highest strains at a location that is approximately
underneath the loading point. However, the strains in the first two models were relatively close
to the original data. Whereas, increasing the concrete conyaresiength beyond 50 MPa

has shifted the strains in steel rebar toward the beam midspan.

Similar strain response was detected in CFRP laminate, as depi¢temiia6.3(a) through

(b), with higher strains recoed near the beam centre for models Vi@ltarger than 5MPa.
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Finally, Figure6.4 presents the crack pattern shown in each model at the final loading stage,

with more detailed illustration introduced in Appendix B (F&rireB-1 throughFigureB-4).
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6.3.2Effect of Steel ReinforcemenRatio

The effect of longitudinal steel reinforcement ratig, on CFRP beam response has been
ignored inmostresearchHowever, it is believed that the composite action of internal and

external reinforcements in concrete beam is largely affected byi#mity and configuration
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in which steel rebars are implemented. Therefore, the effect of changatig on the flexural

and debonding response of CFRiRengthened beams has been introdurcékis sectionAs
indicated before, the reference modél 18t T P was constructed with"2.0mm and

2 16mm as compression and tensisteel reinforcementrespectively. To conduct this
parametric study, new sizes of steel rebars were used as follp@s1@mm for bothtop and
bottom steereinforcement”  1@ut 1)p(ii) 20 10mm for top and 2 12.7 mm for bottom
reinforcement (1@t 1t ¢; iii) 2" 16mm for the top and bottom reinforcemerit (

8t p Q;)and finally {v) 20 16mm for top and 2 19mm for bottom reinforcement’ (

T8t p V. Every configuration was inputtedito the steel material definition in ABAQUS
models, while keeping other parameters constant. The postprocesaigeginvolved
producing the loaanidspan deflectiowurvesand compared themvith the reference model
(seeFigureb.5).

It can be noticed that the influence”ofatio on the overall capacity of the CFRP beams is
tremendous. The model with the lowest steel reinforcement ratio has shown the poorest
response in terms of cracking, yielding, and ultimate load. As expected, once the dracking
concreteoccurred in trs model at 40.86kNbad the yielding of steel rebsaand the eventual
collapse of the beam soon followati54.34kN and 66.XH, respectively. In another word,
reducing the size ahe bottom steel rebars from 16mm tar has dropped the overall
capacityof the CFRP beam by 48.15%his type of response is anticipated since the flexural
strength (moment resistanad)RC beam is largely affected by the amount of used tensile steel
reinforcement. On the contrary, increasing th&tio to 0.0154, by usinkarger steel bars in
compression and tension regions, allowed the CFRP beasustainhigher loading and
increased theltimate capacity by 29.52%. However, in the model where the top sheel re
was replaced by bar sizerén while the tensile rebamwere kept the same’( ™3t p Q, @

very close response to the reference model was observed. This thlabwsetensile steel
reinforcemenhas a dominant effect on beam flexural behaviour as compared to steel rebar in

compression region.
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Figure6.5: Load vs midspan deflection curve (effect of main reinforcement fatio,

Furthermore, the axial tensile strain in steel rebars was graphed at the location of loading point.
Thedata inFigure6.6(a) through (b)plot thesedeformationsat the final stage of loadingt
canbe seen that the steel rebars in models with low steel ratiexhibited higher strains in
comparison tahe originalbeam.This is a typical response in such beams as the internal
stresses, resisted by steel rebar, increase with decreasing the cross sectional area of the rebar.
Figure6.7(a) through (b) illustrates the tensile strains resisted by G&Rate at the final
loading stage. The strain response of the four models seems to be close to that of the reference
beam. However, a slight increase in strain is observed in the first two nfddels8t Tt v
and” 18t T ¢ within the far half section ofhe laminate. This increase took place to
compensate for theudderdrop in tensile strain of steel rel@ound the same region.
In everymodel, concretecrackingat the final stagevas capturedand shown inFigure 6.8.
Largercracks are seen in models with low steel ratio, while more diagonal ¢réttki® in
beams with larger tensile steel rebaMere detailed images are available in Appendix B (see
FigureB-5 throughFigureB-8).
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Figure6.6: Axial strain in steel rebar (effect of main reinforcement rét)o,
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Figure6.7: Axial strain in CFRRaminate (effect of main reinforcement ratig,
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Figure6.8: Comparison of crack patterns at final stage (effect of main reinforcement jatio,

6.3.3Effect of Concrete Plasticity Parameters

As indicated in sectiod.4 and sectiort.5, thedamage evolution anglasticity of concrete
were incorporated in the proposed ABAQUS models by including the Concrete Ddmage
Plasticity Model (CDPM) This model is defined byparameterslirectly related to plasticity

suchasi,, j, ,0,[ and‘, and othersepresenting the damageowthin concrete such
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as: compression and tension damage paramé€leesyd Q, respectively.lt was notedin
Chapter fourthat using thedefault valus of the firstthree plasticity parameters provided
relatively close preditons inthe FE modellingHowever, the simulation was more sensitive

to the last two parametefs.g.dilation angle[ , andviscosity parametef,), and hege their

effect will be investigated furthen the first segment ahis section. The currenapametric
analysis was carried out by introducing new plagticameters for concrete elements in the
developed models, and keeping other properties constant. The following values were
implemented in the initial analysis: ¢ 1t tand* 1@t Tt thm&s @. The models were

then compared to the reference beéaterms of their flexural responas shown irFigure6.9.
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Figure6.9: Load vs midspan deflection curve (effect of concrete plasticity parameters (1))

The definitionand method of calculatinthe dilation angle vere thoroughly covered in
previous chapters. However, the effect of changing on the ductility and debonding
mechanism of CFRBtrengthened beams was the main focus of this analysis. The comparison

seen inFigure 6.9 demonstrates thathenthe diation anglewasincreased taw T, the tested
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model failed apeak load of 134.27kN, which represent5.@8% increasén the ultmate
capacity of reference bearim addition,higher dilation anglénas produced sglightly stiffer
postcracking response the FE model. On the other hatitemodel with dilation angle equal

to ¢ mshowed an improved pestacking behaviour, and followed th@iginal modeb s
response closelyHowever, the ultimate capacity of the beam was dropped by 2.1% when this
low dilationangle is used.

As stated in sectiod.5, theuse ofnonzero value of viscosity parametér, in the CDPM
provides some control over the convergeaod computational time of ABAQUS model.
Beside the control value bf 18t 1T TTuWsed in all previous FE models of this study, the effect

of a lower and higher value was reviewed. As seéfigare6.9, the use of significantly small

‘ has led aslight decrease in beam stiffness and capacity. The ultimate load recorded in this
model was 1.7% lower than that in the reference beam. Moreover, the computational time of
themodel with small was approximately 50% higher as compared to the original l@am.
other hand, increasing the value to 0.001 has improved the analysis runnimge t
significantly, however, the stiffness of the beam was increasedendously. Theracking

and the ultimatéoad of referencenodel was increased #2.91% and 0.16%, respectively

The effect of dilation angle on the tensile strains exhibited by both steel rebar and CFRP
laminate was more prominent as compared to the impact of chahgingstosity parameter
(seeFigure6.10andFigure6.11) . As t he beambébs stiffness and
using higher , so didthe axial strains in steel and CFRP reinforcements. The highest strain
recordedin steelrebarand CFRPsheet was 0.012 and 0.010, respectively. Howewber, t
significant portion of thesdeformations remained within the constant moment region of the
beam. Nevertheless, thstrain profiles of models with different viscosity parameters did not
deviate very much from the response of reference beam.

Finally, the crack pattern at the final loading stage was captures and compared for each model,
as illustratedn Figure6.12. It can be seeffom the second and fourth imati@mtmodels with
higherr and' show less visible cracks to the other two models, due to the irdreifness

as mentioned previously.
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Figure6.10: Axial strain in steel rebar (effect of concrete plasticity parameters (1))
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Figure6.11: Axial strain in CFRP laminate (effect of concrete plasticity parameters (1))

193



Figure6.12: Comparison of crack patterns at final stage (effect of concrete plasticity

parameters (1))

The second segment of this section involves studying the effect of the concrete damage
parameters, within the CDPM, on the flexural and debonding behaviour of-&FRBthened
concrete beamThe definition and calculation of the tensile and compressive damage
parameters were extensively covered in sectigh However, the fdbwing cases were
examined in this parametric stud{i) no damage parameters were includad; ¢nly
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