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Abstract

Corrosion is one of the significant disadvantages of steel reinforcement, especially when
exposed to extreme environments. One of the alternative solutions is Glass Fiber Reinforced
Polymer (GFRP), which is known for its high strength-to-weight ratio and good corrosion
resistance. However, since its mechanical properties, such as modulus of elasticity, differ from the
properties of normal steel, several studies were conducted to investigate the shear behavior of
rectangular beams reinforced with GFRP. In contrast, the shear behavior of GFRP-RC T-beams
has not yet been fully explored.

This study investigated the shear behavior of seven GFRP-reinforced T-beams without
transverse reinforcement. The investigation was conducted in two parts; the first part was carried
out experimentally in the University of Bahrain structural engineering lab, while the second part
was a Finite Element Analysis (FEA) simulation. In the experimental part, seven T-beams were
constructed and tested to failure. All the beams were reinforced with GFRP and had constant cross-
section and length. Besides that, all the specimens had no shear or top reinforcement. The seven
beams were divided into three groups; one parameter was varied in each group while all other
parameters were kept constant. The test parameters were shear span-to-depth ratio (a/d), which
included 2.0, 2.7, and 3.5; concrete compressive strength (fc’), which included approximately 40,
50, and 60 MPa; and longitudinal reinforcement ratio (p), which were 0.7, 1.1, and 1,5%. The test
results of this study are demonstrated in the form of mode of failure, ultimate strength, load-
deflection behavior, and crack pattern. Furthermore, the experimental ultimate strengths were
compared to the predicted shear capacity by The American Concrete Institute (ACI 440.1R-15),
Japan Society of Civil Engineers (JSCE 1997), Canadian Guideline (CSA S806-12), and ISIS
Canada Research Network (ISIS 2007). Additionally, the proposed models by Alam (2010) and

Tureyen et al. (2006) were included in the comparison.

The outcomes of the experimental study showed that changing the three parameters has a
significant effect on the ultimate load, crack pattern, and load-deflection behavior. At the same
time, the mode of failure remained the same. In addition, it was found that the Canadian Guideline
(CSA S806-12) and Alam's (2010) equations predict the shear strength of GFRP-RC T-beams with

good accuracy and consistency.



On the other hand, the FEA was performed using Abaqus software. Simulated results are
compared with experimental results to evaluate the software's accuracy in predicting the shear
strength, load-deflection behavior, crack pattern, and failure mode. The modeled beams were
simulated using the same mechanical properties used in the experimental study. A concrete damage
plasticity model was used to model all seven beams. Two models were developed for each beam,
each with a different tension-stiffening model, while all other properties remained unchanged. It
was found that the model's predictions of the first cracking load and mode of failure fairly agreed
with the experimental results. However, the models did not show accurate results regarding
ultimate load and deflection behavior for all the beams. Finally, using two models for each beam

showed that the tension-stiffening model significantly affects the model outcomes.



Publications



Dedication

In dedication to my Mother, Father, and Grandmother, may Allah have mercy on her for supporting

me all these years and being beside me. I hope this achievement makes you all proud.



Acknowledgments

I would like to express wholeheartedly my gratitude and thanks to Dr. MD Shah Alam, P.
Eng, Associate Professor of Civil Engineering, College of Engineering, University of Bahrain, for
his wise guidance and support throughout this project. His valuable advice, encouragement,

patience, and dedication have been a principal reason for me to continue on this path.

I want to thank Mr. Mohammed Al Sakran and Mr. Waheed Hameed, the structures
laboratory technical staff, for their help and efforts in conducting the lab experiments while
considering the highest safety measures. I would also like to thank Engineer Thuraya Alaani and

Engineer Rashed Alghatam for sharing their valuable knowledge and experience.

Acknowledgment of Eastern Precast Company for their generous donation of constructing
the concrete beams needed to perform the work done in this thesis. Special gratitude goes to
Engineer Mohammed Farhan and Mr. Eric Witzgall, as well as the Department of Civil
Engineering at the University of Bahrain, for the support provided to this research through its
facilities and for granting me the opportunity to pursue my Master's degree, especially Prof.

Mustafa Aytekin and Dr.Nuha Al-Zayani.

I wish to express my thanks to my work colleagues for their support, patience, and
encouragement during my studies. Finally, my deepest gratitude goes to my dearest parents,

Mohmmed Imbarak and Rabia Elhocine, for their infinite love and emotional and financial support.



Table of Contents

Defence committee’s APProvVAL.....ccoeeieerisserrcsssseniecsssssssssssssesssssssessssssssssssssssssssssssssssssssssssssssssssss A
ADSEFACT.ccuueeeiireniseeessnencssneesssneesssnnesssnssssneessssessssssssssesssssssssssssssssssssssssssasssssassssssssssassssssssssasssssassss B
PUDLICATIONS «eeeiueeeiniiinensninininsneniennneissenssnecsseessessssesssnssnssssesssassssssssesssassssssssassssssssesssassssessassssassnns D
DEdICALION ceouveeeneeiiiinensenstinsainsncsstecssnssssesssesssessssesssesssnssssesssnssssssssesssassssesssessssssssssssassssessassssassnns E
ACKNOWICAZGIMENLS ..ccuuuerriesiinriicisssnnncsssssnnecsssssnncssssssnsssssssssssssssssssssssssssssssssssssssnsssssssssssssssasssssssssses F
Table Of CONLENLS ..cuueereneiiiiiriiinirineeiciieiniteisssnicssseessssncsssneesssssssssnsssssesssssessssssssssasssssasssssssssssssss G
LISt Of TADIES..ccciueiiiniiiiiiiiiiiiiitienneensntecsnneissntecsssnsssssnessssecsssssssssesssssessssssssssnssssssssssssssssassssassssses J
LSt Of FIGUI@S.cuueiiirirniiiniinnienissnniecsssnsnecssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssasssssss K
LiSt 0f ADDIeVIAtIONS: ccuueeiiiiiiiiiiissincineissneicssnnicsnncsssnecsssessssseessssscsssesssssnssssssssssssssssasssssssssssssssas N
APPEIAICES...cuueeiirenrinssrrisssrnessricsssnessssnessssnsssssssssssesssssossssssssssessssssssssssssssssssssessssssssssssssssessssssssssssses P
Chapter One
Introduction

Lilo GOMETAL ..ottt ettt a ettt eaean 1
1.2, Problem Statement:...........coiiiiiiiiiiee ettt 1
1.3, ReSCAIrCh ODJECHIVE: ..uviiiiiiieiiie ettt e s e e e e e rae e e aeeeesseeenaeeennes 2
1.4, ReSearch QUESHIONS: ......cccuuiiiieiiiie ettt e ettt e e et e e e etae e e e eaaeeeeearaeeeenneas 2
1.5. Research SignifiCancCe:.......cociiiiiiiiiiiiecieeeee ettt e e e e e bee e 3
1.6. Research MethodOlOgY: ......coouiiiiiiiiiiiieeie ettt ens 3
1.7, ThesiS OULIINE: ...ccuiiiieiieeiieiee ettt ettt ettt e s e e beesaaeenbeessaeeneeenne 3
1.7.1.  Chapter Two: Literature ReVIEW:.........ccccuiviiiiiiiiiieiieiecie e 3
1.7.2.  Chapter Three: Experiment Methodology: .........ccceevuieiiiniiiiiiienieciieeeee e 4
1.7.3.  Chapter Four: Experimental Results and DisCuSSion: .........cccccecuereerierveneneenneenne. 4
1.7.4. Chapter Five: Finite Element Analysis: .......ccccceeviieriiiiniieeiee e 4
1.7.5. Chapter Six: CONCIUSION: .....cccviiieiiieeiiieeiee ettt e e e e e e s reeeeeseeeneees 4



Chapter Two

Literature Review

2.1, IEOAUCTION: ..ttt ettt et e sht e ettt e st e e nbe e s bt e sabeenbeeas 5
2.2, Previous EXPEerimMENtS: ........ccoieiiiiiieriieeiiesiieeieeieesieeeteesteesteeteesaeeesseeseesnseenseessaesnseens 5
2.2.1.  Lab Experiments of FRP Reinforced Beams: ..........ccccoecuvevieniieniiinieeiieniecieeee 5
2.2.2. Studies Based on Finite Element Analysis: .........cccoecverieniieenienieeieeiieeieeieeeen 15
2.3.  Codes Provision for Beams Reinforced with FRP: ..........ccccoooiiiiiiniiic, 21
2.3.1. The American Concrete Institute (ACI 440.1R-15):...ccccciieiiiiiiiieieeee e 21
2.3.2. Japan Society of Civil Engineers (JSCE 1997): ...ooviiiiiiiieeeeeeeeee e 25
2.3.3.  ISIS Design Manual (ISIS 2007): ..c.ceuerieiieieieeiesieeie sttt 26
2.3.4. Canadian Guideline (CSA S806-12):....cccuieeiiieiiieeeiee et 27
2.3.5. COd@S SUMMATY .. ..eeiiiiiiieiieeiieeieeeiee et eteesteeteesteeeabeebeessaeenseesseesnseeseesasesnseensees 28
Chapter Three
Experimental Methodology
3.l INITOAUCTION: ...ttt ettt ettt e b e enae e 29
3.2.  Section and Independent Variables Determination: ...........c.ccoceevereeneeieneenieneenennenn. 29
3.3, T-beams SAMPLING: ...cccueeiiiiiiieiiieiteiee ettt ettt ettt e eabe e e naesaraas 31
3.4, T-DeAMS NAIMINE: ...eeeiuiiieiiieeiieeeieeeeieeeiteeeeteeesteeesaaeeetaeesbeeessseessseesssaeessseesnsseesnseeenns 32
3.5. Flexural Vs. Shear CapacCity: ......cccceccueeeiuiieiiiiieiiieeeieeeiteeeteeesseesaeeesseeessaeessseessaeenns 33
3.6, MALEIIAlS: ..ot ettt e aeas 33
3.6.1. COMCTELE: .ttt ettt et e bt e st e st e e bt sbeeesabeeeeanee 33
3.6.2. GFRP: e ettt 34
3.7, INSTUMENES: ..c..iiiiiiiiieie ettt et ettt et e te e esaneenaee s 35
3.8, Beams CONSIIUCHION: ...c.eruiiiiriiiiieieettete sttt ettt sbe et sttt st beestesbeetesae e 35
2R B LN A 1< A B o O OO SRRPPRRRPPRRN 40
Chapter Four
Experimental Results and Discussion
4.1, IEOAUCTION: ...ttt ettt ettt e st e et eseeesarean 44
4.2, Cracking BEhavIOUL: ........cc.coeoiiiiiiieeiieeie ettt et tee e saeesaeeeseaeesnaee e 44
4.2.1. First Cracking Load: .......cccuoieoiiiiiiie et e 45

H



4.2.2. CraCK PatlermIS: - oot e e e e e e e e e e e e e e e e e e e e eeaeaeaaeeeaenanes 46

4.3. Load Deflection Behavior:..........ccocuiiiiiiiiiiiiiiiieeeeee e 52
L N (<) O OF: 1 T o1 1 USRS 55
4.5, COde COMPATISON: ...vieiieiiieiiesiieeteeteeetteeteestteeteeteessteeseeseessaeeseesseesnseeseesseesnseensens 58
Chapter Five
Finite Element Analysis
5.1 IITOAUCTION: ...ttt ettt ettt et e nae e 64
5.2, CONCTELE PrOPEITIES: . ceuuiiiuiieiieeiiieiteiite ettt ete et e ete et et e et e ebeesabeenbeesseesnbeenseesssesnseas 64
5.2.1. The Behavior of Concrete Under Compressive Stress: ....oovvvvrvrveeeeieeecieeenveeenne 64
5.2.2. The Behavior of Concrete Under Tensile Stress:.......ccceeveenieeieenieniieeneenieniens 66
5.2.3. Concrete damage PIlaStICITY ...cvvieeeueeeeiieeeiie ettt et e e eeaee e 67
5.2.4. Reinforcement PrOPerties: .........oecvieeiieiiiie ettt 69
5.3, Modeling of the BEAMS: .....cccuiiiiiiiiiiiieiiee ettt et 69
54, ADAQUS TESUILS ..ottt ettt ettt ettt e et e st et eaeeenbeenteas 71
541, Crack PatteIN:...ccciieiieiie ettt ettt et te et e et e et e e te e aeeenbeenseeeaaeens 71
5.4.2.  Deflection and ultimate 10ad:...........cooeeviiriiniriiiniieneeeeee e 74
5.4.3. GFRP Stress-Straill CUIVE: ... .uuuetinteet ettt ettt et et eaae e 77
Chapter Six
Conclusion and Recommendations

0.1, INITOAUCTION: ....iiiiiiieieeiiet ettt ettt st ettt et e b eaee 79
6.2.  Experimental StUAY:........ccoooiiiiiiiiiie e e 79
6.3.  Conclusions about finite element analysis:........c.ccecvveeviiieriiieeriie e 81
6.4. Recommendations for future Worke: ..........cccooiiiiiiiiiie, 82
REFCIEIICES ..ottt ettt et e e eat e sbt e sbeeeeanee s 83
ADSIFACE (ATADIC) ..ottt st 115



List of Tables

Table 2.1: Experimental vs. analytical results Mudaqiq (2018) .......ccceevuerienerieniiienieieniesieene 6
Table 2.2: Zhang et al. (2022) beam details. .........ccoevieriieiiieiieiie et 13
Table 2.3: Shear strength parameters vs. standards ...........ccocoeeveerieiiiienienieeiieeece e 28
Table 3.1: Expected vs. actual compressive Strengths .........c.eecveeeieiiierienieeiieiece e 30
Table 3.2: GIoup ONE (/0) ...eieiieiiiiie ettt ettt ettt e et eseaeebeesaaeenseenseens 31
Table 3.3: GIoUP tWO (FC') .eeurieiiieiieiieeie ettt ettt e e be e b e saneenneas 31
Table 3.4: GroUP thI€€ (10) «vveeevieeiiieeiieeeiee ettt ettt e et e e e ae e et e e ssbaeessseeensaeesssaeeesseeennnas 32
Table 3.5: Flexural vs. shear ultimate strength based on ACI-440 ..........cccoveeeiieeiiieecieeeiee e, 33
Table 3.6: CoNCrete DESIZN MIX......cciiieeiiieeiiieeirieeiieesieeesteeesteeesteeessaeeesseeessseeessseessseesseesssseens 34
Table 3.7: Mechanical properties of GFRP bars ..........cccceeeiiiiiiieeiicceceeeeeee e 35
Table 4.1: Experimental and predicted first cracking loads...........cccceeeviiiiiiienciiinieceeeeee, 46
Table 4.2: Experimental shear strengths for beams with different shear span-to-depth ratios (a/d)

....................................................................................................................................................... 55
Table 4.3: Experimental shear strengths for beams with different concrete strengths (f¢’) ......... 56
Table 4.4: Experimental shear strengths for beams with different reinforcement ratios (p) ........ 57
Table 4.5: Experimental and code predictions for shear strength...........cccccoeoveviiiiiiiiienieeeenen. 58
Table 4.6: Comparison between experimental results and different design codes and models.... 59
Table 5.1: First cracking load (FEA vs. experimental results)..........cccecvevieriieniienieeiieiieeieeenn 72
Table 5.2: FEA ultimate shear capacity reSults. .........occoevieriieiiieniiiiieiece e 74



List of Figures

Figure 2.1: Concrete tension stiffening (Alam 2010) .......coooiieriiieiiiieeiieee e 16
Figure 2.2: Load-deflection behavior of 3D model reinforced with steel (Salh 2014)................. 19
Figure 2.3: Load-deflection behavior of 2D model reinforced with BFRP (Salh 2014).............. 20
Figure 2.4: Stress and strain distribution for the balanced reinforcement section (ACI 440.1R-15)
....................................................................................................................................................... 22
Figure 2.5: Stress and strain distribution for the over-reinforced section (ACI 440.1R-15)........ 23
Figure 2.6: Stress and strain distribution for the under-reinforced section (ACI 440.1R-15)...... 24
Figure 3.1: Typical SPECIMEN'S SECHION. ....ccueiriieriieriieiieiie et eiteete et esiteebeesteeseaeebeeseneenseeseeene 30
Figure 3.2: Sand coated GFRP.........cccooiiiiiiii e e 34
Figure 3.3: T-beam fOrmWOTK ..........cccuiiiiiiiiiiiieiee e e 36
Figure 3.4: Lifting thread: (a) positioning process, (b) Cross-section VIEW ............ccceeeveervrennnnne. 37
Figure 3.5: Automatic concrete mixer used for CONCrete MIiXing.........ceevevverveeeeneenienieenensueneens 37
Figure 3.6: BEams CONCIEIING .....cc.eeruiiiiiieiieeiiieiieeiie et eieesteesteeseeeeteesaeesnseeseesaaeenseessneenseenseennns 38
Figure 3.7: BEAMS CUIINE ....c.iiiiiiiiieiieiieeiieeite ettt e eite et e eiteete e st e sebeenbeesseesnseesseessseenseesseesnseennes 39
Figure 3.8: Beams TranSpOrtaition.........c.ceeeeeuieriierieeiiieniie et esieeseeeseesiteenreesseeseaeenseessnesnseenseennns 39
Figure 3.9: TWo-ton hand CIane ............ccoeiiiiiiieniiiiieiieee ettt 39
Figure 3.10: Cylindrical steel bars welded to steel plates...........occveerieriieiiienieeiieieeeeeee 40
Figure 3.11: Test set up of specimen with a/d of 2 (Lab photograph) ........cccccecoveveiieeiiiencieeneen. 41
Figure 3.12: Test set up of specimen with a/d 0f 2 ........ccoeeiiiiiiiiiiieeeeeee e 41
Figure 3.13: Test set up of specimen with a/d 0f 2.7 .......ooooiiiiiiiiiieeeeeeeee e 42
Figure 3.14: Test set up of specimen with a/d of 2.7 (Lab photograph) ..........cccceeveeviieenciennnnnen. 42
Figure 3.15: Test set up of specimen with a/d 0f 3.5 ......coooiiiiiiiiee e 43
Figure 3.16: Test set up of specimen with a/d of 3.5 (Lab photograph) ..........ccceevveviieencierennnen. 43

K



Figure 3.17: Test set up of specimen with a/d 0f 3.5. ..o 43

Figure 4.1: Crack patterns for beams with different shear span-to-depth ratios (a/d) .................. 47
Figure 4.2: Shear stress distribution for T-beam SECtioNS..........ccceeeveeeviiiiniiieeriieeie e 48
Figure 4.3: Crack patterns for beams with different concrete compressive strengths (fc’).......... 49
Figure 4.4: Crack patterns for beams with different reinforcement ratios (p)......cccccevvevveruernenne. 51

Figure 4.5: Experimental load-deflection behavior for beams with different shear span-to-depth
TALIOS (A/A) c.vvieerieeeiee ettt et e e e e e e et e e e etae e e aaeeebaeeeabee e areeeraeeareeennreas 52

Figure 4.6: Experimental load-deflection behaviour for bemas with different concrete
COMPIESSIVE STTENZLNS (C')...vietiiiiiiiiieiieeie ettt ettt et e s sbeebeeseaeenneas 53

Figure 4.7: Experimental load-deflection behavior for beams with different reinforcement ratios

(72 TSRS 54
Figure 4.8: Effect of shear span-to-depth ratio on shear strength.............cccceevviieiiiiiniieinieeene. 55
Figure 4.9: Effect of concrete strength on shear strength ............cocccvveeiiieiiieeiiieeeeeeeen 56
Figure 4.10: Effect of reinforcement ratio on shear strength...........c.ccoccveevviienciiiiiiincieeeeee, 57

Figure 4.11: Comparison of the experimental shear strength of beam GT-2-50-16 with different
design codes and MOAEIS........uiiiuiiiiiiecieeee et e e e e et e e s e e ereeeaaee s 60

Figure 4.12: Comparison of the experimental shear strength of beam GT-2.7-50-16 with different
design codes and MOAEIS........uiiiiiiiiiieeiieee et e e et et e e abaeeaaee s 60

Figure 4.13: Comparison of the experimental shear strength of beam GT-3.5-50-16 with different
design codes and MOAEIS........ccuieiuiiiiieiieiie ettt ettt ettt et aaeebeenee s 61

Figure 4.14: Comparison of the experimental shear strength of beam GT-3.5-60-16 with different
design codes and MOAEIS........ccuieriiiiieiiecie ettt ettt ettt aaeebeenee s 61

Figure 4.15: Comparison of the experimental shear strength of beam GT-3.5-40-16 with different
design codes and MOAEIS........ccuieiiiiiieiiecie ettt ettt sttt e s be et eeaaeebeennee s 62

Figure 4.16: Comparison of the experimental shear strength of beam GT-3.5-50-19 with different
design codes and MOAEIS........ccuiiriiiiieiieiie ettt ettt sttt aaeebeennee s 62

Figure 4.17: Comparison of the experimental shear strength of beam GT-3.5-50-13 with different
design codes and MOAEIS........cc.iiriiiiieiieiie ettt ettt et et aaeebeennee s 63

Figure 5.1: Typical compressive stress-strain curve of concrete (MacGregor and Wight 2012).. 65

L



Figure 5.2: Tension stiffening model for FRP reinforced members (Alam and Hussein 2020) ... 67

Figure 5.3: Response of concrete to uniaxial loading; (a) Compression (b) Tension
(Hafezolghorani €t @l., 2017) ....cccuiiieiieeieeeie ettt et eae e e re e e eesa e e ssraeesnseeenaee s 68

Figure 5.4: T-beam in 3D model; (a) a/d=3.5 (b)a/d =2.7(c) a/d =2 ..ccoeeveriereieeeeeereeeeee 69

Figure 5.5: Theoretical results of 40 MPa concrete response to uniaxial loading; (a) Compression
(b) Tension (Model 1) (¢) Tension (Model 2) ........cccueeeeiiieiiieiiieeeiie e 70

Figure 5.6: Theoretical results of 50 MPa concrete response to uniaxial loading; (a) Compression
(b) Tension (Model 1) (¢) Tension (Model 2) ........cccueiiiiiiiiiiiiiieeciie et 70

Figure 5.7: Theoretical results of 60 MPa concrete response to uniaxial loading; (a) Compression
(b) Tension (Model 1) (¢) Tension (Model 2) ........cccueiiiiiiiiiiieiieeciie et 71

Figure 5.8: Crack Pattern of beam GT-2.7-50-16 (Model 1 vs. experimental results) (a) FEA (b)
EXperimental ODSETVALION ........coouiiiiiiiiiinieie ittt ettt st be et sae e e eaeens 73

Figure 5.9: Crack Pattern of beam GT-3.5-40-16 (Model 1 vs. experimental results) (a) FEA (b)
EXperimental ODSETVALION .....c..coouiiiiiiiiiiriieieciteeee sttt sttt sttt et be et st nae e 73

Figure 5.10: Comparative load-deflection behaviors of test results and FEA for beams with
AIFFETENE A/ ...ttt st 75

Figure 5.11: Comparative load-deflection behaviors of test results and FEA for beams with
IETETENE £C' ...ttt et ettt et e bt et e bt e eateeaeeas 76

Figure 5.12: Comparative load-deflection behaviors of test results and FEA for beams with
QUETRTENE Pttt e ettt e et e e et e e e b e e e etaeeensaeesssaeessseeesseesnsaaennsaeennseenn 77

Figure 5.13: FEA GFRP Stress-strain CUIVES. .. ...ouueeietiitt ettt eee et eeeeaeeeaeenneenneenns 78



List of Abbreviations:

Acomp = Computed flange area based on the concrete compression area using an elastic cracked
section analysis considering the entire flange width

Areq= Required area obtained based on the reported shear strength at a distance away from the
support

Af: Area of FRP

E. = Modulus of elasticity of concrete
Ef = FRP modulus of elasticity

E, = Initial tangent modulus

E; = Young modulus of steel

Gy = Fracture energy

K. = Factor related to the minimum flexural stress at extreme compression fiber due to moment
just above the cracking moment and concrete compressive strength

K.xp = Experimental K

M ;= Design bending moment

M,,= Nominal moment capacity of a beam
M,= Decompression moment

N’ ;= Design axial compressive force

Perexp = Experimental first cracking load
Pc.m = FEA first cracking load

Ve = Concrete shear strength

Veale = Shear strength based on theoretical calculations
Vexp = Shear strength based on experimental results
Vu = Shear force due to ultimate load

a =Shear span



a’= Concrete compression zone
a/d = Shear span-to-depth-ratio
b: Beam width

by = Flange width of beam

b,, = Web width of beam

¢ = Neutral axis depth

COYV = Coefficient of variation

d = Effective depth

d,= Maximum aggregate size

d. = Scalar degradation factors for compression
d; = Scalar degradation factors for tension

fc = Concrete compressive stress

f'c = Concrete compressive strength

f'ca = Design compressive strength of concrete
fr= Tensile strength of FRP at concrete crushing
fru= Design tensile strength of FRP

f'+ = Concrete tensile strength

k = Stress decay factor

k,= The effect of arch action

k,, = The effect of the interaction between the factored moment and the factored shear at a
section on its shear strength

k, = The effect of reinforcement rigidity

ny = Ratio of the modulus of elasticity of FRP bars to the modulus of elasticity of concrete



ne = Curve fitting factor

t = Flange thickness of beam

w,, = Cracking width after a total release of stress
w; = Cracking width
o; = Concrete tensile stress

o,m = Minimum flexural stress at extreme compression fiber due to moment just above the

cracking moment

p = Reinforcement ratio

pp: Balanced FRP ratio

pr: FRP reinforcement ratio

B1: Concrete factor fc: Concrete compressive strength
& = Strain

&.= Concrete compressive strain

€, Concrete ultimate compressive strain

&.r = Concrete cracking strain

g, = Concrete compressive strain at ',

eP "= The compressive equivalent plastic strain
&= The total strain of concrete under tension
P "= The tensile equivalent plastic strain

¥p= Strength reduction factor

A= Factor related to concrete density

@.= Resistance factor related to concrete

¢ =The dilation angle



ACI = American Concrete Institute

BFRP = Basalt Fiber Reinforced Polymer

CFRP = Carbon Fiber Reinforced Polymer

CSA = Canadian Standard Association

FEA = Finite Element Analysis

Fib = Fédération internationale du béton

FRP = Fiber Reinforced Polymer

GFRP = Glass Fiber Reinforced Polymer

ISIS = Intelligent Sensing of Innovative Structure

JSCE = Japan Society of Civil Engineers



Chapter One

Introduction
1.1 General:

Concrete is well known for its low tensile strength. Therefore, steel reinforcement is a
significant material in construction because it is highly reliable in resisting tension forces due to
its high tensile strength. Besides that, the strong bond achieved between concrete and steel, the
acceptable stress variation due to thermal changes, and its high ductility make steel reinforcement
favorable for construction projects. However, steel reinforcement is well known for its weakness
in resisting corrosion. This weakness leads to property damage and shortens the structures’ service
life, especially projects subjected to challenging environments, causing high maintenance costs to
governments and individual owners. One of the recent alternative solutions of steel bars is Fiber
Reinforced Polymer (FRP), notably Glass Fiber Reinforced Polymer (GFRP). GFRP is a
corrosion-free material, making it a viable option to replace steel in projects exposed to harsh
environments. Besides that, GFRP bars have high tensile strength and are considered electrically
non-conductive material. However, GFRP has a low modulus of elasticity and low ductility. All in
all, GFRP has been spreading widely around the globe as a reinforcement for concrete structures

and can be used as longitudinal and shear reinforcement.

1.2 Problem Statement:

The high tendency of steel corrosion has driven researchers to conduct several studies to
find a proper alternative for steel. One of the solutions for preventing corrosion is using FRP. In
spite of the fact that steel reinforcement replacement by FRP eliminates the issue, several studies
reported that steel design models overestimate the shear strength of FRP beams (Nguyen-Minh
and Roviidk 2011). The reason is that these models were developed based on beam specimens
reinforced with steel, however, steel and GFRP have different mechanical properties, such as
modulus of elasticity, tensile strength, transverse strength, ductility, and stress-strain relationship.
Thus, several researchers have attempted to study the behavior of concrete beams reinforced with
FRP as tensional reinforcement, such as Tureyen and Frosch (2003), who developed a design

model that predicts the shear strength of concrete beams reinforced with FRP. However, the



majority of previous studies have focused on rectangular sections, resulting in a lack of knowledge
of the shear behavior of FRP-reinforced T-beams. Therefore, there is insufficient information in
the literature about the shear behavior of T-beams reinforced with FRP that enables researchers to
develop and verify design models for T-beams. The purpose of this study is to investigate the shear
behavior of simply supported T-beams reinforced with Glass Fiber Reinforced Polymer bars, as
well as to assess the accuracy of the current design models for predicting the shear strength of

these beams.

1.3 Research Objective:

The essential objectives of this research are to:

1) Study the shear behavior of simply supported T-beams reinforced with GFRP as
longitudinal reinforcement.

2) Investigate the effect of compressive strength, tension reinforcement ratio, and span-to-
effective depth ratio on the shear strength of T-beam reinforced with GFRP.

3) Determine the level of accuracy of current shear design models in predicting the shear
capacity of T-beams reinforced with GFRP.

4) Monitor the effect of GFRP reinforcement on crack development and spacing.

1.4 Research Questions:

QI1: How do compressive strength, tension reinforcement ratio, and span-to-effective depth ratio

affect the shear strength of the T-beam reinforced with GFRP?

Q2: What is the level of accuracy of current shear design models, such as the Canadian guideline
(CSA S806-12), the American Concrete Institute (ACI 440.1R-15), ISIS Design Manual (ISIS
2007), and the Japanese guideline (JSCE, 1997), in predicting the shear capacity of T-beams
reinforced with GFRP?

Q3: How does GFRP reinforcement affect crack development and spacing in T-beams?



1.5 Research Significance:

GFRP is worth investigating as it provides superior corrosion resistance and a reduction in
thermal and electrical conductivity as compared to steel. However, GFRP reinforcement has not
yet been fully explored. For example, most current GFRP shear design formulas are verified
against rectangular beams only. Hence, this study is significant since it measures the accuracy of
the shear design models for T-beams reinforced with GFRP and indicates whether the models
provide balanced, overestimated, or unsafe results for the T-sections' shear strength. In addition,
this study narrows the knowledge gap in the literature regarding the shear behavior of T-beams
reinforced with GFRP bars. Further, the findings of this research provide the behavior of shear
strength for different concrete strengths, span-to-depth ratio, and reinforcement ratios, which are

valuable for developing and verifying new shear design models for FRP-reinforced T-beams.

1.6 Research Methodology:

This research uses experimental and finite element methods to collect quantitative data that
describes the shear behavior of T-beams reinforced with GFRP as tension reinforcement. The
empirical study was performed by testing seven different simply supported T-beams. The concrete
specimens' shuttering and concreting were carried out in the Eastern Precast factory, and after that,
the testing was executed in the University of Bahrain labs. Moreover, the finite element analysis
was achieved by modeling and analyzing the beams using Abaqus software. All beams' cross-
sectional dimensions and lengths were constant, and the test parameters were the GRFP
reinforcement ratio, shear-to-span length ratio, and the compressive strength of concrete.

Furthermore, all beams were designed to fail due to shear before flexural failure.

1.7 Thesis outline:

1.7.1 Chapter Two: Literature Review:

This chapter presents a summary of the previous studies that focused on investigating the

shear behavior of beams reinforced with FRP bars. The literature includes several aspects of the
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predecessor's methodology, such as specimen size, length, number, test parameters, and loading
techniques. Then, it discusses the results obtained. In addition, this chapter highlights the areas

where further studies for FRP are needed.
1.7.2 Chapter Three: Experiment Methodology:

This chapter determines the material and equipment used for the experiment, focusing on
its specifications and properties. It then explains specimen design procedures based on the
American Concrete Institute (ACI 440.1R-15),. Furthermore, this chapter discusses the preparation
of 7 T-beam specimens, the experiment steps, and the test setup.

1.7.3 Chapter Four: Experimental Results and Discussion:

This chapter presents the experimental results regarding shear strength, failure mode, crack

pattern, and load-deflection behavior. Moreover, the chapter compares the experimental shear

strength with several design codes.
1.7.4 Chapter Five: Finite Element Analysis:

This chapter demonstrates the procedures followed to define the materials (Concrete and
GFRP), and to model the T-beams in the finite element analysis software Abaqus. Besides that, the

chapter presents the FEA results and compares them with the experimental results.
1.7.5 Chapter Six: Conclusion and Recommendations:

The conclusion summarizes the research outcomes of shear behavior affected by
reinforcement ratio, shear-span-depth ratio, and compressive strength. It also states this study's

limitations and recommendations for future research



Chapter Two

Literature Review
2.1 Introduction:

In the event of flexural failure, if the reinforcement ratio is less than the balance ratio, and
the tensile stress at failure exceeds the ultimate strength of the bars, the result will be FRP rupture.
A higher reinforcement ratio than the balance ratio, on the other hand, will result in the cracks
propagating toward the compression zone, causing a reduction in the compression area, which will
result in concrete crushing failure (ACI 440.1R-15). Unlike flexural failure, however, shear failure
behavior is more difficult to predict due to the higher complexity of the shear failure mechanism
(Alam 2010) and the fact that it often occurs without warning. Moreover, it is also due to other
factors affecting the behavior of the beam, such as concrete compressive strength, beam geometry,
load magnitude, and location. Generally, FRP members are designed in a similar way as steel-
reinforced members. However, it is important to consider the differences in mechanical properties
between the two types of reinforcement since they affect the shear behavior (ACI 440.1R-15). In
light of this, many researchers are investing their efforts in examining and studying the shear
behavior of beams reinforced with FRP. This chapter presents some of the methods and outcomes
of previous laboratory experiments and finite element studies performed on beams reinforced with
FRP. Besides that, the chapter discusses and compares between the current available design codes

for the shear strength of members reinforced with FRP.

2.2 Previous Experiments:

2.2.1 Lab Experiments of FRP Reinforced Beams:

2.2.1.1 Lab Experiments on Rectangular Sections:
Mudagqiq (2018) conducted an experiment to study the shear behavior of 5 high-strength

concrete beams. The beams were divided into 4 groups: the first and the second groups were
reinforced with Carbon and Glass Fiber Reinforced Polymer (CFRP & GFRP), the third group was

reinforced with a hybrid of carbon fiber reinforced polymer and standard steel, while the fourth



group is reinforced with a combination of Glass Fiber Reinforced Polymer and normal steel. For
all the groups, the compressive strength was 9000 psi (62 MPa), and no shear reinforcements were
added. Besides that, all the beams had the same rectangular section with 12 inches of depth (304.8
mm), 6 inches of width (152.4 mm), and 7 feet long (2.13 m). Two strain gauges were attached to
each steel bar to measure the strain of the beams during loading. Finally, the beams were subjected
to four-point monotonic loads at a deflection control rate of 1 mm/min. The beams were tested
with a shear span-to-depth ratio of 2 & 2.5. As a result, all beams failed due to the shear force as
planned. The deflection of the beams reinforced with pure GFRP and CFRP was higher than that
of hybrid beams. In addition, beams with pure GFRP had the maximum deflection among all the
beams, and the hybrid GFRP beam deflected more than CFRP, but it had a higher maximum
applied load (Table 2.1).

Table 2.1: Experimental vs. analytical results of Mudaqiq (2018)

Beam Max. ISIS ACI-318 ISIS Max.
experimental Module 3 | Predicted loads | Module 3 | deflection
loads (kip/kN) | Predicted (kip/kN) Predicted (in/mm)
loads deflection
(kip/kN) (in/mm)
ICONT-MN-2 21.74/96.7 - - 0.99 /25.15
Cf MN 2 15.09/ 67.11 10.42 /46.35 | 23.989/106.7 2.73/69.3 | 0.63/16
GF_MN 2 11.05/49.15 2.90/12.9 23.95/106.5 1.11/27.94 | 0.84 / 1.34
CF ST MN 2.5 |[21.15/94.09 |21.63/96.2 |24.57/109.28 1.13/28.7 |0.32/8.13
CF_ST MN 2 14.43/64.17 |20.62/91.7 | 24.76/110.14 0.91/23.11 | 0.3/7.62
GF_ST MN 2 19.15/85.2 20.30/90.3 | 24.72/109.97 1.2/30.48 |0.38/9.65

The author followed the ISIS Module 3 and ACI-318 codes to predict the ultimate load and
to compare them with the experimental loads. The results are shown in Table 2.1. The Table shows
that the ISIS Module 3 did not predict all the test specimens accurately except for beam
CF_ST MN 2.5and GF_ST MN 2, while the shear strengths obtained by the ACI code are over-
estimated for the hybrid beams and underestimated for beams reinforced with FRP only.

Furthermore, in all cases, the author found that beams with CFRP have lower strain and higher
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load capacity than GFRP specimens. Finally, It was concluded that the ISIS Module 3 prediction

for the beam deflection is poorly matched with the experimental results.

Hassan et al. (2022) studied the shear strength of 15 beams reinforced with GFRP as a stirrup and
longitudinal reinforcement. All beams were simply supported rectangular beams with a length of
1550 mm. The concrete beams were tested by applying a four-point load until failure. This
experiment focused on four parameters: shear reinforcement ratio, concrete compressive strength,
and steel fiber content. The results showed that increasing the value of any of the three parameters
increases the ultimate failure load. Besides that, the maximum crack width is measured during the
experiment and calculated using ACI, CSA S806-12, and ISIS codes. It was noticed that ISIS
agrees with the experimental values the most. However, the author recommends modifying the

current equations to be more compatible with high-strength and FRP beams.

Nguyen-Minh and Roviak (2011) conducted an experiment on 12 GFRP beams using a
four-point bending loading scheme to study the shear resistance. All specimens' shear span to
effective depth ratio (a/d) was less than 2.5. The 12 beams had a rectangular section with 150 mm
width, 300 mm depth, and a span length of 2600 mm. The beams were classified into two groups
based on concrete compressive strength equal to 36.4 MPa and 46.3 MPa. After that, each group
was divided into two subgroups based on the bottom reinforcement type (steel and GFRP). All the
bottom reinforcements had 16 mm diameter bars, and each type had beams with reinforcement
ratios of 1.01%, 1.52%, and 2.02%. On the other hand, all top reinforcements were two steel bars
of 10 mm diameter, and 6 mm diameter were used for stirrups. The beams were tested with a 15
kN/m loading rate. It was observed that flexural cracks in GFRP beams are longer than those that
appeared in steel beams, which supported the conclusion that the neutral axis of GFRP beams is
significantly less than the corresponding steel beams. In addition, it was reported that increasing
the compressive strength of GFRP members by 27% led to an increment in the ultimate shear
capacity from 9.5 to 13.2% and a reduction in the beam deflection. In all cases, the ultimate shear
capacity of steel-reinforced members was higher than the equivalent GFRP-reinforced members,
and the deflection was less. Moreover, the shear capacity gain and deflection reduction rate were

found to be approximately similar due to increasing the GFRP and steel reinforcement ratio.

Cholostiakow et al. (2018) investigated experimentally the effect of depth on the shear

strength of rectangular beams reinforced with sand-coated GFRP. The experiment was conducted



on eight simply supported beams. The specimens were divided into beams with shear
reinforcement and beams without shear reinforcement. In addition, the beam depth range differed
from 260 mm to 460 mm, but the longitudinal reinforcement ratio and the shear span-to-depth ratio
were fixed, and they were determined to have shear failure before bending failure. The results
reported that all the beams had a diagonal tension mode of shear failure. Besides that, it was also
found that the first crack's vertical location and the crack spacing are related to the beam depth;
increasing the beam depth lowers the location of the first crack point and increases the crack
spacing. The author confirmed that the shear strength of FRP beams without shear reinforcement
is affected by beam depth. However, beams with shear reinforcement showed no substantial effect
due to size variation. In addition, The CSA (2012), fib (2007), and Hoult et al. (2008) models had
approximately the same shear strength results as the experiment results. However, some

predictions were unsafe. On the other hand, ACI predictions were uneconomically conservative.

Tureyen & Frosch (2003) supported the argument stating that the traditional formulas for
shear strength of concrete, which were derived based on specimens reinforced with steel, are
unsuitable for FRP specimens, because the modulus of elasticity of FRP is approximately 25
percent of the value of steel, also due the variance in the properties between FRP and steel. Besides
that, multiple test results showed that beams reinforced with steel fail at higher loads than FRP
beams. However, based on several investigations, the authors stated that beam members with
equivalent stiffness had almost the same shear failure load and crack depth. Hence, the flexural
reinforcement's stiffness is essential for the beams' shear strength because raising the member’s
stiffness will increase the cracked section's neutral axis’s depth, causing higher shear resistance.
The shear strength of rectangular reinforced concrete beams without shear reinforcement can be
calculated considering stresses in the compression zone of a cracked reinforced concrete section.
Tureyen & Frosch (2003) have developed a design model that calculates the shear strength of steel
and FRP-reinforced beams based on the compression stresses above the neutral axis of a cracked
reinforced concrete section. The model was examined against 370 experimental shear strengths
from 26 previous studies. 326 specimens were steel-reinforced beams, while 44 were FRP-

reinforced beams. The specimens were chosen according to the following conditions:

e a/d more than 2.7.

e Failure is due to shear and not flexural.



e No stirrup reinforcement.

e Sufficient anchorage for the longitudinal reinforcement

Equation 2.1 was developed to predict the shear strength of reinforced rectangular
concrete beams based on the hypothesis that when the principal tensile stresses overcome the
concrete's tensile strength in the compression zone of a cracked section, shear failure occurs in

reinforced concrete beams without stirrups.

2.1
chgbwc /ft2+ft07m 21

Where,

Ve = concrete shear strength

b,, = ceam width

¢ = neutral axis depth. (calculated using elastic cracked section analysis)
ft = concrete tensile strength

o, = minimum flexural stress at extreme compression fiber due to moment just above the

cracking moment.

To assess the accuracy of the proposed formula, a model ratio was calculated by dividing
the shear strengths obtained from previous studies by their equivalent estimated shear strength

using Equation 2.1, as Equation 2.2 shows.

Model ratio = Yexp (2.2)
Vcalc

The minimum and maximum model ratios were observed to be 0.88 and 1.72, respectively,
with an average of 1.18 and standard deviations of 0.15. Besides that, the variation of the model
ratio was analyzed against concrete compressive strength, longitudinal reinforcement ratio, and
span-effective depth ratio (a/). It was observed that specimens with a lower reinforcement ratio

were more conservative and had a higher model ratio. On the other hand, the results maintained
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approximately the same level of accuracy for various concrete strengths and effective depth.
However, the study required more test results due to a need for specimens with a higher span
effective depth ratio (a/d). All in all, these results showed that the formula presents a conservative

shear strength. Furthermore, to simplify the formula for the design, the tensile strength of concrete

in Equation 2.1 was substituted by 0.6,/ f', resulting in Equation 2.3.

— 4om 7 (23)
VC—( 16+3\/ﬁ) ft byc
Considering what is between the parenthesis as K., Equation 2.4 is obtained.

(2.4)

Ve =K./f. b,c

Where,

_ 4om (2.5)

K= |16+ N

By applying experimental results to Equation 2.6, the average K is found to be 6.79.
However, K is taken to be 5 for conservative estimation, resulting in Equation 2.7, which is more
straightforward and more suitable for beam design than Equation 2.3; however, it provides more

conservative estimates. Therefore, ACI Committee 440 adopted Equation 2.7.

Ve
Kexp = Tabwe (2.6)
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Ve =5yf.'b,c (2.7)

2.2.1.2 Lab Experiments on T-sections:

Tureyen et al. (2006) dedicated further studies to investigate the applicability of Equation
2.7 on flanged sections reinforced with steel. The investigation was carried out on 154 T-beams
from 32 different studies. All the specimens that were selected had to be failed due to shear failure.
Tureyen et al. (2006) compared the shear strength of the previous test results with the results of
Equation By substituting b,, as full flange length, it was found that most of the calculated shear
strengths are significantly more than the test results. Therefore, the author concluded that using
Equation with b,, as full flange width is unsafe. On the other hand, substituting b,, as web width
only provides safe but uneconomical results. Consequently, it was concluded that the proper area
size, which provides conservative and economical results, lies between the area of full flange width
and web width. The author stated that this area could be determined by multiplying the full flange

compression area by a required-computed area ratio (Areq/Acomp) as follows:
Proper area = byc(Areq/Acomp) (2.8)

Where,
Acomp = be

_ Vtest
Areq - 5/F7¢

Substituting Equation 2.8 in Equation 2.7 provides Equation 2.9.

Ve = SbeC(Areq/Acomp) (2.9)

After that, drawing Areq/Acomp vs byb,, and then finding the best-fit curve led to the following

relation.
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Are
y qp: bl/b :m (2.10)
com, f w

In addition, substituting Equation 2.10 in Equation 2.9 provided the final shear strength formula

for T-sections as follows.

Ve = 5\f. (byey/by,/bs) whenc < t (2.11)

Ve = 51 (bst\/b,, /b + by, (c —t) whenc >t (2.12)
Where,

t = flange depth

By comparing the final expression with the available experimental results, the authors
observed that decreasing the span effective ratio (a/l) leads to more conservative shear strength,
and increasing effective depth decreases the Ve.,/Veaie ratios. However, some observations of low
values of Vey/Veaie appear at small effective depths. In addition, Equations 2.11 and 2.12 have
provided conservative results for 150 T-beams out of 154 specimens. The average Vexp/Veaie ratio
equals 1.32, which is similar to the average of the rectangular beams. Besides that, the standard
deviation and the coefficient of variation were calculated to be 0.32, and 0.175, respectively. These
results indicated that the final equations provide a fair level of accuracy and are suitable for both
sections. However, it must be noted that the two equations are examined against 154 T-beams

reinforced with steel only, and FRP members have not yet been tested against them.

Zhang et al. (2022) have published a paper that discusses the shear behavior of T-shaped
concrete beams reinforced with FRP as a stirrup reinforcement. In this paper, the authors have
conducted both an experimental study and a theoretical analysis. The experimental study was
carried out on 18 simply supported concrete T-beams, as shown in Table 2.2, which were divided
into different groups. Three beams were treated as control beams reinforced with ordinary

longitudinal steel but without stirrup reinforcement. The other 15 beam specimens were also
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reinforced with ordinary steel as longitudinal reinforcement but with FRP as stirrup reinforcement.
All beams had the same total length of 2.1 m and 1.8 m clear distance between supports. The beams
had an 80 mm & 400 mm flange depth and width, respectively, and 210 mm and 120 mm web
depth and width, respectively. Besides that, the beams were tested against various variables, such

as:

e Concrete strength.

e Longitudinal reinforcement ratio.

e FRP surface characteristics, type, and diameter.
e FRP stirrups spacing.

e Shear span ratio.

Table 2.2: Zhang et al. (2022) beam details.

Shear
Concrete | Reinf. FRP FRP Surface FRP FRP span
Piece No. strength ratio type | characteristics | diameter spacing ratio
BZS20C20 C20 0.021 - - - - 2.39
BZS18C30 C30 0.017 - - - - 2.39
BZS18C20 C20 0.017 - - - - 2.39
L-
GRD150S20C20U C20 0.021 GFRP Thread 8 150 2.39
L-
G8D150S18C30U C30 0.017 GFRP Thread 8 150 2.39
L-
G8D150S18C20U C20 0.017 GFRP Thread 8 150 2.39
G-
G8D150S20C20U C20 0.021 GFRP Light circle 8 150 2.39
G-
G8D150S18C30U C30 0.017 GFRP Light circle 8 150 2.39
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Shear

Concrete | Reinf. FRP FRP Surface FRP FRP span
Piece No. strength ratio type | characteristics | diameter spacing ratio
G-
G8D150S18C20U C20 0.017 GFRP Light circle 8 150 2.39
L-
C8D150S18C20U C20 0.017 GFRP Thread 8 150 2.39
L-
G8D150S18C20U C20 0.017 GFRP Thread 8 150 2.39
L-G8D150S18C20 C20 0.017 GFRP Thread 8 150 2.39
L-
G6D150S18C20U C20 0.017 GFRP Thread 6 150 2.39
L-
G10D150S18C20U C20 0.017 GFRP Thread 10 150 2.39
L-G8D100S8C20U C20 0.017 GFRP Thread 8 100 2.39
L-
G8D200S18C20U C20 0.017 GFRP Thread 8 200 2.39
L-
G8D150S18C20U C20 0.017 GFRP Thread 8 150 2.79
L-
G8D150S18C20U C20 0.017 GFRP Thread 8 150 1.99

After the load was applied, the failure mode among the beams was a combination of shear
and bending failure. The experimenter discovered that compressive strength negatively affected
the ultimate load of beams with surface-embedded threaded GFRP and plain GFRP stirrups. The
test observation showed that the more compressive strength there is, the lower the ultimate bearing
capacity. Therefore, the author concluded that the higher the concrete grade, the higher the
brittleness. Moreover, it has also been found that the higher the longitudinal reinforcement ratio,
the less the ultimate load; the author has justified this conclusion by two reasons: the first one is

that the web size of the specimens was small, and the second reason is that the distance between
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the longitudinal reinforcement was also small. In addition, the author argued that the embedded
smooth GFRP stirrups resist higher ultimate load compared with the embedded threaded GFRP
stirrups. Furthermore, the effects of GFRP diameter as shear reinforcement have also been studied;
the study was accomplished by comparing the ultimate strength of three beams reinforced with
GFRP stirrups of different diameters, 6 mm, 8 mm, and 10 mm. The results were unexpected
because they showed that the beam with 8 mm diameter GFRP stirrups had the maximum bearing
capacity; the researcher claimed that the reason behind this is that the bond in the groove is reduced
because the diameter of 10 mm stirrups is too large. Furthermore, the author studied the effects of
the spacing of the stirrups; this was done using 8 mm diameter bars for three different stirrups
spacing, 100 mm, 150 mm, and 200 mm. The 150 mm spacing was optimal because it had the
maximum bearing capacity among the three spacings. Finally, the author reported that the shear

span ratio and the ultimate load capacity are inversely proportional.

2.2.2 Studies Based on Finite Element Analysis:

Alam (2010) conducted several FEA using Abaqus software and compared them to his
experimental results. In the beginning, the researcher calibrated and verified the concrete's
behavior in Abaqus; this was achieved by comparing a calculated stress-strain relation of both
tension and compression with the Abaqus response results of a model. The concrete behavior was
obtained based on Figure 2.1 and Equation 2.13, respectively, and Abaqus results were determined

from a concrete cube model with 50x50x50 mm dimensions. As a result, the author found that both

outcomes matched well.

o (S (2.13)

€0
- nk
fre ne—1+ (2)
€0

Where,
fc = concrete compressive stress.

&.= concrete strain.

£, = concrete compressive strain at f”.

ne = curve fitting factor = 0.8+ %
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k = stress decay factor, taken as 1.0 for ¢ < 1 and as a value more than 1.0 if = > 1.

€o €o

f; 2 E1=6&,

=
Ecr & & ¢

Figure 2.1: Concrete tension stiffening (Alam 2010)

Besides that, the mesh size was examined on one beam to find the proper mesh size. Three
sizes were studied: 50x50x50 mm, 70x83x70 mm, and 100x125x87; the 3 mesh sizes were
categorized as fine, medium, and coarse mesh. The medium mesh outcomes were found to be the
closest to the experimental results regarding load-deflection behavior, but the fine mesh was found
to be better in stress distribution. Based on Baznat and Oh's (1983) recommendation, the mesh size
should not be less than three times the maximum aggregate size. Therefore, the author decided to
use fine mesh rather than medium mesh since it is the nearest option to Baznat and Oh's (1983)
recommendation. For the dilation angle, the researcher examined three values, 20, 30, and 40
degrees, using fine mesh; the load-deflection results did not show any significant differences
between the results of the three angles, and the maximum difference between maximum load did
not exceed 10%. Therefore, the 30-degree dilation angle was selected. After the successful
verification of the FE software, several comparisons between the author's FE models and the
experimental results were conducted to investigate the behavior of the simply supported beams
with different parameters. The parameters investigated were reinforcement type, the span-to-
effective depth ratio (a/d), beam depth, reinforcement ratio, and concrete strength. The models
were loaded with 4-point displacement-controlled loading. Normal steel, GFRP, and CFRP were
examined for comparison based on reinforcement type. GFRP and CFRP reinforcement had three
span-to-effective depth ratios of 2, 2.7, and 3.57, while the normal steel was studied using one
span-to-effective depth ratio equal to 2.5. The characteristics of load-deflection behavior obtained

from the models of the three types had a fair match with the experimental results. Besides that,
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FEA predicted the ultimate load and deflection of the GFRP beams fairly, but for CFRP reinforced
beams with span-to-effective depth ratios of 1.5 and 2.5, the software overestimated the load and
the deflection, while for the normal steel, they were underestimated. The author justified the
variation for two reasons: the first reason is due to the higher axial stiffness of the CFRP, and the

second reason is that the same tension stiffening was used for both reinforcements.

Additionally, for the comparison based on depth, the author found that both methods
provide similar maximum deflection. Yet, the model prediction for the failure load of a beam
reinforced with GFRP and with a depth of 800 mm was less than the experimental results by 13%,
and for all the other beams, the model prediction was higher by 12%. On the other hand, for beams
with CFRP, the model prediction for the failure load was higher than the experiment loads by 40
and 80%, which is significantly higher than the results obtained for GFRP. The author attributed
the significant overestimation to the high stiffness of CFRP compared with GFRP. Furthermore,
the comparison between the two methods for different reinforcement ratios was performed on
GFRP-reinforced beams only, and it was found that the model underestimated the ultimate load
and deflection of beams with a reinforcement ratio lower than the balanced ratio and overestimated
the beams with a reinforcement ratio higher than the balanced value, while the beam with balanced
reinforcement ratio had the closest value to the experiment results. Finally, for the comparison
based on the concrete strength, the model slightly underestimated the load and the deflection of

the beams reinforced with GFRP and with the high-strength concrete.

Salh (2014) used concrete damage plasticity with crack band theory to model a beam
reinforced with normal steel and basalt fiber reinforced polymer (BFRP) by Abaqus software. The
aim of the model was to compare Abaqus's results with the author’s experimental results. The beam
dimensions were 150x200x2000 mm, and the clear distance between supports was equal to 1800
mm. In addition, four loading points were applied to the beam, and the location of the load was
the same as the location applied in the experiment. The beam was modeled in 2D and 3D; for the
2D model, half of the beam was modeled, while for the 3D model, only a quarter of the beam was
modeled; this was done to the symmetry and to reduce the running time of the software.
Furthermore, the concrete was defined in the software based on concrete damage plasticity,
concrete tension stiffening, concrete compression hardening, and concrete tension and

compression damage. However, since there were no loading and unloading cycles in this study,
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the concrete tension and compression damage were optional parameters. The Poisson’s ratio used
to be 0.22 for concrete, while the author obtained the stress-strain relation based on the Saenz

(1964) equation as follows:

fo= RN B (2.14)
1+[<EC p/f’c>_2](€/£0)+(€/£o)2

Where,

f. = compressive stress

& = compressive strain

f'. = maximum compressive stress

&, = strain corresponding to maximum compressive stress

E. = modulus of elasticity of concrete

Ec was taken according to ACI310 equal to 47304/ f¢', while f’, was obtained from cylinder test
and g, was set to be equal to 0.002. On the other hand, the uniaxial tensional softening behavior

was derived following the fracture energy approach based on the Hordijk (1991) curve as follows:

3 —c, Yt
I _ [1 + (Cl ﬂ) ] e( Czwctr) — WW_;(l + et (2.15)

fre Wer

Where,

. . . G
w,, = cracking width after a total release of stress, and it is equal to 5.14 Tf
t

w; = cracking width.
oy = concrete tensile stress
f'+ = concrete tensile strength

Gy = the fracture energy required to create a stress-free crack over a unit area
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, e 0.7
Gy = (0.0469d — 0.5d, +26) ( 75

d,= maximum aggregate size

Moreover, the embedded method was followed for modeling the reinforcement, and the author
assumed a perfect bond between reinforcement and concrete. The ultimate stress and strain of the
BFRP were used equal to 1350 MPa 0.031, respectively. To find optimum Abaqus results, 10, 20,

and 40 mm mesh sizes were used for the reinforcement.

As a result, for the 2D model reinforced with steel as longitudinal reinforcement, a fair agreement
was achieved between the model and the experimental results in load-deflection behavior,
prediction of the first crack, and ultimate load. On the contrary, the author found that the load-
deflection behavior of the 3D model reinforced with steel as longitudinal reinforcement, varied
from the experimental behavior. Besides that, FEA underestimated the beam stiffness.
Nevertheless, the ultimate load and its corresponding deflection of both methods were close
(Figure 2.2). On the other hand, the author found that both models failed to converge after the

elastic stage when BFRP was used as longitudinal reinforcement, as shown in Figure 2.3.

~—e— Experiment
e -10mm
-20mm

—e—-40mm

o} 5 10 15 20 25 30
Dispalcement (mm)

Figure 2.2: Load-deflection behavior of 3D model reinforced with steel
(Salh 2014)
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Figure 2.3: Load-deflection behavior of 2D model reinforced with
BFRP (Salh 2014)

Suzan et al. (2017) have modeled 29 concrete beams using the nonlinear finite element
software Ansys. The results of three modeled beams were compared with the available
experimental tests to verify the software outcomes. Two types of beams were tested. The first type
was a simply supported rectangular beam with a span length of 1750 mm, depth of 200 mm, and
width of 120 mm. The beams were divided into four groups based on top and bottom
reinforcement. On the other hand, the second type was a 6 m continuous rectangular beam with a
2.8 m span, 300 mm depth, and 200 mm width. The continuous beams were also divided into four
groups with the same reinforcement arrangement as the simple beam. However, GFRP
reinforcement is used for the continuous beam instead of CFRP. Based on the finite element results,
the authors concluded that due to the low value of the elastic modulus of GRFP, a higher percentage
of GFRP reinforcement in hybrid beams reduces the stiffness of the beam. CFRP hybrid beams
also encountered the same relation with stiffness but with a slighter effect. The researcher also
found that using pure steel as top reinforcement with hybrid GFRP and steel as tension
reinforcement has improved the ultimate load capacity by 5 to 16 percent, depending on the
GFRP/steel ratio. Besides that, before the concrete crashed, all steel reinforcements yielded;

however, the GFRP and CFRP reinforcements reached a low value of their ultimate stress and did
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not yield. In addition, GFRP and CFRP bars did not experience any rupture because of their high
value of strain, which caused the beams with only FRP as top and bottom reinforcement to fail due
to concrete crushing, which is undesirable. Therefore, the authors recommended using FRP in

combination with steel as bottom reinforcement only.

2.3 Codes Provision for Beams Reinforced with FRP:

2.3.1 The American Concrete Institute (ACI 440.1R-15):

FRP-reinforced members exhibit two types of flexural failure: FRP ruptures and concrete
crushing, also known as tension and compression-controlled behaviors. Tension-controlled
behavior is when the FRP ruptures before the concrete crashes, while compression-controlled

behavior is the opposite, concrete crushing before the FRP ruptures.

ACI Committee 440 states that although FRP rapture failure occurs suddenly, the high
elongation FRP experience before failure generates limited warnings that can be visualized in the
shape of large cracks and deflection. However, due to the lower ductility of FRP compared with
regular steel, these warnings will always be more inadequate than the warnings steel provides.
Consequently, the code reports that using safety factors higher than the values used with regular
steel is necessary to compensate for FRP members' low ductility, and to allow the design to be

used for both compression- and tension-controlled failures.

Similar to the normal steel reinforcement, the nominal moment capacity of FRP-reinforced
members is calculated based on strain compatibility and internal force equilibrium. However, FRP-
reinforced members' flexural strength varies based on the controlled behavior (concrete crushing
or FRP rupture). The controlling behavior could be predicted based on reinforcement and balanced
reinforcement ratios. The balanced reinforcement ratio is the ratio when both failures (FRP
ruptures and concrete crashes) happen at the same time. Figure 2.4 shows the stress and strain

distribution for the balanced reinforcement section.
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Figure 2.4: Stress and strain distribution for the balanced reinforcement
section (ACI 440.1R-15)

In addition, the reinforcement and balanced reinforcement ratios could be calculated

using Equations 2.16 and 2.17, respectively.

pr =L (2.16)
Where,

py: FRP reinforcement ratio
Apg: area of FRP
b: beam width
d: effective depth

_ fre  Efecu (2.17)

Pp 085ﬁ] ffu Ef 8cu"'ffu

Where,
pp: Balanced FRP ratio
Bi: Concrete factor as follows:
if fe'<=28 MPa  f;=0.85

fc'-28
7

if 28<fc <56 p1=0,85-0.05
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if fc’>56 S1=0.65
fc’: Concrete compressive strength
Ef = FRP modulus of elasticity
€. concrete ultimate strain
fru: Design tensile strength of FRP

Moreover, if the reinforcement ratio is higher than the balanced ratio, the tensile stress due
to the applied load will not reach the ultimate stress of the bars, and the flexural failure will be due
to concrete crushing, and the stress and strain distribution will be as Figure 2.5 demonstrates.

Besides that, the nominal moment capacity will be found using Equation 2.18.

g— 0851 ba
d NA. 4 } .
Al'
. . Z [ — ———] f‘ _’ At f,

&

C

Figure 2.5: Stress and strain distribution for the over-reinforced section
(ACI 440.1R-15)

— _ Bic 2.18
My = Asfr(d —=5) (2.18)
Where,
. _Arfy
0.85 fc'b
Bid-a’ (Efecu)? | 0.85B1 fcr
fr=Ef ey 1w“ =(\/ f4 + pfl = Efeqy — 0.5E £0) < fru

On the other hand, if the reinforcement ratio is lower than the balanced ratio, the tensile
strength will be reduced and the maximum stress due to the applied load will reach the ultimate

tensile strength. Therefore, the controlling limit state will be the FRP rupture, and the stress and
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strain distribution will be as Figure 2.6 shows and the nominal moment capacity will be computed

using Equation 2.19.

E
{ I—-

—— 085f:ba

® o = f, —> Acfi

Efy

ki

Figure 2.6: Stress and strain distribution for the under-reinforced section
(concrete stress may be nonlinear) (ACI 440.1R-15)

Where,

c=(—=)d
EcuTEfu

It is worth to mention that ACI 440 recommends that the above equations must be applied

with consideration the following assumptions:

a) The plan section remains plain after loading.

b) Maximum compressive strain equal to 0.003.

c) The tensile strength of concrete is not taken into account.

d) The stress-strain relation is linearly elastic until the ultimate strength.

e) No bond failure between the concrete and FRP reinforcement.

Furthermore, the ACI 440 standard recommends using the following expression to determine the

shear capacity of beams reinforced with FRP.

V, =2 £, by (kyd) (2.20)

s
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Where,

ky =2pns + (prnp)? — (pny)

_ Er

nf—EC

Finally, it should be noted that experimental results have not yet confirmed the applicability of

the above equations on T-beams reinforced with FRP.

2.3.2 Japan Society of Civil Engineers (JSCE 1997):

Japan Society of Civil Engineers (JSCE) has developed an equation to estimate the shear
capacity (V) as expressed in Equation 2.21. The equation is based on the steel reinforcement
model, taking into consideration the axial rigidity represented by the modulus ratio. In addition,
the JSCE model considers the axial force of pre-stressed members, concrete compressive strength,
effective depth, reinforcement ratio, and beam width. However, the span-to-effective depth ratio
is ignored. Besides that, it can be noted that the formula considers the contribution of the
longitudinal reinforcement and modulus ratios to a certain amount, and, in case of the absence of

the longitudinal reinforcement, the model eliminates the shear strength (V¢).

Ve = lgdlgpﬁnfvcd bw % (2.21)

Where,

foca=0.2 3\/ f’cd < 0.72 N/mm?

ﬁd=“/1‘;ﬂs 1.5

_ 3 Ef
B, = /100pwE—5S1.5
B = 1+Z—Zsz itN'; >0
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Bn=1+2220 ifN'y <o
d

f'ca = design compressive strength of concrete.

Ef = Young modulus of longitudinal reinforcement

E; (200000 MPa)

N’ ;= design axial compressive force

M= design bending moment

M,= decompression moment

¥p= strength reduction factor (code recommendation y,=1.3)
by = minimum web width

2.3.3 ISIS Design Manual (ISIS 2007):

The ISIS Design Manual (ISIS 2007), recommends Equation 2.22 for the estimation of
the shear resistance of beams reinforced with FRP as longitudinal reinforcement without shear

reinforcement.

2.22
V.= 0.20./f. b, d \/‘Zz (222)

Where,
A= factor related to concrete density
@ .= resistance factor related to concrete
b,,= minimum effective web width within depth d
d = effective depth of the cross-section
E¢ = modulus of elasticity of longitudinal FRP reinforcement

E.= modulus of elasticity of steel (200x10°> MPa)
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It can be noted that the ISIS Design Manual equation does not take into account either the
effect of the span-to-effective depth ratio or the effect of the reinforcement ratio. Nevertheless, the
standard states that in case of sections with an effective depth of more than 300 mm and the

minimum transverse reinforcement is not provided, the concrete resistance Ve should be calculated

as follows:
[ 260 . Ef (2.23)
VC_(1ooo+d) ADN/f bwd\/E—s
Where,
B 1
Es —

2.3.4 Canadian Guideline (CSA S806-12):

For section with effective depth less than 300 mm and without axial force, the Canadian
Standard association standard (CSA S806-12) has presented an equation for shear strength as

follows:

Ve =0.510 el f.* boyd, (2.24)

Cc

Where
@. = resistance factor for concrete.

A = factor to consider the concrete density.

b = V1d<1
m — Ml_

1
kr =1+ (Eprw) /3
f'. = compressive strength of concrete, not taken more than 60 MPa

b, = minimum web width

d,” effective depth, taken as maximum of 0.9d or 0.72
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The code recommends that minimum shear strength V¢ should not exceed 0.22@. /' .b,,d, Nor

it should be lower than 0.11@, /f’.b,, d,. besides that, similar to the Italian code, the Canadian
standard takes the effect of span-to-effective depth ratio into consideration by multiplying V¢ of

sections with a<2.5d by ka which is equal to:

_ 25
a =™
Yva

k , ka must not be less than 1 and greater than 2.5

On the other hand, for such cases where the effective depth d is greater than 300 mm, V¢

<1

must be multiplied by ka which is equal to 7::0

450+d

2.3.5 Codes summary:

Table 2.3 shows a comparison between the parameters of the discussed standards:

Table 2.3: Shear strength parameters vs. standards

Code/parameter ACI 440.1R-15 | JSCE 1997 | ISIS 2007 | CSA S806-12
Beam width v v v v
Effective depth (d) v v v v
Span-to-effective-depth-ratio X X X v
(a/d)

Concrete compressive v v v v
strength

Reinforcement ratio (p) v v X v
Tensile reinforcement X X v X
strength

Axial force X v X X
Flange width X X X X
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Chapter Three

Experimental Methodology

3.1 Introduction:

As mentioned in the literature, Tureyen & Frosch (2003) developed an equation that
predicts fairly the shear strength of rectangular beams reinforced with FRP and steel. After that,
the equation was modified to be suitable for T-beams (Tureyen et al. 2006), however, their
examination of the equation against T-beams did not include specimens reinforced with FRP.
Therefore, one of the objectives of this study is to measure the shear strength of T-beams reinforced
with GFRP as tension reinforcement without stirrups and to compare the results with various code
equations and proposed design models. In addition, the study aims to explore the crack pattern and
the deflection of the T-beams reinforced with GFRP. This is carried out by performing an
experimental study verified by finite element analysis using Abaqus software. The quantitative
results of both methods were obtained by controlling three independent variables: concrete
strength, reinforcement ratio, and span-to-depth ratio. This chapter presents the beam design
methods, sampling criteria, and preparation steps, as well as the material, machinery, and tools

used to perform the lab test.

3.2 Section and Independent Variables Determination:

In this study, all the specimens were structurally analyzed as simply supported beams. The
T-beams' design started with the size estimation and was based on factors such as hydraulic
machine capacity and ACI code recommendations. The capacity of the hydraulic machine
available in the University of Bahrain labs is 200 kN. Still, to perform the test with certainty that
the hydraulic machine will be able to break the specimens, 150 kN is considered as the ultimate
applied load, so the maximum applied shear force (Vu) that would be applied is 75 kN. The
specimen’s length was selected to be 1 m at the beginning. However, the 1 m length beam narrows
the ranges of a/d and causes the arch actions, so the next integer was appointed as beam length,
which is 2 m. In addition, the beam's cross-sectional dimensions were set to be constant, as Figure
3.1 shows. It can be noticed that the beam depth was selected to be 300 mm, which is more than

the minimum depth recommended by ACI 318. Moreover, the code does not recommend the flange
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width ‘b7 to exceed L/4. Therefore, the byis assumed to be 300 mm. Besides that, the flange depth
‘hy ¢ was taken equal to 75 mm, representing 25% of the total depth. Finally, the number of bars is

selected to be 2 to maintain proper bar spacing and concrete cover.

t—— 300 MM ———

75mm

O
LZZS mm —=—

— = 150mm t——

Figure 3.1: Typical specimen section.

The beam section in Figure 3.1 was set as the control section, and then six beams were
integrated based on the three independent variables. The first variable is the compressive strength
of concrete. Even though this study follows the ACI code, the compressive strength is calculated
in terms of fcu first, then 80% of the values were considered as fc’ as the ACI-318 code states,
because the concrete strengths were planned to be obtained by a cube test rather than a cylinder
test. Besides that, it was initially mapped out to use 35, 40, and 50 MPa as fc’. However, the 28-
day cube test showed that concrete design mixes provided higher compressive strength than

expected, as shown in Table 3.1.

Table 3.1: Expected vs. actual compressive strengths

Expected compressive strength, fcu (MPa) Average actual compressive strength after
feu fc’=0.8fcu 28 days, fcu (MPa)
fcu fc’=0.8fcu
44 35 533 42.6
50 40 63.4 50.7
62.5 50 76.1 60.9
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In addition, the second variable is the reinforcement ratio. All the specimens were
reinforced with a single layer of two tensile GFRP bars, and reinforcement ratio manipulation was
done by controlling the diameter size. Three bar diameters were used: 13, 16, and 19 mm. These
bars were selected based on the available sizes that the supplier (Industrial Control Solutions)
provides and comply with the hydraulic machine capacity. The selected bar sizes provided
reinforcement ratios of 0.007, 0.011, and 0.015, which are 1.4, 2.5, and 2.8 times the balanced

reinforcement ratio based on the ACI-440 standard

The third variable is the span-to-depth ratio (a/d). This ratio represents the distance between
the support and the applied point load (a) divided by the effective depth of the beam (d). The a/d
ratios are selected to be 2, 2.7, and 3.57. These values were chosen to maintain the load within the
shear span distance, to avoid arch action, and to comply with the specimen criteria of Tureyen &

Frosch (2003) (a/d>2.7).

3.3 T-beams Sampling:

Based on the number of independent variables, the T-beams were divided into three groups,
each investigated against one independent variable only, as the following tables demonstrate. It
should be noted that beams with a span-to-depth ratio (a/d) of 2 and 2.7 were tested under four-
point loading conditions, whereas the beam with an a/d ratio of 3.57 was tested under three-point

loading.

Table 3.2: Group one (a/d)

Independent Beam Beam Name a/d fc’ (MPa) Bar size (mm)/
variable No. p (%)
1 GT-2-50-16 2 50.9 16/1.1
a/d 2 GT-2.7-50-16 2.7 50.6 16/1.1
3 GT-3.5-50-16 | 3.57 51.7 16/1.1

Table 3.3: Group two (fc')

Independent Beam Beam Name a/d fc’ (MPa) Bar size (mm)/
variable No. p (%)
3 GT-3.5-50-16 | 3.57 51.7 16/1.1
fc’ 4 GT-3.5-60-16 | 3.57 60.9 16/1.1
5 GT-3.5-40-16 | 3.57 42.6 16/1.1
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Table 3.4: Group three ()

Independent Beam Beam Name a/d fc’ (MPa) Bar size (mm)/
variable No. p (%)
3 GT-3.5-50-16 | 3.57 51.7 16/1.1
p 6 GT-3.5-50-19 | 3.59 50.3 19/1.5
7 GT-3.5-50-13 | 3.55 50.1 13/0.7

Since each independent variable had three different values, three specimens were included
in each group. Therefore, the number of specimens required for the experiment was seven beams.
From the tables above, it can be noticed that beam number three contributes to all the groups, so it

1s treated as a control beam.

3.4 T-beams Naming:

Based on the number of independent variables, the T-beams were divided into three groups,
each investigated against one independent variable only, as the following tables demonstrate. It
should be noted that beams with a span-to-depth ratio (a/d) of 2 and 2.7 were tested under four-
point loading conditions, whereas the beam with an a/d ratio of 3.57 was tested under three-point

loading.

Table 3.2, 3.3, and 3.4 show the beam's names. The naming was set to state the
reinforcement type, beam section, span-to-effective-depth ratio, compressive strength, and bar

size, as the following example:

B1 is named GT-2-50-16.
Where,
G = Glass Fiber Reinforced Polymer
T =T-beam
2 = span-to-effective-depth-ratio (a/d)
50 = the targeted compressive strength in MPa (fc )
16 = GFRP bar size in mm
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3.5 Flexural Vs. Shear Capacity:

This study aims to investigate the shear strength of GFRP-reinforced T-beams, and to
ensure the occurrence of shear failure before flexural failure, the specimens' shear and flexural
capacity were determined based on the ACI 440 standard, as discussed in the literature review.
Appendix A demonstrates the calculation of the flexural and shear capacity for specimen GT-2-50-
16, while the calculation of the remaining beams was done using an Excel spreadsheet. As a result,
all the beams have been found to have flexural strength higher than shear strength, as shown in

Table 3.5.

Table 3.5: Flexural vs. shear ultimate strength based on ACI-440

Beam ID Ultimate load based on Ultimate load based on shear
flexural strength (kN) strength (kN)
GT-2-50-16 225.91 33.80
GT-2.7-50-16 166.97 33.73
GT-3.5-50-16 127.03 33.93
GT-3.5-60-16 136.05 35.46
GT-3.5-40-16 119.31 32.19
GT-3.5-50-19 157.15 43.12
GT-3.5-50-13 107.68 28.28

3.6 Materials:

3.6.1 Concrete:

The concrete consisted of ordinary Portland cement, marine sand, 10 and 20 mm aggregate
from Ras Al Khaimah, water, and admixture. The concrete design mix for each targeted
compressive strength can be found in Table 3.6. Additionally, the mix was prepared in the eastern
precast factory using a slump test of 125-220mm, and the beams were concretized daily. Therefore,
six standard cube tests 150x150mm were prepared for each beam, divided into three pairs. Each
pair was tested after 28 days, and the concrete compressive strengths are presented in Tables 3.2,

33,and 3.4
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Table 3.6: Concrete Design mix

Targeted strength 40 50 60
(MPa)

OPC (kg/m>) 310 360 410
Marine sand (kg/m?) 630 630 690
10 mm RAK (kg/m?) 460 460 420
20 mm RAK (kg/m?) 820 820 840

Water (kg/m?) 148 136 131

XPC 39 (L/m?) 3 24 -

RF 763 (L/m%) - - 3
3.6.2 GFRP:

The high-tensile GFRP bars with sand coating (Figure 3.2) were imported from Industrial
Control Solution Company in the Kingdom of Saudi Arabia. All the bars were straight with no
bends at the ends, and their length was set to be the length of the beam minus 50 mm for concrete
cover, resulting in 1.9 meters of bar. For each beam, two identical bars of 13 mm, 16 mm, and 19
mm in size were used as longitudinal tensile reinforcement, without any shear reinforcement.

Based on the manufacturer's laboratory tests, Table 3.7 demonstrates the mechanical properties of

each bar size.

Figure 3.2: Sand coated GFRP
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Table 3.7: Mechanical properties of GFRP bars

Bar size 13 mm 16 mm 19 mm
Nominal Dia. (mm) 12.7 15.9 19.1
Nominal CSA (mm?) 129 199 284
Ultimate tensile load 117 193 294
(kN)
Ultimate tensile stress 886 960 1038
(MPa)
Ultimate tensile strain 1.95 2.2 1.91
(%)
Modulus of elasticity 45 44 54
(GPa)
Transverse shear 131 131 131
strength (MPa)
Unit weight (kg/m) 0.25 0.41 0.6

3.7 Instruments:

The load was applied using a hydraulic machine of 200 kN capacity. The bending test
machine is designed to provide monotonic loads through two pressing points, but in this
experiment, only one pressing point was used, and for beams with four-point loading, a steel
spreader beam was used. The loads were measured by taking the readings from its built-up
manometer by the lab specialists. A grease was applied continuously to the machine rail to ease
the proper placement of the beam. A 50 mm dial gauge was used to measure the beam deflection
with an accuracy of 0.01 mm. The dial gauge was placed at the mid-top of the beam for all the
beams to avoid any damage after beam failure. In addition, the dial gauge readings were recorded

by video camera throughout the loading process.

3.8 Beams Construction:

The beams were constructed in the Eastern precast factory, which adheres to the highest
construction standards. The process began with building the T-shaped formwork using wooden
sheets, as shown in Figure 3.3. The length of the formwork was two meters, and the dimensions
of the sections are shown in Figure 3.1. A coating of oil was applied to the internal surface of the
formwork to prevent water absorption and facilitate the removal of the formwork after the

hardening of the concrete. Additionally, two millimeters of silicon were applied along the edges to
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create a slight chamfer. Following the preparation of the wooden formwork and inspection of its
dimensions, the GFRP bars were connected to a 40 mm plastic cover. Then, they were
longitudinally laid out at the bottom of the beam. Besides that, a lifting thread with a diameter of
12 mm was placed 400 mm away from each edge, and no shear reinforcements were included
(Figure 3.4). Meanwhile, the concrete was mixed using an automatic concrete mixer shown in
Figure 3.5. The concrete was mixed according to the mix design shown in Table 3.6. Afterward,
the planned beam of the day was cast in layers and with the proper use of vibrators (Figure 3.6).
Furthermore, since each beam was cast on a different day, six cube tests were prepared for each
beam to be tested after three, seven, and 28 days, and the average results are presented in Table
3.1. In addition, each beam was covered with hessian fabric and cured for seven days, as shown in
Figure 3.7. After the curing was completed and the seven-day cube test results were found
satisfactory, the beams were transported to the University of Bahrain campus, taking into
consideration the highest levels of care and safety (Figure 3.8); therefore, no cracks occurred
during the beam's transportation. Finally, the beams were painted white for crack marking, and a

two-ton hand crane was used for beam mobilization, as seen in Figure 3.9.

Figure 3.3: T-beam formwork
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(b)

Figure 3.4: Lifting thread: (a) positioning process, (b) cross-section view
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Figure 3.6: Beams Concreting process: (a) concrete batching, (b) concrete pouring using a bucket, (c)
surface leveling and vibration, (d) completed beam after casting
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Figure 3.7: Beams curing

Figure 3.8: Beams Transportaition

=

Figure 3.9: Two-ton hand crane
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3.9 Test Set Up:

The test was held in the University of Bahrain structural lab. The simply supported beams
were loaded by a 200 kN hydraulic machine. Two loading methods were followed in this
experiment based on the span-to-to-depth ratio (a/d); four-point loading was applied for specimens
with a span-to-to-depth ratio (a/d) of 2 and 2.7, while three-point loading was applied for
specimens with span-to-to-depth ratio (a/d) approximately equal to 3.5. The point loads used for
the four-point loading were cylindrical steel bars welded to steel plate to prevent any movements
as shown in Figure 3.10. In addition, a U shape beam is used as a spreader beam to divide the loads
into two points for beams with a/d of 2.7, while a rectangular steel section was used for a/d of 2,
and for beams with a/d of 3.5, the point load was applied to the beam trough a rectangular steel
plate (Figure 3.11-3.16). Besides that, both ends of the beams were roller supports positioned 100
mm from the beam edge, so the effective beam length is considered 1800 mm. During the loading,
the cracks were monitored and marked on the painted side of the beam every 5 kN increment. At
the same time, the deflection was measured using a dial gauge placed at the top of the beam. The
readings were taken based on the same loading increment. Video cameras were used to record the
dial gauge readings and the cracks appearing during the test, however, a technical error occurred
with the dial gauge camera during the testing of beam GT-3.5-60-16, resulting in a loss of the
deflection readings of that beam. Nevertheless, the deflection at the ultimate load was measured.

On the other hand, no strains were measured in this experiment.

Figure 3.10: Cylindrical steel bars welded to steel
plates
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Figure 3.11: Test set up of specimen with a/d of 2 (Lab photograph)
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Figure 3.12: Test set up of specimen with a/d of 2
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Figure 3.13: Test set up of specimen with a/d of 2.7

Figure 3.14: Test set up of specimen with a/d of 2.7 (Lab photograph)

42



Dial guage Load (P)
oy

a
1100 mm 1800 mm 100 mm

Figure 3.16: Test set up of specimen with a/d of 3.5 (Lab photograph)
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Chapter Four

Experimental Results and Discussion
4.1 Introduction:

This chapter discusses the results of the tests conducted on the seven simply supported T-
beams reinforced with GFRP without shear reinforcement. The seven beams were divided into
three groups according to three variables: longitudinal reinforcement ratio, compressive strength
of concrete, and shear span-to-effective depth ratio. Meanwhile, the beam's cross-sectional
dimensions, length, and reinforcement type remained constant. The aim of the experiment is to
investigate the shear strength of GFRP-reinforced T-beams and to compare it with the available
design guides and models. In addition, this chapter discusses the effect of the three parameters on

the mode of failure, crack pattern, and load-deflection behavior.

4.2 Cracking Behaviour:

Recording the crack patterns was carried out by marking the cracks every 5 kN load
increment on the painted side of the beam; this method helped develop Figures 4.1, 4.3, and 4.4.
The figures show cracks as they appeared in the actual test, and the bold line presents the path of
the failure crack. In addition, the figure presents the crack's length, location, direction, slope,

spacing, and the load causing each crack.

It is generally observed that the first crack has formed at the maximum flexural moment
zone in all beams. As the load increased, more flexural cracks appeared at the mid-span, while
diagonal cracks began to appear at the shear span area, due to shear stresses. With further loading,
both flexural and diagonal cracks continued to propagate. It was noticed that some flexural cracks
merged with the diagonal cracks and then followed the same path so as to approach the loading
point. Among all the beams, the longest flexural crack has reached the flange except for GT-2.7-
50-16, in which stopped at the bottom of the flange. In most specimens, the flexural cracks reached
the flange at around 45-50% of the failure load. On the other hand, the diagonal cracks, which also
known as shear cracks, have reached the flange, reflecting shear failure mode for all the beams.

During the failure stage, in some beams, such as GT-2.7-50-16 and GT-3.5-60-16, the cracks that
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caused the shear failure developed rapidly and appeared just seconds before they failed. In some
beams, however, the failure resulted from cracks formed during the initial loading. Additionally,
some particular beams, like GT-2.7-50-16 and GT-3.5-50-16, suffered sudden and rapid failures,
as illustrated in Appendix B. Therefore, loading the remaining beams was applied cautiously to
avoid catastrophic accidents. Generally, the failure cracks between the loading point and the
support have approximately a 45-degree angle at the neutral axis. However, at some beam samples,
the angle of the diagonal shear cracks varied from 45°, which could be due to the bond between
the concrete and the aggregate being less than the aggregate strength. Moreover, as the cracks
progressed toward failure, it was observed that the failure cracks extended in two directions
simultaneously. In one direction, it extended horizontally back towards the support at the bottom
of the beam in the form of shear splitting cracks. At the same time, it propagated towards the flange
at the top of the beam, and once the flange is crossed, the direction is changed towards the loading

point.

4.2.1 First Cracking Load:

It is well known that cracks occur once the tensile stress due to the applied loads exceeds
the tensile strength of concrete. In this study, the cracking moment is predicted according to the

transformed section method of the uncracked concrete stage using the following equation:

(4.1
frina
Mcrp = r3—,
Where,
fr =0.6yf.
— XA
y= A
byh3,

Ioa = L2 4 byhyd? +
NA it

e + byh,d3 + (n — 1)A.d3?

12

d1,d?2 and d3 are the distance between y and area’s center.

The experimental cracking moment was found on the basis of the observed cracking load,
taking into account the self-load of the beam with the concrete density of 23.6 kN/m>. It was

observed that the first cracks were all vertical cracks, indicating that even without the shear
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reinforcement, they were all caused by flexural moments rather than shear stresses. In beams with
a/d of 3.5 and 2.7, the first crack developed at the center of the beam. However, with decreasing
a/d to 2.5, the first crack of beam GT-2-50-16 was located below the loading point, which is at a

distance from the specimen's center.

Table 4.1: Experimental and predicted first cracking loads

Beam ID Per-eq (KN) Per-exp (KN) | Mereq (KN.m) | Merex (kN.m)
GT-2-50-16 43.2 45 11.42 11.88
GT-2.7-50-16 31.88 30 11.38 10.74
GT-3.5-50-16 24.4 25 11.5 11.79
GT-3.5-40-16 22.05 24 10.46 11.34
GT-3.5-60-16 26.47 27 12.45 12.69
GT-3.5-50-13 23.9 25 11.3 11.79
GT-3.5-50-19 24.27 25 11.46 11.79

Table 4.1 shows that the experimental cracking results are consistent with the predicted
cracking loads and moments. An increase in the span-to-effective-depth ratio (a/d ) has reduced
the applied load, but the cracking moment has remained unchanged. Additionally, increasing the
compressive strength from 40 to 50 MPa (25%) increased the cracking moment by 4 %, while an
increment from 50 to 60 MPa (20%) caused an increase in the cracking moment by 7.6%. On the
other hand, increasing the reinforcement ratio had no significant effect on the cracking moment,
indicating that the first cracking moment is mainly influenced by the tensile stress in the concrete

rather than the amount of longitudinal reinforcement.

4.2.2 Crack Patterns:

Figure 4.1 illustrates the crack pattern of group one, which has a different span-to-effective
depth ratio. As mentioned earlier, the bold line represents the path of the failure crack, the inclined
dashed line indicates the average slope of the failure crack, and the horizontal dash-dotted line
presents the neutral axis. The figure shows that when the span-to-effective depth ratio (a/d) is
increased, the number of cracks is slightly decreased. Since most of the cracks propagate toward

the loading points, moving the loading points closer together reduced the cracks spacing.
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Furthermore, it can be observed that the beam with the lowest a/d ratio had the maximum number

of flexural cracks since it has the longest constant moment zone at the mid-span.
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Figure 4.1: Crack patterns for beams with different shear span-to-depth ratios (a/d)

In theory, all shear cracks occur vertically at the bottom of the beam. This is because, at
the bottom, the flexural stresses are most significant while the shear stresses are minimal. However,

with the propagation of shear cracks towards the neutral axis, the shear stress increases, as shown
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in Figure 4.2, causing the cracks to incline. Despite this, it appears that the failure cracks at the
beam bottom are ending horizontally rather than vertically, a phenomenon that can be attributed to
the fact that some parts in the concrete section are unable to resist the shear stresses, causing the
shear to be transfered to the longitudinal reinforcement. When the beam is subjected to vertical
loading, the support reaction force creates stress trajectories that redirect inclined shear cracks to
propagate horizontally toward the support. This phenomenon is known as shear splitting. The shear
splitting crack is a horizontal crack near the support, caused by high shear forces and diagonal
compression struts that generate transverse tensile stresses. When these stresses exceed the
concrete’s tensile capacity, the beam splits along the reinforcement level. This crack indicates a
shear-dominated failure, not flexure, and typically forms in the anchorage or support zone

(Suchorzewski et al. 2017).

Furthermore, it is noticeable that with increasing a/d, the angle of the failure crack
decreases along with its siblings. Moreover, the failure cracks of beams GT-2.7-50-16 and GT-3.5-
50-16 have approximately similar shape, which agrees with Tureyen & Frosch's (2003) test results,
except in beam GT-2-50-16, which did not exhibit a shear splitting crack due to arch actions.
Additionally, although the load location in beams GT-2-50-16 and GT-2.7-50-16 is different, the
crack failure of both beams intersects with the GFRP approximately at the same point.

Nevertheless, further investigations are required to confirm this point.

Figure 4.2: Shear stress distribution for T-beam sections
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The effect of compressive strength on the crack pattern is presented in Figure 4.3. As can
be seen, the compressive strength increased up to 50%, but the crack spacing and the number of
cracks did not vary significantly. Both beams, GT-3.5-40-16 and GT-3.5-50-16, exhibited
horizontal failure cracks. However, the horizontal crack of GT-3.5-40-16 did not extend further
because the loading was stopped to prevent the sudden rapid failure that occurred in beams GT-
2.7-50-16 and GT-3.5-50-16. In contrast, the beam with 60 MPa compressive strength showed no
indication of a horizontal crack propagating toward the support. Additionally, the angle of the
failure crack did not change significantly, causing the shear failure cracks of the three beams to

interfere with the GFRP reinforcement nearly at the same distance from the loading point.

GT-3.5-40-16 V_M?';z-\S* 1

GT-3.5-50-16

GT-3.5-60-16

*all values are in kN

Figure 4.3: Crack patterns for beams with different concrete compressive strengths (fc”)



Figure 4.4 shows the effect of the reinforcement ratio on the crack pattern. During the test
of beam GT-3.5-50-13, the first crack was observed at 25 kN, and then it lengthened and grew in
size rather than new cracks propagating as the load increased. After 40 kN of loading, the flexural
crack almost reached the top of the flange, and there was no further possibility of propagation, so
other cracks, along with the diagonal cracks, started to appear. After that, at 57 kN, the diagonal
crack size became superior over flexural cracks, indicating a shear failure. In other words, due to
the low reinforcement ratio, the crack behavior of the beam below 40 kN loading was similar to
the behavior of plain concrete in the flexural strength test, however, due to the presence of 13 mm
diameter GFRP longitudinal reinforcement, the flexural failure was prevented. Consequently, the
number of cracks and spacing in beam GT-3.5-50-13 was less than in beam GT-3.5-50-16. In
addition, the concentration of the cracks below the loading point in beam GT-3.5-50-13 indicates
that the strain in the reinforcement is also concentrated at the mid-span. As can be seen, some of
the cracks that appeared in beam GT-3.5-50-13 did not propagate upward, but instead merged with
existing cracks. Alam (2010) also observed this behavior and attributed it to a possible higher
tension stiffening effect caused by the low reinforcement ratio, bond degradation adjacent to the
cracks, and the limitation in redistributing the internal forces. On the other hand, the increase in
reinforcement ratio from 1.1 to 1.5% significantly reduced the number of cracks and increased
crack spacing, indicating that the strain in the longitudinal reinforcement is approximately evenly
distributed. This observation is in good agreement with the crack pattern of rectangular beams
reinforced with GFRP and without shear reinforcement obtained by Menam et al. (2021). Finally,
all three beams exhibited horizontal failure cracks, and the average angle failure crack varied
between the ratios, with beam GT-3.5-50-13 having the steepest crack failure slope, followed by
beam GT-3.5-50-19.
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Figure 4.4: Crack patterns for beams with different reinforcement ratios (p)
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4.3 Load Deflection Behavior:

As discussed in Chapter 3, the deflection was measured at the mid-top of the beam using a
50 mm dial gauge with 0.01 mm accuracy. Besides that, the deflection measurements were taken
every 5 kN increment. In some beams, the gauge was removed before the failure to avoid it being
damaged. In general, all the beams exhibited approximately the same linear behavior before
cracking with low deflection values, indicating that different a/d, fc’, and p do not affect the
deflection behavior noticeably before cracking. After cracking, the load-deflection behavior varied
linearly based on the variable of each group. Figure 4.5 illustrates the load-deflection behavior of
group 1 beams with different a/d values. The results show that increasing a/d made the deflection
more sensitive to the applied load, resulting in steeper slopes. The beam with an a/d ratio of 2 (GT-
2-50-16) exhibited the least deflection under increasing load, indicating higher stiffness compared
to the other specimens. It was followed by the beam with an a/d ratio of 2.7 (GT-2.7-50-16), while
the beam with a/d = 3.5 (GT-3.5-50-16) showed the greatest midspan deflection under the same
loading conditions. At the failure load of the beam with a/d = 3.5, the deflection was found to
decrease by 34% and 66% when the a/d ratio was reduced to 2.7 and 2, respectively. Furthermore,
decreasing the a/d value from 2.7 to 2 resulted in a 38% reduction in deflection at 75 kN, which
corresponds to the failure load of the specimen with a/d of 2.7. This trend confirms that a lower
a/d ratio enhances beam stiffness and shear resistance, resulting in reduced deflections at

comparable load levels.
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Figure 4.5: Experimental load-deflection behavior for beams with different shear span-to-depth
ratios (a/d)
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For the second group with different concrete compressive strengths, Figure 4.6 shows that
increasing the compressive strength decreases the deflection values after cracking, indicating an
increase in the stiffness of the beam. Moreover, under the maximum load of the beam with a
compressive strength of 40 MPa, the midspan deflection was 41% greater than that of the beam

with a compressive strength of 50 MPa.
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Figure 4.6: Experimental load-deflection behaviour for bemas with different concrete compressive
strengths (fc')

In addition, the effect of reinforcement ratio on the load—deflection behavior is illustrated
in Figure 4.7. The figure clearly shows that increasing the reinforcement ratio from 0.007 to 0.011
results in a significant reduction in deflection. At a load of 57 kN, the deflection decreased by
approximately 30% when increasing the reinforcement ratio from 0.007 to 0.011, and by about
60% when increased to 0.015. Furthermore, at a load level of 60 kN, increasing the reinforcement

ratio from 0.011 to 0.015 resulted in a 45% reduction in deflection. These findings highlight the
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strong correlation between higher GFRP reinforcement ratios and improved structural stiffness,

demonstrating that greater longitudinal reinforcement ratio effectively limits deflection
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Figure 4.7: Experimental load-deflection behavior for beams with different reinforcement ratios (p)
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4.4 Shear Capacity:

Table 4.2 presents the experimental shear capacity results for Group One, which includes
beams with varying span-to-effective-depth (a/d) ratios. In this study, the shear capacity is defined
as half of the maximum applied load at failure. The test results indicate that increasing the a/d ratio
from 2.0 to 2.7 (35% increase) led to a 9.09% reduction in shear capacity. A further increase to an
a/d of 3.57 (78.5% increase) resulted in a 44.1% reduction. As illustrated in Figure 4.8, the
influence of the a/d ratio on shear strength becomes increasingly significant as the ratio increases.
This trend aligns with findings reported by Mohamed (2019), who observed similar behavior in
rectangular beams. Conversely, Widjaja et al. (2019) reported that the effect of a/d ratio on the

shear strength of rectangular beams diminishes at higher values.

Table 4.2: Experimental shear strengths for beams with different shear span-to-depth ratios (a/d)

fc' Vexp a/d percent Load percent
Beam ID a/d | (MPa) p (%) (kN) increase (%) decrease (%)
T-2-50-16 2 50.98 1.1 55 - -
GT-2.7-50-16 | 2.7 | 50.58 1.1 50 35.00 9.09
3.5
GT-3.5-50-16 | 7 51.71 1.1 30.75 78.5 44.1
60
40
§
3
>
20
0
1 15 2 2.5 3 4
a/d

Figure 4.8: Effect of shear span-to-depth ratio on shear strength
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In addition, the results of Group Two with different compressive strengths show that

increasing the compressive strength of concrete (fc’) noticeably affected the shear capacity of the

T-beams, as Table 4.3 illustrates. According to the results, increasing the fc' from 42 to 51 MPa

(21% increase) increased the shear strength of the T-beam by approximately 30%, while a further

increase to 61 MPa (42.9% increase) increased the shear strength by only 38.3%. This illustrates

that as the compressive strength increases, its influence on the shear strength decreases, as shown

in Figure 4.9. A similar trend was observed in a study conducted by Alam (2010) to investigate the

shear behavior of simply supported rectangular beams reinforced with GFRP. This supports the

conclusion that the relation between the compressive strength of concrete and the shear strength is

not linear. However, the author found that increasing the compressive strength from 40 to 65 MPa

(62.5% increase) increased the shear strength by 23.9%, which suggests that the concrete

compressive strength has a greater impact on shear strength in T-beams than rectangular beams.

Table 4.3: Experimental shear strengths for beams with different concrete strengths (fc’)

fc' Vexp | fc' percentincrease | Load percent increase
Beam ID a/d | MPa) | p (%) | (kN) (%) (%)
GT-3.5-40-16 | 3.57 | 42.61 | 1.1 23.5 - -
GT-3.5-50-16 | 3.57 | 51.71 | 1.1 | 30.75 21.36 30.85
GT-3.5-60-16 | 3.57 ] 60.88 | 1.1 32.5 42.9 38.3
40
——e
30 /
g
gzo
>
10
0
40 45 50 55 60 65

fc' (MPa)

Figure 4.9: Effect of concrete strength on shear strength
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Furthermore, Table 4.4 represents the shear strengths for T-beams with different
reinforcement ratios. The increase of the reinforcement ratio from 0.7 to 1.1% (57% ) and to 1.5%
(114.3%) increased the shear strength only by 7.9 and 10.53%, respectively. This could be
attributed to the placement of the bars in the bottom zone, where shear stress is minimal.
Additionally, the contribution of GFRP as longitudinal reinforcement to the shear resistance is
limited due to its low stiffness and limited dowel action, which results from its low modulus of
elasticity (ACI 440.1R-15). Similarly, Alam (2010) recorded that increasing the longitudinal
reinforcement ratio from 0.86 to 1.43 % (66.3%) only increased the shear capacity by 7.3%.
Besides that, another study by Tureyen & Frosch's (2002) showed that increasing the GFRP
longitudinal reinforcement ratio in a rectangular beam sample by 113% increased the shear
capacity by 26%. Therefore, it can be noticed that the influence of the GFRP longitudinal
reinforcement ratio on the shear strength in T-sections and rectangular sections is less than the
effect of the effective depth-to-span ratio and the compressive strength of concrete, as illustrated

in Figure 4.10.

Table 4.4: Experimental shear strengths for beams with different reinforcement ratios (p)

fe!
(MPa p | Vexp | p percent increase Load percent
Beam ID a/d ) (%) | (kN) (%) increase (%)
GT-3.5-50-13 | 3.55 | 50.13 | 0.7 | 28.5 0.00 0.00
30.7
GT-3.5-50-16 | 3.57 | 51.72 | 1.1 5 57.14 7.89
GT-3.5-50-19 | 3.59 | 50.28 | 1.5 | 31.5 114.3 10.53

40

Vexp (KN)

R

20
0.5 0.7 0.9 11 13 15 1.7

p (%)
Figure 4.10: Effect of reinforcement ratio on shear strength
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4.5 Code Comparison:

To study the applicability of the current major standards on T-beam reinforced with GFRP,
the experimental results were compared with the predicted shear capacity by The American
Concrete Institute (ACI 440.1R-15), Japan Society of Civil Engineers (JSCE 1997), Canadian
Guideline (CSA S806-12) and ISIS Canada Research Network (ISIS 2007). Additionally, Alam
(2010) and Tureyen et al. (2006) design methods have been included in the comparison, and the
results are shown in Table 4.5. This study does not account for strength reduction factors,
resistance factors of the materials, as well as the limitations on concrete strength, reinforcement

ratio, and beam size.

Table 4.5: Experimental and code predictions for shear strength

Tureyen
Ve | ACI440.1R-15 | CSA S806-12 | ISIS | JSCE 10 ayl Alam
BeamID | (8 N) (N) (2007) | (1997) | 506 | (2010)
kN) | (kN) (N (kN)
GT-2-50-16 | 55 16.90 48.82 2528 | 2436 | 2390 | 41.76
GT-2.7-50-16 | 50 16.86 33.52 25.18 | 2429 | 2385 | 34.05
GT-3.5-50-16 | 30.75 16.96 29.36 25.46 | 2447 | 2399 | 28.57
GT-3.5-60-16 | 32.5 17.73 31.01 27.63 | 25.84 | 2507 | 31.00
GT-3.5-40-16 | 23.5 16.09 27.53 23.11 | 2294 | 2276 | 25.94
GT-3.5-50-19 | 31.5 21.56 34.09 2775 | 29.11 | 3049 | 33.71
GT-3.5-50-13 | 28.5 14.14 26.16 25.62 | 2137 | 2000 | 24.90

According to Table 4.6. CSA S806-12 provides the best results compared to all other design
standards. In this standard, the mean of the experimental to the calculated shear ratio (Vexy/Veaic )
is 1.08, with a 20% standard deviation and an 18.8% coefficient of variation. In comparison with
all other standards, these values are the lowest, indicating that the CSA S806-12 shear prediction
is the most accurate and consistent. This can be attributed to the fact that CSA S806-12 takes into
account the concrete compressive strength, reinforcement ratio, and the shear-span-to-depth ratio.
The standard, however, overestimated the shear strength of beams GT-3.5-40-16 and GT-3.5-50-

19, whose Vexy/Veale values were 0.85 and 0.92, respectively.

As can be seen from Figures 4.11-4.17, the results obtained by JSCE (1997) and ISIS
(2007) methods are approximately similar for all beam samples. Based on the results of both

methods, the mean value of Vex,/Veaic is approximately 1.4, with a standard deviation of 47% and
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a coefficient of variation of 33%. This implies that they are less accurate and consistent than the
Canadian Standard S806-12. The inconsistency of both methods appeared significantly in
members with a/d of 2 and 2.7. This is clearly because neither standard considers the shear-span-
to-depth ratio. Nevertheless, both methods did not provide unsafe results, and the remaining beams
with a/d of approximately 3.5 were not highly underestimated since their Vex/Veac ratio was not

far from 1.

Furthermore, ACI 440.1R-15 has the lowest accuracy and consistency among all the other
design standards. Based on the results of this method, the average and standard deviation are 2.11
and 71%, respectively. The method did not show any unsafe results. However, the majority of the
results were highly unconservative. On the other hand, Tureyen et al. (2006) model for T-beams
showed a slight improvement in accuracy and consistency compared with ACI 440.1R-15.
However, this model provides higher conservative results than CSA S806-12, JSCE (2007), and
ISIS (2007) methods. The average and standard deviation of the proposed model are 1.5 and 50%,
respectively. In addition, Alam's (2010) proposed equation showed similar results to those of CSA
S806-12. The average and standard deviation of the proposed model are 1.1 and 20%, respectively.
This indicates that the accuracy and consistency of this equation are higher than JSCE, ISIS, and
ACI 440.1R-15. However, similar to CSA S806-12, this model also provided unsafe results for
beams GT-3.5-40-16 and GT-3.5-50-19.

Table 4.6: Comparison between experimental results and different design codes and models

Tureyen

Beam ID ch[; ACI 440.1R-15 | CSA $806-12 (;(S)ésﬂ (Jlsgg% (;) 316) (/;(1)?3)
GT-2-50-16 | 55 3.25 113 218 | 2.26 230 | 132
GT-2.7-50-16 | 50 2.97 1.49 199 | 2.06 210 | 147
GT-3.5-50-16 | 30.75 181 1.05 121 | 126 128 | 1.08
GT-3.5-60-16 | 32.5 1.83 1.05 118 | 1.26 130 | 1.05
GT-3.5-40-16 | 23.5 1.46 0.85 102 | 102 1.03 | 091
GT-3.5-50-19 | 31.5 1.46 0.92 114 | 1.08 103 | 093
GT-3.5-50-13 | 28.5 2.02 1.09 11 | 133 143 | 114
Average 211 1.08 140 | 147 150 | 113

Standard deviation 0.71 0.20 047 | 049 050 | 020
COV % 33.77 18.82 3361 | 3322 | 3377 | 18.01

% of unsafe results 0.00 28.57 0.00 | 0.00 000 | 28.57
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Figure 4.11: Comparison of the experimental shear strength of beam GT-2-50-16 with different
design codes and models
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Figure 4.12: Comparison of the experimental shear strength of beam GT-2.7-50-16 with different
design codes and models
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Figure 4.13: Comparison of the experimental shear strength of beam GT-3.5-50-16 with different
design codes and models
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Figure 4.14: Comparison of the experimental shear strength of beam GT-3.5-60-16 with different
design codes and models
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Figure 4.15: Comparison of the experimental shear strength of beam GT-3.5-40-16 with different
design codes and models
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Figure 4.16: Comparison of the experimental shear strength of beam GT-3.5-50-19 with different
design codes and models
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Figure 4.17: Comparison of the experimental shear strength of beam GT-3.5-50-13 with different
design codes and models
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Chapter Five

Finite Element Analysis

5.1 Introduction:
This chapter presents the analysis performed on all the beams tested in this study. A

nonlinear finite element program, Abaqus, is used to model the seven T-beams reinforced with
GFRP as longitudinal reinforcement. During the simulation, all the beams have the same properties
and parameters as those used in the laboratory experiment. The present study uses one concrete
material model, specifically the concrete damage plasticity model, but three values of concrete
compressive strength are defined. Moreover, the compressive stress-strain curve is derived based
on an expression generalized by Thorenfeldt et al. (1987), while the tension-stiffening model is
derived using the model proposed by Alam and Hussein (2020) and Hordijk (1991). A comparison
between the software and the experimental results contributes to defining the proper value for the
input parameters, thereby improving the accuracy of the results and the software's precision.
Therefore, this chapter aims to compare the experimental results with the finite element results

obtained by Abaqus in terms of crack behavior, deflection, and shear strength.

5.2 Concrete Properties:

5.2.1 The Behavior of Concrete Under Compressive Stress:

Concrete is said to be loaded uniaxially when it is loaded throughout one axis perpendicular
to its surface area. Therefore, the concrete compressive strength measured by the cylindrical
compression test generally refers to uniaxial loading. Figure 5.1 shows a typical stress-strain curve
for concrete subjected to uniaxial compressive stress. The curve shows that the stress-strain
relation starts elastically linear. Some studies state that the linear stress-strain relation continues
up to 30% of the ultimate compressive strength (MacGregor and Wight 2012). After the yielding
point, the plastic behavior begins with an increase in the yield point, indicating a stress hardening
until the ultimate stress value; beyond that value, a descending yield stress value starts, presenting
strain softening. In this study, the compressive stress-strain curve is obtained based on an

expression generalized by Thorenfeldt et al. (1987) as follows:

64



(5.1)
fo_ me(e/20)
f! n.—1+ (ec/eo)nk

Where,

f. = ultimate compressive strength from cylinder test

E. = initial tangent modulus (Figure 5.1)

at stress A
s

Tangent modulus )

/
— Secant modulus at stress B

Stress

H+ Initial tangent modulus

o Strain

Figure 5.1: Typical compressive stress-strain curve of concrete
(MacGregor and Wight 2012)

There are several ways to calculate the strain at ultimate stress (&), the curve-fitting
factor (n.), and the stress decay factor (k). The equations are given by Collins & Mitchell (1991)

are used in this study as follows:

ne = 0.8+ (%) (5.3)
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k is a controlling factor for the ascending and descending slopes. It is equal to 1 if €./¢
ratio is less than 1, and if €. /¢, ratio is greater than 1, the & factor is calculated as the following:

k=067 + (’;—2) > 1.0 (5.4)

In addition, the initial tangent modulus (E.) is obtained based on ACI 318 as equation
5.5 shows.

E, =4700\/f.’ (5.5)

5.2.2 The Behavior of Concrete Under Tensile Stress:

Concrete stiffening is the capability of concrete to resist tension between cracks and
contribute to the stiffness of the member (ACI 224.2R-92). In this study, two methods were used
to simulate the tension-stiffening behavior of concrete in Abaqus. The first method was based on
stress-cracking displacement data (fracture energy approach) obtained according to Hordijk (1991)
as discussed in the literature. The second method was stress-cracking strain data (Concrete
softening behavior) based on the proposed model by Alam and Hussein (2020). This approach
was developed based on Cope et al. (1979) simplified bilinear tension stiffening model. The

proposed model is as follows:

( , €
fi — fore < e
cr
fi = 1 % (11 —¢e/e.) fore, <e<g (5.6)
fi' (e—&
L7<£1_£2+1> fore; <e<eg

Where,
& = 6&.p

&, = ks&y, and g, = the ultimate strain of GFRP bars.
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Figure 5.2: Tension stiffening model for FRP reinforced members
(Alam and Hussein 2020)

Figure 5.2 shows the behavior of concrete under uniaxial tensile stress. It can be noted that
the concrete is assumed linear until the cracking stress (f;"). After that, a softening stress-strain

response occurs.
5.2.3 Concrete damage plasticity

Abaqus concrete models are continuum plasticity-based damage models. During the
simulation, it is assumed that either tensile cracking or compressive crash will cause the concrete
to fail. Figure 5.3 shows the assumed tensile and compressive behavior of concrete by Abaqus.
Furthermore, the figure illustrates the expected response of concrete to uniaxial compressive and
tensile loading for both damaged and undamaged plasticity models. Based on the concrete damage
plasticity model, beyond the yielding point of concrete, the total strain is the sum of elastic (%)
and plastic strain (£P!), and the uniaxial compressive and tensile responses of concrete are as

follows (Abaqus Design Manual 2016):

(5.7)
fo=(1—d)E, (e — e

(5.8)
fi = (1 —d)E, (e — €'Y

Where,

d. and d; = scalar degradation factors for compression and tension, respectively
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E, = initial tangent modulus

&.= the total strain of concrete under compression

1 . . . .
eP" = the compressive equivalent plastic strain

&= the total strain of concrete under tension

P ! = the tensile equivalent plastic strain

f
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fco - - (1_(1()E(|
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¢ ’ 71
E“ s h : 71
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:} II : 7 ,/ |
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s e
EI, é:‘ E( t
(a) (b)

Figure 5.3: Response of concrete to uniaxial loading; (a) Compression (b) Tension
(Hafezolghorani et al., 2017)

In this study, no cycling load is applied. Therefore, the undamaged material behavior is
considered for concrete's response to the uniaxial compressive and tensile loading. Thus, the scalar
degradation factors d. and d; are equal to zero. In addition, the stress-strain relationships for

undamaged concrete under uniaxial compression and tension loading are given by:

(5.9)
fe=Eo(ec — gén

(5.10)
fe = Eo(er — EtCk)
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5.2.4 Reinforcement Properties:

As mentioned in Chapter 3, this study uses Sand-coated GFRP bars. In this study, three different
bar sizes are modeled: 13, 16, and 19 mm. It is assumed that the bars will exhibit linear elastic
properties until they fail. The ultimate stresses of each bar size were 886, 960, and 1038 MPa,
respectively, as well as the modulus of elasticity, which were 45, 44, and 54 GPa, respectively.
Table 3.7 presents detailed mechanical information from the regular laboratory test results
conducted in the industrial solution factory. In addition, the passion ratio of the three sizes is

assumed to be 0.2.
5.3 Modeling of the beams:

For this study, three-dimensional models of the seven T-beams were developed using
Abaqus software. All the beams were simply supported; pin support was assigned to one end,
whereas roller support was used on the other. Both supports were assigned 100 mm from each end,
thus giving each beam an effective length of 1900 mm. As shown in Figure 5.4, the samples with
a/d of 2 and 2.7 were four-point loaded, while the beam samples with a/d equal to 3.5 were three-

point loaded.

(a) (b) (©)

Figure 5.4: T-beam in 3D model; (a) a/d = 3.5 (b) a/d =2.7 (c) a/d =2

Three Concrete compressive strengths were defined in this study: 40, 50, and 60 MPa. The

concrete compressive behavior was defined based on section 5.2.1, with the strain at the ultimate
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compressive strength (&,) equal to 0.002 as recommended by Kent & Park (1971), and the ultimate
strain (&,) was taken equal to 0.0035. In addition, each of the seven beams had two models with
different concrete tensile data, as discussed in section 5.2.2. In the first model, the tensile stress-
strain curve was defined based on Alam and Hussain (2020), while for the second model, Hordijk
(1991) approach was used. The defined tensile and compressive stress-strain curves for the
different concrete grades are shown in Figures 5.5-5.7. The figures show that the Alam and Hussain
(2020) model generates a bi-linear tensile stress-strain curve, and Hordijk (1991) generates an
exponential curve. It should also be noted that the tensile strength of concrete was calculated
differently for each model. Model 1 concrete tensile strength was determined based on the CSA
A23.3-04, while Model 2 concrete tensile strength was determined according to the ACI 318. The
reason for that is due to the high values of shear capacity produced by Model 1 with concrete

tensile strength calculated by ACI 318 code.

50 3 5
40 2.5 4
= ~
& 30 = 2 S 3
= & 15 S
= 20 2 1 <2
\\“ - IS
10 %305 It
0 0 0
0 0.001 0.002 0.003 0.004 0 0.005 0.01 0.015 0.02 0 0.1 0.2 0.3
g, & 5
(a) (b) (c)

Figure 5.5: Theoretical results of 40 MPa concrete response to uniaxial loading; (a) Compression
(b) Tension (Model 1) (c¢) Tension (Model 2)

60 3 5

~ ~
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& £ 2 £ 3

= 30 = =
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o ~ <

™ 10 = 1

0 0 0
0 0.002 0.004 0 0.01 0.02 0 0.05 0.1 0.15

€, & 6
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Figure 5.6: Theoretical results of 50 MPa concrete response to uniaxial loading; (a) Compression
(b) Tension (Model 1) (¢) Tension (Model 2)
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Figure 5.7: Theoretical results of 60 MPa concrete response to uniaxial loading; (a) Compression
(b) Tension (Model 1) (c¢) Tension (Model 2)

In addition, FRP behavior is defined based on section 5.2.4. In all models, an embedded
region constraint is applied for the reinforcement, which provides a full bond between the
reinforcement and the surrounding concrete. Besides that, A mesh size of 25.0 mm was used in
this study for both the concrete beam and the longitudinal bars, based on the findings of Alobaidi
and Al-Zuhairi (2024), whose numerical simulation of RC T-beams strengthened with EB-CFRP
composites demonstrated that this mesh size provided reliable results, while a 30 mm cubic
element was used for the supports. Furthermore, the loading was applied in the form of 20 mm
vertical displacement at the exact location of the laboratory experiment, as discussed in Chapter 3.
Although the experiment's loading was static, the Finite element analysis was performed using a
dynamic explicit procedure. In all cases, the dilation angle (3), which is related to the volume

change of concrete during the plastic stage, was taken as 30 degrees for all compressive strengths.
5.4 Abaqus results

5.4.1 Crack pattern:
The values of the experimental cracking loads (Pcrexp) and the finite element cracking loads (Per-

M1 & Pc-m2) are shown in Table 5.1. In both models, it is apparent that the experimental and finite
element results of the first cracking load were in reasonable agreement, with an average P .exp/Pe-
u for models one and two equal to 0.99 and 0.93, respectively, and with a standard deviation of
1.08 and 1.01, respectively. Furthermore, both models had approximately a similar consistency

with COV of 108.6 % for model 1 and 109% for model 2. Abaqus software presents the cracks'
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shape using the concrete's maximum and minimum principal plastic strain results. In general, the
cracking patterns of both models were relatively similar to the experimental observations regarding
failure crack type, shape, and location, as shown in Appendix D. However, the models did not
always match the experimental observations regarding the magnitude of the applied load.
However, when the ultimate load was remarkably predicted accurately in beams GT-2.7-50-16 and
GT-3.5-40-16 in model one, the crack patterns were also similar to the experimental observations,
as shown in Figures 5.8 and 5.9. It can be observed that the software succeeded in reasonably
predicting the crack's shape, loads, and lengths. Besides that, the software also showed that the
failure cracks are horizontal at the bottom of the shear span zone, then divert diagonally and

propagate towards the loading point while also propagating back towards the support.

Table 5.1: First cracking load (FEA vs. experimental results)

Alam and .
Purey | Hussain (2020) Hordijk (1991)
Beam ID (k]V) (Model 1) (Model 2) P cr-exp/P cr-M1 P cr—exp/P cr-M2
s (kN)

GT-2-50-16 45.00 46.27 53.66 0.97 0.84
GT-2.7-50-16 30.00 33.40 35.01 0.90 0.86
GT-3.5-50-16 25.00 25.46 27.66 0.98 0.90
GT-3.5-40-16 24.00 19.54 20.02 1.23 1.20
GT-3.5-60-16 27.00 27.54 29.26 0.98 0.92
GT-3.5-50-13 25.00 24.63 25.74 1.01 0.97
GT-3.5-50-19 25.00 28.12 31.90 0.89 0.78

Average 0.99 0.93
Standard deviation 1.08 1.01
COV % 108.60 109.00
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Figure 5.8: Crack Pattern of beam GT-2.7-50-16 (Model 1 vs. experimental
results) (a) FEA (b) Experimental observation
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Figure 5.9: Crack Pattern of beam GT-3.5-40-16 (Model 1 vs. experimental
results) (a) FEA (b) Experimental observation
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5.4.2 Deflection and ultimate load:

This section compares the ultimate load and load-deflection behavior of Model One and
Model Two with the experimental results of seven GFRP-reinforced T-beams. With the exception
of beams GT-3.5-50-19 and GT-3.5-60-16, the predicted load-deflection behaviors of both models
approximately followed the same path as the experimental results. However, each beam's load-
deflection behavior varied at the ultimate load level, except for beam GT-2.7-50-16. Despite the
fact that beam GT-2.7-50-16 deflection recording was stopped at about 80 kN due to safety
concerns, the beam recorded results showed a good agreement between the experimental results
and the two models in terms of ultimate shear capacity deflection, which led to a conclusion that
the beam experimental load-deflection behavior after 80 kN would continue to follow the same

path as the two models. On the other hand, as Table 5.2 and Figures 5.10-5.12 demonstrate, both

models overestimated the load and the deflection of most of the beams.

Table 5.2: FEA ultimate shear capacity results.

Alam and Hordijk
Vieexp Hussain (1991)
Beam ID (kN) (2020) (Model 2) Vi-exp/Vu-mi Vi-exp/Viu-mz
(Model 1) (kN)
(kN)

GT-2-50-16 55.00 72.65 68.19 0.76 0.81
GT-2.7-50-16 50.00 48.44 47.75 1.03 1.05
GT-3.5-50-16 30.75 40.15 36.12 0.77 0.85
GT-3.5-40-16 23.50 24.32 29.77 0.97 0.79
GT-3.5-60-16 32.50 41.07 37.87 0.79 0.86
GT-3.5-50-13 28.50 33.34 28.53 0.85 1.00
GT-3.5-50-19 31.50 48.93 45.40 0.64 0.69

Average 0.83 0.86
Standard deviation 0.91 0.94

COV % 109.19 108.94
% of unsafe results 85.71 71.43

For beams with different shear span-to-depth ratios, Figure 5.10 shows that both models
overestimated the ultimate load and the deflection of beams with a/d of 2 and 3.5. Model One
overestimated the beam's ultimate failure load by 32% and 30%, respectively, whereas Model Two

was 24% and 17%, respectively, higher than the experimental ultimate load. Nevertheless, both
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Models succeeded in predicting the beam's ultimate load and deflection behavior with a/d equal to
2.7.
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Figure 5.10: Comparative load-deflection behaviors of test results and FEA for beams with
different a/d

Figure 5.11 illustrates the load-deflection behavior of beams with concrete strengths of 40
and 50 MPa. The figure shows that Model One overestimated the deflection of both beams, but for
the beam with 40 MPa concrete strength, the model provided a good estimation of ultimate shear
strength. On the contrary, both failure load and deflection were overestimated by Model Two. The
Model overestimated the failure load of the beams with 40, 50, and 60 MPa by approximately
27%, 17%, and 16%, respectively.
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Figure 5.11: Comparative load-deflection behaviors of test results and FEA for beams with
different fc'

The load-deflection behavior of reinforcement ratios of 0.7%, 1.1%, and 1.5% are
presented in Figure 5.12 Similar to the other two parameters, both models overestimated the failure
load and the deflection for all three reinforcement ratios used in this study except for the
reinforcement ratio of 0.7%, where Model Two accurately predicted the ultimate shear strength,
as Table 5.2 demonstrates. In addition, Model Two load-deflection behavior demonstrated
continuous load drops in most of the beams during the vertical displacement test. A possible
explanation for this could be the occurrence of new cracks and the increase in crack size. Unlike
Model Two, Model One showed a smooth ascending loading curve. Furthermore, the poor
accuracy of the FEA models in predicting deflection and ultimate load, particularly in the post-
peak region, is likely due to the fact that the compressive and tensile behaviors used in this study

are based on theoretical estimations rather than material tests.
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5.4.3 GFRP stress-strain curve:
The stress-strain response of the GFRP reinforcement bars was not measured directly

during the laboratory experiments due to the lack of strain gauges and LVDTs. Instead, this
response was obtained from the Abaqus finite element simulations, offering insight into the
internal behavior of the reinforcement under flexural loading. Figure 5.13 confirms that the
modulus of elasticity used in the simulations matches the values provided in Table 3.7, verifying

that Abaqus accurately implemented the bar-specific material properties from the manufacturer.

The stress-strain curves show that none of the GFRP bars reached their ultimate tensile
stress throughout the loading process. This indicates that the reinforcement did not govern the
failure. This is consistent with the experimental observations, where the concrete crushed before
the GFRP reinforcement could rupture, meaning the T-sections behaved in a compression-

controlled manner.
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According to ACI 440, if the reinforcement ratio exceeds the balanced reinforcement ratio,
the section is classified as compression-controlled, and failure is expected to occur due to concrete
crushing. Conversely, if the reinforcement ratio is below the balanced value, the section is tension-
controlled, and failure occurs due to rupture of the GFRP reinforcement. In this study, all the
reinforcement ratios used were greater than the balanced reinforcement ratio, which explains why
compression-controlled behavior was observed consistently in both the numerical model and the

experimental tests.
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Figure 5.13: FEA GFRP stress-strain curves
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Chapter Six

Conclusion and Recommendations

6.1 Introduction:

GFRP is one of the major alternative solutions for replacing steel reinforcement due to its
high corrosion resistance. This study investigated the shear behavior of T-section concrete beams
reinforced with GFRP as longitudinal reinforcement without transverse reinforcement. Seven
beams were constructed in the Eastern Precast Factory and then delivered to the University of
Bahrain campus. All the beams were tested to failure under three-point loading, except for those
with an a/d ratio of 2 and 2.7, which were tested under four-point loading. Besides that, a Finite
element analysis using Abaqus software was performed on the seven beams to compare it with the

experimental results.

6.2 Experimental Study:

In this experiment, all the beams had a constant cross-sectional area and a length of 2
meters. The variables were the shear span-to-depth ratio (a/d), concrete compressive strength (fc’),
and the longitudinal reinforcement ratio (p). The seven beams were divided into three groups; each
group consisted of three beams and focused only on one variable. In group one, the focus was to
study the effect of different span-to-depth ratios, which were 2, 2.7, and 3.57. In the second group,
the concrete compressive strength's effect was studied using fc” approximately equal to 40, 50, and
60 MPa. Finally, the effect of the longitudinal reinforcement ratio was investigated using ratios of

0.007, 0.011, and 0.015.
The following conclusion can be drawn according to the experimental results:

1) The experimental and the predicted first cracking are approximately equal for all the beams
2) The first crack of all the beams was due to flexural stress and the mode of failure for all

the beams is shear failure.
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3)

4)

)

6)

7)

8)

The failure in most of the beams was sudden and very rapid; in some beams, the crack that
caused the failure occurred just seconds before the collapse of the beam. Besides that, all
the beams exhibited shear splitting at the shear span during the failure except the beam GT-
3.5-60-16 which has the highest concrete compressive strength in this experiment.
Increasing a/d slightly decreased the angle of the failure crack, reduced the cracking
spacings, and limited the number of flexural cracks.

Changing the compressive strength did not affect the crack spacing, number of cracks, and
the angle of the failure crack significantly.

An increase in reinforcement ratio from 1.1 to 1.5% resulted in a noticeable reduction in
the number of cracks and an increase in crack spacing.

At an applied load of around 60 kN, reducing the a/d ratio from 3.57 to 2.7 and 2.0
decreased beam deflection by 34% and 66%, respectively. In addition, increasing the
reinforcement ratio from 0.007 to 0.011 and 0.015 reduced deflection by 30% and 60%,
respectively. At a lower load level of 47 kN, increasing the compressive strength from 40
to 50 MPa reduced deflection by 41%. These results indicate that lower a/d ratios, higher
reinforcement ratios, and increased concrete compressive strength all have a significant
influence on deflection control and contribute effectively in improving GFRP-reinforced
T-beams' stiffness.

The experimental results demonstrated that the shear capacity of the beams was strongly
influenced by the shear span-to-effective-depth ratio (a/d) and the concrete compressive
strength. Increasing the a/d ratio from 2.0 to 2.7 and 3.57 led to reductions in shear capacity
01 9.09% and 44.1%, respectively, confirming that higher a/d ratios adversely affect shear
performance. Increasing the concrete compressive strength from 40 to 50 MPa enhanced
the shear capacity by 30.8%, while a further increase to 60 MPa resulted in only a 38.3%
gain, indicating that the effect of compressive strength becomes less pronounced at higher
levels. Furthermore, increasing the longitudinal reinforcement ratio from 0.7% to 1.1% and
1.5% led to relatively smaller improvements in shear strength, 7.89% and 10.53%,
respectively. These findings suggest that, among the parameters studied, the a/d ratio and
concrete compressive strength have a more significant impact on shear behavior than the

longitudinal reinforcement ratio in GFRP-reinforced T-beams without shear reinforcement.
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9) CSA S806-12 and Alam's (2010) equations provided the most accurate shear strength
prediction with average Vexp/Veac of 1.08 and 1.13, respectively, which makes it suitable
and economical to be used for the estimation of the shear strength of T-sections with taking
into consideration the necessary factor of safety. On the other hand, ACI 440.1R-15 had
the poorest agreement with experimental results with an average Vexp/Vcae of 2.11.
Furthermore, ISIS (2002), JSCE (1997), and Tureyen et al. (2006) had approximately
similar predictions. However, they were inconsistent with the experimental results; this is

because these methods do not consider the effect of the shear span-to-depth ratio.

6.3 Conclusions about finite element analysis:

For FEA, the same geometrical and mechanical properties used in the experimental part
were applied in the modeling of the T-beams. Each beam was modeled twice. The difference
between Model 1 and Model 2 for each beam was the response to the uniaxial tensile loading. The
tensile stress-strain curve of Model 1 was developed according to Alam and Hussain's (2020)
proposed model, and for Model 2, Hordijk's (1991) approach was followed. In addition, for both
models One and Two, the compressive stress-strain curves of the three concrete strengths were
developed using the expression of Thorenfeldt et al. (1987). The mesh size was set to be 25 mm
cubic element, and the load was applied in the form of vertical displacement. The maximum

vertical displacement applied was 20 mm.
The following is concluded based on the FEA results:

1) The FEA model’s estimation for the first cracking load was good for most of the beams. The
average P...,,/Pe-n 0f models one and two were found to be equal to 0.99 and 0.93, respectively,
with a standard deviation of 1.08 and 1.01, respectively.

2) The FEA model’s prediction of the diagonal shear crack was similar to the experimental
observation for all the beams.

3) Model One had a good agreement with the experimental results in terms of the crack pattern

of beams GT-2.7-50-16 and GT-3.5-40-16.
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4) In both models, the predicted load-deflection behavior is in a good agreement with the

experimental results prior to the ultimate load level. Despite this, the models showed higher

deflections at ultimate loads in all beams than the experimental results.

5) Model One overestimated most of the ultimate load except for beams GT-2.7-50-16 and GT-

3.5-40-16, and Model Two overestimated most of the ultimate load except for beams GT-2.7-
50-16 and GT-3.5-60-16.

6) Models One and Two had similar averages of Vexp/Vu-m, equal to 0.83 and 0.86, respectively,

with standard deviations of 0.91 and 0.94, respectively.

6.4 Recommendations for future work:

1)

2)

3)

4)

5)

6)

7)

The following are the recommendations for further studies related to the shear behavior of
beams reinforced with FRP:

The shear behavior of FRP-RC T-beams with different flange widths should be investigated
to understand how the flange width affects the shear strength.

Experimental investigation on two layers of reinforcement effect of shear strength should
be conducted to study the impact of different reinforcement arrangements.

Experimental studies on the effect of the Top reinforcement on the shear behavior of FRP-
RC T-beams.

This study focused on the shear behavior of T-beam reinforced with GFRP. Carbon FRP
(CFRP), Basalt FRP (BFRP), and Aramid FRP (AFRP) bars should also be investigated for
T-sections.

As concentrated load was applied in this study, Further studies should be conducted on
beams with distributed load.

For FEA, methods for the estimation of concrete mechanical properties should be further
explored. As a further improvement, uniaxial tensile and compressive strength tests are

better for determining material mechanical properties than theoretical calculations.
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Appendices
Appendix (1)

Design of Beam GT-3.5-50-16:
The flexural and shear capacity of beam GT-3.5-50-16 is calculated as follows:

1- Reinforcement ratio.
Af= 2%201.05 = 402.12 mm?>.

b= bw=150 mm.
d= h-cover-dia/2 = 300 — 40 — 16/2 = 252 mm.

A  Ar 40212
bd bd  150%252
fc'=52 MPa.

Since 28</c'<56  s0 Bl=o.85-o.osﬂ+28 ~ 0.85-0.0552;728 =0.693.

Since the calculations are for experimental purposes, the environmental reduction factors were
ignored, so fr,= 964 MPa and E r=43867.1 MPa as stated by the manufacturer.

£.,= 0.0035.
pp =0.85p LS —ZLf () 85%(),693* 22 23867100035 _ () 44
fruEfecutffu 964 43867.1%0.0035+964

Since pg = pp, so the controlling limit state is crushing of concrete.

2- Tensile stress of GFRP bars at ultimate condition.

(E E(;u)z 0.85 B fC’
ff: (\/ f4 + pfl Ef €cu — 0-5Ef Ecu) < ffu

* 43867.1 * 0.0035 — 0.5 * 43867.1 * 0.0035) = 548 MPa.

=( (43867.1%0.0035)2 . 0.85%0.736%52
4 0.011

< 964 MPa.

3- Nominal flexural strength.

. Aff 402.12+548 , R
=S — = = 17.8 mm < hy(75 mm), so the compression stress is within the
0.85 fc'b 0.85%¥52%300

flange.

M, = Ay fr(d - 2) = 402.12%530%(252 - 2)/1000% = 57.2 KN.m.

4- Ultimate load capacity due to flexural strength.



a/d=3.5
a=3.5d=3.5*252 = 882 mm = 0.882 m.

57.2
0.882

P M
Based on Figure 3.15 M = 5 80 P=2E = 2% =127 kN.

5- Shear strength.

E=4500 \/fc’ = 4500v/52 = 32359.97 MPa.

E 43867.1
n=-L="""""=136

E, 32359.97

k=\2pf ng + (pf ng)? — py np= V2 %0.011 % 1.36 + (0.011 = 1.36)2 — 0.011 = 1.36
k=0.159

2 2
Vc=g Jfc by (kd) = *V52 * 150*0.159%252 = 1696 N = 16.96 kN

5-Ultimate capacity based on shear strength.

Based on Figure 3.15, P =Vc*2 = 16.96*2 = 33.93 kN. < Ultimate load capacity due to flexural
strength, so the specimen GT-3.5-50-16 will fail in shear prior to flexural.



Appendix (2)

Photos of the Failure Mode of the Beams
o S BECEg

Figure A2. 2: Crack pattern of beam GT-2.7-50-16



”

Figure A2. 2: Crack pattern of beam GT-3.5-60-16



Figure A2. 3: Crack pattern of beam GT-3.5-40-16

Figure A2. 4: Crack pattern of beam GT-3.5-50-19




Figure A2. 5: Crack pattern of beam GT-3.5-50-13



Appendix (3)

Load-Deflection Behavior of the Beams (Experimental and FEA)
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Figure A3. 1: Comparative load-deflection behaviors of test results and FEA for GT-2-50-16
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Figure A3. 2: Comparative load-deflection behaviors of test results and FEA for GT-2.7-50-16
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Figure A3. 3: Comparative load-deflection behaviors of test results and FEA for GT-3.5-50-16
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Figure A3. 4: Comparative load-deflection behaviors of test results and FEA for GT-3.5-40-16
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Figure A3. 5: Comparative load-deflection behaviors of test results and FEA for GT-3.5-50-19
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Figure A3. 6: Comparative load-deflection behaviors of test results and FEA for GT-3.5-50-13



Appendix (4)
Crack Pattern Obtained by FEA (Model 1)

Figure A4. 2: Crack Pattern of beam GT-2.7-50-16 obtained by FEA Model 1

Figure A4. 3: Crack Pattern of beam GT-3.5-50-16 obtained by FEA Model 1



Figure A4. 4: Crack Pattern of beam GT-3.5-60-16 obtained by FEA Model 1

Figure A4. 5: Crack Pattern of beam GT-2.7-40-16 obtained by FEA Model 1

Figure A4. 6: Crack Pattern of beam GT-3.5-50-19 obtained by FEA Model 1

Figure A4. 7: Crack Pattern of beam GT-3.5-50-13 obtained by FEA Model 1
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