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Summary:

In this experimental study, ten RC beams with 2000 mm in length, 300 mm in height, and 150 mm
in width were tested for shear under three-point loading test. Eight specimens had varied concrete
strength were strengthened with CFRP strips, while the other two were kept unwrapped for
comparison purposes. The parameters considered in this study included concrete strength,
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inclined CFRP strips showed significant increase in failure load. As the amount of main
reinforcements and concrete compression strength increased, the effect of using CFRP in
strengthening of RC beams became more efficient. The experimental shear capacities of RC beams
showed a good agreement with calculated values according to Egyptian code of practice, ECP 208-

05.


mailto:wesam_wm90@yahoo.com

Disclaimer

| hereby declare that this thesis is my own original work and that no part of it has been
submitted for a degree qualification at any other university or institute.

| further declare that | have appropriately acknowledged all sources used and have cited them in
the references section.

Name: Wisam Elhammali Mansour Date: [ 12021

Signature:



ACKNOWLEDGMENTS

I would like to show my gratitude for my supervisor (Prof. Dr.Hany Ahmed Abdalla and
Dr. Ahmed Mohammed Youssef ) for their guidance, advices, support and valuable discussions
review during my Master, and their great efforts to achieve my objectives.

I want also to thank my father, my mother, and all my friends who always help me for the
success. | would not achieve this goal without their help and support.



Table of contents

DS I aIMIET .., i
ACKNOWLEDGMENTS ...ttt ettt e saa e e ste e ste e ntaesaeeanteenreas i
LI 10 L) o0 (=T 0] £ iii
I o) ] TSSO PPPP Vi
[ A0} T U =SSOSR vii
YN o] 5 ¢ Yot SR iX
(@8 T o) T A 1] (0o 101 1 o o SR 1
I I = T - | PSSRSO 1
1.2. RESEArCH ODJECTIVE ... 2
R TS ol o o O TSR T RSP UPPPPRPTRP 2
1.4, TNESIS OFQANIZATION ....c.vetiieitietieieee et bbbttt sttt sb bt 3
Chapter 2 : LIterature REVIEW .......cc.oiiiiiiiiiieieeeie ettt st nne s 4
N C 1= =T - | PSR SOTRP 4
2.2. Fiber-reinforced polymer, FRP ..o 4
2.2. 1. TYPES OF FIDEIS ... bbbttt 6
2.2.2.FRP advantages and diSadVANTAQES .........ccceieeieeieeiiee e eieesieesie e e seesee e see e e e sreesneesneesnee s 7
2.3. Strengthened beams USING FRP ... s 8
2.4. Strengthening of Rectangular DEAMS ...........cccveviiiiii e 9
2.5. The Bond between FRP and the CONCIete .........ccccviieiieiie e 14
2.6. Failure Patterns in FRP Retrofitted Members............ccccovieiiiiic e 14
B S = T= I 1o I D T=T o o o [ oSS 15
2.6.2.C0NCrete COVEr SEPATALION .......civiiieeie ittt te ettt sbe st e s be s e beste e e e reanes 16
2.6.3.Intermediate Crack DeDONAING.......c.oiviiiiiiiii e 16
2.6.4.Diagonal-Crack-DebondiNg..........cccciueiriiiiiiiieiie e 17
2.7. Shear Behaviour of RC beams Strengthened with FRP..........cccooiiiiiiiiiiii, 17
2.8. Strengthening Techniques and Parameters Studied for beams...........ccccceeeviveieiivennnns 18
2.8.1.Fiber Inclination and FRP Width............ccooiiiiiiiiice e 18
2.8.2.Shear ReINFOrCEMENT FALIO .......uicviecie et a e e ae e re e e 20
2.8.3.Shear Span to DePth ratio.......c.ccccveiiiiiiiic e e 20
2.8.4.EFfECt OF DBAM SIZE ..ocviiiii ittt ettt st te e ebe e e 21
2.8.5.ETTECt OF CONCIELE TYPE ...eeiiiitiiet ettt 21
B o T Lo L T T 1Y o LTRSS 22
2.8.6.1. Previous Studies with Monotonic Loads............ccooivviiiiiiiiiiiiiiiicieeeee e, 22
2.8.6.2. Previous Studies with Reversed Cyclic Loads...........c.ooooiiiiiiiiiiiiiiiia 23



2.9. Effect of flexural CFRP sheets 0N Shear reSiStaNCE ..........eeeeeeeeeeeeaens 24

2.10.Effect of reinforcement ratios 0N SNEar. ... ......ccccooviieiieii i 29
2.11.ANAIYEICAL MOTEIS......cciiiiieiiee s 33
2.11.1.ECP 208-05 COUE PrOVISION ....c.viiviciiiiiiiicie sttt sttt ste ettt sbe st e sresneanes 33
2.11.2.ACI 440.2R-08 COUE PrOVISION....c.viuiiieirieiiniiiiiste sttt 35
2.12. Critical observations from the [Iterature...........coccoooeiiiiiiiiiie e 41
Chapter 3 : EXPerimental PrOGIam ..........cooiiiiiiieieiisii st 42
3.1l GBINEIAL ...ttt bbbt 42
3.2. Material PrOPEITIES .....veiveeieeie ettt e e s et e e e sreenreeneesneenneas 42
B0 L =T33 £ 42
B2 2  AGGIEUALES ...ttt bbb e R bbbt b et ne e enee 42
K AT ] S TP RTURT 42
3.2.4.B.V.F QOMIXIUIE ..oeeeieiieiieieeie sttt sttt ne bt bbb e 42
3.2.5.ReINFOICEMENT STEEI ...t ettt neeseeenes 43
3.2.6.Fiber reinforced POIYMELS ........ociiie et re e e 43
3.2.7.C0ONCIEtE MIX UESIGN ...ovieeieiecie ettt ettt st e te et esreene e besreeseesneanes 43
3.3. SPECIMENS ...ttt e bbb bbbttt bbb 44
3.4, SPECIMENS PIrEPATALION ......cueuveteteite sttt b bbb e e e eneas 45
3.5. FRP fabrics installation proCedure............ccoiiiiiiii i 47
3.6. Details of strengthened teChNIQUES ..........cooiiiiiiiiiere e 47
B -] BT LU o T TP 51
IR TS U] o] o [0 1 £SO R PR 51
3.9, INSEIUMENTALION ....ooviiiie ettt st b e reeaeeneenns 52
3.L10.TESE PIrOCEUAUIE ...ttt sttt b e et sre et e et e e ne e beenteeneenres 53
Chapter 4 : Experimental ReSUItS, DISCUSSION. ..........ccoiiiiiiiieieieiesie st 54
O €T T - | ST PURRUSRR 54
4.2. CONLrOlIEr SPECIMENS. .....ueiii ettt ra e re e nrs 54
4.3. Specimens with vertical CFRP Sheet .........cccoviiiiiii e 55
4.4. Specimens With inCline CFRP SNEEL .........ccvi i 56
4.5. Analysis and diSCUSSION OF FESUILS ..........ooiriiiiiiiii s 58
T N 1 (01U o I TSPV U ST PR PP 58
4.5.2. GIOUP 2.ttt bbbt b b e Rt Rt bRt nRe e Rt R e n e nne e nne e 60
T ©1 (01U o I T TSSO P U U RSP PR OPPRTPR 61
.54, GIOUP 4. ..ttt et b bt h ekt e Rt b bt e eh e eRe e R b n bt b e e beenbeenee e 62
TR €1 (01U o I TSRS 63
N G I 1 (01U o N PP PP 64



4.6, SUMIMAIY ..ottt ettt b e bttt se e ket s e bt b e e s et e et e e e b e e b e e nnes 65

Chapter 5 : Summary And CONCIUSION ........ooiiiiiiiiiiice e 67
T IS TU 1011 = PSP 67
D 2. G0N C USIONS .ttt nnnnnnnn 67
5.3. ReCOMMENAEA TULUIE WOTK ... ..t eeemeennnns 68
R B O I S, ...ttt ettt ettt ettt ettt ettt et s s e e e e nnnnnnnnnnen 69



List of Tables

Table 2.1: Short brief for the application of different types of fibers as recommended by
ECP 208..... ettt b a e b e R et b re e nreere e 7
Table 2.2: Details of specimens. R.A. Hawileh et al (2015) [49] ......ccccovevvieiiecieceee 24
Table 2.3: Summary of experimental results R.A. Hawileh et al (2015) [49] .................. 27
Table 2.4: Experimental results Elias I. Sagan et al (2015) [50]....c.ccccvvvvivninniinnienienne 28
Table 2.5: Results of experimental tests Al-Tersawy (2013) [53] ....cccvevvvvieiieiieieenieene. 38
Table 2.6: Analytical results using ACI and ECP code provisions Al-Tersawy (2013)

S5 OSSPSR 41
Table 3.1: Physical and mechanical properties of the CFRP sheets [54].......c.ccccevvevuennee. 43
Table 3.2: Mix design of concrete per meter cube C15and C25.........ccccceeveeviecceecin, 44
Table 3.3: beams details C15 and C25 .......ccociiiieiiiiiieie e 48
Table 4.1: Groups Of COMPATTSON .......oiviiiiiiiitiiieie e nbesneas 58
-0 Lo o ] o 11 o PSPPI 59
I Lo Lo ] o1 o USSR 60
TADIE 4,47 GIOUP 3.ttt ettt st e bbb e e b nne s 61
TaDIE 4.5: GIOUP 4.ttt ettt sb et nbe e be et 62
I Lo Lo ] 0T o < TSRS 63
TADIE 4.7: GIOUP ..ttt bbbttt b et sb e nbenneas 64
Table 4.7: Experimental results of all tested beams...........ccccceevvv e 65
Table 4.8: Comparison between load capacities of experimental work and ECP NO. 208-
2005 [5] for beams strengthened with CFRP Strips. ......ccoovviiiiiiiieieciese e 66

Vi



List of Figures

Fig.2.1: Scanning electron microscope image Of CFRP ..........cccccceie i i 5
Fig.2.2: Comparison among CFRP, AFRP, and GFRP sheets in terms of stress-strain

=] E 0] 4] oo SR 5
Fig.2.3: Debonding mechanisms between FRP and concrete (Pellegrino and Cruz,
2015)[29] .veveeieite ettt et et nae e e nreere e 14
Fig.2.4: Free end debonding in RC beam retrofitted with FRP reinforcement
(OENIEIS,2006) [B1]...veeveeeererieeiesiieiieie ettt bbb 15
Fig.2.5: Concrete cover separation with FRP debonding (Smith and Teng, 2002b) [33].16
Fig.2.6: Intermediate cracks deboning (Hadigheh, 2014) [27] ....ccccoveviveiieieeiece e, 16
Fig.2.7: Critical diagonal shear crack propagation (Oehlers, 2006) [31]........ccccovrvrrrnnne 17
Fig.2.8: Specimens strengthening scheme details (Monti et al 2007) [39].........ccccoveuneee. 19
Fig.2.9: Beam and reinforcement details (Sheikh et al 2002) [17] .....ccccocvvviiiininicninnn. 23
Fig2.10: Arrangement of FRP strips on strengthened specimens (Anil 2006) [46].......... 23
Fig 2.11: Group 1, 2 and 3 control and strengthened specimens details R.A. Hawileh et al
(0K TN e OSSPSR 25
Fig.2.12: Load versus mid span deflection of specimens in group 1, 2 and 3 R.A. Hawileh
BL AL (2015) [49] .ei it et nr e 26
Fig.2.12: Specimens details and test setup Elias I. Sagan et al (2015) [50].......c.cccevruenne. 27
Fig.2.13: Load vs midspan deflection for all tested specimens Elias I. Sagan et al (2015)
510 ST RTPR 28
Fig.2.14: Geometry and cross sections of tested beam Bashir H. Osman et al ( 2016) [51]
........................................................................................................................................... 29
Fig.2.15: Effect of longitudinal reinforcement on ultimate Bashir H. Osman et al (2016)
531 SRS 30
Fig.2.16: Effect of transverse reinforcement on ultimate load and Deflection Bashir H.
OSMaN €t Al (2016) [SL]...ueiueeeerieeieie ettt 30
Fig.2.17: Effect of span-to-depth ratio on ultimate load Bashir H. Osman et al (2016)
531 PP URTPR 31
Fig.2.18: Influence of the FRP thickness by the existing models and the FE simulations
Bashir H. Osman et al (2016) [51] ...vvvevieeiiieiie e 31
Fig.2.19: Influence of the concrete strength as predicted by the..........cccovviiiiiiiciee 32
existing models and the FE simulations Bashir H. Osman et al (2016) [51] .........cccuev... 32
Fig.2.20: Influence of the beam depth by the existing models.............cccccevviiiiiiiincnnnn, 32
and the FE simulations Bashir H. Osman et al (2016) [51] ......ccccovvvieiieiieiiecieceeceee 32

vii



Fig.2.21: Variables required for calculating shear strength of frp composites [5]............ 34

Fig.2.22: Details of strengthened beams Al-Tersawy (2013) [53]...ccccccevvrrinieniiniiinninne 37
Fig2.23. Details of strengthened beams Al-Tersawy (2013) [53]....ccccvvevvevveieeiieiiieiinnn, 38
Fig.2.24: Load—deflection curves for beams with different CFRP arrangements Al-

TersaWy (2013) [53] .. cvieciieiiieie e sttt te e te e re et e et et e e e ee e e e et e e nre e reens 39
Fig.2.25 :Load-deflection curves for beams with different concrete strengths Al-Tersawy
[0 T X | SRS 39
Fig.2.26:Load—deflection curves for beams with single, double, and triple inclined ....... 40
CFRP wraps Al-Tersawy (2013) [53] ...veooveriririeienieieesieee s 40
Fig.3.1: cube specimens befor casting cube C15 and C25..........ccccovvviiviiiinienie e, 44
Fig.3.4: REINTOrCEMENT CaAGE.....uiiivieieeiieie ettt 46
Fig.3.5: Formwork Used For Casting of Beams...........ccocviiiiiiiniiicnee e 46
Fig.3.6: Casting of concrete in the fFormwork...........c.ccceeeiiciici i 47
Fig.3.7: Details of strengthened configurations ...........ccccceeveeiieiieeiicie s 49
Fig.3.8: Strengthened Scheme of beam ... 49
Fig.3.9: Strengthened Scheme of beam...........ccccooi i 50
Fig.3.10: Strengthened Scheme of beam ... 50
Fig.3.12: LOCAtIONS OF SUPPOITS ....veeiiiiiiiiiie ettt 52
Fig.3.13: LOCAtIONS OF LV DTS ..oiiiiiiicciieie sttt et 52
Fig.4.2: Tested RC beam (B7-CONtrol-25)........ccccoiiiiiiiiiiiiieie s 55
Fig.4.3:Tested RC beam (B2-1V-15) shear failure ..........ccccoooeieeeie i 55
Fig.4.4:Tested RC beam (B3-1V-1L-15) shear failure ...........cccccovevveiiecn e, 56
Fig.4.5:Tested RC beams (B5-11-15) flexural failure ..........ccccccovvveiiiiiniiecce 56
Fig.4.6:Tested RC beams (B9-11-25) flexural failure ............cccoovvevieie e 57
Fig.4.7:Tested RC beams (B10-11-25) flexural failure ...........ccccooovviiiiininnciec e 57
Fig.4.8: Load—deflection of specimens with different CFRP arrangements (Group 1) ....59
Fig.4.9:Load—deflection of specimens with different CFRP arrangements (Group 2) .....60
Fig.4.10:Load—deflection of specimens with different concrete strengths (Group 3) ...... 61
Fig.4.11:Load—deflection of specimens with inclined CFRP and different concrete

SEIENQLNS (GIOUP 4) ...ttt et ettt e e s reenneesre e raenas 62
Fig.4.12:Load—deflection of low strength beams with different Rft ratio (Group 5)........ 63

Fig.4.13:Load—deflection of normal strength beams with different Rft ratio (Group 6) .. 64

viii



