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Table 1. Mechanical properties of FRP
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Fig. 1. Specimens dimensions
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Fig. 2. Fiber implantation method: a) Hole preparation, b) Fiber implantation and c¢) Implanted strands direction
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Fig. 4. Image of the Single-shear pull test apparatus
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Fig. 5. Positions of camera and light projectors
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Table 2. Details of specimens and test results
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- Peop/Pear Cansls >

oile] (MPa) (kN) (kN) PospPeat
CO-B-1 3112 9/41 1,01 Saslas

CO-B-2 3112 9/71 1/05 Sl 9/57 1/04
CO-B-3 3112 9/61 1/04 S adlas

CO-S-1 3112 9/30 1/00 S bl

CO-S-2 3112 9/61 1/03 Saslas 9147 1/03
CO-S-3 3112 9/51 1/02 ERWARES

FI-N-1 30/6 13/02 - SiBenS

FI-N-2 30/6 12/04 - i 12/67 -
FI-N-3 306 12/82 - SienS

FI-B-1 30/6 12/62 - SiBenS

FI-B-2 30/6 13/02 - i 12/45 -
FI-B-3 30/6 11/62 - SiBenS
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Fig. 6. Failure modes of specimens: a) FRP debonding in wire brushed specimen, b) FRP debonding in sandblasted specimen
and c) FRP rupture in fiber implanted specimen
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boos Rl 2l b o Smen
LBl b, s 0id L gladigas lralle—l loges
3 ologed Gl a5 (g ysbas g Dglate Jglate Sla by, 4 Cuns
&y SBlax (oo, cnl 59) 3 b L"J“L’ oS alaxd Gl
@z alr )b jloged adsl ol 5l i ol (nl lade g (05 g0
e JLal (5 p5e0 (i (soino (LS 4 3 Jghite slabs,
Ol 5o CeS dad plraly pliee Grizres Al b9y
(Y JS2) 392 Jolaie sla by, 5l jeS (6 et Jlade & )

Job S e T
FI- 5 CO-B-1 slodiges Jobo (5,5 slog o A IS0 p0
sy ilin b ok sl PIV. o s 51 oslizl Ly N-1
bgi 48,5 &0 Ghagh @ az gl bl S 4 ei¥ cilond
Sl 4l jo a5 355 252y Jdo @ [YF] jl5ea 5 sl
4295 b g peiitene )90 aball (pl (25,5 (o 4 FRP 39 Jlas]
FRP (3,5 GlaiS cuyd 5 ghie gl 5 Jlecl 555 jlade 4
COB-1 dged (Jsb ()5 Eron (oyp b oCel 0l ailne
S9a> 55 (Jsb 0 FRPG )5 4 00y (5950 0,5 camlive lg5 o

Jsb b oo oyl easl oo JUl o2 4 FRP 3,5 (slocsl 51 VOmMm

1  Yao

AR}

(adls K3 g 2 abaly jo o mdaw JIFRP 5,9 Sadlas 53
B9 FunS Py ceSl SU clils gy 0 a5 Jls g

du‘ canls u,uj) Ls‘)" A.Ia)‘) U"‘ )l oolazw! UJ‘).)L».‘ .Cwwl FRP

REIAICINCI

sl )b loges ¥V

Jols s 51 ool b badiges plad olrale— b loges
oy (Gl el 0all &IIY S 30 g pue s PIV Low
&9 2 5 &ly gabl my pbaly (ke da s
0uls (6,008l Comn 40 9 A 0dd et b glasl o FRP
S e 5l G50 sl Bis sl eizren D (S o5l
SialesT sb 39 5 o Sob alrals w0yl 4S5 amio luts
Al aid 8 s Slawlre 4 g (6,505l

00l Fimp Gaisel glral—)l logel @l Lulul
Gl o a5 (g sbay wisg alin L3, gl cud Lilbauls 4
@ o 5l o Wb oo Gl glal b AL lages
wlo oo il L~')—5-’ S s (ol ;b 0% dga> 1) el )b S
chw I FRP (5,5 (Sobl anwgi 5 £9,5 Jdoay glral Ll
S5 dob psrie )18, nl (V US2) wliee Gl Gliren
3o s 5 e JLail Jobo 21381 45 05 o 0B ] S



slal 510 mm alols o ledaises FRP 5,5 0,6 (35,5 & poud
s b el gl onl 6,05 ,L o o0 ol 4 ls
&9 ad o oddlive a5 jgb Hlan el oals @)l Ve IS
syl o pga) Cwl ol Loy FRP 5,5 (58 )0 (55,5
CHeSs mye s Hlid am cpl (oles b ATl xS
25bos FRP (55 & s (50 olSCiws (ogais 0,25 5l 503
99y 0 FRP (5,9 cwolbes O JJoas vl o (S5 DS
wlo (GAiged (02,8 )5 E e 5o Deizmed (a8L S il
3 i L FRP (359 ad 99 50 (23,5 SUI el (g 4 o0

Ll ‘-3‘5.' U"‘ L ;.\43..4 )...4;5 CSOLMJ g)...l.) L as 09 CS'LHQ 4.._‘>Lu

G5 Az =0

B e gy 50 (Swem Fhe Jsb (een cnl o
o Gilweslel Jalae sla g, g SLI cals 5l sslaul L
oleiion Lulg; b g 285 18 b)) 9550 (SBhawle 5 (S50 2)
Sloisns b daglie 15yl syl FF+ e iy Lo
b silwoslel (g0 5 b diass 50 50 (g, ol 4 0 as L
(Jolaie sl by, 4 onls didle sladiged (yuiored b dislw
i 5 Hhaule Ghy) 4 ead (b (glweslel azus g0 5
badiged (Siwgn S5 Jsb 5 (Shwgey Conglite Gugns Nl a5l
(ST S i gy SeS 4 g esdians oy Giolej] 5l ool L
@S Jelos 5 o0 bl 20085 )18 b5l 090 DS (6 g
plo il 1) 55 slags S azes Glgioe pol> idgh (o)

ol Al sladiged (Stwg Cowglie 5 (Siwge 3o Jsb
ol b plstan 5 Souse aline Shasle 5 Siomn by &
(Sopol 5 ool saabinm]) K5 g ooz abaly 5l ool apuloce
5 PRisle;l mls 5l sanl Cavsas polie BB el Cavoa
9 Zuaglio (gl 9o )2 ¥ o ¥ ol b 4 (S5 5 (o dlal)) (Gl
aw 3lwoslal o sl esliiul (opl plis g (Siwge e Jsbo
Om Nz Sadyb )0 pSednr Oolis LAbasle 5 S5y
55 w8 b oszee glaakal) 5 aila (o mlaw 5 FRP 355
WSS (oo (St [ (Keam S5 Job g Saeglie

i sy 4 s aily slaaiges plod conSs cl>

\wy

—¢— CO-B-1

—O0— CO-§-1

—o— FI-N-1

—o— FI-B-1

Strain (%)

S0
100 120 140

40
Distance from loaded end, x (mm)

60 80

aigai FRP 555 Jsb 55 o oJsb (S & o A S
Fig. 9. Longitudinal strain profiles, along the FRP sheets

F5e Job) 3)ls Slszee S5 5 o alal, 5l ol (Swgn S5
baiges Slasin 4 a>g b g (F) akaly 3l oolatnl L Siwgn
(0% dwle YY mm

3o Job FIN-T dged (36,5 Ered 4 d2g b uinon
S eS YeZ) cadl £emm sgam j0 dges pl gl (Swew
L aS el I 55 ol d(Ushie sloing, b o 4l gladigas
oty boad by laaigas | iy VI aiged nl )0 ol
s, b anglio jo OLI cslS s, cnlply ol Jghie
4 )3 9 R 9 FRP G)9 (o s (Swgm o 4 oJslate
P b ol Felie 5 SGmee slaaY 4 s JUl
a3 oo JULl o 4 FRP )9 51 a8 Jsbo

Jon dodiged (Siwgn S5 Job e amlie sl @
oy OIS 50 o (] oled )L A0 5 ladiges ples (Job (2,5
@ oad Al sdigel ol oo oddlive a5 o les .uwl ouls
S by, 4 ool aidle glaaiges b aglie jo SLII il i,

Db e s didin G135 5 S S50 Jsb gl ¢ Jolae

o S Epei T
ol 25,5 Gl US4 olews PIV SaSS sbilye 5 (S5
COlS iy, SRy SE8S () p sehie & Giegh ol o

(o 4 u':..il.cﬂ ol oo 3l ol yioren ¢ SLI



WE LAY o TR o ) o)led @Y 0,93 S yual lyos cwdiges 4 il

—O— 100% Fu —0— 100% Fu
—o—95% Fu —0—95% Fu
—4— 90% Fu —24— 90% Fu

S —<—80% Fu S —%—80% Fu

£ =

» —O0— 70%p Z —0— 70%p
—¥— 60% Fu —¥— 60% Fu
—0—50% Fu —0—50% Fu

25 20 <15 -10 -5 0 5 10 15 20 25 25 20 -15 -10 -5 0 5 10 15 20 25

Distance from centerline of CFRP laminate (mm)

(<)

Distance from centerline of CFRP laminate (mm)

(A1)

CO-B-1 4@goi (< FI-B-1 @igoi (WIFRP 5,5 00 (5,105, glasl 5110 mm alold jo oo ,e (i, & poud Ve JSo

Fig. 10. Transverse strain profile at a distance of 15 mm from the beginning of the loaded FRP sheet: a) FI-B-1 specimen and
b) CO-B-1 specimen.

bonded to a brittle substrate, International journal of
solids and structures, 49(17) (2012) 2291-2300.

MR.T. Arruda, J.P. Firmo, J.R. Correia, C. Tiago,
Numerical modeling of the bond between concrete and
CFRP laminates at elevated temperatures, Journal of
engineering structures, 110 (2016) 233-243.

Y. Wu, X.S. Xu, J.B. Sun, C. Jiang, Analytical solution for
the bond strength of externally bonded reinforcement,
Composite structures, 94(11) (2012) 3232-3239.

E M. Mukhtar, R. M. Faysal, A review of test methods
for studying the FRP-concrete interfacial bond behavior,
Journal of construction and building materials, 169
(2018) 877-887.

J. Chen, J. Teng, Anchorage strength models for FRP
and steel plates bonded to concrete. Journal of structural
engineering, 127(7) (2001) 784-791.

V. Colotti, Effectiveness factors for bond strength in FRP
shear strengthened RC beams, Journal of materials and
structures, 49(12) (2016) 5031-5049.

Z.Wu, S. Islam, H. Said, A three-parameter bond strength
model for FRP-concrete interface, Journal of reinforced
plastics and composites, 28(19) (2009) 2309-2323.

H. Diab, Z. Wu, Nonlinear constitutive model for

time-dependent behavior of FRP-concrete interface,

'’y

JE ol o b whaw G FRP (355 (Sadlae (cihavke
5 O Bes 4 i JUl o 4y SLI Clls gy 0 a5 el
G5 o ebie (Shwgn o Bas 50 i Caglie | (6,050 e
diges plod canSl cl> a5 ,0 g ool Jol> 5y g FRP
S esliul eplply alloo FRP (5,5 (SBed (hs, ool 50
oothol onyay B> o el Sl wilgs o SLIN clilS i,
Al o whaw SIFRP 59 g (Sadlax

ol 5 S Vol SLI IS (g, 50 (Sisn F5e Jsb
Jolie sla g, 5l i Y2 g, nl 53 (Sinwgey Cunglite g Jglie
gl slogigy 4 o BLIN Bl by, ool ol el cemdey
23 g0 JUH (y s FRP 30 5l e Jsbo o1, (50

wtle Gladges (Swsny Fhe Jsb 9 (Siwgm Cwglie
Silwoslel g g b atws g0 ,o y0 BLII S g, 4 e
SLI LS hgy po s Wog alie mmls gyl ( odaw
Olfise ol a5 009 (b (gilwoslel 4igS e 4 5l
(e 4 g 9903 Bd> | o mhaw SIFRP (3,5 (Sablao oy

il s FRP (3,9 o s e (51 b

&y
[1] A. Caggiano, E. Martinelli, C. Faella, A fully-analytical
approach for modelling the response of FRP plates



investigation on effect of temperature on bond between
FRP laminates and concrete, 11th International congress
on civil engineering, Tehran, Iran, (2018).

[18]R.J. Adrian, Particle-imaging techniques for experimental
fluid mechanics, Annual review of fluid mechanics, 23(1)
(1991) 261-304.

[19]D. White, W. Take, M. Bolton, Soil deformation
measurement using particle image velocimetry (PIV) and
photogrammetry, Geotechnique, 53(7) (2003) 619-631.

[20]C. Slominski, M. Niedostatkiewicz, J. Tejchman,
Application of particle image velocimetry (PIV) for
deformation measurement during granular silo flow,
Powder Technology 173(1) (2007) 1-18.

[21]M. Hajialilue-Bonab, H. Azarnya-Shahgoli, Y. Sojoudi,
Soil deformation pattern around laterally loaded
piles, International Journal of physical modelling in
geotechnics, 11(3) (2011) 116-125.

[22]D. White, W. Take, GeoPIV: Particle Image Velocimetry

(PIV) software for use in geotechnical testing, Technical

Report No: CUED/D-SOILS/TR322. Cambridge
University, Cambridge, UK (2002).
[23]M. Ali-Ahmad, K. Subramaniam, M. Ghosn,

Experimental investigation and fracture analysis of
debonding between concrete and FRP sheets, Journal of
engineering mechanics, 132(9) (2006) 914-923.

[24]C. Mazzotti, M. Savoia, B. Ferracuti, An experimental
study on delamination of FRP plates bonded to concrete,
Construction and building materials, 22(7) (2008) 1409-
1421.

[25]A. Hosseini, and D. Mostofinejad, Experimental
investigation into bond behavior of CFRP sheets
attached to concrete using EBR and EBROG techniques,
Composites part B: Engineering, 51 (2013) 130-139.

[26]]. Yao, J. Teng, J. Chen, Experimental study on FRP-to

concrete bonded joints, Composites part B: Engineering,

36(2) (2005) 99-113.

Composites science and technology, 67(11-12) (2007)
2323-2333.

[9] ACI 440.2R, Guide for the design and construction
of externally bonded FRP systems for strengthening
concrete structures, American concrete institute,
Farmington Hills, USA, (2008).

[10]fib Bulletin 14, Externally bonded FRP reinforcement
for RC structures, International federation for structural
concrete, Lausanne,Switzerland, (2001).

[11]CNR-DT200, Guide for the design and construction
of externally bonded FRP systems for strengthening,
National Research Council, Rome, Italy, (2004).

[12]N. E Grace, G. Sayed, A. Soliman, K. Saleh, Strengthening
reinforced concrete beams using fiber reinforced polymer
(FRP) laminates, ACI structural journal, 96(5), (1999)
865-875.

[13]]. Firmo, J.R. Correia, D. Pitta, C. Tiago, M. Arruda,
Experimental characterization of the bond between
externally bonded reinforcement (EBR) CFRP strips and
concrete at elevated temperatures, Cement and concrete
composites, 60 (2015) 44-54.

[14]M. Eftekhar, M. Yaghoubi, Hole driling technique for
delaying debonding of FRP laminates from strengthened
concrete beams, 4th Iranian concrete national conference,
Tehran, Iran, (2012).

[15]D. Mostofinejad, E. Mahmoudabadi, Grooving as
alternative method of surface preparation to postpone
debonding of FRP laminates in concrete beams, Journal
of composites for construction, 14(6) (2010) 804-811.

[16] A. Alipour, M. Tavakkolizadeh, S. Alizadeh, M. Ahmadi
Jalayer, Experimental investigation on behavior of
concrete beams strengthened with GFRP laminates
using circular grooving and other traditional methods of
surface preparation, 10th International congress on civil
engineering, Tabriz, Iran (2015).

[17]B. Attari, M. Tavakkolizadeh, An experimental

(2020) 123-134.
DOI: 10.22060/cee}.2018.14617.5701

B. Attari, M. Tavakkolizadeh, Effective Bond Length Evaluation of Fiber Implantation
Methods in EBR Applications Using Particle Image Velocimetry, Amirkabir J. Civil Eng., 52(1)

e gl Ao () & digSy

\Ye



	_Hlk471544953
	MTBlankEqn

