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Abstract Fiber-reinforced polymer (FRP) laminate sheets, which are lightweight with high strength, are
commonly used to reinforce concrete structures. The bonding strength is vital in structural design.
Therefore, experiments and analytical studies with differing variables (concrete compressive strength and
tensile strength, the elastic modulus of concrete and FRP, thickness of concrete and FRP, width of
concrete and FRP, bond length, effective bond length, fracture energy, maximum bond stress, maximum
slip) have been conducted to obtain an accurate numerical model of the bond strength between an FRP
sheet and concrete. Although many models have been proposed, no validated model has emerged that
could be used easily in practice. Therefore, this study analyzed the parameters that influence the bond
strength that were used in 23 of the proposed models (Khalifa model, Iso model, Maeda model, Chen
model, etc.) and compared them to the test results of 188 specimens via the numerical results of each
model. As a result, an easy-to-use practical model with a simple and high degree of expression was
proposed based on the Iso model combined with the effective bond length model that was proposed by
Holzenkdmpfer.
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AR &85 =5 4] A21d A9E, 2020

(D~()BEe FRPo] Tt A7 27|07 mE=
FRPAIE 3} Ralojgton Bajes sk 9
on] BUARtoRE ojn)7}t Arky & 4 itk B2
W4t Aol RAREE ATs B ofwr

(1) Tanaka(1996)[2]19} Sato et al.(1996)[3]
7,=6.13—1n(ZL) P, =1,Lb;

(2) Hiroyuki®} Wu(1997)[4]
7, =0.27L 0% P, =1,Lb;

(3) Yoshizawa®t Wu(1997) [5]
P, =bL(588L ")

DRI (1)~B)do] ¥l FRPAIES] eHgAS
o FA7} H7te mdoln faiatzo] HEg AR
k=t 97t e BEE BrEch 18y faRd
o7} FRPAIES] 73/del wha|ggickal 7hdstar 9lovt
F9] mdodes A0 vttty BaE Qlot
(5292 FRPAIESL E23 | EQ] edAIRe} FAE ¥
2 Eotal wFo A AdE =t glow,
6EE2 5)ndo FRPAES Z3ES Z Wy
Brkslgnh (HEEe ()RdS Agdne] A5k
oS FustA $7gg mdott. Q)nd2 (5)2 (6) =™
< ARl BEE 2AEEY 371 BE 1% 13
olvA] MEe =dsta Jlom mhajofuizof tigh Hx
9] f=4jo] W Qs Hrt (9)nde RaPtwo] gt 7}
Z 27] HYRA FRPAIES Z3} Rzbo] 12|y &
FYEJIGHEE W42 Aot E3E Frt
HALEo] IS nFchs 29 A+EHE wrdst
I 9= i o)y} Qe Z7|mdolt} (10)2hL (9)
gy} gApsit 23 E9 ATl YEEE
HeE ARSSEL QlTh

(4) Maeda 2].(1997)I0]
7, = (1102 107°) Byt
L= 66.134—0.58111 (Efzf)7 P, = TuLebf

(5) T4ljsten(1994)[7]

2G;Et
P = ety

(6) Yuan¥ Wu(1999)8]

- 2G Bt
v 1+ (Eb/ Etb,)

c’c

(7) Yuan £](2001)[9]

Mtanh [\ (Z—a)]= Astan (Aya)

A= (r,/0,Et,) 1+ (Etb,/ Etb,)

A3 =(,/(6,=6) Ept)(1+ (Et,by/ Etb.))

c’ce

Pu = (bef@)/()\z(5f—5,))sin()\2a)

(8) Lorenzis 2J(2001)[10]

P, =bp2E,Gy

(9) Van Gemert(1980)[11]
P, =05b,Lf,

(10) Adhikary®} Mutsuyoshi(2001) [12]
P, =bL(025f°7)

(1DEL2 HFA-eINES =Usta 2AEY
=73=9} FRPAIES] &AL FAE Wsra ARES
il glen fafAtdo|: Wz AlRlShal 3l Zo]
SAolth. (12292 (1DEDY FARRY gadqeot
o EARE TR RS AbekaL o (13)%
D2 (1)EE FARH 7245383} fafabdo]
£ Aldsial gled Hdiaede SAE A=

=
£ WeE, SERIYOE 100mmE 14T Y A
o] E4olc},

(11) Khalifa 2](1998)13]

7, =(110.2x10"°)(f./42)"" Egt,

L= 66.134—0.5sln (Lgr,,)’ P, = TuLebf

(12) Izumo ©1(1999)[14]2+ JCI(2003)[15]
CFRP: P, = (3.8} +15.2) Eb;t,L < 10"
AFRP: P, = (3.4f)"+69) Eb;t,L < 10"°

(13) Yang <|(200D)(16]
7, =0.5f,, L, =100mm
P, =(0.5+0.08+/0.01Et,/f,)b,L,T,



AEHR(FRPAES £ ES Bae 4% a9 A

EAIDERES
QuEazEss)lA

JCI(Japan Concrete institute,

225 mea AYo] o) A

nagele SaE QS SARAClL FRPA
E9] SS9} S0 Rk S5 9tk (16)

wge sl e fasE ASPER 44 B
Wsto] mAe 7eksh} REEolo] that WS A

SAIZT

(14) Sato 2(1996)[1712} (JCI 2003)[15]
7, =2.68210 °(f.) "’ Et,

L =1. 89(Eft )W ifL, > L L, =L
Bl, Tylse (bf +7. 4)

(15) Iso Q(JCI 2003)[15]
L, =0125(5t,)"" ifL, >L:L,=L
=0.93(f)"", P, =71,Lb;

(16) Dai et al.(2005)[18]
Gy = 0.514f)%

P, =(b+74) /2EtG,

(17) Neubauer and Rostasy(1997)[19]

Eit
Lc: #j’ Gf:Cfff
=(L/L,)(2—L/L,)

2—b;/b,
b= \/1'125( 1+bf/400)
P _{0.64ﬁwa\/m if L>1,
©0648,8,bp/Eyf, if L<L,

(17)~22)RAEL st RdER Z38EQ} FRP
AEQ] B4, T3 fafado
5] ZHAGAGS} Ao HAGALE AIsta 9t A
wet mdo] ARgtat 7MY fARE Ak HolE e
Yot AnH o7 mdo] YR Ea= o] Sirt.
(17)~QO)EEL FARE ZRAYA 4ol Fatzo|H g4
5 ¥HEE 7L Qe fAtE ol & S k.

i
|
ok
ol
=
39,
o
A
m

(18) Holzenkdmpfer(1994)[20]2} Blaschko <]
(1998)[21]

Eit
— °f _ 2
'LH - 4ft ’ G}‘ - Cfff,ﬁw

B,=(/L.,)(2-L/L,)

PR
B =\ 1125\ 155, 7200

p 0T 2GE, =L,
v 080,85,/ 2G B, L<L,

(19) fib(2001)[22]
=(L/L,)2-1L/L,)
B, =1.06/(2—(b;/b.))/ (1+(b;/400))
P _{0.64@,@-@ it L>1,
“0648,8,b\/Efyf, i L<L,

(20) CNR DT200/2004(2004)[23]
L. =\ Et/(2f,), kg=003
_ )1 if L>1L,
fr=\(z/1.)2~1/1,) if L<1L,
(2—0.33)
YV (1+(p,/400))
%=1 = ,78)
(14 (b;/400))

P, =b\/2BtkB,5,\/ff.

if L>1,

it L<1I,

22)EdLe 2)EYEDG g Exst ndZ Hojx]
=t F2do|BYAeE ST 9 HEE ARSSt

Itk 23)2d2 o 2dy) o2 HRaeEs
HeE ARESEL Q) Zo] Aot

(21) Chen and Teng(2001)[24]

L= Bt/

1 L>1,
ﬁL:{sin ;rli)[/<[/“
2= (b/0) 1

By = T+, /b)
P, =04278,8,+/f L.

417



Aet71&etel =2 A A21d A9E, 2020

(22) Lu et al.2005)[25]

1 A; +Atan (M\a)
Le=at oy Iny—y an Ona)

Tu Tu
MR T\ G e E,

U 1

1 )
a=——arcsin

/\2
Gy = 030862 \/f,
B, =sin[7L/2L,]
B, = +/(225—(b/b.))/(1.25+(b,/b,))
P, =B.b/2E,G;

=%}

[0.99 7, =158,f,

5,=0.01958, f,

(23) Camli and Binici(2007)[26]
1= VEGIVT. 0= GATD
7, =35f0"

6u — f:04(-L/L(,)08 (bf/bc)o-l

P, = /7,6, \/ Eitib;tanh(0L/L,)

3. BXAL0 O)X|= QIXMEM
278004 At 23579 FaAgERd] gt 24+
9] RIZHE Table 1914 Bz v} o] BAstal 53}
sttt R 4 FE e A E23FE

E/3T FRP 402 2%
IYE B4o] 2EA| o= B9k At Bl ALg
H ZZ9] QAE AuHE FRPAEZL TE pdo
AMEEI9loH, FRPAIES] edAlset A7 AHEH &

2 Q= wilo] w2

I

W 187, FRPAIEY] $34o] & 9ax2ol} A}
g1 mEe 187, I FEAEY A A

81 mae 1572 thepet. 1 o) 2aE U], o
Houx, EaERdAS, BHe-SUwAYt 1Y
of ALgEIYIT. A O QRIS ol HY BAS
= BuY 2P 7RsHo] 2AT B B o

& 7HA E

ko
1o - -

2730l A A o AtdE theFst
DS AmEor=r RS HEo] dyd
ol A3 BY gukdo g ARgsl= =
A= AL AMdolt}, gutdoz Heg HA &
DEALE At} Aoldt AutghS HojFn,
DEASE WAl ARRH AR A5
TS HojFa QITH21]. & FoflAE 7]Eo At
BHAAERES tokst AAke] gt vln 24
Rz} sich v uE Yslo] Table 204 XHi= HiQ}b

z

Table 1. Factors considered by existing bond strength models

Name 1123145161718

9

10 | 11 131415 17 118119120 21

concrete compressive

strength(f,)

concrete tensile strength(ft)

elastic modulus of
concrete(£)

width of concrete( br)

thickness of concrete(t,)

elastic modulus of FRP(Ef)

thickness of FRP(Z;)

width of FRP(bf)

bond length(L)

effective bond length([@)

fracture energy( Gf)

constant determined from a
analysis(a, Cf)

maximum bond stress(7,)

slip at 7, ()

maximum slip at zero
strength(d,)
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5 0.338 5 130 5 95
. 15.6 2.08 100 11~
Zhao et al.[28] 5 27.9 2.87 150 240 0.083 100 150 3350 12.75
0.111
B5 1 561~ 230 | 0165 20 | w2 | 675~
Takeo et al.[29] 33 ~ 3.87 100 373 0.167 40 300 3481 1435
48.1 0.334 500
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21.8 2.5 20 60
Ren(30] 0 | 344 | 32 | 50 | BB 9B 5 w00 | 321 o
42.2 3.6 : 80 150 :
0.11 10 75
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22.6~ 2.55~ 100 230 20 2940 2.4~
Ueda et al.[31] 16 447 371 500 372 8.22 50 200 3479 380
.33 100 300
0.55 700
W et al32] o | 20 | 3m 100 22333 0083~ | 40 250 | 4200 | 118~
u et a 57.6 421 3% 1.0 100 300 4400 27.25
74 1500
. c 0.11 3030 23.1~
Dai et al.[18] 16 35 3.21 400 28340 114 100 330 3500 60.0
3550
35 0.144 1700 |,
Ko et al.[33] 18 314 2.99 100 72.6 0.167 50 300 3600 156
261 0.353 4340
0.111
. | 24~ 2.5~ - 0.167 100 16.8~
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0.334
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100
Kamiharako et al3e3n | 18 | 349 | 327 | 100 o | 0111 10 ] s | 20~
amiharako et aiob. 755 536 0222 | ~% s 3500 | 149
250
Total 188 15.6~ 2.08~ 100~ 23.9~ 0.083~ 10~ 60~ 1500~ 2.4~
ot 75.5 536 500 390 1.14 100 700 4400 60.9
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Fig. 2. Comparisons of predicted and test bond strengths
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