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Fig. 1 Hybrid bonding FRP
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Fie I UL B WA RS EORUE , X E AT 20 XSS R Wu YF A4S BIRG 45 0 ) = R R it s X R B
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Fig. 2 Comparison between the partition model and the WuYF model

1.2 HENADHEY

fiE HB-FRP JEA R ARG S T 2 3853 S A a, 55 1 #6024 EB-FRP VR 2K J7 1] 1)
RE5T7 F 565 2 350 AN A W K Ty ml (RS 45 0 F,, BARS ILEI 3(a) K 3(a) 1
BRI L, BN SERE 7 RN B AR R YR 25 0 R T HB-FRP #4745 14 i
[ o, BT BT (A BE A T 280 50 A ARE — SRS S5 I o3 A B8 C,, AR S B it
(R AR A 22 ) R R 5 17 T IR R R B A R A S LR 3(b).

| I A A ] ] [ R B N |
\ | |
Lo AN — EB-FRP
J effective bond length I l
Tmax
NNNnNnNN~N T
T T PeamComeaTma
L IVAVAVAVAVY, concrete wedge . .
‘ effective bond length ‘ =T (2x/11)° x
(a) WI0ME FRP BREES R (b) 1BE BIRESE N 1 534
(a) Bond stress of the steel fasteners and FRP (b) The assumed bond stress distribution

B3 HB-FRP KRR R
Fig. 3 Bond stress distribution of HB-FRP
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Fig. 4 Distributions of slip, bond stress and FRP strain
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Table 1 Relationship between (ay;/By;)? and the concrete cubic strength

S /MPa G /(MPa-mm) T /MPa (ay/By)?
10 27.687 5 1.84 30.095 11
20 38.327 2 3.65 21.001 21
30 47.271 4 5.46 17.315 53
40 55.493 5 7.27 15.266 44
50 66.332 4 9.08 14.610 66
60 70.946 7 10.89 13.029 70
70 78.424 0 12.7 12.350 24
80 85.816 8 14.51 11.828 64

FHAE o F1 B, , MKFESCRR[ 18119 BIIb, B2 K BIId2 AT o Hr , BAIF 1 2 DL 5.
TREELIRE £, = 57.6 MPa, FRP Al L = 600 mm,/, =35 mm, [, = 15 mm, a, =0.128 2,
B., = 38.665.

X (10) TTEMES RS it s (AR BT, R FH PO B Runge-Kutta J5 724 % HfE 47 3R fife. % =0
(10) i AR FRP S50 R B SRS 31 A im i it s, = 0 BHin8um i it s, Jf
B HARA(9) M55 FRP S0 INZksmsk i 1 F L LKL 7 -1 7% il 26 8 (8 ANt a6 i3 4
P IR B« HATSET, IR, Yy, = 20 BRSO AT R AR 0 A 45 S A A
W& (1E6).
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P, = JZEfb?tf(in'tf; + Cmequax(sz -5 t 33)/2j . (14)

AR (13) 1 (14) SKAf HB-FRP IR AR 32 04 30 25 i I8 A 88 b RS H0BUE o - TR 5E
58 EF £, =57.6 MPa, [, =35 mm, [, =15 mm,FRP #PEHHE £, =242 GPa, b, =50 mm, ¢, =
0.167 mmx7=1.169 mm AR FSRAELER N 246.48 kN; WuYF BB (R SR A5 262 kN; B
I d2 B0 A 75 15 300 541 B AR AR AE 7 230 KN AR SCRE IR T4 45 31 53 06 45 SR o ol 43k,

22 BIMEKE

BTG IR AR LU R nl SR A BN RS 45 K 3R 19 HB-FRP i 1R 3 1 341
BRE .

1) S AN B R B SRAFRESE I ) 2340 28 C,, 5 RIS IR BE 157 7 (R 5 R
FRREEZEORIE 7 5 B FRP [UsRPERLE E, Fl FRP 9IS 150, BUE N 0.128 2, B, BUE A
38.665; a, WA 20, MRARREE - 57 AT R R BER IS S4B, .

2) T MATLAB #4857 20 (10) FIBCARL, & 5, = 0, B AARTRBR 25 K E L., R
FHPUBT Runge-Kutta 5 5 #EA TR A, A5 3100 #5219 40 A Rk £2.

3) MR (9) KA hmdsmskhi Sy F2makbi S F SRS L, R4,

4) W ERPLS) F SRR IE L, 156 R M2 v AR SR S5 B | 7B AORS 25 1 X Ry 4T
FI B I HUE N 0.96 51+ B KR EE S

DL iR K 8 .
determi set up the mathematical
pgrg?g&fs; model of eq.(10) based
Cmeq> Tmax> Et> on the MATLAB it draw the relationship
. ‘:x s f software and use the dlstrlb_utlon solve load F/ | o curve between tensile
fo&m>Pm, of slip s based on eq.(9)
an,fu 4-order Runge-Kutta force and bond length
method to solve the
problem
T effective
let the free end slip be 0 bond length
and input different
bond lengths

8 ABCKZEK I ik
Fig. 8 The computation method of the effective bond length
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200 mm,HB7 2 HB8 ZEA4NFN4: [ BE 4 100 mm , i FH B804 R ) AH Rl HB6 K2 HB7 g %t Bk
Tz, B8 Ay i FHvfin 2 A 1 AS [+ F80 4R 028 [0 B8 3-8 AS [) R 465 7 1 43 A 28 80 A 4 A T) o %
T3, B AR, TG 45 R BT R B AR 1) — 2 s XA A8 A, BRS A A E n 28  f) HE
HARI RS RS 0% 2.
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300
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200 =
& e
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] . .
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The computed effective bond lengths
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Table 2 Experimental verification '

Fig. 9

FRP strain 107%¢
specimen No.

tcst[“]

theory[ ') unified model
HB6 9323 9 423 10 900
HB7 12 382 12 174 12 300
HBS 17 056 15 842 15 200

iR THRC R = N RIS I IF R T 2 3 IR EE AR5 . C40.9\ 1) SZ R |
ZST AR A O HRB335 250 . ke 2 4 A 119 i R oh B AR ZR TN A £F 4 AR UT70-30( 300 g/m?)
CFRP Z4.2 2, Ki 45K B0 2 300 mm , K505 FEBE A 60 mm, 5)2% FRP A1 )2 R 0.167 mm .
RIS BB F0 R 25 [ 1 26 ( ) RS 24k T4 BN ) HY 5 B9 Swancor ZF4ERE 457 | 120k 45
FH IR F e 35215 M L A= 28 18 NN R T Q235 b JBT 1 e TRt PR B AR, 45 55 B4 B2 17 15
S IR T B R RS R DA% AR T A S UL IEL 10.

4010
2700 e
50 | 1275 50
‘ 1 910 @100 -
Q
25
== <— wy
| o
| 2020 J
a . )
reserved crack L&J

10 HHIEZER ) K HB-FRP 43 (BA4A7 . mm)
Fig. 10 Dimensions of the rectangular beams and HB-FRP (unit: mm)
KT T Tovhn gk, 8 id s 18 2 g 2 i 4 K/, Sk FH B Hhom #8007 X (K 11 (a))
INER, BLAE A B2 WL 11(b) 1SR EHTTEBIR BN 150 mm, 2 SRAHEFE R 300 mm,
BN A E ) B R 150 mm ARS8 T 2 L 12.
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research length l steel fastener
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(a) The test set-up

|

,_mm q‘ ‘
08 10 | 12 ‘
06 07 09 11 ~strain gauge FR:|P ~steel fastner

reserved crack

BRI coomm
|

specimen Ne.1

11115191 %r%r% %r%r(r)l 11115191 11115191 450 mm
specimen Ne.2 i : ‘ |
15 14]12 10 08 06
et et e I
16 T 11 .- 07 F steel fastner
reserved crack  strain gauge
(b) MiZER

(b) The strain gauge arrangement
B A1 sy 5

Fig. 11 The scheme of loading and testing

B 12 A
Fig. 12 The photo of testing

X2 R REHEATRIE R EAE ) I IRAE , BE /A AHAGE AL RS IR 3.
R3 ENERRE LRI

Table 3 Comparison between the model predictions and the test results about debonding
force of FRP F /kN
specimen No. Crneq error E /%
test unified model
1 0.43 21.45 22.12 3.12
2 0.6 65.02 69.38 6.71
3R 2 AR 3 ATLUE ARG AE T A% G — LB RE A OV Ak I 18] 2% B B IR I, FRP 257 14

% JITERE.

4 4 I7a
1) HES TR RS 5 N 140 A 280 HB-FRP INEVE R 70 A58 FRP R 25PERE
FER SR TR AEE - B ARG &85 1 BB WA 40 I F 21T B AR S T e 5 458 L BE, 4 5 T FRP k4

WIRSTEgE 2 {ibE ST
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2) HETHANKEINAEE R T TSI R g — A h i e e R AR A

3) HB-FRP fill[E {4 2 AYA SO 45 K A3 2 000 mm 2647, 11 EB-FRP A4 S0KS 25 K FE AV
}4 200~300 mm .

4) I I UER B HB-FRP BPRG45 18 5% 50— A58 BE A 25 00l Jon [ 555 i i) o) 25 7K 28 ) Fn s
ROR 25K .
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A Unified Bond-Slip Model for HB-FRP
Strengthened Concrete Structures

ZHANG Feng', XU Xiang-feng’, LI Shu-cai'
(1. Geotechnical and Structural Engineering Research Center,
Shandong University, Ji’ nan 250061, P.R.China;
2. Department of Civil Engineering, Shandong Jiaotong University,
Ji’ nan 250023, P.R.China)

Abstract: In order to simplify the bond-slip models for the HB-FRP strengthening technology,
the expression of a unified bond-slip model for HB-FRP strengthened concrete structures was
assumed based on a previously built partition bond-slip model. The distribution of bond stress
was deduced. The bond force of the HB-FRP was divided into 2 parts; one from the EB-FRP
and the other from the steel fasteners. The relationship between load on FRP and slip was de-
rived based on the energy method. The interfacial slip was investigated with the theoretical and
numerical methods. The undetermined coefficients in the bond-slip model were formulated
based on the model test results. The research results show that, the unified bond-slip model for
HB-FRP strengthened concrete structures can effectively predict the bond strength and effective
bond length of HB-FRP.

Key words: concrete; strengthen; unified bond-slip model; HB-FRP; bond strength; effective
bond length
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