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Durability of CFRP-steel interface modified by liquid rubber under chlorine salt erosion

PANG Yuyang' , LYU Yuanchen' , WANG Qiang™
(1. School of Civil Engineering, Zhengzhou University, Zhengzhou 450001, China; 2. School of Civil and Transportation
Engineering, Hebei University of Technology, Tianjin 300401, China)

Abstract: Fifty-four carbon fiber reinforced resin composite (CFRP)-steel double lap specimens were designed to
study the effects of liquid rubber modifier content and corrosion age on the mechanical properties of CFRP-steel
modified interface under the erosion of two kinds of chlorine salts: High temperature water bath and dry-wet cycles
at normal temperature. The results show that under the action of high temperature water bath and dry-wet cycles at
normal temperature, the unmodified specimens show CFRP interlayer stripping failure and steel/binder interface
stripping failure, respectively, while the liquid rubber modified specimens could transform the failure mode into
adhesive cohesion failure, among which 10wt% liquid rubber has the best effect on improving interface durability.
After 180 days of high temperature water bath and dry-wet cycles chloride salt erosion at normal temperature, the
ultimate load retention rates of the specimens increase by 28.11% and 29.94%, respectively, compared with that of
the unmodified specimens. Based on the experimental results, modified interface bond-slip models are established
which are suitable for two kinds of chlorine salt erosion environments, and the predicted results are in good agree-
ment with the experimental results.

Keywords: chloride erosion; liquid rubber modification; CFRP reinforced steel plate; bond-slip relationship;

durability
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Tk 21 4 3% 53 A g & & #1 #} (Carbon fiber rein-
forced polymer, CFRP) KX H. 48 5t = om . i A P4
S0 Ok T A 45 R AR &5 o [ 4
CFRP 5 89 4 [i1] (4 4l 45 5% 1 15 A o [ 4k & v 1
55 PR AT R A M RE B 32 3] i TR T
A= AT 7= A AR AR 20 R I A Y V6 b X
T EE YR, CFRP-AX 5 m Bl F% ok
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W WARAR 4B AR S EAT RO P38 ) . A7 2 ok
FHVR AR X B S8 BE AT 1S Bk, I i ek
RERRHEAT VRl . PRI ER R AR IR EE R 1Y ) 2 1k e
B, KPR T FR AR B 0 55 )R IE RORG 45 5
FEARE F MR A B E WK . Pang S BF5T T
BB TR IR AR B A A AR X CFRP Al 5
BRG S5 PERR I RE A . & 3R CFRP Az 1) B0 R 10 22 Fifi
45 350 AR AR S B i A 43 L R B s,
2 3 50 CERP-H9 12 A7 1 B A 28 k71N o Al 45 550 v o
R BB ARG S5 R R e 1 T %, (HAEH
S AN H AL 10wt% BTG OGR4 ) IORG &5 1 BE
{4 BE ] 1K 5 87.9%~103.7% . #8112 BIFSE T Rl
PEIR T AR I e P CFRP-9X 5 1 i ARG o 45
B, 2id 200 IR G REA G, A FRIR R I
B (Owt%. 5wt%. 10wt%. 15wt%) | ik {4 14 i
B 2k 3 50 R T 16% . 10%. 4% Fll 6%,

AR FH Pang 45 P (1) 7 32 il £ AR AR e B
PE CFRP-H A A4, gk 2L TF 8 T SR 1R Il PR 5%
T CFRP-T S it AVEDFSY . KI5, T
SRS b, BN T W ANE B IREE T CFRP-
B PE S TR 25 - W FE ALY, Oy CERP N [ 5X 45 44
FE AR AR DT T PR B B T AR T AR AR B

1 I HEER
1.1 FE##

5 BT R Y B9 Al R #AEL Q235B, SRR CH
20mm, CFRP Hiz 1 K HE R AR 48 A B0 A BR 2y
AL, R AT 4 B 3 mm fl 20 mm., Al
S5 500 R R R AR 4R R A R | A 7= 11
£ AR G, AR AR S BRI Rt R 2 1,
TR B 2 SR BE R0 1 mm, 20 R VR R AR G 1Y
VNI i B2 N W = | DT A = s o A 1 )
Owt% . 5wt%. 10wt% Al 15wt%, |~ 3CH 4351 Po.,
P5. P10 il P15 &/ . HKi%h il v il 4+ B8 GB/T
2567—2021%7 HiffE, ZHHIE GB/T228.1—2021

ASTM D3039/D3039M—08%', ASTM D638—108"
3 % CERP A . X #lg FIUKG 25 570 378 47 PR s il 3k,
ZERWE 1 PR,

x1 HRSH

Table1 Material parameters

Yield Tensile Young's Elongation/
Material strength/  strength/  modulus/

MPa MPa GPa ’
Q235 steel

272 414 199 29.40
plate
CFRP plate — 2423 180 1.60
PO — 32.37 5.17 1.17
P5 — 31.15 5.00 1.20
P10 — 27.03 4.58 1.24
P15 — 24.22 4.20 1.26

Notes: CFRP—Carbon fiber reinforced polymer; The number 0,
5, 10, 15 after P indicates the amount of liquid rubber Owt%,
5wt%, 10wt%, 15wt% in the modified rubber layer.

1.2 RHEFEIT

R T A E B (60 X . 120 K |
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Fig.1 Schematic diagram of specimen size
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FRAEE T o e 3 1 0 A% B Aoy 28 0 18 o i B T T
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Table 2 Scheme of test program and results
Liquid Liquid
Specimen Exposure rubber  Ultimate Average Failure Specimen Exposure rubber  Ultimate Average Failure
time/d  content/ load/kN  load/kN mode time/d  content/ load/kN  load/kN mode
wt% wt%
A0-0-1 88.90 b B120-10-1 85.86 a
A0-0-2 0 91.47 87.22 b B120-10-2 120 10 88.20 84.84 a
A0-0-3 81.29 b B120-10-3 80.45 a
A0-5-1 84.01 a+d B180-0-1 59.10 b
A0-5-2 5 76.23 78.63 a+d B180-0-2 0 58.97 58.36 b
A0-5-3 0 75.65 a+d B180-0-3 57.02 b
A0-10-1 81.89 a B180-10-1 73.73 a
A0-10-2 10 75.15 76.79 a B180-10-2 10 70.53 72.97 a
A0-10-3 73.33 a B180-10-3 74.66 a
A0-15-1 79.33 a C60-0-1 82.31 [¢
A0-15-2 15 76.13 76.20 a C60-0-2 0 70.83 77.63 ¢
A0-15-3 73.15 a C60-0-3 79.75 ¢
B60-0-1 89.19 a+c C60-10-1 60 74.22 a+c
B60-0-2 0 88.65 91.54 a+c C60-10-2 10 75.89 76.38 a+c
B60-0-3 96.77 a+c C60-10-3 79.02 a+c
B60-5-1 87.79 a+c C120-0-1 53.45
B60-5-2 5 88.81 87.91 a+c C120-0-2 0 56.37 54.83
B60-5-3 87.12 a+c C120-0-3 54.67
B60-10-1 60 84.67 C120-10-1 120 71.14 a+c
B60-10-2 10 89.51 86.55 C120-10-2 10 75.06 73.52 a+c
B60-10-3 85.48 C120-10-3 74.35 a+c
B60-15-1 76.63 C180-0-1 49.04
B60-15-2 15 69.08 73.39 C180-0-2 0 50.80 49.70
B60-15-3 74.47 c180-0-3 180 49.26
B120-0-1 73.56 b C180-10-1 65.02 a+c
B120-0-2 120 0 71.93 74.64 b C180-10-2 10 66.76 66.75 a+c
B120-0-3 78.43 b C180-10-3 68.46 a+c

Notes: Rules of specimen label "***-***_***". Characters before the first

—Chloride corrosion environments and corrosion time;

Characters between the two "-"—Liquid rubber content; Character after the second "-"—Serial number of the specimen in each group;
A—Normal temperature control group; B—High temperature water bath chloride environments; C—Normal temperature wet-dry cycles
chloride environments; Failure modes: a—Cohesion failure in adhesive; b—CFRP plate delamination; c—Steel and adhesive debonding

failures; d—CFRP plate and adhesive debonding failure.
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Fig.2 Experimental setup
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Fig.3 Failure mode of CFRP-steel interface without corrosion

atnormal temperature
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Fig.4 Failure mode of CFRP-steel interface after high temperature water bath chloride erosion
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Fig.5 Failure mode of CFRP-steel interface after normal temperature wet-dry cycles
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erosion in high temperature water bath
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Fig.8 Strain distributions on CFRP plates without corrosion at normal temperature
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Fig.9 Strain distributions on CFRP plates after chlorinated salt erosion after high temperature water bath
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Fig. 10 Strain distribution on CFRP plates after wet-dry cycles at normal temperature
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Fig. 11 Bond-slip relationship of typical CFRP-steel modified interface after high temperature water bath
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Table 3 Model parameters of CFRP-steel modified interface after high temperature water bath
Specimen Tmax/ MPa S;/mm S,/mm Sy/mm Gf/(N'mmil) Pu,cxp /KN Pu,prc /KN Pu,exp/Pu,pre
B0-10-1 25.16 0.0309 0.109 0.210 3.62 81.89 83.27 0.98
B0-10-2 25.06 0.0308 0.108 0.209 3.60 75.15 83.04 0.91
B0-10-3 25.26 0.0309 0.108 0.205 3.56 73.33 82.58 0.89
B60-10-1 25.21 0.0362 0.124 0.252 4.28 84.67 90.55 0.94
B60-10-2 25.12 0.0352 0.123 0.259 4.36 89.51 91.39 0.98
B60-10-3 25.16 0.0358 0.123 0.258 4.35 85.48 91.28 0.94
B120-10-1 24.93 0.0335 0.115 0.245 4.07 85.86 88.30 0.97
B120-10-2 24.80 0.0328 0.117 0.248 4.11 88.20 88.73 0.99
B120-10-3 24.85 0.0330 0.114 0.247 4.08 80.45 88.41 0.91
B180-10-1 24.14 0.0324 0.093 0.193 3.06 73.73 76.56 0.96
B180-10-2 24.28 0.0318 0.088 0.187 2.97 70.53 75.43 0.93
B180-10-3 24.32 0.0320 0.095 0.182 2.98 74.66 75.55 0.99
Notes: 7,,,,—Interface maximum shear stress; S;, S, and S;—Characteristic points of the relative slip value of the interface; G;—Fracture

energy of the interface; P, o,,—Experimental value of bearing capacity; P, ,.—Predicted value of bearing capacity.
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Fig. 12 Bond-slip relationship of typical CFRP-steel modified interface after normal temperature wet-dry cycles
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Table 4 Model parameters of CFRP-steel modified interface after normal temperature wet-dry cycles
Specimen Tmax/MPa S,/mm S,/mm Sy/mm G¢/(N-mm™") Pyexp/kN Pypre /KN Py exp/Pupre
C60-10-1 23.88 0.0284 0.107 0.198 3.31 74.22 79.63 0.93
C60-10-2 23.84 0.0283 0.108 0.204 3.38 75.89 80.46 0.94
C60-10-3 23.86 0.0283 0.106 0.205 3.37 79.02 80.35 0.98
C120-10-1 23.45 0.0281 0.100 0.191 3.08 71.14 76.81 0.93
C120-10-2 23.48 0.0280 0.101 0.194 3.15 75.06 77.68 0.97
C120-10-3 23.51 0.0280 0.102 0.195 3.16 74.35 77.80 0.96
C180-10-1 20.56 0.0281 0.095 0.182 2.59 65.02 70.44 0.92
C180-10-2 20.53 0.0280 0.096 0.181 2.56 66.76 70.03 0.95
C180-10-3 20.58 0.0279 0.096 0.179 2.54 68.46 69.75 0.98
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