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Mechanical behavior of FRP-steel adhesively-bonded joints
under hygrothermal ageing

JIANG Xu, QI Hao, QIANG Xuhong, SUN Kai

(College of Civil Engineering, Tongji University, Shanghai 200092, China)

Abstract; In order to further investigate the effects of hygrothermal ageing on the mechanical behavior of fiber
reinforced polymer ( FRP) -steel adhesively-bonded joints, based on existing studies, a series of loading tests were
carried out on the hygrothermal ageing-treated FRP-steel adhesively-bonded joints by using a roulette wheel loading
device, respectively, from six loading conditions, to study the effects of hygrothermal ageing on the ultimate failure
loads, failure modes, stiffness and strength failure criteria of the FRP-steel adhesively-bonded joints, comparing
results with the unaged adhesively-bonded joints. The results show that hygrothermal ageing significantly reduces
the ultimate failure loads of the FRP-steel adhesively-bonded joints to 11.0 kN and 41. 9 kN under shear and tensile
loading, respectively. Under combined loading, the effect of hygrothermal aging on the ultimate failure loads was
less pronounced. The strength failure criteria curves of the aged and unaged FRP-steel adhesively-bonded joints are
close to each other. For tensile and tensile/shear combined loading conditions, hygrothermal aging altered the
failure modes of FRP-steel adhesively-bonded joints, transitioning from partial interfacial failure between the FRP
core plate and the structural adhesive layer to a combination of FRP delamination failure covering the entire
structural adhesive bonding area and fiber fracture failure. Hygrothermal ageing significantly reduced the stiffness of
the FRP-steel adhesively-bonded joints under all six loading conditions. Therefore, the effects of hygrothermal
ageing on the mechanical behavior of FRP-steel adhesively-bonded joints should be fully considered when designing
and using FRP-steel adhesively-bonded joints to avoid their structural damage.
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Tab.1 Parameters of specimens
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Fig.1 Specimens after hygrothermal ageing
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Tab.2  Ultimate failure loads of FRP-steel adhesively-bonded joints after hygrothermal ageing
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Fig.4 Failure modes of adhesively-bonded joints under tensile

loading
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Fig.6 Failure modes of adhesively-bonded joints under combined loading
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Fig.8 Strength failure criteria of adhesively-bonded joints after
hygrothermal ageing
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Tab.3  Comparison of ultimate failure loads of FRP-steel adhesively-bonded joints before and after hygrothermal ageing
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Fig. 12 Load-displacement curves of unaged and aged adhesively-bonded joints

2k LRk 6 MinaZe T, 2 Al ik i W EE 2
MRFARZRFBIRIEE, BEAh, KRB AT S50
SR AR 48 RHELIZE R T 1E AR | T30 T 9 45 ) JS i i J =
ARSI A1 2 5 K, LB 2t o v 28 1) — 00 b6 57
— MR Z AT, B, X T2 AR, 5
T2 M2 B 7R3 45 TE AR T 1 2k B R A0 AR O 22
VIR AT P (22 T o A S0P, o i
A FEORE Dt J2= 4 W by T I A ) 7K o TR AT,
B F RGN 2 BA SRR 2 | 2 (A5 £
BTy LR ey 2 A — D F A2 21 55—l

4 % b
R A b BTG FRP-AI 4217

TR IR, v DIAS R LR 4518 .

1) FE SRR X 75 1, 3 4 RO 4/ 8 126 5 hin
AT B P RAE T 274 a5 A Bl A
2, BN FRP I e A2 b IS W 2 22 18] 9 356 43
AT A DR 81 7 2 A 235 0 S G 485 X351 FRP 432 1l
INFNEF 2 Wr SR 2 s TE S VTIN5 T TR #R
LACHE VA SR A1 s A IR, B Y fr 3
RS T R A SRR E ME E f, H
T AR Ay 85 ) o 0 )2 v 118 PR SRR 5 1o i 28K
IS IR b 4271 AT i SR A 20 FRP
SYIZREMNRT FRP &t 32 10 £F 4 W 4 IR 25 6
18° 36°H1 S4° Mk A& 4F T, 1R AL AW e 12797 55 1 1
P FRP 202 B R FILT 4 Dby 2 i 3R i 4 4, 1



1

FE0, A R FRP-IUBEHETY 55 0124 M BRI 52 35

LT LIBT3 DI T R DS A JRORN 45 X I 720 I 48 2%
T BRI X S5 A JEOR U J2= 14 PR SRR

2) FEZ I IMERE Ty T, FAF i 2T 2 AL
TR EA A BR AR T (1.0 kN) |, BT Y] £ 2%
AT R BR AR B e, A F 41,9 kN,
EREACAET S H IR B T R AR T
FECHE 1 A A B DRI A £y 28T Al BIR BB £y 285 (2L
P B A VTR 71 A R 1B A G AT % Sy p AL
AGERF I SRR S AR LA B T FRP Je ot
B SEAL BRI 2= Z 1R RDORG 25 o, 6 R 8 & F
T ARPCEA A HI R R s AL R R O ELAE
JBEAEE T A S o3 A N

3) FERIREDN J7 T , 38 5 O ik o3 B A 5 95 1)
TRCOR A 280, SR M B 275 21 1 9 B A i 3
TR B VIR BRI fh 2k, REMA S BRI
FENY B OR DU phy 2 A8 b e T, D R A B 118
BRI L I 55 7 R J A3 45 14
JEORE WU J2 52 77 1 R AR 3 5ik A P B A 2%

2% ik

[1]JROBERT M, ROY R, BENMOKRANE B. Environmental effects on
glass fiber reinforced polypropylene thermoplastic composite laminate
for structural applications[ J]. Polymer Composites, 2010, 31(4) .
604. DOI:10.1002/pc. 20834

[2]DALY H B, BRAHIM H B, HFAIED N, et al. Investigation of
water absorption in pultruded composites containing fillers and low
profile additives [ J ]. Polymer Composites, 2007, 28 (3): 355.
DOI: 10.1002/pc. 20243

[3]KARBHARI V M, XIAN G J. Hygrothermal effects on high VF
pultruded unidirectional carbon/epoxy composites: moisture uptake[ ] ].
Composites Part B: Engineering, 2009, 40 (1). 41. DOI. 10. 1016/
j. compositesh. 2008. 07. 003

[4]SHAO Yixin, KOUADIO S. Durability of fiberglass composite sheet
piles in water[ J]. Journal of Composites for Construction, 2002,
6(4): 280. DOI; 10. 1061/ ( ASCE) 10900268 (2002)6:4 (280)

[5]BANK L C, GENTRY T R, BARKATT A. Accelerated test methods
to determine the long-term behavior of FRP composite structures-
environmental-effects [ J ]. Journal of Reinforced Plastics and
Composites, 1995, 14(6) : 559. DOI.10. 1177/073168449501400602

[6]NOGUEIRA P, RAMIREZ C, TORRES A, et al. Effect of water
sorption on the structure and mechanical properties of an epoxy resin
system[ J]. Journal of Applied Polymer Science, 2001, 80(1); 71.
DOI:10. 1002/1097 - 4628 (20010404 )80:1

[7] EARL J S, SHENOI R A. Hygrothermal ageing effects on FRP
laminate and structural foam materials [ J ]. Composites Part A
Applied Science and Manufacturing, 2004, 35(11) . 1237. DOI.
10.1016/j. compositesa. 2004. 04. 007

[8]LOH W K, CROCOMBE A D, WAHAB M M A, et al. Modelling
anomalous moisture uptake, swelling and thermal characteristics of a

International Journal of

DOI:; 10. 1016/

rubber toughened epoxy adhesive [ J].
Adhesion and Adhesives, 2005, 25 (1): 1.
j- ijadhadh. 2004. 02. 002

[9]HAQUE A, MAHMOOD S, WALKER L, et al. Moisture and
temperature induced degradation in tensile properties of kevlar graphite

epoxy hybrid composites [ J ]. Journal of Reinforced Plastics and

Composites, 1991, 10(2) : 132. DOI.10. 1177/073168449101000202

[10JAKAY M, MUN S K A, STANLEY A. Influence of moisture on the
thermal and mechanical properties of autoclaved and oven-cured
Kevlar-49/epoxy laminates[ J]. Composites Science and Technology,
1997, 57(5) : 565. DOI:;10. 1016/S0266 —3538(97)00017 - 1

[ 11 JMCBAGONLURI F, GARCIA K, HAYES M, et al. Characterization of
fatigue and combined environment on durability performance of
glass/vinyl ester composite for infrastructure applications [ J ].
International Journal of Fatigue, 2000, 22 (1) 53. DOI; 10.
1016/50142 - 1123(99)00100 -0

[12]JHU R H, SUN Minyoung, LIM J K. Moisture absorption, tensile
strength and microstructure evolution of short jute fiber/polylactide
composite in hygrothermal environment[ J]. Materials and Design,
2010, 31(7) : 3167. DOI;10. 1016/j. matdes. 2010. 02. 030

[13]BOWDITCH M R. The durability of adhesive joints in the presence
of water [ J]. International Journal of Adhesion and Adhesives,
1996, 16(2) . 73. DOI:10.1016/0143 —7496(96)00001 -2

[14]KNOX E M, COWLING M J. Durability aspects of adhesively
bonded thick adherend lap shear joints[J]. International Journal of
Adhesion and Adhesives, 2000, 20(4) . 323. DOI.10. 1016/S0143 —
7496(99)00063 -9

[15]KARBHARI V M, SHULLEY S B. Use of composites for
rehabilitation of steel structures-determination of bond durability
[J]. Journal of Materials in Civil Engineering, 1995, 7(4) ; 239.
DOI:10. 1061/ ( ASCE)0899 — 1561 (1995)7 :4(239)

[16 ] NGUYEN T C, BAI Yu, ZHAO Xiaoling, et al. Durability of
steel/CFRP double strap joints exposed to sea water, cyclic
temperature and humidity [ J ]. Composite Structures, 2012, 94
(5): 1834. DOI.10.1016/]. compstruct. 2012. 01. 004

[17]DAWOOD M, RIZKALLA S. Environmental durability of a CFRP
system for strengthening steel structures [ J ]. Construction and
Building Materials, 2010, 24(9) ; 1682. DOI;10. 1016/j. conbuildmat.
2010.02.023

(181200, #hDL, smoBar, 5. Froyel & frdk ™ FRP-BNCHEE 5
SEPEREL)]. WIRIRZESER (AR | 2022, 49(9) : 42
JIANG Xu, SUN Kai, QIANG Xuhong, et al. Mechanical behavior
of FRP-to-steel adhesively-bonded joint under tensile/shear
combined loading [ J ].
Sciences) , 2022, 49 (9): 42. DOI: 10. 16339/j. cnki. hdxbzkb.
2022096

[19] Ewelk, Ak, sMBEE. ST FRP 75 R EE T AU RE 25 M fE
[J]. My/RETK2#4H, 2013, 45(6) : 8
WANG Xiaolu, ZHA Xiaoxiong, ZHANG Xuchen. Bond behavior
of FRP rebar and concrete at elevated temperature[ J]. Journal of
Harbin Institute of Technology, 2013, 45(6) : 8

[20]JIANG X, KOLSTEIN M H, BIJLAARD F S K. Study on
mechanical behaviors of FRP-to-steel adhesively-bonded joint under
tensile loading [ J ]. Composite Structures, 2013, 98 192. DOI; 10.
1016/j. compstruct. 2012. 10. 045

[21]JIANG X, KOLSTEIN M H, BIJLAARD F S K. Experimental and

numerical study on mechanical behavior of an adhesively-bonded

Journal of Hunan University ( Natural

joint of FRP-steel composite bridge under shear loading [ J].
Composite Structures, 2014, 108 (1). 387. DOI. 10. 1016/
j. compstruct. 2013. 09. 045

[22 ] NARDONE F, LUDOVICO M D, BASALO F J D C Y, et al.
Tensile behavior of epoxy based FRP composites under extreme
service conditions [ J ]. Composites Part B: Engineering, 2012,
43(3): 1468. DOI:10.1016/j. compositesh. 2011. 08. 042

[23]SILVA M A G, CIDADE M T, BISCAIA H, et al. Composites and
FRP-strengthened beams subjected to dry/wet and salt fog cycles
[J]. Journal of Materials in Civil Engineering, 2014, 26 (12) :
04014092. DOI.10. 1061/ ( ASCE)MT. 1943 —-5533.0001008



