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Seismic behavior of RC square columns strengthened with large-rupture-strain FRP
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Abstract: In order to evaluate the seismic performance of large-rupture-strain fiber reinforced polymer ( LRS FRP)
confined non-ductile reinforced concrete (RC) square columns under earthquake action, quasi-static experiments
were carried out on seven FRP-strengthened RC square columns, including a reference column, a carbon FRP
( CFRP) -strengthened column, and five LRS FRP-strengthened columns. The failure modes, seismic performance
parameters, and FRP strain of specimens were analyzed, and the effects of FRP types and fiber thicknesses on the
failure modes and seismic performance of different specimens were studied. Results show that under axial load and
cyclic lateral load, the cover concrete of the reference column in the plastic hinge zone was peeled off and crushed,
and the longitudinal bars were severely buckled, while the FRP-strengthened columns did not experience concrete
spalling or FRP rupture, indicating that FRP reinforcement changes the failure mode of non-ductile column.
Compared with the reference column, the application of FRP significantly improved the ductility and energy
dissipation capacity of the RC columns, while the increase in the maximum horizontal bearing capacity was
marginal. FRP reinforcement decreased the strain of the longitudinal bars and stirrups, and prevented the buckling
of the longitudinal bars. Compared with the CFRP-strengthened column, the large-rupture-strain advantage of LRS
FRP was not obvious. The main reason was that the axial load ratio was low and the slenderness ratio was high in
this study, so that the compressive area of the FRP confined concrete in the plastic hinge zone was small. Based on
the stress—strain model of LRS FRP-confined concrete developed on OpenSees software platform, the experimental
results were simulated, and the simulated curve agreed well with the experimental curve, which verified the
accuracy and reliability of the model in the seismic analysis of FRP reinforced columns.

Keywords ; FRP strengthening; quasi-static experiment; large-rupture-strain fiber reinforced polymer ( LRS FRP) ;
seismic performance; steel bar buckling
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Tab.1 Details of specimens

fEgS  FRPZ% FRPJEE/mm R/ mm AR L
FRP -0 — — — 0.2
PEN - 1 1 1.272 500 0.2
PEN -2 2 2.544 500 0.2
PET -1 1 0.841 500 0.2
PET -2 2 1.682 500 0.2
PET -3 3 2.523 500 0.2
CFRP -1 1 0.167 500 0.2
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Tab.2 Mechanical parameters of steel bar
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Tab.3 Mechanical parameters of FRP

FRP HZER/ BihiskfE/ Eu/  Egn/ K
&

FHIES mm MPa GPa GPa o /%

CFRP 0.167 3972 245.50 — — 1.62

PEN 1.272 790 27.00 12.00 0.0083 6.20

PET 0. 841 740 17.90 8.30 0.0068 8.15
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it - MR JERAIR WEEATE WEEAR RERATER WIRGE Sibkeses  fiasaEtk
u R . S ~ ¥
F./kN Ay/mm F,/kN A,,/mm F,/kN A,/ mm (kN « mm) EX N

I 33.58 9.85 49.12 17.39 40.39 52.13 5.29

FRP -0 A 45.57 11.07 59.48 25.22 48.93 55.10 28 438 4.71
A 39.58 10.46 54.30 21.31 44.66 53.62 5.13

i 41.90 8.71 58.48 16.97 49.76 70.70 8.11

PET -1 £ 32.60 9.60 60.01 36.02 51.48 77.76 85 476 8.10
S 37.25 9.16 59.25 26.50 50.62 74.23 8.10

1 44.87 9.33 58.87 31.58 49.95 78.23 8.38

PET -2 A 44.10 8.17 58.68 43.56 51.39 96. 06 93 879 11.76
A 44.49 8.75 58.78 37.57 50.67 87.15 9.96

i 45.93 12.02 56.58 18.53 47.09 85.06 7.08
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XM 47.46 10.75 58.80 27.49 49.81 89.83 8.36
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PEN -2 £ 43.72 8.14 62.23 28.45 51.68 100. 45 102 228 12.34
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I 42.98 10.18 56. 60 26.40 46.53 67.25 6.61

CFRP -1 A 44.42 9.57 57.46 17.20 47.30 79.07 73 778 8.26
A 43.70 9.88 57.03 21.80 46.92 73.16 7.40

= AA KRR A, Fil KT RS T EZE 85% I B AR P 088 I IROLES A, b9 o] 59 A7 32 hr St Mg e o (9 7K P (285

60 |
40+
200 FRP-0
ﬁ 0 ——PET-1
Z 0l ——PET-2
——PET-3
40} ——PEN-1
——PEN-2
~60 [ , = CFRP-1
~150 =100 =50 0 50 100 150

IV mm
B9 XERMhE
Fig.9 Skeleton curves of specimens
2.4 #FgE
w11 10 RIHL, FRP & e 2 B A i T FE Y

Sl BT e A A 1 AR I A T R A L R, X
DRI A A BT 2 i 6, FRP i [543 BR 457 4% 1 4
fem, VRS R TG . 7 BB MR 20 Y
it A AV A% K FRP i [+ SR ARFEBE LMK IH R T
AN A A o
2.5 NIERMK

P 1L D2 PR R R BER AR 2, 2 5 S0t W
BETSE, &l 11 RIS S a5k A FRP BEAT
I PSR R EEAE 1% W 2 AR A L AR — 2, RV
AR B I PR R e, LA 3k B I A 4
IR A3 AR, 35 B WA A7 280 A2 AL 548 s FRP
I A (4400 i PO 8 250 T i v, LB FRP JR AR 1Y
RAIR W LRl 2 38K



- 88 - oK OE T Ak K% ¥ 55 54 %
120
——FRP-0 ) —— FRP-0
— 15} * PET-1 = 100 L= PET-1
&  PET-2 /;/ R
> PET-3 Y ~ g0l ~ PET-3
= PEN-1 e = —— PEN-1
Z 10 / S 0| PEN-2
= = 60r——cFRp-1
= #
% os| B 40t
i I
ki 2 20t
L , . , . , - : ; . .
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
TKEAES /mm IS fmm
(a) R FERE TR UNT 1L (b) ZIHFERE BN L
10 #EgeEMRITLE
Fig. 10  Comparison of energy dissipation area
“h 300 mm , BE R TR EE T A . HorboRn
s —p TR 250 mm 4 9 5 W T H A £, ik
_ ——PET-2 PRI R A I T A e i 5 0 e A 7™ B ) TR B+ AR
T )| ——PET-3 [ s 2% N v o iy N
E 10 F ——PEN-1 V2 V% AN A e R S BN A T o KL
z N PEN - | i TR0 e i B P B sh R4, R g A%
207 FIHL MR
=
I — x5 HERE
0 . . . . . . . . . Tab.5 Stiffness calculation
0 20 40 60 80 100 120 140 160 R Ko/ (kN - mm™") PR TR/ %
AR fmm FRP -0 10.02 —
11 RIEIR AL 5 PET -1 11.87 18.46
Fig. 11  Stiffness degeneration curves PET -2 14.39 43,61
2.6 HE PET -3 15.15 51.20
K12 g5 1 3K 14 78 AS 8] Al A 7% 4% %0 (R PEN -1 12.04 20.16
16,.38,.58,.75, .96, \ 118, H18,) Al iy Hh 355 PEN -2 12.25 22.26
fiZe Atk FFHIARR], T RC AR IeR: , il PFAE CFRP - 1 10.92 8.98
R I TR . B IIPE R IX B ik, itaRlE .
[——18, - [—— 18, [ 15,
4001 5. 400 .3, 400, 35,
——38, —— 58, e 55,
= 200 L ——45, R £ 200 | —— 78,
£ 300 oy /N £ 300 o a/i| £ 300 o
AR 1E ——115, iE —— 115,
200} // 200 f——8, // 200 8,
100} JSLEA G 100 . L4d i 100

-14 -12 -1.0-08 -0.6 -0.4 -0.2 0
Hh2% /(10 mm™)
(a) 1 FRP-0

——18,
400f . 35
—e—58,
£ 300} 75
£ —+—05,
i ——118,
H 200F s,
100+

14 -12 -1.0-0.8 -0.6 -04 -0.2 0
HH=E /(10 mm™)
(d) i1 PET-3

-14 -12 -1.0-0.8 -0.6 -0.4 -0.2 0
HH=% /(10 mm™)
(b) ik PET-1

4 —]I.2 —lI.O —0..8 —(;.6 —(;.4 —0‘.2 (‘)
=% /(10 mm™)
(e) IfF PEN-2
12 RXEmESH

Curvature distribution of specimens

Fig. 12

-14 -1.2 -1.0-0.8 -0.6 =04 -0.2 0
% /(10 mm™)
(c) R4 PET-2

)

[—=—35,

—— 55,
| ——178,

-14 -1.2 -1.0-0.8 -0.6 -04 -0.2 0

#H2% /(10 mm™)

(f) ik CFRP-1

— 93‘
—— 114,
——8,

100




54 3]

FIEA, 55 R M FRP N RC R HURMERE - 89 -

2.7 FRPHME

K13 g5 Tl gt # b FRP (% 34 ] )i A2
o3 o SGO R RN AR [ 9, W AR 43 A U
KI5, M 13 0l XG0 # b FRP JEAR RN
ZHURES , RIS KR 138, 6 A~ i) FRP

() FRP Bf i A5 48 He e /N, Hirfr CFRP 2 0. 32%
PET FRP 25 0.3% ,PEN FRP >} 0. 45% , 5 R i5 2| H
Tl TR AR5 P A T 2L 48 (CFRP g 0.59% ) PET
N 7.24% ,PEN Jy3.83% ) o g2 T T 1%
JE FeAe /N FE AR T 32 TR PR BE A 58, 145 FRP & 45 A

I ARG K i IR B PR 2 RS B 6 AT AE BN
i ——15, 3 ——15, 3
——36, | ——34, |
4 —s gt —% 3t
= Sm ——75, =1 —75, =
Bl 3r —v—05, X SGY ——98, = 3r
1= SGY sG10 SG14—— 118, 1= A ——118, =
=2 * \13 * ——3, B2 ——3, &2t
N \ N SG10 N
Eql \v/'\\/ Bt SG 11*‘ 125( 138(_14 1t
ol /\/ /g_/; ol = i§j7$ o ol

-100 0 100 200 300 400 soo 600 700
22 i HhuC AR ES /mm
(a) 514 PET-1

5r 5
SG11x ——;gv
s< 12 —

- 4F v - 4
L SGI3 5§, L
=l s ~—78‘ =,
=l $G14__ 5, Sl
= SG10 \ 115\ =
g2r v e2r
= =
£t v =

p—

[— \ ok

-100 o 100 200 300 400 500 600 700
22 i HpuC AR ES /mm
(b) 14 PET-2

100 0100 200 300 400 500 600 700
FEAZ b PR /mm
(¢) 1 PET-3

——15, ——18,
; :33\ 4t ——38,
= _55\ i —e—56,
78, = 3t —o—78,
——95, B ——95.
——118, i3 2 . ——118,
SGLA——s, frs Gla g,
— = 1f
—Y 5
) 0
N

-100 0 100 200 300 400 500 600 700
152 3 AP A S /mm

(d) X4 PEN-1 (e)

~100 0 100 200 300 400 500 600 700
B 7 R R A /mm
F PEN-2

-1
—-100 0 100 200 300 400 500 600 700

A7 e HPU O IR 5 /mm
(0 k14 CFRP-1

Bl 13 FRP TS
Fig. 13 Strain distribution of FRP

3 OpenSees % (B 1% )l

£ OpenSees A AL 245 A TRUE AL
ST A BRICEAS A AT #ifﬁ%}%ﬂlf%*é P AT
BAOT, UTHER R 43 3 A 2 RO, LAIX ) FRP
o DRI ] DX, IR SISy U E , B Boe A
B AR R BRI A3 A TR E T 2T A RN A
2h 4, Horh iR BE - BOE R H 16 MR 1 43 X F 16 A4
Yl o3 X, fE FRP JnE #m b, 55 FRPAH H, i 77
XPIREE + A2 AR N, B 2 W Fi A VR . Her
TR+ 32 FEH 43R i Teng 45 7E OpenSees 1 JF
K ) FRP 2358 1R & 4 A% A “ FrpConfinedConcrete” |
JEGEE T Bai 257 B A0 S T I A 7 AL 1k FRP
YRR B + I T AR B TR AL 5 32 S 43 ) 2 T
Yassin'® {6 852 50, %6F K i [ A% 70, 2 F Mander
2T R R AR 1T K0 3 R 29 R O TR B I E 4
HARAF IR BE - W &8 43, 78 Concrete02 H1E 52 B,
A% F ReinforcingSteel #5 %Y

Kl 8(a) ~ (g) AL R ik thZ iy % L,

A LA BB 25 B 0 i 2R ih 2 550 ih e W)
B, Horbaens [l il Ze e MR T AS [R) R B A9 AN XAk
ML
I 8 (a) RN, A0 A 2RSS 25 R A7

S 0 i 25 SR A WA o T RN A A AL R
FEYNA I it B8 -5 a0 45 SRAR G b W A, 3 B 7E
0.2 (AL T, Bl B 1 2 PET FRP (A%
w5 EEE TR /N ) |, AT LA B 3 ] R NN

AR RIS . X5 A B &% TR — 0,
B FRP & il S T8 B I ) 295, TR BE
-1 SN K LA SN 2 T b B SE 2 0 FRP Y
ZYAVE R, 0 IR 358 1 1 2 Bk S A7 1 Jeet o o X
CFRP Jin AT A A8 481 ey, #5400 i £ 0 oK 3k 21350 1
W BRALFS X & i T CFRP Wy 245 29 iR Bk 13k
BT PRI AE, WY D CFRP Jf A W24, JF P 2
TERLER R FRP ARG+ 240 TR0 3% 1
TR I T TR A R R B AR — g 2 R F o0 2
I BRI AR i A RIS T FRP 20 IR BE Y
e BRI A



.90 -

AN 554 &

4 4 iE

X7 A~ FRP i [ A9 A 1 58 7 dEAT T LR
J1RES, A e T AS R0 [ S50 i A IR
MG KPR RE S, TR T

1) FEfl ) far 28 MoK AR E i AL FVE T, &
I AT B B R B 5 2 A% 0o TR BE 1 TR SR e, A 755
RAETT WA s FRP O AT A9 12095 0 5 2 AR
TN e A f A A TR EE R I A LR IR R
PR AW SR FRP S BRSP4 )2 5448 | %
RFEASEYS . 2R ] FRP X645 46 YEA 70 [ I 1 3 ol
AR T SR A A SR B o

2) il FRP N ARSI, S0 A TR B H A 4l
TR T A TN AR 10 BH LG TR B 1 R B Y B R
FEARK,{H FRP ﬁuﬁlﬁ%%&%?ﬁ%ﬁ?ﬁiﬁiﬁ&%
FEPEFNFERE , T HA 2B 1k T Y8 B X TR i+ i) 4
Vo S A LR RN AR AR B AR I Y R AT, R A
FRP 58 F T 0 iR 75 12 = B e PE (R 254

3) SARMERAR b, FRP i i 4t T %
SN LI, SN K A 1) S s 2 v
FRP (2SR, Wl 02 357 1 28 1 e , 30l A\ 1
Jet iy, AR K A3 T 4 A B RE PR RE

4) £ OpenSees H1EEF R/l N IR I & (AL 7 X6}
IRIRZE AT TR, 45 S 3R AR A R i b i
LRS FRP M RC A: AT ZMERE

5% Xk

[1] XA, Fi#&h, F#ks. GFRP AR % +HHUEMERER G [ T]. &
[E 23 #2412 ,2017,30(10) :53
DENG Zongcai, GAO Lei, WANG Xianyun. Experiment on seismic
performance of concrete columns reinforced with GFRP bars[ J].
China Journal of Highway and Transport, 2017, 30 (10). 53
DOI. 10.19721/j. enki. 1001 -7372.2017. 10. 008

[2] BEHROG. BARHA G ZEM[T]. EART R4, 2018, 51(12) : 1
TENG Jinguang. New-material hybrid structures[ J]. China Civil
Engineering Journal,2018,51 (12) ;1. DOI. 10. 15951/j. tmgexb.

2018. 12. 001
(3] AP, H453, #2575 , 45 CFRP IR SE 1A B R MR R T
BRI BT [T W R Tl R=£2441,2020,52(8) <112

WANG Zuohu, SHEN Shuyang, CUI Yugiang, et al. Experimental
analysis on size effect of axial compressive behavior for reinforced
concrete columns strengthened with CFRP[J]. Journal of Harbin
Institute of Technology,2020,52(8) :112. DOI;10. 11918/201906169

[4] DAI Jianguo, BAI Yulei, TENG Jinguang. Behavior and modeling
of concrete confined with FRP composites of large deformability[ J].
Journal of Composites for Construction, 2011, 15(6): 963. DOI.
10. 1061/ (ASCE) CC. 1943 —-5614. 0000230

[5] YE Yuyi, LIANG Shengda, FENG Peng, et al. Recyclable LRS

FRP composites for engineering structures: current status and future

opportunities[ J]. Composites Part B, 2021, 212 108689. DOI .
10.1016/J. COMPOSITESB. 2021. 108689

[6] BAI Yulei, DAI Jianguo, TENG Jinguang. Cyclic compressive
behavior of concrete confined with large rupture strain FRP
composites[ J]. Journal of Composites for Construction, 2014, 18
(1) :04013025. DOLI: 10. 1061/ ( ASCE) CC. 1943 -5614. 0000386

[7] BAI Yulei, DAI Jianguo, MOHAMMADI M, et al. Stiffness-based
design-oriented compressive stress-strain model for large-rupture-
strain ( LRS) FRP-confined concrete [ J]. Composite Structures,
2019,223:110953. DOI:10. 1016/j. compstruct. 2019. 110953

[8] ZHAO Hongchao, YE Yuyi, ZENG Junjie, et al. Polyethylene
terephthalate fibre-reinforced polymer-confined concrete encased
high-strength steel tube hybrid square columns: axial compression
tests[ J ]. Structures ,2020,28 :577. DOI ; 10. 1016/]. istruc. 2020. 08. 078

[9] HAN Qiang, YUAN Wanying, OZBAKKALOGLU T, et al.
Compressive behavior for recycled aggregate concrete confined with
recycled polyethylene naphthalate/terephthalate composites [ J .
Construction and Building Materials, 2020,261:120498. DOI: 10.
1016/J. CONBUILDMAT. 2020. 120498

[10]SALEEM S, PIMANMAS A, QURESHI M I, et al. Axial behavior
of PET FRP-confined reinforced concrete[ J]. Journal of Composites
for Construction,2021,25 (1) ;04020079. DOI; 10. 1061/ ( ASCE) CC.
1943 -5614. 0001092

[11]NAIN M, ABDULAZEEZ M M, ELGAWADY M A. Behavior of
high strength concrete-filled hybrid large-small rupture strains FRP
tubes[ J ]. Engineering Structures ,2020,209.110264. DOI; 10. 1016/
j. engstruct. 2020. 110264

[12]YE Zenghui, ZHAO Debo, SUI Lili, et al. Behaviors of large-
rupture-strain  fiber-reinforced polymer strengthened reinforced
concrete beams under static and impact loads [ J]. Frontiers in
Materials ,2020,7 :578749. DOI:; 10.3389/FMATS. 2020. 578749

[13]JANGGAWIDJAJA D, UEDA T, DAI Jianguo, et al. Deformation
capacity of RC piers wrapped by new fiber-reinforced polymer with
large fracture strain[ J |. Cement & Concrete Composites, 2006, 28 ;
914. DOI:10. 1016/j. cemconcomp. 2006.07. 011

[14]DAI Jianguo, LAM L, UEDA T. Seismic retrofit of square RC
columns with polyethylene terephthalate ( PET) fibre reinforced
polymer composites [ J].
2011, 27(1): 206. DOI;10. 1016/j. conbuildmat. 2011. 07. 058

[15]F#BFAME. FRP - ECC A M 80 9 A IR 5k A HUAR MEREMF R [ D .
B YR, 2018
ZHENG Songbin. Study on seismic behavior of reinforced concrete
columns with FRP-ECC ductile hinges[ D ]. Shenzhen: Shenzhen
University ,2018

[16 ]ZHANG Dawei,

Construction and Building Materials,

ZHAO Yuxi, JIN Weiliang, et al. Shear
strengthening of corroded reinforced concrete columns using PET
fiber based composites [ J]. Engineering Structures,2017,153.757.
DOI: 10.1016/j. engstruct. 2017. 09. 030

[17]ZHOU Yingwu, CHEN Xuan, WANG Xiaohan, et al. Seismic
performance of large rupture strain FRP retrofitted RC columns with
corroded steel reinforcement [ J ]. Engineering Structures, 2020,
216 110744. DOI; 10. 1016/]. engstruct. 2020. 110744

[18 JLIU Xiongfei, LI Yue. Experimental study of seismic behavior of

corrosion-damaged  reinforced columns

partially concrete

strengthened with FRP composites with large deformability [ J].



54 3]

FIEA, 55 R M FRP N RC R HURMERE

.91 -

Construction and Building Materials, 2018, 191.1071. DOI. 10.
1016/j. conbuildmat. 2018. 10. 072

(19155784, K78 FRP ZYBT 45 fih 4 53 1R 45 - AL 0 iR 1k mE i
WL D] I IR, 2018
LAO Taian. Experimental study on seismic behavior of corroded
reinforced concrete columns under large strain FRP[ D]. Shenzhen .
Shenzhen University,2018

(203K 1], SR IR , X381 >, 45, PET 2F 2k A5 i 15 55 foh 5 737 988 5 -
UMD FE[ ] . LA, 2015,36 (J 1 2) 209
ZHANG Chuang, ZHANG Dawei, ZHAO Yuxi, et al. Experimental
study on seismic behavior of corroded reinforced concrete column
wrapped with PET sheet [ J]. Journal of Building Structures, 2015,
36(S2) :209. DOI;10. 14006/j. jzjgxb. 2015. S2. 031

[21 ] EE T SIS W5 B0E TR AR FE 0. BeEr 4 1 b4
S 2RI HE R RURR L CECS 146:2003( S1. k50 o il il i e
#,2007
National Industrial Building Diagnosis and Transformation Engineering
Technology Research Center. Technical specification for strengthening
concrete structures with carbon fiber reinforced polymer laminate ;
CECS 146 ;2003 [ S]. Beijing; China Planning Press,2007

[22 ] American Society for Testing and Materials. Standard test method
for tensile properties of polymer matrix composite materials: ASTM
D3039/ D3039M - 14[ S]. Philadelphia: ASTM International ,2014

[23 ]SHAN Bo, GUI Fucheng, MONTI G, et al. Effectiveness of CFRP
confinement and compressive strength of square concrete columns [J].

Journal of Composites for Construction, 2019, 23 (6) :04019043.

DOI: 10.1061/( ASCE) CC. 1943 —5614. 0000967

[24 JHAN Qiang, YUAN Wanying, BAI Yulei, et al. Compressive
behavior of large rupture strain ( LRS) FRP-confined square
concrete columns; experimental study and model evaluation [ J].
Materials and Structures, 2020, 53 (4).1149. DOI. 10. 1617/
511527 - 020 - 01534 -4

[25]TENG Jinguang, LAM L, LIN Guan, et al. Numerical simulation of
FRP-jacketed RC columns subjected to cyclic and seismic loading[J].
Journal of Composites for Construction, 2016, 20 (1) ;04015021.
DOI; 10.1061/( ASCE) CC. 1943 —5614. 0000584

[26]YASSIN M H M. Nonlinear analysis of prestressed concrete
structures under monotonic and cyclic loads[ D]. Berkeley: University
of California, Berkeley,1994

[27 ]MANDER J B, PRIESTLEY M J N, PARK R. Theoretical stress-
strain model for confined concrete [ J ]. Journal of Structural
Engineering, 1988, 114(8) :1804. DOI10. 1061/ ( ASCE)0733 -
9445(1988)114.8(1804)

(28] I EF:, ik, SR I, 25 FRP 24 o 4 /5 TR B 1 A% o 0 A5 ) it
TP RWFFE[T]. B Juk e TRE#41 ,2018 ,38(1) : 14
BAI Yulei, HAN Qiang, JIA Junfeng, et al. Buckling behavior of
steel rebars embedded in FRP-confined concrete [ J ]. Journal of
Disaster Prevention and Mitigation Engineering, 2018,38(1) ; 14.
DOI;10. 13409/j. cnki. jdpme. 2018.01. 003

(HiE AWE)



