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Cyclic stress-strain relationship of CFRP-confined recycled aggregates concrete

under different loading rates

LI Pengda , XIAN Xujun, REN Yuhao , ZHOU Yingwu'
(College of Civil and Transportation Engineering, Shenzhen University, Shenzhen 518060, China)

Abstract: This study experimentally investigated the mechanical behavior of carbon fiber reinforced polymer
(CFRP) confined recycled aggregate concrete (RAC) under cyclic loading. In total, 72 CFRP-confined circular RAC
specimens were tested under monotonic and cyclic axial compression, with a focus on the various loading rates and
recycled aggregate (RA) replacement ratios. Test results indicate that the reinforcing effect of CFRP confinement on
the ultimate condition of the concrete with 100wt%RA replacement ratio is most pronounced. However, this
enhancement diminishes as the loading rate increases. In comparison to a loading rate of 3 mm/min, for two layers
of CFRP-confined concrete with 100wt%RA replacement ratio, the enhancement ratio in ultimate strength is re-
duced by 16.2%, and the enhancement ratio in ultimate strain is reduced by 22.6% at a loading rate of 18 mm/min.
Furthermore, under cyclic axial compression loading, both the unloading stiffness and reloading stiffness exhibit a
negative correlation with the RA replacement ratio and loading rate. Nevertheless, the loading rate increase
weakens the RA ratio's influence. Based on a regression analysis of the experimental data, a new cyclic stress-strain
model for CFRP-confined recycled aggregate concrete incorporating the coupled effects of loading rate and RA
replacement ratio is proposed. The proposed model exhibits excellent agreement with the experimental curves in

this paper and the collected stress-strain curves from the opening literature.
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Table 1 Design parameters for carbon fiber reinforced polymer (CFRP)-confined recycled aggregate concrete (RAC) specimens

Loading rate/

RA replacement

Specimen Loading type CFRP layer (mmemin") rate/wi% Jeo/MPa £co/%
MO0.3R0%1CFRP 0 46.3 0.244
MO0.3R50%1CFRP 0.3 50 43.2 0.240
MO0.3R100%1CFRP 100 36.6 0.230
M6R0%1CFRP 0 50.4 0.249
M6R50%1CFRP 1 6 50 47.3 0.245
M6R100%1CFRP 100 38.2 0.233
M18R0%1CFRP 0 52.1 0.252
M18R50%1CFRP 18 50 50.2 0.249
M18R100%1CFRP 100 41.0 0.237
MO0.3R0%2CEFRP Monotonic loading o 397 0231
MO0.3R50%2CFRP 0.3 50 38.6 0.233
MO0.3R100%2CFRP 100 34.5 0.226
M6RO%2CFRP 0 42.9 0.239
M6R50%2CFRP 2 6 50 41.6 0.237
M6R100%2CFRP 100 40.8 0.236
M18R0%2CFRP 0 43.3 0.240
M18R50%2CFRP 18 50 42.5 0.239
M18R100%2CFRP 100 41.4 0.237
C0.3R0%1CFRP 0 46.3 0.244
C0.3R50%1CFRP 0.3 50 43.2 0.240
C0.3R100%1CFRP 100 36.6 0.230
C6R0%1CFRP 0 50.4 0.249
C6R50%1CFRP 1 6 50 473 0.245
C6R100%1CFRP 100 38.2 0.233
C18R0%]1CFRP 0 52.1 0.252
C18R50%1CFRP 18 50 50.2 0.249
C18R100%1CFRP 100 41.0 0.237
C0.3R0%2CFRP Cyclicloading 0 39.7 0.234
C0.3R50%2CFRP 0.3 50 38.6 0.233
C0.3R100%2CFRP 100 34.5 0.226
C6RO%2CFRP 0 42.9 0.239
C6R50%2CFRP 2 6 50 41.6 0.237
C6R100%2CFRP 100 40.8 0.236
C18R0%2CFRP 0 433 0.240
C18R50%2CFRP 18 50 42.5 0.239
C18R100%2CFRP 100 41.4 0.237

Notes: M—Monotonic loading; C—Cyclic loading; The number after "M" or "C"—Loading rate; R—Recycled aggregate replacement rate;
CFRP—Carbon fiber reinforced polymer; For example, C18R100%2CFRP—Two-layer CFRP-confined 100wt% recycled aggregate concrete
columns with a cyclic loading rate of 18 mm/min; f.,—Compressive strength of unconfined RAC specimens; &, —Peak strain of

unconfined RAC specimens; RA—Recycled aggregate.
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£% CFRP i . i W 748 J AR OB o 7 8 40
SEIME , T AERREIREE N IR =D 28 Ko AR
FIt FH K U8 R 7 s G WIS <7 A5 T P-042.5 3 3 ik iR
thok e, 408 kR KL 0~5 mm iy 3 58 i i
RARAME R R HRLAR 5~25 mm ., 7 22 e 1 46 i<
HREAT, FEADRL RO R B TR R 5 SR BE
bW, KA IE Y 5~25 mm, PRI G M
W2, 985E CFRP A, bt S ik {1 72 45 45 s
JBORE A, B CFRP 284 5 H2 X K B 150 mm.,

#z2 RACHIEALL
Table 2 Mix ratio of RAC

RA
replacement Water/ Cement/ NA/ RA/ Sand/
kem™) (kgm™ kem™) (kgm™ kg-m™
rate/wi% (kgm™) (kgm™) (kgm™) (kgm™) (kgm™)
0 201 380 1128 0 691
50 201 380 564 564 691
100 201 380 0 1128 691

Note: NA—Natural aggregate.

1.2 CFRP # #3148k 58

R KRB () °~ 0.167 mm F) CFRP 1 H 2y
FARE, HEReREE (4R R A WAL
& bR BRI 5E % ) (GB/T 3354—2014)%
A5, v (E) Jy 248.7 GPa, B FR i i )i 2%
Yy 1.54%, UL 3. CERP A9 A1 43 i B2 0%
KB R SE R R G 7R R L OBLA 43 5 S0 i 15 Vo
i) Sikadur-300, #KHZE & R HE L. 5 CFRP
23 RAC [ AL ¥k 56 58 7 18 4~ & 300 mm., P 1%
150 mm FYARAEIRAE, T 5 [F8fRE36 A RAC
FEAS R0 2858 23R T A B o B AN DG (i R AR, LA
SR 1,

&3 CFRP H/13ikaE
Table 3 Mechanical properties of CFRP

Material tr/mm Ef/GPa
CFRP 0.167 248.7

Notes: #r—Thickness of CFRP; Ef—Modulus of elasticity of
CFRP; f; —Ultimate tensile stress of CFRP; &f —Ultimate tensile
strain of CFRP.

fi/MPa &t /%
3 820.5 1.54
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" - Over lapping zone 150 mm
o LVDTs [—— g

MTS machine

Specimen

Load cell

L. DIC cameras
Tllumination

DIC cameras

(a) Schematic of the experimental device (b) Strain gauge distribution location

LVDTs—Linear variable displacement transducer; DIC—Digital image correlation; LSG—Lateral strain gauge; VSG— Vertical strain gauge
PR 1l PR i A e 2

Fig.1 Loading and measuring devices for axial compression tests

(e) C0.3R0%1CFRP

2 CFRP £13 RAC I{{FRYBIRIE S
Fig. 2 Failure modes of CFRP-confined RAC specimens
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Fig.3 Stress-strain curves for CFRP-confined recycled aggregate concrete at 0.3 mm/min loading rate
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Fig.4 Stress-strain curves for CFRP-confined recycled aggregate concrete at 6 mm/min loading rate
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Table 4 Test results for CFRP-confined RAC specimens
Specimen Jea! Jeul feo Ecul% EculEco Eh,rup /% Specimen Jeu! Jeul feo Ecul%  EculEco Eh,rup /%
MPa ’ MPa ’
MO0.3R0%1CFRP-1 72.7 1.58 1.37 561  1.47 C0.3R0%1CFRP-1 66.7 1.44 1.23 503 1.42
MO0.3R0%1CFRP-2 71.0 1.54 1.41 579 143 C0.3R0%1CFRP-2 72.6 1.57 1.51 6.18  1.50
MO0.3R50%1CFRP-1 62.7 1.46 1.19 496 1.38 C0.3R50%1CFRP-1 72.5 1.68 1.50 6.23 1.61
MO0.3R50%1CFRP-2 64.9 1.51 1.17 4.87 1.40 C0.3R50%1CFRP-2 68.2 1.58 1.32 5.50 1.28
MO0.3R100%1CFRP-1 — — — — — C0.3R100%1CFRP-1 62.8 1.72 1.65 714 117
MO0.3R100%1CFRP-2 62.3 1.73 1.61 7.04 1.36 C0.3R100%1CFRP-2 64.1 1.75 1.74 753 131
M6R0%1CFRP-1 71.0 1.42 1.17 471 136 C6R0%1CFRP-1 66.6 1.32 1.10 442 1.23
M6R0%1CFRP-2 73.6 1.47 1.22 4.89 099 C6R0%1CFRP-2 69.6 1.38 1.11 443 124
M6R50%1CFRP-1 69.5 1.48 1.27 516 1.14 C6R50%1CFRP-1 69.2 1.46 1.50 6.10 1.44
M6R50%1CFRP-2 71.9 1.53 1.31 5.34 1.12 C6R50%1CFRP-2 63.6 1.34 1.01 4.11 1.22
M6R100%1CFRP-1 53.6 1.41 1.06 456 1.25 C6R100%1CFRP-1 62.0 1.62 1.69 727 149
M6R100%1CFRP-2 58.1 1.53 1.32 569 1.27 C6R100%1CFRP-2 62.7 1.64 1.60 6.88 1.23
M18R0%1CFRP-1 63.6 1.22 1.00 396 1.09 C18R0%1CFRP-1 67.6 1.30 1.14 452 1.22
M18R0%1CFRP-2 72.6 1.40 1.13 449 147 C18R0%1CFRP-2 62.1 1.19 1.31 519 115
M18R50%1CFRP-1 70.8 1.42 1.17 471 099 C18R50%1CFRP-1 63.1 1.26 1.14 458 112
M18R50%1CFRP-2 72.1 1.44 1.19 4.78 1.42 C18R50%1CFRP-2 64.6 1.29 1.25 5.01 1.23
M18R100%1CFRP-1 64.1 1.56 1.28 539 1.35 C18R100%1CFRP-1 62.0 1.51 1.38 583 1.19
M18R100%1CFRP-2 62.9 1.54 1.28 539 1.28 C18R100%1CFRP-2 60.5 1.48 1.33 560 1.13
MO0.3R0%2CFRP-1 93.7 2.40 2.51 10.74 141 C0.3R0%2CFRP-1 88.3 2.22 2.50 10.62 1.34
MO0.3R0%2CFRP-2 80.8 2.07 2.09 894 117 C0.3R0%2CFRP-2 — — — — —
MO0.3R50%2CFRP-1 91.4 2.40 2.63 11.29 1.39 C0.3R50%2CFRP-1 92.0 2.38 2.26 9.68 1.12
MO0.3R50%2CFRP-2 85.2 2.24 2.08 8.95 1.28 C0.3R50%2CFRP-2 94.4 2.45 2.28 9.78 1.36
MO0.3R100%2CFRP-1 80.4 2.36 2.43 10.73  1.31 C0.3R100%2CFRP-1 89.6 2.60 3.09 13.60 1.40
MO0.3R100%2CFRP-2 86.0 2.53 2.50 11.06 1.22 C0.3R100%2CFRP-2 87.6 2.54 3.05 1342 154
M6R0%2CFRP-1 92.9 2.19 2.15 897 131 C6R0%2CFRP-1 94.8 2.21 2.15 896 1.35
M6R0%2CFRP-2 85.3 2.01 2.10 8.77 1.29 C6R0%2CFRP-2 92.1 2.15 2.30 959 1.38
M6R50%2CFRP-1 91.2 2.20 2.28 9.60 1.45 C6R50%2CFRP-1 92.6 2.23 2.50 10.50 1.13

MG6R50%2CFRP-2 94.3 2.27 2.07 8.72 144 C6R50%2CFRP-2 92.5 2.22 1.91 8.03 1.13
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Specimen Jeal I feo El%  EealBeo Enpup/ SPecimen Jeal e el Eenlfo Enpupl
MPa MPa

M6R100%2CFRP-1 87.8 2.17 1.87 7.93 1.36 C6R100%2CFRP-1 90.1 2.21 2.63 11.11 1.25
M6R100%2CFRP-2 92.0 2.27 2.27 9.60 1.39 C6R100%2CFRP-2 90.3 2.21 2.41 10.16 1.41
M18R0%2CFRP-1 — — — — — C18R0%2CFRP-1 84.8 1.96 2.08 8.64 1.21
M18R0%2CFRP-2 91.5 2.13 2.44 10.16 1.36 C18R0%2CFRP-2 87.2 2.01 2.31 9.59 1.26
M18R50%2CFRP-1 87.4 2.08 2.09 8.74 1.13 C18R50%2CFRP-1 93.9 2.21 2.51 10.51 1.25
M18R50%2CFRP-2 95.1 2.26 2.31 9.67 1.22 C18R50%2CFRP-2 90.7 2.13 2.25 9.42 1.25
M18R100%2CFRP-1 84.2 2.05 2.00 8.43 1.23 C18R100%2CFRP-1 81.5 1.97 2.11 8.89 0.99
M18R100%2CFRP-2 — — — — — C18R100%2CFRP-2 89.8 2.17 2.49 10.47 1.22

Notes: f., —Ultimate strength of specimens; fou/fo

—Ultimate strength enhancement ratio of the specimens; &, —Ultimate strain of

specimens; &£..,/&c, —Ultimate strain enhancement ratio of the specimens; &, ., —Hoop rupture strain of specimens; "—"—Data not
measured; Two specimens with the same parameters were prepared, and they were distinguished by "-1" and "-2".
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Table 5 Ultimate strength model of CFRP-confined concrete
References Ultimate strength model w
fee _ &)\ (fo)
(27] Foo” 1+0.1(lg( ))(fco 0.1203
[33, 35] ;:ic 1+(0. Oﬁln(;:l ) +0. 274)lg( ) 0.3077
fd
[34] o =1+ (0 204 +0. 0561[1( )) lg(—) 0.2083

Notes: fi —Confinement stress of CFRP; f..o—Ultimate strength of CFRP-confined recycled aggregate concrete columns in quasi-static

conditions; f$ —Ultimate strength of CFRP-confined recycled aggregate concrete columns in a non-quasistatic conditions; £—Dynamic

strain rate; &g —Quasi-static strain rate, taking a value of 1.67x107°s™; f30—Compressive strength of C30 concrete, taken as 30 MPa.
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Table 6 Ultimate strain model of CFRP-confined concrete

References Ultimate strain model w
d 3
[27] Lee g o.ng(i) 0.0940
€cc,0 &0
d .
33, 35] Lee 1.822+0.1651g(£) 1.3436
Ecc,0 &0
d .
(34] e _ 4028870 4 0.0329)1g(i) 0.3481
cc,0 Jeo €0

Notes: &, 0—Ultimate strain of CFRP-confined concrete columns in quasi-static conditions; &), —Ultimate strain of CFRP-confined

concrete columns in a non-quasi-static conditions.
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