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Fig. 1 Operation principle of back propagation neural network
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Tab. 2 Setting of training parameters Tab. 3 Prediction results of test set data
UEE 2 &y k= z./MPa 7./ MPa /7y
Net. max_epochs 20 000 ®25-50-03 14. 33 13.76 1.041
Net. learn_rate 0.003 5 ®25-150-01 13.55 12. 90 1.050
Net. mse_final 1X107° FRP-1 11. 20 12. 54 0.893
Net. input_number 10 M2-B-3. 0-1 15. 94 15.53 1.026
Net. output_number 1 35-40 15. 18 15. 23 0.997
Net. hidden_unit_number 12 B12-FT200 15. 30 14. 88 1.028
B35-50 9.87 8. 66 1. 140
20 S.FT.19.25 13.10 12.33 1.062
10 FTN-100 13. 40 11. 14 1.203
oot FTN-50 16. 10 15. 60 1.032
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Tab.5 Prediction results of the GEP model

w15 7./MPa 7./ MPa Te/Tu
$25-50-03 14. 33 13.81 1.038
$25-150-01 13.55 13.83 0. 980
FRP-1 11. 20 12. 60 0. 889
M2-B-3. 0-1 15. 94 14. 71 1. 084
35-40 15.18 14. 54 1. 044
B12-FT200 15. 30 14. 85 1.030
B35-50 9. 87 9.97 0. 990
S. FT. 19. 25 13.10 14.52 0.902
FTN-100 13. 40 14. 37 0.932
FTN-50 16. 10 14. 34 1.123
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Tab. 6 Error statistics of prediction results of

each model

A MAE RMSE IAE/% R?
ek 2] 1.710 2.228 12. 40 0. 450
SCHkC13] 7.470 8. 945 54.19 —

GA-BPNN 0.818 1.015 5.93 0. 834

GEP 0. 877 1.024 6.35 0.735
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Fig. 9 Comparison of predicted values of each model

and experimental values
5 & #

(1) 5T Rt 8 Bl SR L% o ~J 19 7 ik
PO FRP fif {5 5 - 5 180 R 45 5 B2 Al adt i 5L i A5
RN B2 v ELiz Ak PERE SR , b GA-BPNN K1 41
TR FUI R A5 R Y 10 S 28, TN 2 R R
JIE dR e s A S TR R B 0 2 B A B GEP R
B TF AR TR B 0 RS B R, S I H iR



62 A % B I Kk ¥ ¥ # 964 %
()5 Haj SCHik 25 5y AL AL 45 o B i ) A DU Congming. Degradation of interfacial bond

TR, A SCEE ST AE 110 41850 B L mt - a3t between BFRP bars and concrete under [reeze-thaw

N SORE JE B ) 2 O cycles [D] I_.Ief(:‘l: Hefei University of Technology,
(53T 2 0 24 10 4 745 4 5 26 S0 o el n e

- [7] KHANFOUR M A, EL REFAI A. Effect of freeze-

I 90 45 R — B0 R A R AE 2R T FRP i R 5 + thaw cycles on concrete reinforced with basalt-fiber

ST B 45 50 3 1 3 S BOE HE R Al G PR OB TR reinforced polymers (BFRP) bars [J]. Construction

Bt LR E T — bR EE TR R A E and Building Materials, 2017, 145. 135-146.

KR FRP £ B A%, [8] ALVES ], EL-RAGABY A, EL-SALAKAWY E.

Bond strength of glass FRP bars in concrete

g% iﬁ : subjected to freeze-thaw cycles and sustained

loads [C]// Advances in FRP Composites in Civil

(1] #X#. X Rl FRP A% & &8 £ 5 WK f Engineering - Proceedings of the Sth International
FR#E J]. EARTE%#W. 2019, 52(10): 1-19. Conference on FRP Composites in Civil Engineering.,
DONG Zhigiang. WU Gang. Research progress on CICE 2010. Berlin: Springer Science and Business
durability of FRP bars reinforced concrete Media Deutschland GmbH, 2011: 368-371.
structures [J]. China Civil Engineering Journal, (9] & ., x Je. #F BP # % K #% CFRP %4 % &
2019, 52(10): 1719, (in Chinese) BEREEETN (). MEAFFREARZ

(2] ZAE, B#X. 3 &, 4. ABEFREAT B, 2021, 48(9) . 88-97.

GFRP & &tk B ot [J]. S M¥5 TR MA Gao, LIU Kang. Prediction of compressive
FAk, 2014, 11(5) ¢ 1-4. strength of CFRP-confined concrete columns based
LUO Xiaoyong, TANG Xiexing, SUN Qi et al. on BP neural network [JJ]. Journal of Hunan
Experimental study on bond behavior of GFRP rebar University (Natural Sciences) , 2021, 48(9) . 88-97.
under freeze-thaw cycles [J]. Journal of Railway (in Chinese)

Science and Engineering. 2014, 11 (5): 1-4. (in [10] B e, ¥ W4, e, X F BP #2 K&
Chinese) FRP#i G RB L REBLBETN [J]. AEET

[3] A&, £%%K, T%#H, . K@ #EHF N GFRP KB 2dr 2021, 61(3): 272-279.

HEREL SRR KB E [J]. TR, CHEN Jian, HUANG Lihua, QU Jiting. Prediction
2018, 35(3): 14-18. of interface bond strength between FRP bars and
LIU Chengbin, YU Shice, WANG Jiyang. et al. concrete based on BP neural network [J]. Journal of
Experimental investigation on the freezing and Dalian University of Technology, 2021, 61(3): 272-
thawing cycle to the agglutinating value of GFRP 279. (in Chinese)

bars and concrete [ J]. Zhejiang Construction, 2018, [11] %k, g, EFRHEEAAHEh NSM
35(3): 14-18. (in Chinese) FRP-B 8 LM 4B EFMAMMEA [J]. TERFH5H

[4] YAN Fei, LIN Zhibin, ZHANG Dalu, et al. A, 2021, 53(2): 118-124.

Experimental study on bond durability of glass fiber ZHANG Ruiliang, XUE Xinhua. Bond strength
reinforced polymer bars in concrete exposed to harsh prediction model of the near-surface-mounted fiber-
environmental agents: Freeze-thaw cycles and reinforced polymer concrete based on gene
alkaline-saline solution [J]. Composites Part B: expression programming [ J]. Advanced Engineering
Engineering, 2017, 116. 406-421. Sciences, 2021, 53(2): 118-124. (in Chinese)

[5] &=%%., HHAE. KEkEF1%EATHANRX BFRP 4 [12] #p# %, gHrd. £ THEEERAE XN LR N FRP 45K
GRBELELERAR U] A6z TR, BEEL MR Ay ZHRM [T &6 H#HH %R,
2020(8): 70-75. 2023, 40(1): 510-520.
JIN Liangliang, YANG Shutong. Experimental DENG Chubing, XUE Xinhua. Prediction of
study of bond between near-surface mounted BFRP ultimate axial strain of FRP-confined concrete based
bars and concrete under freeze-thawing cycles [J]. on gene expression programming [ J]. Acta Materiae
Composites Science and Engineering. 2020 (8):. 70- Compositae Sinica, 2023, 40 (1): 510-520. (in
75. (in Chinese) Chinese)

(6] HMM%. A@MENERT BFRP f 5 RELFERE [13] DENG Peng, WANG Yuejiao, SUN Yan, er al.

Mgk R LA E D] &8 & BTk k¥,
2021.

Bond durability of basalt-fiber-reinforced-polymer

bars embedded in lightweight aggregate concrete



51 B %, ABEX TFRPHREBE L AEHELEREZ TN 63

subjected to freeze-thaw cycles [ J]. Structural Construction, 2011, 15(3): 249-262.
Concrete, 2021, 22(5): 2829-2848. (18] # &4, Fah & ¢ T BFRP fi iR 4 4 4 B 4 0% +
[14] X/ANH. A #. &AM, % K@ {E*F T BFRP KAt (D] M. L7 Tk K%, 2017,
HERBLTFHEEERLHR [J]. B2REMFEN, YANG Jianwei. Investigation of the bond properties
2021, 42(S1) . 442-447. between BFRP bar and hybrid fiber recycled
WU Xiaoyong, ZHOU Kai, ZHU Yongshuai, concrete under freeze-thaw [D]. Jinzhou: Liaoning
et al. Experimental study on bond strength between University of Technology. 2017. (in Chinese)
BFRP bars and concrete under f{reeze-thaw [19] BR 5. A E153F 5 BFRP # B £ R E R B A%
cycles [J]. Journal of Building Structures, 2021, Hadw (D], KE. KEHETK¥, 2021,
42(S1): 442-447. (in Chinese) CHEN Qiang. Study on bonding property of
(157 %hET, AP E, ANEH. ARBATHEE LR recycled thermal insulation concrete with BFRP bar
B+ 5 BFRP fiti SR )E Koy [J]. B aE after freeze-thaw cycle [ D]. Taiyuan: Taiyuan
i, 2018, 37(10): 3355-3360. University of Technology, 2021. (in Chinese)
XU Jianing, LIU Zhongxian, LIU Huaxin. [20] k4. BFRPH SR 24 4B A RBLHEN
Experimental study on bond strength of fiber B [D]. BN, 337 Ik k¥, 2021,
recycled concrete and BFRP bar under freeze-thaw ZHU Boheng. Experimental study on the bond
cycles [J]. Bulletin of the Chinese Ceramic Society, behavior between BFRP bars and recycled aggregate
2018, 37(10): 3355-3360. (in Chinese) concrete [ D]. Jinzhou: Liaoning University of
[16] BELARBI A, WANG H. Bond durability of FRP Technology, 2021. (in Chinese)
bars embedded in fiber-reinforced concrete [ ] ]. [21] GARSON G D. Interpreting neural-network
Journal of Composites for Construction, 2012, connection weights [J]. AI Expert. 1991, 6 (4):
16(4) . 371-380. 46-51.
[17] ALVES ]. Durability of GFRP bars’ bond to [22] FERREIRA C. Gene expression programming: A
concrete under different loading and environmental new adaptive algorithm for solving problems [J].
conditions [J]. Journal of Composites for Complex Systems, 2001, 13(2). 87-129.

Prediction of interfacial bond strength
of FRP reinforced concrete under freeze-thaw cycles

GAO Xu, HUANG Lihua”

( School of Infrastructure Engineering, Dalian University of Technology. Dalian 116024, China )

Abstract: In harsh service environments such as freeze-thaw and corrosion, fiber reinforced polymer
(FRP) is used to take the place of the steel bars to improve the durability of concrete structures,
which has been increasingly used in civil engineering. In view of the complex interfacial bond
mechanism of FRP reinforced concrete under freeze-thaw cycles and the difficulty of constructing a
theoretical model reflecting the interface performance, 110 groups of FRP reinforced concrete pull-out
test data under freeze-thaw cycles in the literature are sorted out and the genetic algorithm optimized
back propagation neural network (GA-BPNN) is applied to predict the interfacial bond strength of
FRP reinforced concrete. By analyzing the parameter sensitivity of the weight matrix, the main
parameters affecting the bond strength of the interface are assessed, and then the gene expression
programming (GEP) method is used to establish the interfacial bond strength formula containing the
main parameters. Compared with the two models presented in the literature, the proposed formula has
higher accuracy and stronger generalization ability in calculating the interfacial bond strength of FRP

reinforced concrete under freeze-thaw cycles.

Key words: FRP reinforced concrete; bond strength; freeze-thaw cycle; back propagation neural

network (BPNN); gene expression programming (GEP)



