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Prediction of ultimate axial strain of FRP-confined concrete based on gene

expression programming

DENG Chubing , XUE Xinhua'
(College of Water Resource and Hydropower, Sichuan University, Chengdu 610065, China)

Abstract: Fiber reinforced polymer (FRP) is widely used in enhancing the performance of concrete structures and
strengthening damaged components due to its advantages of light weight, high strength, corrosion resistance and
convenient construction. The ultimate conditions of FRP-confined concrete are the important factors that must be
considered in the selection of FRP types, FRP thickness and the number of covering layer. The prediction results of
the existing ultimate stress model can better reflect the real situation, while the prediction accuracy of the existing
ultimate axial strain model is low, so the ultimate axial strain was studied. Since there are many factors that affect
the ultimate axial strain of FRP-confined concrete, the models proposed by many researchers have large differ-
ences in the choice of input parameters. Therefore, the influence of different input forms on the prediction accu-
racy of ultimate axial strain model was discussed while the ultimate axial strain model was established by gene ex-
pression programming. Five statistical indicators such as coefficient of determination and mean absolute error were
used to evaluate the prediction results of model, which was compared with the existing prediction models. The re-
search results show that the model corresponding to the input form of the combination of original data and new
data has the highest prediction accuracy, so the selection of model input parameters should not only consider the

original data or new data. Compared with the models proposed by other researchers, the prediction accuracy of the
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model proposed in this article is the highest. The coefficient of determination is 0.893, and the mean absolute error

and other indicators are all below 0.35.

Keywords: gene expression programming; fiber reinforced polymer; concrete cylinder; FRP-confined concrete;

ultimate axial strain
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(b) Language of expression tree
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(c) Language of gene
dy—Ultimate axial strain of unconfined concrete; d, —Stiffness ratio;

d,—Strain ratio; d;—Ultimate axial strain of FRP-confined concrete;
3Rt—Function symbol; c,—Constant
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Fig.1 Diagram of gene expression programming (GEP) language
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Table 1 Ultimate axial strain models of FRP-
confined concrete

Model and year Ultimate axial strain

Ahmad et al [23](2020) &y = (1.85+ 7~46Pé'|7lpg'71 )&co

0.8
2 E,
Yu et al®(2011) £eu = 0.0033 + 0.6(7[) (Enrup)

co

1
&cu = 28¢0 +7-6L/‘9c0
Jeo

Benzaid et al **(2010)

1.45 0.8

Teng et al *°/(2009) Eeu = 1.756¢0 +6.520p1 % p?

i 0.34
Ecu = 2&co +8.16(—,) Eco

co

Al-Tersawy et al *” (2007)

. \0.5
11ki et al **/(2004) Seu = Eco + 20(#) Eco

& rup —0.0005

Ecuy =
Xiao et al®(2000) “ 7( E )‘0'8
fg()
 fee—0.872f,—0.371f; - 6.258
Samaan et al */(1998) Fou = ErrpT

245.61f,," +1.3456

e (ro5( 1
fC(!

Notes: f!.—Peak strength of FRP-confined concrete; £, —Ultimate

D

Mander et al *'(1988)

axial strain of FRP-confined concrete; f.,—Peak strength of
unconfined concrete; g.,—Peak strain of unconfined concrete;
D—Diameter of the concrete core; T—Total thickness of the FRP
jacket; Epgrp—Elastic modulus of the FRP jacket; &y p—Hoop
rapture strain of the FRP jacket; f;—Confining stress;
px—Stiffness ratio; p.—Strain ratio; E,—Restraint stiffness; See
Table 2 for variable units.
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Table 2 Statistical parameters of test data of FRP-confined
normal concrete cylinder

Parameter Min Max Median Average zteavlili?(r)?l
D/mm 100 200 152 146.080 17.816
H/mm 200 788 305 314.106  94.341
fo/MPa  26.2 55.2 42 40.577 7.100
&col % 0.16 0.42 0.239 0.249 0.047

E./GPa 2421 3514 2977 29.692  2.731
7/mm 0.11 5.21 0.495 0.794 0.882
Epgp/GPa  13.6 629.6 105 154.604 113.36

shnp/%  0.19 3.09 1.08 1.208 0.504
Px 2.555 38114 9.324 10.683  7.153
Pe 0.010 0369  0.049 6.430 5.659
fi/MPa 0905  13.435 4.333 4.922 2.154
Ecul% 0.4 5.55 1.61 1.830 1.005

Notes: H—Height of the concrete core; E.—Elastic modulus of the
concrete core.
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Table 3 Results of Pearson correlation analysis of test data
of FRP-confined normal concrete cylinder

o Ps fi Eeu

D -0.223*  -0.064 -0.017 -0.121

H -0.041 -0.131 -0.108 -0.127

£ -0.211*  0.039 0.136 -0.029

£co -0.163* -0.181* -0.180* 0.236**
E. ~0.198**  0.089 0.151 -0.003

T 0.161* 0.356* 0.553** 0.297
Errp 0.509** -0.544**  -0.031 -0.165*
Eh,rup -0.395*  0.926* 0.086 0.377*
Pk 1 -0.334*  0.669** 0.379*
Pe -0.334* 1 0.165* 0.301**
fi 0.669** 0.165* 1 0.653**
Ecu 0.379* 0.301* 0.653* 1

Notes: **—Correlation is significant at the 0.01 level (2-tailed);
*—Correlation is significant at the 0.05 level (2-tailed).
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No. Model Ultimate axial strain &¢,
1
0 1 23 45 6 7 8 91011 1213 14 15 1A &eu = (D, H, fry» €cor Ec, T» ERp, h gup)
Head length 2 B geu = f(f1,p8:PK)
3 C &cu = f(€co»PesPk)
750 4 D Eeu = f(foorEcor /1)
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Fig.2 Determination of optimal parameters of ultimate axial strain

model of FRP-confined concrete
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Table4 Parameters setting of ultimate axial strain model of
FRP-confined concrete

Parameter types Setting  Parameter types Setting

Population size 50 Gene transposition rate 0.3

Gene recombination

Head length 12 0.3
rate
Gene number 3 One—po%nt . 0.4
recombination rate
Chromosome Two-point
45 S 0.4
length recombination rate
Connection Addition Insertion sequence 03
function (+) transposition rate ’
Mutation rate 0.044 Rootinsertion sequence 0.3

transposition rate
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Table 6 Prediction results of ultimate axial strain models of 55+ ° moge} g 2;: 83(9)?5 M v
. . | v Mode =0. . .
FRP-confined concrete under different input forms 5.0 + Model E R = 0.740 . NI
® 45 r . v < N a
Model g2 Mg Rgse Ryise Mpg =~ 3 .o ‘o,
& 4.0 - . .
B 35 ‘ T
A 0.487 0.414 0.721 0.682 0.257 5 ot .o See ar
S 30 Leta it LR R N .
0.561 0.533 0.841 0.796 0.299 £ 25 ,:’ y?’}i.?, vy :Z: : . -
2.0 . V- R . .
C 0.893 0.228 0.334 0.316 0.160 i . oo t” . LI |
1.5 L0 ! . .
D 0705 0362 0543 0514  0.260 L0 o Vo Ok ’
05 | _!!‘;'M' .
E 0.740 0.543 0.762 0.721 0.353 (84 . .
0 0.5 1.0 1.5 2.0 25 3.0 3.5 40 45 50 55 6.0

Notes: R*—Determination coefficient; My;—Mean absolute error;
Rpgg—Relative square root error; Rygg—Root mean square error;
M pr—Mean absolute percentage error.
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Fig.3 Comparison between experimental and prediction results of
ultimate axial strain models of FRP-confined

concrete under different input forms

W, e A SR e 4% TS BB 58 KO8 T IR
A RO SR R, L 3% 5 R D A R A R 30 A
HAAMEATER . GEP AL ) 23k X an &l 4
frn (RG4S 3 > 1R IEAW, 554 Sub-ET),
Xof IO P R R IR SR

Sub-ET3

Inv—Inverse; ¢y, ¢3, c;—Constant
€4 1R C (GEP ) ik (Sub-ET)
Fig. 4 Expression trees (Sub-ET) of model C (GEP model)
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Fig.5 Parameter sensitivity analysis results of GEP model for FRP-confined concrete
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Table 7 Parameter importance analysis results of GEP
model for FRP-confined concrete
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Table 8 Prediction results of ultimate axial strain models of
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Fig.6 Comparison between experimental and prediction results of ultimate axial strain models of FRP-confined concrete
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