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Abstract: The last three decades have seen increasing applications of fiber-reinforced polymer materials in
structural engineering because of their many advantages over traditional strengthening and reinforcing materials.
On the other hand, soft computing approaches have recently been widely used to model human activity in many
areas of civil engineering applications. This paper presents the use of genetic expression programming as a tool to
predict the ultimate axial strain of fiber-reinforced polymer-confined concrete. A large experimental data set (219)
of these tests is collected from published literature. The prediction of the proposed new genetic expression
programming-based model was compared with the results obtained using the existing analytical equations
proposed in the current literature. In this paper, attempts were made to present a complete review of genetic
expression programming in structural engineering. Good agreement between the experimental data and predicted
results is obtained.
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PRIMJENA PROGRAMIRANJA GENSKIM IZRAZOM ZA PREDVIDANJE
MAKSIMALNE UZDUZNE DEFORMACIJE BETONA OVIJENOG FRP-OM

Sazetak: Posljednja tri desetlieta svjedode intenzivnijim primjenama polimernih materijala ojaCanih vlaknima u
konstrukcijskom inZenjerstvu, zbog svojih prednosti u odnosu na tradicionalne ukrutne i armaturne materijale. S
druge strane, neki raCunalni pristupi su Siroko koristeni za modeliranje ljudskih aktivnosti u vise podrucja s
primjenom u gradevinarstvu. Ovaj rad predstavlja primjenu programiranja genskim izrazom, kao alata za
predvidanje vrSne uzduzne deformacije betona ovijenog polimerima i ojacanim vlaknima. Opsezna baza
eksperimentalnih podataka (219) spomenutih ispitivanja prikupliena je iz objavljene literature. Predvidanje
predloZzenog novog modela, zasnovanog na programiranju genetickim izrazom, usporedeno je s rezultatima
dobivenima koristenjem postoje¢ih analitickih izraza, prediozenih u trenutaénoj literaturi. U ovome radu pokusalo
se pokazati cjeloviti pregled programiranja genetickim izrazom u gradevinarstvu. Dobiveno je dobro slaganje
izmedu eksperimentalnih podataka i rezultata predvidanja.

Kljuéne rijeci: polimer oja¢an vlaknima (FRP); maksimalna uzduzna deformacija; programiranje genetickim
izrazom (GEP); baza podataka
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1 INTRODUCTION

In the last two decades, the civil engineering community has witnessed a rapid growth of interest in the compressive
behavior of FRP-confined concrete. It is now well understood that the confinement of concrete with fiber-reinforced
polymer (FRP) composites can significantly increase concrete strength and deformability. A variety of uniaxial
compression tests were carried out on both large- and small-scale FRP confined concrete specimens with different
cross sections (circular, square, rectangular, and elliptical); a relevant contribution for the performance evaluation
of large-scale specimens can be found in [1]. Further experimental investigations focused on full-scale reinforced
concrete members confined with FRP and subjected to combined axial loads and cyclic flexures [2]. These
experimental tests were all focused on evaluating the suitability of using FRP jackets as a seismic retrofit technique
for nonductile rectangular or circular columns [3-7].

The conventional stress-strain models of FRP-confined concrete fall into two main categories: design-oriented
models and analysis-oriented models. The design-oriented models are generally in closed-form equations directly
derived from dataset results, treating FRP-confined concrete as a single composite material, and are thus simple
and convenient to apply in design [8]. By contrast, the analysis-oriented models treat the FRP jacket and the
concrete core separately, and predict the behavior of FRP-confined concrete by an explicit account of the interaction
between the FRP jacket and the confined concrete core [8-11].

In this study, a published database containing 219 experimental test results is used to develop a design-
oriented model using gene expression programming (GEP). The GEP approach is capable of dealing with complex
problems that contain a large number of uncertainties. GEP was recently devised by various researchers for
developing complex relations between experimental data as an efficient alternative to traditional regression and
machine learning methods (e.g., artificial neural networks and ANN) [12-14]. GEP has been used by some
researchers to solve engineering problems [15-23].

This article aims to apply gene expression programming to develop new empirical equations in order to predict
the ultimate strain. The important factors that influence the overall behavior of FRP-confined concrete are then
discussed. In the final part of this study, a new design-oriented model is developed, and use of the database to
predict the ultimate strain of FRP-confined concrete is presented.

2 CONFINEMENT MECHANISM

The concrete behaves elastically when subjected to a low level of longitudinal strain. By using Poisson’s ratio, the
transverse strain can be obtained. By increasing the load, cracks start to form, leading to a large increase in the
lateral strain. The transverse strain of the confined specimens is equal to the strain in the FRP jacket (based on
deformation compatibility). The propensity of concrete to expand after cracking and the radial stiffness of the
confining jacket to maintain the concrete dilatation are considered to be two important parameters that affect the
concrete confinement [24].

The confinement action exerted by the FRP on the concrete core is of the passive type, that is, it arises as a
result of the lateral expansion of concrete under an axial load. As the axial stress increases, the corresponding
lateral strain increases, and the confining device develops a tensile hoop stress balanced by a uniform radial
pressure that reacts against the concrete lateral expansion. As the FRP shell is subjected to tension along its hoop
direction, the confining pressure (p) increases proportionally with the lateral expansion until the eventual failure of
the system when the FRP shell ruptures (Figure 1).

Assuming deformation compatibility between the confining shell and the concrete surface, the lateral confining
pressure applied to concrete by the FRP shell at the ultimate strain (pu) is given as follows:

_ 2Et; &
D (1)

In which Ef is the elastic modulus of the fibers, f is total nominal thickness of the fibers, & is the ultimate
tensile strain of the fibers, and D is the diameter of the concrete core.
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Figure 1 Scheme of confinement action

Several studies [25-32] reported that the ultimate strain measured on the FRP shell at the time of FRP hoop
rupture, ghvmp, is lower than the ultimate tensile strain of the fibers & or FRP material m . To establish the
relationship between the hoop rupture strain of the FRP shell €hn o the ultimate tensile strain of the material f ,

a strain reduction factor k. was proposed in [31]:

Ehp = K.& 2)
The actual lateral confining pressure at the ultimate strain (pu,a) was defined in [27] as follows:
B 2E t, Enrup
pu,a - ~
D 3)

Various influential parameters that affect the debonding resistance, including the unconfined concrete strength

!

¢ unconfined concrete strain €eo , hoop rupture strain Eh.up , and FRP confinement stiffness (kconf= 2Eftf/ D) are

considered as input parameters to the GEP to predict the ultimate axial strain of FRP-confined concrete (‘9cu ).

2.1 Database for FRP-confined concrete

An extensive database including all data collected from the literature was created to determine the ultimate axial

strain of FRP-confined concrete (‘gcu ). The database contains test results of 219 FRP-confined concrete
experiments and is summarized in Table 1.

3 PROPOSED MODEL USING GEP

Here, a mathematical model is developed by the authors. For this problem, the fitness fi of an individual program i
is measured by
G
fi = jZ_l(M -[Cs _Tj‘) (4)
Where M is the range of selection, C;;is the value returned by the individual chromosome i for fitness case j
(out of Cifitness cases), and T;is the target value for fitness case j. If |C i - T} (the precision) = 0.01, then the
precision = 0, and f; = fna = CiM. In this case, M = 100 is used, and therefore fna= 1000. The advantage of this
kind of fitness function is that the system can find the optimal solution by itself.
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In the second step, the set of terminals T and the set of functions F are selected to make the chromosomes.
In this paper, the terminal set includes single independent variables, i.e., T={ &, ) = f(f ), (&, ), (gh,rup ) and

(keont = 2t/ D)}. In this study, five basic arithmetic operators (+, -, *, /, Power) were used as connecting parameters.

Third, the length of the head and the number of genes is selected. Here, the chromosomes contain three
numbers of genes with head length h = 8 and gene length t = 9, giving the length of the chromosome as 30.

The fourth major step is to choose the linking function. In this paper, addition is employed as a linking function,
and it is observed that linking the sub-ETs by addition gives better fitness (Eq. 4) values. The final step is to choose
the set of genetic operators that cause variations, and their rates. A composition of all genetic operators (mutation,
transposition, and crossover) is employed toward this goal.

A calibration of the GEP model is performed based on the 291 collected data sets. (For the range of this data,
see Table A1). Among the 291 data sets, 20% of the data sets are used to test the GEP model, while the remaining
80% are employed to train the GEP model.

The best of generation singular, chromosomes 30, has a fitness of 677.99 for &, . The explicit equation
obtained from the GEP model for &, is shown in Eq. (5), and the corresponding expression trees are illustrated
in Figure 2.

Ep T &L 1 26, + &
E :(gh - +hf ; J(\/ conf fcogh rup) (W](kconf gh,rup — & _742)+

wp +1.96
+(%](a‘w —gﬁ'mp)

From an engineering design point of view, the investigation would be remarkably strengthened if the
elaboration of existing models and observed behavior of samples (within the framework of GEP) were both utilized
toward more accurate and simple design equations.

Sub-ET 1

(5)

Sub-ET 2

Sub-ET 3

Figure 2 Expression tree for GEP formulation (three subtrees)
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4 EXISTING FRP-CONFINED CONCRETE MODELS

Several theoretical models listed in Table 1 were previously developed to predict the ultimate axial strain of FRP-
confined concrete. A review of the existing models applicable to EBFRP-to-concrete bonded joints can be found in
[29].

Table 1 Some existing models

Model Equation Reference
k 9 1 (28]
Ozbakkaloglu Eo =Cp8py +0.27(=20)"" &,
co
i fl —20
and Lim 02:2_ co >1
100
Eay =, (L.75+6.5p"p)*) [33]
Teng et al. K cont
P =7 0 P T | &
fCO /gCO " *
Fardis and [34]
&, =0.002+0.0005k . /f,
Khalili
& o —U.E o . [39]
£, =&, +—2__T7® 4, is Poisson's ratio of concrete
Berthet et al. Ho
L, = i(kconf -2/3
AR P
&y p —U.E . . (36]
g, =&, +—__T7® 4, is Poisson's ratio of concrete
Hy
Tamuzs et al.
L, :5.9(—kf°°,”2f 068
co
c kconf [37]
&y = (6, +b)(&,” +——(2¢,, +D))
Lim et al. Koot ” .
b = gh,rup _gh,rup feo ! C= k = (gco +gh,rup + egh'rup)

conf
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5 RESULTS AND DISCUSSION

Three statistical evaluation criteria were used to assess the GEP models’ performances: the correlation coefficient
(R), the root mean squared error (RMSE), and average absolute error (AAE), defined as

Z(mi _rﬁi)(pi - ﬁ)

R= N N (6)
\/Z(mi _rﬁi)ZZ(pi _F_)i)z
13 )
RMSE = WZ(mi—pi) (7)
i=1
AAE =%im%mx1oo @)

Where N = number of samples; m; = measured value; p; = predicted value; and M; and P, = averages of

measured and predicted values, respectively.
The statistical performance of the GEP model and existing models (Table 1) on the entire database are
summarized in Table 2.

Table 2 Performances of ultimate axial strain of FRP-confined concrete models
Model

Training Testing

R RMSE AAE R RMSE AAE

Ozbakkaloglu and Lim 0.8744  0.0038 204363 0.8836  0.0054  21.4761

Teng et al. 0.8424  0.0049  33.3343  0.8801 0.0054  34.8783
Fardis and Khalili 03803  0.0117 621162 04328  0.0112  47.9206
Berthet et al. 0.8373 0.0043 222392 0.8187  0.0061  25.5959
Tamuzs et al. 0.8594 0.003 236353 0.8643  0.0056  26.5066
Limetal. 08318  0.0044 225591 0.8698  0.0570  22.6110
GEP 0.925 0.0035 19.8791  0.9379  0.0050  19.0788
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Table 2 shows that the GEP model produced the highest coefficient of determination and the lowest errors (R =
0.9379, RMSE = 0.0050, and AAE = 19.0788) for the test data. Figure 3 and Figure 4 illustrate a comparison of the
GEP results with those of existing models.
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Figure 3 Comparison of GEP results with existing models for training data

Ozbakkaloglu and Lim
Rt = A
0 0.01 0.02 0.03 0.04 0.05 0.06
measured
Teng et al.
0.05 Py
0.04 Q—L—RL?Q’FQﬁ i
éo.os ” 5
&
g 0.02 * Py
0.01
0
0.0000 0.0100 0.0200 0.0300 0.0400 0.0500 0.0600
measured

Mansouri, |, Azmathulla, H M, Wan Hu, J

https://doi.org/10.13167/2018.16.6 72



Number 16, Year 2018 Page 64-76

Gene expression programming application for prediction of ultimate axial strain of FRP-confined concrete 'f

Fardis and Khalili
0.06
0.05 e
T 0.04 * *
© o0 R?=() 1873
3 0.03 4:///
& 0.02 o o
®
0.01 *
0
0 0.01 0.02 0.03 0.04 0.05 0.06
measured
Berthet et al.
0.04
?=0.6703
0.03 /TM
§ *
= 0.02
e
<0.01
0
0 0.01 0.02 0.03 0.04 0.05 0.06
measured
Tamuzs et al.
0.04
¢ 2 30.
- 0.03 ¢—* L 2
,g 2
§ 0.02
= *
2 0,01 A
2 2
0
0 0.01 0.02 0.03 0.04 0.05 0.06
measured

Mansouri, |, Azmathulla, H M, Wan Hu, J

https://doi.org/10.13167/2018.16.6 73



Number 16, Year 2018 Page 64-76

Gene expression programming application for prediction of ultimate axial strain of FRP-confined concrete 'r

GEP
0.04
R?=0, A
0.3 g »//9:8%2: i
S 0.02 o
-3 ®y > o
= °
0,01 *le
&
0
0 0.01 0.02 0.03 0.04 0.05 0.06
measured

Figure 4 Comparison of GEP results with existing models for testing data
6 CONCLUSIONS

The application of the relatively new soft computing method of genetic programming to predict the axial strain of
FRP-confined concrete was shown. A closed-form equation for the coefficients in order to predict the ultimate axial
strain of FRP-confined concrete was derived using gene-expression programming from available data in the
literature. The proposed equation produces better results compared to the existing equation when determining the
axial strain. A constitutive relationship was developed to assess the ultimate axial strain of FRP-confined concrete
using GEP. The proposed model is empirical and is based on experimental results gathered from the literature. The
results based on the model reveal good agreement with the gathered experimental results. The performance of
GEP to predict the ultimate axial strain of FRP-confined concrete was compared to five existing models. It was
found that the GEP model is the best predictor of the experimental data.
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