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ABSTRACT: This study addresses the availability of the
genetic programming (GP) approach for the formulation
of strength enhancement of FRP (fiber-reinforced poly-
mer) confined concrete cylinders. The GP formulation is
based on experimental results collected from the litera-
ture. The accuracy of the proposed GP formulation was
satisfactory compared to the experimental results. More-

over, the results of the proposed GP formulation were
compared with 10 models from the literature proposed
by various researchers so far and were found to be more
accurate. VVC 2008 Wiley Periodicals, Inc. J Appl Polym Sci 110:
3087–3095, 2008
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INTRODUCTION

The use of fiber-reinforced polymer (FRP) composites
in structural engineering applications has opened a
new era in civil engineering. FRP composites have
been successfully used in various construction appli-
cations, such as the repair and rehabilitation of exist-
ing structures and in new construction applications,
for a few decades. External strengthening, repair, and
ductility enhancement of reinforced concrete columns
are major application areas in this field that are of
significant importance.1 Therefore, the effect the
effect of FRP confinement on the strength and defor-
mation capacity of concrete columns has been exten-
sively studied, and several empirical and theoretical
models have been proposed.2 In this article, we pro-
pose a new approach for the formulation of the
strength enhancement of FRP-confined concrete cyl-
inders with a genetic programming (GP) approach,
which has not been applied in this field so far.

FRP-CONFINED CONCRETE

The main types of FRP composites used in the exter-
nal strengthening and repair of concrete structures
are glass-fiber-reinforced polymers (GFRPs), carbon-
fiber-reinforced polymers (CFRPs), and aramid-fiber-
reinforced polymers (AFRPs). The types of FRPs con-
finement can be spiral, wrapped, and tube. FRP com-
posites offer several advantages because of their

extremely high strength-to-weight ratio, good corro-
sion behavior, and electromagnetic neutrality. The
most widely used FRP type for strengthening applica-
tions in civil engineering applications is carbon fiber.
There is a wide range of applications of FRPs in con-
crete structures. For example, the confinement of con-
crete columns with FRPs for strengthening purposes
offer several advantages compared to steel,3 includ-
ing continuous confining action to the entire cross sec-
tion, ease and speed of application, a lack of change
in the shape and size of the strengthened elements,
and corrosive resistance.2 A typical response of FRP-
confined concrete is shown in Figure 1,4 where the
normalized axial stress is plotted against the axial, lat-
eral, and volumetric strains. The stress is normalized
with respect to the unconfined strength of the con-
crete core. Figure 1 shows that both the axial and lat-
eral responses are bilinear with a transition zone at or
near the peak strength of the unconfined concrete
core.4 Considerable experimental research has been
performed on the behavior of FRP-confined concrete
cylinders.5–21 Several models10,11,22–28 that have been
proposed in the literature for the strength enhance-
ment of the FRP confinement effect on concrete cylin-
ders are shown in Table I. A comparative study of the
models of the confinement of concrete cylinders with
FRP composites can be found in ref. 2.

GP

GP, proposed by Koza,29 is an extension of genetic
algorithms (GAs). Koza defined GP as a domain-
independent, problem-solving approach in which
computer programs are evolved to solve, or approxi-
mately solve, problems based on the Darwinian prin-
ciple of reproduction and survival of the fittest and
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analogs of naturally occurring genetic operations such
as crossover (sexual recombination) and mutation.
Gene expression programming (GEP) software,

which was used in this study, is an extension of GP
that evolves computer programs of different sizes
and shapes encoded in linear chromosomes of fixed
length. The chromosomes are composed of multiple
genes, with each gene encoding a smaller subpro-
gram. Furthermore, the structural and functional
organization of the linear chromosomes allows the
unconstrained operation of important genetic opera-
tors, such as mutation, transposition, and recombina-
tion.30–32 APS 3.0,33 a GEP software developed by
Candida Ferreira (London, UK), was used in this
study.

Figure 1 Typical response of FRP-confined concrete.

TABLE I
Models for the Strength Enhancement of FRP-Confined Concrete Cylinders

Model Expression (fcc/fco)

Fardis and Khalili, 198122 fcc
fco

¼ 1þ 4:1
pu
fco

(3)

fcc
fco

¼ 1þ 3:7
pu
fco

� �0:86

(4)

Saadatmanesh et al., 199423 fcc
fco

¼ 2:254

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 7:94

pu
fco

r
� 2

pu
fco

� 1:254 (5)

Miyauchi et al., 199710 fcc
fco

¼ 1þ 3:485
pu
fco

(6)

Kono et al., 199811 fcc
fco

¼ 1þ 0:0572pu (7)

Saaman et al., 199824 fcc
fco

¼ 1þ 6:0
p0:7u

fco
(8)

Tountanji, 199925 fcc
fco

¼ 1þ 3:5
pu
fco

� �0:85

(9)

Saafi et al., 199926 fcc
fco

¼ 1þ 2:2
pu
fco

� �0:84

(10)

Spoelstra and Monti, 199927 fcc
fco

¼ 0:2þ 3
pu
fco

� �0:5

(11)

Xiao and Wu, 200028 fcc
fco

¼ 1:1þ 4:1� 0:75
f 2co
E1

� �
pu
fco

(12)
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TABLE II
GEP Formulations Obtained for Various Gene and Head Sizes

Head size Gene size GP formulation R RMSE MAE COV

1 2 e

ffiffiffi
pu
fco

p
þ 1

fco 0.89 0.36 0.27 15.6

1 3
2�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pu=fco

q
3

r
þ pu
fco

� 1

p2u

0.89 0.34 0.26 15.1

1 4
pu
fco

þ 1

p2u
þ

ffiffiffiffiffiffiffiffiffi
1ffiffiffiffiffi
pu

p3

s
þ

ffiffiffiffiffi
pu
fco

3

r
0.89 0.34 0.26 15.1

1 5 pu
fco

�
ffiffiffiffiffi
fco
pu

s
þ 2� 1=puffiffiffiffiffiffiffiffiffiffiffiffi

fco=pu
p þ

pu �
ffiffiffiffiffi
pu

p

fco
þ ln fco=puð Þffiffiffiffiffiffiffiffiffiffiffiffi

fco=pu
p 0.90 0.33 0.25 14.8

1 6 e
ffiffiffiffiffiffiffiffiffi
pu=fco

p
þ 1

fco
� 1

pu
þ

ffiffiffiffiffi
1

fco

s
þ ln

fco
pu

� �
� 1

fco
þ 2� 1

fco
� ln

fco
pu

� �
0.89 0.34 0.26 15.1

2 1 e
ffiffiffiffiffiffiffiffiffi
pu=fco

p
0.89 0.37 0.28 15.6

2 2 e
ffiffiffiffiffiffiffiffiffi
pu=fco

p
þ 1

p2u

� �3=4

0.89 0.34 0.27 15.7

2 3 0:226� 1ffiffiffiffiffi
pu

p þ pu
fco

þ
ffiffiffiffiffi
1

fco

16

s
0.89 0.34 0.26 15.2

2 4

ffiffiffiffiffi
pu
fco

8

r
�

ffiffiffiffiffi
pu

p

56:1
þ

ffiffiffiffiffi
pu
fco

4

r
þ pu
fco

0.89 0.34 0.25 15.0

2 6 lnðfcoÞ
fco

þ

ffiffiffiffiffiffiffiffiffiffiffiffi
p2u

fco=pu

5

s
þ lnðfco=puÞ

fco
þ e

ffiffiffiffiffiffiffiffiffi
pu=fco

p
�

ffiffiffiffiffiffiffiffiffi
fcu=pu

p
þ 2� 1

p2u

0.90 0.33 0.25 15.0

3 1
1

fco
þ e

ffiffiffiffiffiffiffiffiffi
pu=fco

p
0.89 0.36 0.27 15.6

3 2 e
ffiffiffiffiffiffiffiffiffi
pu=fco

p
þ

ffiffiffiffiffi
1

fco

s
�

ffiffiffiffiffi
pu
fco

3

r
0.89 0.34 0.26 15.5

3 3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pu
fco

r
� 1

p2u

4

s
þ

ffiffiffiffiffi
pu
fco

4

r
þ pu
fco

þ 1

pu

� �3
0.89 0.34 0.26 15.0

3 4 e
ffiffiffiffiffiffiffiffiffi
pu=fco

p
þ

ffiffiffiffiffi
1

fco

s
þ 1

p2u
� 1

pu
þ 1=p2u
ln fco=puð Þ � p2u

0.90 0.34 0.25 14.9

4 1 e
ffiffiffiffiffiffiffiffiffi
pu=fco

p
� 1

p3u
0.89 0.37 0.28 15.6

4 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pu
fco

r
4

s
þ

ffiffiffiffiffi
pu
fco

4

r
þ pu
fco

0.89 0.34 0.26 15.0

4 3 e
p2u�ln pu=fcoð Þ

12 þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

pu=fco
p
ðpuÞ1=10

3

s
þ

ffiffiffiffiffi
pu
fco

6

r
0.90 0.33 0.25 14.8

5 1 e
ffiffiffiffiffiffiffiffiffi
pu=fco

p
þ 1

fco
0.89 0.36 0.27 15.6

RMSE ¼ root mean square error; MAE ¼ mean absolute error; COV ¼ coefficient of variation.



The fundamental difference between GAs, GP,
and GEP is due to the nature of the individuals: in
GAs, the individuals are linear strings of fixed
length (chromosomes); in GP, the individuals are
nonlinear entities of different sizes and shapes
(parse trees); and in GEP, the individuals are
encoded as linear strings of fixed length (the genome
or chromosomes) that are afterward expressed as
nonlinear entities of different sizes and shapes (i.e.,
simple diagram representations or expression trees).
Thus, the two main parameters GEP are the chromo-
somes and expression trees.30–32 Two languages are
used in GEP: the language of the genes and the lan-
guage of the expression trees. A significant advant-
age of GEP is that it enables one to infer exactly the
phenotype given the sequence of a gene and vice
versa, which is termed Karva language.

For each problem, the type of linking function, the
number of genes, and the length of each gene are a
priori chosen for each problem. While attempting to
solve a problem, one can always start by using a sin-
gle-gene chromosome and then proceed by increas-
ing the length of the head. If it becomes very large,
one can increase the number of genes and obviously
choose a function to link the sub-expression trees.
One can start with addition for algebraic expressions
or for Boolean expressions, but in some cases,
another linking function might be more appropriate
(e.g., multiplication or IF). The idea, of course, is to

find a good solution, and GEP provides the means
of finding one very efficiently.33

NUMERICAL APPLICATION

Our main aim in this study was to obtain an empiri-
cal formulation for the strength enhancement factor
(fcc/fco), where fcc is the compressive strength of the
confined concrete cylinder and fco is the compressive
strength of the unconfined concrete cylinder, for
FRP-confined concrete cylinders on the basis of the
test results available in literature as a function of fco
and ultimate confinement pressure (pu):

fcc=fco ¼ f ðfco;puÞ (1)

Therefore, an extensive literature review on experi-
mental studies related to the strength enhancement
of FRP-confined concrete cylinders was carried out,
and an experimental database was gathered. A total
of 180 specimens from 17 separate studies with the
ranges of variables were included in the database,
which is shown with further details in the appendix.2

The proposed GP formulation is the best one
selected from among a set of formulations obtained
for various numbers of genes and head sizes, as pre-
sented in Table II. The results of the proposed GP for-
mulation versus actual the experimental values and

TABLE III
Parameters of the GEP Models

P1 Function set þ, �, �, /, H, ln (x)
P2 Chromosomes 30–60
P3 Head size 6–8–10
P4 Number of genes 3
P5 Linking function Addition, multiplication
P6 Fitness function error type Mean absolute error,

custom fitness function
P7 Mutation rate 0.044
P8 Inversion rate 0.1
P9 One-point recombination rate 0.3
P10 Two-point recombination rate 0.3
P11 Gene recombination rate 0.1
P12 Gene transposition rate 0.1 Figure 2 Performance of the GP formulation versus

the experimental results. [Color figure can be viewed in
the online issue, which is available at www.interscience.
wiley.com.]

TABLE IV
Statistics of the Performance and Accuracy of fcc/fco of the Proposed GP Formulation and Existing Models Compared

to the Experimental Results

Test

Model GP Eq. (3) Eq. (4) Eq. (5) Eq. (6) Eq. (7) Eq. (8) Eq. (9) Eq. (10) Eq. (11) Eq. (12)

Mean 1.00 0.79 0.78 0.84 0.86 1.09 0.98 0.71 1.00 1.03 1.22
Standard deviation 0.15 0.19 0.16 0.13 0.19 0.22 0.15 0.11 0.16 0.18 0.91
R 0.90 0.84 0.88 0.89 0.86 0.88 0.90 0.91 0.91 0.90 0.64
MAPE (%) 0.12 0.23 0.23 0.17 0.19 0.19 0.12 0.29 0.13 0.15 0.48
COV 0.15 0.24 0.20 0.16 0.22 0.20 0.16 0.16 0.16 0.17 0.74

MAPE ¼ mean absolute percentage error; COV ¼ coefficient of variation.
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their comparison with current design codes are given
in the appendix. The GP formulation obtained from
APS 3.0 corresponds to the following equation:

fcc=fco ¼
ffiffiffiffiffi
pu
fco

r
þ 2ffiffiffiffiffiffiffiffiffi

pufco
p þ

pu
ffiffiffiffiffi
pu

p

fco
þ ln fco=puð Þffiffiffiffiffiffiffiffiffiffiffiffi

fco=pu
p (2)

Related parameters for the training of the GP
models are given in Table III. The performance of
the proposed GP formulation versus the experimen-
tal results are given in Figure 2, and the accuracy of
the formulation was observed to be quite good with
a standard deviation of 0.15 and a correlation coeffi-
cient (R) of 0.90.

The statistical parameters of the proposed GP for-
mulation compared with the existing models are
presented in Table IV. As shown in Table IV, the
proposed GP formulation performed better than the
existing equations found in the literature. The pro-
posed GP formulation presented previously is valid
only for the ranges of variables of the experimental
database given in the appendix.

CONCLUSIONS

This article presents a novel application, GP, for the for-
mulation of fcc/fco for FRP-confined concrete cylinders.
The proposed GP formulation is actually an empirical
formulation based on a wide range of experimental
database collected from the literature. The GP formula-
tion proposed in this article was quite accurate and per-
formed very well with experimental results. For
comparative analysis, numerical results of the same ex-
perimental database were obtained by existing models,
and the proposed GP formula and GP formulation
were found to be more accurate. The empirical formula-
tions in structural engineering are mostly based on pre-
defined functions, where regression analyses of these
functions are later performed. However, in the case of
the GP approach, there is no predefined function to be
considered; that is, GP adds or deletes various combi-
nations of parameters to be considered for the formula-
tion that best fits the experimental results on the basis
of the lowest mean square error. The findings of this
study may lead to further GP-based formulations for
structural engineering problems in the future.

This research was supported by Gaziantep University
Research Project Unit.
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