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This study aims at proposing a new model for evaluating the ultimate axial strength of concrete-filled double skin steel tubular
(CFDST) composite columns. For this, a total of 103 experimental data regarding the ultimate strength of CFDST columns under
axial loading were collected from the previous studies in the literature. All CFDST columns consist of two steel tubes being outer
and inner circular hollow section. The model presented herein was developed by using gene expression programming. For this, the
yield strength, diameter, and thickness of both outer and inner steel tubes, the compressive strength of annulus concrete, the
length of the specimen, and the ultimate axial strength of the columns were utilized as the parameters. Assessment of the obtained
results indicated that the generated model had a good performance compared to the existing models by the previous researchers
and the equations specified in the design codes. The high value of R* and narrow ranged fluctuation of the estimation error for the

ultimate axial strength of the CFDST columns were also achieved through the proposed model.

1. Introduction

Concrete-filled steel tube (CFT or CFST) considered as an
important structural element is largely used in constructing
the composite structures, owing to their high strength and
good deformability [1]. Concrete-filled double skin steel
tubular (CFDST) members that can be accepted as a new
generation of traditional CFST members differ from the
conventional ones. CFDST members include outer and inner
steel tubes having a concrete infill between them, whereas
the traditional CFST members are composed only of a steel
tube and concrete infill [2]. Although the double skin
composite construction concept had firstly been designed
for the utilization in submerged tube tunnels [3], later it was
accredited as constructional member due to a potential
which may be benefited for nuclear power plants, liquid and
gas retaining structures, and blast resistant shelters [4, 5].
Moreover, CFDST members can be applied for vessels to
resist the external pressure, for the legs of offshore con-
structions, for columns and structures with large diameters
exposed to the loads caused by ice [6-9].

CFST and CFDST members having the advantage of
being economical and quick construction can be built in
several shapes as schematically shown in Figure 1. For
example, as seen in Figures 1(c) and 1(d), the symbols B,,
D, and B;, D; are used to indicate the dimensions of outer
and inner steel tubes, respectively. The thicknesses are
represented by t, for the former and ¢; for the latter. Mainly,
CFDST members are composed of two thin steel tubes,
which are concentrically situated, and a concrete annulus
as a filling material. In the past, a large number of studies
were conducted on this kind of elements to examine the
possibility to be applied for different practices [1, 7, 9-14].
It was acquired from these studies that the similar be-
haviors as in the CFST members were observed in the
CFDST members [15]. Besides, via the hollow section of
CFDST elements, a reduced structure weight is achieved
while a large energy absorption capacity is still maintained
[1, 15].

In addition to having lower self-weight, CFDST has
higher bending stiffness, ductility, strength. and cyclic
performance [16-20]. One of the most significant benefits of


mailto:sipek@bingol.edu.tr
http://orcid.org/0000-0001-8891-949X
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2019/6493037

Steel tube

Concrete

Outer steel tube

Outer steel tube

(e)

Advances in Civil Engineering

Steel tube

Concrete

Concrete

Concrete

()

FiGure 1: Concrete-filled tubular columns. (a) Single skin circular section, (b) single skin square section, (c) double skin circular outer and
inner tubes, (d) double skin square outer and inner tubes, (e) double skin circular outer and square inner tubes, and (f) double skin square

outer and circular inner tubes.

using CFDST members in the structure is that it has a
reasonable fire resistance because of the lower temperature
of inner tube. This can be provided by the protection of inner
tube from the fire by concrete annulus [13, 15, 21]. In high-
rise buildings, the architects may use the CFDST columns by
configuring the center of the columns in order to be able to
utilize for the purpose of some services, such as downspouts
or electrical wiring [22].

The study herein aims to obtain a reliable mathematical
model that estimates the ultimate axial strength of CFDST
columns. For this, a wide experimental dataset was created to
improve the sensibility of the developed model. Totally 103
data from the previous studies available in the technical
literature were collected. During the development of the
model, the axial loading condition for the CFDST column
was considered, as shown in Figure 2. The yield strength,
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FIGURE 2: Specimen details and loading condition of CFDST columns.

diameter, and thickness of both outer and inner steel tubes,
the compressive strength of annulus concrete, and the length
of the specimen were selected as input parameters. The
output parameter, which is the aim of the model, is the
ultimate axial strength of CFDST columns. Gene expression
programming (GEP) was used to generate the model that
can predict the ultimate axial strength of this type of the
columns. The results obtained from this model were com-
paratively assessed with the results achieved from the ex-
perimental tests as well as the equations modified from the
design codes and some equations proposed by the other
researchers.

2. Previous Equations

One of the assessment criteria for the estimation model in
the current study is the comparison of the predicted ultimate
axial strength results with the results determined from the
equations available in the literature. Therefore, the equations
that determine the ultimate axial strength of CFDST col-
umns are summarized as follows.

2.1. ACI Equation. ACI code [23] proffers an equation by
which the ultimate axial strength of single skin composite
columns containing a reinforcing bar can be determined.
However, the concrete confinement effect is disregarded in
formula suggested by ACI code. The equation modified from
ACI code for determination of the ultimate axial strength of
the CFDST stub column involving the contribution of the
inner steel tube is expressed as follows [23]:

(Pu)ACI = fsyoAso + OSSfCAc + fsyiAsi’ (1)

where f,, and A, are the yield strength and the cross-
sectional area of the outer steel tube, respectively, f. and A,
are the compressive strength and the cross-sectional area of
the concrete annulus, respectively, and f,,; and Ag; are the
yield strength and the cross-sectional area of the inner steel
tube, respectively.

2.2. Eurocode 4 Equation. Eurocode 4 (EC4) [24] suggests
equations for estimating the ultimate axial strength of the
CFST columns. However, these equations were proposed for
column section consisting of the outer steel tube, concrete,
reinforcing bars, and also confinement effect. EC4 [24] ap-
proach has two different equations according to relative

slenderness criteria. The recommended formula to determine
the ultimate axial strength of CFST columns as regards two
relative slenderness criteria is given as follows [24]:

When A > 0.5,

Pu = fydAa +fchc +fsdAs'

When 1<0.5,

t
Pu = rlafydAa + fchc|:1 + ﬂc(B)(

(2)

Iy
fck

where fi4 and A, are the design yield strength and cross-
sectional area of the structural steel, respectively, f.q and A,
are the design compressive strength and the cross-sectional
area of the concrete, respectively, f,q and A, are the design
yield strength and the cross-sectional area, respectively, t and
D are the thickness and the diameter of the structural steel,
respectively, f, is the nominal yield strength of the structural
steel, and f is the characteristic compressive strength of the
cylinder concrete at 28 days.

The approach in EC4 [24] uses an attenuation coefficient,
. and an improvement coefficient, 7., for the cross-
sectional resistance contributed by the steel and the con-
crete, respectively. These are used to take confinement effect
of concrete in account. In these formulations, the re-
inforcement part was considered as a second steel skin,
firstly. For this reason, in equation (3), the strength provided
by this section was multiplied with #,, the factor related to
the confinement of concrete as recommended by Pagoulatou
et al. [25]. Then, terminological conversion was carried out.
Finally, the following expressions were obtained for both
conditions:

):| + fsdAs> (3)

When A > 0.5,
(Pu)EC4 = fsyoAso + chc + fsyiAsi' (4)
When 1<0.5,
to \( fsvo
(Pu)EC4 = ﬂafsyoAso + fc14c|:1 + ﬂc(D_‘))( fY(,; >:| + ﬂafsyiAsi’
(5)

where D, and t, are the diameter and the thickness of the
outer steel tube, respectively, and 7, and #. are the atten-
uation coefficient for the cross-sectional resistance provided
by the steel and the improvement coefficient of the concrete
contribution, respectively.



1. and 7. are to be calculated as follows:

7, =025(3+21), (but <1.0), (5.1)

f.=49-18.51+ 170, (but >0), (5.2)

where A is the relative slenderness and to be determined by
the following expression:

Pp1rd, (6.30)
P

2= (5.3)

>
cr

where Py g (6.30) is the plastic resistance in characteristic
value given in EC4 (2004) as 6.30th equation and to be
determined by the following expression:

Ppl,Rd,(G.SO) = fsyoAso + 085chc + fsyiAsi'

P.. is the elastic critical normal force for relevant
buckling mode and to be determined by the following
expression:

(5.4)

7 (ED)

P - T )
“ (KL)?

(5.5)

where K is the effective length factor (for pin-pin connection
can be taken as 1.0), L is the laterally unbraced length of the
member, and El.g is the effective stiffness of composite
section and to be calculated by the following expression:

Elg = E I, + K.E I +Eyl (5.6)

S0 S0 c~cm*c si~si?

where E,, and I, are the elastic modulus and the second
moments of area of outer steel tube section, respectively, K.
is a correcting coeflicient that should be taken as 0.6, E.,,, and
I are the elastic modulus and the second moments of area of
concrete annulus, respectively, and Eg; and I; are the elastic
modulus and the second moments of area of inner steel tube
section, respectively.

Herein, the elastic modulus of concrete could be determined
by the following empirical expression provided by ACI [23]:

Eqn = w)°0.0434/f, (5.7)
where w, is the unit weight of the concrete (between 2300
and 2500 kg/m”).

After calculating the ultimate axial strength of the CFDST
columns, the strength value should be multiplied with the
reduction coeflicient (y). The formula for the reduction co-
efficient as regards Eurocode 3 (EC3) [26] is as follows:

1

elrr

but X< 1.0, (6)

where

¢=o.5[1+a(1—0.2)+12], (6.1)
where « is an imperfection factor depending on a buckling
curve and can be taken from Table 6.1 given in EC3 [26]. As
Hassanein and Kharoob [27] mentioned in their study, the
imperfection factor was taken according to buckling curve
(b) as 0.34.
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2.3. AISC Equation. The equations by AISC [28] are sug-

gested for the single skin composite columns involving

reinforcing bars. AISC [28] also recommends two different

conditions for the determination of the ultimate axial strength

of encased composite columns that subject to axial loading:
In the case of P.<0.44P,,

(Py)aisc = 0.877P,, (7)
where
7T2 (EI)eff
Pe = W’ (71)

where (EI).g can be calculated by using equation (5.6) with a
small alteration in the correction factor, K.

A
K_=06+2 —2—]<0.09. 7.2
¢ <AC + ASO> 7.2
In the case of P.>0.44P,,
(Py)arsc = Po [0-658 (P"/P“)], (8)
where
Po = fsyoAso + 0'95chc + fsyiAsi' (8~1)

Herein, in the calculation of P, and P, a steel tubular
section instead of reinforcing bars was considered as second
skin. After these modifications, P, and P, can be expressed as
mentioned above.

2.4. Equation Proposed by Uenaka et al. In addition to
modifying the formula recommended by the codes, some
researchers proposed equations for the calculation of the
ultimate axial strength of the CFDST columns. Uenaka et al.
[1] are few of these researchers who derived the equation
determining the ultimate axial strength of the CFDST col-
umns from the equation that was proposed by AIJ [29] for
CFST stub columns. Uenaka et al. [1] elementally super-
imposed the strengths of both outer and inner steel tubes
and the sandwiched concrete. The following expression was
first asserted to temporarily predict the ultimate axial
strength of CFDST:

Pu = fsyoAso + chc + fsyiAsi' (9)

After the experimental tests, it was overemphasized that
the confinement effect provided by inner tube on the ulti-
mate axial strength of the CFDST columns is not effective as
much as that provided by outer tube [1]. Regarding the test
results, the estimated ultimate axial strength derived from
AJJ [29] is modified to the following expression by Uenaka
et al. [1]:

D;
(Pu)Uenakaetal. = <286 - 2'59(D_>>fyoAso + chc + fyiAsi’
o
Di
. (0.2 <—< 0.7>,
Do

where D is the diameter of the inner steel tube.

(10)
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2.5. Equation Proposed by Han et al. Han et al. [30] also
proposed an equation regarding the inner tube capacity
and a capacity containing the concrete annulus with the
outer steel tube. The formula suggested is as follows:

(Pu)Han etal. — Posc,u + Pi,u’ (11)

where P; , is the strength capacity supplied by the inner steel
tube and to be calculated by the following expression:

pi,u = fsyiAsi’ (11-1)

where Py, is the strength capacity supplied by the outer
steel tube and concrete annulus and to be determined by the
following expression:

Posc,u = fOSCASOC’

where fs. is the characteristic strength provided by outer
steel tube and concrete annulus and to be determined by the
following expression:

fosc = CIXZfsyo + CZ (114 + 1'02E)fck’

where C; is the coefficient of strength for the outer steel tube
and to be determined by the following expression:
o

(11.2)

(11.3)

. (11.4)

T l+a

where a can be determined by the following expression:

Aso (11.5)
o = . .
AC

x is the hollow section ratio and to be determined by the
following expression:
D,

X= D2t (11.6)

C, is the coeflicient of strength for the concrete annulus
and to be determined by the following expression:

1+,

L = (11.7)

l+a’

where «, can be determined by the following expression:

A
a, = —2— (11.8)

Ac,nominal

& is the nominal confinement factor and to be de-
termined by the following expression:
E _ f syoAso

> (11.9)
f ckAc,nominal

where f. is the concrete characteristic compressive strength
and to be determined by the following expression:

fck = 0'67fcu'

A nominal 1S the nominal cross-sectional area of the
concrete and to be determined by the following expression:

(D, -2t,)°

¢,nominal —
4

(11.10)

A (11.11)

where f, is the concrete characteristic cube strength.

Agoc is the summation cross-sectional area of the outer
steel tube and concrete annulus and to be determined by the
following expression:

Ay, = Ay +A.. (11.12)

2.6. Equation Proposed by Yu etal. Yu et al. [31] proposed an
equation confirming the experimentally obtained test results
of the ultimate axial strength. The formula was for the single
skin solid and hollow section CFST columns and presented
as follows:

P, =(1 +0.5%EQ)(fSYAS+kaAC), (12)

where £ is the confinement coeflicient and to be determined
by the following expression:

Z;« _ fsyoAso‘
fckAc

Q is the solid ratio and to be determined by the following
expression:

(12.1)

Q= A (12.2)
A+ A :

fsy is the yield strength of steel tube, fy is the concrete
characteristic strength, and Ay is the cross-sectional area of
the hollow part.

Herein, the formula proposed by Yu et al. [31] was
modified to be applicable on the CFST columns including
double steel skin. As Hassanein and Kharoob [32] recom-
mended, the modified formula includes the combination of
circular hollow CFST column and inner steel tube as follows:

§
(Pu)Yu etal. = (1 + O'STEQ (stoAso + fckAc) +P,

(13)

where P, is the capacity of the inner steel tube and to be
determined by equation (11.1).

2.7. Equation Proposed by Hassanein et al. Hassanein et al.
[33] proposed a model that could be used in the estimation
of the ultimate axial strength of CFDST circular stub col-
umns. The proposed equation by Hassanein et al. [33] was
based on the design model developed by Liang and Fra-
gomeni’s [34] that estimates the ultimate axial strength of
CEST circular stub columns. In addition, this model is
developed regarding to design model previously suggested
by Hassanein et al. [35] in order to predict the ultimate axial
strength of CFDST stub columns including stainless and
carbon steels. The new design model developed by Hassa-
nein et al. [33] is presented as follows:

(Pu)Hassanein etal. = YSOfSYOASO +(ycfc + 4'1f1:p,so)Ac
+ YSifSYiASi’

(14)



where vy, is the coeflicient used to explain the strain
hardening effect on the outer steel and to be determined by
the following expression:

D -0.1
y30=1.458<t—°> , 0.9<y, <Ll (14.1)

o

y. is the strength attenuation coefficient recommended
by Liang [36] and to be determined by the following
expression:

Y. = 185D, 0.85<y.<1.0, (14.2)

where Dc is the diameter of the concrete annulus and to be
determined by the following expression:

D.=D,-2t, (14.3)
fﬁp)so is the lateral confining pressure and to be de-
termined by the following expressions:

2t,

0.7(v, = %) TR
o

o

D
for t—O <47,

o

f :p)so =

DO
0.006241 - 0.0000357 — ) f 40>

D,
—— for 47 <—2<150.
t, t

o

(14.4)

7, is Poisson’s ratio of concrete-filled steel tube and to be
calculated by Tang et al.’s [37] equation given as follows:

fe

v, = 0.2312 + 0.3582v, — 0.1524(—)

syo

(14.5)

2

+4.843v;( fe )—9.169( fe ) ,

fsyo fsyo
where
3 2
D D
v, = 0.881 x 10‘6<—°> -2.58 % 10‘4(—")

tO tO

(14.6)

(D
+1.953 x 10 2<t—) +0.4011.

o

v, is Poisson’s ratios of steel tube without concrete infill
and at the maximum strength point, and it is taken as 0.5.

ysi is the coeflicient used to explain the strain hardening
effect on the inner steel and to be determined by the fol-
lowing expression:

D. -0.1
ysi=1.458<t—‘) , 0.9<yy<11, (14.7)

1

where t; is the thickness of inner steel tube.

3. Effective Parameters on CFDST
Column Capacity

Uenaka et al. [1] investigated experimentally the behavior of
CEDST columns with different outer steel tube yield
strengths and thicknesses. Additionally, various inner steel
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tube yield strengths, diameters, and thicknesses were ex-
amined. However, the concrete compressive strength, outer
steel tube diameter, and length of specimen were kept
constant in that study. They observed that the CFDST
columns fail in local buckling mode which occurs at both
tubes due to the vulnerability to shear failure of the concrete
annulus.

Tao et al. [13] studied on the influence of various outer
and inner steel tube yield strengths, diameters, and specimen
lengths on the CFDST stub columns while keeping the
concrete compressive strength, outer, and inner steel tubes
thicknesses constant. They concluded that the diameter-to-
thickness ratio (Dy/t;) of the inner tube is the effective pa-
rameter on the failing mode of the inner tube rather than
that of outer tube. Moreover, it was revealed that increasing
the Dy/t; ratio changed the failure mode from no sign of
buckling towards the buckling. They also attributed the
ductility of the columns to the diameter-to-thickness ratio of
the outer tubes (D,/t,). This means when the smaller ratio is
used, a lower ductility is obtained.

In the study of Essopjee and Dundu [22], the yield
strength, diameter, and thickness of the inner steel tube as
well as the concrete strength were kept constant, while
various outer steel tube yield strengths and diameters with
different specimen lengths were utilized in the experi-
mental program. It was concluded that CFDST columns
with the length of 1 m failed due to only the yielding of the
outer steel tube and the crushing of concrete core, whereas
the columns with the length of more than 1 m failed be-
cause of only overall buckling. In addition, they revealed
that decreasing the column length directly increased the
ultimate axial capacity of CFDST columns, whilst in-
creasing the diameters resulted in an increment of CFDST
ultimate axial capacities.

Two important parameters, the effects of the inner steel
tube and concrete annulus diameters, were investigated in
the study of Han et al. [30]. It could clearly be inferred that
decreasing the inner steel tube diameter and the increasing
the concrete annulus diameter resulted in the increment of
the ultimate axial capacity of CFDST columns.

Another significant parameter on the load carrying
capacity of CFDST columns is the length-to-diameter (L/D)
ratio, because the higher L/D ratio induces the different
failure mode of specimen and increases the slenderness of
column. This type of failure, namely, failing due to bending
of column, was reported in the studies of Tao et al. [13],
Essopjee and Dundu [22], and Han et al. [38]. This type of
failure was well explained in the study of Rodriguez-
Gutierrez and Aristizabal-Ochoa [39]. The slender com-
posite columns were examined in that study, and the
slenderness of column, type of applied load, influence of
complex support condition, and cross section of column
were stated as a reason for bending failure mode.

In the study of Wang et al. [40], the influence of the
concrete compressive strength on the ultimate axial strength
of CFDST columns was obviously explained. Their results
revealed that increasing the compressive strength of con-
crete annulus remarkably increased the ultimate axial
strength of CFDST columns.
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Additionally, under the axial compression loading in the
initial stage, it is thought that the interaction between the
steel tube and concrete can be neglected or can be considered
to have no interplay. The steel with higher Poisson’s ratio
could initially expand more than the concrete in the lateral
direction that may induce a little space between steel and
concrete. When the concrete expansion in the lateral di-
rection by the increasing of axial strain exceeds the steel tube
expansion in the lateral direction, the contact between steel
tube and concrete establishes again. The interplay between
steel tube and concrete arises, and this would induce a
confinement pressure on the concrete provided by the steel
tube. By this way, the concrete performs higher compressive
strength when compared with unconfined condition. Yet, as
Rodriguez-Gutierrez and Aristizabal-Ochoa [41, 42] stated,
the confinement effect provided by steel tube may be in-
significant in the case of slender column and/or large
eccentricity.

4. Details of Parametric Study and Discussion

4.1. Overview of Gene Expression Programming (GEP).
Soft computing could be described as a summation of
techniques which are purposed to utilize the toleration for
erroneous and uncertainness to attain tractability, robust-
ness, and low solution cost [43]. Engineering problems,
financial estimations, diagnostic tools in medicine etc. are
some of the application areas of soft computing techniques.
Genetic programming and genetic algorithms are two of the
most popular soft computing techniques. Genetic algorithms
use the populations of individuals and choose these pop-
ulations regarding the formation and submit the genetic
variation by handling one or more genetic operators. Genetic
programming also accomplishes the same operations as ge-
netic algorithms but genetic programming, which was firstly
asserted by Koza [44], is a generalization form of genetic
algorithms [45]. Application of the genetic algorithms to
computer programs is basically “genetic programming.” Gene
expression programming (GEP) can be accepted as the de-
velopment of genetic programming and algorithms, owing to
the utilization of the same mechanism [46].

GEP was firstly devised by Ferreira [46] as a novel
technique to conceive the computer programs by utilizing
the statement of learned models or discovered knowledge
[47]. The main idea lying beneath genetic programming and
algorithms is that the problem must be described at the
beginning; thereafter, the solution of the problem is en-
deavored in a problem-independent mode by the program
[44, 45]. On the other hand, GEP generates the computer
programs of which sizes are different and shapes are encoded
in linear chromosomes of fixed length, then the chromo-
somes are predicated, and the fitness of each individual is
evaluated depending on the solution quality that is repre-
sented. Thereby, it can be said that GEP is a developed form
of genetic programming and algorithms. On the basis of the
solution, all aforementioned techniques use almost the same
genetic operator with minor differences [48].

4.2. Proposed Model. The data presented herein were
compiled from the experimental studies available in the
literature [1, 10, 13-15, 20, 22, 31, 38, 40, 49-54]. Table 1
illustrates the summary of the experimental data with their
sources for the concrete-filled double skin steel circular
tubular columns under axial loading. As seen in Table 1, a
total of eight crucial parameters were used. These parameters
consist of the 28-day compressive strength of concrete infill
(fo), yield strengths (fyo, foyi), diameters (Do, D;) and
thicknesses (f,, ;) of the outer and inner steel tubes, and the
length of the specimen (L). The model for the CFDST
columns was proposed by the utilization of these predictive
parameters. In Figure 2, the details of the cross section
and loading of the columns were given. It was noted that
the concrete compressive strength performed on
@150 x 300 mm cylindrical specimen was used in the da-
tabases, but some compressive strength values reported in
the studies were measured on different geometric samples.
For this reason, the compressive strength measured on
different geometric samples were transformed from the
given specimen geometry to ©150x300mm cylindrical
specimens regarding coefficients recommended by Ersoy
et al. [55]. Moreover, during the testing, all of the specimens
considered for the generation of the GEP model were di-
rectly placed into the testing machine, and two steel plates
were utilized at the ends of the specimens.

Totally, 103 data were gathered from the available
studies in the literature. They were utilized in the derivation
of the model via using the software named as GeneX-
proTools 5.0 [56]. The data sources were arbitrarily divided
into two groups as train and test subdatasets. The training
dataset was handled to be employed for the enhancement of
the developed model, whereas the test dataset was used to
observe the robustness and repeatability of the proposed
mathematical model. The test set constitutes approximately
25% of the total data samples. Both datasets were also
statistically evaluated and are introduced in Table 2. The
statistical analysis results indicated that both of the training
and testing datasets represent whole data given in Table 1.
Moreover, there is a good agreement between the training
and testing datasets such that both datasets reflect the
nearly same populations. Besides, Table 3 presents the GEP
parameters utilized in the derivation of the mathematical
model. Table 3 obviously illustrates that, in order to be able
to increase the accuracy of the model; several mathematical
operations were used in the derivation. The equation
attained from the software is given as equation (15). The
expression trees of this predictive model, which were
employed to present the GEP model formulation, are in-
dicated in Figure 3. Some mathematical terms given in the
expression tree were abbreviated in the presentation of the
formula. As an example, 2f. was used instead of writing
fe+fc in Sub-ET7. However, some input parameters can
sometimes be neglected by software owing to their negli-
gible influence on the entire model when the optimum
model evaluation was trained for best fitness. All input
variables were used in the current study for the generation
of GEP model:
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TaBLE 2: Statistics of the experimental data used in the model derivation.
fsyo (MPa) D, (mm) ¢, (mm) fsyi (MPa) D; (mm) t (mm) f (MPa) L (mm) Pyexp (kN)
Total data
Number of data 103 103 103 103 103 103 103 103 103
Mean 374.9 167.1 3.02 380.6 81 2.99 37.1 938.1 1608
Standard deviation 93.2 47.2 0.93 137.4 38.2 1.64 18.4 686.5 929.4
COV 0.25 0.28 0.31 0.36 0.47 0.55 0.50 0.73 0.58
Min. value 221 114 0.9 221 22.1 0.9 18.7 330 378.3
Max. value 549 350 6 1029 231 10.76 85 2503 5499
Training data
Number of data 77 77 77 77 77 77 77 77 77
Mean 375 169.5 3.08 373.5 81.6 2.97 37.4 955.2 1642.9
Standard deviation 93.1 47.5 0.97 127.6 37.6 1.56 19.1 691.6 901.5
COV 0.25 0.28 0.31 0.34 0.46 0.52 0.51 0.72 0.55
Min. value 221 114 0.9 221 221 0.9 18.7 330 378.3
Max. value 549 350 6 1029 231 10.62 85 2503 5499
Testing data
Number of data 26 26 26 26 26 26 26 26 26
Mean 374.7 159.7 2.87 401.6 79.3 3.03 36.3 887.5 1504.9
Standard deviation 95.5 46.7 0.80 164.1 40.8 1.90 16.5 682.1 1019.3
(6/0)% 0.25 0.29 0.28 0.41 0.51 0.63 0.45 0.77 0.68
Min. value 221 114 0.9 221 32 0.9 18.7 330 578
Max. value 549 350 5 1029 231 10.76 77.6 2500 5396
TaBLE 3: The parameters used in the proposed model.
P, Function set o S B Sin, Cos, P, = (L +98.2384615¢, - 20.245728)(%),
P,  Number of generations 499999 '
P Chromosomes 140 (15.4)
P, Head size 10
Py Linking function Addition _1(/2D; =D, +0.470241
Py Number of genes 8 P;=D,~ f tan ( sin(D,) ), (15.5)
P, Mutation rate 0.00206 ©
P, Inversion rate 0.00546 .
’ One-point recombination Pg =D, [to i+ Sm(\/ﬁi + tO)]’ (15.6)
Py 0.00277
rate
py, |WOpoint recombination 0.00277 P, = (~1.506751 1)(Di +67.7034842 2 — ft syl),
P;;  Gene recombination rate 0.00277 ©
Py, Gene transposition rate 0.00277 (15.7)
Py Constants per gen 5
P, Lower/upper bound of —50/60 Py = \/Di L+ ffi—52.9959407 — 485.5475433D;.
constants
(15.8)

(P )gpp=P1+Py+P;+ P, +Ps+Pg+P,+Pg, (15)
where (P,)gep is the ultimate axial strength of CFDST
columns proposed with help of GEP, and the subfunctions
from P, to Pg are given as follows:

P, =D.t,-D, cos(to—D— (15.1)

fe
' 47.401621 )
P, = N Foyo = [Di(t,=1.9217768) + f Jcos(27.565796L),
(15.2)
D.

_ i
P3 - 18452453@t° [COS(D0)704779304]’ (153)

In Figure 4, the experimental and predicted ultimate
axial strength of CFDST columns were compared with re-
spect to the coefficient of determination R* value. The co-
efficient of determination is the measurement proportion of
a predicted outcome variance. It could be between 0 and 1
that indicates the performance of prediction. When this
value approaches to 1, a good accuracy of the scatter of the
data is obtained, whereas moving away from 1 can be
considered as worse prediction performance. As seen in
Figure 4, the R” values of 0.987 were achieved for the both
train and test, respectively. This may be an indication of a
strong correlation between actual and predicted values. In
addition, the robustness and appropriate precision of the
GEP model could be manifested by obtaining the proximate
correlation coefficients.
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Sub-ET 1 Sub-ET 2

¢ = -47.4016208 o= 27.565796 ¢y = 19217768

(@) (b)
Sub-ET 3 Sub-ET 4

¢ = 47.6205805 ¢, =-20.245728  ¢3=-50.617881

= -25.1921737
¢, = 18452453 = 26.026295 “

Sub-ET 5 Sub-ET 6

¢; = —0.470241

(e) ()
Sub-ET 7 Sub-ET 8

c3=133.8517421 ¢, = -1.5067511 ¢ = 38.175287 €, =12.718897  c¢;= 52.9959407
(® ()

FIGURE 3: Expression trees for the proposed model. (a) Function 1. (b) Function 2. (c) Function 3. (d) Function 4. (e) Function 5. (f)
Function 6. (g) Function 7. (h) Function 8.
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FiGure 4: Ultimate axial strength prediction performance of the proposed model. (a) Train dataset. (b) Test dataset.

In order to compare the estimation capability of pre-
dicted and experimental ultimate axial strengths, the nor-
malized ultimate axial strength values of both train and test
dataset with respect to experimental ultimate axial strength
values are exhibited in Figure 5. The £10% limit values were
selected for the normalized line that may help to indicate the
prediction performance of the proposed GEP model.
Analysis of Figure 5 exhibits that the scatter of normalized
value is good, and this can be comprehended by distribution
of the almost all data in the designated normalized line
limits. According to good scatter of values and higher
correlation of determination values, it could be inferred that
the prediction performance of the GEP model can be ac-
cepted as good.

In addition to comparison of the estimation capability
of the proposed GEP model regarding the experimental
ultimate axial strength values, the prediction capability of
the proposed model was evaluated with respect to specimen
properties such as hollow ratio (y), length-to-outer steel
diameter ratio (L/D,), outer steel diameter-to-inner steel
diameter ratio (D,/D;), outer steel diameter-to-thickness
ratio (D,/t,), and inner steel diameter-to-thickness ratio
(Dilt;). These  are  graphically  illustrated in
Figures 6(a)-6(e). In these figures, the normalized values
were also used for comparison. The figures were plotted in
order to perceive the effectiveness of the specimen prop-
erties. It can be clearly seen from Figure 6(a) that the data
used in the study presented herein have the hollow ratio
values changing between 0.1 and 0.8, and the proposed GEP
model has a good prediction performance at almost all
values of the hollow ratio. The same conclusion can be done
on the comparisons between the normalized ultimate axial
strength values and the other specimen properties. It can be
concluded that although the data were accumulated at
some certain values for each specimen properties, the
predicted values had only several distributions of over-
estimation and underestimation performance. To un-
derstand the effectiveness of the strength parameters such
as the compressive strength of infill concrete and yield

strength of steel tubes, Figures 6(f)-6(h) are also plotted.
From the analysis of these figures, it can be observed that
the proposed GEP model cannot be unequivocally attached
to specified specimen properties and material strengths.
For this reason, it could be overemphasized according to
these findings that both specified specimen properties and
materials strengths utilized in the modeling had impartially
effectiveness on the proposed model. This demonstrates
that the proposed model by GEP had a generalized pre-
diction capability.

4.3. Comparing the Proposed Model with Existing Ones.
The results of the proposed model were also compared and
discussed with those calculated by some existing relations
given by the researchers in the literature and the formulas
based on the codes. Table 4 indicates the comparison of the
proposed models in accordance with the normalized ulti-
mate axial strength values. The average of the normalized
values and their coefficient of variations (COV) are tabulated
in Table 4 at the end of the normalized values. The proposed
model with an average normalized value of 1.003 and co-
efficient of variation value of 0.084 performed the best es-
timation capability among the other models. Furthermore,
to comprehend the prediction performance of the models,
the results were statistically examined through the mean
absolute percent error (MAPE), mean square error (MSE),
and root-mean-square error (RMSE) values. These are
calculated according to the following formulas:

L — D.
MAPE = + y mp’ x 100,
it m
n — . 2
MSE = Yie1 (mi— pi) ’ (16)
n
n —p. 2
RMSE = iy (m = p;) ,
n
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FIGURE 6: Interaction between the prediction capability of the proposed model and specimen properties. (a) Hollow ratio (). (b) Length-to-
outer steel diameter ratio (L/D,). (c) Outer steel diameter-to-inner steel diameter ratio (D,/D;). (d) Outer steel diameter-to-thickness ratio
(Do/t,). (e) Inner steel diameter-to-thickness ratio (Dy/t;). (f) Concrete compressive strength (f). (g) Outer steel yield strength (f.). (h)
Inner steel yield strength (fq;).

TaBLE 4: Comparison of the experimental ultimate axial strength of CFDST columns with the proposed and existing models.

Puxxp/ Puxxp/ Pu,exp/ Puxxp/ Pu,exp/ Pu,exp/ Pu,exp/ Pu,exp/
Reference Puj:xp Pu,GEP Pu,ACI Pu,EC4 Pu,AISC Pu,Uenakaetal. Pu,Hanetal. Pu,Yuetal. Pu,Hassaneinetal.
635.0 1.13 1.56 1.19 1.44 1.09 1.40 1.41 1.49
540.0 1.03 1.41 1.13 1.32 1.11 1.28 1.30 1.37
378.3 1.08 1.20 1.04 1.14 1.11 1.11 1.12 1.21
851.6 1.04 1.51 1.12 1.43 0.96 1.37 1.28 1.35
Uenaka et al. [1] 728.1 1.08 1.29 1.03 1.24 0.99 1.19 1.13 1.20
589.0 0.90 1.12 1.01 1.08 1.07 1.06 1.02 1.09
968.2 1.00 1.50 1.09 1.43 0.92 1.34 1.24 1.31
879.1 1.11 1.32 1.06 1.28 1.00 1.22 1.14 1.20
703.6 0.71 1.10 1.01 1.08 1.08 1.04 1.00 1.05
1415.0 0.99 1.22 1.06 1.18 0.90 1.09 1.06 0.98
1380.0 1.01 1.29 1.11 1.25 0.95 1.15 1.13 1.03
Zhao et al. [10] 1210.0 0.95 1.17 0.98 1.13 0.84 1.03 1.00 0.92
1110.0 0.90 1.13 0.94 1.09 0.81 0.99 0.97 0.89
1705.0 1.01 0.99 0.85 0.95 0.85 0.90 0.89 0.91
1605.0 0.95 1.01 0.86 0.97 0.86 0.91 0.91 0.93
1790.0 1.11 1.46 1.12 1.39 0.96 1.29 1.25 1.30
1791.0 1.11 1.46 1.12 1.39 0.96 1.29 1.25 1.30
1648.0 1.03 1.36 1.03 1.29 0.89 1.20 1.16 1.20
1650.0 1.03 1.36 1.03 1.29 0.89 1.20 1.16 1.21
1435.0 0.91 1.19 0.91 1.13 0.78 1.05 1.02 1.06
1358.0 0.86 1.13 0.86 1.07 0.74 1.00 0.97 1.00
Tao et al. [13] 904.0 0.99 1.33 1.12 1.29 1.03 1.20 1.15 1.09
898.0 0.98 1.32 1.11 1.29 1.02 1.19 1.14 1.08
2421.0 0.95 1.33 1.07 1.26 1.02 1.20 1.19 1.24
2460.0 0.96 1.35 1.09 1.28 1.04 1.22 1.21 1.26
3331.0 1.07 1.32 1.09 1.25 1.08 1.20 1.20 1.28
3266.0 1.05 1.29 1.07 1.22 1.06 1.18 1.18 1.25
620.0 1.19 0.91 0.99 0.97 0.71 0.82 0.79 0.75
595.0 1.14 0.88 0.95 0.93 0.68 0.79 0.76 0.72
1665.0 1.03 1.16 0.95 1.14 0.76 0.95 0.93 0.92
1441.0 1.11 1.19 0.97 1.16 0.80 1.00 0.98 0.93
1243.0 1.03 1.12 0.92 1.08 0.77 0.97 0.93 0.88
1145.0 0.94 1.11 0.91 1.07 0.78 0.97 0.94 0.87
Zhao et al. [14] 1629.0 0.87 0.93 0.79 0.90 0.79 0.84 0.83 0.85
1613.0 1.01 1.01 0.87 0.97 0.87 0.92 0.91 0.93
1487.0 1.19 1.02 0.88 0.97 0.88 0.93 0.93 0.94
1328.0 0.99 0.96 0.84 0.92 0.84 0.88 0.89 0.89

1236.0 0.95 0.93 0.82 0.88 0.81 0.85 0.87 0.86




14 Advances in Civil Engineering

TaBLE 4: Continued.

Pu,exp/ Pu,exp/ Pu,exp/ Pu,exp/ Pu,exp/ Pu,exp/ Pu,exp/ Pu,exp/
Reference Pu,exp Pu,GEP Pu,ACI Pu,EC4 Pu,AISC Pu,Uenakaetal. Pu,Hanetal. Pu,Yuetal. Pu,Hassaneinetal.
Li et al. [15] 5499.0 1.01 1.26 1.08 1.21 1.11 1.16 1.14 1.24
5396.0 0.99 1.24 1.06 1.19 1.09 1.14 1.12 1.21
. . 2311.0 0.91 1.47 1.24 1.39 1.24 1.35 1.35 1.49
Lin and Tsai [20] 27500 1.06 1.38 113 1.32 113 1.26 121 134
1059.2 0.94 1.23 1.14 1.23 0.94 1.13 1.02 1.07
1056.1 0.95 1.23 1.14 1.22 0.93 1.12 1.02 1.07
905.5 1.03 1.05 1.07 1.07 0.80 0.96 0.87 0.92
901.6 1.08 1.05 1.07 1.07 0.80 0.96 0.87 0.91
831.7 0.89 0.97 1.04 1.02 0.74 0.88 0.80 0.84
837.4 0.96 0.97 1.05 1.02 0.74 0.89 0.81 0.85
732.1 1.12 0.85 0.95 0.93 0.65 0.78 0.70 0.74
729.0 0.96 0.85 0.95 0.93 0.64 0.77 0.70 0.74
1263.5 0.97 1.10 0.99 1.09 0.78 1.00 0.88 0.98
1254.9 1.13 1.09 0.98 1.09 0.77 1.00 0.88 0.97
1195.6 1.02 1.04 1.04 1.06 0.73 0.95 0.84 0.93
1191.2 1.16 1.04 1.04 1.06 0.73 0.95 0.83 0.93
1047.3 0.99 0.91 0.98 0.96 0.64 0.83 0.73 0.81
1041.6 0.93 0.91 0.98 0.95 0.64 0.83 0.73 0.81
941.4 1.00 0.82 0.92 0.90 0.58 0.75 0.66 0.73
Essopjee and Dundu  949.0 1.16 0.83 0.92 0.91 0.58 0.75 0.66 0.74
[22] 1512.3 1.02 1.24 1.08 1.22 0.84 1.13 0.99 1.10
1510.6 1.14 1.24 1.07 1.22 0.84 1.13 0.99 1.10
1286.4 0.94 1.05 1.02 1.06 0.72 0.96 0.85 0.94
1275.1 1.06 1.04 1.01 1.05 0.71 0.95 0.84 0.93
1187.2 0.94 0.97 1.02 1.01 0.66 0.89 0.78 0.87
1199.8 0.98 0.98 1.03 1.02 0.67 0.89 0.79 0.87
1028.0 0.93 0.84 0.92 0.90 0.57 0.77 0.68 0.75
1036.5 1.03 0.85 0.93 0.91 0.58 0.77 0.68 0.76
2010.0 1.04 1.45 1.17 1.41 0.93 1.30 1.17 1.29
2030.0 1.12 1.46 1.18 1.42 0.94 1.31 1.18 1.30
1730.0 0.94 1.25 1.10 1.23 0.80 1.12 1.00 1.11
1720.0 1.04 1.24 1.10 1.22 0.80 1.11 1.00 1.10
1581.6 0.94 1.14 1.09 1.14 0.73 1.02 0.92 1.01
1584.1 0.91 1.14 1.10 1.14 0.74 1.03 0.92 1.02
1451.4 0.96 1.04 1.07 1.07 0.67 0.94 0.84 0.93
1458.7 1.05 1.05 1.07 1.07 0.68 0.94 0.85 0.94
2537.0 0.98 1.20 1.11 1.16 1.14 1.11 1.11 1.15
Han et al. [30] 2566.0 0.99 1.21 1.12 1.17 1.16 1.13 1.12 1.16
3436.0 1.03 1.47 1.22 1.40 1.14 1.32 1.32 1.36
3506.0 1.05 1.50 1.24 1.43 1.17 1.35 1.34 1.39
578.0 0.84 1.02 1.01 1.02 0.79 0.92 0.89 0.91
Han et al. [38] 789.9 0.99 1.11 1.10 1.11 0.88 0.99 1.00 0.99
715.4 0.90 1.00 1.00 1.01 0.79 0.90 0.91 0.89
1450.0 0.98 1.47 1.12 1.40 0.90 1.29 1.25 1.28
1562.0 0.89 1.46 1.16 1.40 0.97 1.30 1.26 1.28
1838.4 0.99 1.68 1.36 1.62 1.15 1.51 1.46 1.48
2724.0 1.08 1.48 1.44 1.46 1.23 1.40 1.37 1.33
2024.9 1.04 1.20 1.22 1.18 1.12 1.15 1.13 1.10
Wang et al. [40] 18451 0.97 125 0.99 117 0.85 1.08 112 110
2012.5 1.03 1.31 1.06 1.23 0.93 1.14 1.18 1.16
2083.4 1.03 1.35 1.10 1.27 0.98 1.17 1.22 1.19
2775.0 0.98 1.23 1.16 1.19 1.02 1.12 1.15 1.10
2107.4 1.02 1.07 1.06 1.04 0.98 1.00 1.02 0.98
Hastemoglu and 807.0 1.01 1.07 0.89 1.01 0.88 0.96 0.98 0.96
Erkan [49] 810.0 0.93 1.07 0.91 1.02 0.88 0.97 0.98 0.97
877.0 0.95 1.16 1.01 1.11 0.95 1.05 1.06 1.05

Dong and Ho [50] 2852.0 0.94 1.37 1.14 1.32 1.08 1.22 1.19 1.12
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TaBLE 4: Continued.
Py exo! Py exo! Pyexp/ Py exo! Py exp! Py exo/ Py exo! Py exo/
Reference Py u,exp u,exp! u,exp u,exp! u,exp! u,exp u,exp u,exp
e Pu,GEP Pu,ACI Pu,EC4 Pu,AISC Pu,Uenakaetal. Pu,Hanetal. Pu,Yuetal. Pu,Hassaneinetal.
2865.0 0.96 1.30 1.05 1.27 1.00 1.16 1.11 1.07
2674.0 0.96 1.26 1.12 1.24 1.16 1.16 1.12 1.08
Dongand Ho [51] 5, 103 1.24 1.00 1.19 0.96 1.08 1.08 1.00
2994.0 1.02 1.25 1.10 1.21 1.14 1.12 1.13 1.06
Abbas et al. [52] 1805.0 1.02 1.30 0.96 1.26 0.68 1.05 1.01 0.99
Wang et al. [53] 980.0 1.25 1.38 1.08 1.32 1.01 1.26 1.19 1.27
& ’ 715.0 0.81 1.00 0.90 0.98 0.93 0.95 0.91 0.97
Lu et al. [54] 3333.0 1.01 1.17 0.96 1.13 0.84 1.04 0.99 0.97
Ave 1.003 1.182 1.042 1.157 0.889 1.066 1.021 1.053
COV 0.084 0.163 0.105 0.139 0.186 0.160 0.180 0.178

where m and p are the values of measured (m;) and the
predicted (p;) values, respectively.

MAPE, MSE, and RMSE values of the proposed GEP
model as well as the models modified from the codes and
proposed by the researchers are tabulated in Table 5. In
addition to these parameters, the coefficient of determination
(R?) value of each model is presented in Table 5. As clearly
observed in the table, the lowest MAPE, MSE, and RMSE
values were achieved for the training dataset of GEP model.
When the all dataset was considered, the proposed GEP
model had again the lowest MAPE, MSE, and RMSE values,
which is the indication of a good prediction performance.
Among the existing models, the nearest estimation capability
was observed in EC4 model with MAPE value of 8.68 and R
value of 0.960. Although the statistical results of some models
were near to that of the GEP model, the proposed GEP model
was still the best when compared to any other proposed model
with respect to estimation performance.

Besides, the percent error regarding the ultimate
axial strength intervals obtained from each model was de-
termined and is plotted in Figure 7. For this reason, the
ultimate axial strength values were divided into five groups in
the range of 750 kN. Also, the number of data falling in each
interval class is demonstrated in Figure 7. It could be clearly
seen that EC4 model showed lower percent error value only in
the case of the ultimate axial strength value <750 kN, while the
proposed GEP model indicated lower percent error values in
the other intervals. For the ultimate axial strength values of
lower than 1500kN, the higher percent error results were
obtained from the model by Uenaka et al. [1], while for the
strength values higher than 1500 kN, the worst percent error
results were attained from the model by ACI [23]. The percent
error values of the proposed GEP model decreased with
increasing of the ultimate strength, and the lowest percent
error value of 2.98% was achieved at the ultimate axial
strength higher than 3000 kN. It can be noted that, in the high
strength CFDST columns, the proposed model has better
prediction capability.

The comparison of the models through the experi-
mental results is graphically presented in Figure 8. The
figure illustrates that the generalization ability of the
proposed model for the estimation of the ultimate axial
strength of CFDST can be claimed for 0 and 3000 kN

interval. It may be comprehended from the figure that the
scattering of the results obtained from the proposed GEP
model was around the 100% agreement line, whilst the
results of the other models were dispersed to the wider area.
Particularly, as the ultimate axial strength increases, the
predictions of the other models fell apart from the
agreement line. Moreover, almost all existing expressions
underestimated the strength through the ultimate axial
strength values of greater than 3000 kN, while the proposed
model by GEP had approximately 100% precision. The
most extreme overestimated results were observed in the
model of Uenaka et al. [1], whereas the underestimated
values were seen in the model of ACI [23].

5. Conclusions

The study herein exhibited an explicit equation for the ultimate
axial capacity (P,) of the CFDST composite columns. For the
derivation of the proposed model, a soft computing technique
named GEP was used. To this, the results of the experimental test
results available in the literature were compiled and used as the
dataset. With reference to aforementioned discussion, evalua-
tion, and comparison the following conclusions could be drawn:

(1) It is shown that GEP technique could be a beneficial
tool in the derivation of empirical mathematical
formulation for the ultimate axial strength of CFDST
columns based on the several section sizes and ma-
terial properties. The valid results were achieved by the
proposed model, namely, the predicted result values
were not zero or less than zero. The proposed model
comprises of many mathematical functions that need
to be transferred to the computer in order to save time
and eliminate the human factor. Through develop-
ment of a user friendly interface, the proposed model
can practically be used by the practitioners.

(ii) The developed model was firstly evaluated by
comparing the derived model via a testing dataset
that was not used during the training of the model.
It was revealed by this comparison that the test
dataset with the coefficient of determination value
of 0.987 was obtained, and it could be accepted as a
good prediction capability of the model.
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TaBLE 5: Statistical parameters of the proposed and existing models.

Model Statistical parameters
odels
Mean absolute percent error (MAPE) Mean square error (MSE) Root-mean-square error (RMSE) R?

Proposed model

Train dataset 5.72 10860 81.0 0.987
Test dataset 8.52 13567 99.9 0.987
All dataset 6.43 11543 85.7 0.987
ACI [23] 16.81 168726 301.0 0.936
EC4 [24] 8.68 45291 151.4 0.960
AISC [28] 14.41 129403 262.5 0.950
Uenaka et al. [1] 21.47 128636 291.2 0.888
Han et al. [30] 13.48 87481 220.6 0.939
Yu et al. [31] 15.43 90708 234.3 0.917
Hassanein et al. [33] 14.54 104162 232.5 0.917
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(iii) The results of the proposed model were statistically
and graphically compared with the modified ex-
pressions of the codes and some existing models by
various researchers. The statistical results indicated
that the proposed model estimates the ultimate axial
strength of the CFDST columns with a better per-
formance than the others. Especially, when the
coefficient of determination, R?, and mean absolute
percent error values were compared, the estimation
capability of the GEP model can be clearly observed.

(iv) The percent error values for various ultimate axial
strength intervals were also used to evaluate the pre-
diction capability of the models. It can be professed that,
while the other models indicated fluctuating estimation
capability with respect to the strength intervals, the
proposed model showed a stable prediction perfor-
mance with no matter what the strength intervals are.

(v) Even though the proposed model with 103 data
compiled from the available experimental researches
in the literature had a reliable and better prediction
performance than existing ones, the robustness and
accuracy as well as the generalization capability of
such model can be improved by extending the dataset
utilized in the training of the model.
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used to support this study and are available at doi: https://
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