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Abstract
The study aimed to simulate the behavior of the concrete-filled double skin steel tubular (CFDST) composite columns having 
a circular hollow section using the finite element method (FEM). To indicate the accuracy and the reliability of the model, the 
proposed FEM model was verified by the experimental test results available in the literature. Moreover, the code-based formulas 
(ACI, AISC, and Eurocode 4) and some empirical models suggested by the previous researchers for predicting the axial capacity 
of CFDST columns were used in this study to compare their results with the proposed FEM model. Furthermore, to visualize 
the effectiveness of sectional properties and infilled concrete compressive strength on the ultimate axial strength of double 
skin composite columns, a parametric study was conducted. For this, 72 test specimens were modeled considering two outer 
and inner steel tube diameters, three outer and inner steel tube thicknesses, and two different concrete cylinder strengths. All 
results were statistically evaluated. It was observed that the proposed FEM model had a good prediction performance. As well, 
the FEM model results indicated that the sectional properties, in particular, the diameter of the outer steel tube and concrete 
compressive strength, had remarkable effects on the load-carrying capacity of CFDST columns.
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1  Introduction

The composite columns are one of the most important struc-
tural members that are the combination of structural concrete 
and steel. The composite columns have various shapes as 
shown in Fig. 1. Reinforced concrete columns are the compos-
ite column in which the reinforcing (steel) bars are surrounded 
by the concrete to resist against loads by acting together as 
shown in Fig. 1a. Indeed, concrete-encased steel columns 
are a special kind of composite column in which H-shaped 
steel is encompassed by concrete or reinforced concrete to 
improve the load-carrying capacity and earthquake resistance 
characteristic of columns as illustrated in Fig. 1b. Moreover, 
concrete-filled steel tubular (CFST) columns are a special type 
of composite column that consists of a steel tube filled with 
concrete as shown in Fig. 1c [1].

CFST columns have large strength and good deform-
ability characteristics which makes it precious structural 
members [2]. Construction of these types of columns is 
quicker than that of traditional one, since the steel tube is 
also playing formwork role during the construction [3]. The 
CFST columns may be in various cross-sectional patterns. 
The common cross-sectional patterns of the CFST columns 
are given in Fig. 2 [4]. Figure 2a illustrates the common 
patterns of the CFST columns where B and D are the outer 
dimensions and t is the thickness of the steel tube. The pat-
terns presented in Fig. 2b may be used for architectural pur-
poses to achieve esthetic view in the structures. Offshore 
and marine structures, bridge pipers, and multi-floor struc-
tures are some of the utilization areas of CFST columns. 
The large lateral stiffness and strength, as well as the large 
load-carrying capacity that is obtained by a steel tube and 
concrete interaction, are sufficiently procured in the CFST 
columns. Besides, the steel tube secures the concrete that 
results in procrastination of the local buckling of the steel 
tube and also, the strength increment is provided to concrete 
by steel tube confinement effect [5]. There have been many 
studies carried out to experimentally and analytically inves-
tigate the behavior, characteristics, and application of CFST 
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members [6–25]. For example, in 1967, Furlong [6] tested 
round and squared short columns under axial load and bend-
ing moments. Then, in 1971, Chen and Chen [7] theoreti-
cally analyzed the circular and square CFST beam-columns 
under symmetric and unsymmetric loading conditions. In 
1990s, Lin [8], Luksha and Nesterovich [9], Prion and Boe-
hme [10], Kato [11], and Morino et al. [12] experimentally 
investigated the short and long circular and square CFST 
columns under different loading conditions. In 2000, O’Shea 
and Bridge [13] developed several design methods to predict 
the strength of concrete-filled steel short columns under dif-
ferent types of loading. Elchalakani et al. [14] investigated 
the concrete-filled circular steel columns under pure bend-
ing and Elremaily and Azizinamini [15] studied the strength 
and behavior of concrete-filled steel columns with circular 
section. While Han et al. [16] examined the performance of 
such types of columns under cyclic loadings, Fujimoto et al. 
[17] and Wheeler and Bridge [18] examined the behavior of 

such columns under the eccentrical and flexural loading con-
ditions, respectively. Goode and Lam [19] compared the test 
results of about 1800 samples with the design code. Zhang 
et al. [20] investigated the circular CFST columns under 
seismic actions; whereas, Roeder et al. [21] investigated the 
strength and stiffness of such column types. Apart from the 
aforementioned researchers, Ho et al. [22] examined the 
behavior of the tie connected concrete-filled steel columns 
under the uniaxial loading. Lu et al. [23], Nour and Güneyisi 
[24], and Güneyisi et al. [25] proposed the empirical mod-
els to estimate the ultimate axial strength of CFST columns 
using different methods.

Concrete-filled double skin steel tubular (CFDST) mem-
bers could be acknowledged as a new generation of conven-
tional CFST members differing in some points. The general 
phenomenon for these members is the steel–concrete–steel 
formation. Namely, they are formed by two eccentrically 
built steel tubes and a concrete annulus between the tubes. 

Fig. 1   Typical sections of com-
posite columns: a reinforced 
concrete column, b concrete-
encased steel column, and c 
concrete-filled steel column [1]
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Fig. 2   Cross-sectional patterns of CFST columns: a common and b special configurations [4]
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However, in some applications, the steel–concrete–steel–con-
crete phenomenon could be used. The general names for 
these phenomena are the hollow section and solid section, 
respectively. Figure 3 presents some types of CFDST mem-
ber sections in detail. In the figures, D, Do, Di, B, Bo, and 
Bi, are the outer and inner dimensions of circular and square 
steel tubes, to and ti are the thickness of outer and inner steel 
tubes, respectively. The circular hollow section (CHS) and 
the square hollow section (SHS) are illustrated in Fig. 3a, 3c, 
respectively. Figure 3b, d indicates the sections consisting of 
different shaped steel tube sections; as seen in Fig. 3b, the sec-
tion comprises of outer circular and inner square steel tubes; 
whereas, in Fig. 3d, the section consists of outer square and 
inner circular tubes. All these sections are known as the hol-
low section [26].

In recent years, several experimental studies have been 
conducted on the behavior of the CFDST members [2, 
26–32]. For example, Uenaka et  al. [2] experimentally 
tested CFDST stub columns with CHS. They regarded the 
inner–outer diameter (Di/Do) ratio and diameter–thickness 

(D/t) ratio as testing parameters. They produced a totally of 
12 stub columns specimen with changing the outer and inner 
steel tube thicknesses, the inner steel tube diameter, and the 
yield strength value of outer and inner steel tubes. They con-
cluded that the failure mode of CFDST columns was local 
buckling occurring at both tubes that is due to accommo-
dation to shear failure of the sandwiched concrete. Moreo-
ver, they inferred that the confinement effect that occurs on 
the concrete annulus significantly improves the strength of 
the CFST columns but in CFDST columns, the improve-
ment, thanks to confinement effect, gradually decreased by 
increasing Di/Do. In addition, they observed that the plastic 
deformability of the CFDST specimen is almost similar to 
that of CFST. As a result, they claimed that the inner tube 
has no confinement effect because of complex biaxial com-
pression. Essopjee and Dundu [26] manufactured 32 CFDST 
slender columns with CHS to measure their ultimate axial 
capacity under compressive loading. They altered the length 
and diameters of the specimens and the yield strength of 
the outer steel tube. According to their test results, it was 

Fig. 3   Sections of CFDST 
columns: a circular outer and 
inner hollow section, b circular 
outer and square inner hollow 
section, c square outer and inner 
hollow section, and d square 
outer and circular inner hollow 
section [26]
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concluded that the CFDST columns having a length of 1 m 
failed due to the yield strength of the steel tubes; whereas, 
the columns having a length of more than 1 m failed owing 
to overall buckling that is the result of large slenderness. In 
addition, they verbalized that increasing the length of the 
columns specimens resulted in the reducing of the compres-
sive capacity of the CFDST columns. Besides, they observed 
that the ultimate compressive strength of the specimens was 
increased by increasing the diameters. Zhao et al. [27] per-
formed a series of compression tests on CFDST stub col-
umns with CHS regarding six different section sizes for the 
outer tube and two different section sizes for the inner tube. 
They experimentally investigated the failure modes, strength, 
ductility, and energy absorption characteristics of CFDST 
stub columns with CHS. They disclosed two failure modes 
for the outer tube which was described as “elephant foot 
mode” and “diagonal shear mode”; while there was only one 
type of failure mode for the inner tube which was defined as 
“distorted diamond”. Tao et al. [28] studied on CFDST stub 
columns and beam-columns. In this research, the sections of 
both inner and outer steel tubes were CHS. They considered 
the diameter–thickness and hollow section ratios for the stub 
columns and the slenderness ratio and the eccentricity of 
load for the beam-columns as main experimental param-
eters. Totally, 26 CFDST columns with CHS were tested and 
their ultimate axial strength, axial strain, and ductility index 
values, as well as the buckling modes, were determined in 
their study. They paid attention to “composite action” terms 
as a conclusion. They revealed that both column types, stub 
column and beam-column, have indicated relatively ductile 
behavior and the structural behavior of stub columns was 
enhanced thanks to the composite action between the steel 
tube and the concrete core. Han et al. [29] studied the long-
term sustained loading and the ultimate strength test of the 
CFDST columns. For this purpose, 8 CFDST columns with 
CHS and 8 CFDST columns with SHS were manufactured. 
From each section, 5 column specimens were tested regard-
ing only ultimate strength. It was specified that when the col-
umn specimens tested under long-term sustained load were 
compared with that tested under ultimate strength, lower 
ultimate axial capacity was observed. Wang et al. [30] inves-
tigated the effect of fiber-reinforced polymer on the ultimate 
axial capacity of the CFDST stub columns with CHS. They 
covered the CFDST stub columns with a different orientated 
fiber-reinforced polymer to increase the confinement effect. 
For this reason, they produced two CFDST stub columns 
with CHS excluding the fiber-reinforced polymers. It was 
observed that decreasing the concrete annulus cross sec-
tion resulted in lower ultimate axial strength capacity of the 
CFDST stub columns with CHS. Lu et al. [31] examined 
the fire effect on the CFDST columns. In total, 18 CFDST 
columns with circular and square cross sections were manu-
factured during the study. Two of the total specimens were 

reference specimens that were not exposed to fire. One 
specimen was a reference for circular series, whereas the 
other was for square series. Wang et al. [32] conducted an 
experimental study on CFDST stub columns with CHS to 
investigate their strength and behavior. In total, 14 column 
specimens were manufactured with various concrete class 
and inner tube diameter and thickness. The gap between 
the outer and inner steel tube was filled with three different 
concrete cylinder strengths of 40, 80, and 120 MPa. The 
strength of CFDST stub columns with CHS was measured 
by applying uniform axial loading; whereas the behavior was 
studied with respect to failure mode and load–axial strain 
relationship. It was reported that the collapsing shape of the 
columns was a ductile failure. Moreover, in the literature, 
there are some numerical works on the CFDST members 
[33–35] in which the diameter–thickness ratio of outer and 
inner steel tubes, steel tube yield strength, hollow ratio, and 
the length of column specimen were mainly studied.

However, apart from the above researches, the study pre-
sented herein includes the nonlinear analysis of the CFDST 
columns with CHS under axially loading conditions, as 
shown in Fig. 4. Accordingly, the finite element method 
(FEM) was used to model and analyze the CFDST columns, 
and the experimental test results available in the literature 
were utilized to verify the reliability and accuracy of the 
model. After the verification of the FEM model, 72 CFDST 
column specimens were modeled with two outer and inner 
steel tubes diameters, three outer and inner steel tubes thick-
ness, and two different concrete cylinder strengths to visu-
alize the influences of sectional characteristics and infilled 
concrete compressive strength on the ultimate axial strength 
of double skin composite columns. Thereafter, the formu-
las modified from the codes and the suggested empirical 
models by the previous researchers were used to predict the 
ultimate axial strength of these 72 modeled test specimens. 
Also, the results were statistically evaluated to indicate the 
prediction performance of the models and understand which 
the parameters of the CFDST columns were effective on the 
ultimate capacity.

2 � Modeling by finite element method (FEM)

The finite element program named ABAQUS CAE 16 [36] 
was employed to simulate and analyze the nonlinear behav-
ior of the CFDST columns with CHS under axially loading 
conditions. The material definition, especially the nonlinear 
behaviors, interaction and surface identifications, the ele-
ment type, and mesh selection, and loading and boundary 
conditions are presented in detail in the following sections. 
Moreover, the flow chart that indicates the use of the finite 
element software step by step has been presented in Fig. 5.
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2.1 � Material modeling

In this study, the CFDST columns with CHS consist of two 
steel tubes named outer and inner, two end plates placed at 
the top and bottom of columns, and the concrete annulus 
between the steel tubes. The material behaviors of steel 
and concrete are explained in the following sections.

2.1.1 � Modeling of steel

In ABAQUS, bilinear elastic–plastic material behavior 
with isotropic hardening was considered for modeling of 
both end plates and steel tubes. According to the recom-
mendation by Han and Huo [37], the stress–strain rela-
tionship consists of two regions as shown in Fig. 6. The 
elastic characteristics of the steel were specified in the first 
region, which starts from the origin and ends at the yield 
point. The elastic constants such as modulus of elasticity 
and Poisson’s ratio were set in this region. The modulus 
of elasticity was used as 200 × 103 N/mm2 and Poisson’s 
ratio, νs, for all steel tubes was considered as 0.3.

The modulus of elasticity of the steel was used for the 
determination of modulus in a plastic region that was 
assumed to be equal to 1% of elastic modulus. First and 
second regions, namely elastic and plastic regions, could 
be easily achieved using the following equations [34]:

where σi is the desired steel strength, Es is the modulus of 
elasticity of steel, εs is the strain of steel, fsy is the yield 
strength of steel, εsy is the strain of steel at yield point (cal-
culated by fsy/Es).

(1)�i = Es�s for �s ≤ �sy(elastic region),

(2)𝜎i = fsy + Ep

(
𝜀s − 𝜀sy

)
for𝜀s > 𝜀sy(plastic region),

As a result, the steel behavior was defined in ABAQUS as 
elastic till its yield strain and plastic between yield and final 
strain that was assumed to be 3% in this study.

2.1.2 � Modeling of concrete

The confinement effect provided by the surrounding steel 
can be considered in the case of a lower diameter–thickness 
ratio (Do/to) of the outer steel tube. Otherwise, the confine-
ment effect on concrete procured by steel would be insuffi-
cient. For this reason, the strength improvement in concrete 
ensured by confinement effect could be considered in the 
case of Do/to is less than or equal to 150. In the modeling of 
concrete in ABAQUS, two different concrete stress–strain 
relationships, confined and unconfined, could be identified 
as indicated in Fig. 7 [38].

In Fig.  7, fc′ and fcc are the unconfined compressive 
strength of cylinder concrete, which is equal to 80% of 
compressive strength of cube concrete, and confined com-
pressive strength, respectively. The corresponding strains 
of unconfined and confined concretes are demonstrated by 
εc and εcc, respectively. The compressive strength of cylin-
der concrete can be obtained by experimental test and the 
unconfined concrete strain, εc, can be considered as 0.003 
regarding ACI [39] suggestion. However, the following for-
mulas proposed by Mander et al. [40] could be used in the 
calculation of the confined concrete parameters, strength and 
corresponding strain:

(3)fcc = f
�

c
+ k1f1,

(4)�cc = �c

(
1 + k2

f1

f
�

c

)
,

Fig. 4   Specimen details and 
test configuration of CFDST 
columns with CHS
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where k1 and k2 are the constants recommended by Richart 
et al. [41] to be taken as 4.1 and 20.4, respectively, f1 is the 
lateral confining pressure provided by the steel tube (cal-
culated with Eqs. 5 and 6 recommended by Hu et al. [38]).

In the case of 21.7 ≤ Do/to ≤ 47,

In the case of 47 < Do/to ≤ 150,

(5)f1 = fsyo

[
0.043646 − 0.000832

(
Do

to

)]
.

where Do, to, and fsyo are the diameter, thickness, and yield 
strength of the outer steel tube, respectively.

As clearly be seen from Fig. 7, the confined concrete 
stress–strain curve contains three zones. The elastic region, 
which begins from the origin and ends at the proportional 
limit stress, is the first zone of the curve; while the non-
linear region, which falls between the proportional limit 
and confined concrete stresses, is the second zone of the 
stress–strain curve of the confined concrete. In this study, 
the proportional limit stress was taken as 0.5fcc according 
to proposal by Hu et al. [38] and the corresponding strain 
was calculated by dividing the proportional limit stress to 

(6)f1 = fsyo

[
0.006421 − 0.0000357

(
Do

to

)]
,
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Fig. 5   Flow chart indicating the use of finite element software
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confined concrete’s modulus of elasticity, Ecc. The empirical 
equation given as follows and suggested by ACI [39] was 
used to determine the acceptably elastic modulus for the 
confined concrete (Eq. 7). In addition to that, the Poisson’s 
ratio for conventional concrete, νc, ranges between 0.15 and 
0.22 and it was presumed to be 0.19 for confined concrete 
in this numerical analysis.

The nonlinear region of the stress–strain curve of the con-
fined concrete could be determined by the following expres-
sion that was recommended by Saenz [42]:

where ε is the strain in the nonlinear region of concrete, R 
and RE are the coefficients to be calculated by the following 
expressions:

where Rσ and Rε are set to be equivalent to 4 according to the 
suggestion by Hu and Schnobrich [43].

In this situation, in the formula proposed by Saenz [42], 
only the strain, ε, value is unknown to calculate the stress. 
The stress values for the nonlinear region could be easily 
computed by postulating the strain values which must be 
between the proportional strain and the confined strain.

The third zone of the stress–strain curve of confined con-
crete could be named as a descending region which starts 
from the confined concrete strength and decline throughout 
the terminated stress value of the curve that can be com-
puted as rk3fcc. The strain value at the terminated stress was 
formulized to be 11εcc. It was recommended by Hu et al. 
[38] that the coefficient, k3, used in the calculation of the 
last point of the descending region can be computed by the 
following expressions:

In the case of 21.7 ≤ Do/to ≤ 47,

In the case of 47 < Do/to ≤ 150,

(7)Ecc = 4700
√
fcc.

(8)

f � =
Ecc�

1 +
(
R + RE − 2

)(
�

�cc

)
− (2R − 1)

(
�

�cc

)2

+ R
(

�

�cc

)3
,

(8a)R =
RE

(
R� − 1

)
(
R� − 1

)2 −
1

R�

,

(8b)RE =
Ecc�cc

fcc
,

(9)k3 = 1.

(10)

k3 = 0.0000339

(
Do

to

)2

− 0.0100085

(
Do

to

)
+ 1.3491.

The other coefficient in the final stress calculation, r, was 
proposed to be taken as 1.0 for the concrete having 30 MPa 
cube strength, fcu, and 0.5 for the concrete having the cube 
strength, fcu, more than 100 MPa. This recommendation by 
Ellobody and Young [44, 45] depends on the experimental 
study carried out by Giakoumelis and Lam [46]. The linear 
interpolation could be carried out to determine the concrete 
having the cube strength, fcu, between 30 and 100 MPa.

The confined concrete was identified as a material consist-
ing of the elastic and plastic regions. In the ABAQUS, the 
Drucker–Prager yield criterion model was used to compute 
the plastic characteristics of the confined concrete which was 
the second and third zones of the stress–strain curve of the 
confined concrete. The shear criterion in the Drucker–Prager 
model was chosen as linear and flow potential eccentricity 
was selected as the default value of 0.1. Furthermore, the 
other three parameters in the Drucker–Prager model were the 
material angle of friction, the flow stress ratio of the material, 
and the dilation angle. The material angle of friction and the 
flow stress ratio in triaxial tension to that in compression were 
computed as 20° and 0.8 regarding recommendation by Hu 
et al. [38]; whereas, the dilation angle was selected accord-
ing to Damaraju [47] as 30°. In addition to Drucker–Prager 
parameters, Drucker–Prager Hardening was chosen as a sub-
option to accurately define the yield region of the confined 
concrete. It is worthy to note that Drucker Hardening sub-
option parameters such as the yield stress and absolute plastic 
strain values, which are dependent on the concrete strength 
and confinement effect, were individually determined using 
Eqs. (3)–(10) for the confined concrete of each composite 
column.

2.2 � Interaction and surface identifications

In the modeling of each specimen, endplates, which were 
placed at the top and bottom of columns, were used to attain 
equal contractions. In this way, each specimen consisted of 
five components such as outer and inner steel tubes, the con-
crete annulus between the tubes, and the top and bottom end-
plates as indicated in Fig. 8. The surfaces of the components 
were used to identify the interactions. The surface-to-surface 
contact and Tie constraint available in ABAQUS CAE [36] 
were employed to govern the bond between the specimen 
components. Using these methods, the surfaces should be 
first identified according to their characterizations, namely 
it should be decided which surface will penetrate to others. 
For this condition, in ABAQUS CAE [36], the surfaces can 
be defined as master or slave. In this study, the steel tube sur-
faces were selected as master surfaces during the interaction 
with concrete; whereas, they were designated as slave surfaces 
when interacted with endplates. The surfaces of endplates 
were treated as master surface, while the surfaces of the con-
crete annulus were chosen as slave surface in all interactions 
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with other components. Normal and Tangential behaviors 
were computed for the surface-to-surface contact properties. 
The pressure-overclosure model with hard contact feature was 
used for normal behavior; whereas, the penalty friction model 
with a friction coefficient of 0.3 and directionality of isotropic 
was applied for Tangential behavior. The surface-to-surface 
contact was designated to define the interactions between the 
surfaces of the steel tubes and the concrete annulus and also 
between the surfaces of the end plates and the concrete annu-
lus. Tie constraint, however, was used to identify only the 
interactions between the steel tubes and endplates surfaces 
excluding the interaction between the inner steel tube and top 
endplate. For this interaction, the surface-to-surface contact 
was chosen.

2.3 � Finite element type and mesh selection

The components in this study were modeled with respect 
to the solid and shell shapes. The solid-shaped components 
were sketched using extrusion type; while the shell-shaped 
elements were drawn using planar type. The outer and inner 
steel tubes and the concrete annulus between tubes were 
deformable solid shaped, whereby the endplates were dis-
crete rigid shell shaped. R3D3 element type with geometric 
order of linear was used for the endplates; while the C3D8 
element type with reduced integration and geometric order 
of linear was used for the outer and inner steel tubes and the 
concrete annulus. The element shape for R3D3 and C3D8 
was triangle and hexahedron, respectively. The approximate 
global size of the mesh was 25 for the endplates. However, 
to achieve good meshing, the approximate global size of the 
mesh was 24 for outer steel tube and concrete annulus and 8 
for the inner. The representative meshing of each component 
is illustrated in Fig. 8. The aforementioned finite element 
meshing was determined by performing a mesh convergence 
studies to specify the optimal meshing, which yields a rela-
tive accurate solution having low computational time.

2.4 � Boundary and loading conditions

There was a reference (RF) point in the top and bottom end 
plates to specify the center of the plates and create a rigid 
body constraint. The boundary and loading were applied to 
the specimens from these RF points. Encastre type boundary 
condition in ABAQUS CAE [36] was used at the bottom end 
plates to obtain fixed support against all degrees of freedom. 
However, the top plate on which the load was applied was 
unrestrained in the loading direction. The nodes remained in 
the specimen were free to displace or rotate in any direction. 
The static uniform loading by designating a displacement on 
the RF point of top endplate was applied to each specimen.

3 � Modified and proposed empirical models

The ultimate axial strength of the concrete-filled single 
skin steel tubular columns can be easily calculated by the 
empirical methods presented in the codes. However, in the 
literature, for predicting the strength of the concrete-filled 
double skin steel tubular composite columns, the modified 
version of the formulas given in ACI [39], Eurocode 4 [48], 
and AISC [49] was used [26, 27, 32–35, 48]. In this study, 
the modified formulas were utilized as given below. In addi-
tion, in the literature, there are some proposed empirical 
models which were developed or derived by the researchers 
such as Uenaka et al. [2], Han et al. [50], Yu et al. [51], and 
Hassanein et al. [52]. This section also includes the explicit 
presentation of these proposed empirical models.

3.1 � Formula modified from ACI [39]

ACI code [39] 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 the formula suggested 
by the ACI code [39]. The equation modified from ACI code 

Fig. 8   The typical meshing of CFDST columns with CHS
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[39] to determine the ultimate axial strength of the CFDST 
stub column involving the contribution of the inner steel 
tube is expressed as follows [39]:

where Aso, Ac, and Asi are the cross-sectional areas of outer 
steel tube, concrete annulus, and inner steel tube, respec-
tively, and fsyi is the yield strength of the inner steel tube.

3.2 � Formula modified from Eurocode 4 [48]

The equation suggested by Eurocode 4 (EC4) [48] for the 
calculation of the ultimate axial strength of the CFST col-
umns includes the outer steel tube, reinforcing bars and 
concrete as well as confinement effect. EC4 [48] approach 
has two different equations according to relative slenderness 
criteria. The approach in EC4 [48] uses a reduction factor, 
ηa, and an enhancement factor, ηc, for the contribution of 
the steel to the cross-section resistance and for the concrete 
contribution, respectively, regarding the confinement effect 
of concrete. In these formulations, firstly, the reinforcement 
part was considered as a second steel skin. For this reason, 
the strength provided by this section was multiplied with ηa, 
the factor related to the confinement of concrete as recom-
mended by Pagoulatou et al. [34]. Then, the terminological 
conversion was carried out. Finally, the following expres-
sions were obtained for both conditions:

In the case of 𝜆̄ > 0.5,

In the case of 𝜆̄ ≤ 0.5,

where ηa and ηc are the reduction factor for the contribution 
of the steel to the cross-section resistance and the enhance-
ment factor for the concrete contribution, respectively. They 
are to be calculated as follows:

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

where Ppl,Rd,(6.30) is the characteristic value of the plastic 
resistance given in EC4 [48] as 6.30th equation and this 

(11)
(
Pu

)
ACI

= fsyoAso + 0.85f
�

c
Ac + fsyiAsi,

(12)
(
Pu

)
EC4

= fsyoAso + f
�

c
Ac + fsyiAsi.

(13)

(
Pu

)
EC4

= �afsyoAso + f
�

c
Ac

[
1 + �c

(
to

Do

)(
fsyo

f
�

c

)]
+ �afsyiAsi,

(13a)𝜂a = 0.25
(
3 + 2𝜆̄

)
(but ≤ 1.0),

(13b)𝜂c = 4.9 − 18.5𝜆̄ + 17𝜆̄2(but ≥ 0),

(13c)𝜆̄ =

√
Ppl,Rd,(6.30)

/
Pcr

,

expression applies for concrete-encased and partially con-
crete-encased steel sections, to be determined by the follow-
ing expression:

Pcr is the elastic critical normal force for relevant buck-
ling mode and to be determined by the following expression:

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

where Eso, Ecm, and Esi are the elastic modules of outer steel 
tube, concrete, and inner steel tube, Iso, Ic, and Isi are the iner-
tias of outer steel tube, concrete, and inner steel tube sections, 
and Kc is a correction factor that should be taken as 0.6.

Herein, the modulus of elasticity of concrete could be cal-
culated by the following equation provided by ACI-318 [39]:

where wc is the unit weight of the concrete (between 2300 
and 2500 kg/m3).

At the end of the calculation of the ultimate axial strength 
of the CFDST columns, the strength value should be multi-
plied with the reduction factor (χ) for the relevant buckling 
mode. The formula for the reduction factor according to 
Eurocode 3 [53] is as follows:

in which;

α is an imperfection factor depending on a buckling curve 
and can be taken from Table 6.1 in EC3 [53]. As Hassanein 
and Kharoob [35] mentioned in their study, the imperfection 
factor was taken according to the buckling curve (b) as 0.34.

3.3 � Formula modified from AISC [49]

The equations by AISC [49] are suggested for the single skin 
composite columns involving reinforcing bars. AISC [49] 
also recommends two different expressions for the determi-
nation of the ultimate axial strength of encased composite 
columns that subjected to axial loading:

(13d)Ppl,Rd,(6.30) = fsyoAso + 0.85f
�

c
Ac + fsyiAsi.

(13e)Pcr =
�2(EI)eff(
KLu

)2 ,

(13f)EIeff = EsoIso + KcEcmIc + EsiIsi,

(13g)Ecm = w1.5
c
0.043

√
f
�

c
,

(14)𝜒 =
1

𝜙 +
√
𝜙2 − 𝜆̄2

but𝜒 ≤ 1.0,

(14a)𝜙 = 0.5
[
1 + 𝛼

(
𝜆̄ − 0.2

)
+ 𝜆̄2

]
,
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In the case of Pe < 0.44Po

in which;

EIeff can be calculated using Eq. 13f with a small altera-
tion in the correction factor, Kc as given in the following 
expressions:

In the case of Pe ≥ 0.44Po,

in which;

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

3.4 � Empirical model proposed by Uenaka et al. [2]

Uenaka et al. [2] derived the equation determining the ulti-
mate axial strength of the CFDST columns from the equa-
tion that was proposed by AIJ [54] for CFST stub columns. 
Uenaka et al. [2] elementally superposed strength of the 
tubes and the concrete infill between tubes. The following 
expression was first asserted to temporarily estimate the 
ultimate axial strength of CFDST:

After the experimental tests, it was overemphasized 
that the confinement effect of the outer tube is more effec-
tive on the ultimate axial strength of the CFDST columns 
than that of the inner tube [2]. Regarding the experimental 
results, the estimated ultimate axial strength derived from 
AIJ [54] is modified to the following expression by Uenaka 
et al. [2]:

(15)
(
Pu

)
AISC

= 0.877Pe,

(15a)Pe =
�2(EI)eff

(KL)2
.

(15b)Kc = 0.6 + 2

(
Aso

Ac + Aso

)
≤ 0.9.

(16)
(
Pu

)
AISC

= Po

[
0.658

(
Po

Pe

)]
,

(16a)Po = fsyoAso + 0.95f
�

c
Ac + fsyiAsi.

(17)Pu = fsyoAso + f
�

c
Ac + fsyiAsi.

(18)

(
Pu

)
UENAKA

=

(
2.86 − 2.59

(
Di

Do

))
fyoAso + f

�

c
Ac

+ fyiAsi

(
0.2 <

Di∕Do
< 0.7

)
,

where Di is the diameter of the inner steel tube.

3.5 � Empirical model proposed by Han et al. [50]

Han et al. [50] proposed an equation regarding the inner 
tube capacity and a capacity containing the outer steel tube 
and concrete annulus. The formula given by Han et al. [50] 
is as follows:

where Pi,u and Posc,u are the capacity of the inner steel tube 
and the capacity of the outer steel tube and concrete annulus 
to be determined by Eqs. 19a and 19b, respectively.

where fosc is the strength characteristic of outer steel tube 
and concrete annulus and to be determined by the following 
expression:

where C1 and C2 are the strength coefficient of the outer 
steel tube and the concrete annulus, respectively, and to be 
determined by Eqs. 19d and 19e:

in which α’ and αn can be determined by Eqs. 19 and 19g:

χ and ξ are the hollow section ratio and the nominal 
confinement factor, respectively, and to be determined by 
Eqs. 19h and 19i:

(19)
(
Pu

)
HAN

= Posc,u + Pi,u,

(19a)Pi,u = fsyiAsi,

(19b)Posc,u = foscAsoc,

(19c)fosc = C1�
2fsyo + C2(1.14 + 1.02�)fck,

(19d)C1 =
��

1 + ��
,

(19e)C2 =
1 + �n

1 + ��
,

(19f)�� =
Aso

Ac

,

(19g)�n =
Aso

Ac,nominal

.

(19h)� =
Di

Do − 2to
,

(19i)� =
fsyoAso

fckAc,nominal

,
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where fck and Ac,nominal are the characteristic compressive 
strength and the nominal cross-sectional area of the con-
crete, respectively, and to be determined by Eqs. 19j and 
19k:

where fcu is the characteristic cube strength of concrete.
Asoc is the cross-sectional area of the outer steel tube 

and concrete annulus and to be determined by the follow-
ing expression:

3.6 � Empirical model proposed by Yu et al. [51]

Yu et al. [51] proposed an equation confirming the experi-
mental ultimate axial strength results. The formula was 
for the single skin solid and hollow section CFST col-
umns and presented as follows:

where ξ and Ω are the confinement coefficient and the solid 
ratio, respectively, and to be determined by Eqs. 20a and 
20b:

where fsy is the yield strength of steel tube, fck is the char-
acteristic strength of concrete, and Ak is the cross-sectional 
area of the hollow part.

Herein, the formula proposed by Yu et al. [51] was 
modified to be applicable to the double skin CFST col-
umns. As Hassanein and Kharoob [55] recommended, the 
modified formula includes the combination of circular 
hollow CFST column and inner steel tube as follows:

in which Pi,u can be determined by Eq. 19a.

(19j)fck = 0.67fcu,

(19k)Ac,nominal =
�
(
Do − 2to

)2
4

,

(19l)Asoc = Aso + Ac.

(20)Pu =

(
1 + 0.5

�

1 + �
�

)(
fsyAs + fckAc

)
,

(20a)� =
fsyoAso

fckAc

,

(20b)� =
Ac

Ac + Ak

,

(21)
(
Pu

)
YU

=

(
1 + 0.5

�

1 + �
�

)(
fsyoAso + fckAc

)
+ Pi,u,

3.7 � Empirical model proposed by Hassanein et al. 
[52]

Hassanein et al. [52] proposed a new design model for cal-
culation of the ultimate axial strength of circular CFDST 
short columns based on Liang and Fragomeni’s [56] design 
models for determining the ultimate axial strength of circular 
CFST short columns and Hassanein et al.’s [57] design mod-
els for calculating the ultimate axial strength of concrete-
filled stainless steel tubular short columns and concrete-
filled stainless steel–carbon steel tubular short columns. 
The new design model proposed by Hassanein et al. [56] is 
presented as follows:

where γso and γsi are the factor used to account for the influ-
ence of strain hardening on outer steel and inner steel tube, 
respectively, and to be determined by Eqs. 22a and 22b:

where ti is the thickness of the inner steel tube.
γc is a strength reduction factor proposed by Liang [58] 

and to be determined by the following expression:

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

f1 is the lateral confining pressure and to be determined 
by the following expressions:

νo is the Poisson’s ratio of steel tube with concrete infill and 
to be determined by the following expression given by Tang 
et al. [59]:

(22)

(
Pu

)
HASSANEIN

= �sofsyoAso +
(
�cf

�

c
+ 4.1f1

)
Ac + �sifsyiAsi,

(22a)�so = 1.458

(
Do

to

)−0.1

0.9 ≤ �so ≤ 1.1,

(22b)�si = 1.458

(
Di

ti

)−0.1

0.9 ≤ �si ≤ 1.1,

(22c)�c = 1.85D−0.135
c

0.85 ≤ �c ≤ 1.0,

(22d)Dc = Do − 2to.

(22e)

f1 =

⎧⎪⎨⎪⎩

0.7
�
𝜈o − 𝜈s

� 2to

Do−2to
fsyo for

Do

to
≤ 47�

0.006241 − 0.0000357
Do

to

�
fsyo for 47 <

Do

to
≤ 150

,
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in which

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

4 � Verification of the FEM model

The verification and calibration of the suggested model is 
a crucial issue to truthfully estimate the behavior of such 
columns. For this reason, the previously conducted experi-
mental test results were considered in the verification and 
calibration of the proposed model. The test results of two 
samples, labeled as c16-1125 and c23-1125, from the study 
of Uenaka et al. [2] were used to affirm the FEM model. 
The CFDST column specimens from the study of Uenaka 
et al. [2] had the outer and inner steel tube yield strengths of 
308 MPa for c16-1125-named sample and 286 MPa for c23-
1125-named sample. In the preparation of both samples, the 
diameters of the outer steel tube were about 158–157 mm; 
whereas, it was 114–115 mm for the inner steel tube. The 
thickness of the outer and inner steel tubes was 1.5 mm for 
c16-1125-labeled sample and of the inner steel tube was 
2.14 mm for c23-1125-labeled sample. In the manufactur-
ing of both specimens, the concrete with the same compres-
sive strength of 18.7 MPa was utilized and the length of the 
column specimens was 450 mm. For the verification of the 
FEM model, two CFDST column specimens from the study 
of Zhao et al. [27] were chosen. The specimens were labeled 
as C1C7 and C2C7 in this study. The outer steel tube yield 
strengths were 454 and 416 MPa, respectively; whereas, the 
yield strength of the inner steel tube for both specimens was 
425 MPa. The diameters of the outer steel tube of these spec-
imens were 114.5 and 114.6 mm, respectively, and the inner 
steel tube for both specimens had a diameter of 48.4 mm. 
The outer steel tube thickness of 2.8 mm was utilized in 
the manufacturing while the inner steel tube thickness of 
C1C7-named specimen was 5.9 mm and it was 4.7 mm for 
C2C7-named specimen. The concrete compressive strength 
of both specimens was about 63.4 MPa and their lengths 
were 400 mm.

(22f)

�o = 0.2312 + 0.3582�
�

o
− 0.1524

(
f
�

c

fsyo

)

+ 4.843�
�

o

(
f
�

c

fsyo

)
− 9.169

(
f
�

c

fsyo

)2

,

(22f)

�
�

o
= 0.881 × 10−6

(
Do

to

)3

− 2.58 × 10−4
(
Do

to

)2

+ 1.953 × 10−2
(
Do

to

)
+ 0.4011,

In addition, four samples from the study of Tao et al. [28] 
and two samples from the study of Han et al. [26] were used 
to certify the developed FEM model. Tao et al. [28] and Han 
et al. [28] conducted the ultimate axial strength tests on two 
samples and the average of them was submitted. The sam-
ples with ID of cc4a, cc4b, cc7a, and cc7b were the selected 
CFDST column specimens from the study of Tao et al. [28]. 
The yield strength of the outer steel tube, the thicknesses of 
both steel tubes, and the compressive strength of the con-
crete part for all specimens taken from the study of Tao 
et al. [28] were same and they were 275.9 MPa, 3 mm, and 
40 MPa, respectively. The outer and inner steel tube diam-
eters for the cc4a- and cc4b-labeled samples were 180 and 
48 mm, respectively; while the outer and inner steel tubes 
for the cc7a- and cc7b-labeled specimens had the diameters 
of 300 and 165 mm, respectively. The inner steel tubes of 
cc4a- and cc4b-named specimens had the yield strength of 
342 MPa and that of cc7a and cc7b had the yield strength of 
320.5 MPa. The lengths of cc4a- and cc4b-named specimens 
were 540 mm and it was 900 mm for cc7a- and cc7b-named 
specimens.

The outer steel tube yield strength, diameter, and thick-
ness for C1-1- and C1-2-named CFDST column specimens 
obtained from the study of Han et al. [29] were 319.6 MPa, 
220 mm, and 3.62 mm, respectively; whereas the inner steel 
tube of both specimens had the yield strength of 380.6 MPa, 
the diameter of 159 mm, and thickness of 3.72 mm. The 
compressive strengths of the samples were 48 MPa and their 
lengths were 660 mm.

Furthermore, 0HA0- and 0HB0-designated samples 
from the study of Wang et al. [30] were chosen to verify 
the FEM model. The yield strengths of both outer and inner 
steel tubes were the same for both specimens and it was 
350 MPa. The diameters and thicknesses of the outer steel 
tube for both specimens were 165 mm and 1.7 mm, respec-
tively. The concrete compressive strengths and the lengths 
of both specimens were 28.1 MPa and 500 mm, respectively. 
The differentness between 0HA0 and 0HB0 denoted speci-
mens was in the inner steel tube diameter and thickness. The 
inner steel tube diameter and thickness of the 0HA0-labeled 
specimen were 76 mm and 1.2 mm, respectively; while they 
were 114 mm and 1.7 mm for 0HB0-labeled specimen, 
respectively.

Moreover, two CFDST column specimens, one from 
the study of Lu et al. [31] and another from the study of 
Wang et al. [32], were used to confirm the FEM model. The 
C2-C4-SCC1-Ref-named specimen from the study of Lu 
et al. [31] had the outer and inner steel tube yield strengths 
of 426 MPa. The diameter and thickness values for the outer 
steel tube were 219.1 mm and 5 mm, respectively, and for 
the inner steel tube 101.6 mm and 3.2 mm, respectively. 
The concrete with a compressive strength of 46.6 MPa was 
utilized in the manufacturing of the specimen and the length 
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of the specimen was 800 mm. On the other hand, the CFDST 
columns specimen with label of ACI140x3-HC38X8-C80 
from the study of Wang et al. [32] had the outer steel tube 
yield strength, diameter, and thickness values of 300 MPa, 
140.1 mm, and 2.9 mm, respectively, and the inner steel tube 
yield strength, diameter and thickness values of 433 MPa, 
38 mm, and 7.51 mm, respectively. The specimen was manu-
factured using the concrete with a compressive strength of 
79.9 MPa and the length of the specimen was 350 mm.

In total, 14 CFDST column specimens with CHS were 
used to verify and calibrate the proposed FEM model. These 
specimens were chosen according to the specifications of 
the CFDST columns stated in the parametric study part. The 
aforementioned properties of the CFDST column specimens 
are also presented in Table 1.

The predicted ultimate axial strength and normalized 
results of the FEM model are tabulated in Table 2. The 
results indicated that the proposed FEM model predicts the 
ultimate axial strength near the experimental test values. The 
average normalized ultimate axial strength value of 1.037 
and the coefficient of variation value of 0.093 were obtained 
by the prediction of the FEM model. In addition, the predic-
tion performance of the model was statistically evaluated 
by means of mean absolute percent error (MAPE), mean 
square error (MSE), and root mean square error (RMSE) 
values. The MAPE, MSE, and RMSE were calculated using 
Eqs. 23, 24, and 25, respectively. Table 2 also includes the 
MAPE, MSE, and RMSE values. By the FEM model, the 
error values of 7.22, 32,115, and 127.5 were achieved for the 

MAPE, MSE, and RMSE, respectively. These error values 
also affirm that the proposed FEM model has a good predic-
tion capability and it estimates reliable and accurate ultimate 
axial strengths.

where m and p are the values of measured (mi) and the pre-
dicted (pi) values, respectively.

Moreover, the load–displacement and load–strain curves 
procured from the FEM model were also compared with 
that attained from the experiment. Figure 9a, b indicates the 
comparison of the experimental load–displacement curves 
of the C1C7 sample from the study of Zhao et al. [27] and 
C2-C4-SCC1-Ref sample from the study of Lu et al. [31], 
respectively, with the curves achieved from the proposed 
FEM model.

Besides, Fig. 10a, b demonstrates the comparison of the 
experimental load–strain curves of the cc4b sample from 
the study of Tao et al. [28] and the 0HA0 sample from the 

(23)MAPE =
1

n

n∑
i=1

||||
mi − pi

mi

|||| × 100,

(24)MSE =

∑n

i=1

�
mi − pi

�2
n

,

(25)RMSE =

�∑n

i=1

�
mi − pi

�2
n

,

Table 1   Experimental dataset used in the verification of model

References Sample ID Yield strength Diameter Thickness Concrete 
compressive 
strength, fc′ 
(MPa)

Length of 
specimen, L 
(mm)Outer steel 

tube, fsyo 
(MPa)

Inner steel 
tube, fsyi 
(MPa)

Outer steel 
tube, Do 
(mm)

Inner steel 
tube, Di 
(mm)

Outer steel 
tube, to 
(mm)

Inner steel 
tube, ti 
(mm)

Uenaka et al. 
[2]

c16-1125 308.0 308.0 158.0 114.0 1.50 1.50 18.7 450
c23-1125 286.0 286.0 157.0 115.0 2.14 2.14 18.7 450

Zhao et al. 
[27]

C1C7 454.0 425.0 114.5 48.4 2.80 5.90 63.4 400
C2C7 416.0 425.0 114.6 48.4 2.80 4.70 63.4 400

Tao et al. 
[28]

cc4a 275.9 342.0 180.0 48.0 3.00 3.00 40.0 540
cc4b 275.9 342.0 180.0 48.0 3.00 3.00 40.0 540
cc7a 275.9 320.5 300.0 165.0 3.00 3.00 40.0 900
cc7b 275.9 320.5 300.0 165.0 3.00 3.00 40.0 900

Han et al. 
[29]

C1-1 319.6 380.6 220.0 159.0 3.62 3.72 60.0 660
C1-2 319.6 380.6 220.0 159.0 3.62 3.72 60.0 660

Wang et al. 
[30]

0HA0 350.0 350.0 165.0 76.0 1.70 1.20 28.1 500
0HB0 350.0 350.0 165.0 114.0 1.70 1.70 28.1 500

Lu et al. [31] C2-C4-
SCC1-Ref

426.0 426.0 219.1 101.6 5.00 3.20 46.6 800

Wang et al. 
[32]

ACI140x3-
HC38X8-
C80

300.0 433.0 140.1 38.0 2.90 7.51 79.9 350
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study of Wang et al. [30], respectively, with the curves, 
achieved from the proposed FEM model. According to 
the load–displacement and load–strain curves, it can be 
absolutely stated that the FEM model has a very well pre-
diction performance, in particular, the axial stiffness of the 
CFDST columns with CHS. Additionally, it can be speci-
fied about the proposed FEM model that it estimates robust 
and reliable ultimate axial strength values and acceptable 
post-peak behaviors.

5 � Parametric study

The study herein was aimed to model various CFDST col-
umns with CHS using the verified FEM model. Therefore, 
72 CFDST columns with CHS were designed in ABAQUS 
CAE [32] to identify the effectiveness of parameters on the 
ultimate axial strength of such columns. In these columns, 
the length (L) of specimen and yield strengths of outer 

Table 2   Prediction performance 
of the proposed FEM model

Ave average of normalized ultimate axial strengths, COV coefficient of variation, MAPE mean absolute per-
cent error, MSE mean square error, RMSE root mean square error

References Sample ID Pu,exp (kN) Average Pu,FEM (kN) Pu,exp/Pu,FEM

Uenaka et al. [2] c16-1125 589.0 598.1 0.98
c23-1125 703.6 752.8 0.93

Zhao et al. [27] C1C7 1415.0 1444.0 0.98
C2C7 1380.0 1326.0 1.04

Tao et al. [28] cc4a 1435.0 1396.5 1413.0 0.99
cc4b 1358.0
cc7a 3331.0 3298.5 2872.0 1.15
cc7b 3266.0

Han et al. [29] C1-1 2537.0 2551.5 2323.0 1.10
C1-2 2566.0

Wang et al. [30] 0HA0 980.0 820.8 1.19
0HB0 715.0 785.4 0.91

Lu et al. [31] C2-C4-SCC1-Ref 3333.0 3420.0 0.97
Wang et al. [32] ACI140x3-HC38X8-C80 2083.4 1810.0 1.15
Ave 1.037
COV 0.093
MAPE 7.22
MSE 32,115
RMSE 127.5
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Fig. 9   Comparison of the experimental and FEM results on the load vs. displacement curves of: a C1C7 sample [27] and b C2-C4-SCC1-Ref 
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(fsyo) and inner (fsyi) steel tubes were kept constant; while 
the diameters (Do and Di) and thicknesses (to and ti) of 
outer and inner steel tubes and the compressive strength 
of the concrete annulus (fc′) were the variable parameters. 
Two outer steel tube diameters with values of 200 and 
300 mm, three different outer steel tube thicknesses with 
values of 2, 3, and 4 mm, two inner steel tube diameters 
with values of 80 and 120 mm, and three different inner 
steel tube thicknesses with values of 1, 2, and 3 mm were 
chosen to investigate and visualize the effect of sectional 
properties of CFDST columns with CHS. By changing 
the outer steel tube diameter with keeping the length of 
specimen constant, mainly L/Do ratio has been changed. 
In addition to examining the sectional properties, two dif-
ferent concrete compressive strength with values of 25 
and 50 MPa were considered in the designing of columns 
to reveal the effect of concrete compressive strength on 
the ultimate axial strength of CFDST columns. According 
to these parameters, in total, 72 different columns were 
designed. The detail of each column used in this paramet-
ric study is presented in Table 3.

Each CFDST column specimen was designed accord-
ing to the specifications given in Sect. 2. The ultimate axial 
strength of each specimen was predicted after designing 
using ABAQUS CAE [36] software. The ultimate axial 
strength values predicted by the proposed FEM model are 
tabulated in Table 4. According to these results, Figs. 11a, 
b, 12a, b are plotted.

The ultimate axial strength predicted by the FEM model 
versus the outer steel tube thickness is given in Fig. 11a, b 
in the case of L/Do = 3 and L/Do = 2, respectively. These fig-
ures also include the variation in the ultimate axial strength 
regarding both inner steel tube thickness and concrete com-
pressive strength. It can be clearly seen from Fig. 11a, b 
that increasing both outer and inner steel tubes thicknesses 

results in the increment of the ultimate axial strength. In 
the case of L/Do = 3, Di = 80 mm, and fc′ = 25 MPa, increas-
ing the outer steel tube thickness from 2 to 4 mm results in 
48, 46, and 44% increment of the ultimate axial strength 
when the inner steel tube thicknesses are 1, 2, and 3 mm, 
respectively. When the L/Do ratio is decreased from 3 to 2, 
these increment rates in the ultimate axial strength are 39, 
38, and 37% when the inner steel tube thicknesses are 1, 2, 
and 3 mm, respectively. The results also indicate that when 
the L/Do ratio is decreased from 3 to 2, namely when the 
diameter of the outer steel tube is increased without chang-
ing the length of the specimen, the remarkable enhancement 
in the ultimate axial strength is observed. Another finding 
is that using concrete with higher compressive strength 
significantly increases the ultimate axial strength of the 
CFDST columns. In the case of L/Do = 3, Di = 80 mm, and 
fc′ = 50 MPa, increasing the outer steel tube thickness from 
2 to 4 mm results in 24, 23, and 22% increase of the ulti-
mate axial strength when the inner steel tube thicknesses 
are 1, 2, and 3 mm, respectively. When the L/Do ratio is 
decreased from 3 to 2, these increment rates in the ultimate 
axial strength are 23, 22, and 22% when the inner steel tube 
thicknesses are 1, 2, and 3 mm, respectively.

Another changeable parameter is the diameter of the inner 
steel tube (Di). Figure 12a, b demonstrate the predicted ulti-
mate axial strength of the CFDST columns according to the 
outer steel tube thickness when the Di is 120 mm and other 
parameters are the same as in Fig. 11a, b. The results show 
that increasing the Di from 80 to 120 mm decreases the load-
carrying capacity of the CFDST columns. The effect of the 
concrete compressive strength can also be observed when 
the Di is 120 mm. The higher compressive strength means 
the higher ultimate axial strength of the CFDST columns. 
Besides, when Fig. 12a, b are examined, it can be obviously 
seen that increasing the diameter of the outer steel tube (Do) 
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Table 3   Properties of the CFDST columns used in the parametric study

Sample no Yield strength Diameter Thickness Concrete compres-
sive strength, fc′ 
(MPa)

Length of 
specimen, L 
(mm)Outer steel 

tube, fsyo 
(MPa)

Inner steel 
tube, fsyi 
(MPa)

Outer steel 
tube, Do 
(mm)

Inner steel 
tube, Di 
(mm)

Outer steel 
tube, to (mm)

Inner steel 
tube, ti (mm)

1 365 365 200 80 2 1 25 600
2 365 365 200 80 2 2 25 600
3 365 365 200 80 2 3 25 600
4 365 365 200 80 3 1 25 600
5 365 365 200 80 3 2 25 600
6 365 365 200 80 3 3 25 600
7 365 365 200 80 4 1 25 600
8 365 365 200 80 4 2 25 600
9 365 365 200 80 4 3 25 600
10 365 365 200 120 2 1 25 600
11 365 365 200 120 2 2 25 600
12 365 365 200 120 2 3 25 600
13 365 365 200 120 3 1 25 600
14 365 365 200 120 3 2 25 600
15 365 365 200 120 3 3 25 600
16 365 365 200 120 4 1 25 600
17 365 365 200 120 4 2 25 600
18 365 365 200 120 4 3 25 600
19 365 365 300 80 2 1 25 600
20 365 365 300 80 2 2 25 600
21 365 365 300 80 2 3 25 600
22 365 365 300 80 3 1 25 600
23 365 365 300 80 3 2 25 600
24 365 365 300 80 3 3 25 600
25 365 365 300 80 4 1 25 600
26 365 365 300 80 4 2 25 600
27 365 365 300 80 4 3 25 600
28 365 365 300 120 2 1 25 600
29 365 365 300 120 2 2 25 600
30 365 365 300 120 2 3 25 600
31 365 365 300 120 3 1 25 600
32 365 365 300 120 3 2 25 600
33 365 365 300 120 3 3 25 600
34 365 365 300 120 4 1 25 600
35 365 365 300 120 4 2 25 600
36 365 365 300 120 4 3 25 600
37 365 365 200 80 2 1 50 600
38 365 365 200 80 2 2 50 600
39 365 365 200 80 2 3 50 600
40 365 365 200 80 3 1 50 600
41 365 365 200 80 3 2 50 600
42 365 365 200 80 3 3 50 600
43 365 365 200 80 4 1 50 600
44 365 365 200 80 4 2 50 600
45 365 365 200 80 4 3 50 600
46 365 365 200 120 2 1 50 600
47 365 365 200 120 2 2 50 600
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from 200 to 300 mm by keeping the length of specimen con-
stant results in the doubling of the load-carrying capacity of 
the CFDST columns.

When Figs. 11a, b, 12a, b are considered, it can be obvi-
ously seen that increasing the inner steel tube thickness 
is not effective on the ultimate axial strength as much as 
increasing the outer steel tube thickness. The increment rates 
in the ultimate axial strength by increasing the outer steel 
tube thickness are in the range of 37–52% and 22–29% in the 
case of fc′ = 25 and 50 MPa, respectively; whereas when the 
thickness of the inner steel tube is increased, the increment 
percentages in the ultimate axial strength are between 5 and 
24%, and 3 and 17% for fc′ = 25 and 50 MPa, respectively.

To clearly indicate the change in the ultimate axial 
strength of the CFDST columns with regard to altering 
of L/Do, Di, to, ti, and fc′, Fig. 13a, b is plotted. It can 
be stated that the slight increase in the ultimate axial 
strength can be seen when the inner steel tube thickness 
is increased, while a significant enhancement in the load-
carrying capacity of CFDST columns can be observed 

when the outer steel tube thickness is increased. Besides, 
it is obvious that the most significant increase in the ulti-
mate axial strength is seen when the L/Do is reduced or Do 
is increased and the compressive strength of the concrete 
annulus is increased.

The similar findings of the ultimate axial strength 
regarding the change in such properties can be found in 
the experimental studies available in the literature. For 
example, Uenaka et al. [2] investigated the influences of 
diameter and yield strength of the outer steel tube and 
the diameter and thickness of the inner steel tube. In this 
experimental study, the diameter of the inner steel tube of 
some specimens was increased from 39 to 77 mm and then 
from 77 to 114 mm by keeping the other parameters con-
stant, the gradual decreasing in the ultimate axial strength 
was observed. But the individual effect of other changeable 
parameters could not be explained since three of them were 
altered with together.

In the experimental study of Zhao et  al. [27], in two 
CFDST column specimens, the individual effect of inner steel 

Table 3   (continued)

Sample no Yield strength Diameter Thickness Concrete compres-
sive strength, fc′ 
(MPa)

Length of 
specimen, L 
(mm)Outer steel 

tube, fsyo 
(MPa)

Inner steel 
tube, fsyi 
(MPa)

Outer steel 
tube, Do 
(mm)

Inner steel 
tube, Di 
(mm)

Outer steel 
tube, to (mm)

Inner steel 
tube, ti (mm)

48 365 365 200 120 2 3 50 600
49 365 365 200 120 3 1 50 600
50 365 365 200 120 3 2 50 600
51 365 365 200 120 3 3 50 600
52 365 365 200 120 4 1 50 600
53 365 365 200 120 4 2 50 600
54 365 365 200 120 4 3 50 600
55 365 365 300 80 2 1 50 600
56 365 365 300 80 2 2 50 600
57 365 365 300 80 2 3 50 600
58 365 365 300 80 3 1 50 600
59 365 365 300 80 3 2 50 600
60 365 365 300 80 3 3 50 600
61 365 365 300 80 4 1 50 600
62 365 365 300 80 4 2 50 600
63 365 365 300 80 4 3 50 600
64 365 365 300 120 2 1 50 600
65 365 365 300 120 2 2 50 600
66 365 365 300 120 2 3 50 600
67 365 365 300 120 3 1 50 600
68 365 365 300 120 3 2 50 600
69 365 365 300 120 3 3 50 600
70 365 365 300 120 4 1 50 600
71 365 365 300 120 4 2 50 600
72 365 365 300 120 4 3 50 600
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Table 4   Comparison of the ultimate axial strengths predicted by FEM model with modified and proposed formulas

Sample no. Pu,FEM (kN) Pu,FEM/Pu,ACI Pu,FEM/Pu,EC4 Pu,FEM/Pu,AISC Pu,FEM/Pu,Uenaka et al. Pu,FEM/Pu,Han et al. Pu,FEM/Pu,Yu et al. Pu,FEM/Pu,Hassanein et al.

1 1288 1.19 0.91 1.13 0.83 1.08 1.02 1.10
2 1374 1.18 0.92 1.12 0.84 1.07 1.02 1.08
3 1461 1.17 0.94 1.11 0.85 1.07 1.02 1.07
4 1584 1.23 0.91 1.18 0.82 1.10 1.01 1.11
5 1679 1.22 0.93 1.17 0.83 1.10 1.02 1.10
6 1772 1.21 0.95 1.17 0.84 1.10 1.02 1.09
7 1909 1.27 0.93 1.23 0.82 1.13 1.03 1.14
8 2008 1.27 0.95 1.22 0.83 1.13 1.03 1.13
9 2105 1.26 0.96 1.22 0.84 1.13 1.03 1.13
10 1156 1.17 0.95 1.12 0.96 1.07 1.03 1.11
11 1295 1.15 0.98 1.11 0.97 1.07 1.03 1.09
12 1439 1.14 1.00 1.11 0.98 1.07 1.03 1.08
13 1463 1.22 0.98 1.18 0.99 1.11 1.04 1.13
14 1615 1.21 1.01 1.17 1.00 1.12 1.05 1.13
15 1763 1.20 1.03 1.17 1.01 1.12 1.05 1.12
16 1759 1.25 0.99 1.21 1.00 1.13 1.05 1.15
17 1906 1.23 1.02 1.20 1.01 1.13 1.05 1.14
18 2059 1.23 1.04 1.20 1.02 1.13 1.06 1.14
19 2469 1.16 0.84 1.08 0.78 1.04 1.02 1.15
20 2556 1.15 0.85 1.08 0.78 1.04 1.02 1.14
21 2642 1.15 0.86 1.07 0.79 1.04 1.02 1.13
22 2993 1.22 0.86 1.15 0.77 1.10 1.03 1.14
23 3079 1.21 0.87 1.14 0.78 1.09 1.03 1.13
24 3165 1.21 0.88 1.14 0.78 1.09 1.03 1.12
25 3429 1.24 0.85 1.18 0.75 1.10 1.02 1.13
26 3521 1.23 0.86 1.17 0.75 1.10 1.02 1.13
27 3613 1.23 0.87 1.17 0.76 1.10 1.02 1.12
28 2351 1.15 0.86 1.08 0.83 1.04 1.02 1.15
29 2495 1.15 0.88 1.08 0.84 1.04 1.02 1.14
30 2627 1.14 0.89 1.07 0.85 1.04 1.02 1.13
31 2854 1.21 0.87 1.14 0.84 1.09 1.03 1.14
32 2992 1.20 0.89 1.14 0.84 1.09 1.03 1.13
33 3127 1.19 0.90 1.13 0.85 1.08 1.03 1.12
34 3298 1.23 0.87 1.17 0.82 1.11 1.02 1.14
35 3452 1.23 0.89 1.17 0.83 1.11 1.03 1.14
36 3601 1.22 0.90 1.17 0.84 1.11 1.03 1.13
37 1906 1.18 0.93 1.10 0.88 1.05 1.07 1.09
38 1992 1.17 0.94 1.10 0.88 1.04 1.06 1.08
39 2078 1.16 0.95 1.09 0.88 1.04 1.06 1.07
40 2150 1.19 0.91 1.12 0.84 1.04 1.04 1.08
41 2237 1.18 0.92 1.11 0.85 1.04 1.03 1.07
42 2323 1.17 0.93 1.11 0.85 1.04 1.03 1.06
43 2368 1.18 0.89 1.12 0.81 1.03 1.00 1.07
44 2456 1.17 0.90 1.11 0.81 1.02 1.00 1.06
45 2542 1.17 0.91 1.11 0.82 1.02 1.00 1.05
46 1607 1.15 0.95 1.09 0.96 1.04 1.06 1.09
47 1742 1.14 0.96 1.08 0.96 1.04 1.05 1.08
48 1874 1.13 0.98 1.07 0.97 1.03 1.05 1.07
49 1855 1.17 0.95 1.11 0.96 1.04 1.04 1.09
50 1989 1.15 0.96 1.10 0.96 1.04 1.04 1.08
51 2121 1.14 0.98 1.09 0.96 1.04 1.03 1.07
52 2070 1.16 0.93 1.11 0.94 1.03 1.01 1.07
53 2217 1.16 0.95 1.11 0.95 1.04 1.02 1.07
54 2367 1.15 0.98 1.11 0.96 1.04 1.02 1.07
55 4013 1.15 0.88 1.06 0.84 1.02 1.07 1.14
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Table 4   (continued)

Sample no. Pu,FEM (kN) Pu,FEM/Pu,ACI Pu,FEM/Pu,EC4 Pu,FEM/Pu,AISC Pu,FEM/Pu,Uenaka et al. Pu,FEM/Pu,Han et al. Pu,FEM/Pu,Yu et al. Pu,FEM/Pu,Hassanein et al.

56 4100 1.15 0.88 1.06 0.85 1.02 1.06 1.13
57 4185 1.14 0.89 1.05 0.85 1.02 1.06 1.13
58 4530 1.20 0.89 1.11 0.83 1.05 1.07 1.14
59 4617 1.19 0.90 1.11 0.83 1.05 1.07 1.13
60 4686 1.18 0.90 1.10 0.83 1.05 1.07 1.12
61 4924 1.21 0.88 1.12 0.80 1.06 1.05 1.13
62 5012 1.20 0.88 1.12 0.81 1.05 1.05 1.12
63 5098 1.20 0.89 1.12 0.81 1.05 1.05 1.12
64 3743 1.15 0.89 1.06 0.88 1.02 1.07 1.14
65 3877 1.14 0.90 1.05 0.88 1.02 1.06 1.13
66 4009 1.14 0.90 1.05 0.89 1.02 1.06 1.12
67 4249 1.19 0.90 1.11 0.88 1.06 1.07 1.14
68 4382 1.19 0.91 1.10 0.88 1.05 1.07 1.14
69 4514 1.18 0.92 1.10 0.89 1.05 1.07 1.13
70 4632 1.20 0.89 1.12 0.86 1.06 1.06 1.13
71 4766 1.19 0.90 1.12 0.86 1.05 1.05 1.12
72 4898 1.19 0.91 1.11 0.87 1.05 1.05 1.12
Ave 1.19 0.92 1.12 0.87 1.07 1.04 1.11
COV 0.029 0.049 0.039 0.082 0.032 0.019 0.025

(a)

(b) 

1000

1400

1800

2200

2600

3000

1 2 3 4 5Pr
ed

ic
te

d 
ul

tim
at

e 
ax

ia
l s

tr
en

gt
h 

(k
N

)

Outer steel tube thickness (mm)

ti = 1 mm, Di = 80 mm ti = 2 mm, Di = 80 mm ti = 3 mm, Di = 80 mm

fc' = 50 MPa

fc' = 25 MPa

2250

2750

3250

3750

4250

4750

5250

1 2 3 4 5Pr
ed

ic
te

d 
ul

tim
at

e 
ax

ia
l s

tr
en

gt
h 

(k
N

)

Outer steel tube thickness (mm)

ti = 1 mm, Di = 80 mm ti = 2 mm, Di = 80 mm ti = 3 mm, Di = 80 mm

fc' = 50 MPa

fc' = 25 MPa

Fig. 11   Ultimate axial strength predicted by FEM model vs. outer 
steel tube thickness for: a L/Do = 3, Di = 80  mm and b L/Do = 2, 
Di = 80 mm
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tube thickness could be comprehended. In these two speci-
mens, the diameter of outer steel tube, inner steel tube yield 
strength and diameter, length of specimen, and concrete com-
pressive strength were constant; whereas, the yield strength 
and diameter of outer steel tube were 454 MPa and 114.5 mm 
for one specimen, respectively, and 453 MPa and 114.4 mm 
for other specimen, respectively. The variation in the yield 
strength and diameter of the outer steel tube could be neg-
ligible and accepted as constant. In this situation, the only 

changeable parameter was the thickness of the inner steel tube 
and it was 5.9 mm for the first specimen and 3.5 mm for the 
second one. This means that the inner steel tube thickness was 
decreased from 5.9 to 3.5 mm, which resulted in the reducing 
of the ultimate axial strength.

In another study of Zhao et al. [60], in two CFDST column 
specimens, all parameters were kept constant except the thick-
ness of the outer steel tube, which was 6.0 mm for one sample 
and 3.6 mm for another sample. The CFDST column specimen 

Fig. 13   Variation in ultimate 
axial strength predicted by FEM 
model with regard to L/Do, Di, 
to, ti values in the case of: a 
fc′ = 25 MPa and b fc′ = 50 MPa
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manufactured with a 6-mm outer steel tube performed higher 
ultimate axial strength than that produced with a 3.6-mm outer 
steel tube. Namely, increasing the outer steel tube diameter 
enhanced the load-carrying capacity of the CFDST columns. 
A similar result was found in the study of Lin and Tsai [61]: 
the thickness of outer steel tube was increased from 2 to 4 mm 
with keeping the other properties constant and the increase in 
the ultimate axial strength was observed.

In addition, in the study of Han et al. [50], the effect of 
inner steel tube diameter was investigated and it was revealed 
that reducing the inner steel tube from 159 to 106 mm sig-
nificantly increased the ultimate axial strength of CFDST col-
umns. This situation was also observed in the experimental 
study of Dong and Ho [62]. The inner steel tube diameter 
with the values of 88.9 and 114.3 mm was used in the manu-
facturing of the CFDST column specimen. In this study, it 
was found out that the lower diameter of the inner steel tube 
resulted in higher ultimate axial strength. Besides, Dong 
and Ho [62] investigated the effect of concrete compres-
sive strength in the same study. Two concrete compressive 
strength grades of 50 and 85 MPa were chosen in their study. 
The CFDST column specimen manufactured with concrete 
having higher compressive strength ensued to higher load-
carrying capacity. The similar results were also found in the 
study of Han et al. [29] and Wang et al. [30]. The experi-
mental programs of Han et al. [29] and Wang et al. [30] were 
conducted using two concrete compressive strength values of 
39.3–66.4 MPa and 40.5–79.9 MPa, respectively, and it was 
revealed that the specimens manufactured using the concrete 
having higher compressive strength performed higher ultimate 
axial strength values.

Besides, the ultimate axial strength of these CFDST col-
umns specimens was estimated using the formulas modi-
fied from ACI [39], EC4 [48], and AISC [49] as well as 
the empirical models suggested by Uenaka et al. [2], Han 
et al. [50], Yu et al. [51], and Hassanein et al. [52]. The 
normalized ultimate axial strength values with respect to the 
proposed FEM model are also presented in Table 4. The nor-
malized results indicate that the formula modified from EC4 
[48] and the empirical model suggested by Uenaka et al. [2] 
have generally overestimated ultimate axial strength values 
with respect to the proposed FEM model; whereas, the other 
modified formulas and the suggested empirical models have 
the underestimated values.

6 � Statistical evaluation of models

The effects of independent parameters such as the diam-
eters and thicknesses of outer and inner steel tubes and the 
compressive strength of concrete annulus are graphically 
illustrated in the previous section. Here, the results are 
statistically evaluated. For this, the analysis of variance 

(ANOVA) was used to indicate the effectiveness of inde-
pendent variables on the dependent variable. The analysis 
method known as general linear model analysis of variance 
(GLM-ANOVA) was utilized in the statistical evaluation 
of the results. The software named “Minitab” including the 
GLM-ANOVA method was employed in performing the 
statistical analysis [63]. The GLM-ANOVA is a diagnostic 
tool that decreases the control variance to help a control 
factor dominance to be quantified.

In this study, the diameter and thickness of the outer and 
inner steel tubes and the concrete compressive strength 
were designated as the independent variables while the 
ultimate axial strength of the double skin composite col-
umns was identified as the dependent variable. Besides, 
the significance level of 0.05 was adjusted in the analy-
sis to reveal which independent variable is a statistically 
important parameter on the dependent variable. The results 
obtained from the statistical analysis of the proposed FEM 
model are presented in Table 5. The significance of the 
independent parameters can be comprehended taking into 
consideration the P values. If the P value of any independ-
ent variable is greater than the level of significance, it 
can be stated that this variable has an insignificant effect 
on the dependent variable. On the contrary case, namely, 
when the P value of any independent variable is less 
than the level of significance, it can be incontrovertibly 
specified that this parameter can be approved as a sig-
nificant variable on the dependent variable. The statistical 
analysis results show that all independent variables have 
a significant effect on the ultimate axial strength of the 
CFDST columns since the P values of each independent 
variable is less than the significance level value of 0.05. 
Even though all independent variables are statistically 
significant parameters on the ultimate axial strength, it 
should be also stated the degree of effectiveness of each 
independent variable. Therefore, the contributions of the 
independent variables on the ultimate axial strength of the 
CFDST columns are given as percentages under the last 
column in Table 5. The higher percent contribution of the 
independent variable implies the higher effectiveness of 
this variable on the dependent variable. According to the 
percent contribution values presented in Table 5, it can be 
easily said that the most significant parameter that affects 
the ultimate axial strength of the CFDST columns is the 
diameter of the outer steel tube. However, the influences 
of inner steel tube diameter and thickness can be accepted 
as negligible since their percent contributions values are 
too small when they are compared with the percent con-
tributions of the outer steel tube diameter and the concrete 
compressive strength. The second most significant inde-
pendent variable is the concrete compressive strength with 
the percent contribution value of 17.8 and the effectiveness 
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Table 5   Statistical analysis of 
the ultimate axial strength of 
the CFDST columns predicted 
by the proposed FEM model, 
modified code formulas, and 
empirical models suggested by 
the previous researchers

Dependent variable Independent 
variable

Sequential 
sum of squares

Computed F P value Significance Contribu-
tion (%)

Pu,FEM Do 62,291,401 796.5 0.000 Yes 68.3
Di 451,250 5.8 0.019 Yes 0.5
to 6,559,575 41.9 0.000 Yes 7.2
ti 623,141 4.0 0.023 Yes 0.7
fc′ 16,273,513 208.1 0.000 Yes 17.8
Error 5,005,538 – – – 5.5
Total 91,204,418 – – – –

Pu,ACI [39] Do 44,125,003 875.6 0.000 Yes 68.3
Di 212,065 4.2 0.044 Yes 0.3
to 3,129,951 31.1 0.000 Yes 4.8
ti 581,681 5.8 0.005 Yes 0.9
fc′ 13,369,654 265.3 0.000 Yes 20.7
Error 3,225,253 – – – 5.0
Total 64,643,606 – – – –

Pu,EC4 [48] Do 90,973,095 1114.9 0.000 Yes 72.9
Di 1,285,030 15.8 0.000 Yes 1.0
to 7,757,532 47.5 0.000 Yes 6.2
ti 357,543 2.2 0.120 No 0.3
fc′ 19,250,582 235.9 0.000 Yes 15.4
Error 5,222,113 – – – 4.2
Total 124,845,896 – – – –

Pu,AISC [49] Do 52,590,321 846.5 0.000 Yes 68.2
Di 310,064 5.0 0.029 Yes 0.4
to 3,053,361 24.6 0.000 Yes 4.0
ti 576,206 4.6 0.013 Yes 0.7
fc′ 16,579,958 266.9 0.000 Yes 21.5
Error 3,975,930 – – – 5.2
Total 77,085,841 – – – –

Pu,Uenaka et al. [2] Do 105,097,136 1198.9 0.000 Yes 72.3
Di 4,419,162 50.4 0.000 Yes 3.0
to 11,146,467 63.6 0.000 Yes 7.7
ti 581,681 3.3 0.043 Yes 0.4
fc′ 18,504,712 221.1 0.000 Yes 12.7
Error 5,610,553 – – – 3.9
Total 145,359,710 – – – –

Pu,Han et al. [50] Do 56,482,401 838.1 0.000 Yes 66.7
Di 429,846 6.4 0.014 Yes 0.5
to 4,385,363 32.5 0.000 Yes 5.2
ti 581,681 4.3 0.017 Yes 0.7
fc′ 18,485,030 274.3 0.000 Yes 21.8
Error 4,313,366 – – – 5.1
Total 84,677,687 – – – –

Pu,Yu et al. [51] Do 55,256,666 1048.0 0.000 Yes 69.8
Di 492,636 9.3 0.003 Yes 0.6
to 6,525,680 61.9 0.000 Yes 8.2
ti 581,681 5.5 0.006 Yes 0.7
fc′ 12,979,321 246.2 0.000 Yes 16.4
Error 3,374,412 – – – 4.3
Total 79,210,396 – – – –
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of the outer steel tube thickness can be approved as moder-
ate due to having a 7.2% contribution value.

The statistical analysis of the ultimate axial strength 
results achieved using the proposed FEM model indicates 
that all independent parameters, namely, the diameter and 
the thickness of the outer and inner steel tubes and the con-
crete compressive strength, are the significant parameters 
in the determination of the ultimate axial strength of the 
CFDST columns according to the P values, but the most 
significant parameter is the diameter of the outer steel tube 
and the lowest significant parameter can be accepted as the 
diameter and thickness of the inner steel tube regarding the 
percent contribution values.

In addition to the statistical analysis of the proposed FEM 
model results, the ultimate axial strength results predicted 
using the formulas modified from ACI [39], EC4 [48], and 
AISC [49], as well as the empirical models suggested by 
Uenaka et al. [2], Han et al. [50], Yu et al. [51], and Hassa-
nein et al. [52], were also analyzed using the GLM-ANOVA 
technique. The statistical analysis results for each model are 
presented in Table 5. According to the statistically evalua-
tion of the results of the modified ACI [39] and AISC [49] 
formulas and the empirical models suggested by Uenaka et al. 
[2], Han et al. [50], Yu et al. [51], and Hassanein et al. [52], 
it is clearly seen that all independent variables have signifi-
cant effect on the ultimate axial strength determination, yet 
with different percent contribution values. Nevertheless, the 
statistical analysis of the results predicted using the modified 
EC4 [48] formula revealed that the inner steel tube thickness 
does not have a significant effect on the ultimate axial strength 
of the CFDST columns because it has the P value of 0.120. 
Furthermore, the statistical evaluation of the results of all pre-
dictive models indicated that the most important independent 
variable is the outer steel tube diameter since its percent con-
tribution value is more than 65% in the analysis results of all 
models. The second significant parameter is the concrete com-
pressive strength and the outer steel tube thickness is the third 

important independent variable for the ultimate axial strength 
determination. According to all model results, the lowest 
effect belongs to the inner steel tube diameter and thickness 
when the percent contribution values are considered.

7 � Conclusions

In this study, it is aimed to model the behavior of axially 
loaded CFDST composite columns using the FEM. The 
effects of geometrical and material properties on the load-
carrying capacity of the columns are investigated statistically. 
Even though there are many numerical models modified from 
the codes and proposed by other researchers to predict the ulti-
mate axial strength of the CFDST columns, the FEM provides 
additionally the load–deflection curves and deformed shapes 
of such composite columns. These could be considered as the 
most remarkable advantages of FEM. Besides, there are other 
benefits of using the FEM model in proposing the predictive 
models for the capacity of CFDST columns. Individual defi-
nitions of material behavior and properties as well as easily 
incorporating the boundary conditions could be taken into 
account other significant gains of the FEM model. On the 
other hand, the requirement of a large amount of data for the 
material definition and mesh description could be regarded 
as the main disadvantage of the FEM model. The following 
conclusions could be drawn based on the findings above:

•	 The FEM could be a useful tool for the modeling of the 
CFDST columns with CHS. The model proposed by 
FEM has the veridical ultimate axial strengths, which 
means no zero values or no under zero values. The most 
significant side of this work is that the FEM model pro-
posed in this study has been verified by various results 
from the researches available in the literature. This 
means that the model could be efficiently employed in 

Do diameter of outer steel tube, Di diameter of inner steel tube, to thickness of outer steel tube, ti thickness 
of inner steel tube, fc′ concrete compressive strength

Table 5   (continued) Dependent variable Independent 
variable

Sequential 
sum of squares

Computed F P value Significance Contribu-
tion (%)

Pu,Hassanein et al. [52] Do 45,195,453 855.6 0.000 Yes 65.5

Di 427,649 8.1 0.006 Yes 0.6

to 5,291,356 50.1 0.000 Yes 7.7

ti 678,137 6.4 0.003 Yes 1.0

fc′ 14,069,778 266.4 0.000 Yes 20.4

Error 3,380,654 – – – 4.9

Total 69,043,026 – – – –
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predicting the ultimate axial strength of CFDST com-
posite columns.

•	 The experimental test results of the samples, which 
were used to verify the FEM model, indicated that the 
proposed FEM model has good prediction capableness 
in the estimation of ultimate axial strength and axial 
stiffness. The FEM model has the average normalized 
ultimate axial strength value of 1.037 and a coefficient 
of variation value of 0.093. Besides, the mean absolute 
percent error value is 7.22.

•	 The verified FEM model indicated that the ultimate 
axial strengths of the CFDST columns were affected 
by the outer and inner steel tubes diameters and thick-
nesses and the concrete compressive strength. Accord-
ing to the FEM model, when the outer steel tube diam-
eter and thickness increased, the ultimate axial strength 
also raised. As well, the FEM model results showed 
that increasing the concrete compressive strength 
increased the load-carrying capacity of the CFDST 
columns.

•	 The CFDST column specimens used in the prediction 
by the FEM model were also handled in the prediction 
by the modified code formulas and the proposed empir-
ical models by the researchers. The results revealed that 
the near prediction performance belongs to the modi-
fied EC4 formula. Generally, the modified EC4 formula 
and the empirical model suggested by Uenaka et al. 
have the overestimated results; while the others have 
the underestimated results.

•	 The predicted results were also statistically analyzed 
by means of the general linear model analysis of vari-
ance technique. The analysis of the FEM model results 
indicated that all independent parameters have a signifi-
cant effect on the ultimate axial strength of the CFDST 
columns according to P values, but the highest effec-
tiveness degree belongs to the outer steel tube diameter 
regarding the percent contribution. Also, it is noticed 
that the effectiveness level of the inner steel tube diam-
eter and thickness can be disregarded.

•	 Besides, the statistical analysis of other models shows 
similar results with the proposed FEM model except 
for the statistical analysis of the modified EC4 formula 
results. According to evaluating the results of the mod-
ified EC4 formula statistically, it is noticed that the 
thickness of the inner steel tube has a P value of 0.120 
and it means that the inner steel tube has no significant 
effect on the ultimate axial strength determination.
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