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Abstract. In this study, the structural response of concrete-filled single and double skin steel tubular (CFST and CFDST)
composite tapered columns was investigated through the finite element method (FEM). In the development of the FEM model,
the concentric axial loading condition and circular section were adopted. Experimental results available in the literature were
used to verify the proposed FEM model. In addition, a parametric study was performed to visualize the effectiveness of tapered
angle and material strengths on the ultimate capacity of CFST and CFDST tapered columns. To this aim, a total of 60 tapered
column samples (including 30 CFST and 30 CFDST columns) were modeled by taking into consideration five tapered angles,
two steel tube yield strengths, and three concrete cube compressive strengths. The verification of the FEM model revealed that
the developed model has a reliable and trustable assessment capability. It was noticed that the tapered angle was the most crucial
parameter, influencing significantly the ultimate axial strength and stiffness of both CFST and CFDST composite tapered
columns. As well, it was overtly beheld from the study that CFST composite tapered column specimens had better ultimate axial
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strength values than CFDST composite tapered column specimens with the same sectional and material properties.
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1. Introduction

Steel tubular members with circular, square, or
rectangular hollow cross-sections have been used for a long
period and applied widely in the structures. These members
have been preferred due to the effective production process
and advance in improved connection details. Similar to the
other types of structural members, the following issues such
as the member capacity in tension or compression, rotation
and flexural ultimate capacity of the cross-sections, strength
limited by buckling of the sections, connection design and,
if required, fatigue properties needs to be considered in their
design (Kulak 1996, D’Aniello et al. 2014, 2015). Even
though the steel tubular sections alone are satisfactorily
utilized, in recent years, composite members in which steel
tubular sections together with concrete take substantial
attention.

The composite tubular columns, which are achieved by
using favorable properties of steel and concrete to
manufacture a new element that carries superior
characteristics of both steel and concrete, are considered as
one of the most significant structural elements. The most
widely used composite column is the reinforced concrete
columns in which the reinforcing steel bars are
encompassed by the concrete to resist both tensile and
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compressive loads. In case of high load carrying capacity
and/or high earthquake resistance of the columns are
required; the concrete-encased steel columns can be
preferable. This type of column consists of concrete or
reinforced concrete that surrounds the H-shaped steel
member. Concrete-filled steel tubular (CFST) column is a
precious composite column type. These types of composite
columns comprise the steel tube and concrete infill and they
perform high strength and good deformation capability
(Chen et al. 2018, Ding et al. 2017, Uenaka et al. 2010,
Zhang et al. 2016). As well, the concrete-filled double skin
steel tubular (CFDST) columns, which are a new species of
CFST columns, could also be regarded as composite
columns (Zhao and Han 2006). The inner steel tube
distinguishes the CFDST columns from the CFST columns.
While the steel tube and concrete infill are involved in the
CFST columns as delineated in Fig. 1(a), the CFDST
columns consist of two centrally placed steel tubes (known
as outer and inner steel tubes) with concrete-filled between
them (known as concrete annulus) as delineated in Fig.
1(b). Both CFST and CFDST columns have significant
advantages of being quickly constructed and economical. At
first, the context of double skin composite was proffered to
be used in submerged tube tunnels (Tomlinson ez al. 1989)
and then further studies engendered new possible utilization
arecas for double skin composites such as nuclear
containment, blast-resistant shelters, and liquid and gas
retaining structures (Wright et al. 1991a, b). Recently, a
multitude of studies exploring the possibility to be applied
on the constructional purposes have been conducted on the
CFDST columns (Han et al. 2004, Kim et al. 2013, Lin and
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Fig. 1 Cross-sectional patterns

Tsai 2001, Shekastehband et al. 2018, Tao et al. 2004,
Uenaka et al. 2010, Wei et al. 1995, Zhao et al. 2002a, b,
2010). These researches revealed that the CFDST columns
have similar demeanors to CFST columns (Li ef al. 2012).
Also, the hollow section in CFDST columns provides a
lower structural weight while maintaining the large energy
absorption capacity (Hassan et al. 2016, Ipek and Giineyisi
2020, Li et al. 2012, Uenaka et al. 2010).

The concrete-filled single or double skin steel tubular
tapered column is a very special kind of composite member
having the cross-section diminishing from bottom to top as
its height increases. The economical side of these types of
columns may be considered as the main advantage and also,
they can be utilized in the structures in order to yield the
architectural demands (Li ef al. 2012). Besides, in addition
to their aesthetics semblance, they exhibit identical
mechanical performances with the members having uniform
cross-sections (Li ef al. 2013). However, the experimental
results indicated that since the cross-section size of the
members diminishes from bottom to top of the column, they
have lower ultimate axial strength than the one having a
uniform cross-section.

In the literature, there are limited studies of such
columns. For example, Han et al. (2010) and Ren ef al.
(2017) studied experimentally on the CFST composite
tapered columns and Li et al. (2012) and Han ef al. (2011)
presented researches about the CFDST composite tapered
columns. The main concern in these studies was to
investigate the influence of the tapered angle () on the
ultimate axial strength of composite tapered columns. The
results of these studies revealed that the performance of
both concrete-filled single and double skin steel tubular
composite tapered columns decreased when compared with
the traditional straight columns (Han ef al. 2010, 2011, Li et
al. 2012, Ren et al. 2017). Han et al. (2010) suggested that
this type of column may be used as members, which can
resist the vertical loads. Li et al. (2012) stated that
especially the CFDST tapered columns have been used in
the construction of electrical transmission towers and also,
it was emphasized that the knowledge about such type of
columns are still scarce though they have already been
utilized in the practical application. Also, these types of
members can be employed in high-rise buildings or
industrial structures where the lower columns have

sometimes a higher cross-section than the upper columns
(Han et al. 2010). Moreover, Han et al. (2010) attempted to
use the existing code formulas in the prediction of ultimate
axial strength of CFST composite tapered columns and the
research results indicated that the prediction capability of
existing code formulas are significantly poor when they are
used for the ultimate axial strength assessment of special
concrete-filled steel tubular columns.

Due to the lack of information about the attitude of
concrete-filled single and double skin steel tubular
composite tapered columns in the literature and the poor
prediction performance of the existing code formulas
regarding the ultimate axial strength, a model that could be
useful for simulation and visualization of the characteristics
of such type of columns is requisite. For this reason, a new
model was developed to simulate and analyze both CFST
and CFDST composite tapered columns in this study. The
model herein was generated by using the finite element
method (FEM) mediated through ABAQUS CAE (2014)
software.

The developed model was suggested to be utilized in the
prediction of the performance of both concrete-filled single
and double skin steel tubular composite tapered columns.
During the development of the model, the axially loading
condition and circular cross-section for both tapered column
types were considered as shown in Figs. 2(a)-(b). The
experimental test results existing in the literature were
handled to verify the efficacy, accuracy, and reliability of
the developed model. Subsequently, to examine the
influences of the tapered angle and material strengths on the
ultimate axial strength of such types of tapered columns, a
parametric study was conducted. 30 CFST composite
tapered column samples were modeled by taking into
consideration five tapered angles, two steel tube yield
strengths, and three concrete cube compressive strengths,
and after, the parametric study results were statistically
evaluated. Besides, 30 CFDST composite tapered column
samples were also modeled having the same sectional and
material properties as CFST composite tapered column
samples to display the impact of second steel skin that was
used as an inner steel tube in the production of the CFDST
composite tapered columns. The analysis of the results was
given and discussed comparatively.
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Fig. 2 Intricate specimens and test configuration

2. FEM model

The finite element program named ABAQUS CAE
(2010) was employed to analyze and simulate the nonlinear
response of the CFST and CFDST composite tapered
columns having a circular section under the axial loading
condition. The material definition especially the nonlinear
behavior, interaction, surface identification, element type,
mesh selection, loading, and boundary condition are
elucidated in detail in the following sections.

2.1 Material modeling

Both CFST and CFDST tapered columns compose of
steel tubes and concrete infill. In this study, they were
modeled as including bottom and top plates. The material
definitions used for the steel tube were also utilized for the
endplates. The steel and concrete behaviors adopted in the
model are given below.

2.1.1 Modeling of steel

In the literature, there are various stress-strain models,
which have been used by many researchers in the modeling
of steel such as the elastic-perfectly plastic model (Hu ef al.

B 15¢,
= {[15 —0.018(f,, — 300)]s,

B 100,
fu = {[100 — 0.15(f,, — 300)]e,

2003, Schneider and Member 1998), the elastic-plastic
model with linear hardening (Guo et al. 2007, Xiong and
Zha 2007) or multi-linear hardening (Han et al. 2007).

It was expressed by Tao et al. (2013b) that the stress-
strain relationship selection has no significant effects on the
load-carrying capacity of the member and it was reported
that only the load-deformation curve in a later stage of the
member is relatively affected by the stress-strain
relationship of steel.

The steel material, in this study, was defined by using
the elastic-plastic model with strain-hardening that was
proposed by Tao et al. (2013a) as schematically indicated in
Fig. 3. Besides, it was proposed that the model is valid for
the yield strength values ranging between 200 and 800 MPa
(Tao et al. 2013a). The elastic properties of the steel were
elucidated 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. If the elastic modulus and Poisson’s ratio are not
known or not provided, it can be considered as 200 x 103
MPa and 0.3, respectively. The second part in the stress
versus strain relationship of the steel material was
considered as the strain-hardening region and as can be
overtly seen from Fig. 3, the yield, plastic, and ultimate
strain values, yield and ultimate strength, and elastic
modulus of steel are necessary to acquire the stress-strain
relation of steel material.

Following expressions as recommended by Tao et al.
(2013a) were used in the determination of the strain values

&y =E_s (1)

fiy <300 MPa

2
300 MPa < f;, < 800 MPa @

fiy < 300 MPa

300 MPa < f,, < 800 MPa )

where ¢,, &5, and g, are the yield, plastic, and ultimate strain
of steel tube, respectively, f;, and E; are the yield strength
and elastic modulus of steel tube, respectively.

Furthermore, Tao ef al. (2013a) proposed an equation by
which the steel ultimate strength can be determined by

employing the steel yield strength value as given in the
following
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Fig. 3 Stress-strain curve for the steel tubes and end plates
(Tao et al. 2013a)

£ = {[1.6 —2x1073(f;,, — 200)]fsy
o —400)]f;, 400 MPa < f,,, < 800 MPa

[1.2 — 3.75x107*(f;,

where f;, is the steel’s ultimate strength.

The nonlinear region of the stress-strain curve of steel
material, namely the strain-hardening region, could be
calculated by the following expressions that were suggested

by Tao et al. (2013a)
P
‘95) 5)
p

where f; and &, are the stress and strain in the nonlinear
region of steel material, respectively, and p is the strain-
hardening exponent that can be determined by the
expression below

= fou = (= fiy) (:j:

p=E, (= (©6)
(e=r)

where E, is the modulus in the strain-hardening region that
was assumed to be equal to 2% of elastic modulus (Tao et
al. 2013a).

2.1.2 Modeling of concrete

Concrete inherently indicates brittle behavior but
performs diverse failing mechanisms that can be stated as
crushing and cracking in compression and tension,
respectively (Huang ef al. 2010). However, the utilization of
concrete in the steel tube as infill material changes its
nature. The steel, which envelops the concrete, supply extra
strength to concrete and enhances its ductility (Tao et al.
2013a). The amount of confinement that is provided by
surrounding steel is directly related to its diameter-to-
thickness ratio. For this reason, the stress-strain relationship
of unconfined concrete cannot be employed to simulate
concrete behavior in the model when the diameter-to-
thickness ratio of the steel tube is less than 150. In order to
achieve accurate and reliable simulation from the model,
the behavior of concrete should be well-defined. In this

study, the model named Concrete Damaged Plasticity
(CDP) existing in ABAQUS CAE was adopted to describe
the behavior of the concrete utilized as infill material. The
plasticity of concrete is defined by the CDP model
regarding the unique yield function with the non-associated
flow and a Drucker-Prager hyperbolic flow potential
function (Huang et al. 2010). Namely, isotropic damaged
plasticity context combined with isotropic tensile and
compressive plasticity is handled by the CDP model in
order to reflect the inelastic characteristic of concrete
(Hassanein and Kharoob 2014). The plasticity parameters to
be determined in this model are the flow potential
eccentricity (e), viscosity parameter, the ratio of the strength
under biaxial compression to the strength under uniaxial
compression (fyo/fc0), the ratio of the second stress invariant
on the tensile meridian to that on the compressive meridian
(K¢) (Tao et al. 2013Db), and the dilation angle (). These are
the main CDP model parameters. In addition to these

200 MPa < f;,, < 400 MPa @

parameters, the strain hardening and softening behavior of
concrete under compressive loading and its tensile behavior
should also be described in the CDP model. Also, the elastic
constants of the concrete such as elastic modulus and
Poisson’s ratio are also necessary to simulate a reliable and
accurate FEM model.

The default values of 0.1 for the flow potential
eccentricity and O for the viscosity parameter, which were
recommended by the CDP model, were employed. The
prediction performance and the accuracy of the model are
not remarkably affected by these two parameters (Tao et al.
2013b). Even though the ABAQUS wuser’s manual
recommends constant values for the CDP model, in the
event of some special cases, the default values may not be
proper to be used in the model due to the fact that the
passively confined concrete has a complex nature (Tao et al.
2013b). Because of this reason, the expressions proposed by
the other authors for some CDP parameters, which were
considered to have remarkable influences on the ultimate
strength, were used instead of default values.

frolfco 1s a parameter that is thought to have a remarkable
effect on the model simulation. The default value of 1.16
provided by the ABAQUS user’s manual (2014) for fo/fz0
was not used in the model, instead of it, the following
expression that was proposed by Papanikolaou and Kappos
(2007) derived from the test data collected from 14 studies
was used in the determination of f;o/f:o value

foo/ feo = 1-5(fc0)_0'075 @)

where f0 and f, are the equibiaxial concrete strength and
unconfined compressive strength of cylinder concrete (f.”),
respectively. The above formula is valid for the cylinder
concrete compressive strength range of 30 and 100 MPa.
Another parameter having a remarkable impact on the
ultimate axial strength is the K. parameter by which the
yield surface of the concrete plasticity model is determined.
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This parameter is interpreted as the ratio of the second
stress invariant on the tensile meridian to that on the
compressive meridian (Tao et al. 2013b), and its value all
the time ranges between 0.5 and 1.0 (Seow and
Swaddiwudhipong 2005). When the value of the K.
parameter is 1.0, a circular deviatoric cross-section is
acquired for the failure surface and the strength hypothesis
in the classic Drucker Prager model uses this condition as
well (Kmiecik and Kaminski 2011). However, in the CDP
model, the K. parameter with the value of 2/3 is suggested
to be used and this condition of the deviatoric cross-section
of failure surface is similar to the strength criterion
formulated by William and Warnke (1975). Apart from
these, Tao et al. (2013b) explored the effect of the K.
parameter on the load-strain curves of two specimens taken
from the experimental study of Tomii et al. (1977) and it
was reported that no effect of the K. parameter on the initial
stage of the load-strain curves was observed whereas the
significant effect of the K. parameter was beheld after the
column yielded. Additionally, it was stated that diminishing
the K. parameter increased the ultimate strength. These
findings emphasize that the determination of the K.
parameter should be done carefully. The following
expression, which was deduced by Tao ef al. (2013b) with
respect to Yu et al. (2010), was used in the determination of
the K. parameter

55

K. = 5+ 2(f)0075

®)

To represent the plastic flow potential of confined
concrete, the dilation angle (y), which is the measured
inclination angle in the meridional plane of the failure
surface towards the hydrostatic axis, should be properly
decided. Because in the literature, various values for y were
used by many researchers (Xiong and Zha 2007,
Papanikolaou and Kappos 2007). In ABAQUS CAE (2014),
the permitted range for w value is between 0 and 56°,
however, the value of w could not be used as 0° in
ABAQUS CAE that means it should be computed more
than 0°. Tao et al. (2013b) also performed a sensitivity
analysis on the impact of w on the ultimate strength and
load versus strain curve of specimens obtained from the
experimental study of Tomii et al. (1977). It was expressed
that the higher y value resulted in the higher ultimate
strength whereas the initial part of the load-strain curve was
not influenced by w values. The reason underlies the higher
ultimate strength achieved by increasing the value of y is
that the dilation angle is directly related to the interaction

0.3x(£)%/s

fetm =

fcm)
2.12xIn (1 + 10

between the concrete and steel tube and increasing the
dilation angle increases the concrete dilation rate that led to
the establishment of a stronger interaction between the
concrete and steel tube. Since the ultimate strength of the
model in ABAQUS is affected by y value, an accurate

value of w should be determined at the first. Tao et al.
(2013b) proposed an equation by using regression analysis
as a function of confinement factor that has strict relation
with dilation of concrete. This equation presented as follow
was used in the determination of dilation angle

56.3(1 — £,)

foré. <05
= { 7.4
6.672e464+5c

9
foré&.>0.5 ©)

where & is the confinement factor and to be determined by
the following expression

$e=ay Loy (10)
f ck

where a, and f;x are the nominal steel ratio of CFST and

CFDST columns and the concrete characteristic

compressive strength, respectively, to be determined

following equations

A

a, = (10a)

Ac,nominal

where Acominat 18 the nominal cross-sectional area of the
concrete and to be determined as follows

m(D — 2t)?
Ac,nominal = T (1Ob)
where D and ¢ are the diameter and thickness of the steel
tube, respectively.

fere = 0.67fcy (10c)
and where f., is the concrete characteristic cube strength. It
should be stated that in the case of CFDST columns, only
the outer steel tube should be considered in the confinement
factor calculation.

It was articulated by Tao et al. (2013b) that the tensile
characteristic of concrete does not play a critical role on the
CFST stub columns when they are under the axial
compression loading condition. Yet, the tensile behavior of
concrete has to be defined in the model generated on
ABAQUS CAE software when the CDP model is handled
to describe the concrete material. In this study, the
following expression was used to describe the uniaxial
tensile response of concrete (CEBFIP 1993) that assumes a
linear stress-strain behavior until the ultimate tensile
strength of concrete was achieved

for concrete class < €50/60

(11)

for concrete class > €50/60

where f.., and f., are the mean tensile strength and mean
compressive strength, respectively. According to Eurocode
2 (EC2) (2004), the mean compressive strength can be
calculated by the following expression

fom = ¢ +8 (11a)
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Fig. 4 Stress-strain curves for the confined and unconfined
concrete (Hu ef al. 2003, Binici 2005)

The fracture energy was used to describe the tensile
softening characteristic of concrete and the following
expression was utilized in the calculation of fracture energy
(Bazant and Becq-Giraudon 2002, CEBFIP 2003)

1\ 07

Gr = (0.0469d2,,, — 0.5d,,4, + 26) (ﬁ) (12)
where Gr and d.. are the fracture energy for tensile
concrete and maximum coarse aggregate size, respectively.
When unconfined cylinder concrete compressive strength
(f-’) and maximum coarse aggregate size (dnq) values are
computed in the unit of MPa and mm, respectively, the
fracture energy (Gr) would be in the unit of N/m and if the
maximum aggregate size was not provided, it could be
taken as 22.5 mm.

In the current model, the stress versus strain curve for
confined concrete suggested by Hu ef al. (2003) was used
with an alteration in the softening region as presented in
Fig. 4. The model suggested by Hu et al. (2003) consists of
three regions that could be elucidated as elastic, strain
hardening, and linear softening regions. But the model
proposed in this study assumes a strain-softening region as
opposed to Hu et al. (2003) since the confinement of
concrete ensured by steel tube would increase the peak
strain. Therefore, the function that was suggested by Binici
(2005) was used to define the descending branch of
confined concrete material. As a result, in this study, as
clearly seen from Fig. 4, the proposed model consists of
three regions that could be stated as elastic region, which
begins from the origin (Point O) and ends at the
proportional limit stress (Point A), the strain hardening

!
Eccgl

and plateau (Point C). This model for the confined concrete
has been developed in order to properly describe the
behavior of the concrete material placed in a column having
a reducing cross-section.

In Fig. 4, ., fec and f; are the unconfined compressive
strength of cylinder concrete, confined compressive
strength, and residual stress, respectively. The
corresponding strains of unconfined and confined concretes
are demonstrated by & and &, respectively. The
compressive strength of cylinder concrete can be obtained
by the experimental test and the unconfined concrete strain,
&, can be considered as 0.003 regarding ACI (2008)
suggestion. Yet, the following equations suggested by
Mander et al. (1988) was used in the calculation of the
confined concrete parameters, such as strength and
corresponding strain

fee = f¢ Hkifi (13)
Eee = & (1 +k, %) (14)

where k; and k; are the constants recommended by Richart
et al. (1928) to be taken as 4.1 and 20.4, respectively, f; is
the lateral confining pressure provided by the steel tube
(calculated with Egs. (15)-(16) recommended by Hu et al.
(2003).

In the case of 21.7 <D/t <47

fi = fiy [0.043646 —0.000832 (g)] (15)

In the case of 47 < D/t < 150

fi =1y [0.006421 —0.0000357 (g)] (16)
As stated above, in the current model, the proportional
limit stress was taken as 0.5/ according to Hu et al. (2003)
and the corresponding strain was calculated by dividing the
proportional limit stress to confined concrete’s modulus of
elasticity, E... The empirical equation given as follows and
suggested by ACI (2008) was used to determine the
acceptably elastic modulus for the confined concrete (Eq.
(17)). In addition to that, the Poisson’s ratio for
conventional concrete, v, ranges between 0.15 and 0.22 and
it was presumed to be 0.2 for the confined concrete in this
numerical analysis.

E.. = 47004/ f 17)

The strain hardening region of the stress versus strain
curve of the confined concrete was determined by the
following formula that was recommended by Sanez (1964)

fi =

region, which falls between the proportional limit (Point A)
and confined concrete stress (Point B), and strain softening
region, falls between the confined concrete stress (Point B)

1+(R+RE—2)(§—i)—(2R—1)(;—i)2+R(—

&h)? (18)
)

Ecc

where f;° and &, is the stress and strain in the strain
hardening region of confined concrete, respectively, R and
Rg are the coefficients to be calculated by the following
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expressions
Rz(R,—1) 1
R=————— 18
(Rg - 1)2 Rs ( a)
E.cg
RE — cce=cc (lgb)
fee

and where R, and R are set to be equivalent to 4 according
to the suggestion by Hu and Schnobrich (1989).

In this situation, in the formula proposed by Sanez
(1964), only the strain, ¢, value is unknown in order to
calculate the stress. The stress values for the strain
hardening region could be easily computed by postulating
the strain values which must be between the proportional
strain and the confined strain.

To achieve the last region of the stress-strain curve for
confined concrete, the function by Binici (2005) was
handled as follows

defined as master or slave. In the current model, the steel
tube surfaces 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 surfaces while the
surfaces of the concrete annulus were chosen as slave
surfaces in all interactions 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 0.6 and directionality of isotropic was applied
for Tangential behavior. In the literature, there are several
values considered by many researchers for the friction
coefficients such that the value of 0.25 was used by
Schneider and Member (1998), 0.30 by Lam et al. (2012),
0.4 by Hassanein et al. (2013), and 0.6 by Han et al. (2007).
Since the value 0.6 was agreed by most test results (Rabbat

L \B
fo=f+ U —fexp [— (%) l inthe case of € = g, 19)

where f>° and &, are the stress and strain in the strain-
softening region of confined concrete, respectively, o and f
are the parameters appointing the descending branch shape.
Following equations stated as a function of & were used to
determine the residual stress (f;) and parameter a (Egs. (20)-
(21), respectively) whereas the parameter S can be set to be
equivalent to 1.2

fr=07(1 - e79%)f < 0.25f; (20)

0.036
a=004- 1 + g608§-3.49 2h

It is noted that f;, @, and S cannot be directly attained
from the test, they were achieved by various trials giving
the best-fit values (Tao et al. 2013b).

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 so
as to attain equal contractions. In this way, each CFST
composite tapered column specimen consisted of four
components such as steel tube, concrete infill, and the top
and bottom endplates as delineated in Fig. 5(a) whereas
each CFDST specimen composed of five components such
as outer and inner steel tubes, concrete annulus, and the top
and bottom endplates as given Fig. 5(b). The interactions
between the components were identified by adopting their
surfaces.

The surface-to-surface contact and Tie constraint
available in ABAQUS CAE (2014) were employed to
govern the bond between the specimen components. By
using these methods, the surfaces should be first identified
according to their characterizations namely it should be
decided which surface will penetrate the other. For this
condition, in ABAQUS CAE (2014), the surfaces can be

and Russell 1985), this value of the coefficient of friction
was chosen. The surface-to-surface contact was designated
to identify the interactions between the steel tube(s) and the
concrete infill (or annulus) surfaces and also between the
endplates and the concrete infill (or annulus) surfaces. Tie
constraint, however, was handled to identify only the
interactions between the steel tube(s) and endplates surfaces
excluding the interaction between the inner steel tube and
top endplate. To identify this interaction, the surface-to-
surface contact was selected. Lately, the rigid body
constraint was adopted for the endplates to prevent their
deformations.

Steel tube Concrete infill Assemblied body

(a) CFST composite tapered column

Outer steel tube Concrete annulus Tnner steel tube Assemblied body

(b) CFDST composite tapered column
Fig. 5 Typical meshing
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2.3 Finite element type and mesh selection

The components in this study were modeled with
respect to the deformable solid shape. The revolution type
was used to sketch the solid-shaped components. C3D8
element type with reduced integration and geometric order
of linear was utilized for all components of both CFST and
CFDST composite tapered columns. The element shape for
C3D8 was hexahedron. The approximate global size of the
mesh was 24 for steel and concrete components. Yet, the
approximate global size of the mesh for endplates was 12
because there is no influence of mesh size of endplates on
the results. Moreover, the local seed was applied which was
selected as 48 for steel and concrete components and 12 for
endplates. Figs. 5(a)-(b) shows the representative meshing
of each component of CFST and CFDST composite tapered
columns, respectively.

2.4 Boundary and loading conditions

There was a reference (RF) point in the top and bottom
endplates in order to specify the center of the plates and as
aforementioned to create a rigid body constraint. The
boundary and loading were implemented on the specimens
from these RF points. Encastre type boundary condition in
ABAQUS CAE (2014) was used at the bottom endplates so
as 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 that
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 the top endplate was
applied to each specimen.

However, for the sample that was anticipated to fail due
to the buckling such as the CFST composite tapered column
specimen from the study of Ren et al. (2017), the boundary
condition at the bottom was fixed against 4 degrees of
freedom (uy = u, = u. = 6, = 0). In other words, the
deformations in the X, y, and z axes, as well as the rotation
about the y-axis, were restrained. Namely, the bottom plate
of the model was allowed to rotate just about the x and z
axes. On the other hand, the top plate on which the load was
applied was allowed to deform in the y-direction and rotate
about the x and z axes. Indeed, the deformations were
inhibited in the x and z direction and the rotation was
forbidden about the y-axis at the top plate (ux = u. = 6, = 0).
The loading was applied similar to the aforementioned way.

3. Verifying the FEM model

To accurately compute the demeanor of the CFST and
CFDST composite tapered columns, the verification and
calibration of the proposed model is a crucial point. For this
reason, the previously conducted experimental test results
were adopted in the verification and calibration of the
proposed FEM model.

The experimental test results of two specimens denoted
as TC2-1 (TC2-2) and TC3-1 (TC3-2), from the study of
Han et al. (2010) were utilized in the affirmation of the

proposed FEM model. The specimens from this study were
the CFST composite tapered column samples manufactured
by using the steel tube with a yield strength of 410.1 MPa
and the concrete with the average cubic strength at the time
of the test of 69.6 MPa. The base diameters of the CFST
composite tapered columns, namely, the diameter in section
B-B as demonstrated in Fig. 2(a), were kept constant as 200
mm in both test specimens whereas the top diameters of the
columns, the diameter in section A-A as demonstrated in
Fig. 2(a), were 158 and 116 mm for the specimen labeled as
TC2-1 (TC2-2) and TC3-1 (TC3-2) specimens, respectively.
It means that the tapered angle for TC2-1 (TC2-2) labeled
specimen was 2° while it was 4° for the specimen with the
label of TC3-1 (TC3-2) since the height of the CFST
composite tapered column specimens was 600 mm. The
steel tube thickness was 3.75 mm for all specimens.
Besides, the steel tube had the elastic modulus and
Poisson’s ratio of 195 GPa and 0.279, respectively.
Additionally, from the study of Ren et al. (2017), the
CFST composite tapered column specimen designated as
ccd-1 (cc4-2) was used in the illustration of the estimation
capability of the proffered FEM model. In the
manufacturing of this specimen, the steel tube with a yield
strength of 389.3 MPa and the concrete with the average
cubic strength at the time of the test of 62.8 MPa were
utilized. The base diameter of the CFST composite tapered
column, namely, the diameter in section B-B as
demonstrated in Fig. 2(a), was 200 mm while the top
diameter of the column, the diameter in section A-A as
demonstrated in Fig. 2(a), was 170 mm for this specimen.
In this way, the tapered angle value was 0.57° because this
CFST composite tapered column specimen had a height of
1500 mm. The thickness of the steel tube was 2.92 mm.
Besides, the steel tube had the elastic modulus and
Poisson’s ratio of 206 GPa and 0.294, respectively.
Likewise, four CFDST composite tapered column
specimens experimentally tested by Li et al. (2012) were
used to indicate the prediction performance of the proffered
FEM model. The specimens were designated as C2-1 (C2-
2), C3-1 (C3-2), C4-1 (C4-2), and C5-1 (C5-2). In this
study of Li et al. (2012), all CFDST composite tapered
columns were manufactured by the outer steel tube with a
yield strength of 439.3 MPa, inner steel tube with a yield
strength of 396.5 MPa, and the concrete with the average
cubic strength at the time of the test of 52.5 MPa. The base
outer steel tube diameters of the CFDST composite tapered
columns, namely, the outer diameter in section B-B as
demonstrated in Fig. 2(b), were 350 mm for both C2-1 (C2-
2) and C3-1 (C3-2) specimens whereas it was 300 and 250
mm for the specimen designated as C4-1 (C4-2) and C5-1
(C5-2), respectively. The top outer steel tube diameters of
the columns, namely, the outer diameter in section A-A as
delineated in Fig. 2(b), were 329, 308, 282, and 235 mm for
the specimens labeled as C2-1 (C2-2), C3-1 (C3-2), C4-1
(C4-2), and C5-1 (C5-2), respectively. The base inner steel
tube diameters, namely, the inner diameter in section B-B as
demonstrated in Fig. 2(b), were 231 mm for both C2-1 (C2-
2) and C3-1 (C3-2) specimens whereas it was 198 and 165
mm for the specimens designated as C4-1 (C4-2) and C5-1
(C5-2), respectively. The top inner steel tube diameters of
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the columns, namely the outer diameter in section A-A as
delineated in Fig. 2(b), were 210, 189, 180, and 150 mm for
the specimens labeled as C2-1 (C2-2), C3-1 (C3-2), C4-1
(C4-2), and C5-1 (C5-2), respectively. The tapered angles
for these CFDST composite tapered column specimens
were 0.57° for the specimens labeled as C2-1 (C2-2), C4-1
(C4-2), and C5-1 (C5-2) while it was 1.14° for the C3-1
(C3-2) denoted specimen. Since the height of the column
specimens was 1050 mm for C2-1 (C2-2) and C3-1 (C3-2)
named samples, 900 mm for C4-1 (C4-2) named sample,
and 750 mm for C5-1 (C5-2) named sample. The thick-

0 &

Fig. 6 Schematically illustration of the relation between
confinement factor and height of CFDST composite
straight and tapered columns (Li et al., 2012)

nesses of the outer and inner steel tubes used in the
manufacturing of the CFDST composite tapered columns
were 3.82 and 2.92 mm, respectively. Moreover, the outer
steel tube had the elastic modulus and Poisson’s ratio of 212
GPa and 0.307, respectively, while the inner steel tube had
202 GPa and 0.295, respectively.

In addition, two CFDST composite tapered column
specimens experimentally tested by Han ef al. (2011) were
used in the verification of the model. TC1-1 (TC1-2) and
TC2-1 (TC2-2) labeled specimens from the study of Han et
al. (2011) had the outer and inner steel tube yield strength
values of 319.6 and 380.6 MPa, respectively. The concrete
used between the steel tubes had an average cubic strength
at the time of the test of 65.6 MPa. The outer and inner steel
tube thicknesses were 3.62 and 3.72 mm, respectively. The
base outer steel tube diameters of the CFDST composite
tapered columns, namely, the outer diameter in section B-B
as demonstrated in Fig. 2(b), were 220 mm for both TC1-1
(TC1-2) and TC2-1 (TC2-2) specimens whereas the top
outer steel tube diameter of the columns, namely, the outer
diameter in section A-A as delineated in Fig. 2(b), was 197
mm. The base inner steel tube diameters, namely, the inner
diameter in section B-B as demonstrated in Fig. 2(b), were
159 and 106 mm for TC1-1 (TC1-2) and TC2-1 (TC2-2)
specimens, respectively, whereas it was 136 and 83 mm for
the top inner steel tube diameters of the TC1-1 (TC1-2) and
TC2-1 (TC2-2) labeled column specimens, respectively,
namely the outer diameter in section A-A as delineated in
Fig. 2(b). The column height was 660 mm and in this way,

Table 1 Experimental dataset handled in the verification of the model

Samn] Outer steel tube Inner steel tube Steesltﬁzggtﬁield Concretg Height of
Reference f;gle)]e [D x to (mm x mm)] [d x & (mm x mm)] [fiy (MPa)] co;?r};rne;tslllve specimen
Section A-A  Section B-B  Section A-A  Section B-B  Outer Inner [feu (MPa)] (H (mm)]
TC2-1* 158 x3.75 200 x 3.75 - - 410.1 - 69.6 600
Hanetal. TC2-2% 158 x3.75 200 x 3.75 - - 410.1 - 69.6 600
(2010) TC3-1* 116 x3.75 200 x 3.75 - - 410.1 - 69.6 600
TC3-2* 116 x3.75 200 x 3.75 - - 410.1 - 69.6 600
Reneral. cc4-1¥  170x292 200 x2.92 - - 389.3 - 62.8 1500
(2017) ccd-2%  170x2.92 200 x 2.92 - - 389.3 - 62.8 1500
C2-1**  329x382  350x3.82 210x292  231x292 4393 3965 525 1050
C2-2%*%  329x382  350x3.82  210x292  231x292 4393 3965 52.5 1050
C3-1**  308x3.82  350x3.82  189x292  231x292 4393 3965 52.5 1050
Lietal.  C3-2*%  308x382  350x3.82  189x292  231x292 4393  396.5 52.5 1050
(2012) C4-1**  282x382  300x3.82  180x292  198x292 4393 3965 52.5 900
C4-2%*  282x382  300x3.82  180x292  198x292 4393 3965 52.5 900
C5-1%*  235x382  250x3.82  150x292  165x292 4393 3965 52.5 750
C5-2%%  235x382  250x3.82  150x292  165x292 4393 3965 52.5 750
TCI-1%* 197 x3.62  220x3.62  136x3.72  159x372  319.6 380.6 65.6 660
Han et al. TCL-2%% 197 x3.62  220x3.62  136x3.72  159x3.72  319.6  380.6 65.6 660
(2011)  TC2-1*%*  197x3.62  220x3.62 83 x3.72 106 x3.72  319.6  380.6 65.6 660
TC2-2%* 197 x3.62 220 % 3.62 83 x 3.72 106 x3.72  319.6  380.6 65.6 660

*CFST column samples; ** CFDST column samples



580 Siileyman Ipek and Esra Mete Giineyisi

the tapered angle was 1° for both CFDST composite tapered
column specimens. Furthermore, the outer steel tube had the
elastic modulus and Poisson’s ratio of 201 GPa and 0.286,
respectively, while the inner steel tube had 192 GPa and
0.282, respectively.

The details of the test specimens are also elaborately
submitted in Table 1. In the studies mentioned above, two
samples were produced from each specimen and the results
of both were submitted. However, in this study, the average
of both sample results was compared with the outcome of
the FEM model. Besides, since the cross-section of the
CFST and CFDST composite tapered columns diminishes
from bottom to top, in this study, two different simulations
were conducted for the CFST and CFDST composite
columns with respect to the top and bottom cross-sections.
In other words, for each composite tapered column
specimen, the calculations of the material definition of
concrete were carried out taking into consideration the
confinement factor determined according to the bottom and
top cross-sections. This assessment was done due to the fact
that the confinement factor is directly related to the (outer)
steel tube diameter and it is not constant in tapered
columns.

Fig. 6 is presented in order to indicate this relation
between the confinement effect and the height of CFDST
composite straight and tapered columns. It can be overtly
seen from Fig. 6 that in the CFDST composite straight
column, the confinement effect provided by the outer steel
tube remains constant throughout its height whereas, in the
CFDST composite tapered columns, the outer steel tube
provides more confinement as its diameter reduces. In
another saying, decreasing the cross-section of the tapered
column enhances the confinement effect provided by the
outer steel tube, thus meaning the tapered steel tube
provides more confinement to the concrete on the top
section (Li ef al. 2012). Additionally, a similar relationship
between the cross-section and the height of the column can
be observed in the CFST type tapered columns.

The predicted ultimate axial strength values by using the
developed FEM model regarding the CFST and CFDST
composite tapered columns are given in Tables 2 and 3,
respectively. The tables involve both the predicted ultimate
axial strength values taking into consideration the confine-

CFST CFDST  ---100% agreement line
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3000

2000 )ae

Predicted ultimate axial strength, kN
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0 1000 2000 3000 4000 5000 6000
Experimental ultimate axial strength, kN

(a) According to section A-A of the tapered column

ment effect determined regarding the top and bottom cross-
sections. The abbreviation N,zxp was used to demonstrate
the experimental ultimate axial strength while N, gy was
utilized to indicate the computed ultimate axial strength by
using the proposed FEM model. The symbols ‘4 and B’,
which were used with N, gy, were handled to show the
predicted ultimate axial strength values by using the
confinement effect determined according to section A-A
and B-B as presented in Fig. 2, respectively. Besides, the
normalized values of the predicted ultimate axial strength
are depicted in Tables 2 and 3. The results indicated that the
proposed FEM model has superior prediction performance
for both CFST and CFDST composite tapered columns. The
predicted ultimate axial strength values were near to that
obtained from the experimental test. As can be clearly seen
from Table 2, the model was suitable not only for the CFST
composite tapered stub columns but also for slender
columns, which was experimentally tested by Ren et al.
(2017). The results also showed that the prediction
performance of the proposed model can be acceptable for
the confinement effect determined with respect to sections
A-A and B-B. To graphically illustrate the prediction
capability of the developed FEM model, the predicted
versus experimental ultimate axial strength values of CFST
and CFDST composite tapered columns are given in Fig. 7.
Fig. 7(a) indicates the predicted ultimate axial strength
values of CFST and CFDST composite tapered columns
regarding the confinement effect determined by taking into
consideration section A-A whereas Fig. 7(b) illustrates the
predicted ultimate axial strength considering section B-B. It
could be overtly seen that the predicted ultimate axial
strength values of both conditions amass around the 100%
agreement line that is the indication of good estimation
capableness of the developed FEM model.

The outward buckling of steel tube in the CFST and
outer steel tube in CFDST composite tapered columns were
observed by many researchers (Li ef al. 2012, Han et al.
2010, 2011, Ren et al. 2017). The tapered columns tested in
these studies always performed the ductile behavior and the
outward buckling of (outer) steel tube occurred at a place
near to top section. As reportedly, the failure mode
characteristics of CFDST composite tapered stub columns
are similar to that of CFST tapered stub columns (Li ef al.

CFST CFDST  ---100% agreement line
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5000

4000

3000 et

2000 L7

Predicted ultimate axial strength, kN
\

1000

0 1000 2000 3000 4000 5000 6000
Experimental ultimate axial strength, kN

(b) According to section B-B of the tapered column

Fig. 7 Predicted versus experimental ultimate axial strengths
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e TN &

(¢) For C3-1 (Li et al. 2012) labeled sample

Fig. 8 Typical experimental failure modes and predicted
ones by the proposed FEM model3

2012). Typical failure modes were obtained from the
experimental test for samples labeled as TC3-1 (Han et al.
2010), cc4-1 (Ren et al. 2017), and C3-1 (Li et al. 2012) are
submitted in Figs. 8(a)-(c), respectively. The failure modes
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achieved from the FEM model for these samples are also
given in these figures and when these figures are observed,
it would be clearly pointed out that the computed failure
modes are almost the same as the actual failure modes. This
indicates that the proposed FEM model does not only
predict the load-carrying capacity of such composite
tapered columns but also simulates their behavior under
axial loading and failure mode.

Additionally, the average normalized ultimate axial
strength values of 0.944 and 0.976 for the CFST and
CFDST composite tapered columns, respectively, as shown
at the end of Tables 2 and 3 were achieved when the
confinement effect was determined regarding sections A-A.
These values were 0.942 and 0.972 when the analysis was
carried out with respect to section B-B. Furthermore, the
tables include the coefficient of variations (CoV) values of
the normalized ultimate axial strength values for both types
of composite tapered columns. When the average and COV
values of normalized ultimate axial strength of columns are
considered, it can be easily comprehended that the
developed FEM model has a good prediction performance
no matter which section is regarded in the confinement
effect determination.

Moreover, the estimation capability of the proposed
FEM model was statistically evaluated in terms of mean
absolute percent error (MAPE), mean square error (MSE),
and root mean square error (RMSE) values. The MAPE,
MSE, and RMSE were calculated by using Eqs. (22)-(24),
respectively. Tables 2 and 3 also include the MAPE, MSE,
and RMSE values of the ultimate axial strengths of CFST
and CFDST composite tapered columns, respectively. All
these statistical parameters give the amount of error that
occurs during the prediction. For this reason, the model
with lower error occurrence especially in the case of
considering the MAPE is generally purposed in these types
of studies since the error value near zero means the perfect
estimation capability of the model. The lower MSE and
RMSE values are also desired situations in the predictive
models, yet, if the value that is aimed to be predicted is
high, this would lead to higher MSE and RMSE values.
Therefore, only the MAPE with the low value may lonely

Table 2 Prediction performance of the proposed FEM model for CFST column samples

Reference Samole label Nuexp (kKN) Nurem-a  NuremB  Nurem-a/ NuFEM-B/
P Ave. (kN) (kN) Nuexp Nugxp
TC2-1 2574
2515 2316 2299 0.921 0914
TC2-2 2456
Han et al. (2010)
TC3-1 1785
1759 1552 1534 0.882 0.872
TC3-2 1733
ccd-1 1932
Ren et al. (2017) 1948 2005 2027 1.029 1.041
ccd-2 1963
Average 0.944 0.942
cov 0.081 0.093
MAPE 7.53 8.48
MSE 28567 34507
RMSE 169.0 185.8
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Table 3 Prediction performance of the proposed FEM model for CFDST column samples

Reference Sample label Nuexp (kN) Nu.FEM-4 Nurem-B NureMm-al Nurem-B/
P Ave. (kN) (kN) Nuexp Nukxp
C2-1 4942
4932 4997 4977 1.013 1.009
C2-2 4921
C3-1 4569
4585 4714 4672 1.028 1.019
C3-2 4600
Liet al. (2012)
C4-1 3874
3961 3998 4016 1.009 1.014
C4-2 4048
Cs-1 3090
3103 3113 3102 1.003 1.000
Cs5-2 3116
TC1-1 2384
2400 2235 2202 0.931 0.918
TC1-2 2415
Han et al. (2011)
TC2-1 3067
3022 2636 2631 0.872 0.871
TC2-2 2976
Average 0.976 0.972
cov 0.063 0.064
MAPE 4.17 4.24
MSE 33092 34118
RMSE 181.9 184.7
elucidate the robustness and consistency as well as the > (mp —p)? 23)
power of the proposed model. When the statistical results of MSE = n
the study herein are considered, it can be clearly
comprehended that the proposed FEM model has a robust " (m, — ;)2
and acceptable as well as strong prediction capability, and RMSE = Zi=1\Mi = Pi)” (24)

its estimation of the ultimate axial strength is reliable and
accurate since the MAPE value of both CFST and CFDST
composite tapered columns are low and near to each other.

n
IO i — i
MAPE = = Y |m=—Pi %100 22)
n pry m;
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where m and p are measured (m;) and predicted (p;) values,
respectively.

Apart from ultimate axial strength and deformed shape,
the FEM also provides the axial load-displacement (or
strain) curves. For the CFST tapered column specimens, the
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cc4 [EXP] (Ren et al., 2017)
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Fig. 9 Comparison of the experimental and computational axial load-displacement of: (a) TC2 and (b) TC3 named CFST
tapered specimens from the study of Han et al. (2010), and (c) cc4 labeled CFST tapered specimen from the study of

Ren et al. (2017)
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experimental and computational axial load versus
displacement curves are displayed in Figs. 9(a)-(c). It has
been observed that there are slight differences between the
experimental and computational load-displacement curves.
Especially, the difference can be seen in the initial stiffness
of the columns. For the CFST tapered columns from the
study of Han et al. (2010), the FEM model resulted in
steeper initial stiffness behavior, whereas a more sloping
initial stiffness behavior can be observed for the CFST
tapered columns taken from the study of Ren et al. (2017).
On the other hand, a relatively identical behavior has been
seen in the descending region for all CFST tapered column
specimens.

The experimental and computational axial load versus
axial strain curves of the CFDST tapered column specimens
obtained from the study of Li ef al. (2012) are presented

C2 [EXP] (Li et al,, 2012) C2/A[FEM] —+—C2|B [FEM]
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g 3000
Q
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in Figs. 10(a)-(d) while the experimental and computational
axial load versus axial displacement curves of the CFDST
tapered columns taken from the study of Han et al. (2011)
are shown in Figs. 10(e)-(f). When the load-strain curves
for the tapered columns taken from the study of Li et al.
(2012) are investigated it can be seen that there is a perfect
matching in the initial stiffness region of the curves of the
CFDST tapered columns. However, in the descending part,
generally, the FEM model performed higher values than the
experimental. For the axial load versus axial displacement
curves of the CFDST tapered column specimens attained
from the study of Han ef al. (2011), the model has yielded a
steeper initial stiffness behavior. While the experimental
ultimate axial strengths were achieved at higher displace-
ment values, the computational ultimate axial strength
values were observed at lower displacement values. This is
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Fig. 10 Comparison of the experimental and computational axial load-displacement of: (a) C2, (b) C3, (c) C4, and (d) C5
named CFDST tapered specimens from the study of Li ez al. (2012), and (e) TC1 and (f) TC2 labeled CFDST tapered

specimens from the study of Han et al. (2011)
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another difference between the load-displacement curve for
the CFDST tapered columns of Han et al. (2011). Such
discrepancies in these curves have been explained by ipek
et al. (2021) as the inaccuracies ensued from the lack of
modeling the real circumstances containing material
strengths, boundary conditions, the precision of the testing
devices, initial imperfections, and fabrication errors. In
addition, it was emphasized by Hassanein et al. (2018) that
a fully modeling of all real testing circumstances in the
finite element analysis is not possible. Moreover, it was also
stated by Yang et al. (2008) and Jamaluddin et al. (2013)
that the concrete characteristics can not only be described
by the strength tests even it is taken care of that the concrete
strength is measured on the day of testing the column. As a
consequence, it can be stated that such types of differences
between the real test circumstances and finite element

Siileyman Ipek and Esra Mete Giineyisi

analysis cannot be suppressed. Besides, it can be expressed
that despite these discrepancies, the prediction performance
of the proposed FEM model for the load-displacement (or
strain) behavior can be considered good.

As can be seen in Fig. 9 and Fig. 10, there are two load-
displacement (or strain) curves achieved from the FEM
model; one was obtained in the case of the concrete
confinement determined regarding the section A-A given in
Fig. 2, the other one was attained regarding the section B-B
presented in the same figure. The initial stiffness behavior
of both curves is the same, whereas, after peak strength, the
concrete confinement effect determined regarding section
B-B has resulted in a lower transitional descending part, but
almost the same residual strength part. However, in general,
this difference can be neglected, and it can be concluded
that the non-uniform cross-section of such tapered columns

Table 4 Properties of CFST columns used in the parametric study

Steel tube

Sample [D x t (mm x mm)]  Tapered _Steel tube Coi(l);lrc(:st;e I:ﬁi(ﬂlc;tef
no Section [%n(gol)e] yl[? d (Sl\tﬁ;g%th strength axial load
A BB v [fox MPa)]  [Nurem (kN)]
1 260 x 3 360 x 3 2.0 420 40 3443
2 280 x 3 360 x 3 1.6 420 40 3753
3 300 x 3 360 x 3 1.2 420 40 4202
4 320x3 360 x 3 0.8 420 40 4603
5 340 x 3 360 x 3 0.4 420 40 4950
6 260 x 3 360 x 3 2.0 420 50 3762
7 280 %3 360 x 3 1.6 420 50 4280
8 300 x 3 360 x 3 1.2 420 50 4662
9 320x 3 360 x 3 0.8 420 50 5184
10 340 x 3 360 x 3 0.4 420 50 5442
11 260 x 3 360 x 3 2.0 420 60 4105
12 280 x 3 360 x 3 1.6 420 60 4619
13 300 x 3 360 x 3 1.2 420 60 5121
14 320x3 360 x 3 0.8 420 60 5809
15 340 x 3 360 x 3 0.4 420 60 6084
16 260 x 3 360 x 3 2.0 520 40 3849
17 280 x 3 360 x 3 1.6 520 40 4250
18 300 x3 360 x 3 1.2 520 40 4672
19 320x3 360 x 3 0.8 520 40 5028
20 340 x 3 360 x 3 0.4 520 40 5485
21 260 x 3 360 x 3 2.0 520 50 4238
22 280 x 3 360 x 3 1.6 520 50 4689
23 300 x3 360 x 3 1.2 520 50 5199
24 320x3 360 x 3 0.8 520 50 5582
25 340 x 3 360 x 3 0.4 520 50 6122
26 260 x 3 360 x 3 2.0 520 60 4517
27 280 x 3 360 x 3 1.6 520 60 5165
28 300 x3 360 x 3 1.2 520 60 5521
29 320%3 360 %3 0.8 520 60 6074
30 340 x 3 360 x 3 0.4 520 60 6648
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Table 5 Properties of CFDST columns used in the parametric study

Outer steel tube

Inner steel tube

Steel tube yield strength

Sample [Pt (mm x mm)] [dxt; (mm x mm)] Tiﬁeiid [fiv (MPa)] co?r(l); - Sestfve irletﬂf;f ed
no Section Section [0 fo)] Outer e [;trf&g;;l)] [;x:l?hldlgfg)]
A-A B-B A-A B-B “ *
1 260x3  360x3  160x3  260x3 2.0 420 420 40 2970
2 280x3  360x3  180x3  260x3 1.6 420 420 40 3203
3 300x3  360x3  200x3 260 x3 12 420 420 40 3504
4 3203 360x3  220x3  260x3 0.8 420 420 40 3753
5 340x3  360x3  240x3  260x3 0.4 420 420 40 3983
6 2603 360x3  160x3 2603 2.0 420 420 50 3238
7 280x3  360x3  180x3  260x3 1.6 420 420 50 3511
8 300x3  360x3  200x3 260 x3 12 420 420 50 3784
9 320x3  360x3  220x3  260x3 0.8 420 420 50 4055
10 340x3  360x3  240x3  260x3 0.4 420 420 50 4307
11 260x3  360x3  160x3 2603 2.0 420 420 60 3467
12 280x3  360x3  180x3  260x3 1.6 420 420 60 3769
13 300x3  360x3  200x3 260 x3 12 420 420 60 4061
14 3203 360x3  220x3  260x3 0.8 420 420 60 4349
15 340x3  360x3  240x3  260x3 0.4 420 420 60 4627
16 260x3  360x3  160x3 2603 2.0 520 520 40 3461
17 280x3  360x3  180x3  260x3 1.6 520 520 40 3744
18 300x3  360x3  200x3 260 x3 12 520 520 40 4036
19 3203 360x3  220x3  260x3 0.8 520 520 40 4321
20 340x3  360x3  240x3  260x3 0.4 520 520 40 4586
21 260x3  360x3  160x3  260x3 2.0 520 520 50 3659
22 280x3  360x3  180x3  260x3 1.6 520 520 50 4008
23 300x3  360x3  200x3 260 x3 12 520 520 50 4309
24 320x3  360x3  220x3  260x3 0.8 520 520 50 4616
25 340x3  360x3  240x3  260x3 0.4 520 520 50 4905
26 2603 360x3  160x3 2603 2.0 520 520 60 3912
27 280x3  360x3  180x3  260x3 1.6 520 520 60 4266
28 300x3  360x3  200x3 260 x3 1.2 520 520 60 4596
29 320x3  360x3  220x3  260x3 0.8 520 520 60 4921
30 340x3  360x3  240x3  260x3 0.4 520 520 60 5227
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has no remarkable influence on the prediction performance
of the load-displacement (or strain) curve of the proposed
FEM model.

4. Parametric study

Based on the verified FEM model, in this section, a total
of 60 composite tapered column specimens (covering 30
CFST and 30 CFDST columns) were modeled in order to
examine the effect of various parameters (i.e., steel tube
yield strength, concrete compressive strength, and tapered
angle) on the axial behavior of such columns.

To this aim, two steel tube yield strength values of 420
and 520 MPa, three cubic concrete compressive strength
values of 40, 50, and 60 MPa, and five tapered angle values

of 0.4, 0.8, 1.2, 1.6, and 2.0 were chosen as variable
parameters in this study. As a result, 30 CFST and 30
CFDST composite tapered columns were achieved
according to these parameters and the only difference
between each CFST and CFDST column sample is that one
does not have an inner steel tube whereas the other has. The
details of each CFST and CFDST composite tapered
column sample are presented in Tables 4 and 5,
respectively.

The material definition, surface and interaction
identifications, finite element type, mesh selection, and
boundary and loading conditions of CFST and CFDST
samples were done accordingly as explained in Section 2.
The ultimate axial strength of each sample was estimated
after modeling by ABAQUS CAE (2014). Since the
ultimate axial strength predictions by the models in which
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the concrete material was defined according to confinement
effect determined regarding sections A-A and B-B were so
close to each other in the verification of the proposed FEM
model, in the parametric study, the confinement effect
provided by steel tube was determined with respect to
section B-B. Besides, the confinement effect provided by
the steel tube in such columns increases when the height of
composite tapered columns increases. For this reason, the
model developed according to the lower confinement effect
would be more realistic and this condition would be the
worst case.

The predicted ultimate axial strength values of CFST
and CFDST composite tapered samples are also included in
Tables 4 and 5, respectively. Moreover, to visualize the
influences of various parameters on the ultimate axial
strength, Fig. 11 is plotted. The analysis of the results shows
that the CFST composite tapered columns have higher
ultimate axial strength values than the CFDST columns.
Utilization of inner steel tube, in other words, decreases the
concrete amount results in a reduction of ultimate axial
strength with the rate ranging between 10 to 35%. Besides,
the results indicated that the tapered angle increasing
induces the diminishing of ultimate axial strength of both
CFST and CFDST composite tapered columns. Increasing
the tapered angle from 0.4 to 2.0° reduces the ultimate axial
strength of CFST and CFDST composite tapered columns
with the rate of about 30 and 25%, respectively.

O CFST column samples 0 CFDST column samples
7000

6000
5000
4000
3000 |_’—‘
2000

4 2.0° ‘ 1.6° ‘ 1.2° ‘ 0.8° ‘ 0.4° ‘ 2.0° 0.8° ‘ 0.4° ‘ 2.0°
feu= 40 MPa ‘ 50 MPa ‘ 60 MPa

Predicted ultimate axial strength (kN)

1.6° 120] 0 | 0.0

1.2°

1.6°

sy 420 MPa
(a) For the steel tube yield strength of 420 MPa

O CFST column samples 0 CFDST column samples
7000

6000

5000

4000

3000

Predicted ultimate axial strength (kN)

2000
6= zu" uw‘ IZ"lJX"‘(i-’J"Z()"‘ 1(»" 12"‘08"1)4‘ ‘ zo“‘ 1.6° ‘ 12“‘11& ‘ 0.4°

feu = 40 MPa ‘ 50 MPa ‘ 60 MPa

fsy= 520 MPa
(b) For the steel tube yield strength of 520 MPa

Fig. 11 Variation in the predicted ultimate axial strength of
CFST and CFDST composite tapered columns

The strength of materials used in the column production
also has a direct impact on the load-carrying capacity of
such columns. Using higher concrete strength improves the
load-carrying capacity of both CFST and CFDST composite
tapered columns. When the compressive strength of cubic
concrete is increased from 40 to 60 MPa, the ultimate axial
strength of CFST and CFDST tapered columns is also
increased with rates of almost 17-23% and 13-18%,
respectively. In this context, increasing the yield strength of
steel tube(s) also increased the ultimate axial strength of the
column. The increment rate owing to the steel tube yield
strength increasing was higher in the CFDST tapered
columns than the CFST tapered columns. As mentioned
above, the variation in the ultimate axial strength of CFST
and CFDST composite tapered columns according to the
variable parameters is demonstrated in Fig. 11. In Fig.
11(a), the ultimate axial strength is given for the columns
manufactured with the steel tube having a yield strength of
420 MPa whilst in Fig. 9(b), the ultimate axial strength is
presented regarding the steel tube yield strength of 520
MPa. Figs. 11(a)-(b) obviously demonstrates that increasing
the yield strength of steel tube(s) increased the ultimate
axial strength of CFST and CFDST composite tapered
columns. Yet, it should be noticed that increase in the
ultimate axial strength of such composite columns thanks to
using materials with higher strength is an expected
situation. The main concern in this parametric study is the
effect of column type and tapered angle. In the literature,
there is no study investigating the ultimate axial strength
variation due to the column type but there are limited
studies in which the effect of tapered angle was
experimentally investigated (Han er al. 2010, Li et al.
2012). The findings of the tapered angle effect observed in
this parametric study were also supported by these
experimental researches. For example, Li et al. (2012)
reported that increasing the tapered angle decreased the
ultimate axial strength of the CFDST tapered column. As
well, Han et al. (2010) mentioned the same influence of
tapered angle on CFST tapered column samples. The
parametric study results also showed that under the same
mechanical and sectional conditions, the CFST tapered
columns have higher ultimate axial strength values than the
CFDST tapered columns. When a material strength-based
discussion is done, it can be stated that the difference
between the ultimate axial strength of the CFST and
CFDST tapered columns is higher in the case of higher
concrete compressive strength, whereas the difference is
lower in the case of higher steel tube yield strength.

Apart from the ultimate axial strength, the FEM method
gives the relation between the axial load versus the axial
displacement of the members. In Figs. 12(a)-(f), the change
in the load-displacement behavior of the CFST columns
with respect to the tapered angle is presented, whereas,
Figs. 13(a)-(f) display the load-displacement behavior of the
CFDST column with respect to the tapered angle. When the
load-displacement characteristics of the CFST tapered
columns are considered, it can be stated that increasing the
tapered angle leads to enhance the confinement effect
provided by the steel tube, thus resulting in a higher peak
strength value. On the other hand, a steeper descending in
the post-peak response of the columns can be seen by
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Fig. 12 Axial load versus displacement curves of the CFST tapered columns

increasing the tapered angle. In addition, a slight increase in
the initial rigidity of the CFST tapered column was
observed when the tapered angle increased. Besides, it can
be sighted that the CFST tapered columns having higher
tapered angles reach the peak strength at lower
displacement levels. Increasing the concrete compressive
strength significantly influenced the post-peak behavior of
the CFST columns. A remarkably steeper decrease in the
load-carrying capacity was observed in the CFST columns
having higher compressive strength. In other respects,
although increasing the steel tube yield strength increases
the load-carrying capacity of the CFST tapered column, no
remarkable impact of the steel tube yield strength on the
post-peak behavior is observed in the current study.
Furthermore, it imperceptibly exerts an influence on the
initial stiffness because the elastic modulus of the steel is
not impressed by the steel strength.

The load-displacement behaviors of the CFDST tapered
columns showed that generally, lower displacement levels
are observed in these types of columns. Besides, no
significant influence of the tapered angle on the initial
rigidity of the columns was observed. As seen in the CFST
tapered columns, the CFDST tapered columns having
higher tapered angles also reached the peak strength at
lower displacement levels, and also, a steeper descending in

the post-peak region at a higher tapered angle value was
seen. Additionally, the influence of the concrete strength
and steel tube yield strength on the load-displacement
characteristics of the CFDST tapered columns was identical
to in the CFST type columns.

In the final, a local buckling type of failure mode was
observed in both CFST and CFDST tapered columns, as
exhibited in Figs. 14(a)-(b), respectively. The local buckling
was generally detected near the top surface of the column.
However, by decreasing the tapered angle, slipping in the
location of the buckling through the downward direction
was seen. In the CFST tapered columns, the stress in the
concrete core is generally developed near the top surface,
and thus, the lateral expansion in the concrete caused
outward buckling of the steel tube. Thereby, decreasing the
tapered angle increased the stress development region in the
concrete, thus caused a wider buckling of the steel tube, as
can be seen in Fig. 14(a). On the other hand, a different
failure mechanism can be seen in the CFDST tapered
columns. Since instead of the concrete core, there is an
inner steel tube in such types of columns, an outward
buckling caused by the shear failure of the concrete annulus
occurs. Hence, buckling in the inner steel tube can also be
seen. However, decreasing the tapered angle, provide
rigidity to the inner steel tube, and thus, the failure
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mechanism in the concrete annulus transform from the
shear failure to the lateral expansion, as can be seen in Fig.
14(b).

5. Statistical evaluations

The impacts of different parameters on the axial
response of the tapered columns were graphically presented
in the previous section. Here, the results were statistically
evaluated. For this, the analysis of variance (ANOVA) was
used to indicate the effectiveness of independent variables
on the dependent variable. The analysis method known as
general linear model analysis of variance (GLM-ANOVA)
was handled in the statistical evaluation of the parametric
study results. The software named “Minitab” including the
GLM-ANOVA method was employed in performing the
statistical analysis. The GLM-ANOVA is a diagnostic tool
that decreases the control variance in order to help a control
factor dominance to be quantified.

In this study, the tapered angle (), steel tube(s) yield
strength (f;,), and concrete compressive strength (f.,) were
designated as independent variables while the ultimate axial
strength (NV,) of the concrete-filled single and double skin
steel tubular composite tapered columns was articulated as a
dependent variable. Besides, the significance level of 0.05
was adjusted in the analysis 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 given in Table 6.
The significance of the independent parameters can be
comprehended taking into consideration the P-values. If the
P-value of any independent 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 significant variable on the dependent
variable. The results of the statistical analysis showed that
all independent variables had a significant effect on the
ultimate axial strength of the CFST and CFDST composite
tapered columns since the P-value 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, the
degree of effectiveness of each independent variable should
also be stated. Therefore, the contributions of the
independent variables on the ultimate axial strength of the
CFST and CFDST composite tapered columns are given as
a percentage in the last column of Table 6. The higher
percent contribution of the independent variable implies the
higher effectiveness of this variable on the dependent
variable.

Table 6 Statistical analysis of the predicted ultimate axial strength of the CFST and CFDST

composite tapered columns

Depe?ndent Indep .endent Sequential sum Computed F P-value Significance Contribution (%)
variable variable of squares
% 12300125 295.16 0.000 YES 66.1
Sy 1642680 213.44 0.000 YES 8.8
(Nu,FEM)CFST Seu 4447327 157.67 0.000 YES 23.9
Error 229202 - - - 1.2
Total 18619334 - - - -
1% 5030803 746.12 0.000 YES 57.3
foy 2125873 470.77 0.000 YES 24.2
(Nu,rEM)CFDST feu 1587111 1261.15 0.000 YES 18.1
Error 37085 - - - 0.4
Total 8780872 - - - -

Table 7 Statistical analysis for the predicted ultimate axial load (N, reu) of the tapered columns:
Effect of tapered angle (0), steel tube yield strength (f;,), concrete strength (f.,), and column

type
Depepdent Indep}endent Sequential sum Computed F P-value  Significance Contribution

variable variable of squares (%)
0 16530489 395.33 0.000 YES 42.8
S 3753001 132.60 0.000 YES 9.7
Nurew Jeu 5673284 100.23 0.000 YES 14.7
Column type 11188802 146.02 0.000 YES 29.0
Error 1443432 - - - 3.7

Total 38589007 - - - -
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According to the percent contribution values presented
in Table 6, the most important parameter with contribution
values of 66.1% and 57.3% that influences the ultimate
strength of both CFST and CFDST composite tapered
columns is the tapered angle. However, the concrete
compressive strength with a contribution value of 23.9% is
the second effective parameter on the ultimate axial strength
of CFST composite tapered columns whereas the second
important parameter that affects the load-carrying capacity
of CFDST composite tapered columns is the yield strengths
of steel tubes with the contribution value of 24.2%.
Moreover, to understand the efficiency of the column type
on the ultimate axial strength of composite tapered
columns, further statistical analysis was conducted. In this
case, in addition to the tapered angle, steel tube(s) yield
strength, and concrete compressive strength, the column
type was used as another independent variable. Dummy
variables were used to identify the column type. In this way,
the results tabulated in Table 7 were achieved. It is overtly
seen that all independent variables were statistically
significant parameters since the P-value of each
independent variable is less than the significance level,
namely, 0.05. Furthermore, the statistical analysis reveals
that the tapered angle with a percent contribution value of
42.8 is the most remarkable parameter on the ultimate axial
strength of the composite tapered columns. The second
most important independent parameter is the column type
with a contribution value of 29.0%. As a result, it can be
concluded that the ultimate axial strength of the composite
tapered column is directly influenced by the tapered angle
and column type.

6. Conclusions

With the reference to the aforementioned findings, the
following conclusions could be drawn:

e The FEM can be a useful tool for the modeling of
the CFST and CFDST composite tapered columns
with the circular section. The model proposed by
FEM has the veridical ultimate axial strengths,
which mean no zero values or no under zero values.

e The results revealed that the proposed FEM model
has a good, reliable, and accurate prediction
capability. It can be employed in the simulation of
both CFST and CFDST composite tapered columns.

e The proposed FEM model can be used in both
estimating the ultimate axial strength and indicating
the failure mode of the CFST and CFDST composite
tapered columns. This can be considered as the
unique side of the FEM model developed in the
current study.

e Since the tapered columns have a decreasing cross-
section with increasing height and the confinement
effect provided by the steel tube is directly related to
the cross-section, the FEM model is developed
taking into consideration the bottom and top cross-
sections of tapered columns. The developed FEM
model has reliable and meaningful results in both
cases.

e The verified FEM model was used to carry out a
parametric study in which the influence of the
tapered angle and material strength was simulated. It
was achieved from the parametric study results that
increasing the tapered angle adversely influenced the
load-carrying capacity of both CFST and CFDST
composite tapered columns.

e In addition, it was observed that the CFST composite
tapered columns have higher ultimate axial strength
values than the CFDST columns when the samples
having the same mechanical and sectional properties
are compared.

e Increasing the tapered angle systematically
decreased the initial rigidity and displacement value
at the peak strength of both CFST and CFDST
tapered columns.

e The higher the concrete compressive strength, the
steeper descending in the post-peak behavior.

e The steel tube yield strength did not significantly
affect the load-displacement behavior of both CFST
and CFDST tapered columns, however, remarkably
enhanced the load-carrying capacity.

e According to the statistical analysis performed in
this study, it was seen that the steel tube yield
strength, concrete compressive strength, tapered
angle, and column type are statistically meaningful
input parameters on the load-carrying capacity.
However, regarding the percent contribution in both
types of columns, the highest effectiveness degree
belongs to the tapered angle.

e Besides, it was noticed that while the yield strengths
of steel tubes were the second important parameter
influencing the ultimate axial strength of the CFDST
composite tapered columns, the ultimate axial
strength of CFST columns was more influenced by
the concrete compressive strength than the steel tube
yield strength.

e In the end, to demonstrate the effectiveness of the
column type, further statistical analysis was
conducted by using dummy variables. The statistical
analysis showed that in addition to the tapered angle,
the column type was a significant parameter
affecting the load-carrying capacity of the composite
tapered columns.
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