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1 INTRODUCTION 

Due to the excellent composite action between the steel 
tube and concrete, concrete-filled steel tubular (CFST) 
columns are becoming increasingly popular and used in 
various structures throughout the world. Extensive ex-
perimental and analytical studies have been conducted to 
understand the behaviour of the composite columns 
mainly from the 1960s. From these investigations, dif-
ferent design codes have been formulated to reflect the 
design philosophies and practices in the respective coun-
tries, such as Australia, China, Japan, USA and Euro-
pean countries. 

In recent decades, finite element (FE) technique is 
becoming increasingly popular for modelling CFST 
columns thanks to the existence of commercially 
available programs, such as ABAQUS and ANSYS. FE 
analysis allows the direct modelling of the composite 
action between the steel and concrete components, and 
different factors, such as local and global imperfections, 
residual stresses and boundary conditions, can be 
considered more precisely. The prediction accuracy of a 
FE model, however, is greatly affected by the input 
parameters, especially by the selection of a suitable 
concrete model. 

Nowadays, high-performance construction materials, 
such as high-performance concrete and steel, are being 
increasingly used in engineering structures as a result of 
the continued advancement of materials technology. 
These high-performance materials often exhibit high 
strength. As far as CFST columns in real structures are 
concerned, the highest cylinder compressive strength and 
yield strength reported so far is 130 MPa and 690 MPa 
for the concrete and steel, respectively [1]. FE analysis is 
now used routinely for design and research problems. To 
embrace the development of materials, new FE models 
may need to be developed to improve the prediction 

accuracy. To serve this purpose, sufficient test data needs 
to be collected and used to verify the prediction 
accuracy. 

In the past, numerous tests have been conducted on 
CFST stub columns. A database was used by Tao et al. 
[2] to check the applicability of different codes in calcu-
lating the strength of CFST columns. In that database, 
484 test results for circular stub columns and 445 test re-
sults for rectangular stub columns (square sections 
mainly) were included. Only ultimate strength, however, 
was reported in the literature for the majority of these 
test results. It is worth noting that different authors might 
give different definitions of the ultimate strength. This 
may affect the magnitudes of the ultimate strength, espe-
cially for those columns without softening post-yield re-
sponse. Meanwhile, the capacity of predicting full-range 
loaddeformation curves is also very important in evalu-
ating FE models. In this paper, only test results of axial 
load (N)axial strain () or axial shortening () curves 
reported are collected and used to make consistent com-
parisons. 

Among many FE models, the FE model developed by 
Han et al. [3] has been widely used to simulate CFST 
columns, where the concrete damaged plasticity model 
in ABAQUS was adopted. Default values, however, 
were used in Han et al. [3] for many material parameters, 
such as the dilation angle (), the ratio of the compres-
sive strength under biaxial loading to uniaxial compres-
sive strength (fb0/fc'), and the ratio of the second stress 
invariant on the tensile meridian to that on the compres-
sive meridian (Kc). This paper aims to develop a refined 
FE model in simulating CFST columns, in which new 
models, if required, will be introduced to determine these 
concrete material parameters. Meanwhile, a new strain 
hardening/softening rule will be developed for concrete. 
The wide range of test data collected will be used to 
calibrate the new FE model. 
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2 FE MODELLING 

2.1 GENERAL 

The general-purpose finite element pro-
gram ABAQUS version 6.12 was used in the present 
study to build a FE model for CFST stub columns. Four-
node shell elements with reduced integration (S4R) and 
8-node brick elements with three translation degrees of 
freedom at each node (C3D8R) were used to model the 
steel tube and concrete core, respectively.  

Mesh convergence studies were conducted to determine 
optimal FE mesh to provide relatively accurate solution 
with low computational time. It was found that the as-
pect ratio of elements has negligible influence on the 
N curves if this ratio is smaller than 3. Therefore, ele-
ment size in the axial direction was selected as 2.5 times 
that in the lateral direction. Based on the mesh conver-
gence studies, element size across the cross-section was 
chosen as D/15 for a circular column or B/15 for a rec-
tangular column, where D and B are the overall diameter 
of the circular tube and the overall width of the rectangu-
lar tube, respectively. For a typical specimen, the mesh 
contains a total of over 4000 elements. 

Surface-to-surface contact is usually used for the interac-
tion simulation of the steel tube and concrete. A contact 
surface pair comprised of the inner surface of the steel 
tube and the outer surface of concrete core can be de-
fined. “Hard contact” in the normal direction can be 
specified for the interface, which allows the separation 
of the interface in tension and no penetration of that in 
compression. The tangent contact can be simulated by 
the Coulomb friction model. For CFST stub columns, 
there is little or no slip between the steel tube and con-
crete since they are loaded simultaneously. For this rea-
son, the column’s behaviour is not sensitive to the selec-
tion of friction coefficient between steel and concrete. 

In the current FE model, the surface-based interaction 
continues to be used to model the concrete-steel tube in-
terface. A coefficient of friction between the steel tube 
and concrete was taken as 0.6, which agrees with most 
test results [4].  

The Poisson’s ratios for steel and concrete were taken as 
0.3 and 0.2, respectively. These values have been used 
widely in FE numerical simulation. 

It has been well documented that initial local imperfec-
tions and residual stresses have apparent influence on the 
behaviour of hollow tubes. For CFST stub columns, 
however, the effects of local imperfections and residual 
stresses are minimised by concrete filling, and were 
therefore ignored in the current FE simulation. This was 
confirmed by the research conducted by Tao et al. [5], 
which explained that the out-of-plane deformation of the 
steel tube caused by the concrete expansion plays a simi-
lar role as the initial imperfections. 

2.2 BOUNDARY CONDITIONS 

A stub column was normally placed into a testing ma-
chine and the load was applied on the specimen directly. 
To minimise the influence of end conditions on CFST 

stub columns, most researchers used end plates and/or 
stiffeners welded to both ends of a tube. Some tests, 
however, were conducted on specimens without end 
plates or stiffeners. If no stiffening method is used, local 
buckling of the steel tube is more likely to be initiated at 
the ends, which may affect the overall performance of 
the specimen. 

For stub columns with welded end plates and/or stiffen-
ers, there is no need to include the end plates or stiffen-
ers in the model. Instead, the top and bottom surfaces of 
the steel tube and concrete can be fixed against all de-
grees of freedom except for the displacement at the 
loaded end (clamped end condition). The result obtained 
is the same as that of the model with end plates and/or 
stiffeners. For unstiffened stub columns, the steel and 
concrete are usually in direct contact with the stiff plat-
ens of the testing machine. Considering the end friction 
provided by the testing machine, all three transla-
tional degrees of freedom can be restrained for the ends 
of the column except the vertical displacement at the 
loaded end. The rotational degrees of freedom for both 
ends of the steel tube, however, are not restrained, which 
is referred to as pinned end condition. In most cases, the 
boundary conditions have very minor influence on N 
or N curves. But some influence can be observed for 
square columns, especially when compact tubes are used. 
Figure 1 compares the obtained N curves when pinned 
and clamped ends are used for the square specimen SSH-
1-2 reported in [6]. The thickness of the end plates for 
this specimen is 20 mm, and other parameters are given 
in the figure, where B is the overall width of the square 
tube, t is the wall thickness, L is the specimen length, fy 
and fc are the yield strength of steel and cylinder com-
pressive strength of concrete, respectively. Computed lo-
cal buckling occurs at the mid-height when a clamped 
support condition is used. But local buckling occurs only 
near the ends when a pinned support condition is used. 
In the latter case, the predicted ultimate strength de-
creases by 6.4% and the corresponding peak strain in-
creases significantly, as shown in Figure 1. The compari-
son highlights that a stiffening method may be essential 
in some cases to eliminate/minimise the influence of end 
conditions. 
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Figure 1: Influence of boundary conditions on predicted 
N curves 
 

Square specimen SSH-1-2 

B=150 mm, t=8 mm, L=450 mm, 
fy=779 MPa, fc'=157 MPa 

Axial shortening  (mm) 



 

In conducting tests, different L/D ratios of specimens 
were often used by different researchers. For columns 
with a larger L/D ratio, the global imperfections may 
somewhat affect the column’s behaviour. A sensitivity 
analysis indicates that the ultimate strength decreases 
significantly when the L/D ratio increases from 1 to 1.5. 
This is owing to the fast diminishing end effects. When 
L/D ratios lie in the range of 2-5, very close N curves 
are obtained. Once the L/D ratio exceeds 5, obvious lat-
eral deflection will develop and the ultimate strength be-
gins to decrease again. Since L/D ratios reported in the 
past for almost all CFST stub columns are in the range 
from 2 to 5, the global imperfections can be ignored in a 
simulation. 

2.3 MATERIAL MODELLING OF STEEL 

Different stress ()strain () models have been used for 
the steel material by different researchers, including elas-
tic-perfectly plastic model, and elastic-plastic model 
with linear hardening or multi-linear hardening. 
At strains of general structural interest (normally less 
than 5%), steel exhibits no significant strain hardening. 
Very close axial load (N)axial strain () curves are ob-
tained using different stressstrain models for steel. In 
general, the selection of a  relationship for steel has 
negligible influence on the ultimate strength and only af-
fects the load-deformation curve slightly in a later stage. 

In this paper, a model proposed by Tao et al. [7] was 
used to simulate the steel material in circular CFST col-
umns, which is expressed as follows 





































uu

up
pu

u
yuu

pyy

ys

)(

0












f

fff

f

E

p   (1) 

in which fu is the ultimate strength; y is the yield strain, 
y=fy/Es; p is the strain at the onset of strain hardening; 
u is the ultimate strain corresponding to the ultimate 
strength; p is the strain-hardening exponent. Equations 
are presented in Tao et al. [7] to determine p, p, u and fu.  

Unlike circular CFST columns, a rectangular CFST sel-
dom demonstrates strain-hardening behaviour. This is 
owing to the easier local buckling of the rectangular steel 
tube and less effective confinement provided to the con-
crete. For this reason, an elastic-perfectly plastic model 
of steel gives a better prediction of the descending 
branch of the N curve than other models incorporating 
strain hardening. Therefore, the elastic-perfectly plastic 
model is used to simulate the steel material in rectangu-
lar CFST columns. 

2.4 MATERIAL MODELLING OF CONCRETE 

For a CFST column under axial compression, the con-
crete core expands laterally and is confined by the steel 
tube. This confinement is passive in nature, and can in-
crease the strength and ductility of concrete. This 
mechanism is well understood and is often referred to as 

“composite action” between the steel tube and concrete 
[3]. It is believed that the confined concrete is in a triax-
ial stress state and the steel is in a biaxial state after in-
teraction between the two components occurs. FE analy-
sis is a powerful method allowing the composite action 
to be considered provided a rational and accurate con-
crete model is available to describe the behaviour of 
concrete under passive confinement. 

2.4.1  Concrete damaged plasticity model 
The concrete damaged plasticity model available in 
ABAQUS was used. Since this paper only deals with 
columns under monotonic loading, damage variables 
were not defined. Therefore, concrete nonlinearity was 
modelled as plasticity only. In this model, key material 
parameters to be determined include the ratio of the sec-
ond stress invariant on the tensile meridian to that on the 
compressive meridian (Kc), dilation angle (), and strain 
hardening/softening rule. Other parameters include the 
modulus of elasticity (Ec), flow potential eccentricity (e), 
ratio of the compressive strength under biaxial loading to 
uniaxial compressive strength (fb0/fc'), viscosity parame-
ter and tensile behaviour of concrete. For the FE model 
presented by Han et al. [3], constant values of 30º, 0.1, 
1.16 and 2/3 were used for , e, Kc and fb0/fc', respec-
tively. Considering the complex nature of passively con-
fined concrete, constant values may not be suitable to be 
used in some cases. New models, if required, are intro-
duced for these material parameters in the following sec-
tions. 

The empirical equation (2) recommended in ACI 318 [8] 
was adopted to calculate Ec, where fc is in MPa. Default 
values of 0.1 and 0 were used for the flow potential ec-
centricity and viscosity parameter, respectively. These 
two parameters have no significant influence on the pre-
diction accuracy.  
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Test results of equibiaxial concrete strength (fb0) are still 
very scarce. Based on test data collected from 14 refer-
ences, Papanikolaou and Kappos [9] proposed the fol-
lowing equation to predict the ratio of fb0/fc: 

075.0
ccb0 )'(5.1'/  fff          (3) 

The above equation was used in this paper to determine 
the ratio of fb0/fc. When the concrete strength fc is 30 
MPa, fb0/fc is 1.162 according to Equation (3). But when 
fc increases to 100 MPa, fb0/fc drops to 1.062. In general, 
the calculated ultimate strength Nu will increase slightly 
if a higher ratio of fb0/fc is used.  

Although CFST stub columns are not sensitive to tensile 
behaviour of concrete when subjected to axial compres-
sion, tension stiffening needs to be defined in ABAQUS. 
In the current model, the uniaxial tensile response was 
assumed to be linear until the tensile strength of concrete 
was reached, which was taken as 0.1fc. Beyond this fail-
ure stress, the tensile softening response was character-
ised by means of fracture energy (GF). The following 
equation was used to define GF for tensile concrete [10]:  
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where fc is in MPa, dmax is the maximum coarse aggre-
gate size (in mm). If dmax had not been reported in a ref-
erence, it was taken as 20 mm. 

2.4.2  Determining Kc 
The ratio of the second stress invariant on the tensile me-
ridian to that on the compressive meridian (Kc) is one of 
parameters for determining the yield surface of concrete 
plasticity model. Test results indicate that the range of Kc 
varies from 0.5 to 1. The default value of Kc used in 
ABAQUS is 2/3, which has been adopted by many re-
searchers. A sensitivity analysis was carried out to inves-
tigate the influence of Kc on N curves of a circular 
specimen tested by Tomii et al. [11]. The results of the 
sensitivity analysis are shown in Figure 2. It can be 
found that Kc has no influence on the initial stage of the 
N curve. After the yielding of the column, the influ-
ence of Kc becomes significant. The ultimate strength in-
creases with decreasing Kc. This highlights that the value 
of Kc should be determined very carefully. 
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Figure 2: Influence of Kc on N curves 
 
Assuming the ratio of fb0/fc to be 1.16, it was derived by 
Yu et al. [12] that Kc could be taken as 0.725. Since fb0/fc 
is expressed as a function of fc in this paper as shown in 
Equation (3), Kc will also be related to fc. According to 
Yu et al. [12], the following equation can be deduced to 
calculate Kc: 
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By introducing Equation (3) into Equation (5), Kc can be 
determined by 
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From this equation, it can be found that Kc decreases 
slightly from 0.725 to 0.703 when fc increases from 30 
MPa to 100 MPa. 

2.4.3  Determining  
Dilation angle () is one of parameters required for 
ABAQUS to define the plastic flow potential. The al-
lowed value of  ranges from 0 to 56 in ABAQUS. 

Different constant values of  have been used by differ-
ent researchers in the past. Most researchers adopted a 
value of 20 or 30 for confined concrete. 

The influence of  on N curves is shown in Figure 3 
based on sensitivity analysis. Once again, the circular 
specimen tested by Tomii et al. [11] was used as an ex-
ample. Four different  values were selected, i.e., 0.01, 
20, 30 and 40. Since  cannot be taken as 0 in 
ABAQUS, a small value of 0.01 was used to represent 
this level. The dilation rate of concrete decreases with 
decreasing , which affects the interaction between the 
steel tube and concrete. As  increases, stronger interac-
tion will be developed and the concrete can be confined 
by a higher confining stress at a later stage. As a result of 
this, the computed ultimate strength increases with an 
increase in . It is also found that the initial stage of the 
N curve is not affected by the selection of . 
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Figure 3: Influence of  on N curves 
 
As pointed out by Yu et al. [13],  is affected by the 
confining stress and plastic deformation of concrete. For 
concrete confined by a steel tube, the variation in confin-
ing stress is less significant after the yielding of the steel 
tube. Since  does not affect the initial stage of the N 
curve, it is valid to assume a constant  for a column in 
calculating the full-range N curve. Since the dilation 
of concrete decreases with increasing confinement, it is 
assumed that  is a function of the so-called “confine-
ment factor” c. Numerical tests were conducted to iden-
tify suitable values of  for specimens with different c. 
The following equation is then proposed based on re-
gression analysis to determine  for circular columns. 












 5.0for 672.6

5.0for )1(3.56

c
64.4

4.7
cc

c 




e

    (7) 

where the confinement factor c is expressed as 
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in which As and Ac are the cross-sectional areas of the 
steel tube and concrete, respectively. 

As far as rectangular columns are concerned, it is found 
that a constant value of 40 can be used for . As men-
tioned earlier, N curves of rectangular columns are not 
very sensitive to  when is greater than 20. A value of 

Axial strain  () 

Kc=0.6 
Kc=2/3 
Kc=0.725 

Kc=0.8 

Circular specimen 3HN [11]
D=150 mm, t=3.2 mm, 
L=450 mm, fy=287.4 MPa, 
fc'=28.7 MPa Axial strain  () 

=0.01 
=20 
=30 
=40 

D=150 mm, t=3.2 mm, L=450 mm,  

fy=287.4 MPa, fc'=28.7 MPa 



 

40 gives the best prediction of the ultimate strength for 
rectangular columns. 

2.4.4  Strain hardening/softening rule 
For unconfined concrete under compression, the strain 
hardening/softening rule can be determined by the uniax-
ial  curve of unconfined concrete. Almost identical 
slopes of strain softening branches, however, will be ob-
tained if this  curve continues to be used in 
ABAQUS for concrete confined by different constant ac-
tive pressures [12]. This is not consistent with experi-
mental observation that the descending branch becomes 
less steep when the confining pressure increases. To 
cope with this limitation of ABAQUS software, Yu et al. 
[12] pointed out that the hardening/softening function 
should be related not only to the plastic strain, but also to 
the confining pressure. A user-defined subroutine 
USDFLD was used by Yu et al. [12] to define the de-
pendence of strain hardening/softening on the confining 
pressure for fibre reinforcement polymer (FRP)-confined 
concrete. To do this, a model is required to describe the 
axial strainlateral strain relationship of concrete under 
various confining pressures. 

For CFST columns under axial compression, it is be-
lieved that there is no or negligible interaction between 
the steel tube and concrete in the initial loading stage. A 
small gap may appear since the initial lateral expansion 
of the concrete is smaller than that of the steel tube due 
to the difference in Poisson’s ratio between the steel and 
concrete. As axial strain increases, the lateral expansion 
of the concrete gradually becomes greater than the ex-
pansion of the steel until the two components are in con-
tact again. After that, contact pressure and interaction 
develop between the steel tube and concrete. This 
mechanism highlights the complexity of the interaction 
in CFST columns. It is very difficult to measure the lat-
eral expansion and confining pressure of concrete in a 
steel tube during the loading process. For this reason, no 
accurate model is available till now to describe the axial 
strainlateral strain relationship of concrete in CFST 
columns. 

Based on numerical tests, researchers proposed different 
compressive  models to be used for FE modelling of 
concrete confined by steel tubes. These models can be 
used to determine the strain hardening/softening function 
directly. Therefore, no user-defined subroutine is re-
quired. This reduces the modelling complexity, increases 
the computation efficiency and avoids potential conver-
gence problems. 

Different from that proposed by Han et al. [3], a new 
three-stage model is proposed in this paper to represent 
the strain hardening/softening rule of concrete confined 
by steel tubes, as shown in Figure 4. In the initial stage 
(from Point O to Point A), there is no or very little inter-
action between the steel tube and concrete. Therefore, 
the ascending branch of the stressstrain relationship of 
unconfined concrete is appropriate to be used to repre-
sent the curve OA until the peak strength fc is reached. 
After that, a plateau (from Point A to Point B) is in-
cluded to represent the increased peak strain of concrete 

from confinement. During this stage, any strength in-
crease of concrete from confinement will be captured in 
the simulation through the interaction between the steel 
tube and concrete. Beyond Point B, a softening portion 
with increased ductility resulting from confinement is 
defined. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Stress-strain model proposed for confined con-
crete 
 
A model proposed by Samani and Attard [14] is used to 
describe the ascending curve OA: 
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at peak stress under uniaxial compression c0 is calcu-
lated according to the relationship in Equation (10). This 
equation was proposed by De Nicolo et al. [15] based on 
regression analysis of uniaxial compression tests results 
from 17 references, in which fc' ranged from 10 MPa to 
100 MPa. 
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where fc' is expressed in MPa. 
 
The strain at Point B (cc) for the concrete model is de-
termined by the following equation proposed by Samani 
and Attard [14]: 
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where fB is the confining stress provided to the concrete 
at Point B. 

The circular specimen 3HN in Figure 2 is further used as 
an example to illustrate the development of confining 
stress on concrete (fl), which is shown in Figure 5. It 
should be pointed out that fl is the average value at the 
interface between the steel tube and concrete. In the elas-
tic stage, there is no confining stress as explained before. 
Just before and after the yielding of the steel, the confin-
ing stress increases very fast. Once the ultimate strength 
is reached, fl keeps stable or increases very slowly de-
pending on the value of c. This example highlights the 
fact that fl changes with axial strain (). To determine the 
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confining stress fB corresponding to Point B in Figure 4, 
it is assumed that at this point the ultimate strength is 
reached, as shown in Figure 5.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: Development of confining stress (fl) as a func-
tion of axial strain () 
 
Numerical tests were conducted to calculate fB for circu-
lar columns with different parameters. It is found that fB 
increases with increasing fy or decreasing D/t ratio. Al-
though fc' has no significant influence on the develop-
ment of fl in a later stage, there is a delay in the devel-
opment of interaction and fl for columns with higher 
strength concrete. Therefore, fB also decreases with in-
creasing fc'. On the basis of regression analysis, Equation 
(12a) is proposed to determine fB for circular columns. 
For rectangular CFST columns, the concrete core is sub-
jected to uneven confinement, and fl at the corners will 
be higher than those at other parts. It is found that a re-
duction factor of 0.25 can be applied to Equation (12a) 
for rectangular CFST columns and reasonable N 
curves can be obtained. Therefore, fB determining from 
Equation (12b) can be viewed as an equivalent confining 
stress. 
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For the descending branch of the concrete model (BC) 
shown in Figure 4, an exponential function proposed by 
Binici [16] was used, which is defined by: 
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in which fr is the residual stress as shown in Figure 4;  
and  are parameters determining the shape of the sof-
tening branch. The expression for fr is proposed as:  
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The parameter  is determined as: 










 

CFST)r rectangula(0075.0005.0

 CFST)(circular 
1

036.0
04.0

c

49.308.6 c


 e

 (15) 

Meanwhile,  can be taken as 1.2 and 0.92 for circular 
and rectangular columns, respectively. It should be noted 
that fr,  and  cannot be derived from tests directly. 
Hence, different trial values were used until best-fit val-
ues were obtained to ensure predicted N curves match 
with measured curves. It was found that fr and  can be 
expressed as functions of c. Equations (14) and (15) 
were then developed on the basis of regression analysis. 

3 VERIFICATION OF THE CURRENT 
FE MODEL 

Through an extensive literature search, N or N 
curves of 142 circular, 154 square and 44 rectangular 
specimens were collected and used to verify the pro-
posed FE model. The 340 tests in total are from 30 refer-
ences, in which the majority of them have received ex-
tensive citations. 

For circular columns, the ranges of different parameters 
are: fy=186-853 MPa; fc=18-185 MPa; D=60-450 mm, 
L/D=1.8-4.3, and D/t=17-221, where D is the overall di-
ameter of a circular section. The parameter ranges for the 
rectangular columns are: fy=194-835 MPa; fc=13-164 
MPa; D=60-500 mm, L/D=2.8-4.8, D/t=11-150; and 
D/B=1-2, where B and D are the overall width and depth 
of a rectangular section, respectively. As can be seen, the 
parameter ranges of the collected data are very broad and 
cover the current practical ranges. It should be noted that 
values of fc for some specimens were not available. In-
stead, a compressive strength (fcu) of 150 mm cubes was 
reported. To make consistent comparisons, Equation (16) 
proposed by L’Hermite [17] was used to convert fcu to 
equivalent cylinder strength. 
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
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
         (16) 

where fc' and fcu are both in MPa. 

As observed from tests, peak loads for some stocky 
CFST specimens are often associated with very high 
plastic strains. In some cases, no descending branches of 
N or N curves can be observed. This is particularly 
true for circular columns. For comparison purposes, the 
ultimate strength (Nu) is defined as the first peak load in 
this paper. But if the strain corresponding to the first 
peak load is great than 0.01 or there is no descending 
branch, Nu is then taken as the load at a strain of 0.01. It 
should be noted that  was taken as /L if N curves 
were reported instead of N curves in some references. 

The collected test data are used to verify the prediction 
accuracy of the current FE model. The predicted ultimate 
strengths (Nuc) from the current FE model and Han et 
al.’s FE model are compared with the measured ultimate 
strengths (Nue) of all collected data in Figures 6 and 7, 
respectively. Table 1 shows both the mean value (Mean) 
and standard deviation (STD) of the ratio of Nue/Nuc for 
specimens with different cross-sections.  
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(a) Circular section 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) Square and rectangular sections 
Figure 6: Comparison between measured strength and 
predicted strength using current FE model 
 
For the current FE model, the mean values of Nue/Nuc are 
1.024, 1.009 and 1.037 for circular, square and rectangu-
lar columns, respectively; whilst the standard deviations 
of Nue/Nuc are 0.065, 0.078 and 0.079, respectively. As 
can be seen, slightly conservative predictions are ob-
tained from the current FE model but with reasonable 
accuracy. For square columns, predictions of ultimate 
strengths from the new model are very close to those 
given by Han et al.’s model. But for circular and rectan-
gular columns, the current model is superior to Han et 
al.’s model in predicting ultimate strength. In particular, 
Han et al.’s model underestimates the ultimate strengths 
of circular specimens with small c values, whilst over-
estimate those of circular specimens with large c values. 
This is owing to the fact that concrete in a circular tube 
is more effectively confined. It is expected that the con-
finement effect should be reflected in these material pa-
rameters, but instead constant material parameters were 
used by Han et al. [3] except the strain harden-
ing/softening function. The current model gives good 
predictions for circular columns with either large or 
small c values, which can be seen from Figure 6a. 

The influence of fy, fc and D/t ratio on prediction accu-
racy of the current FE model is further checked. In gen-
eral, no change in prediction accuracy is found as fy, fc 
or the D/t ratio varies. The only exception is found re-
garding the influence of fc for square columns. A varia-

tion in prediction accuracy is found when the concrete 
strength is greater than 75 MPa. For example, the current 
FE model overestimates the ultimate strength by 7% on 
average for the 4 square specimens with an fc of 110 
MPa reported by Varma [18]. On the other hand, Liew et 
al. [6] reported test results of 9 square columns, where 
the concrete strength fc varied from 148 MPa to 164 
MPa. On average, the current model underestimates the 
ultimate strength by 15.5% for these specimens. Despite 
this, the shape of the descending branch of N curves 
for these specimens is still predicted very well. A possi-
ble explanation of the variation in prediction accuracy is 
that high-strength concrete is very sensitive to curing 
conditions. It is very difficult to ensure the curing condi-
tion of concrete cylinders is the same as that of concrete 
inside a tube. To reduce the variation in strength, how-
ever, high-strength concrete cylinders may also be cured 
in a sealed condition and kept in a same environment as 
the specimens. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) Circular section 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) Square and rectangular sections 
Figure 7: Comparison between measured strength and 
predicted strength using Han et al.’s model 
 

In terms of the prediction accuracy of N curves, both 
the current FE model and Han et al.’s model give rea-
sonable predictions for normal columns. This is illus-
trated in Figure 8, where the circular specimen 3HN 
tested by Tomii et al. [11] are used as examples. This 
explains why Han et al.’s model has been used widely. 
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Table 1: Comparison results of FE predictions with 
measured ultimate strength 

Section 
type 

Number of 
specimens 

Han et al.’s 
model 

Current FE 
model 

Mean STD Mean STD 
Circular 142 0.989 0.098 1.024 0.065
Square 154 1.020 0.075 1.009 0.078

Rectangular 44 1.065 0.086 1.037 0.079
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Figure 8: Comparison between predicted and measured 
N curves for a circular specimen 3HN 
 
Figure 9 shows the predicted N curves of three speci-
mens with stocky sections, including a circular specimen 
CC8-A-8 (D/t=16.7), a square specimen sczs2-1-4 
(B/t=20.5) and a rectangular specimen No. 4 (D/t=28) 
reported by Sakino et al. [19], Han et al. [20] and Lu and 
Kennedy [21], respectively. Han et al.’s FE model gives 
unsafe predictions of post-yielding strength for stocky 
circular columns as shown in Figure 9a. The predictions 
from the current FE model agree well with the test re-
sults of all the three specimens. 

The predictions of Han et al.’s and the current FE mod-
els for specimens with thin-walled tubes and high-
strength concrete are shown in Figures 10 and 11, re-
spectively. The test curves of thin-walled specimens 
S16CS80A and UNC-H shown in Figure 10 were pre-
sented by O'Shea and Bridge [22] and Tao et al. [23], re-
spectively; whilst those of specimens with high-strength 
concrete in Figure 11 were reported by Liew and Xiong 
[24], Liew et al. [6] and Liu and Gho [25], respectively. 
For circular thin-walled columns and circular CFST col-
umns with high strength concrete, both models give rea-
sonable predictions for the ultimate strength, but the cur-
rent FE model is more satisfactory in predicting the 
strain softening branch than Han et al.’s FE model. For 
the N curves of square or rectangular specimens 
shown in Figures 10 and 11, both models give reason-
able predictions. 

In general, the strain-hardening or softening branch is 
more accurately predicted using the current FE model. 
Meanwhile, the current model gives reasonably accurate 
predictions for columns in a wider parameter range. 
Apart from simulating normal CFST columns, the new 
FE model is also suitable to be used for CFST columns 
with high-strength concrete and/or thin-walled steel 

tubes. Compared with Han et al.’s model, the improve-
ment of the current FE model in predicting the full-range 
N or N curves is more significant than the im-
provement in predicting the ultimate strength. This is es-
pecially true for circular specimens. 
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(a) Circular specimen CC8-A-8 
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(b) Square specimen sczs2-1-4 
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(c) Rectangular specimen No. 4 
Figure 9: Comparison between predicted and measured 
N curves for specimens with compact sections 

4 CONCLUSIONS 

In this paper, a wide range of experimental data was 
collected and used to develop a new FE model in 
simulating CFST stub columns under axial compression. 
This model was compared with an existing FE model 
developed by Han et al. [3] in terms of prediction  
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(a) Circular specimen S16CS80A 
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(b) Square specimen UNC-H 

Figure 10: Comparison between predicted and meas-
ured N curves for concrete-filled thin-walled columns 
 
accuracy. The following conclusions can be drawn based 
on the results of this study: 
(1) Han et al.’s FE model gives reasonable predictions 

for normal CFST columns, although it underesti-
mates the ultimate strengths of circular columns 
with small confinement factors c, and overestimates 
those of circular specimens with large c values. It 
was also found that the prediction of post-peak 
curves of circular columns with high-strength con-
crete or thin-walled tubes is less satisfactory using 
this model. 

(2) A new FE model was developed in this paper for 
CFST stub columns, where the dilation angle used 
in the concrete damaged plasticity model was cali-
brated against test data. Meanwhile, a new concrete 
strain hardening/softening function was developed 
to be used in modelling CFST columns. 

(3) The predictions from the new FE model were com-
pared with the test data collected, which indicates 
that the new model is more versatile and accurate in 
modelling CFST stub columns. Apart from model-
ling normal CFST columns, the new FE model is 
also suitable to be used for CFST columns with 
high-strength concrete and/or thin-walled tubes. 

It should be noted that passively confined concrete is al-
ways very challenging to accurately model. The strain 
hardening/softening function for confined concrete  
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(a) Circular specimen CS-1 
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(b) Square specimen SSH-1-2 
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(c) Rectangular specimen A5-1 
Figure 11: Comparison between predicted and meas-
ured N curves for CFST columns with high-strength 
concrete 
 
should be related not only to the plastic strain, but also to 
the confining pressure. ABAQUS and most other soft-
ware have a limitation in reflecting this. Further research 
is required to measure the lateral expansion of concrete 
inside a steel tube during the loading process. A model 
may be put forward accordingly to describe the axial 
strainlateral strain relationship of the core concrete in 
CFST columns. A user-defined material subroutine can 
then be developed for ABAQUS to define a more ra-
tional strain hardening/softening function. In this way, 
the confining pressure between the steel tube and con-
crete can be determined from the interaction between the 

D=190 mm,           t=1.52 mm, D/t =125, 
L=664 mm, fy=306 MPa, fc'=80.2 MPa 
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B=250 mm, t=2.5 mm, B/t =100, 
L=750 mm, fy=338 MPa, fc'=41.8 MPa 

Axial strain  () 

D=219 mm, t=6.3 mm, L=600 mm, 

fy=300 MPa, fc'=163 MPa 

Axial shortening  (mm) 

B=150 mm, t=8 mm, L=450 mm, 

fy=779 MPa, fc'=157 MPa 

Axial shortening  (mm) 

B=100, D=130 mm, t=5.8 mm, 
L=390 mm, fy=300 MPa, fc'=106 MPa 
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two components, and the strain hardening/softening rule 
will not directly related to the geometric parameters of 
the cross-section. 
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