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ABSTRACT 
 

     Ultra-high-strength steel (UHSS) has become an attractive alternative to conventional 
mild steel in structural design owing to its remarkable structural and economic benefits. 
The dimensions and self-weight of the structural members can be significantly reduced 
through using the high-strength martials in composite structures. However, the application 
of high-strength materials in the construction industry is still limited due to the lack of an in-
depth understanding of their structural behaviour. An appropriate approach is urgently 
required for the design of composite columns incorporating high-strength materials. In this 
study, a series of numerical analysis were performed to investigate the load-moment 
interaction curves of the high-strength composite columns. Finite element models that 
accounted for residual stresses and initial imperfections were developed and verified 
against independent experimental results. In particular, the UHSS and high-strength 
concrete (HSC) were adopted herein and an optimal confined concrete model was 
consequently studied and recommended. Moreover, three loading scenarios were involved 
in the numerical simulations (concentric compression, eccentric compression and pure 
bending). A series of parametric studies including the width-to-thickness ratios (B/t), 
magnitudes of residual stresses and initial imperfections were carried out. Local buckling 
behaviour and failure modes were further investigated.  
 
1. INTRODUCTION 

 
     Nowadays, concrete-filled steel tubular (CFST) columns have been increasingly used in 
the engineering practice owing to the excellent composite actions between steel plates 
and concrete infill (Shanmugam et al. 2001). Extensive experimental and numerical 
studies on CFST columns incorporating mild structural steel and normal strength concrete 
have been carried out over the past decades. Uy (2001a) investigated local and post-local 
buckling behaviour of CFST columns employing mild structural steel. Normal strength 
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CFST columns were tested by Liu et al. (2005, 2006) to study the behaviour of such 
columns subjected to concentric and eccentric loads. Twelve rectangular normal strength 
CFST specimens were tested under four-point bending conducted by Gho et al. (2004). 
Excellent post-yield behaviour was observed owing to favourable ductility performance. Li 
et al. (2017) experimentally and numerically studied the flexural behaviour of CFST. The 
parametric studies highlighted that the flexural resistance of CFSTs was significantly 
enhanced by steel strength and the area of steel. On the other hand, the increase of 
concrete compressive strength had a moderate contribution to the flexural resistance.  
     In comparison with normal strength CFST columns, the CFST columns utilising high 

strength materials are more attractive owing to the reduced material requirements and 
self-weight. Uy (2001b, 2001c) has conducted extensive experimental and analytical 
studies on high-strength steel tubes infilled with normal strength concrete. The yield stress 
of steel tubes (fy) was around 750 MPa, whilst the compressive strength of the concrete (f’c) 
ranged from 28 MPa to 56 MPa. The obtained load-moment interaction curves were 
compared with Eurocode 4 (1994). It was shown that the ultimate strength of square cross-
sections was overestimated by Eurocode 4 (1994). On this basis, four square CFST short 
columns and four square CFST slender columns made of high-strength steel and normal 
strength concrete were tested and investigated by Mursi and Uy (2004). A wide range of 
plate slenderness was considered in which the steel plates buckled either elastically or 
inelastically. A modified analytical approach was proposed to determine the ultimate 
capacity. In addition, Fujimoto et al. (2004) presented an extensive experimental 
programme on circular and square CFST columns with steel yield stresses and concrete 
compressive strength ranged from 400 to 780 MPa and 20 to 80 MPa, respectively. Kim et 
al. (2013) conducted tests on two square CFST beam-columns fabricated with high-
strength steel and high-strength concrete. It was shown that the test results were well 
predicted by Eurocode 4 (2004) and AIJ (2001) using plastic stress distribution model 
(PSDM).  
     Six CFST members with mild and high strength materials (fy = 325 - 900 MPa, f’c = 82.5 
- 119.7 MPa) were tested by Chung et al. (2013) subjected to flexural loading. It was 
highlight that AISC 360 (2005) underestimated the flexural resistance and flexural stiffness. 
Four circular and square CFSTs with mild and high-strength steel (fy = 374 - 756 MPa) and 
ultra-high-strength concrete (f’c = 177 - 183 MPa) were tested by Xiong et al. (2017). It was 
concluded that Eurocode 4 (2004) could safely estimate the flexural capacity of such 
CFSTs. 
     According to the literature mentioned above, studies on CFST columns fabricated by 
ultra-high-strength steel (UHSS) are still limited (Li et al. 2019). Appropriate design 
guidance for such composite columns is urgently required to promote their applications in 
engineering practice. The aim of this paper was to develop reliable finite element models 
for ultra-high-strength steel CFST members under different loading scenarios (concentric 
compression, eccentric compression and pure bending), in which the residual stresses and 
imperfections were considered. Parametric analysis on width-to-thickness ratios (B/t), 
residual stresses and initial imperfections were performed. 
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2. NUMERICAL MODELLING 

 
2.1. General 

     In the present study, a finite element program ABAQUS was employed to develop 
reliable numerical models for CFST members. The finite element models were used to 
predict the ultimate sectional resistance and behaviour of CFST members under 
concentric compression, eccentric compression and pure bending. Four-node reduced 
integration shell elements (S4R) and eight-node reduced integration brick elements 
(C3D8R) were used to model the steel tubes and concrete infill, respectively. The rational 
mesh sizes were determined by mesh sensitivity analysis, which gave accurate predictions 
with the least computational efforts. The interaction between steel tubes and concrete infill 
was modelled by „Surface-to-surface‟ contact. In the tangential direction, a Coulomb 
friction model with a friction coefficient of 0.3 was adopted (Li et al. 2019). Meanwhile, 
Hard-contact model was used in the normal direction, which allowed the separation 
between surfaces but no penetration. An eigenvalue buckling analysis was firstly carried 
out. The first buckling mode was then applied as the shape of initial imperfection through 
the *IMPERFECTION function available in ABAQUS (Thai et al. 2014). The residual 
stresses of steel tubes subjected to welding procedure were taken into account by using 
*INITIAL CONDITION function. In this paper, the model of tensile residual stresses (σtr) 
suggested by Li et al. (2019) was adopted as a function of plate thickness (t): 
 

ytr ft )3.0)ln(3.0(   (1) 

 
     The corresponding tensile width (bt) was calculated by 
  

2)ln(5.6  tbt
 (2) 

 
     The compressive residual stresses (σcr) and the width (bc) could be therefore 
determined by geometric and stress equilibrium: 

 

tc bbb 2  (3) 

c

trt
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b

b


2
  (4) 

 
     In particular, for a 5-mm-thick plate studied in this paper, the tensile residual stresses 
were around 78% of the yield stress and their widths were 12.5 mm. 
 



The 2019 World Congress on 
Advances in Structural Engineering and Mechanics (ASEM19)
Jeju Island, Korea, September 17 - 21, 2019

2.2. Material models 
     A number of steel constitutive stress-strain models have been used by researchers, 

including elastic-perfectly plastic model (Hu et al. 2003, Liang et al. 2007), elastic-plateau-

hardening model (Lu et al. 2009, Katwal et al. 2018) and elastic-hardening model (Guo et 

al. 2007, Xiong et al. 2007, Thai et al. 2014, Li et al. 2019). However, the stress-strain 

relationship of structural steel had minimal effects on the strength and behaviour of CFST 

members and only affected beyond the strain of 12,000 με (Tao et al. 2013). In this paper, 

elastic-hardening model was adopted. The elastic modulus (Es) and the strain hardening 

modulus were determined as 200,000 MPa and 0.005Es, respectively. The Poisson ratio 

for steel was taken as 0.3. 

     Unlike unconfined concrete, concrete in CFST members were passively confined by 

steel plates. The effect of confinement became more significant when the CFST members 

had a greater steel yield stress or a lower width-to-thickness ratio. During the simulation, 

an increase in the strength of concrete from confinement will be gathered through the 

interaction between steel plates and concrete. In this paper, a three-stage confined 

concrete model was adopted as shown in Fig.1 (Tao et al. 2013). 

     The Poisson‟s ratio for concrete was taken as 0.2, which was widely used in past 
numerical analysis. In the first stage (ascending stage) of the concrete constitutive model, 
minor interaction between steel plates and concrete was captured as the lateral expansion 
of steel was greater than that of concrete in the elastic range. The curve of the first stage 
was model as (Samani et al. 2012) 
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B , in which the elastic modulus of concrete was suggested 

in ACI 318 (2011) as cc fE '4700 . The peak strain εco was determined by the equation 

proposed by De Nicolo et al. (1994) 
 

710)33.4'626.0(00076.0  cco f  (6) 

 

     The lateral expansion of concrete dramatically increased once it went beyond the peak 
strain. However, the expansion was restraint by steel plates and composite action 
developed over strain. The plateau presented increased peak strain εcc from the composite 
action, in which εcc was defined by (Samani et al. 2012) 
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where the confining stress fB for square CFSTs was calculated by (Tao et al. 2013) 
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     The descending stage of confined concrete was determined by the function proposed 
by Binici et al. (2005): 
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where the confining residual stress cr ff '1.0 , c 0075.0005.0  , 92.0  and 

confining factor 
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in which As and Ac were the areas of steel tube and concrete, respectively.  
     The response of concrete under uniaxial tension was considered especially for 
eccentric compression and pure bending. It was assumed to be linear elastic until tensile 
failure stress of 0.1f’c was reached. After that, the means of fracture energy (GF) governed 
its tensile softening response, which was defined by 
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where the maximum coarse aggregate dmax was assumed to be 20 mm. 
     Other fundamental parameters included dilation angle (ψ), flow potential eccentricity (e), 
ratio of the biaxial loaded compressive strength to the uniaxial loaded compressive 
strength (fbo/f’c), ratio of the second stress invariant on the tensile meridian to that on the 
compressive meridian (Kc) and viscosity parameter (η) can be defined by (Tao et al. 2013) 
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Fig. 1 Three-stage confined concrete stress-strain model 
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2.3. Loading and boundary conditions 
     Reference points were used to represent the loading and boundary condition of 
specimens, as illustrated in Fig. 2. The loading and bearing surfaces were tied to the 
reference points by using rigid body constraints. 
     In this study, three boundary conditions were considered to simulate different loading 
conditions. For CFSTs under axial compression, both loading and bearing surfaces were 
fixed against all degrees of freedom except the axial translation of loading surface as 
shown in Fig. 2(a). The eccentric compression was achieved by moving both loading and 
bearing reference points along its x-axis as illustrated in Fig. 2(b). In addition, the rotation 
about z-axis was allowed so that the pinned restraint can be simulated. In order to 
investigate the bending capacity of the CFST members, four-point bending method was 
adopted. As shown in Fig. 2(c), a CFST member was supported by a pin and a roller 
constraints at two ends.  
 
3. VERIFICATIONS  

 
     A total of eight experimental tests were adopted to verify the reliability and accuracy of 
the proposed finite element model. The comparison between numerical results and 
experimental results conducted by Liu et al. (2005), Liu et al. (2006), Kim et al. (2013) and 
Gho et al. (2004) was carried out. Different width, wall thickness, concrete strength and 
steel yielding strength were covered as summarised in Table 1 and 2. Load-shortening 
curves and load-strain curves were plotted to validate the behaviour of CFST members as 
illustrated in Fig.3. It can be observed that good agreement was obtained in ultimate 
loading and bending resistance within small and negligible difference. In addition, Fig. 3 
further demonstrated that finite element models predicted reasonably well with 
experimental results in term of initial stiffness and softening response.  
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(a) Axial compression 
 

(b) Eccentric compression 
 

 
 

(c) Pure bending 
 

Fig.2 Boundary and loading conditions of finite element models 
 
Table 1 Verification against CFST specimens under axial and eccentric compression 
 

Loading 
condition 

Label 
B  

(mm) 
e     

(mm) 
t   

(mm) 
L  

(mm) 
f’c 

(MPa) 
fy 

(MPa) 
Pexp 
(kN) 

Pfem 

(kN) 
Pfem/
Pexp 

Axial A1 120 0 5.8 360 83 300 1697 1684 99% 
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Compression A2 120 0 5.8 360 106 300 1919 1923 100% 

Eccentric 
Compression 

S2 120 25 4 360 60 495 1125 1137 101% 
S4 120 45 4 360 60 495 810 799 99% 
C8 350 300 17.6 900 92 913 8782 8698 99% 
C9 350 300 15 900 113 806 7374 7132 97% 

 
Table 2 Verification against CFST specimens under pure bending 
 

Loading 
condition 

Label 
B  

(mm) 
t   

(mm) 
L  

(mm) 
f’c 

(MPa) 
fy 

(MPa) 
Mexp 

(kNm) 
Mfem 

(kNm) 
Mfem/
Mexp 

Pure 
bending 

B02 150 5 1600 56.3 483 88.1 85.8 97% 
B04 150 5 1600 87.5 483 101.4 99.6 98% 

 
4. PARAMETRIC STUDIES 

 
     Parametric studies were carried out to evaluate the influences of four parameters on 
the strength and behaviour of CFST members with high-strength materials. Grade 80 
concrete and 5 mm thick Grade 960 steel plates were utilised in the studies. Four different 
groups of loading conditions were examined, including axial compression, eccentric 
compression (e=25%B, 75%B) and pure bending. In each group, seventeen square CFST 
members were designed with width-to-thickness ratios (B/t) ranging from 20 to 50, tensile 
residual stresses varying from 90% to 120% of the yield stress, compressive residual 
stresses varying from 10% to 40% of the yield stress and imperfections ranging from 10% 
to 50%. The length of stub CFST columns under compression was three times its width. 
Besides, the length-to-width ratios of the slender CFST members under pure bending was 
taken as 16. It is worthy to note that the span-to-depth ratio (a/D) of CFST beams was 
taken as 4, hence, bending failure would occur prior to shear failure.  
 

4.1. Axial compression 
     Fig. 4 illustrated the parametric studies on axially compressed CFST columns. As 
expected, an increase in the width-to-thickness ratios leads to an increase in ultimate 
strength and initial stiffness due to a greater gross section area (Ag). However, the 
effective section area (Aeff) reduced once width-to-thickness ratios went beyond a 
slenderness limit, which resulted in premature local buckling prior to yielding (Li et al. 
2019). Additionally, CFST columns with high width-to-thickness ratios became less ductile 
in comparison with those having low ratios owing to the premature local buckling as 
presented in Fig. 4(a). The tensile residual stresses  
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(a) Axial compression (Liu et al. 2005) 
 
 

(b) Eccentric compression (Liu et al. 
2006) 

 

 
 

 
 

(c) Eccentric compression (Kim et al. 
2013) 

 

(d) Pure bending (Gho et al. 2004) 
 
 

Fig.3 Verification of finite element model against the experimental results 
 
had extremely limited impact on the strength and behaviour as presented in Fig. 4(b). 

Indeed, CFST columns under axial compression benefitted from the tensile residual 
stresses since the compressive stresses in the tensile zones was mediated. On the other 
hand, compressive residual stresses were destructive and aggravated the failure of steel 
tubes with compact sections. In Fig. 4(c), a minor reduction in strength was observed as a 
result of an increase of compressive residual stresses. No effect of imperfections was 
observed in Fig. 4(d) as it was mitigated by the presence of concrete infill. 
 

4.2. Eccentric compression 
     The behaviour of CFST columns under eccentric loading was analysed without 
consideration of the failure of the steel plates at tension side or welding fracture. In the 
early  
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(a) Width-to-thickness ratios 
 

(b) Tensile residual stresses (σtr/fy) 
 

 
 

 
 

(c) Compressive residual stresses (σcr/fy) 
 

(d) Imperfections-to-width ratio 
 

Fig.4 Parametric studies of CFST columns under axial compression 
 
stage of eccentric loading, steel plates and concrete infill developed elastically. As 
expected, the loading-shortening curve was linear. With an increase in load, the steel plate 
at compression side firstly became plastic and hardened, followed by the occurrence of 
inelastic local buckling at mid-height. At the meantime, the load was re-distributed and the 
stress in concrete significantly increased. The curve became inelastic until reaching its 
ultimate strength. As the local buckling of the steel plates and the crack of concrete infill 
developed, the load began to decrease and tended to fail. The softening of the load-
shortening curve was observed. 
     Load-shortening curves of CFST columns under a combination of compression and 
bending were presented in Fig. 5 and 6. The strength and initial stiffness were enhanced 
by width-to-thickness ratios. However, the drawback of premature local buckling needed to 
be noticed if the ratio exceeded the slenderness limit. The effects of residual stresses and 
imperfections on the load-shortening curve were not sensitive. 
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(a) Width-to-thickness ratios 
 

(b) Tensile residual stresses (σtr/fy) 
 

 
 

 
 

(c) Compressive residual stresses (σcr/fy) 
 

(d) Imperfections-to-width ratio 
 

Fig.5 Parametric studies of CFST columns under eccentric compression (e = 25%B) 
 

4.1. Pure bending  
     The analysis of the flexure behaviour of CFST members was presented. Firstly, a 
linear-elastic response of bending moment and longitudinal strain was obtained at small 

strain as a result of linear and elastic behaviour of steel plates and concrete. The linearity 
in this stage highly depended on the uncracked flexural stiffness (EIuncracked). After this, 
concrete at tension side cracked leading to a minor reduction in stiffness. A nearly linear 
response of bending moment and longitudinal strain was obtained which was governed by 
cracked flexural stiffness (EIcracked). As the load increased, the response became non-
linear if the extreme compressive fibre of concrete went beyond the maximum allowable 
strain of 0.003 (AS/NZS 2327 2017). Meanwhile, the steel plate at the tension side would 
firstly yield, and then followed by the compression side. Next, fully plasticity was gradually 
formed at large longitudinal strain. Though a moderate increase in bending moment in this 
stage, the moment capacity of CFST was defined at the longitudinal strain of steel tube of 
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0.01 for practical considerations (Han et al.  2004). Finally, the steel plate at the tension 
side initiated failure when it reached its failure strain. 
     As expected, the increase in width-to-thickness ratio enhanced the strength and 
stiffness of CFST members. However, premature local buckling at the compression side 
was observed as shown in Fig. 7. As illustrated in 8(c), though compressive residual 
stresses delayed the yielding at the tension side and enhance the stiffness to some extent, 
the increase in moment capacity was extremely limited. From Fig. 8(b) and (d), it could be 
seen that the effect of tensile residual stresses and imperfections on the flexural behaviour 
of CFST members could be ignored.  

 
 

 

 
 

 
 

(a) Width-to-thickness ratios 
 

(b) Tensile residual stresses (σtr/fy) 
 

 
 

 
 

(c) Compressive residual stresses (σcr/fy) 
 

(d) Imperfections-to-width ratio 
 

Fig.6 Parametric studies of CFST columns under eccentric compression (e = 75%B) 
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(a) No local buckling before yielding (B/t=20)  
 

 
 

(a) Premature local buckling before yielding (B/t=40) 
 

Fig.7 Filure modes of CFST members under pure bending 
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(a) Width-to-thickness ratios 
 

(b) Tensile residual stresses (σtr/fy) 
 

 
 

 
 

(c) Compressive residual stresses (σcr/fy) 
 

(d) Imperfections-to-width ratio 
 

Fig.8 Parametric studies of CFST members under pure bending 
 

5. CONCLUSIONS 

 

     In this paper, the finite element models were developed to capture the response of 

CFST members under different loading scenarios. An elastic-hardening model was utilised 
to simulate the ultra-high-strength steel plates with a yield stress of 960 MPa. Meanwhile, 
the compressive behaviour of the high-strength concrete was simulated as a three-stage 
confined concrete model. Loading and boundary conditions for different loading scenarios 
were presented. Moreover, the developed numerical models accounted for the residual 
stresses and initial geometric imperfections. The following conclusions could be drawn 
based on the results of this study: 
      (1) The predictions from the finite element models were compared with existing 
experimental data, which covered different width, wall thickness, steel yield strength and 
concrete strength. The numerical results showed that the models presented a good 
agreement in ultimate strength with small and negligible differences. Reasonable 
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predictions of initial stiffness and softening responses for these CFST members were also 
demonstrated.  
      (2) Based on the parametric studies, a greater width-to-thickness ratio increased the 
compressive and flexural strength of a CFST member. However, the premature local 
buckling was observed if the ratio went beyond the slenderness limit for UHSS plates. It is 
worthy to note that the premature local buckling was destructive to the ductility of the 
members because of an abrupt failure of the steel plates. 
      (3) The load and flexural capacity and behaviour of CFST members were not sensitive 
to the tensile residual stress and imperfections. Besides, a minor effect of compressive 

residual stresses on the axial capacity of CFST members was presented.  
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