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Abstract 

This paper presents an investigation on axially loaded concrete filled steel tubes (CFST) 

with different polygonal cross-sections including triangular, hexagonal and octagonal 

shapes. The nominal concrete compressive cylinder strength adopted was 100 MPa and 

the nominal yield strength of the steel was 285 MPa. For each cross-sectional shape, 

two identical specimens of CFST and one specimen of a complementary hollow steel 

tube were examined. Load-shortening/strain histories and failure modes were recorded 

and compared. Finite element analysis with three different existing constitutive models 

of concrete were also developed and validated against the experimental results. The 

load carrying capacity of the CFST were compared with the derived values in current 

design documents including BS EN 1994-1-1:2004, ACI 318-11/AISC 360-16 and 

GB50936-2014. The feasibility of current design documents on CFST with different 

types of cross-section was discussed. 
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List of notations 

Ac   cross-section area of concrete core 

As  cross-section area of steel tube 

Asc  cross-section area of CFST  

B  width of square cross-section 

D  measured width defined in Figure 2 or diameter of circular section 

Deq  equivalent diameter 

DI  ductility index 

DIFE  ductility index from FE analysis 

Ec  elastic modulus of concrete 

Ec2  descending modulus of concrete in post-peak stage 

Es  elastic modulus of steel 

ɛ  uniaxial strain of confined concrete 

ɛ85%  uniaxial strain when the load decreases to 85% of ultimate load 

ɛcc uniaxial strain at peak stress of confined concrete 

ɛco  uniaxial strain of unconfined concrete 

ɛf   elongation at fracture based on the original gauge length 

ɛu  axial strain at ultimate load 

fbo/fco strength ratio of concrete between biaxial compression and uniaxial 

compression 

fcc peak stress of confined concrete 

fco  cylinder strength of concrete core 

fco,cube  cube strength of concrete 

fl confining pressure 

fsc strength of CFST 

fre residual stress of confined concrete 

fy  yield stress of the virgin steel plate 

K the ratio of the second stress invariant on the tensile meridian to that on 

the compressive meridian 
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Ncr   elastic critical force 

Nd  load capacity from code of practice 

Nu  load capacity of specimen 

Nu, CFST load capacity of CFST 

Nu, FE prediction of load capacity in FE analysis 

Nu, tube load capacity of hollow steel tube 

P  perimeter of the cross-section 

So  cross-section area of tensile coupon 

t  thickness of steel tube 

δu,tube axial shortening of hollow steel tube at peak load 

δu,CFST axial shortening of CFST at peak load 

δu, FE  predicted axial shortening at peak load in FE analysis 

ξ  confinement ratio equal to Asfy/Acfco  

σ   uniaxial stress of confined concrete 

σ0.2  0.2% proof stress of hollow steel tube 

σ0.2-t  0.2% proof stress of tensile coupon 

σu  ultimate stress of tensile coupon 

Ψ dilation angle 

ω local imperfection of steel tube 

 

1. Introduction 

Concrete filled steel tubes (CFST) are widely used as columns in modern construction 

due their high load carrying capacity and ductility. These highly efficient structural 

members have attracted significant attention from researchers in the last six decades. 

Kloppel and Goder (1957) presented the earliest experimental studies on CFST, after 

that numerous experimental studies were conducted to investigate the compressive 

behaviour of CFST focusing on a range of parameters including cross-section shapes, 

diameter to width ratios D/t and concrete grades (e.g. Furlong 1967, Tomii et al.1977, 

Schneider 1998, O’Shea and Bridge 2000, Han 2002, Giakoumelis and Lam 2004, Liew 
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and Xiong 2010, Evirgen et al. 2014, Ren et al. 2014).  

Circular and rectangular cross-sections are the two most commonly used cross-sections 

in practical design. The confinement effect of CFST with rectangular cross-section is 

limited compare to its circular counterpart. However, the column size of CFST with 

circular cross-section may reduce the lettable flooring area of a building. Therefore, to 

strike a balance between structural efficiency and optimized floor area, a wider range 

of cross-sectional shapes should be adopted for the design of CFST columns.  

 

Schneider (1998) investigated the experimental behaviour of CFST with circular and 

rectangular cross-section shapes under concentric load. Fourteen specimens were tested 

and the test results indicated that the circular CFST shows more ductility in post 

yielding behaviour than the square and rectangular CFST shapes. A similar observation 

was made by Han (2002), when experimental research on rectangular CFST was 

undertaken. Twenty-four specimens with various confinement ratios, ξ and geometric 

properties were tested. It was concluded that the confinement ratio and geometric 

properties have a significant influence on the load-carrying capacity and ductility of 

rectangular CFST. Tomii et al. (1977) considered octagonal cross-section shapes, in 

CFST experimental study. Sixty specimens with octagonal cross-section shape were 

tested. In their experiments, the strain hardening or elastic-perfectly-plastic relation was 

found in circular and octagonal columns and degrading curves were observed in square 

columns. Tomii et al. (1977) concluded the confinement effect can be anticipated in 

circular and octagonal CFST, however the load capacity of square CFST would not be 

improved by the triaxial effect. The effect of confinement was further studied by 

Susantha et al. (2001). They investigated the lateral confining pressure on circular, 

square and octagonal CFST. It was found that the most efficient confinement was 

obtained from circular CFST while the square CFST has a negligible confinement effect, 

and the octagonal CFST has a moderate confinement compared with the circular and 

square CFST shapes. They also indicated that the confinement effect was also affected 

by the D/t ratio and the concrete and steel strengths. 
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Recently, more studies on polygonal CFST were undertaken. Yu et al. (2013) proposed 

a unified formula for the load capacity of polygonal CFST and validated the formula 

by the existing experimental studies. Evirgen et al. (2014) tested 64 CFST specimens 

with circular, hexagonal, rectangular and square cross-sections. The test results 

indicated that the circular CFST has the most efficient load capacity and ductility. Ren 

et al. (2014) conducted experimental studies on CFST with special-shaped cross-

sections which covered triangular, fan-shaped, D-shaped, 1/4 circular and semi-circular 

cross-section shapes. The results showed that the failure mode of these types of CFST 

was similar to that of square CFST. An experimental programme of testing on 

hexagonal CFST was carried out by Xu et al. (2016), and it was indicated that out-of-

plane local buckling was the main failure mode in their tests. The above studies have 

indicated the importance of cross-section shape on the axial behavior of CFST 

especially on the softening behaviour, but a comparative study on the polygonal cross-

sections such as triangular, hexagonal and octagonal have not been conducted yet. 

 

The use of high strength concrete is efficient in improving the structural behavior of 

columns due to its high strength and high stiffness especially in high-rise buildings. 

Giakoumelis and Lam (2004) conducted a test programme of 15 CFST specimens with 

concrete strengths of 30 MPa, 60 MPa, and 100 MPa. The test results indicated that the 

increase of concrete strength would affect the bond strength between the steel tube and 

the concrete core. Liew and Xiong (2010) conducted a test on ultra-high strength 

concrete (UHSC) filled steel tubes with a concrete strength of 200 MPa. The results 

indicated that the post-peak behavior of UHSC filled steel tubes is brittle especially 

when the confinement ratio ξ is low. However most of the existing literature for high 

strength concrete filled steel tubes focused on the cross-section shapes of circular and 

rectangular.  

 

Based on a critical review of the existing studies, this paper presents an investigation 
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including physical tests and finite element analyses to study the axial behaviour of high 

strength CFST with triangular, hexagonal and octagonal cross-sections. The impact of 

cross-section shape on the load capacity and ductility of these CFST sections was 

discussed. The outcomes of the experimental studies were also used in the assessment 

of existing design provisions in European, American, and Chinese Standards. 

2. Experimental investigation 

2.1 Specimens and geometric measurements 

In the present study, three hollow steel tubes and six high strength concrete filled steel 

tubes (CFST) with triangular, hexagonal, and octagonal cross-section shapes and with 

a measured cylinder compressive strength of 100 MPa, for the concrete were tested 

under monotonic axial compression. Steel tubes with octagonal and hexagonal cross-

section shapes were fabricated by welding two cold-formed 3 mm thick steel plates, 

bent to form a half-section as shown in Figure 1 Steel tubes with triangle cross-section 

shape were fabricated by directly welding three steel plates together as shown in Figure 

1(c). Specimens were labelled as X-Y-Z. X indicates the cross-section shape of the 

specimens where T stands for triangular, H stands for hexagonal and O stands for 

octagonal. Y indicates the column types where H stands for hollow tubes and CF stands 

for CFST. Z is used to differentiate two nominally identical specimens. The dimensions 

of the cross-section for each specimen were precisely measured using a digital caliper 

with an accuracy of 0.01 mm. Table 1 shows the averaged value of the measured width 

D as shown in Figure 2 of all the test specimens and the corresponding tube thickness 

and height.  

 

The geometric local imperfection in terms of deviation from a plane surface for all the 

specimens was measured over the height of each specimen before the compression test. 

Figure 3 shows the arrangement of the measurement. The specimen was placed on a 

milling machine which can move horizontally. A dial gauge with a tolerance of 0.01 

mm was used to measure the local imperfection at mid-portion of each face with an 

interval of 30 mm over the height of the steel tubes. For the faces containing the welded 



 M-7/27 
 

joints, the surface measurement location was near the mid-portion due to the roughness 

of the welding zone. The initial readings at both ends of the specimen were regarded as 

reference points and other readings were adjusted in relation to the reference points to 

eliminate the error from the initial tilting of the tube. Figure 4 shows that the measured 

imperfection profile for specimens T-H-1, H-H-1 and O-H-1. The figure shows the 

maximum imperfection of specimens H-H-1 and O-H-1 was found at the welding 

surface which indicated that the welding process can have significant impact on the 

magnitude of geometric local imperfections. Table 1 shows the maximum local 

imperfection for each specimen, including the ratios between the maximum 

imperfection and tube thickness. 

 

2.2 Material test 

2.2.1 Steel 

Tensile coupon tests were conducted to obtain the material properties of the steel tubes. 

In this investigation, only flat tensile coupons from the virgin plates were tested. The 

dimensions of the steel coupon were established according to the BS EN ISO 6892-1 

(2009). Figure 5 shows the dimensions of the steel coupons. Coupons were tested using 

a Testomeric M-500 testing machine with a load capacity of 50 kN. Strain gauges were 

attached at each side of the coupon to measure the strain at the initial stage (elastic stage) 

of the test. The Pixel method (Liu and Chung, 2016) was then used to obtain the 

elongation of the coupons after the tensile strain exceeded the limit of the strain gauge 

in the strain hardening stage. A high-megapixel digital camera with 12 megapixels was 

used to capture the elongation between the red marks on the tensile coupons as shown 

in Figure 6 via counting the pixels between the marks. Figure 7a shows how the data 

from the strain gauge and the Pixel method compared. The limit of the strain gauge is 

approximate 5%, after 5% strain, the strain measured by the pixel method was adopted. 

Table 2 shows the result of the tensile coupon test, where Es is the elastic modulus of 

steel; σ0.2 is the 0.2% proof stress; σu is the ultimate tensile stress and ɛf is the elongation 

at fracture based on the original gauge length of 30 mm, which is defined by BS EN 
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ISO 6892-1 (2009) as 5.65√So , where So is the cross-sectional area of the tensile 

coupon. The static stress-strain curve was obtained by pausing the test for 100 seconds 

at 0.2% proof stress and at the ultimate stress (Huang and Young, 2014). The loading 

rate used in the tensile coupon test was 0.04% per min in tensile strain up to the σ0.2 

limit and 0.7% per min after that. This load rate agreement was adopted from the test 

procedure described by Huang and Young (2014). Figure 7b shows the static stress-

strain curves for all the tensile coupons and also an idealized stress-strain curve which 

was generated for the numerical investigation. 

 

2.2.2 Concrete 

The high strength concrete was prepared with a water-to-cement ratio of 0.25. Table 3 

shows the mix proportions at the saturated surface dry (SSD) condition. Five concrete 

cylinders, each with a diameter of 150 mm and a height of 300 mm, and five concrete 

cubes of 150 mm were cast and cured in moist conditions for at least 28 days as shown 

in Figure 8. The material properties of concrete were established from the compressive 

tests on the standard concrete cubes and cylinders at the test date of the CFST specimens. 

Four strain gauges with a gauge length of 100 mm were attached to the surface of the 

standard cylinders at 90o to each other. Load control was adopted in testing the concrete 

cubes with a loading rate of 6 MPa/min and displacement control was used for the 

concrete cylinders tests with a rate of 0.18 mm/s. The test results are summarised in 

Table 4. It should be noted that the failure modes of cylinder 1 and cylinder 2 did not 

satisfy the recommended failure mode in BS EN 12390-3 (2009) and therefore the mean 

result is calculated from cylinder 3 to cylinder 5 only.  

 

2.3 Stub column tests 

Stub column tests were conducted under uniaxial compression conditions using an  

MTS machine with a load capacity of 5000 kN. Strain gauges were attached at mid-

height of the specimens longitudinally and horizontally after the surface of the tube was 

carefully polished. Three to four linear variable differential transducers (LVDTs) with 



 M-9/27 
 

an accuracy of 0.01 mm were installed around the specimens to record the axial 

shortening. Figure 9 shows the arrangement of the strain gauges and LVDTs for stub 

columns with triangular, hexagonal and octagonal cross-section shapes. Figure 10 

shows the set-up of the uniaxial compression test. A similar set-up was also adopted by 

Chan et al. (2015). The loading rate for the stub columns was maintained at 0.3 mm/min. 

For stub columns with a hollow section, the test was paused for 100 s near the 0.2% 

proof stress and the ultimate stress to obtain static stress-strain curves which are 

compatible with the results from the tensile coupon test. 

 

The test result for the hollow steel tubes is summarized in Table 5, where the Nu,tube is 

the load capacity of the specimen and δu,tube is the axial shortening at the peak load. The 

axial load-shortening curves are also displayed in Figure 11. As shown in Table 5, a 

simple ductility index, DI, is used to quantify the ductility of specimens which is 

adopted from the referenced studies (Tao et al. 1998; Han et al. 2002). The ductility 

index is defined as follows: 

85%

u

DI



=                      (1) 

where ɛu is the axial strain at the ultimate load and ɛ85% is the axial strain when the load 

decreases to 85% of the ultimate load. The 0.2% proof stress was compared with that 

from tensile coupons where the subscript t is for the result of a tensile coupon test (i.e. 

σ0.2-t). It is apparent from Table 5 that the maximum stress in the triangular tube is lower 

than the proof stress at 0.2% from the tensile test. This observation can be explained by 

the high width to thickness ratio of the triangular tubes (c/t=45) which is higher than 

the suggested maximum value in BS EN 1993-1-1:2005 (c/t=≤38.7) for Class 1 to 3 

cross-sections. The width to thickness ratios of the hollow section with hexagonal and 

octagonal shapes are 23.8 and 18.3 respectively leading to Class 1-3 cross-sections. The 

failure modes are summarized in Figure 12. The failure mode of local buckling before 

yielding of the cross-section was observed for specimen T-H-1 while specimens H-H-

1 and O-H-1 failed by inelastic local buckling after the yield stress was reached. It 
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should be noted that inelastic local buckling appeared at the surface with the welded 

joint first. This may be attributed by the relative large local imperfection at this surface 

and also the low ductility of the material. No fracture failure was observed at the welded 

joint. In Figure 11, it can be seen that there is a distinct drop of the axial load for the 

axial load-axial shortening curves of specimen T-H-1 which is much earlier than the 

softening behaviour of specimens H-H-1 and O-H-1. This observation can be explained 

by the Class 4 classification of specimen T-H-1. The inelastic local buckling was also 

influenced by the width to thickness ratio. Comparing the softening behaviour of 

specimen H-H-1 to that of O-H-1, the effect of width to thickness ratio on inelastic local 

buckling is apparent where the softening behaviour of H-H-1 happened earlier than that 

in the curve of specimen O-H-1. This observation can be related to the DI values shown 

in Table 5 where the DI value increases when the cross-section shape changes from 

hexagonal to octagonal.  

 

The test results for high-strength CFST are summarized in Table 6 where Nu,CFST is the 

load capacity of the specimen and δu,CFST is the axial shortening at peak load. The 

confinement ratio, ξ is defined as Asfy/Acfco where As is the cross-sectional area of the 

steel tube, fy is the yield stress of the virgin steel plate, Ac is the cross-sectional area of 

the concrete core and fco is the cylinder strength of the concrete core. The Ductility 

indices of the CFST are also shown in Table 6. Two types of failure mode were observed 

for the CFST; one was out-of-plane local buckling (labelled as L) at the middle region 

of the column, and the other one was elephant’s foot buckling (labelled as E) at the 

column ends. Most of the specimens indicated both two failure modes at the end of the 

test. The failure mode shown in Table 6 is the first failure mode which occurred after 

the peak load was reached. Figure 13 shows the failure modes of specimens T-CF-1; H-

CF-1 and O-CF-1. Figures 13a and 13b present a clear out-of-plane local buckling 

failure mode and Figure 13c shows the elephant’s foot buckling failure mode at the 

column end. The enhancement ratios of the load capacity, Nu, CFST / Nu, tube, are listed in 

Table 6. The high strength of the infill concrete can significantly increase the load 
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capacity and the enhancement ratio is around 3.6, 4.3 and 4.4 for the triangular, 

hexagonal and octagonal CFST specimens respectively. In Table 6, it is obvious that 

the axial shortening at peak load is not significantly affected by the changes in cross-

section shape, however, the cross-section shape has a substantial influence on the 

ductility index where the DI of triangular CFST is much lower than that of the 

hexagonal and octagonal specimens. Figure 14 shows the axial load to axial shortening 

behaviour of specimens with the concrete core. The figure illustrates different softening 

behaviour for specimens with different cross-section shapes. For specimens T-CF-1 and 

T-CF-2, it can be seen the load drops rapidly after the peak load whereas the curves of 

the octagonal and hexagonal specimens decrease at a more moderate slope. An 

unanticipated finding was the difference in the softening behaviour of the identical 

specimens O-CF-1 and O-CF-2. This discrepancy could be attributed to the difference 

of the failure modes where the specimens O-CF-1 failed due to the elephant’s foot 

buckling mode and O-CF-2 failed due to an out-of-plane local buckling mode. 

 

3. Numerical investigation 

3.1 Hollow tubes 

3.1.1 Constitutive model, element types, boundary conditions and mesh 

convergence studies 

The stress-strain curve generated from the idealized stress-strain curve from coupon 

test (Figure 7) was used in the finite element (FE) modelling. The average elastic 

modulus was adopted for the elastic behavior of the steel tubes. The option *PLASTIC 

model provided by ABAQUS was adopted (Ellobody and Young 2006, Thai et al. 2014) 

to model the plastic behaviour of the steel. The eigenvalue buckling analysis was 

conducted to simulate the geometric imperfection using the first buckling mode pattern. 

Four different imperfection amplitudes were considered: the maximum value of 

measured imperfection amplitude, 1% of the tube thickness (t/100), 2% of the tube 

thickness (t/50), and 10% of the tube thickness (t/10). A four-node shell element (i.e. 

S4R in ABAQUS) was selected for the steel tube (Ellobody and Young 2006, Chan and 
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Gardner 2008, Tao et al. 2013, Ma et al. 2015). Each end of the column is coupled to a 

reference point for all degrees of freedom. Loading was applied by imposing axial 

displacement to the top reference point and the bottom reference point was constrained 

in all degrees of freedom. Mesh convergence studies were conducted to determine the 

appropriate mesh configuration which provided convergence of the axial stress-strain 

curves for the FE models. The optimal mesh size was found by comparing the axial 

load to axial shortening relationship until the behaviour is identical. The mesh size for 

stub columns of hollow steel tube is D/20 (Triangle), D/26 (Hexagonal) and D/26 

(Octagonal) where D is the width of the cross-section as shown in Figure 2.  

 

3.1.2 Validation 

The experimental results were used to validate the FE model in this investigation. Table 

7 includes the predictions of load capacity, axial shortening at peak load and DI from 

the FE modelling compared with the experimental results. Figure 15 shows the 

prediction of axial load to axial shortening behaviour of steel hollow tubes (i.e. T-H-1; 

H-H-1 and O-H-1). For hollow tubes with triangular section, it was found that the 

influence of imperfection amplitude is negligible. The FE model based on virgin plate 

materials matches well with the performance of the welded triangular shape suggesting 

that the welding effect is minimal for this particular specimen. However, the FE results 

for the hexagonal and octagonal shapes demonstrate the effect of the cold-forming 

process and the imperfection amplitude on the structural performance. Figure 15(b) 

shows that an increase in the imperfection values will reduce the maximum load 

achieved. Further, it was observed that there is a difference at the region between the 

yield and the peak loads, which is due to cold-forming enhancement at the bending 

corners that cannot be captured by the simplified material model used for the current 

studies. Similar observations and conclusions may be drawn from the results of the 

octagonal sections in Figure 15(c). It can be seen in Table 7 that, for the specimen H-

H-1, the FE model with the largest imperfection amplitude (based on the maximum 

value obtained from imperfection measurement) underestimates the load capacity (Nu, 
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FE/Nu,tube =0.84) and overestimates the ductility (DIFE/DI=2.21). Similar observation can 

be made for the prediction of load capacity and ductility for the octagonal specimens 

O-H-1 (Nu, FE/Nu,tube =0.88 and DIFE/DI=1.78). The FE model for specimen H-H-1 with 

an imperfection amplitude of t/100 predicts the ultimate load well while it 

underestimates the ductility index. For an imperfection amplitude of t/10 the FE model 

can reasonably predict the ultimate load and the ductility index for specimen O-H-1. In 

Figure 16, the failure modes for the FE models and the experimental results were 

compared. It was found the FE models can capture the failure modes of hollow steel 

tubes very well. 

 

3.2 Concrete-filled tubes 

3.2.1 Constitutive models, element types, boundary conditions and mesh 

convergence studies  

In the FE analysis for concrete-filled steel tubes, the constitutive model for steel is 

identical with that for hollow tubes, and three different constitutive models for concrete 

obtained from existing literature were compared in the numerical investigation. 

Imperfection of t/10 was adopted for all the models of CFST. 

a. Han et al. (2007) 

The confined concrete constitutive model for CFST was firstly proposed by Han 

et al. (2007) and then extended further in Han (2007). Han (2007) indicates that this 

model is applicable for the confined concrete with confinement ratios, ξ ranging from 

0.2 to 0.5 and for concrete cube strength ranging from 30 to 120 MPa. The derived 

stress-strain model is as follows: 

22( / ) ( / ) ( / ) 1

( / )
( / ) 1

( / 1) 1

o o o

o
oco

o

for

forf 

     


 
 

  

 − 


=  
 − + 

              (1) 
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 2; =  

 ( ) ( )
7[0.25 ( 0.5) ] 0.552.36 10 0.5cof




+ −

−=    

1.6 1.5 / ( / );o  = +  

( ) ( )0.1
/ 1.2 1cof = +  

 

where σ is the uniaxial stress of confined concrete, ɛ is the uniaxial strain of confined 

concrete, and ɛco is the uniaxial strain of unconfined concrete. The stress-strain model 

for concrete from Han et al. (2007) was used to represent the plastic stress-strain 

behaviour of the confined concrete core in FE analysis using ABAQUS (6.12), a 

commercial software package. The Concrete Damaged Plasticity Model (CDPM) 

provided by ABAQUS was suggested for modelling the behaviour of the confined 

concrete (Han et al. 2007). The flow potential eccentricity, viscosity, the ratio between 

biaxial compression and uniaxial compression concrete strength, fbo/fco, the ratio of the 

second stress invariant on the tensile meridian to that on the compressive meridian, K, 

and dilation angle ψ are as follows: 

 

Flow potential eccentricity=0.1; 

Viscosity=0; 

fbo/fco=1.16; 

K=0.667; and 

Ψ=30. 

 

b. Thai et al. (2014) 

Thai et al. (2014) developed a FE model for a high strength steel box column filled with 

high strength concrete. In this study, the model was validated by a large amount of 

testing data for the concrete filled steel tubes over a wide range of fy from 282-779 MPa, 

for fco from 51 to 164 MPa and width to thickness ratios from 15 to134. There are two 

portions of this stress-strain model. The initial portion before the peak load adopted the 

stress-strain model firstly proposed by Popovics (1973) and later modified by Mander 

(1988): 
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−
                (2) 

 

where Ec is the elastic modulus of the concrete; fcc and ɛcc are the peak stress and 

coincident strain of the confined concrete which are adopted from the empirical 

equations of Xiao et al. (2010). 
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where fl is the confining pressure. Thai et al. (2014) proposed an empirical equation for 

the confining pressure of high strength concrete in CFST which is as follows: 
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where B is the width of a square cross-section which is taken as equal to the value D 

shown in Figure 2 in this investigation, and t is the thickness of the steel tube. 

 

For the second portion after the peak load, Thai et al. (2014) adopted an exponential 

function from Binici (2005). 

 

( )
0.92

exp cc
re co ref f f

 




 − 
= + − −  

   

                (6) 
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where fre is the residual stress of confined concrete which was taken as 0.1 fco.  

 

0.005 0.0075 = +                      (7) 

 

Thai et al. (2014) also used the Concrete Damaged Plasticity Model in ABAQUS. The 

basic parameters in CDPM are shown as follows: 

 

Flow potential eccentricity=0.1; 

Viscosity=0; 

fbo/fco=1.5/fco
0.075; 

K=5.5/(5+2fco
0.075); and 

Ψ=40. 

 

c. Duarte et al. (2016) 

Duarte et al. (2016) adopted a Eurocode 2 (2004) based concrete model with a proposed 

linear descending portion after the peak stress. The ascending portion used the 

suggested stress-strain relationship in Eurocode 2 (BS EN 1992-1-1:2004): 

 

( )

2

1 2
co

k
f

k

 




−
=

+ −
                     (8) 

co





=                         (9) 

1.05 co
c

co

k E
f


=                      (10) 

 

For the strain softening portion, Duarte et al. (2016) assumed the stress will degrade 

linearly as the strain increases. The slope of the descending line Ec2 is shown as: 

 



 M-17/27 
 

2

2

0.1
for a circular section 

0.01
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0.01

co
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f
E





=
−

=
−

              (11) 

 

The Concrete Damaged Plasticity Model in ABAQUS was also used in this study. The 

basic parameters in CDPM are shown as follows: 

 

Flow potential eccentricity=0.1; 

Viscosity=0; 

fbo/fco=1.16; 

K=0.667; and 

Ψ=40. 

 

In this numerical investigation, the FE model from Han et al. (2007) is labelled as H-

07-C and H-07-R (where C and R indicate circular and rectangular cross-sections 

respectively), the FE model from Thai et al. (2014) is labelled as T-14, and the FE model 

from Duarte et al. (2016) is labelled as D-16-C and D-16-R.  

 

For the FE modelling of CFST, a four-node shell element (i.e. S4R in ABAQUS) was 

selected for the steel tube. An eight-node solid element (i.e. C3D8R in ABAQUS) was 

used for the concrete core element (Han et al. 2007, Sheehan et al. 2012, Li et al. 2015). 

The boundary conditions are identical to those of the FE model for hollow steel tubes, 

with each end of the column is coupled to a reference point in all degrees of freedom. 

Axial displacement was applied to the top reference point and the bottom reference 

point was constrained in all degrees of freedom. Mesh convergence studies were 

conducted. The steel mesh size is identical to the concrete core which is D/6 (Triangle), 

D/10 (Hexagonal) and D/10 (Octagonal) where D is the width of the cross-section as 

shown in Figure 2. Surface to surface contact was established between the inner surface 

of the steel tube and the outer surface of the concrete core. “Hard” contact provided by 
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ABAQUS which allows for the separation of the two surfaces after contact was selected 

for normal contact behaviour between the master surface (inner surface of steel tube) 

and the slave surface (concrete surface). The tangent behaviour between the two 

surfaces is modelled by the Coulomb friction model with the friction coefficient taken 

as 0.3. 

 

3.2.2 Validation 

The experimental results of the CFST were used to validate the FE model. The FE 

predictions are shown in Table 7. The averaged test result from two identical specimens 

was used for this validation. The FE result using the constitutive model of D-16-C was 

not summarized in Table 7, because a hardening behaviour was observed after the peak 

load as shown in Figure 17. Figure 17 shows the prediction of axial load to axial 

shortening behaviour from FE analysis compared with that obtained from tests. It was 

found that all the constitutive models can provide an accurate prediction of the load 

capacity of the test specimens with a deviation less than 7%. However, the predictions 

of axial deformation at peak load are different for the constitutive models. For triangular 

and hexagonal specimens, the model from Han et al. (2007) for rectangular sections 

CFST (H-07-R) achieved the best prediction for δu,CFST. For specimens with octagonal 

cross-section the model of H-07-C can predict the value of δu,CFST well. The concrete 

models of T-14 and D-16-R underestimate the deformation at peak load. In the case of 

the ductility index, all the concrete models cannot provide an accurate prediction of DI 

for the triangular specimens. The concrete model from Han et al. (2007) (H-07-R) 

provides the best prediction of DI for the hexagonal specimens (DIFE/DI=0.95). For the 

specimens with octagonal cross-section, models of H-07-R, T-14, and D-16-R provided 

reasonable prediction of the DI value with ratios of DIFE/DI ranging from 0.93 to 1.1. 

Similar observations can be made for Figure 17, where the softening behavior of 

triangular specimens cannot be captured as shown in Figure 17 (a). Only the model of 

H-07-R can provide a good prediction of the softening behaviour of hexagonal 

specimens. For specimens with octagonal cross-section, the models of H-07-R, T-14, 
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and D-16-R capture the softening behaviour. Figure 16 shows the predictions of failure 

mode from the FE models for the concrete model of H-07-R. 

 

4. Assessment on Design Approaches 

4.1 Eurocode 4 (BS EN 1994-1-1:2004) 

Eurocode 4 (BS EN 1994-1-1:2004) provides two formulae for the load capacity of 

CFST. One is a general formula where the cross-section shape of CFST is not specified. 

The other one is for CFSTs with a circular cross-section which considers the effect of 

confinement. These two formulae are shown as follows.  Measured yield strength fy 

and measured compressive cylinder strength fco are used in this assessment. 

 

for general sections y c coN A f A f= +
            (12) 

1 for circular section
y

a s y c co c

co

ft
N A f A f

d f
 

 
= + + 

 
            (13) 

 

In the case of uniaxial load: 

2
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4.9 18.5 17 0
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 

  

−

−−

 
= +  

 

= − + 

                  (14) 

cr

N

N

−

=                       (15) 

where Ncr is the elastic critical force. 

 

4.2 American code (ACI 318-11/AISC 360-16) 

American code (ACI 318-11/AISC 360-16) provides a simple formulae for CFST. It is 

suggested the load capacity of CFST is given as the sum of the load capacity of the steel 

and concrete components. The beneficial effect of confinement for circular CFST is 

also considered. The design formulae are shown as follows. Similarly, measured yield 
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strength fy and measured compressive cylinder strength fco are used in this assessment: 

 

0.85 for general sections y c coN A f A f= +
                (16) 

0.95 for circular sections y c coN A f A f= +                 (17) 

 

4.3 Chinese code (GB50936-2014) 

Chinese code (GB50936-2014) provides a specified formulae for CFST with an 

octagonal cross-section which considers the effect of confinement. Chinese code 

(GB50936-2014) also covers the cross-section shapes of circular, square (rectangular) 

and hexadecagonal. Circular and hexadecagonal sections share the same design 

equation and rectangular sections should be converged to an equivalent square section. 

Only the design formulae for octagonal sections were presented and assessed in this 

paper.  The design formula is summarised as follows. For consistency, measured yield 

strength fy and measured compressive cube strength fco,cube are used in this assessment: 

 

 

sc scN A f=                       (18) 

( )2

,1.212 0.63sc co cubef B C f = + +                (19) 

0.140 / 213 0.778yB f= +                (20) 

C = -0.07(0.63fco,cube)/14.4 + 0.026            (21) 

 

where ξ is the confinement ratio, Asc is the cross-section area of CFST which is the total 

cross-section area of the steel tube and the concrete core; fsc is the equivalent strength 

of a CFST, fco,cube is the cube strength of concrete. 

 

 

4.4 Assessment 
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The existing design codes do not consider CFST with triangular and hexagonal cross-

section shapes. The Chinese code only considers an octagonal cross-section. The load 

capacity according to the different code provisions is assessed and compared to the 

experimental results. The equivalent diameter Deq was used in the design formulae for 

circular CFST.  

 

2
eq

P
D


=                       (22) 

 

where P is the perimeter of the original cross-section. 

 

The assessment is summarized in Table 8. The general design approach from Eurocode 

4, Eq. (12), provided the best predictions of the test results. The ratio between the 

calculated values and the test results (Nd/Nu) is around 0.99. The design approach in 

Eurocode 4 (BS EN 1994-1-1:2004) for circular CFST overestimate the load capacity 

of the test specimens (by up to 4%). This is believed to be attributable to the lower 

levels of confinement provided by triangular, hexagonal and octagonal CFST cross-

sections compared to circular CFST. The design approach of ACI 318-11/AISC 360-16 

provide a more conservative prediction with a ratio of Nd/Nu around 0.88 for general 

cross-sections. The Chinese code (GB50936-2014) for octagonal CFST provides a less 

conservative prediction with a 10 % underestimation of axial load capacity. 

 

5. Conclusions 

This paper has presented an experimental investigation for hollow steel tubes and steel 

tubes filled with high strength concrete with triangular, hexagonal and octagonal cross-

sections under uniaxial compression. The concrete compressive cylinder strength was 

around 100 MPa. Finite element models incorporating three existing concrete 

constitutive models were also developed and compared to the experimental results. 

Existing design approaches for CFST were also assessed. The following conclusions 
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may be made based on the experimental and numerical studies described in this paper: 

 

(1) For concrete filled steel tubes, the in-filled high strength concrete can significantly 

enhance the load capacity of steel tube. The enhancement ratio of load capacity 

(concrete filled vs. hollow tube) found in the experimental investigation is up to 

4.5 for octagonal CFST. It is also found that the cross-sectional shape affects the 

ductility and the softening behaviour of the CFST. 

(2) In the finite element analysis, the behaviour of hollow steel tube under axial 

compression can be predicted reasonably well. The existing concrete constitutive 

models provide good predictions of the load capacity of CFST. However, the three 

concrete models cannot accurately capture the softening behaviour of triangular 

specimens. The concrete model of H-07-R from Han et al. (2007) can capture the 

behaviour of hexagonal and octagonal CFST reasonably.  

(3) In assessing the design approaches, it is found that the approach using the general 

design formulae from Eurocode 4 (BS EN 1994-1-1:2004) can provide an accurate 

prediction of the axial load capacity for CFST cross-sections considered in this 

investigation with a deviation of 1%. The design approach from ACI 318-11/AISC 

360-16 provide a more conservative prediction (up to 13%). The Chinese code 

(GB50936-2014) for octagonal CFST provides a less conservative prediction with 

9 % underestimation of the axial load capacity.  
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Figure 1. Fabrication of steel tubes: (a) Octagonal, (b) Hexagonal, (c)Triangular 

Figure 2. Width D for each cross-section: (a) Octagonal, (b) Hexagonal, (c)Triangular 

Figure 3. Imperfection measurement 

Figure 4. Imperfection profiles: (a) T-H-1, (b) H-H-1, (c) O-H-1 

Figure 5. Dimensions of tensile coupon 

Figure 6. Set up of tensile coupon test 

Figure 7. Stress-strain curves of the tensile coupons: (a) Stress-strain curves from strain 

gauge and pixel method, (b) Static stress-strain curves 

Figure 8. Curing of concrete cylinders and cubes 

Figure 9. Arrangement of LVDTs and strain gauges 

Figure 10. Test set up: (a) Triangular, (b) Hexagonal, (c) Octagonal 

Figure 11. Axial load to axial shortening behavior of hollow steel tubes 

Figure 12. Failure modes of hollow steel tubes: (a) T-H-1, (b) H-H-1, (c) O-H-1 

Figure 13 Failure modes of CFSTs: (a) T-CF-1, (b) H-CF-1, (c) O-CF-1 

Figure 14. Axial load to axial shortening behavior of CFSTs 

Figure 15. FE predictions for hollow steel tubes: (a) Triangular, (b) Hexagonal, (c) 

Octagonal 

Figure 16. Predictions of failure modes 

Figure 17. FE predictions of CFSTs: (a) Triangular, (b) Hexagonal, (c) Octagonal 
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Table 1 Dimensions and imperfections of specimens 

 

 Width, D  

mm 

Thickness, t 

mm 

D/t Height 

mm 

Maximum local 

imperfection, ω  

mm 

ω/t  

T-H-1 126.9 3.0 42 449.5 0.53 0.18 

T-CF-1 125.8 3.0 42 448.5 0.53 0.18 

T-CF-2 125.8 3.0 42 451.0 0.38 0.13 

H-H-1 157.2 3.1 51 448.5 0.63 0.19 

H-CF-1 156.9 2.9 54 451.0 0.47 0.16 

H-CF-2 157.6 2.9 54 450.5 0.57 0.21 

O-H-1 155.7 3.1 50 449.0 0.89 0.30 

O-CF-1 155.3 2.9 54 448.5 0.76 0.25 

O-CF-2 155.4 2.9 54 450.5 0.89 0.30 
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Table 2 Test results of tensile coupon tests 

 

 

  

 Es  

MPa 

σ0.2-t 

MPa 

σu  

MPa 

ɛf 

Coupon 1 189000 285 463 28% 

Coupon 2 199000 301 467 29% 

Coupon 3 195000 303 452 26% 

Average 194000 296.3 460.7 27.7% 
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Table 3 Mix proportions of concrete 

 

Content Proposed Quantity Mass for casting 

 

Water 128 kg/m3 9.4 kg 

Cement 512 kg/m3 44.8 kg 

Sand 717 kg/m3 64.3 kg 

10 mm Aggregate 430 kg/m3 37.7 kg 

20 mm Aggregate 645 kg/m3 56.6 kg 

Superplasticizer 15 kg/m3 1.30 kg 
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Table 4 Concrete material tests 

 

Type Specimen Strength Mean 

strength 

Elasticity  

Ec 

Mean 

Ec 

MPa MPa GPa GPa 

Cube Cube 1 111.0 109.5 N/A N/A 

Cube 2 109.9 

Cube 3 111.7 

Cube 4 106.5 

Cube 5 108.2 

Cylinder Cylinder 1 95.3 N/A 40.7 N/A 

Cylinder 2 87.7 41.5 

Cylinder 3 101.0 100.3 41.6 41.5 

Cylinder 4 100.6 42.8 

Cylinder 5 99.1 40.1 
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Table 5 Test results of hollow steel tubes 

 

Specimens Nu,tube 

kN 

δu,tube  

mm 

DI σ0.2 

MPa 

σ0.2/σ0.2-t 

 

Failure mode 

T-H-1 325 0.73 1.41 258.0 0.88 Local buckling 

H-H-1 438 2.57 1.59 309.8 1.06 Yield 

O-H-1 449 3.88 1.83 304.6 1.04 Yield 
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Table 6 Test results of concrete filled steel tubes 

 

Specimens Nu,CFST  

kN 

δu,CFST  

mm 

ξ Nu,CFST 

/Nu,tube  

DI Failure 

mode 

T-CF-1 1145 1.47 0.47 3.5 1.11 L 

T-CF-2 1210 1.67 0.47 3.7 1.10 L 

H-CF-1 1912 1.67 0.28 4.4 1.46 L 

H-CF-2 1866 1.67 0.28 4.3 1.44 L 

O-CF-1 1970 1.71 0.26 4.4 1.90 E 

O-CF-2 2024 1.87 0.26 4.5 1.41 L 
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Table 7 FE results of hollow steel tubes and CFSTs 

 

Specimens Imperfection 

mm 

Nu,FE 

kN 

Nu,FE/Nu,tube δu,FE 

mm 

δu,FE/δu,tube DIFE DIFE/DI 

T-H-1 0.03 (t/100) 339 1.04 0.68 0.93 1.28 0.91 

0.06 (t/50) 337 1.04 0.67 0.92 1.29 0.91 

0.3 (t/10) 320 0.98 0.65 0.89 1.38 0.98 

0.53 (max.) 307 0.94 0.65 0.89 1.47 1.04 

H-H-1 0.03 (t/100) 434 0.99 4.16 1.62 1.18 0.74 

0.06 (t/50) 417 0.95 3.18 1.24 1.29 0.81 

0.3 (t/10) 385 0.88 1.49 0.58 1.87 1.18 

0.63 (max.) 368 0.84 0.74 0.29 3.52 2.21 

O-H-1 0.03 (t/100) 477 1.06 6.77 1.74 1.41 0.77 

0.06 (t/50) 477 1.06 6.77 1.74 1.41 0.77 

0.3 (t/10) 441 0.98 4.32 1.11 1.97 1.08 

0.89 (max.) 394 0.88 2.17 0.56 3.26 1.78 

Specimens Concrete 

model 

(Imperfection) 

Nu,FE 

kN 

Nu,FE/Nu,CFST δu,FE 

mm 

δu, 

FE/δu,CFST 
DIFE DIFE/DI 

T-CF-1 

T-CF-2 

H-07-C (t/10) 1143 0.97 1.72 1.10 2.16 1.95 

H-07-R (t/10) 1125 0.96 1.52 0.97 1.28 1.16 

T-14 (t/10) 1120 0.95 1.25 0.80 1.56 1.41 

D-16-R (t/10) 1097 0.93 1.25 0.80 1.48 1.34 

H-CF-1 

H-CF-2 

H-07-C (t/10) 1886 1.00 1.94 1.16 3.37 2.32 

H-07-R (t/10) 1840 0.97 1.57 0.94 1.38 0.95 

T-14 (t/10) 1847 0.98 1.12 0.67 1.89 1.30 

D-16-R (t/10) 1815 0.96 1.20 0.72 1.92 1.32 
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O-CF-1 

O-CF-2 

H-07-C (t/10) 2042 1.02 1.99 1.11 3.87 2.34 

H-07-R (t/10) 2000 1.00 1.48 0.83 1.54 0.93 

T-14 (t/10) 2017 1.01 1.20 0.67 1.82 1.10 

D-16-R (t/10) 1966 0.98 1.29 0.72 1.70 1.03 

 

  



T-9/9 
 

Table 8 Design assessment 

 

Specimens BS EN 1994-1-1 ACI 318-11/AISC 360-05 GB50936-2014 

 General Circular General Circular Octagonal 

 Nd Nd/Nu Nd Nd/Nu Nd Nd/Nu Nd Nd/Nu Nd Nd/Nu 

T-CF-1 1159 1.01 1242 1.08 1041 0.91 1120 0.98 1090 0.95 

T-CF-2 1159 0.96 1242 1.03 1041 0.86 1120 0.93 1090 0.90 

Mean  0.99  1.06  0.89  0.95  0.93 

H-CF-1 1878 0.98 2047 1.07 1657 0.87 1804 0.94 1718 0.90 

H-CF-2 1878 1.01 2047 1.10 1657 0.89 1804 0.97 1718 0.92 

Mean  0.99  1.08  0.88  0.96  0.91 

O-CF-1 1980 1.01 2163 1.10 1744 0.89 1901 0.97 1808 0.92 

O-CF-2 1980 0.98 2163 1.07 1744 0.86 1901 0.94 1808 0.89 

Mean  0.99  1.08  0.87  0.95  0.91 

Unit kN. 
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(a) Octagonal 

 

(b) Hexagonal 

 

(c) Triangular 

 

Figure 1. Fabrication of steel tubes 
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(a) Octagonal (b) Hexagonal (c) Triangular 

 

Figure 2. Width D for each cross-section   
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Figure 3. Imperfection measurement 
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(a) T-H-1 

 

(b) H-H-1 

 

(c) O-H-1 

 

Figure 4. Imperfection profiles 
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Figure 5. Dimensions of tensile coupon 
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Figure 6. Set up of tensile coupon test 
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(a) Stress-strain curves from strain gauge and pixel method 

 
(b) Static stress-strain curves 

 

Figure 7. Stress-strain curves of the tensile coupons 
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Figure 8. Curing of concrete cylinders and cubes 

 

  



F-9/19 

 

 

 

 

 

Figure 9. Arrangement of LVDTs and strain gauges 
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(a) Triangular (b) Hexagonal (c) Octagonal 

  

Figure 10. Test set up 
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Figure 11. Axial load to axial shortening behavior of hollow steel tubes 
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(a) T-H-1 (b) H-H-1 (c) O-H-1 

 

Figure 12. Failure modes of hollow steel tubes 
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(a) T-CF-1 (b) H-CF-1 (c) O-CF-1 

 

Figure 13 Failure modes of CFSTs 
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Figure 14. Axial load to axial shortening behavior of CFSTs 

 

  

0

500

1000

1500

2000

2500

0 2 4 6 8 10 12

A
x
ia

l 
lo

a
d

 (
k

N
)

Axial shortening (mm)

T-CF-1
T-CF-2
H-CF-1
H-CF-2
O-CF-1
O-CF-2



F-15/19 

 

 

 

(a) Triangular 

 

(b) Hexagonal 
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(c) Octagonal 

 

Figure 15. FE predictions for hollow steel tubes 
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Figure 16. Predictions of failure modes 
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(a) Triangular 

 

(b) Hexagonal 
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(c) Octagonal 

 

Figure 17. FE predictions of CFSTs 
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