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Abstract: The concrete-filled bimetallic tubular (CFBT) member studied in this paper comprises a 

stainless steel/carbon steel bimetallic tube infilled with core concrete. It has the advantages of 

enhanced mechanical property, good corrosion resistance and cost effectiveness. A finite element 

analysis (FEA) model is established to investigate the performance of eccentrically compressed 

CFBT short columns with a circular cross-section. The model is verified against the experimental 

results presented in a companion paper. The comparisons show that the FEA model reproduces 

reasonably well the failure mode, load-deformation response, ultimate strength and strain 

development of the composite member. The validated model is then used to further investigate the 

performance of eccentrically loaded CFBT members, followed by a wide-range parametric analysis. 

Results indicate that the two layers of the bimetallic tube attain their ultimate strength before the 

concrete core. The material strength shows a major effect on the ultimate strength of CFBT members, 

whilst the coefficient of friction for the interface between different materials and the strain-hardening 

exponent of stainless steel have a minor influence. Finally, the applicability of various design codes 

is explored and the comparisons show that the load-carrying capacity predicted by AISC360-16 is 

conservative, whilst Eurocode 4 and DBJ/T13-51-2010 produce relatively accurate predictions. 

Keywords: Concrete-filled bimetallic tube; Eccentric compression; Numerical model; Load-carrying 

capacity; Interaction curve 
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1. Introduction

Concrete-filled steel tubular (CFST) structural members are extensively used in practical engineering 

owing to their favorable mechanical and constructional performance [1]. In the applications of CFST 

structures, the normally adopted carbon steel tubes could be subjected to some harsh conditions, such 

as offshore and marine environments. Increasing requirements of inspection and maintenance for 

carbon steel tubes are needed when the CFST members are exposed to water or chemical substances, 

and this might disadvantage the traditional CFST structures on a whole-life-cycle basis. 

Stainless steel is favorable for its excellent corrosion resistance, durability and ease of maintenance, 

and has potential to be widely used in structural engineering [2]. However, the cost of stainless steel 

is still much higher than the traditional carbon steel, and this significantly suppresses the widespread 

application of stainless steel at this stage. Aiming at promoting the more effective and economical 

use of stainless steel, the stainless steel/carbon steel bimetallic material is produced by combining a 

substrate carbon steel layer and a cladding stainless steel layer through various techniques and 

processes [3, 4]. So far, research on the properties of bimetallic material under various conditions is 

available [5-11]. 

With the aim of fully developing the advantages of bimetallic material when it is adopted in structural 

engineering, the concrete-filled bimetallic tubular (CFBT) member was proposed by Ye et al. [12]. 

The CFBT member consists of a bimetallic tube and the infilled concrete. The bimetallic tube is 

manufactured by cladding a carbon steel tube with a thin-walled stainless steel layer. By adopting this 

combination of different metals, the favorable corrosion resistance and cost-efficiency of bimetallic 

tubes could become more competitive than either pure carbon steel tubes or stainless steel tubes when 

considering the whole-life-cycle benefit. 

To investigate the structural performance of CFBT members, Ye et al. [13, 14] and Zhang et al. [15] 
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performed a series of experimental studies on the behavior of CFBT short columns subjected to either 

axial or eccentric loading. The experimental results confirmed the effective confinement provided by 

the bimetallic tube to the concrete core and the corresponding composite actions between the two 

components. However, the influence of different parameters on the load-carrying capacity of CFBT 

members under eccentric compression, and the corresponding design method still need to be 

investigated. 

Based on the above research background, this paper reports a numerical analysis on the structural 

behavior of eccentrically compressed CFBT short columns. The objectives of this research are 

threefold: firstly, to establish a nonlinear 3-D finite element analysis (FEA) model of circular CFBT 

short columns subjected to eccentric compression; secondly, to further analyze the structural 

performance of CFBT columns with different load eccentricity, including the failure mode, the full-

range load-deformation response, and the load distribution and contact stress between the two 

contacted components; and thirdly, to evaluate the design models in existing codes for computing the 

ultimate load capacity of CFBT short columns. 

2. Establishment of the FEA model

2.1 General information 

2.1.1 Available test data of CFBT specimens under eccentric compression 

The authors of this paper conducted an experimental investigation consisting of six hollow bimetallic 

tubes and six CFBT specimens subjected to eccentric compression [15]. The main test results are 

listed in Table 1, where fcu is the cube compressive strength of concrete; en is the nominal eccentric 

distance; D is the outer diameter of tube section; Nu,e is the experimental ultimate load capacity; and 

Nu,FEA is the FEA-predicted ultimate strength. The tube length (L) of all the CFBT and hollow 

bimetallic tube specimens was 350 mm and the outer diameter (D) of the section was 114 mm. The 
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wall thickness of the outer tube-layer (stainless steel, tss) and inner tube-layer (carbon steel, tsc) were 

1.0 mm and 2.0 mm, respectively, resulting in a total thickness of the bimetallic tube (ttotal) of 3.0 mm. 

2.1.2 Type of elements and mesh size 

The FEA model of the circular CFBT specimens under eccentric loading was established by adopting 

the FEA program ABAQUS (Version 6.14) [16]. The concrete core, end plates and stiffeners of the 

specimens were modelled using eight-node brick elements (C3D8R). The two layers of the bimetallic 

tube were modelled separately, and four-node 3D shell elements (S4R) were employed due to the 

thin-walled characteristic. To achieve a considerable balance between the computational accuracy 

and efficiency, convergence analysis was performed to determine the appropriate dimensions of the 

mesh for different components. Based on the convergence analysis, the mesh dimension for the 

infilled concrete and the two tube-layers was set as 15 mm in the current modelling. The schematic 

diagram of the meshed FEA model with the selected dimensions is depicted in Fig. 1. 

2.1.3 Interfacial behavior 

To replicate the interaction behavior between the steel tube and the concrete core, an interface model 

combining the "hard" contact model in the normal direction and the Coulomb friction model along 

the tangential direction was utilized. Based on the previous research [17], the coefficient of friction 

for the carbon steel-concrete interface was taken as 0.6. 

In practice, various techniques and processes can be adopted to fabricate the bimetallic tubes [18], 

mainly including the mechanical combination and metallurgic combination of two different types of 

metals. The stainless steel (outer)-carbon steel (inner) bimetallic tube in this research was obtained 

by combining the two different tube-layers with the mechanically cladding method. The carbon steel 

tube was cladded with a stainless steel layer and no special surface treatment was taken in the previous 

experimental study [15], where no phenomenon of separation of the two tube-layers was observed 
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during testing. To be consistent, the two tube-layers were modelled individually but with a definition 

of the interfacial behavior herein. Since there was no additional bond at carbon steel-stainless steel 

interface, the interface model combining the Mohr-Coulomb friction (tangential direction) and the 

"hard" contact (normal direction) was also used to describe the interfacial behavior. The coefficient 

of friction for the carbon steel-stainless steel interface was set to be 0.8 [19]. As for those bimetallic 

tubes manufactured by metallurgic combination, the two tube-layers could be strongly combined with 

sufficient bond in the interface. In that case, the "tie" function in ABAQUS would be suitable for 

modelling the interface between the two tube-layers of a bimetallic tube. 

The end-plates as well as the stiffeners were welded at both ends of the bimetallic tubes in the previous 

experiments [15]. As a result, a perfect bond was considered in the matched interface between the 

bimetallic tube, stiffeners, and end-plates, and the perfect bond was realized by adopting the "tie" 

method in ABAQUS. The above-mentioned interface model was also employed for the steel tube-

concrete core interface, but the value of friction coefficient was taken as 0.6. 

2.1.4 Loading and boundary conditions 

The eccentric compression was applied to the loading line at the top surface of the upper end-plate, 

as shown in Fig. 1. Along the fixed line located at the bottom surface of the specimen, all degrees of 

freedom (DOFs) were restrained except for the rotation around x axis, while all DOFs except for the 

translation along z axis and the rotation around x axis were restrained along the loading line located 

at the top surface of the upper end-plate. The loading line and fixed line had the same eccentric 

distance (e) to the symmetric axis. The load was applied to the loading line along z axis with a 

displacement-controlled mode to achieve better convergence of computation. 

2.1.5 Consideration of initial imperfection 

During the fabrication process, initial imperfections, such as geometric error and residual stress 
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related to the steel tube, are often inevitable in CFST members [20]. Previous research indicated that, 

local geometric error and residual stress have a significant effect on the performance of hollow steel 

tubes [21], while a marginal influence on the performance of conventional CFST members [22, 23]. 

The gap between the steel tube and concrete core could delay the composite actions in CFST members 

under some extreme conditions [24], while careful concrete casting and vibration can effectively 

avoid this possible imperfection. Thus, the influence of the concrete imperfection was not considered, 

and only the imperfection in tubes was taken into account herein. To validate the proposed FEA model 

and replicate the results obtained from experiments, it is necessary to consider a proper pattern and 

assume an amplitude factor for the initial geometric imperfection along the entire tube. The 

imperfection was simulated through eigenvalue buckling analysis of the hollow bimetallic tube [25]. 

The results of eigenvalue buckling analysis were then linked to the FEA model by adopting the 

"IMPERFECTION" method in ABAQUS. The amplitude of geometric imperfection was set as 

ttotal/100, which was adopted in the simulation of both hollow stainless steel sections [26] and 

concrete-filled stainless steel tubular specimens [27]. 

2.2 Material models 

2.2.1 Carbon steel 

For the carbon steel, an isotropic elastic-nonlinear plastic behavior with a von Mises yield surface 

and the associated plastic flow was used in the FEA modelling. A five-stage stress (σ) versus strain 

(ε) response reported by Han [28] was used to describe the uniaxial σ-ε curve of carbon steel, as 

depicted in Fig. 2(a), where fp is the limit of proportionality, εp is the strain corresponding to fp, fy is 

the yield strength, εy1 and εy2 are the strains at the beginning and end of the yield plateau, fu is the 

ultimate strength, and εu is the strain corresponding to fu. 

2.2.2 Stainless steel 
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Compared to the mild carbon steel with an obvious yielding stage, stainless steel exhibits a typical 

nonlinear response with a continuous strain-hardening feature. The Ramberg-Osgood model [29] was 

proposed to illustrate the σ-ε relationship of austenitic stainless steel, as follows: 

0 0.2

= 0.002( )n

E

 



 (1) 

where E0 is the Young's modulus, n is the factor related to the strain-hardening response from σ0.01 to 

σ0.2, and σ0.01 and σ0.2 are the 0.01% and 0.2% proof stress, respectively. 

Previous research [30] has indicated that the Ramberg-Osgood model in Eq. (1) provides an accurate 

prediction of the σ-ε relationship for a stress up to σ0.2, while gives a prediction that remarkably 

deviates from the experimental results when the stress is greater than σ0.2. Therefore, an improved 

model [30] was used for stainless steel when the stress exceeds σ0.2. Consequently, the σ-ε response 

of stainless steel was described by a two-stage equation, as illustrated in Fig. 2(b) and expressed as 

follows: 
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where ε0.2 is the strain corresponding to σ0.2, σss,u is the ultimate strength, εss,u is the ultimate strain 

corresponding to σss,u, E0.2 is the tangent modulus corresponding to σ0.2, m is the factor related to the 

strain-hardening from σ0.2 to σss,u. 

2.2.3 Concrete 

The damage plastic model was adopted to simulate the concrete in the FEA modelling. Considering 

the concrete confined by the bimetallic tube was similar to that confined by the carbon steel tube in a 

conventional CFST member, the uniaxial stress (σ) versus strain (ε) relationship suggested by Han 
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[17] was adopted to express the compressive behavior of the core concrete [see Fig. 2(c)], which is

expressed as: 
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where c/y f  , cf  is the concrete cylinder strength; 0/x   , ε0 is the strain corresponding to 

cf  , 0.2 -6

0 c CFBT(1300+12.5 +800 10f  ） ; ξCFBT is the confinement factor for CFBT members, 

CFBT sc y ss 0.2 c ck=( ) / ( )A f A A f  [13], Asc, Ass and Ac are the cross-sectional areas of the carbon steel

tube-layer, stainless steel tube-layer, and concrete core, respectively, fck is the characteristic concrete 

strength, ck cu=0.67f f , fcu is the cube strength of concrete; β0 is the factor related to the confinement

factor and ultimate strength of concrete, 
7

CFBT[0.25 ( 0.5) ]5 0.5

0 (1.18 10 ) ( ) 0.12cf
      .

For the tension behavior of concrete, a fracture energy-based approach was adopted to simulate the 

tensile softening performance of concrete, and the fracture energy of concrete (GF) was defined as 

follows [31]: 

0.18

F c73G f (4) 

2.3 Verifications 

2.3.1 Failure modes 

The established FEA model for circular CFBT short columns under eccentric loading was validated 

by replicating the experimental results reported in a companion paper [15]. A comparison of failure 

models between the numerical and test results is depicted in Fig. 3. Good agreements were generally 

found between the FEA prediction and measured results for both the CFBT and hollow bimetallic 

tube (BT) specimens. For the BT specimens, an obvious inward local buckling occurred near the mid-

height section [Fig. 3(a)], while overall bending was observed in the CFBT specimens [Fig. 3(b)]. 

The comparison of concrete cracking patterns between the prediction and experimental observation 
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for the CFBT specimens (CFBT-e0.26-1 and CFBT-e0.79-1) was shown in Fig. 3(c) and 3(d), where 

the vector stands for the magnitude and path of the maximum principal plastic strain (εpe,max). The 

concrete cracking could be predicted by εpe,max in the FEA modelling and cracks appear 

perpendicularly with respect to the direction of εpe,max. A similar distribution of concrete crushing and 

crack patterns between the numerical simulation and test results is shown in Fig. 3(c) and 3(d), where 

the vector distribution indicates that the concrete core is crushed in the compressive side and flexural 

cracks appeared in the tensile side. 

2.3.2 Ultimate strength 

The comparisons of load (N) vs. axial deformation (Δ) relationships and moment (M) vs. end plate 

rotation (θ) curves are shown in Fig. 4 and Fig. 5, respectively. An acceptable accuracy between the 

FEA calculation and measured results was observed when considering the overall trend of the N-Δ 

and M-θ curves for both CFBT and BT specimens. Additionally, the accuracy of the FEA model for 

simulating the structural performance of CFST members under pure bending moments was validated 

using the available experimental results [32], as illustrated in Fig. 6, where εmax is the maximum fiber 

strain, and the moment capacity is determined corresponding to an εmax of 10,000 με. 

The comparison of ultimate bearing capacity between the FEA calculations (Nu,FEA) and measured 

results (Nu,e) is depicted in Fig. 7, and the corresponding values are recorded in Table 1. The average 

value of Nu,FEA/Nu,e is 1.037 with a standard deviation of 0.064, indicating the numerical calculation 

generally agrees well with the experimental results. 

2.3.3 Load-strain response 

The comparisons of load (N) vs. longitudinal steel strain (εs) curves between the FEA and tested 

results are presented in Fig. 8, where εcl,c and εtl,c are the longitudinal compressive and tensile strains 

of carbon steel tube-layer; εcl,s and εtl,s are the longitudinal compressive and tensile strains of stainless 
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steel tube-layer; and εcl,FEA and εtl,FEA are the FEA-predicted longitudinal compressive and tensile 

strains. It can be seen that, the development of the longitudinal compressive and tensile steel strains 

in the numerical model generally agree well with the experimental results. For the specimens with a 

load eccentric distance (e) equal to 4 mm, the strain at the tensile zone is negative during loading and 

transforms to positive at the ultimate strength for both the CFBT and BT short columns [Fig. 8(a) and 

8(e)]. For the BT specimens at the ultimate load, the strain in the tensile side does not attain the yield 

strain except for the specimen with an e/D-value equal to 0.79 [Fig. 8(d)]. For the CFBT specimens 

with an e/D-value greater than 0.26, the longitudinal strain at both the compressive and tensile zones 

excess the yield strain [Fig. 8(f)-8(h)]. Therefore, it is reasonable to assume that for circular BT and 

CFBT short columns subjected to eccentric loading, the yield strength of the carbon steel and the 

stainless steel could be generally fully utilized. 

Based on the above comparisons, the accuracy of the established FEA model is well validated. Hence, 

it is reasonable to employ the FEA model to further investigate the structural performance of CFBT 

columns under eccentric loading. 

3. Analytical behavior

In this section, the numerical result is presented for extensive analysis of the performance of circular 

CFBT short columns, mainly including the load distribution and contact stress between different 

components, and the longitudinal stress of different components at the mid-height section. 

3.1 Load distribution 

The load (N) vs. axial deformation (Δ) responses of different components in the CFBT short columns 

with different load eccentricities (e/D) are depicted in Fig. 9, where N is the vertical load at the mid-

height cross-section that obtained through the "free body diagram" method. As expected, the concrete 

core bears the majority of the external load applied to the composite member. The N-Δ curves could 
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be divided by four characteristic points (A to D) into four stages: 

(1) Stage 1 (OA). The linearly elastic stage. Before reaching Point A, the loads carried by all the

components increase almost linearly as the axial deformation (Δ) increases. The N-Δ response for the 

carbon steel tube-layer reaches its ultimate compressive load at Point A; while for the stainless steel 

tube-layer, the curve almost attains its ultimate compressive load. The initial yielding of the bimetallic 

tube on the compressive side has occurred at the same time. 

(2) Stage 2 (AB). The N-Δ curve for the whole composite section attains its ultimate load capacity at

Point B. The load carried by the concrete core increases with a decreasing rate over this stage. 

Meanwhile, the load carried by the bimetallic tube decreases fast. For the specimen with e/D ≥ 0.53, 

a tensile load even appears [Fig. 9(c) and 9(d)]. This indicates that the main contribution of the 

bimetallic tube turns from directing bearing the external load to confining the core concrete. 

(3) Stage 3 (BC). The load carried by the core concrete increases slightly and attains its ultimate value

at Point C, whereas the loads carried by the carbon steel tube-layer and stainless steel tube-layer don't 

change much at this stage. 

(4) Stage 4 (CD). Point D represents the termination of the loading process. The loads carried by

different components tend to decrease slightly over this stage, showing ductile behavior of this 

composite member in the post-peak loading stage. 

3.2 Contact stress between diff erent components 

The contact stresses between different components of the CFBT specimens are illustrated in Fig. 10, 

where pc-s is the contact stress in the interface between the carbon steel tube-layer and concrete core, 

and ps-s is the contact stress in the interface between the two tube-layers. 

During the loading process, pc-s and ps-s in the compressive and tensile zones exhibit an increasing 

trend. Meanwhile, as the load eccentricity (e/D) increases, the values of pc-s and ps-s on the 
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compressive side tend to decrease. For the CFBT with an e/D-value less than 0.53, the magnitude of 

pc-s and ps-s on the tensile side decreases; while for the CFBT with an e/D value greater than 0.53, the 

opposite trend is observed. This is because as the e/D-value increases, the failure of eccentrically 

compressed CFBT members shifts from compression-controlled failure to tension-controlled failure. 

Besides, the value of pc-s is approximately 2 times greater than that of ps-s. This is within expectation, 

because the closer to the interface between the carbon steel tube-layer and the concrete core, the 

greater the deformation/strain that the tube materials undergo. The results suggest that the inner 

carbon steel tube-layer is more crucial than the outer stainless steel tube-layer in terms of providing 

lateral confinement to the concrete core. This also confirms the effective confinement offered by the 

outer stainless steel tube-layer and the composite actions between different components in the 

eccentrically compressed CFBT members. 

3.3 Concrete stress 

The longitudinal stress (s33) distribution of the concrete core across the mid-height cross-section at 

the ultimate state are depicted in Fig. 11, where the dash-dotted line represents the neutral axis. It 

shows that the concrete stress increases gradually from the neutral axis to the edge of the concrete 

core. Within the test parameters herein (e/D=0-0.79), the neutral axis tends to shift from the edge to 

the middle as the e/D-value increases. Moreover, comparing the CFBT member with an e/D-value of 

0.79 and that with an e/D-value of 0.26, it shows that s33 on the compressive side of the former is 

smaller than that of the latter. This suggests that as the e/D-value increases, the confinement supplied 

by the outer bimetallic tube to the concrete core at the compressive zone tends to decrease and the 

corresponding load-carrying capacity of the concrete core weakens. Moreover, s33 in the compressive 

zone of concrete core exceeds the cylinder compressive strength of the unconfined concrete (fc'=44.4 

MPa), which demonstrates that the core concrete is efficiently confined by the outer bimetallic tube 
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and the compressive strength is enhanced. 

3.4 Steel stress 

Considering the compatible deformation of the two layers of the bimetallic tube, the strain 

development of the two tube-layers is considered the same. Hence, only the longitudinal stress of the 

stainless steel tube-layer is studied in this section, as depicted in Fig. 12. For the CFBT member with 

a load eccentric distance (e) equal to 4 mm (CFBT-1), the mid-height cross-section is entirely 

subjected to compression when the magnitude of external load is less than 0.8Nu, as shown in Fig. 12 

(a). For the CFBT member with an e/D-value less than 0.53, the stresses at the compressive side 

develop more rapidly than those at the tensile side, while a different trend occurs in the CFBT member 

with an e/D-value greater than 0.53. This phenomenon shows that the failure of eccentrically 

compressed CFBT members changes from the compression-controlled mode to the tension-controlled 

mode with the increase of e/D. Additionally, the distributions of longitudinal stress in the stainless 

steel tube-layer have confirmed the fact that the "plane section assumption" is suitable for the CFBT 

members subjected to eccentric loading. 

3.5 Parametric analysis 

To complement the experimental investigation and extend the range of parameters, this section 

conducts a wide-range parametric analysis. In terms of the material properties and geometric sizes of 

specimens, the parameters that were kept unchanged included: D=114 mm, L=350 mm, ttotal=3.0 mm, 

the elastic modulus of carbon steel (Esc) and stainless steel (Ess) 202 GPa and 190 GPa, respectively, 

the Poisson's ratio of carbon steel (υsc) and stainless steel (υss) both 0.3. The variable parameters were: 

e/D ranging from 0 to 1.0 (including concentric compression and pure bending), the wall thickness 

ratio between the stainless steel tube-layer and the bimetallic tube (tss/ttotal) ranging from 0 to 1.0, fy 

ranging from 235 MPa to 590 MPa, σ0.2 ranging from 200 MPa to 600 MPa, fcu ranging from 30 MPa 
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to 90 MPa, n ranging from 3 to 11, the coefficient of friction for the interface between the carbon steel 

and stainless steel tube-layers (μ) ranging from 0.2 to 0.8, the confinement coefficient (ξ) [13] ranging 

from 0.487 to 1.676. 

3.5.1 Influence of load eccentricity 

The ultimate strength of CFBT members with different values of e/D is shown in Fig. 13(a). It shows 

that the ultimate load-carrying capacity of CFBT members is reduced with a gradually decreasing 

rate as the e/D-value increases. Take the basic model series t2t1 as examples to evaluate the effect of 

e/D on the N-Δ relationship of CFBT members, as shown in Fig. 13(b). The corresponding basic 

geometric parameters are: tsc=2.0 mm and tss=1.0 mm. The material parameters are: fcu=50 MPa, 

fy=235 MPa, σ0.2=300 MPa, n=5. Fig. 13(b) shows that the ultimate load-carrying capacity of CFBT 

members with load eccentricities of 1/8, 1/4, 1/2, 3/4, and 1.0 is reduced by 29.0%, 46.4%, 67.1%, 

77.8%, and 83.9% when compared to the concentrically compressed CFBT short columns, 

respectively. 

3.5.2 Influence of stainless steel grade 

The effect of σ0.2 on the N-Δ relations of eccentrically compressed CFBT short columns is illustrated 

in Fig. 14, where e/D=0.5 is adopted in the basic model t2t1-0.5, and the variable parameter σ0.2 

ranges from 200 MPa to 600 MPa. The results show that the shape of the N-Δ curves tend to have a 

higher plateau with the increase of σ0.2. For the basic model t2t1-0.5 with a σ0.2-value less than 400 

MPa, N decreases slightly after reaching the peak with increasing Δ, whilst for the model with a σ0.2-

value greater than 400 MPa, N tends to remain constant or even increase after reaching the plateau. 

The ultimate and residual strengths of CFBT members almost improve linearly with the increase of 

σ0.2, while the initial stiffness is affected by σ0.2 to a little extent. Compared to the basic model t2t1-

0.5, the ultimate strength of the model with a σ0.2-value of 200 MPa is reduced by 11.6%, while the 
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ultimate strength of models with a σ0.2-value of 400 MPa, 500 MPa, and 600 MPa are increased by 

8.4%, 20.1%, and 26.9%, respectively. 

Furthermore, compared to the basic model t2t1 with e/D=0.5, a variety of strain-hardening exponents 

of stainless steel, n, ranging from 3 to 11 were analyzed, as illustrated in Fig. 15. It shows that n has 

limited effect on the N-Δ curve of CFBT members, and a variation of 1.1% in the ultimate strength is 

obtained. 

3.5.3 Influence of carbon steel strength 

The influence of fy on the N-Δ relationships of eccentrically compressed CFBT short members is 

shown in Fig. 16. It indicates that fy has a similar effect with σ0.2 on the N-Δ response. The ultimate 

load-carrying capacity of CFBT members increases significantly with the increase of fy, while the 

initial stiffness almost keeps unchanged. Compared to the basic model t2t1-0.5, the ultimate load-

carrying capacity of CFBT members with fy of 335 MPa, 460 MPa, and 590 MPa are increased by 

16.6%, 36.6%, and 55.1% when compared to the member with fy=235 MPa, respectively. 

3.5.4 Influence of concrete strength 

The influence of fcu on the N-Δ relationships of CFBT short columns under eccentric compression is 

shown in Fig. 17. It shows that as fcu increases, the ultimate load capacity of CFBT members increases 

accordingly, while for the post-peak branch of the N-Δ curve, it tends to experience a steep decrease. 

The load generally levels off after reaching the peak value and retains a similar residual strength. 

Compared to the basic model t2t1-0.5, the ultimate strength of CFBT column with fcu=30 MPa and 

40 MPa are reduced by 11.7% and 4.9%, while the ultimate strength of CFBT column with fcu=60 

MPa, 70 MPa, 80 MPa, and 90 MPa is increased by 4.5%, 9.3%, 16.7%, and 22.5%, respectively. 

3.5.5 Influence of wall thickness ratio 

To achieve a good balance between cost efficiency in construction and corrosion resistance of CFBT 
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columns, the optimum amount of stainless steel used in the bimetallic tubes should be determined. 

Fig. 18 shows the effect of wall thickness ratio between the stainless steel tube-layer and the 

bimetallic tube (tss/ttotal) on the N-Δ relationships of CFBT members. It shows that the shape of the N-

Δ curves tend to have a higher plateau with the increase of tss/ttotal. For the basic model t2t1-0.5 with 

a tss/ttotal-value less than 0.5, N tends to decrease marginally with increasing Δ after reaching the 

ultimate strength, while N remains constant or even increases for the model with a tss/ttotal value greater 

than 0.5. The ultimate strength and residual strength increase linearly when the tss/ttotal-value increases 

from 0 to 1.0 with σ0.2/fy=1.28. However, an ultimate strength variation for some grades of stainless 

steel and carbon steel remains within 5.0%, demonstrating a slight influence of tss/ttotal on the ultimate 

load-carrying capacity of eccentrically compressed CFBT members. 

3.5.6 Influence of friction coefficient 

Various values of friction coefficient (μ) have been assessed for the interface between the carbon steel 

tube-layer and the stainless steel tube-layer [19, 33]. The effect of μ on the N-Δ relationships of CFBT 

members under eccentric compression is shown in Fig. 19. It shows that μ has a minor effect on the 

N-Δ relationships, and a variation of 1.1% in the ultimate strength is obtained.

3.5.7 Nu-Mu interaction 

The influences of different parameters on the Nu-Mu interaction are shown in Fig. 20, where Nu is the 

calculated ultimate load capacity of CFBT members under concentric compression and Mu is the 

predicted resistance of CFBT members subjected to pure bending. The Mu-value is defined as the 

bending moment corresponding to a εmax-value of 10,000 με. Fig. 20 shows that the parameters, σ0.2, 

fy and fcu, have a major influence on the ultimate bearing capacity of circular CFBT members, whilst 

the effect of n and μ are limited. Besides, the parameter tss/ttotal can also exert a remarkable influence 

on the load-carrying capacity of CFBT members [Fig. 20(e)]. This is primarily because the carbon 
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steel and stainless steel can have different strength grades, and changing the tss/ttotal-value is some 

kind similar to altering the overall strength of the bimetallic tube. Thus, the effect of tss/ttotal on the 

load-carrying capacity of CFBT members is similar to that of σ0.2, which is confirmed by comparing 

Fig. 20(e) with Fig. 20(a). 

4. Calculation method of load-carrying capacity

Currently, there is no specific design model for predicting the axial load (N)-moment (M) interaction 

of CFBT members. The study herein has indicated that the structural performance of CFBT columns 

under eccentric compression is similar to that of traditional CFST members. Hence, the calculation 

methods for circular CFST members under eccentric loading in currently available codes such as 

AISC360-16 [34], Eurocode 4 [35], and DBJ/T13-51-2010 [36] were utilized to calculate the N-M 

interactions of circular CFBT columns. The equations in the above codes were modified by replacing 

the steel tubes with bimetallic tubes to account for the CFBT cross-section. 

4.1 AISC360-16 

According to AISC360-16 [34], the resistance of compact circular CFST cross-sections to combined 

axial force and bending moment can be predicted as follows: 

when r c/ 0.2P P  , 

r r

c c

8
1.0

9

P M

P M
       (5) 

when r c/ 0.2P P  , 

r r

c c

1.0
2

P M

P M
  (6) 

where Pr and Mr are the required axial strength and flexural strength, respectively, adopting load and 

resistance factor design (LRFD) or allowable strength design (ASD) load combinations; Pc and Mc 

are the provided axial and flexural strength, given by FcrAg and FyZ, respectively; Fcr is the critical 
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stress; Fy is the specified minimum yield stress; Ag is the gross cross-sectional area of section; Z is 

the plastic section modulus about the axis of bending. 

4.2 Eurocode 4 

Based on Eurocode 4 [35], the resistance of circular CFST columns under combined compression and 

uniaxial bending is expressed by: 

M

pl,N,Rd d pl,Rd

=
M M

M M



 (7) 

where M is the greatest value of the end moments and the maximum bending moment within the 

column length; Mpl,N,Rd is the plastic bending resistance taking into account the normal force, given 

by μdMpl,Rd; Mpl,Rd is the plastic bending resistance and αM is the coefficient considering the effect of 

different steel grades. 

4.3 DBJ/T13-51-2010 

Based on DBJ/T13-51-2010 [36], the N/Nu-M/Mu interactions of CFST columns under combined 

compression and uniaxial bending are presented as follows: 

when N/Nu≥2η0, 

m

u u

+ 1
N M

a
N M


 

 
 

(8) 

when N/Nu≤2η0, 

2

m

u u u

N
- - + 1

N M
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N N M


     
     

     
(9) 

where N is the required axial load; Nu is the axial strength, u ck(1.14 1.02 )N f  ; Mu is the ultimate 

pure bending strength, u m scm scM W f ; a, b, c, ζ0 and η0 are the coefficients correlated with the 

confinement factor, 01 2a   , 
2

0 0(1 ) /b    , 0 02( 1) /c    , 
1.15

0 0.18 1    ,

0 -0.84

0.5-0.245
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; and βm is the equivalent moment coefficient. 
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4.4 Verification of the available design codes 

The comparison between the test results [15] and the calculated results using the above three codes 

is presented in Table 2, where Nu,AISC, Nu,EC4, and Nu,DBJ denote the values calculated by adopting 

AISC360-16, Eurocode 4, and DBJ/T13-51-2010, respectively, and Nu,e stands for the experimental 

results. As shown in Table 2, the predictions given by AISC360-16 are generally conservative, the 

mean values of Nu,AISC/Nu,e and Mu,AISC/Mu,e are 0.517 with a coefficient of variation (COV) of 0.243 

and 0.617 with a COV of 0.054, respectively. By comparison, Eurocode 4 and DBJ/T13-51-2010 

predict the ultimate strength of CFBT members with an improved accuracy. For the former, the mean 

values of Nu,EC4/Nu,e and Mu,EC4/Mu,e are 1.072 with a COV of 0.115 and 0.915 with a COV of 0.019, 

respectively. For the latter, the mean values of Nu,DBJ/Nu,e and Mu,DBJ/Mu,e are 0.953 with a COV of 

0.091 and 0.876 with a COV of 0.015, respectively. 

The calculated results using the above codes and the numerical results obtained from the FEA models 

are compared in Fig. 21. Two cases are presented herein: Fig. 21(a) is for the case in which the load 

eccentricity (e/D) equals to 0.26 and Fig. 21(b) is for the case where e/D=1.0. The range of the 

confinement factor (ξ) considered is from 0.487 to 1.676. Fig.21(a) shows that Eurocode 4 and 

DBJ/T13-51-2010 provide an increasingly conservative result as the ξ-value increases, which is 

similar to that for the CFBT members under concentric compression [13]. Additionally, AISC360-16 

provides a relative stable but more conservative prediction compared with the former two codes. 

By contrast, the prediction accuracy of these codes seems to exhibit different patterns when the e/D-

value is 1.0, as illustrated in Fig. 21(b). Generally, the predictions provided by Eurocode 4 and 

AISC360-16 tend to be more accurate as the ξ-value increases within the range of parameters. For 

DBJ/T13-51-2010, however, the prediction exhibits a very stable trend as the ξ-value varies. This is 

possibly because the codes do not consider explicitly the effect of ξ on the structural performance of 
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CFBT columns under eccentric loading. As a result, to improve the accuracy of the design methods, 

there could still be some room for future study on the influence of confinement on the ultimate 

strength of CFBT columns under eccentric loading. 

5. Conclusions

The performance of circular CFBT members under eccentric compression is investigated by using 

FEA modelling. Based on the analytical results reported in this paper, the main conclusions could be 

drawn as follows: 

(1) A validated FEA model is established to simulate the performance of circular CFBT members

under eccentric compression. The predicted failure modes, load-axial deformation curves, moment-

end plate rotation curves, ultimate load capacity and strain development of steel agree well with the 

measured results. The average ratio of predicted strengths to measured ones is 1.037, with a standard 

deviation of 0.064. 

(2) The load distribution versus deformation results suggest that the carbon steel tube-layer and the

stainless steel tube-layer attain their ultimate strength almost simultaneously before the concrete core. 

The composite cross-section attains the overall ultimate strength at some time in between. 

(3) The parametric analysis suggests that load eccentricity and material strengths exhibit the major

effect on the ultimate strength of CFBT members under eccentric loading. The strain-hardening 

exponent of stainless steel and the coefficient of friction for the interface between two tube-layers 

have a minor effect. The influence of the wall thickness ratio between the stainless steel tube-layer 

and the bimetallic tube can be activated by adopting different strength combinations of stainless steel 

and carbon steel. 

(4) The comparison among the calculated results and FEA predictions indicate that the ultimate load

capacity predicted by AISC360-16 is highly conservative, whilst Eurocode 4 and DBJ/T13-51-2010 
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produce relatively accurate predictions for the strength of CFBT members under eccentric 

compression. 
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Figures 

Fig. 1.  Finite element model of different composite members. 

(a) General view (b) Cross section

 
  (b1) CFST (b2) CFBT 

(b3) CFSST 

 
e 

B 

C 

A A 
e 

C 

A 

e 

Note： 

A – Concrete 

B – Carbon steel tube 

C – Stainless steel tube 

X 

Y 

O 

Displacement controlled 

loading on the load line 

Ux=Uy=Uz=0 

Ry=Rz=0 

End plate 

Specimen 

End plate 

Load line 

Ux=Uy=0 

Ry=Rz=0 

Stiffener 

https://www.editorialmanager.com/structures/download.aspx?id=203351&guid=3e5d7cb0-08eb-450b-8565-2dd31a0e61a8&scheme=1
https://www.editorialmanager.com/structures/download.aspx?id=203351&guid=3e5d7cb0-08eb-450b-8565-2dd31a0e61a8&scheme=1


25 

σ

fu

0

fy

fp

εp εy1 εy2 εu ε ε0.2 εss,u ε

σ

σss,u

σ0.2

0

σ

cf


c0.4 f 

0
ε0εp ε

(a) (b) (c) 

Fig. 2.  Stress-strain relationships for different materials: (a) carbon steel; (b) stainless steel; (c) 

concrete. 



26 

Test FEA Test FEA 

(a) (b) 

0.08

0.54

0.40

Crushing of 

concrete

0.42

0.36

0.44
0.14

0.46

0.62
0.52

0.10

Crushing 

of concrete

0.10

Crushing of 

concrete

0.32

0.74

0.02

0.40 1.40

1.10

0.86

0.08

0.14

0.28

0.24

Crushing 

of concrete

Cracks

Test FEA Test FEA

(c) (d) 
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Fig. 12.  Longitudinal stress of steel at mid-height: (a) CFBT-1; (b) CFBT-e0.26-1; 

(c) CFBT-e0.53-1; (d) CFBT-e0.79-1.
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Fig. 14.  Effect of σ0.2. 
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Fig. 16.  Effect of fy. 
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Fig. 17.  Effect of fcu. 
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Fig. 19.  Effect of μ. 
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Fig. 20.  Influences of different parameters on Nu-Mu relationships: (a) σ0.2; (b) n; (c) fy; (d) fcu; 

(e) tss/ttotal; (f) μ. 
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Fig. 21.  Comparison of eccentric strengths between predicted values (Nu,c) and FEA results 

(Nu,FEA ): (a) e/D=0.25; (b) e/D=1. 
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Table 1  Comparison of ultimate capacities between experimental (Nu,e) and FEA results (Nu,FEA) 

Specimen 

label 

fcu 

/MPa 
en/D 

Nu,e 

/kN 

Nu,FEA 

/kN 

Nu,FEA/Nu,e 
Average  

Nu,FEA/Nu,e 

Standard  

deviation 

BT-1 - 0 272.5 273.3 1.003 

1.037 0.064 

BT-e0.26-1 - 0.26 152.5 160.4 1.052 

BT-e0.26-2 - 0.26 155.6 160.4 1.031 

BT-e0.53-1 - 0.53 125.3 118.7 0.947 

BT-e0.53-2  0.53 110.4 118.7 1.075 

BT-e0.79-1 - 0.79 84.6 89.6 1.059 

BT-e0.79-2 - 0.79 87.1 89.6 1.029 

CFBT-1 50 0 774.6 741.4 0.974 

CFBT-2 50 0 713.3 741.4 1.057 

CFBT-e0.26-1 50 0.26 378.6 448.1 1.200 

CFBT-e0.26-2 50 0.26 397.3 448.1 1.143 

CFBT-e0.53-1 50 0.53 257.5 252.1 0.983 

CFBT- e0.53-2 50 0.53 238.5 252.1 1.061 

CFBT-e0.79-1 50 0.79 188.8 182.2 0.977 

CFBT-e0.79-2 50 0.79 173.4 182.2 1.063 

 

 

 

 

Table Click here to access/download;Table;Revised Tables.doc

https://www.editorialmanager.com/structures/download.aspx?id=203352&guid=d9bdd507-f094-4114-b42e-2bbb3ebdbbdd&scheme=1
https://www.editorialmanager.com/structures/download.aspx?id=203352&guid=d9bdd507-f094-4114-b42e-2bbb3ebdbbdd&scheme=1


46 

Table 2a  Comparison of ultimate axial loads between experimental and code-calculated results 

Specimen 

label 

Nu,e 

/kN 

Nu,AISC 

/kN 

Nu,EC4 

/kN 

Nu,DBJ 

/kN 
Nu,AISC/Nu,e Nu,EC4/Nu,e Nu,DBJ/Nu,e 

Average 

Nu,AISC/Nu,e 

Standard 

deviation 

Average 

Nu,EC4/Nu,e 

Standard 

deviation 

Average 

Nu,DBJ/Nu,e 

Standard 

deviation 

CFBT-1 774.6 530.5 731.8 660.0 0.685 0.945 0.852 

0.517 0.243 1.072 0.115 0.953 0.091 
CFBT-2 713.3 533.9 734.2 662.3 0.749 1.029 0.929 

CFBT-e0.26-1 378.6 152.8 460.6 405.4 0.404 1.217 1.071 

CFBT-e0.26-2 397.3 91.1 435.5 381.9 0.229 1.096 0.961 

Table 2b  Comparison of ultimate moments between experimental and code-calculated results 

Specimen 

label 

Mu,e 

/kN·m 

Mu,AISC 

/kN·m 

Mu,EC4 

/kN·m 

Mu,DBJ 

/kN·m 
Mu,AISC/Mu,e Mu,EC4/Mu,e Mu,DBJ/Mu,e 

Average 

Mu,AISC/Mu,e 

Standard 

deviation 

Average 

Mu,EC4/Mu,e 

Standard 

deviation 

Average 

Mu,DBJ/Mu,e 

Standard 

deviation 

CFBT-e0.53-1 16.87 9.35 14.98 14.40 0.554 0.888 0.853 

0.617 0.054 0.915 0.019 0.876 0.015 
CFBT- e0.53-2 16.51 9.75 15.21 14.54 0.591 0.921 0.881 

CFBT-e0.79-1 16.57 10.81 15.45 14.69 0.652 0.933 0.886 

CFBT-e0.79-2 16.63 11.14 15.27 14.66 0.670 0.918 0.882 


