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Abstract: Concrete-filled stainless steel tubes (CFSST) could be used as structural members in
corrosion-prone environments. A detailed numerical investigation of the mechanical performance
and calculation method of CFSST members under eccentric tension is carried out in this paper. A
finite element analysis (FEA) model that adopts three-dimensional elements is established, and
related experimental results of CFSST and conventional concrete-filled carbon steel tubes (CFST)
subjected to tension are used to validate the FEA model. Then, the calibrated FEA model is used
to investigate the performance of CFSST eccentrically tensile members, especially the composite
actions and stress distribution laws between the stainless steel tube and the concrete core, which
play a key role in the load-carrying capacity of the composite member. To quantitatively determine
the influence of different parameters on the load-carrying capacity of CFSST tensile members, a
wide-range parametric analysis is performed. Finally, a calculation model is proposed to be used
to predict the ultimate tensile strength of CFSST members subjected to eccentric tension, and the
model-predicted values show good agreement with the FEA-computed results.

Keywords: concrete-filled stainless steel tube (CFSST); eccentric tension; finite element analysis;
composite action; load-carrying capacity

1. Introduction

More and more scholars and architects are interested in concrete-filled stainless steel
tubes (CFSST), primarily due to the superiority of their better corrosion resistance, higher
durability, and wider application scenarios compared to concrete-filled steel tubes (CFSTs)
incorporating carbon steel [1]. Increasing investigations have been conducted on the axial
compression properties of CFSST short components with and without stiffeners [2–8],
slender columns [9,10], and members with elliptical [11,12] and square cross sections [13];
the bending property of CFSST members [14–16]; the behavior of CFSST components under
the combined loading conditions of compression and flexure [17–21]; and the capacity of
CFSST components to resist lateral strike [22] or cyclic loading [23]. However, there is still
a lack of comprehensive studies on the performance of CFSST components under tension,
which would be encountered during the service life of engineering structures, especially
under the conditions of severe earthquake or impact.

Besides the available limited study on the CFSST specimen’s tensile performance, nu-
merous studies have been completed to examine the mechanical properties of conventional
CFST components under tensile loads [24–32]. The tension characteristics of CFST com-
ponents, including cylindrical or square cross-sections, were examined by Han et al. [24],
Li et al. [25], and Zhou et al. [26]. The results indicate that the ultimate load-carrying
capacity of CFST components exhibits an approximate 10% increase compared to that
of the matching hollow steel tubes. Li et al. [27,28] investigated the tensile properties of
concrete-filled double-skin steel tube (CFDST) components. The findings revealed that the
tensile capacity of CFDST components exhibited a significant increase compared to the
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hollow steel tubes because the sandwich concrete offered lateral bracing to the external steel
tube. Han et al. [30] conducted experiments and FEA on the tensile properties of concrete-
encased concrete-filled steel tube (CECFST) components. Wang et al. [29] researched the
properties of circular CFST components reinforced with external CFRP sheets under the
simultaneous influence of tension and bending. Chen et al. [31] studied the performance
of reinforced CFST, which bears tensile loads. Xu et al. [32] presented calculation models
that offer the capability to estimate the properties of CFST tensile components. Ye et al. [33]
quantitatively evaluated the impact of concrete gaps on the reduction of tensile strength of
CFST components through finite element simulation. Xie et al. [34] conducted a numer-
ical study on concrete-filled bimetallic tubes (CFBT) tension specimens and proposed a
model to predict the corresponding ultimate tensile capacity. The above research indicates
that the steel–concrete combination effects actually enhance the tensile capacity of hollow
steel tubes. The conclusion has significance, as it can serve as a valuable reference for
investigating the behavior of CFSST eccentric tensile components.

Ye et al. [35,36] conducted experiments on 20 CFSST specimens to investigate their me-
chanical behavior and failure modes under concentric or eccentric tensile loads, numerical
studies were also conducted, and a computational model was proposed for calculating the
ultimate tensile capacity of axially loaded CFSST components. However, the composite in-
teractions of stainless steel tube and concrete in eccentrically loaded CFSST members still need
to be clarified, and so does the corresponding calculation approach of load-carrying capacity.

In light of the above research context, an FEA model is established to examine the
performance of CFSST eccentrically tensile components herein. The research aims to achieve
three primary objectives: (1) to construct a suitable FEA model that accurately simulates the
full-range performance of CFSST eccentric tensile components; (2) to examine the impact
of various parameters on the carrying capacity of CFSST eccentric tensile components; and
(3) to provide a proper method for predicting the interaction between the axial tensile load
(F) and bending moment (M) of CFSST members.

2. Numerical Modeling
2.1. General Information
2.1.1. Mesh Setting

The ABAQUS 2022 software is adopted to conduct the modeling. In the FEA model,
each specimen is made up of a stainless steel tube, the core concrete, upper and lower
endplates, and stiffeners between the tube and the endplates. The stainless steel tube
and stiffeners are simulated by the S4R elements provided by ABAQUS, and the concrete
core and endplates are simulated by the C3D8R elements. The primary surface in the
interaction simulation between the stainless steel tube and concrete is defined as the inner
side of the stainless steel tube, while the secondary surface is represented by the core
concrete. In order to reduce the occurrence of node penetration and ensure that the model
has good calculation accuracy and convergence, the mesh discretization of the primary
surface is set as the same as that of the secondary surface, and the nodes of the primary
and secondary surfaces coincide. To balance the calculation accuracy and efficiency, the
unit mesh discretization is set as 16 mm based on the convergence analysis.

2.1.2. Interfacial Behavior

In the FEA model, relative slippage between the stainless steel tube and the con-
crete core is allowed at the contact interface, and “hard contact” is adopted in the normal
direction. The Coulomb friction model is applied in the tangential direction, and an appro-
priate friction coefficient is selected. According to relevant research [1,37], the coefficient
of friction on the stainless-steel–concrete interface decreases with the increase of relative
interfacial displacement, and the friction coefficient ranges between 0.3 and 0.5. Thus, the
friction coefficient in this research is taken as 0.3. Additionally, the stainless steel tubes, end
plates, and stiffeners are all connected by the “tie” function in ABAQUS. In this paper, it is
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assumed that the end plate does not deform under ideal conditions, so the end plate was
considered a rigid body and was not taken into account in the calculation.

2.1.3. Boundary Conditions

The established FEA model of CFFST members under eccentric tension is shown in
Figure 1. The eccentric tension happens at the loading line on the top endplate. Additionally,
all degrees of freedom, with the exception of x-axis rotation and z-axis translation, are
constrained. A fixed line is set on the bottom outside of the lower endplate to constrain all
the degrees of freedom, with the exception of the x-axis rotation.
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Figure 1. FEA model of CFSST member under eccentric tension.

2.2. Material Properties
2.2.1. Concrete

In the FEA model established herein, the constitutive response of concrete is simulated
by the Concrete Damaged Plasticity Model, which includes two types of damage modes, i.e.,
compression crushing and tension cracking. The yield and failure surfaces are controlled
by the equivalent compression and tensile plastic strains, respectively. For the compressive
behavior of concrete, the stress-strain model established by Han [38] for simulating the
compressive property of concrete confined by steel tubes is adopted, which considers the
confined effect of steel tubes on concrete. According to the suggestion of the ACI 318
specification [39], the elastic modulus of concrete is set as Ec= 4730

√
f ′c, where f ′c is the

cylinder compressive strength of concrete. As for the plastic parameters, the expansion
angle is taken as 30◦ [40], the flow potential offset value is taken as 0.1, the ratio of
biaxial/uniaxial strength (f b0/f c0) is taken as 1.16, and the viscosity factor is taken as 0.0001.
The damage evolution parameters of core concrete are not considered in this paper.

The tensile property of core concrete is determined using a more convergent energy
failure criterion [41], i.e., the cracking stress (σt0) versus fracture energy (GF) relationship.
The calculation formulas of σt0 and GF refer to related studies [28,42] and are as follows:

σt0 = 0.26
(
1.25 f ′c

)2/3, (1)

GF = 73 f ′0.18
c . (2)
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2.2.2. Stainless Steel

Compared with carbon steel, the stress-strain relationship of stainless steel typically
lacks a distinct yield stage.

Therefore, the modified Ramberg–Osgood model [43] is employed as the constitutive
model for stainless steel within the FEA modeling, as shown in Figure 2. The model is
considered the strain hardening index (n), and the value of n is adopted as the unified
parameter value of the commonly used stainless steel types of building structures provided
by Ashraf et al. [44]. The model has demonstrated high precision in reproducing the
material response of stainless steel subjected to tensile loading.
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Figure 2. Stress–strain curves for stainless steel.

2.3. Model Validation

The test results of CFSST specimens under eccentric tension as reported in refer-
ence [35] are applied to verify the reliability of the established model. Table 1 presents
the main parameters and corresponding verification outcomes. All the specimens have a
length of 350 mm, with an outer diameter of 116 mm.

Table 1. Parameters and analysis results of eccentric tensile specimens.

Number Specimen t (mm) e (mm) Nu,e (kN) Mu,e (kN·m) Nu,FEA (kN) Mu,FEA (kN·m) Nu,FEA/Nu,e Mu,FEA/Mu,e

1 t2-e50 2.0 50 98.1 5.0 96.4 4.8 0.97 0.96
2 t2-C50-e25-1 2.0 25 135.6 3.4 145.2 3.6 1.07 1.05
3 t2-C50-e25-2 2.0 25 134.7 3.3 145.2 3.6 1.08 1.09
4 t2-C50-e50-1 2.0 50 130.0 6.5 102.4 5.1 0.78 0.78
5 t2-C50-e50-2 2.0 50 99.0 5.0 102.4 5.1 1.03 1.02
6 t2-C50-e75-1 2.0 75 95.5 7.2 96.7 7.3 1.01 1.01
7 t2-C50-e75-2 2.0 75 91.2 6.8 96.7 7.3 1.06 1.07
8 t3-e50 3.0 50 155.5 7.8 149.4 7.5 0.96 0.96
9 t3-C50-e25 3.0 25 173.4 4.3 176.8 4.4 1.02 1.02

10 t3-C50-e50 3.0 50 164.6 8.2 169.8 8.5 1.03 1.04
11 t3-C50-e75 3.0 75 126.3 9.5 129.6 9.7 1.03 1.02

Note: average Nu,FEA/Nu,e = 1.004; Standard deviation Nu,FEA/Nu,e = 0.079; average Mu,FEA/Mu,e = 1.002;
Standard deviation Mu,FEA/Mu,e = 0.080.

The deformation patterns of the FEA models and the experimental specimens are
compared in Figure 3, where the CFSST model (t2-C50-e50) and the hollow stainless steel
tube model (t2-e50) are selected as the reference. It can be seen that both the t2-e50 and
t2-C50-e50 models experience overall bending deformation, and the t2-e50 model shows the
concave deformation generated in the middle. The plastic deformation of the core concrete
is depicted in Figure 3c, where the vertical direction of the red arrows indicates the cracking
direction on the surface of core concrete. The comparison results show that the deformation
patterns of FEA models are in favorable consistency with the experimental outcomes.
Table 1 and Figure 3 show that the presence of core concrete significantly improves the
ability of CFSST specimens to bear eccentric tensile loads compared with hollow steel tube
specimens, and the deformation modes are significantly different.
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Figure 3. Comparison between predicted and experimental results under eccentric tensile: (a) t2 (ST);
(b) t2-C50 (CFSST); (c) t2-C50 (Core concrete).

Figure 4 shows the comparison of the load (F)-displacement (∆) relations between
the FEA predictions and the experimental test findings. The FEA-predicted F-∆ curves
are generally in good agreement with the experimentally obtained ones under different
parameters. Table 1 presents the comparison between the ultimate tensile strength (Fu,FEA)
and the corresponding bending moment (Mu,FEA) predicted by the FEA modeling and
the values obtained from experimental measurements. The average error between the
predicted ultimate tensile strengths and the test measurements is 4.2%, and the average
error between the predicted ultimate bending moments and the test measurements is 4.3%.
Thus, the FEA model demonstrates a significant level of precision in predicting the load
strength of eccentrically tension-loaded CFSST specimens and could be used to further
investigate the same type of steel–concrete composite members.
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3. Analytical Behavior and Discussion

Typical parameters are set for further analysis of CFSST members under eccentric
tension, as follows: outer diameter of stainless steel tube D = 400 mm; length L = 1200 mm
(corresponding L/D = 3.0); eccentricity ratio e/D = 0.5; steel ratio α = 0.108; nominal yield
stress of stainless steel σ0.2 = 300 MPa; elastic modulus of stainless steel Es = 200 GPa;
strain hardening index of stainless steel n = 5; cubic compressive strength of concrete
f cu = 50 MPa; elastic modulus of concrete Ec = 34.5 GPa.

3.1. Deformation Response under Loading

The overall shape of the load (F) versus displacement (∆) curve and the moment
(M)-rotation angle (θ) curve of CFSST components are basically similar, and both can nearly
be categorized into five stages through five points (A, B, C, D, and E), as shown in Figure 5.

Buildings 2023, 13, x FOR PEER REVIEW 8 of 20 
 

 
Figure 5. Characteristic points on tension-elongation curve of CFBT member. 

3.2. Force Distribution between Steel Tube and Concrete 
The internal force allocation between various components of a typical model under 

an eccentric tensile load of 200 kN is shown in Figure 6, where N represents the load sub-
jected by the stainless steel or concrete during loading, Nt represents the load carried by 
the CFSST specimen, and ε is the maximum longitudinal tensile strain of stainless steel 
tube. The figure indicates that the proportion of the load borne by the steel tube shows an 
overall upward trend with the increase of load eccentricity. In Stage OA, the steel tube 
deforms after the external load is applied, and then the partial load is transferred to the 
core concrete through the stainless-steel–concrete interface. When the strain value reaches 
575 µε (Point A), the concrete cracks, and the proportion of loading subjected by the con-
crete starts to decrease, while the proportion of load borne by the stainless steel tube ex-
periences an increase. As the strain reaches 1311 µε (Point B), the stainless steel tube enters 
the elastic-plastic stage, and the increasing ratio of load slows down. When the maximum 
strain of the steel tube reaches 5000 µε (Point C), the tension ratio of the stainless steel tube 
is 1.1, and the core concrete ratio is −0.1. This is because after the formation of cracks in 
the tension region of the concrete, the axial tensile force borne by the concrete decreases 
rapidly. The core concrete in the pressure region transfers the load through the end plates 
to provide longitudinal support for the stainless steel tube, so the ratio of N/Nt for the 
stainless steel tube is greater than 1. 

  
(a) (b) 

Figure 6. Load distributions of CFSST member under eccentric tension: (a) Whole process; (b) Initial 
stage. 

3.3. Contact Stress of Stainless Steel Tube-Concrete Core Interface 
When the CFSST specimens are under eccentric tension, the member undergoes 

bending deformation, and the stainless steel tube and concrete are squeezed against each 
other, resulting in an interaction between the two components. There are tension parts 

-0.2
0

0.2
0.4
0.6
0.8

1
1.2

0 20 40 60 80

N/
N t

ε (×10−3)

stainless steel tube

concrete core

−0.2 -0.2
0

0.2
0.4
0.6
0.8

1
1.2

0 1 2 3 4 5 6

N/
N t

ε (×10−3)

Point A Point C

Point B

−0.2

F

ε

A: Concrete fracture.
B: Elastoplastic stage.
C: Ultimate tensile strength.
D: Ultimate bearing capacity.
E: Loading end.

D 
C 

B 

A 

O 

E 

Figure 5. Characteristic points on tension-elongation curve of CFBT member.

Stage 1 (from Point O to Point A). At Stage OA, the applied tensile load improves
linearly with the increase of displacement, and the member behaves elastically. The stage
length shortens as the load eccentricity increases.

Stage 2 (from Point A to Point B). The stiffness of the CFSST member decreases slightly,
and the whole member behaves approximately elastically. The tensile region of concrete
core cracks, and the tensile stress within the region is mainly carried by the stainless
steel. The concrete core provides lateral support to the stainless steel tube and also carries
compressive stress with the compressive region of the CFSST member.

Stage 3 (from Point B to Point C). The stiffness of the specimen exhibits a notable drop
as the deformation increases, and the CFSST member enters the elastic-plastic stage. The
maximum longitudinal strain of stainless steel in the tension region reaches 5000 µε at
point C, which is considered the limit point of CFSST members under concentric tension.
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Stage 4 (from Point C to Point D). The slope of the curve almost remains stable, and
the load continues to increase at a much smaller rate than in the previous stages. The
maximum tensile strain of stainless steel reaches 10,000 µε at point D, which is considered
the limit point of CFSST members under eccentric tension and pure bending.

Stage 5 (from Point D to Point E). The stiffness change of the F-ε relation tends to be
gentle, and the load growth rate is smaller than in the previous four stages. When the
loading ends at Point E, the overall bending deformation of CFSST members is obvious.

3.2. Force Distribution between Steel Tube and Concrete

The internal force allocation between various components of a typical model under
an eccentric tensile load of 200 kN is shown in Figure 6, where N represents the load
subjected by the stainless steel or concrete during loading, Nt represents the load carried
by the CFSST specimen, and ε is the maximum longitudinal tensile strain of stainless steel
tube. The figure indicates that the proportion of the load borne by the steel tube shows
an overall upward trend with the increase of load eccentricity. In Stage OA, the steel
tube deforms after the external load is applied, and then the partial load is transferred
to the core concrete through the stainless-steel–concrete interface. When the strain value
reaches 575 µε (Point A), the concrete cracks, and the proportion of loading subjected by
the concrete starts to decrease, while the proportion of load borne by the stainless steel
tube experiences an increase. As the strain reaches 1311 µε (Point B), the stainless steel
tube enters the elastic-plastic stage, and the increasing ratio of load slows down. When the
maximum strain of the steel tube reaches 5000 µε (Point C), the tension ratio of the stainless
steel tube is 1.1, and the core concrete ratio is −0.1. This is because after the formation of
cracks in the tension region of the concrete, the axial tensile force borne by the concrete
decreases rapidly. The core concrete in the pressure region transfers the load through the
end plates to provide longitudinal support for the stainless steel tube, so the ratio of N/Nt
for the stainless steel tube is greater than 1.
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tial stage.

3.3. Contact Stress of Stainless Steel Tube-Concrete Core Interface

When the CFSST specimens are under eccentric tension, the member undergoes
bending deformation, and the stainless steel tube and concrete are squeezed against each
other, resulting in an interaction between the two components. There are tension parts
and compression parts in the CFSST specimen. Take three points on the middle section
of the CFSST specimen, as depicted in Figure 7. Point 1 represents a point in the tension
area, Point 2 represents a point in the neutral surface area, and Point 3 represents a point in
the compression area of the model. The development of contact stress of stainless-steel–
concrete interface in CFSST specimen under typical parameters is shown in Figure 8. In
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Stage OA, the two components jointly bear the tensile force, and the stainless-steel–concrete
interface contact stresses at Points 1, 2, and 3 all increase with the increase in strain. In the
AB stage, the core concrete cracks when the strain reaches point A. In the core concrete
model herein, the concrete that reaches its ultimate tensile strain will not crack. At the same
position, the longitudinal strain value of the concrete will increase rapidly, and obvious
radial shrinkage will occur. At this time, the stainless steel tube is in the elastic stage, the
stainless-steel–concrete interface contact stress has a tendency to separate, and the contact
stress at the three points begins to decrease significantly. In Stage BC, the stainless steel at
Points 1 and 2 began to enter the plastic stage successively. The radial shrinkage of the steel
tube increased, so it began contact with the concrete again and generated contact pressure.
When the strain reaches 2417 µε, the compressive load at Point 3 further increases, causing a
dent inward and contacting the core concrete again. The main function of the core concrete
is to offer lateral support to the steel tube, so the interface contact stress rises again.
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When the strain develops to Point C, the position of Point 1 is under extreme tensile
load, so the width and number of concrete cracks here are the largest, and the interface
contact stress is small. The width and number of concrete cracks at Point 2 are less than
those at Point 1. The contact stress produced at the interface between steel tube and concrete
decreases from Point 2 to Point 3 and then to Point 1.

3.4. Stainless Steel Tube Stress

For the eccentric tensile specimen under typical parameters (e = 200 mm), the deforma-
tion characteristics of the middle region of the CFSST specimen are the most significant, so
the stainless steel tube in the middle part is studied. The longitudinal stress development
is shown in Figure 9, where h is the distance to the extreme compressive side. For the
specimen with e/D = 0.5, the longitudinal stress in the tension region of the stainless steel
tube develops faster than that in the compression region. The distribution areas of the
tensile and compressive stresses almost keep constant. The neutral axis is approximately
at h/H = 0.188. The stress development of stainless steel tube can also be partitioned into
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five stages corresponding to the deformation response of CFSST specimens. In Stage OA
and AB, the stainless steel is still in the elastic section, and the stainless steel stress changes
at each section height are almost linear. In Stage BC, the stainless steel tube in the tension
section enters the elastic-plastic stage from high to low along the cross-sectional height,
and the growth rate of the longitudinal stress in the extreme tension region slows down
significantly. At the end of this stage (Point C), the maximum stress of the stainless steel
tube reaches yield. At this time, the longitudinal stress of the stainless steel in the pressure
region is −146.09 MPa. In Stage CD, the longitudinal stress in the extreme tensile region
continues to grow, and the growth trend slows down significantly. The yield zone of the
stainless steel tube develops to near the middle of the section. At Point D, the stress in
the extreme tension zone is 383.64 MPa, and the stress in the extreme pressure zone is
−185.11 MPa.
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Figure 9. Longitudinal stress of stainless steel tube at mid-height.

Figure 10 illustrates the stress path on the tension side of a stainless steel tube, the
variables σs,l, σs,t, and σs,Mises represent the longitudinal stress, transverse stress, and von
Mises stress, respectively. For CFSST specimens under eccentric tension, the inner concrete
laterally supports for the stainless steel tube to resist radial shrinkage deformation, so
simultaneous generation of σs,l and σs,l occurs in the stainless steel tube. The stress path
change is the same as the von Mises criterion after the stainless steel yields. When the
strain in the middle of the component reaches Point C, the value of σs,l is approximately
1.1f y under the combined action.
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Figure 10. Composite effect in CFSST tensile member.

3.5. Concrete Stress

In the CFSST members under eccentric tension, the concrete core can be divided into
tension and compression zones based on the stress states. Adopting typical parameters,
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the distribution of longitudinal stress (S33) in the middle section of the core concrete at
different stages is shown in Figure 11, where the position of the dotted line is same as
the neutral axis. As the eccentric tensile load increases, the position of the neutral axis
tends to move closer to the edge of the concrete, indicating that the area of tension zone
continues to increase. At the end of Stage OA, the maximum tensile stress endured by the
core concrete is 3.34 MPa. After reaching the peak tensile stress, cracks begin to form in the
tension zone of concrete. The maximum compressive stress endured by the concrete in the
compression region is 5.99 MPa. In Stage AB, the number of cracks in the tension region
increases, the location of neutral axis approaches the compression side, and the maximum
stress in the compressive region increases to 11.89 MPa at Point B. In Stage BC, the position
of neutral axis continues to approach the compression zone. The maximum compressive
stress endured by concrete at Point C is 21.85 MPa. In Stage CD, the location of neutral
axis is almost unchanged, and the maximum compressive stress develops to 34.99 MPa at
Point D.
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4. Parametric Investigate

The validated FEA model is employed to study the impact of various parameters on
the bearing capacity of CFSST specimens subjected to eccentric tension. Previous studies
have shown that the n of stainless steel and the µ of stainless-steel–concrete interface have
a minor influence on the bearing capacity of CFSST specimens under axial tension [36].
Hence, the parameters considered in this section include α = 0.041–0.235; e/D = 0–1.5;
σ0.2 = 200–600 MPa; and f cu = 30–80 MPa.

4.1. Effect of Stainless Steel Ratio

Based on the force distribution laws of CFSST members as described in the above
section, the steel ratio (α) is expected to have a significant influence on the tensile properties
of CFSST short columns because the externally applied tensile loading is primarily borne
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by the stainless steel tube. The influence of α on the F-ε response and ultimate tensile
capacity (Fu) of eccentrically loaded CFSST members are shown in Figures 12 and 13,
where the α-value ranges between 0.041 and 0.235, the value of e/D equals 1/2, and the
other parameters are taken the same as the typical CFSST member. The data presented
in Figure 12 exhibits a clear trend in the ultimate tensile capacity of CFSST specimens,
showing a nearly linear rise as the α-value varies within the considered range.

Buildings 2023, 13, x FOR PEER REVIEW 12 of 20 
 

4.1. Effect of Stainless Steel Ratio 
Based on the force distribution laws of CFSST members as described in the above 

section, the steel ratio (α) is expected to have a significant influence on the tensile proper-
ties of CFSST short columns because the externally applied tensile loading is primarily 
borne by the stainless steel tube. The influence of α on the F-ε response and ultimate ten-
sile capacity (Fu) of eccentrically loaded CFSST members are shown in Figures 12 and 13, 
where the α-value ranges between 0.041 and 0.235, the value of e/D equals 1/2, and the 
other parameters are taken the same as the typical CFSST member. The data presented in 
Figure 12 exhibits a clear trend in the ultimate tensile capacity of CFSST specimens, show-
ing a nearly linear rise as the α-value varies within the considered range. 

 
Figure 12. Effect of α on the F-ε curves. 

 
Figure 13. Effect of α on Fu. 

4.2. Effect of Load Eccentricity 
In order to research the effect of load eccentricity (e) on the Fu-value of CFSST mem-

bers, the eccentricity ratio e/D = 0–1.5 is kept constant and the other parameters are taken 
the same as the typical CFSST member. Figure 14 shows the load (F)-strain (ε) response of 
CFSST members with different e/D-values. As the eccentricity ratio increases, the Fu-value 
of CFSST members shows a gradually decreasing trend. Compared with the concentric 
tensile short columns, the Fu-value of CFSST short columns with an e/D-value of 1/4, 1/2, 
3/4, 1, 5/4, and 3/2 decreased by 43.7%, 61.3%, 70.2%, 76.1%, 80.0,% and 82.9%, as shown 
in Figure 15. 

0

1

2

3

4

5

6

0 10 20 30 40 50 60 70 80

F 
(×

10
3 
kN

)

ε (×10−3)

α = 0.132

α = 0.085

α = 0.041

α = 0.181

α = 0.235

0

1

2

3

4

0 0.05 0.1 0.15 0.2 0.25 0.3

F u
(×

10
3 
kN

)

α

Figure 12. Effect of α on the F-ε curves.

Buildings 2023, 13, x FOR PEER REVIEW 12 of 20 
 

4.1. Effect of Stainless Steel Ratio 
Based on the force distribution laws of CFSST members as described in the above 

section, the steel ratio (α) is expected to have a significant influence on the tensile proper-
ties of CFSST short columns because the externally applied tensile loading is primarily 
borne by the stainless steel tube. The influence of α on the F-ε response and ultimate ten-
sile capacity (Fu) of eccentrically loaded CFSST members are shown in Figures 12 and 13, 
where the α-value ranges between 0.041 and 0.235, the value of e/D equals 1/2, and the 
other parameters are taken the same as the typical CFSST member. The data presented in 
Figure 12 exhibits a clear trend in the ultimate tensile capacity of CFSST specimens, show-
ing a nearly linear rise as the α-value varies within the considered range. 

 
Figure 12. Effect of α on the F-ε curves. 

 
Figure 13. Effect of α on Fu. 

4.2. Effect of Load Eccentricity 
In order to research the effect of load eccentricity (e) on the Fu-value of CFSST mem-

bers, the eccentricity ratio e/D = 0–1.5 is kept constant and the other parameters are taken 
the same as the typical CFSST member. Figure 14 shows the load (F)-strain (ε) response of 
CFSST members with different e/D-values. As the eccentricity ratio increases, the Fu-value 
of CFSST members shows a gradually decreasing trend. Compared with the concentric 
tensile short columns, the Fu-value of CFSST short columns with an e/D-value of 1/4, 1/2, 
3/4, 1, 5/4, and 3/2 decreased by 43.7%, 61.3%, 70.2%, 76.1%, 80.0,% and 82.9%, as shown 
in Figure 15. 

0

1

2

3

4

5

6

0 10 20 30 40 50 60 70 80

F 
(×

10
3 
kN

)

ε (×10−3)

α = 0.132

α = 0.085

α = 0.041

α = 0.181

α = 0.235

0

1

2

3

4

0 0.05 0.1 0.15 0.2 0.25 0.3

F u
(×

10
3 
kN

)

α

Figure 13. Effect of α on Fu.

4.2. Effect of Load Eccentricity

In order to research the effect of load eccentricity (e) on the Fu-value of CFSST members,
the eccentricity ratio e/D = 0–1.5 is kept constant and the other parameters are taken the
same as the typical CFSST member. Figure 14 shows the load (F)-strain (ε) response of
CFSST members with different e/D-values. As the eccentricity ratio increases, the Fu-value
of CFSST members shows a gradually decreasing trend. Compared with the concentric
tensile short columns, the Fu-value of CFSST short columns with an e/D-value of 1/4, 1/2,
3/4, 1, 5/4, and 3/2 decreased by 43.7%, 61.3%, 70.2%, 76.1%, 80.0,% and 82.9%, as shown
in Figure 15.
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4.3. Effect of Stainless Steel Strength

Figure 16 shows the effect of the σ0.2-value on the Fu-value of eccentrically loaded
CFSST members. The load eccentricity is set at 1/2, the strain hardening index is set
at 5 [44], and the other parameters are the same as the typical CFSST member. As the
σ0.2-value increases from 200 MPa to 600 MPa, the Fu-value of eccentrically loaded CFSST
short columns increases almost linearly, as shown in Figure 17.
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4.4. Effect of Concrete Strength

Figure 18 depicts the influence of f cu-values on the F-ε curve of CFSST eccentric tension
short columns. The f cu-values vary from 30–80 MPa, and the remaining parameters are
the same as the typical CFSST member. In Figure 19, the simulation results show that
the ultimate tensile strength (Fu) with a f cu-value of 80 MPa is only increased by 3.3%
compared to that with a f cu-value of 30 MPa, so the impact of concrete strength on the
ultimate tensile capacity of CFSST eccentric tension short columns is nearly inappreciable.
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5. Calculation Model

The critical issues related to the design of CFSST members mainly include the ultimate
tensile capacity, the flexural capacity, and the composite action between axial tension and
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bending moment. Currently, there is no relevant formula for calculating the tensile capacity
of CFSST columns under eccentric tension. The Chinese Code DBJ/T13-51-2010 [45]
suggests that the interaction curve between tensile force and bending moment of CFST
members adopts a linear relationship, and the equation for computing the interaction
relationship between tensile load (F) and bending moment (M) can be stated as follows:

F
Fu

+
M
Mu
≤ 1, (3)

F ≤ Fu, (4)

where Fu and Mu are the ultimate tensile strength and bending strength.
The FEA-calculated F-M interaction curve for CFSST members with a steel ratio (α)

of 0.1 is depicted in Figure 20, where the predicted tensile strength (FFEA) and bending
strength (MFEA) are normalized by the Fu-FEA of the concentrically loaded members and
the Mu-FEA of the pure bending members. It can be seen that the F-M interaction basically
follows the linear relationship described in Equation (3), but there is still a certain deviation,
especially for the members with a load eccentricity (e/D) exceeding 0.25.
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Figure 20. Tension-bending interaction curve.

The maximum tensile strain of stainless steel corresponding to Fu and Mu in Equation (3)
is 5000 µε and 10,000 µε, which are different from each other. Considering the normal use
requirements of the CFSST members, it is recommended that the ultimate load-carrying
strength of the CFSST eccentrically tensile members is taken as the load when the maximum
tensile strain of stainless steel reaches 10,000 µε. We regress the finite element simulation
results of the CFSST tension members in Figure 20 under different eccentricities. The
regression results are used to modify Equation (3), and the load (F)-bending moment (M)
interaction equation of the CFSST eccentric member is obtained, which is expressed as:(

F
δFu−5k

)1.15
+

M
Mu
≤ 1, (5)

where the ultimate tensile strength (Fu-5k) and bending strength (Mu) both correspond to a
maximum steel strain of 10,000 µε; δ is the relationship coefficient between Fu-10k and Fu-5k.

Han et al. [24] presented a formula to predict the bearing capacity of CFST tensile
members, and the formula considered the contribution of the concrete core. Ye et al. [36]
found that the prediction of CFSST tensile strength with the above model showed a sig-
nificant deviation. As a result, Ye et al. [36] studied the Fu of CFSST members through
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FEA simulation, and an improved model was suggested for the CFSST tensile members
as follows:

Fu−5k = ψAsσ0.2, (6)

where ψ is the coefficient considering the effect of α and σ0.2, and ψ = 1.121βαβσ0.2 ,
βα = 1.1418− 1.2087α, and βσ0.2 = 1.1719− 0.0006σ0.2.

Within the range of parameters considered in this paper, the tensile strengths of
CFSST members at 5000 µε and 10,000 µε are obtained by finite element simulation. The
relationship between the two values is shown in Figure 21. It can be seen that the two values
basically follow a positive linear relationship, and the corresponding coefficient between
them (δ) equals approximately 1.1469. Based on Equation (5), the equation for calculating
the ultimate tensile capacity of concentrically loaded CFSST members corresponding to a
maximum steel strain of 10,000 µε is proposed as follows:

Fu−10k = δψAsσ0.2 (7)
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Figure 21. Fu-5k- Fu-10k curve.

The comparison between the F-M curve predicted by Equation (5) and the finite ele-
ment analysis results of typical parameter specimens is shown in Figure 22a. The average
deviation between the predicted results and the FEA calculation results is 0.49%, and the
standard deviation is 0.010. The parameter analysis results show that the steel ratio (α) and
the stainless steel yield strength (σ0.2) are important factors affecting the bearing capacity
of CFSST eccentric members. Therefore, the prediction results under different eccentric-
ities and different stainless steel yield strengths are analyzed. The comparison between
the prediction results of Equation (5) and the FEA calculation results of α = 0.041–0.235
specimens and σ0.2 = 200–600 MPa specimens is depicted in Figure 22b,c, respectively.
Within the considered α-value range, the average deviation between the predicted results
and the FEA calculation results is 1.81%, and the standard deviation is 0.013. Within the
considered σ0.2-value range, the average deviation between the prediction results and
the FEA calculation results is 1.35%, and the standard deviation is 0.016. As a result, the
above-revised formula has good prediction accuracy for the F-M interaction relationship of
CFSST eccentrically tensile members.
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6. Conclusions

The researchers employ FEA simulation to research the response of CFSST eccentrically
tensile members herein. Based on the parameters under considered range, the following
conclusions could be drawn:

1. Considerable accuracy has been achieved in calculating the mechanical property of CF-
SST eccentrically tensile members using the established FEA three-dimensional model;

2. The analysis confirms the combined actions of the stainless steel tube and core con-
crete are necessary when calculating the ultimate strength of CFSST eccentrically
tensile members;

3. The steel ratio, 0.2% proof stress of stainless steel (σ0.2), and load eccentricity play
the key role in the ultimate load-carrying capacity of CFSST tensile members. While
the influence of concrete strength is inappreciable in the range of concrete strength
parameters considered;

4. This study presents a reliable model for the prediction of the ultimate load-carrying
capacity of CFSST members under eccentric tension, and acceptable conformance is
accomplished between the formula-predicted and FEA-calculated results with minor
error and scatter.
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