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Abstract

This study establishes a refined numerical model of circular concrete-filled steel tube (CFST)
columns using finite element software, and its effectiveness was verified through sim-
ulation of low-cycle reciprocating load tests. Based on this, a systematic analysis was
conducted to investigate the effects of three key parameters—axial compression ratio
(0.1–0.3), slenderness ratio (22.2–46.8), and confinement coefficient (0.65–1.56)—on the seis-
mic performance of CFST columns, including failure modes, hysteretic behavior, skeleton
curves, ductility, and energy dissipation capacity. The local buckling behavior was also
studied. The results indicate that increasing the axial compression ratio slightly enhances
the bearing capacity but reduces ductility, increasing the slenderness ratio significantly
reduces the bearing capacity but improves ductility, and increasing the confinement coeffi-
cient substantially improves the bearing capacity, ductility, and energy dissipation capacity
simultaneously. Based on the parametric analysis, the existing calculation formula for the
local buckling length of circular CFST columns was modified. The average error between
the predicted and simulated values is only 10%, demonstrating high engineering applica-
bility. This research provides a theoretical basis and a practical calculation method for the
seismic design and performance evaluation of CFST building and bridge columns.

Keywords: concrete-filled steel tube; seismic performance; axial compression ratio; slender-
ness ratio; confinement coefficient; buckling length

1. Introduction
With the advancement of modernization, urbanization has correspondingly increased

and spread. Through better traffic management, commuters can enjoy more comfortable
and convenient travel. The damage or collapse of buildings and bridges can induce
significance to the city and transportation networks [1–4]. In order to improve the reliability
of buildings and bridges, the application of concrete-filled steel tube (CFST) columns was
explored in building and bridge engineering [5].

CFST columns possess the following advantages: high bearing capacity, strong de-
formation capacity, excellent seismic performance, and simple joint construction [6–8].
Gardner and Jacobson [9] revealed that there is an interaction between steel pipes and
concrete, which significantly enhances the mechanical properties of components. Chang
et al. [10] found that the performance of concrete short columns under axial compression is
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primarily related to the confinement performance of the tube material, through comparing
the performance of such columns with different tube materials. Han et al. [11] and Tao
et al. [12], utilizing finite element models and test results, proposed constitutive calculation
methods for the stress–strain curve of the confined concrete. Both of the constitutive mod-
els can effectively calculate the mechanical properties of CFST short columns under axial
compressive load. Ibañez et al. [13] analyzed the influence of steel tube thickness on the
axial compression performance of CFST columns. Wang et al. [14] and Subedi et al. [15]
proposed calculation methods for the axial compressive capacity of CFST short columns
through the collection of experimental data and finite element analysis. In addition, Lai
et al. [16] proposed a calculation method for the axial compressive capacity of CFST short
columns. Han et al. [17] found that the local buckling of steel tubes can be effectively
avoided using filled concrete. Lakshmi et al. [18] proposed a calculation method for the
deformation and bending capacity of CFST columns under the combination of axial and
lateral loadings, which agreed well with the experimental results. Tu et al. [19] proposed
a calculation method for the bending capacity of CFST columns with high-strength steel
tubes based on experimental results.

Nakahara et al. [20] conducted a quasi-static experimental study on six frame struc-
tures composed of CFST columns and H-shaped steel beams to investigate the seismic
performance of CFST frame structures. The study revealed that under lower axial forces
with an axial compression ratio of 0.12, the tested parameters had little influence on the
test results. However, under higher axial forces with an axial compression ratio of 0.31, the
bond between the steel tube and concrete made it difficult for the axial force to be effectively
transmitted between them [20]. Zubydan et al. [21] established a rectangular CSFT fiber
model and a constitutive model considering the unloading rules due to local buckling of
the steel tube. Wu et al. [22] found that the capacity of partially filled and removed concrete
with thin-walled steel pipes is slightly lower than that of ordinary concrete with thin-walled
steel pipes, but the overall performance is similar, with good ductility and energy dissi-
pation performance. Petrus et al. [23] conducted push-out and axial compression tests on
thin-walled CFST short columns with cold-formed straight ribs and tab ribs. Research
has shown that stiffeners can significantly enhance the bond between concrete and steel
pipes, and as the strength of concrete increases, the bond strength also increases. Strength-
ening ribs have a certain enhancing effect on the ductility and load-bearing capacity of
components. Lee et al. [24] conducted axial compression tests on 15 square steel-reinforced
concrete short columns (including members with diagonal ribs). The experimental results
indicate that the location of concrete crushing corresponds to the location of local buckling
of the steel pipe, and diagonal stiffeners can delay the local buckling of the steel pipe. Wang
et al. [25] conducted axial compression tests on 14 square steel tube concrete members
(including cold-formed straight ribbed members, cold-formed straight ribbed inner circular
steel tubes, and ribbed members) and established finite element models. The experimental
results show that all three types of stiffening methods cause local buckling to occur after
the component reaches its peak bearing capacity, resulting in an increase in component
strength. Through analysis of the finite element model, it was found that stiffeners can
enhance the restraining ability of steel pipes on concrete. Wang et al. [26,27] conducted
axial compression tests on one ordinary CFST column and four CFST columns welded
with different forms of stiffeners, analyzed the influence of stiffeners on bearing capacity,
ductility, and failure modes, and conducted theoretical and numerical simulation analysis.
The experimental results indicate that all components experience local buckling before
reaching their peak value. The steel pipe of ordinary components undergoes local buckling
before yielding, while the stiffeners delay the local buckling, causing the steel pipe to only
undergo local buckling near yielding.
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It was found that ignoring the local buckling effect would overestimate the seismic
performance of CFST columns. This study established a refined finite element model
of circular CFST columns, which can consider the local buckling of steel tubes. Then,
a parameter analysis was conducted to investigate the effect of axial compression ratio,
slenderness ratio, and confinement coefficient on the seismic performance of CFST columns.
A modified calculation formula for the local buckling length of circular CFST columns was
proposed based on the parameter analysis. Therefore, this study can provide a reference
for building and bridge engineers to fully utilize the mechanical properties of materials
and to improve the seismic performance of circular CFST columns.

2. Model Validation and Expansion
2.1. Model Establishment and Validation

This article selects the specimen named GH-10-280 from Ref. [28] as the physical
reference model. The height of the CFST column is 2800 mm, with an outer diameter of
325 mm, and the thickness of the seamless steel tube is 10 mm. The column and the footing
are connected as a whole by being filled with concrete, with a compressive strength of
34.1 MPa. The specific dimensions of the test specimen are shown in Figure 1a. Considering
the self-weight of the upper structure, the design axial compression ratio of the column
is 0.1. First, the footing is fixed integrally using bolts, and a vertical load of 528 kN is
applied to the top. Then, a horizontal actuator is used to apply a displacement load, as
shown in Figure 1b.

(a) Specimen size (b) Testing site (c) Numerical model

(d) loading protocol

28
00
m
m

325mm

Footing

0

1∆ y

-1∆ y

2∆ y

3∆ y

-2∆ y
-3∆ y

Figure 1. Test and numerical model.

This article employs Abaqus/Standard [29] to simulate low-cycle repeated load tests
on concrete-filled steel tubes. This software is widely used in static analysis, large defor-



Buildings 2025, 15, 4007 4 of 14

mation analysis of components, and corrosion analysis, among others [30–32]. To better
simulate the stiffness degradation characteristics of concrete under low-cycle repeated
loads, this article utilizes a plastic damage model to characterize its properties. The stress–
strain relationship of the CDP model [33,34] under uniaxial compression and tension is
shown in Figure 2. The CDP model was first proposed by Lubliner et al. [35] and modified
by Lee and Fenves [36]. The stress–strain relationships for concrete’s uniaxial compres-
sive and tensile behavior, including the post-peak inelastic section with material stiffness
degradation, can be expressed as

σc = (εc − εc,in)E0 (1)

σt = (εt − εck)E0 (2)

Here, σc and σt are the total axial compressive stress and axial tensile stress of the
concrete, εc and εt are the total axial compressive strain and axial tensile strain of the
concrete, εc,in is the compressive inelastic strain of the grouting material, εck is the tensile
cracking strain of the concrete, and E0 is the initial stiffness of the material.

The stress–strain of the plastic segment can be expressed as follows:

σc = (1 − dc)E0

(
εc − ε

pl
c

)
(3)

σt = (1 − dt)E0

(
εt − ε

pl
t

)
(4)

Here, dc and dt are the compression damage factors and tensile damage factors of
concrete and ε

pl
c and ε

pl
t represent the plastic strain tensors generated during concrete

compression and tension, respectively.
The CDP model is based on five plastic parameters and two sets of basic uniaxial

concrete data. The five parameters are, respectively, φ, e, σb0/σc0, Kc, and µ to define the
yield surface functions, potential flow trends, and viscous properties of materials. Uniaxial
concrete data are the stress–strain behavior of its tension and compression, and the stiffness
of concrete members under low-cycle cyclic repeated loading is reduced by defining the
damage factor. The detailed material parameters, including elastic modulus, Poisson’s
ratio, and yield strength, are listed in Table 1. The five plasticity parameters for CDP are
given in Table 2.

— Resiliency phase 
— Plasticity stage 

 

— Resiliency phase 
— Plasticity stage 

 
(a) Compression (b) Tension 

Figure 2. Plastic damage model of concrete.
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Table 1. Plastic damage model parameters.

Parameters Values Explanation

φ 30 Dilation angle
e 0.1 Flow potential eccentricity

σb0/σc0 1.16

The ratio of initial equibiaxial
compressive yield stress to
initial uniaxial compressive

yield stress

Kc 0.6667
The coefficient determining
the shape of the deviatoric

cross-section
µ 0.0005 Viscosity parameter

Table 2. Material properties.

Materials Contents Values

Concrete
Cube strength (MPa)

Elastic modulus (GPa)
Poisson’s ratio

34.1
3.3 × 104

0.2

Steel tube

Yielding strength (MPa)
Ultimate strength (MPa)
Elastic modulus (GPa)

Poisson’s ratio

277
316

2.1 × 105

0.3

In this study, a bilinear model was employed to simulate steel reinforcement, as
illustrated in Figure 3. The specific parameters of steel can be referred to in Table 2. The yield
strength of steel is 277 MPa, the ultimate strength is 316 MPa, and the yield strain is 1300 µε.
Additionally, in this paper, concrete is represented using hexahedral 8-node solid elements,
while steel tubes are represented using shell elements. The contact between the two is set to
frictional hard contact, with the friction parameter set to 0.3. The boundary conditions are
consistent with the experimental conditions, where the ground beam is fully restrained and
a vertical load of 528 kN is applied to the top. Subsequently, a horizontal load is applied to
the coupled reference points, and the loading system adopts displacement loading.

σ 

ε 

fu

fy

ε ε 

σ 
σ y

y

u

u
Figure 3. Two-fold line constitutive model of steel.

Figure 4 shows the comparison between numerical results and experimental results of
CFST columns. At the beginning of loading, the CFST column is in an elastic state. As the
top displacement reaches 91 mm, severe plastic damage occurs at the bottom of the column.
When it finally fails, severe buckling occurs at the bottom of the column, which is consistent
with the experimental phenomenon. In addition, as can be seen from Figure 5, the hysteresis
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curves of the two are almost identical, and the skeleton curves are also highly similar.
The peak loads of the experiment and numerical simulation are 135.9 kN and 137.1 kN,
respectively. In summary, the numerical model successfully reproduces the experimental
phenomena and results, verifying the reliability and effectiveness of the model.

Damage evolution during loading process

End3mm 91mm 143mm
Local 

Buckling

 

Figure 4. The failure modes of test and simulation.
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Figure 5. Load–displacement curves of test and simulation. (a) Hysteresis curve (b) Skeleton curve.

2.2. Parameter Analysis

CFST columns are important vertical load-bearing components, and their mechanical
properties are influenced by both their own properties and external loads. This article
focuses on analyzing the effects of parameters such as axial compression ratio, slenderness
ratio, and confinement coefficient, as shown in Table 3. The confinement coefficient is a
parameter for measuring the constraining effect in concrete structures. The verification
model is used as the benchmark model. The range of axial compression ratio in the table
has increased from 0.1 to 0.3, with a total of 5 cases. The aspect ratio was increased from
22.2 to 46.8 by changing the height of the column from 1800 mm to 3800 mm. In addition,
the influence of the confinement coefficient was studied by changing the wall thickness
of the steel pipe.
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Table 3. Research parameters of steel tube.

Case Outer Diam-
eter/mm Length/mm Wall Thick-

ness/mm
Axial

Force/kN

Axial Com-
pression

Ratio

Confinement
Coefficient

Slenderness
Ratio

Benchmark 325 2800 10 528 0.1 1.1 34.5
A1 325 2800 10 792 0.15 1.1 34.5
A2 325 2800 10 1056 0.2 1.1 34.5
A3 325 2800 10 1320 0.25 1.1 34.5
A4 325 2800 10 1584 0.3 1.1 34.5
B1 325 1800 10 528 0.1 1.1 22.2
B2 325 2300 10 528 0.1 1.1 28.3
B3 325 3300 10 528 0.1 1.1 40.6
B4 325 3800 10 528 0.1 1.1 46.8
C1 317 2800 6 528 0.1 0.65 35.3
C2 321 2800 8 528 0.1 0.87 34.9
C3 329 2800 12 528 0.1 1.33 34
C4 333 2800 14 528 0.1 1.56 33.6

3. Result Analysis
3.1. Failure Mode

Figure 6 illustrates the failure modes of CFST columns. As shown in Figure 6a,
the failure locations of the columns are primarily concentrated at the bottom, where
significant plastic damage and local buckling occur. The local buckling was induced by the
compression of the stretched-out steel tube. The ultimate state is defined as the state with
the displacement corresponding to the 85% of the maximum lateral force in the descending
stage. As the axial compression ratio increases, the extent of damage presented as the strain
in the bottom region gradually expands. The specimen with an axial compression ratio of
0.15 ultimately exhibits a horizontal distance of 348 mm in terms of damage deformation,
whereas the horizontal distance for the specimen with an axial compression ratio of 0.3 is
458 mm. Additionally, local separation occurs between the inner wall of the steel tube and
the concrete core. This separation is attributed to the large deformation of the steel tube
due to local yielding, coupled with the relatively poor deformation capacity of the concrete.
The inability of the two materials to coordinate leads to this separation phenomenon.

Figure 6b shows the failure modes of CFST columns under different slenderness ratios.
From the figure, it can be seen that as the slenderness ratio increases, the damage range
in the height direction gradually increases, while the buckling length in the horizontal
direction tends to decrease. The buckling length of a CFST column with a height of 1800 mm
is 314 mm, while that of a column with a height of 3800 mm is 438 mm. This phenomenon
is due to the fact that as the length increases, the bottom of the CFST column under the
same horizontal load bears a greater bending moment load, resulting in an increase in
vertical damage height and a decrease in horizontal buckling range.

In addition, the damage modes of CFST column with different confinement coefficients
are shown in Figure 6c. In this paper, the confinement coefficient is increased by increasing
the thickness of the steel tube, which improves the overall performance of the CFST column
and enhances its restraining ability. Therefore, the local damage range tends to decrease.
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(c) 

Figure 6. Failure mode of concrete-filled steel tube: (a) axial compression ratio; (b) slenderness ratio;
(c) confinement coefficient.

3.2. Load–Displacement Curve

Figure 7 depicts the hysteresis curve of the CFST column. As evident from Figure 7, the
hysteresis curve of the CFST column is full and exhibits a shuttle shape. As the slenderness
ratio decreases, the curve becomes full, and the peak bearing capacity increases. When the
confinement coefficient of the steel tube concrete is increased, the fullness of the hysteresis
curve is greatly enhanced, indicating an increase in its energy dissipation performance,
and the peak bearing capacity is also significantly improved. As for increasing the axial
compression ratio of the CFST column, its hysteresis curve does not undergo significant
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changes, and its peak bearing capacity increases slightly. The skeleton curve of the steel
tube concrete is shown in Figure 8.
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Figure 7. Hysteresis curves of concrete-filled steel tube: (a) axial compression ratio, (b) slenderness
ratio, (c) confinement coefficient presented by displacement and (d) confinement coefficient presented
by drift.
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Figure 8. Skeleton curves of concrete-filled steel tube: (a) axial compression ratio, (b) slenderness
ratio, and (c) confinement coefficient.

From Figure 4 and Table 4, it can be seen that the axial compression ratio slightly
increases the peak load, mainly because the steel tube thickness is relatively thin, and
increasing the axial compression ratio does not improve its overall restraint ability. When
the slenderness ratio increases from 22.2 to 46.8, the peak load decreases from 235.6 kN to
69.9 kN. This conclusion is due to the decrease in stability coefficient caused by the increase
in slenderness ratio. When the confinement coefficient increases from 0.65 to 1.56, the peak
load increases by 232%. It can be seen that the slenderness ratio and confinement coefficient
are factors that seriously affect the steel tube concrete specimens.
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Table 4. Feature point average values of CFST columns.

Case Yield
Load/kN

Peak
Load/kN

Failure
Load/kN

Yield Displace-
ment/mm

Peak
Displacement/mm

Failure
Displacement/mm

Verification 96.3 137.1 116.5 22.6 59.3 119.3
A1 97.1 138.3 117.6 22.3 58.6 113.6
A2 99.2 140.2 119.2 21.8 57.8 105.3
A3 103.6 142.6 121.2 20.6 56.5 93.4
A4 108.5 145.8 123.9 19.7 56.2 78.6
B1 142.6 235.6 200.3 15.6 57.3 76.8
B2 102.2 163.5 139.0 19.3 58.6 106.5
B3 78.5 116.8 99.3 22.3 59.8 123.2
B4 55.3 82.2 69.9 32.6 79.6 198.6
C1 105.2 168.5 61.7 23.6 57.6 115.9
C2 98.6 156.2 81.9 25.3 58.3 126.8
C3 65.2 96.3 132.8 24.7 60.5 163.3
C4 48.3 72.6 143.2 36.2 76.9 255.6

3.3. Ductility Performance

Ductility is an important indicator for measuring the seismic performance of structures.
It is typically evaluated using the ductility coefficient, which is measured by comparing the
ultimate displacement to the yield displacement, as follows:

µ =
∆u

∆y
(5)

In the formula, µ represents the ductility coefficient of the corner, ∆u represents the ulti-
mate displacement of the component, and ∆y represents the yield displacement of the specimen.

Figure 9 depicts the ductility coefficient of steel-tube concrete. It can be observed from
the figure that as the axial compression ratio increases, the ductility coefficient decreases.
However, the ductility coefficient of the component remains greater than 3, satisfying the
requirements of the specifications. As for increasing the slenderness ratio and confinement
ratio, the ductility coefficient gradually increases. When the slenderness ratio is 46.8, the
ductility coefficient is 6.1. When the confinement ratio is 1.56, the ductility coefficient
increases to 7.1.
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Figure 9. Ductility coefficient of concrete-filled steel tube: (a) axial compression ratio, (b) slenderness
ratio, and (c) confinement coefficient.

3.4. Energy Consumption Capacity

The energy dissipation capacity of a structure refers to its ability to absorb energy
during earthquakes under horizontal forces, and has always been an important indicator
for evaluating the seismic performance of structures. Generally, the area of the hysteresis
curve is first calculated, and the area is used to reflect the energy dissipation capacity of a
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structure under horizontal seismic forces. As shown in Figure 10, the area of the hysteresis
loop is indicated by the formula S1 + S2.

S1

S2 E=S2+S1

Figure 10. Schematic diagram of energy dissipation calculation for test specimens.

Figure 11 depicts the energy dissipation curves of various specimens of CFST columns.
As evident from the figure, the axial compression ratio has a minor impact on the energy
dissipation performance of columns. The energy dissipation capacity gradually decreases
with an increase in the slenderness ratio. The confinement ratio positively influences the
energy dissipation performance of columns. To more precisely compare the differences in
energy dissipation, this paper calculates the total energy dissipation values of each speci-
men. For the specimen with an axial compression ratio of 0.1, the total energy dissipation
value is 334 kJ, while the corresponding value for a ratio of 0.3 is 384 kJ. Furthermore,
when the slenderness ratio is 22.2, the total energy dissipation of steel tube concrete is
501 kJ, which is 1.50 times higher than that of the initial verification model. The total
energy dissipation of steel tube concrete with a confinement ratio of 1.56 is 487 kJ, which is
1.46 times higher than that of the initial verification model.
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Figure 11. Energy dissipation curves of concrete-filled steel tube specimens: (a) axial compression
ratio, (b) slenderness ratio, and (c) confinement coefficient.

4. Local Buckling Length
Based on the final failure results of the specimens, this article measured the local

buckling length at the bottom of the circular CFST column, as shown in Figure 12. As shown
in Figure 12, the external steel pipe is in a bi-directional stress state of axial compression
and circumferential tension under load, so its local buckling is concentrated in a certain
area at the bottom of the column.

Core concrete

Crack

 

Figure 12. Localized buckling area of steel tube concrete.

Figure 13 shows the calculation formula proposed by YASUI [37] and WU et al. [38]
for the local buckling length of circular steel reinforced concrete columns. From Figure 13,
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it can be seen that there is a significant error between the predicted results of the calculation
formulas of YASUI [37] and WU et al. [38] and the experimental results, underestimating
the local buckling length of the circular CFST column. Based on the existing calculation
formula and combined with experimental data for fitting by the least squares method
(determination coefficient R2 = 0.937), this paper modifies and obtains the calculation
formula applicable to the local buckling length lt of circular CFST columns, as follows:

lt = 6.5t
√

D/t − 1 (6)

where D is the diameter of steel tube, and t is the thickness of steel tube.
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Figure 13. Comparison between simulation and calculated values of local buckling length.

The average error between the predicted value and the simulated value of the calcula-
tion formula for local buckling length proposed in this article is 10%, which is relatively
small. Therefore, the formula proposed in this article can effectively predict the local
buckling length of circular CFST columns.

5. Conclusions
This paper investigates the failure modes, hysteresis behavior, and seismic perfor-

mance of circular CFST columns using finite element models, which are verified by experi-
mental results. Then a parameter analysis is conducted, including the axial compression
ratio, slenderness ratio, and confinement coefficient. In addition, a modified method is
developed for calculating local buckling length. The following conclusions were drawn.

The peak lateral capacity of CFST columns slightly increases with the increase in axial
compression ratio within the range of 0.1 to 0.3. However, the ductility coefficient gradually
decreases, and the change in energy dissipation capacity is not significant. The ductility
coefficient is greater than 3 in all cases, which suggests strong seismic performance.

A 70% decrease in the peak load and an increase in the ductility coefficient are in-
duced by the increase in the slenderness ratio from 22.2 to 46.8. With the increase in the
confinement coefficient from 0.65 to 1.56, the peak load increases by 232% and the ductility
coefficient reaches 7.1, which presents a significant improvement in the bearing capacity
and the deformation capacity of CFST columns.

With a higher confinement coefficient, the hysteresis curve is fuller and the energy
dissipation capacity is stronger. When the confinement coefficient is 1.56, the total energy
dissipation reaches 487 kJ, which is 1.46 times that of the initial validation model, indi-
cating that enhancing steel pipe confinement can effectively improve the seismic energy
dissipation performance of the structure.

Based on existing formulas, this study proposes a new calculation formula for the
local buckling length of circular steel tube concrete columns. The average error between the
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predicted and simulated values of the new formula is about 10%, which indicates strong
potential engineering applicability.

This study employed a common method for the parameter analysis. The analysis
results can provide a fundamental basis for the seismic design of buildings and bridges.
However, it is still necessary to analyze the parameter interactions in the future.
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