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Abstract: This paper proposes a novel type of steel angle-corrugated steel plate-confined concrete
column (SA-CS column). The axial compression behavior of the SA-CS column was investigated by
load experiments and finite element (FE) simulation. The study also compared the load–displacement
curves, core concrete strength index, and specimens’ ductility indices between the SA-CS columns
and concrete-filled steel tube (CFST) columns. The results indicated that the mechanical properties of
the SA-CS column were better than those of the CFST column with a similar steel ratio. The rationality
and reliability of the finite element model were confirmed by comparing the experimental results’
load–displacement curves and failure modes. Based on the FE model, a supplementary parametric
analysis of the effects of the compressive strength of core concrete, thickness, yield strength, and wave
height of the corrugated steel plate, thickness, and yield strength of the steel angles was conducted.
Moreover, some existing design codes were assessed based on the numerical results available in this
study. A new calculating model for the SA-CS column was proposed, which is capable of reasonably
predicting the numerical results.

Keywords: corrugated steel plate; axial load experiment; finite element simulation; parametric
analysis; bearing capacity calculation

1. Introduction

Concrete-filled steel tube (CFST) members have convenient manufacturing and con-
struction properties, high bearing capacity, good seismic performance and ductility, and
economic advantages. Square CFST columns are widely used in long-span and heavy-
loaded structures due to the benefits of their flexible joint types, larger moment of inertia,
and the ease of satisfying construction requirements [1–3]. Scholars have conducted a great
deal of research on the performance of square CFST columns, including with regard to
their static behaviors [4,5], seismic behaviors [6], fire-resistant performance [7], and creep
performance [8]. Compared with circular CFST columns, the confinement of square CFST
columns to core concrete is reduced. The external steel tube of square CFST columns can
suffer local buckling because of its low out-of-plane stiffness under axial compression,
which reduces its bearing capacity.

To improve the confinement effect of square CFST columns and tube wall-buckling
resistance, scholars have proposed various new structures to enhance square CFST columns.
Gan et al. [9] presented a new type of stiffened square CFST column with diagonal binding
ribs, which can increase the effectively confined regions of core concrete from the strength-
ened tube. A total of 21 stub columns were tested under axial compression to investigate
the effect of the diagonal ribs on the mechanical properties of the new type column. Tao
et al. [10,11] conducted a series of investigations of concrete-filled, stiffened thin-walled
steel tubular columns under axial and eccentric compression through tests and finite ele-
ment simulation. The results showed that the stiffened column has higher serviceability
benefits than those unstiffened, and the carrying capacity of the stiffened column and

Appl. Sci. 2022, 12, 10819. https://doi.org/10.3390/app122110819 https://www.mdpi.com/journal/applsci

https://doi.org/10.3390/app122110819
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0003-0738-7829
https://doi.org/10.3390/app122110819
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app122110819?type=check_update&version=2


Appl. Sci. 2022, 12, 10819 2 of 21

confinement of the core concrete increases with the stiffener number. Yang et al. [12] intro-
duced binding bars into square CFST columns to postpone the local buckling of steel tubes
and conducted axial compressive tests. In addition, Wang et al. [13] tested square CFST
columns with binding bars under cyclic lateral loads to study their hysteretic behavior. The
experimental results demonstrated that binding bars do not improve the bearing capacity
of specimens significantly but can greatly improve their ductility and energy-dissipation
capacity. In addition to these improvement schemes, some scholars used FRP [14] and steel
fiber-reinforced concrete [15] to enhance the mechanical behaviors of square CFST columns.

Currently, corrugated steel plates, a type of cold-formed steel plate, are chiefly used in
the shear wall and composite beam for their excellent shear resistance [16,17]. The vertical
stiffness of corrugated steel plates is low, and it is difficult for them to bear a vertical load
due to their particular corrugated form. However, several investigations have shown that
corrugated steel plates are favorable for confining concrete and that composite concrete-
filled columns with corrugated steel behave well [18–20]. Wang et al. [19] tested a new kind
of spiral concrete-filled corrugated steel tube (CFCST) column under axial compression
and compared the mechanical properties of the CFCST and CFST columns. The test results
demonstrated that the axial compression behavior of the CFCST column was greater than
that of the CFST column under a similar steel ratio. Fang et al. [21] performed experimental
studies on concrete-filled double-skin steel tubular (CFDST) columns with galvanized
corrugated steel tubes and CFCST columns embedded with structural steel (CFCST-S).
The existing studies mainly focus on circular concrete-filled columns with corrugated steel
tubes. However, like the circular CFST column, a circular concrete-filled column with a
corrugated steel tube also suffers from the same problem of a difficult joint connection. In
addition, as the internal concrete and corrugated steel tube cannot bear the tensile stress,
it is necessary to embed the structural steel or longitudinal bars inside the column to
ensure the structure’s bending performance, which undoubtedly increases the difficulty of
construction. Thus, the research group designed a new type of S-CSC column consisting of
corrugated steel plates, steel tubes, core concrete, and concrete in steel tubes. The S-CSC
column has been applied in actual projects because of its advantages with respect to its
good bending resistance, easy connection, and lack of embedded longitudinal bars, as
shown in Figure 1 [22].
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Figure 1. Application of S-CSC column [22].

However, to ensure the compactness of concrete in the steel tubular structure, the
S-CSC column must maintain a large section size, which makes it unsuitable for civil
buildings. In order to solve this problem, the steel tubular design was replaced by steel
angles, and a novel type of steel angle-corrugated steel plate-confined concrete column
(SA-CS column) was proposed in this paper. The SA-CS column consists of an outer steel
skeleton formed by the welding of the steel angle and corrugated steel plate as well as
poured core concrete, as shown in Figure 2. The steel angles are placed outward to provide
a plane that can be welded with the corrugated steel plates. Whereas the steel angles
projecting inwards and corrugated steel plates cannot form a completely closed cavity.
Considering the primary function of the steel angle is to connect with the corrugated steel
plate, bearing a small part of the bearing capacity, the effect of lateral buckling on the
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bearing capacity of the SA-CS column is negligible. Thus, the scheme wherein the steel
angles are projecting inward is adopted. The corrugated steel plate is welded horizontally
with the steel angle to ensure that the corrugated steel plate’s trough and the steel angle’s
inner edge are in the same plane. Due to the omission of the steel tubular structure, the size
limit of the SA-CS column is relaxed, and it is suitable for buildings with small sizes. The
purpose of this paper is to propose a new structural form to improve the disadvantages of
S-CSC columns that are not suitable for civil buildings. The attempt will provide a new
idea for structural design and enable the popularization of structures with corrugated
steel plates.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 3 of 21 
 

can be welded with the corrugated steel plates. Whereas the steel angles projecting in-
wards and corrugated steel plates cannot form a completely closed cavity. Considering 
the primary function of the steel angle is to connect with the corrugated steel plate, bear-
ing a small part of the bearing capacity, the effect of lateral buckling on the bearing capac-
ity of the SA-CS column is negligible. Thus, the scheme wherein the steel angles are pro-
jecting inward is adopted. The corrugated steel plate is welded horizontally with the steel 
angle to ensure that the corrugated steel plate’s trough and the steel angle’s inner edge 
are in the same plane. Due to the omission of the steel tubular structure, the size limit of 
the SA-CS column is relaxed, and it is suitable for buildings with small sizes. The purpose 
of this paper is to propose a new structural form to improve the disadvantages of S-CSC 
columns that are not suitable for civil buildings. The attempt will provide a new idea for 
structural design and enable the popularization of structures with corrugated steel plates. 

 

Steel angle 

(Outward)

Steel tubular

The gap

Steel angle 

(Inward)

Accept

Abandon

 

Figure 2. Form of SA-CS column. 

In this paper, experiments and finite element simulation evaluated the axial compres-
sion behavior of the SA-CS column. On this basis, a parameter analysis was supplemented 
to explore the primary role of each part of the specimen. Finally, we compare the numer-
ical results with the calculated results by some existing codes and propose a newly de-
signed method for predicting the ultimate bearing capacity of the SA-CS column. 

2. Experimental Programs 

2.1. Specimen Design and Material Properties 

A total of four short columns of 700 mm in length were tested under monotonic axial 
loads, including three SA-CS columns and one CFST column. The specimens were named 
SA-CS-230, SA-CS-280, SA-CS-330, and CFST-1. The corrugated steel plates and steel an-
gles of the SA-CS columns had the same wall-thickness (t1 and t2) of 2mm, and the wave 
height (h) of the corrugated steel plates for all specimens was 20 mm. The experimental 
variables of the SA-CS columns were the width of the corrugated steel plate (B), whose 
values were 230 mm, 280 mm, and 330 mm. The dimensions of the steel angle were 30 mm 
× 30 mm × 2 mm. For CFST-1, the width (B0) and thickness (t0) of the steel tube were 230 
mm and 2 mm, respectively. Figure 3 and Table 1 illustrate the detailed parameters of the 
specimens.  
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In this paper, experiments and finite element simulation evaluated the axial compres-
sion behavior of the SA-CS column. On this basis, a parameter analysis was supplemented
to explore the primary role of each part of the specimen. Finally, we compare the numerical
results with the calculated results by some existing codes and propose a newly designed
method for predicting the ultimate bearing capacity of the SA-CS column.

2. Experimental Programs
2.1. Specimen Design and Material Properties

A total of four short columns of 700 mm in length were tested under monotonic axial
loads, including three SA-CS columns and one CFST column. The specimens were named
SA-CS-230, SA-CS-280, SA-CS-330, and CFST-1. The corrugated steel plates and steel angles
of the SA-CS columns had the same wall-thickness (t1 and t2) of 2 mm, and the wave
height (h) of the corrugated steel plates for all specimens was 20 mm. The experimental
variables of the SA-CS columns were the width of the corrugated steel plate (B), whose
values were 230 mm, 280 mm, and 330 mm. The dimensions of the steel angle were
30 mm × 30 mm × 2 mm. For CFST-1, the width (B0) and thickness (t0) of the steel tube
were 230 mm and 2 mm, respectively. Figure 3 and Table 1 illustrate the detailed parameters
of the specimens.
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Table 1. Design parameters of specimens.

Specimen
Designation B (mm) t1 (mm) t2 (mm) h (mm) f cu (MPa) f y (Mpa) f u (Mpa) Es (Gpa)

SA-CS-230 230 2 2 20
35.4 324 363 202SA-CS-280 280 2 2 20

SA-CS-330 330 2 2 20
B0 (mm) t0 (mm)

CFST-1 230 2 35.4 324 363 202
CFST-2 230 2 44.4 347 425 206

Commercial concrete was used for the specimens, and six concrete blocks with dimen-
sions of 150 mm × 150 mm × 150 mm, under the same curing conditions as the specimens,
were tested under axial loading to obtain the compressive strength. The measured com-
pressive strength (f cu) was 35.4 Mpa [23]. The steel angles, corrugated steel plates, and
steel tubes were all made of Q345 steel. Tensile tests of the steel were carried out; the mea-
sured yield strength (f y) was 324 Mpa, the measured ultimate strength (f u) was 363 Mpa,
and the measured elastic modulus (Es) was 202 Gpa. The corresponding yield strain was
1928 µε [24].

In order to make the test results more reliable, this paper also compared the axial
compression test results of the CFST column by Yao et al. [25]. The length and cross-section
dimensions of the specimen tested by Yao were the same as those of CFST-1. The specimen
was named CFST-2. Table 1 also lists the material properties of CFST-2.

2.2. Test Method

The specimens were tested under a 10,000 kN hydraulic testing machine applying
the method of displacement loading, whose loading increment was 2 mm/min. The test
terminated when the loading capacity of the specimen dropped to 75% of its peak load or
the apparent physical failure of the specimen occurred. Two linear variable displacement
transducers (LVDTs) were placed at the angles of the loading plates of the columns to mon-
itor the degree of vertical displacement. Meanwhile, vertical and transverse strain gauges
were arranged in the middle span of the columns to measure the strains of the steel angle
and corrugated steel plate. Figure 4 shows the details of the test and measuring equipment.
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3. Experimental Results and Discussion
3.1. Failure Modes

Figure 5a plots the failure modes of the SA-CS columns. The specimens were under
the elastic phase at the initial loading stage, and no evident phenomena were observed.
With the increase in the axial load, the strain of the steel angle developed rapidly, and the
local buckling of the steel angle occurred while reaching about 85% of the peak load. After
reaching the ultimate bearing capacity, the local buckling of the steel angle developed more
severely, and the crest of the corrugated steel plate bulged. At the end of the test, we cut
down the corrugated steel plate to observe the failure mode of the core concrete. It was
found that the concrete at the trough was crushed while that at the crest had spalled. The
specimens did not appear to undergo shear failure due to the excellent confinement effect
of the outer steel skeleton.
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For the CFST-1 column, the steel tube buckling occurred at the specimen’s middle
height when the load reached 70% of the peak load. The steel tube buckled more severely
due to the load increases, and it yielded while reaching the peak load. Finally, the corner of
the steel tube was torn, and the test terminated. After cutting the steel tube, the internal
concrete was found to occur in diagonal cracks, a typical shear failure. The failure modes
of the CFST-1 column are shown in Figure 5b.
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3.2. Load–Axial Displacement Curves

Figure 6 shows the forms of the load–axial displacement curves of the SA-CS columns
and the CFST-1 column, which were similar. The value of the ultimate bearing capacity
(Nu) and corresponding displacement (∆u) of the specimens are also illustrated in Figure 6.
The Nu and ∆u of the two types of columns were not compared in this section due to the
different section sizes, and only the load–axial displacement curves of the SA-CS columns
with varying section widths were compared. According to the information in the figure,
it can be seen that both the bearing capacity and deformation capacity of the specimens
improved with the increase in the section width. Compared with the SA-CS-230 column,
the Nu and ∆u of the SA-CS-280 column improved by 38.24% and 5.96%, and those of the
SA-CS-330 column enhanced by 85.32% and 14.51%, respectively.
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Figure 6. Load-axial displacement curves.

Regarding the CFST-2 column, this section does not compare its load–displacement
curves due to the different material properties. The Nu and ∆u of the CFST-2 column were
1813.5 kN and 1.18 mm, respectively.

3.3. Load–Strain Curves of Steel Angle and Steel Tube

The load–strain curves of the steel angle (or the steel tube) were obtained by extracting
the data from strain gauges, as shown in Figure 7. In the figures, εh represents the transverse
strain, εv represents the vertical strain, εe represents the equivalent elastic strain, and εy
means the yield strain. The steel angle and steel tube could be considered to be in a
bidirectional plane stress state, as the extrusion pressures of concrete to the steel angle (or
steel tube) are far less than the transverse and vertical stress of the steel angle (or steel tube).
Assuming that the steel is an ideal elastoplastic material, and before the point at which the
steel yields, the relationship of stress–strain can be written as Equation (1):{

σh
σv

}
=

Es

1− ν2
s

[
1
νs

νs
1

]{
εh
εv

}
(1)

where σh and σv represent the transverse and vertical strain, respectively; Es is the elastic
modulus; and νs is the Poisson’s ratio of steel, which is determined as 0.3.
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Combined with the criterion proposed by Von Mises (Equation (2)) and Equation (1),
the expression of the equivalent elastic strain could be obtained, which is shown in
Equation (3) [26].

σe =
√

σ2
h − σhσv + σ2

v (2)

εe =
σe

Es
=

1
1− ν2

s

√
(1− νs + ν2

s )
(
ε2

h + ε2
v
)
+ (−1 + 4νs − ν2

s )εhεv (3)

When εe = εy, the steel angle and steel tube are considered to yield. Compared with
the transverse strain, the vertical strain of the steel angle and steel tube was much larger,
which was close to the yield strain.

3.4. Strength Index of Core Concrete

In order to evaluate the improvement degree of the compressive strength of the
core concrete in the different column types, the strength index (Is) of core concrete was
adopted, which is defined as the strength of confined core concrete (f cc) normalized by the
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prism compressive strength of concrete (f c) [27]. The strength index can be calculated as
Equation (4):

Is = Ac fcc/Ac fc = fcc/ fc (4)

where Ac is the area of core concrete.
As we were unable to measure the stress of the core concrete directly, the compressive

strength of the core concrete was determined by separation analysis, which is a numerical
analysis method. Calculating the stress of the steel angle and steel tube, the stress change
of the core concrete was determined according to the balance condition. Combined with
the load–strain curves of the specimens (Figure 7) and Equations (1)~(3), the stress state
of the steel angle and steel tube can be determined under the ultimate bearing capacity
(Nu). The corrugated steel plates did not bear the axial load for the SA-CS columns, which
was proven in previous studies [18,19]. Based on the principle of superposition, Nu can be
written as Equation (5):

Nu = As2σvu + Ac fcc (5)

where As2 is the area of the steel angle (for SA-CS column) or steel tube (for CFST column);
σvu is the vertical stress of the steel angle (for SA-CS column) or steel tube (for CFST
column) corresponding to the peak load. σvu is calculated from the vertical strain under
peak load (εvu) and the stress–strain relationship (Equation (1)). Judge the relationship
between εvu and the vertical component of equivalent elastic strain (εve). If εvu ≥ εve, the
value of εve is taken as the value of εvu. If εvu < εve, the value of εvu is taken as the actual
value. The calculated results have some deviations but are within the acceptable range.

Thus, the strength of confined core concrete can be calculated by: f cc = (Nu–As2σvu)/Ac.
Figure 8 illustrates the strength index Is of the core concrete in the different specimens.

For all the samples, the Is was larger than 1.0, indicating that a steel skeleton (made of
steel angles and corrugated steel plates) and steel tubes can provide confinement to core
concrete. However, the Is of the SA-CS-230 column was 17.84% greater than that of the
CFST-1 column and 12.29% greater than that of the CFST-2 column at a similar steel ratio
(α). The results presented that the steel skeleton (made of steel angles and corrugated
steel plates) confined the core concrete more effectively than the steel tube. For the SA-CS
columns, the Is decreased with the decline of the steel ratio, but the degree was very slight.
It is speculated that the reason for this phenomenon is that the transverse stress of the
corrugated steel plates of all the specimens did not reach the yield strength under the peak
load, which provided sufficient confinement for the core concrete. On the other hand, with
the increase in the section size, the ratio of the size of the steel angle to the section size
gradually decreases, and the shape of the core concrete tends to be more regular, which is
conducive to reducing the arch effect. In conclusion, the sensitivity of IS to the steel ratio
is low.
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3.5. Ductility Index of Specimens

The ductility index (µ) can reflect the deformation properties of the specimens, whose
calculation method is the ratio of ∆u-0.85 to ∆y, as shown in Equation (6):

µ = ∆u-0.85/∆y (6)

where ∆u-0.85 is the displacement corresponding to the load dropping to 85% peak load
(0.85Nu); ∆y is the displacement corresponding to the yield load, which is determined by
the equivalent elastic-plastic energy method [28]. In the equivalent elastic-plastic energy
method, the original curve is replaced with an ideal elastic-plastic line with the same
envelope area and concerning the displacement of the inflection point of the line as the
yield point. Figure 9 shows the method of determining ∆u-0.85 and ∆y.
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Figure 10 plots the ductility index µ of the different specimens. Compared with the
SA-CS-230 column, the µ of the CFST-1 column decreased by 22.36%, while the µ of the
CFST-2 column decreased by 16.67%. Combined with the results of Is, it can be inferred that
the mechanical properties of the SA-CS column are better than those of the CFST column.
In addition, for the SA-CS columns, the ductility index presented a downward trend with
the increase in the section size, which might have occurred because as the section size of
the specimen increases, the transverse stress of the corrugated steel plate increases. The
corrugated steel plates would yield earlier, which leads to the specimen presenting a steeper
slope in the descending stage, resulting in a decrease in ∆u-0.85.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 9 of 21 
 

y85.0-u / ∆∆=µ  (6)

where Δu-0.85 is the displacement corresponding to the load dropping to 85% peak load 
(0.85Nu); Δy is the displacement corresponding to the yield load, which is determined by 
the equivalent elastic-plastic energy method [28]. In the equivalent elastic-plastic energy 
method, the original curve is replaced with an ideal elastic-plastic line with the same en-
velope area and concerning the displacement of the inflection point of the line as the yield 
point. Figure 9 shows the method of determining Δu-0.85 and Δy. 

0
Displacement 

A
x

ia
l 

L
o

ad
 

Nu

Ny

0.85Nu

Δy Δu Δu-0.85

Yield 

point
Equal areas

 

Figure 9. Equivalent elastic-plastic energy method. 

Figure 10 plots the ductility index μ of the different specimens. Compared with the 
SA-CS-230 column, the μ of the CFST-1 column decreased by 22.36%, while the μ of the 
CFST-2 column decreased by 16.67%. Combined with the results of Is, it can be inferred 
that the mechanical properties of the SA-CS column are better than those of the CFST 
column. In addition, for the SA-CS columns, the ductility index presented a downward 
trend with the increase in the section size, which might have occurred because as the sec-
tion size of the specimen increases, the transverse stress of the corrugated steel plate in-
creases. The corrugated steel plates would yield earlier, which leads to the specimen pre-
senting a steeper slope in the descending stage, resulting in a decrease in Δu-0.85. 

0.6

0.8

1.0

1.2

1.4

1.6

1.8

µ

Specimen

1.25

1.61
1.54 1.52

 α=3.57%     α=3.57% 

 α=3.71%     α=3.02%     α=2.54%

22.36%
4.35%

5.59%

SA
-C

S-280

SA
-C

S-330

SA
-C

S-230

C
FST-2

C
FST-1

1.38

16.
67%

 

Figure 10. Ductility index of specimens. 

However, like Is, the μ also decreased slightly with the decline of the steel ratio. The 
phenomenon indicated that the mechanical properties of the SA-CS column are slightly 

Figure 10. Ductility index of specimens.



Appl. Sci. 2022, 12, 10819 10 of 21

However, like Is, the µ also decreased slightly with the decline of the steel ratio. The
phenomenon indicated that the mechanical properties of the SA-CS column are slightly
affected by the steel ratio. This phenomenon can be considered to reduce the steel ratio
appropriately for the new type of composite column in the project.

4. Finite Element Analysis

In the study, the samples of the experiment were limited, and the only variable was
the section size. To further study the axial compression behavior of the SA-CS column
under different parameters, the nonlinear finite element program ABAQUS was adopted
to establish the models.

4.1. Model Set-Up

The solid mesh of three-dimensional structural eight-node brick elements with reduced
integration (C3D8R) was adopted for all the model parts, including the core concrete,
corrugated steel plates, and steel angles. The mesh size would influence the accuracy of the
calculation. Combined with the calculation cost, the mesh division method was selected
with 10 mm as the minimum control size.

The steel angle and the corrugated steel plate were connected by a “Tie” to simulate
the welding mode. The interaction between the core concrete and steel (including the steel
angle and corrugated steel plate) adopted the “surface-to-surface” contact method, whose
normal direction was defined as hard contact, while tangential direction was defined as
friction contact. The friction coefficient of 0.6 coincided better with the test results and the
Refs. [5,22,29] also employed the same friction coefficient.

Reference point 1 was coupled at the top part of the model with a vertical loaded
displacement of 10 mm. Reference point 2 was coupled at the bottom part of the model, set
as a rigid connection (all directions were constrained). Consider and apply the residual
stress at the joint between the corrugated steel plate and steel angle to simulate the welds.
Denote the residual stress as 0.2 f y [10], where σrt represents the tensile residual stress, and
σct represents the compressive residual stress. The details of the model are illustrated in
Figure 11.
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4.2. Material Models

(1) Core concrete

The concrete damage plasticity (CDP) model was used to simulate the plastic behavior
of concrete for its high accuracy. The Poisson’s ratio of core concrete was taken as 0.2, and
the initial Young’s modulus of core concrete was calculated as 4700 f′c0.5 [30]. The viscosity



Appl. Sci. 2022, 12, 10819 11 of 21

parameter was 0.0005. The invariable stress ratio (Kc) and the ratio of the initial equiaxial
compressive yield stress to the initial uniaxial compressive yield stress (f bo/f co) was needed
to define the yield surface function [31]. In order to calculate the plastic flow potential
of concrete, it was necessary to determine the dilation angle (ψ) and the flow potential
eccentricity (e). The values of ψ, e, f bo/f co, and Kc were 35◦, 0.1, 1.16, and 0.667, respectively.

The constitutive relationship of confined concrete suggested by Han [32] et al. was
adopted as the compressed stress–strain relationship for the core concrete, as given in
Equations (7)–(13). In addition, to determine the tensile behavior of concrete, we adopted
the simplified model proposed by Liu [33].

y =

{
2x− x2 (0 ≤ x ≤ 1)

x
βo(x−1)η+x (x > 1)

(7)

x = ε/εo (8)

y = σ/σo (9)

σo = f ′c (10)

εo = (800ξ0.2 + 1300 + 12.5 f ′c)× 10−6 (11)

βo =
( f ′c)

0.1

1.2
√

1 + ξ
(12)

η = 1.6 + 1.5/x (13)

where βo is the adjusting parameter of the stress–strain curve of the descending section
of compressive concrete; η is the curve shape coefficient; ε and σ are the strain and cor-
responding stress of concrete; ε0 and σ0 are the peak strain and corresponding stress of
concrete; f′c is the cylinder compressive strength of concrete, which is calculated as 0.8 f cu;
and ξ is the confinement index, which is calculated as f y1As1/f cAc, where As1 is the area of
the corrugated steel plate.

(2) Steel

As the constitutive steel model has little influence on the bearing capacity of a steel–
concrete composite column [34], this research adopts the ideal elastic-plastic model to
describe the stress–strain relationship of steel to simplify the calculations [35]. Both the
elastic modulus and the yield strength of the steel used measured values, and the Poisson’s
ratio of steel was taken as 0.3. The model was described as follows:

σs =

{
Esεs (εs ≤ εy)

fy + Ep(εs − εy) (εs > εy)
(14)

where εs and σs are the strain and stress of steel, and Ep is taken as 0.01Es.

4.3. Model Validation

The experimental and numerical results regarding the failure modes, load–displacement
curves, ultimate bearing capacity, and corresponding displacement were compared to
validate the accuracy of the FE model. The SA-CS-280 column was taken as an example,
whose failure modes are shown in Figure 12. The local buckling of the steel angle and
the conquassation of the core concrete were highly consistent. Figure 13a–c illustrates
the comparison of the load–displacement curves between the test and FE simulation,
which were in good agreement. The deviation of the ultimate bearing capacity and the
corresponding displacement was within 10%. Overall, the FE model established in this
paper could simulate the mechanical properties of the SA-CS column with reasonable
precision. In addition, using the FE model to analyze different parameters was reasonable
and reliable.
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Figure 13d plots the N/Nu-displacement curves of each component of the SA-CS-280
column. During the loading process, the core concrete bore most of the load—more than
90% of the total. In addition, the corrugated steel plate did not bear the load, which proved
the opinion presented in Section 3.4.

4.4. Parametric Analysis

In order to evaluate the influence of different parameters on the axial compressive
behavior of the SA-CS column, a parametric analysis was carried out based on the validated
model. The variation included the compressive strength of concrete (f cu), the yield strength
(f y1) and thickness (t1) of the corrugated steel plate, the yield strength (f y2) and thickness
(t2) of the steel angle, and the wave height of the corrugated steel plate (h). The values of
the parameters are listed in Table 2. To ensure the use of a single variable in the parametric
analysis, the width of all FE models was 280 mm.
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Table 2. Parameters of FE model.

Parameters Symbols and Units Values

Compressive strength of concrete f cu (MPa) 30, 40, 50, 60
Yield strength of corrugated steel plate f y1 (MPa) 235, 345, 420, 490

Thickness of corrugated steel plate t1 (mm) 1, 2, 3, 4
Yield strength of steel angle f y2 (MPa) 235, 345, 420, 490

Thickness of steel angle t2 (mm) 1, 2, 3, 4
Wave height of corrugated steel plate h (mm) 15, 20, 25, 30

Figure 14 illustrates the influence of the parameters on the load–displacement curves
of the specimens and the core concrete’s strength index (Is). Figure 14a shows that the
ultimate bearing capacity (Nu) increased with the improvement of f cu. Still, the results
regarding Is and ductility were opposite, indicating that the confinement effect of the core
concrete provided by the outer steel skeleton decreased. Especially when f cu was taken
as 60 MPa, Is was just 1.008 and the core concrete was unconfined. Figure 14b,c show
that Nu, µ, and Is increased with the improvement of f y1 or t1, which demonstrated that
the corrugated steel plate served primarily to confine the core concrete. In addition, with
respect to Figure 14d,e, the general shapes of the load–displacement curves, including the
initial stiffness and softening region, were similar. Nu and Is were not obviously affected
by the improvement of f y2 or t2. It can be inferred that the steel angle had little effect on
confining concrete and only played a role in bearing the load. Figure 14f shows the influence
of h on the load–displacement curves and Is. Nu increased with the improvement of h, but
for Is, the variation trend was not monotonous: it increased first and then decreased. In
order to explore the wave heights that could provide the most effective confinement of core
concrete, the wave heights between 25 mm and 30 mm were divided in detail, and an FE
simulation was carried out. The results are shown in Figure 15. It can be seen from the
figure that when h = 24 mm, the value of Is was the maximum.

A total of 23 FE models were established in this section. To conveniently distinguish
them, the FE models were named SA-CS-1~SA-CS-23. The design parameters, material
properties, and numerical results of the FE models, including the models corresponding to
SA-CS-230, SA-CS-280, and SA-CS-330, are listed in Table 3.
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(a) Influence of compressive strength of concrete. (b) Influence of yield strength of corrugated steel plate. 

Figure 14. Cont.
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A total of 23 FE models were established in this section. To conveniently distinguish 
them, the FE models were named SA-CS-1~SA-CS-23. The design parameters, material 
properties, and numerical results of the FE models, including the models corresponding 
to SA-CS-230, SA-CS-280, and SA-CS-330, are listed in Table 3. 

Table 3. Specific parameters and results of models. 
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Designation 
B/mm t1/mm t2/mm fcu/MPa fy1/MPa fy2/MPa h/mm Is Nu-FEM/kN 
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SA-CS-4 280 2 2 60 325 325 20 1.008 4215.7 

Figure 15. Influence of wave height of corrugated steel plate on Nu and Is.
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Table 3. Specific parameters and results of models.

Specimen
Designation B/mm t1/mm t2/mm f cu/MPa f y1/MPa f y2/MPa h/mm Is Nu-FEM/kN

SA-CS-1 280 2 2 30 325 325 20 1.195 2606.1
SA-CS-2 280 2 2 40 325 325 20 1.103 3253.7
SA-CS-3 280 2 2 50 325 325 20 1.058 3740.8
SA-CS-4 280 2 2 60 325 325 20 1.008 4215.7
SA-CS-5 280 2 2 30 235 325 20 1.133 2476.3
SA-CS-6 280 2 2 30 420 325 20 1.218 2654.7
SA-CS-7 280 2 2 30 490 325 20 1.230 2681.8
SA-CS-8 280 2 2 30 325 235 20 1.190 2545.0
SA-CS-9 280 2 2 30 325 420 20 1.197 2646.4
SA-CS-10 280 2 2 30 325 490 20 1.201 2683.4
SA-CS-11 280 1 2 30 325 325 20 1.060 2252.6
SA-CS-12 280 3 2 30 325 325 20 1.256 2743.9
SA-CS-13 280 4 2 30 325 325 20 1.319 2875.2
SA-CS-14 280 2 1 30 325 325 20 1.161 2454.4
SA-CS-15 280 2 3 30 325 325 20 1.202 2699.5
SA-CS-16 280 2 4 30 325 325 20 1.204 2761.3
SA-CS-17 280 2 2 30 325 325 15 1.189 2448.6
SA-CS-18 280 2 2 30 325 325 21 1.195 2605.1
SA-CS-19 280 2 2 30 325 325 22 1.198 2623.9
SA-CS-20 280 2 2 30 325 325 23 1.202 2641.6
SA-CS-21 280 2 2 30 325 325 24 1.203 2657.0
SA-CS-22 280 2 2 30 325 325 25 1.198 2672.8
SA-CS-23 280 2 2 30 325 325 30 1.180 2688.4

SA-CS-230 230 2 2 35.4 324 324 20 1.261 2288.3
SA-CS-280 280 2 2 35.4 324 324 20 1.232 3127.6
SA-CS-330 330 2 2 35.4 324 324 20 1.221 4261.5

5. Ultimate Bearing Capacity
5.1. Comparison with the Existing Codes

In order to study the applicability of the existing codes to the ultimate bearing capacity
of the SA-CS column, we conducted a comparison between the FE-simulated results and
the calculation results according to the existing codes of GB50936-2014 [36], Eurocode 4-
2004 [37], ACI 318-14 [30], DBJ/T13-51-2010 [38], and AIJ-2001 [39]. Table 4 lists the results.

Table 4. Comparison of ultimate bearing capacity between FE results and design codes.

Specimen
Designation

GB50936-2014 Eurocode 4-2004 ACI 318-14 DBJ/T13-51-2010 AIJ-2001

Nu-Cal Nu-FEM/Nu-Cal Nu-Cal Nu-FEM/Nu-Cal Nu-Cal Nu-FEM/Nu-Cal Nu-Cal Nu-FEM/Nu-Cal Nu-Cal Nu-FEM/Nu-Cal

SA-CS-1 3201.6 0.814 2191.7 1.189 1885.5 1.382 3197.2 0.815 1926.2 1.353
SA-CS-2 4026.9 0.808 2871.9 1.133 2463.8 1.321 4005.5 0.812 2504.5 1.299
SA-CS-3 4858.2 0.770 3164.7 1.182 2712.6 1.379 4813.9 0.777 2753.3 1.359
SA-CS-4 5681.5 0.742 4232.5 0.996 3620.3 1.164 5622.3 0.750 3661.0 1.152
SA-CS-5 2987.1 0.829 2191.7 1.130 1885.5 1.313 3020.5 0.820 1926.2 1.286
SA-CS-6 3447.7 0.770 2191.7 1.211 1885.5 1.408 3383.6 0.785 1926.2 1.378
SA-CS-7 3638.8 0.737 2191.7 1.224 1885.5 1.422 3521.0 0.762 1926.2 1.392
SA-CS-8 3189.2 0.798 2149.9 1.184 1843.8 1.380 3160.0 0.805 1873.2 1.359
SA-CS-9 3211.7 0.824 2235.7 1.184 1929.6 1.371 3236.3 0.818 1982.2 1.335
SA-CS-10 3221.4 0.833 2268.2 1.183 1962.1 1.368 3265.2 0.822 2023.5 1.326
SA-CS-11 2869.6 0.785 2219.6 1.015 1909.3 1.180 2809.3 0.802 1855.9 1.214
SA-CS-12 3522.3 0.779 2163.9 1.268 1861.9 1.474 3588.6 0.765 1993.4 1.376
SA-CS-13 3838.7 0.749 2136.3 1.346 1838.5 1.564 3983.7 0.722 2057.5 1.397
SA-CS-14 3191.7 0.769 2130.6 1.152 1822.5 1.347 3184.2 0.771 1937.4 1.267
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Table 4. Cont.

Specimen
Designation

GB50936-2014 Eurocode 4-2004 ACI 318-14 DBJ/T13-51-2010 AIJ-2001

Nu-Cal Nu-FEM/Nu-Cal Nu-Cal Nu-FEM/Nu-Cal Nu-Cal Nu-FEM/Nu-Cal Nu-Cal Nu-FEM/Nu-Cal Nu-Cal Nu-FEM/Nu-Cal

SA-CS-15 3206.1 0.842 2250.1 1.200 1945.9 1.387 3210.0 0.841 1915.1 1.410
SA-CS-16 3210.8 0.860 2305.9 1.197 2003.7 1.378 3222.6 0.857 1904.0 1.450
SA-CS-17 3111.3 0.787 2126.2 1.152 1829.9 1.338 3122.5 0.784 1870.6 1.309
SA-CS-18 3216.2 0.810 2204.7 1.182 1896.6 1.374 3212.1 0.811 1937.4 1.345
SA-CS-19 3235.4 0.811 2217.8 1.183 1907.8 1.375 3227.0 0.813 1948.5 1.347
SA-CS-20 3253.2 0.812 2230.9 1.184 1918.9 1.377 3242.0 0.815 1959.6 1.348
SA-CS-21 3272.2 0.812 2244.0 1.184 1930.0 1.377 3256.9 0.816 1970.7 1.348
SA-CS-22 3287.6 0.813 2257.1 1.184 1941.1 1.377 3271.8 0.817 1981.8 1.349
SA-CS-23 3377.4 0.796 2322.5 1.158 1996.7 1.346 3346.5 0.803 2037.4 1.319

SA-CS-230 2627.2 0.871 1806.3 1.267 1557.9 1.469 2649.0 0.864 1598.5 1.432
SA-CS-280 3645.2 0.858 2558.5 1.222 2197.3 1.423 3631.3 0.861 2237.9 1.398
SA-CS-330 4820.7 0.884 3450.7 1.235 2955.6 1.442 4773.0 0.893 2996.2 1.422
Mean value 0.806 1.183 1.374 0.808 1.345

Standard deviation 0.038 0.068 0.078 0.037 0.064

5.1.1. GB50936-2014

The calculation principle of GB50936-2014 is a unified theory that regards concrete
and steel as a unity. The confinement index ξ is introduced to describe the confined effect
between concrete and steel. The ultimate bearing capacity of the SA-CS column can be
calculated as in the following Equations.

Nu−GB = ϕNsc = ϕAc fsc (15)

fsc = (1.212 + Bξ + Cξ2) fc (16)

B =
0.131 fy1

213
+ 0.723 (17)

C =
−0.07 fc

14.4
+ 0.026 (18)

where ϕ is the stability coefficient under axial compression, whose value is 1.0; f sc is the
compressive strength of the unity.

The mean value of the ratio of the simulated results to calculated results (Nu-FEM/Nu-Cal)
is 0.806, and the standard deviation is 0.038. The estimated results of the ultimate bearing
capacity have poor dispersion, and the calculated value is too large. In GB50936-2014,
limits are specified for the width-to-thickness ratio (B/t) of square CFST, which should not
be greater than 60

√
235/ fy1. However, the B/t of experimental specimens and numerical

models both exceed the limit, which might be the reason for the deviation between the
calculated and actual results.

5.1.2. Eurocode 4-2004

According to Eurocode 4-2004, the core concrete is not considered to be confined by
the steel tube, and the ultimate bearing capacity of the SA-CS column can be obtained by
Equation (19).

Nu−EC4 = f ′c Ac + fy2 As2 (19)

The mean value of Nu-FEM/Nu-Cal is 1.183, and the standard deviation is 0.068. The
calculated results corresponding to the ultimate bearing capacity are low and safe.

5.1.3. ACI 318-14

Similar to Eurocode 4-2004, ACI 318-14 also does not consider the confinement of core
concrete, whose compressive strength is even reduced by 15%. The calculation method is
shown in Equation (20).

Nu−ACI = 0.85 f ′c Ac + fy2 As2 (20)

The mean value of Nu-FEM/Nu-Cal is 1.374, and the standard deviation is 0.078. The cal-
culated results have strong dispersion. In Eurocode 4-2004 and ACI 318-14, the confinement
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effect on the core concrete is ignored, and the bearing capacity is the simple superposition
of the concrete and steel angle. It is undoubtable that the calculation results are smaller
than the actual results.

5.1.4. DBJ/T13-51-2010

The calculated method of DBJ13-51-2010 is similar to GB50936-2014, which is based
on the unified theory and introduces the confined index ξ and stability coefficient ϕ. The
ultimate bearing capacity can be calculated as follows:

Nu−DB = ϕNsc = ϕAc fsc (21)

fsc = (1.18 + 0.85ξ) fc (22)

The mean value of Nu-FEM/Nu-Cal is 0.808, and the standard deviation is 0.037—basically
the same as the results calculated by GB50936-2014. The reason for the departure of the
calculation results is consistent with GB50936-2014.

5.1.5. AIJ-2001

AIJ-2001 considers the strength enhancement of composite columns by defining a
lifting coefficient η for the bearing capacity of steel. η is taken as 0.27, and Equation (23)
shows the calculation method.

Nu−AIJ = 0.85 f ′c Ac + (1 + η) fs2 As2 (23)

where f S2 is taken from the smaller values in f y2 and 0.7f u2, and f u2 is the tensile strength
of the steel angle.

The mean value of Nu-FEM/Nu-Cal is 1.345, and the standard deviation is 0.064. AIJ-
2001 improves the bearing capacity of the steel angle but ignores the confinement effect
on the core concrete. For the SA-CS columns, the primary function of the steel angles is to
connect with the corrugated steel plates, and the core concrete bears more than 90% of the
load. Thus, the calculation results are smaller than the actual results.

Overall, the results show that the existing codes could not calculate the ultimate
bearing capacity of the SA-CS column accurately. The codes always underrate or overrate
the experimental and numerical results.

5.2. Proposed Design Model

According to the principle of superposition, the ultimate bearing capacity of the SA-CS
column could be calculated as Equation (24). In addition, early investigations presented
that the compressive strength of confined concrete, which is under triaxial stress, is related
to the effective confining stress (f r), which can be expressed by Equation (25) [40].

Nu = fcc Ac + fy2 As2 (24)

fcc = fc + 5.3 fr (25)

As the cross-section of the SA-CS column is similar to a square, the arch effect exists in
the column, which leads to only a portion of the core concrete being effectively confined.
The core concrete is divided into the effectively confined area (Aec) and the ineffectively
confined area (Aic). Figure 16 shows the division method. The effective confining coefficient
(ke) is determined as the ratio of the effective confined area to the total area and the
calculated formulation is expressed as Equations (26) and (27).

Ac = B2 + 2B(h− t2) (26)

ke =
Aec

Ac
=

Ac − 4Aic

Ac
= 1−

(π
2 − 1)B

B + 2(h− t2)
(27)
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Based on the principle of the equal area of materials, the section of the SA-CS column
can be converted to a square section, as shown in Figure 17. Equation (28) expresses the re-
lationship between f r and the transverse stress (σsh) according to the force equilibrium [41]:

fr =
2ket′σsh
B′ − 2t′

(28)

where B′ is the width of the equivalent square and can be calculated as B′ =
√

Ac + As1; t′ is
the thickness of the equivalent square and can be calculated as t′ =

(√
Ac + As1 −

√
Ac
)
/2.
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Figure 17. Equivalent conversion and force equilibrium.

Referring to the paper by Wang [19], the value of σsh can be calculated by Equation (29),
and Figure 18 illustrates the calculation results of the proposed design model. Compared
with the existing codes, the proposed model can achieve results that are in good agreement
with the FE results, whose deviation is less than 10%.

σsh = 0.78e0.24−0.4
√

ξ fy1 (29)
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6. Conclusions

Three SA-CS columns and one CFST column were tested under axial compression and
compared with respect to their mechanical behavior. The FE model of the SA-CS column
was established, and a parametric analysis was conducted. The calculation methods of
some existing codes were assessed by comparing the calculated and numerical results and
proposing a new calculation method for the SA-CS column. The results demonstrated
herein show that:

(1) All the SA-CS columns failed with the severe local buckling of the steel angle and
the spalling of the crest of the core concrete. The CFST column failed with the steel
tube’s buckling and the internal concrete’s shear failure. The strength index (Is) and
ductility index (µ) of the SA-CS column were better than those of the CFST column
with a similar steel ratio, indicating that the SA-CS column provided more excellent
confinement effects on the core concrete than the CFST column.

(2) The increase in the section width (decrease of the steel ratio) of the SA-CS column
improved the ultimate bearing capacity but reduced Is and µ. However, the degree
of decline of Is and µ was slight, indicating that the SA-CS column’s mechanical
properties were only slightly affected by the steel ratio in a particular range. In
practical engineering, reducing the steel ratio of the SA-CS column can be considered
to improve economic benefits.

(3) The FE models were in good agreement with the experimental results. The parametric
analysis results have shown that the corrugated steel plate primarily confined the core
concrete, and the steel angle bore a part of the axial load.

(4) Increasing the compression strength of concrete can effectively improve the ultimate
bearing capacity of the specimens but Is and µ will decrease. Increasing the yield
strength and thickness of the corrugated steel plate will improve the confinement effect
on the core concrete to enhance the axial compression behavior of the specimen. The
yield strength and the thickness of the steel angle had little influence on the mechanical
properties of the specimens. The variation trend of Is was not monotonous with the
increase in the wave height of the corrugated steel plate (h), and the confinement of
the corrugated steel plate to the core concrete was the strongest when h was taken as
24 mm.

(5) A comparison of the ultimate bearing capacities between the FE results and calculated
results by some current codes was conducted, and it was found that the existing
codes always underrated or overrated the ultimate bearing capacity of the SA-CS
column. The fundamental reason is that the current codes cannot accurately calculate
the effective confining stress on the core concrete provided by the corrugated steel
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plate. Thus, a new design model for the SA-CS column was proposed, which provided
reasonably good predictions with FE-simulated results.
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