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Abstract: The development of self-compacting concrete-filled thin-walled steel tubular columns is a
potential strategy to ease the challenge of conserving resources in society, which are largely consumed
by the quickly developing civil industry. However, the application of these columns in the civil
industry is rare due to insufficient research, especially research concerning the strength behaviors
of the columns under eccentric compression. Therefore, the eccentric compressive behaviors of
medium-length tubular columns made up of self-compacting concrete and thin-walled steel with
circular sections were experimentally studied in the present paper. The feasibility of predicting
the columns’ ultimate capacities using existing design codes was explored, and then comparisons
between the predictions and experimental values were carried out. The results showed that the
eccentric compression columns had a failure morphology, buckling together with a lateral deflection
while they were moved from the bottom to middle positions as the wall thickness increased. Moreover,
the ratios of the predicted ultimate capacity of the eccentric compressive columns to the experimental
values were within the range of 0.35 to 0.94. This indicates that the predicted ultimate capacity is
conservative and safe. The codes AISC-LRFD and JCJ 01-89 achieved the most conservative and the
most precise predictive results, respectively. Additionally, the decrease ratio of the predicted ultimate
capacity of the eccentric compressive columns to the experimental values was more evident than that
of axial compressive columns. This paper can serve as guidance for the design and application of
these columns, as well as foster a sustainable and resilient civil industry.

Keywords: strength behavior; thin-walled steel tubular; eccentric compression; medium-length
columns; ultimate capacity prediction

1. Introduction

Concrete-filled steel tubes (CFSTs) have the advantage of high lateral stiffness, high
strength, and excellent efficiency during the construction process; further, they are eco-
nomical, which is attractive for applications in civil infrastructures, including large-span
bridges [1,2], offshore structures [3,4], high-rise buildings [5], and tunnels [6,7]. The steel
tubes can restrain the concrete, thus enhancing its strength and ductility. Meanwhile, the
concrete can prevent the steel tubes from inward buckling [8]. Thus, the excellent composite
effect of both concrete and steel tubes can enhance the behaviors of CFSTs. In addition,
construction efficiency can be increased, and costs can be saved, because the steel tubes can
work as molds during the process of casting the concrete [9].

The key parameters in previous research on CFST columns include the ratios of D/t
and L/D, cross-section types, slenderness, material properties, bonding effect between
steel tubes and concrete, and loading types [10–12]. The columns have a higher ultimate
capacity when L/D and D/t are less than 11.0 and 60.0, respectively [13], as well as when
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L/D and D/t are less than 15.0 and 90.0, respectively [14]. This is because the concrete
inside the columns is under triaxial compression due to its confinement by the steel tube;
thus, its strength is improved. Moreover, a smaller D/t ratio can increase the yield strength
and improve the post-yield behaviors of the columns [15]. Nevertheless, the concrete
can be restrained well with circular and octagonal sections of steel tubes, while a smaller
confinement is provided by square sections, which only exists at corner regions. This is
because of the different mechanisms between the different cross sections and concrete. The
pressure on the concrete is generated by the plate-bending effect of the steel tube with
square cross sections, while the pressure on the concrete originates from the circular stress
of the steel tubes with circular cross sections [16]. At the same time, the failure of the short
columns is characterized by concrete crushing and local buckling, which is caused by the
steel tubes. Nevertheless, the medium-length columns exhibit partial yielding of the steel
tubes and cracking of the concrete at the failure stage. Moreover, the columns with greater
slenderness present overall buckling at the failure stage [17].

Hu et al. compared the restraining effect caused by square and circular sections of
CFST columns. They demonstrated that the circular columns with a D/t ratio lower than 40
had a remarkable restraining effect, while the square section had no restraining effect [17].
Gupta et al. considered the D/t ratios of circular columns within the range of 25 to 39 and
evaluated their properties. They pointed out that steel tubes can offer excellent confinement
with lower D/t ratios [11]. Zhu et al. reported that local buckling tends to be generated at
the middle location and the ends when columns are more slender [18]. Zhou et al. stated
that high-strength concrete can improve the ultimate capacity of columns. Nevertheless,
uneven failure and sudden crushing is not prevented [19]. Liao et al. indicated that the
confinement exerted on the concrete in columns with circular sections is improved by
increasing the steel content [20]. Xu et al. reported that the ductility of columns with
circular sections decreases with an increase in the concrete strength [21].

Replacing normal steel tubes with thin-walled steel tubes for CFST column applica-
tions can reduce costs. Moreover, this will also ease the strain on resources, which are
largely consumed by the quickly developing civil industry. Thus, given the rapid devel-
opment of high-strength steel, thin-walled steel tubes can begin to be applied to CFST
columns. However, the stability and maximum load of the concrete-filled thin-walled steel
tubular columns are reduced [22,23]. The ductility of the columns is also reduced with
increasing D/t ratios [24]. Liang et al. have predicted the maximum load and local buckling
of the columns using the nonlinear fiber element method [25]. The hysteretic behaviors,
including the ductility, stiffness, and energy dissipation of the columns, have been analyzed
using the quasi-static cyclic loading method [26–28].

Recently, researchers have focused on self-compacting concrete-filled thin-walled
steel tubes (SCFTSTs) for their outstanding advantages [29–31]. Self-compacting concrete
presents good segregation resistance and high deformability. It can spread complicated
molds efficiently and does not need external vibration, thus providing a high passing and
filling ability. Moreover, construction time and labor costs will be saved [32–34]. If the wall
thickness is lower than 3.0 mm or the confinement coefficient is less than 0.5, the steel tube is
considered a thin-walled steel tube [35], which can decrease steel consumption, thus saving
costs [36,37]. The mechanical behaviors of SCFTST columns under eccentric loads have
been investigated by Yu et al. They measured the mechanical performance and pointed out
that when the eccentric distance increases, ductility increases, while the ultimate capacity
decreases [38]. Wang et al. investigated the influence of D/t ratios on failure morphology
and deformation characteristics, as well as the maximum load of the axial-loaded columns.
They reported that the columns present buckling at the failure stage, and the values decrease
while the ultimate capacity increases when the wall thickness increases [39]. Chen and
Jin researched the axial performance of columns with square, rectangular, and X sections.
They examined the variation rules of strain/displacement and load, and stated that the
expansion in the local position can be enhanced by intermediate stiffeners of columns
with X sections. They also reported that the ultimate capacity predicted by the AISC
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code is conservative [40]. Jiang et al. investigated the SCFTST elements with square and
rectangular sections undergoing a bending load. They determined the failure morphology,
variation in the load with displacement, and ultimate capacity. A prediction model of the
mechanical performance of the elements under a bending load was proposed [41].

The ultimate capacity of CFST columns can be predicted with both formulas proposed
by researchers and design codes, which is important for design. The predicted ultimate
capacity using code AISC360-10 is conservative [42–44]. However, the predicted results
using code EC4 are precise [10]. The peak load of normal CFST columns can be well
predicted by design codes [45]. However, codes are not recommended prediction formulas
for the peak load of the SCFTST members.

As the analysis of previous research shows, recent studies have mainly concentrated
on the axial compression behaviors of normal steel tubular columns filled with concrete.
However, research on predicting the ultimate capacity of thin-walled steel tubular columns
filled with self-compacting concrete undergoing eccentric compression is rarely conducted.
These types of columns are potential candidates for structure members, and are mostly ap-
plied in complex force states. Thus, the feasibility of using existing specifications to predict
the bearing capacity and their service behavior analysis is important and challenging work
to be explored. The present paper firstly explores the eccentric compressive behaviors of
thin-walled steel tubular columns filled with self-compacting concrete. Then, the prediction
of the ultimate capacity using different design codes when the columns are under eccentric
compression is discussed. Additionally, the predicted ultimate capacity is compared with
the experimental values. The feasibility of predicting the ultimate capacity of eccentric
compressive columns is also discussed in depth. This paper can serve as guidance in the
future design and application of the studied columns which can substantially improve the
civil industry.

2. Experiments
2.1. Sample Fabrication

The circular columns were divided into two groups corresponding to wall thicknesses
of 1.2 and 3.0 mm. Eccentric compression was applied to one group of specimens, and axial
compression to the other as the control. The main parameters were the eccentricity ratio
and wall thickness. Two eccentricity ratios of 0 and 0.29 were considered. Parameters of
the columns are listed in Table 1; their values were determined according to [21] together
with the experimental results. D, t, and L stand for the diameter, wall thickness, and height
of the samples, respectively. A and E refer to axial and eccentric compression, respectively.
N stands for the self-compacting concrete, and its mix design is listed in Table 2, which
was determined by the experiments and the design code [46]. T1 and T2 represent wall
thicknesses of 1.2 and 3.0 mm, respectively. e and r are the eccentricity of loading and the
column’s outer radius, respectively.

Table 1. Parameters of the SCFTST columns.

Numbers
D × t × L e e/r

(mm3) (mm)

A-N-T1 140 × 1.2 × 700 0 0
E-N-T1 140 × 1.2 × 700 20 0.29
A-N-T2 140 × 3.0 × 700 0 0
E-N-T2 140 × 3.0 × 700 20 0.29

Table 2. Mix proportion of the concrete (unit: kg/m3).

Water Cement Fine Aggregate Coarse Aggregate Fly Ash Superplasticizer (wt.%)

199.0 401.5 836.5 768.5 122.1 0.4
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In order to evenly load the columns, the column ends were welded to square steel
plates with a thickness and width of 20 and 180 mm, respectively. Once the bottom of the
steel tube was welded to a steel plate, concrete was cast into the steel tube. The tube and
bottom steel plate acted as molds, and no external vibration was needed. After concrete
casting, the samples cured in the experimental room for 28 d. Another steel plate was
welded on the top end of the tube before the test. Concrete specimens with dimensions
of 150 mm × 150 mm × 150 mm and 150 mm × 150 mm × 300 mm were fabricated with
the steel tube columns to measure the concrete strength and modulus of elasticity of the
concrete, respectively. Figure 1 displays the major fabrication process of the columns.
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specimens. (d) Prepared samples.

2.2. Performance of Materials

Table 3 presents the mechanical properties of the steel tubes, which were measured
according to the specification in [47]. The mechanical performance of the concrete was
tested according to the specification in [48]. Concrete specimens were prepared with the
columns, which were cured under the same conditions as the columns for 28 d. The
concrete’s modulus of elasticity was 25.7 GPa and its prism strength was 54.4 MP.

Table 3. Mechanical performance of the steel tubes.

Wall Thickness (mm) Yield Strength (MPa) Modulus of Elasticity (GPa) Poisson’s Ratio

1.2 345.0 181.0 0.30

3.0 358.3 202.0 0.28

2.3. Test Setup and Procedure

The compressive testing of the columns was conducted using a universal testing
machine after 28 d. Figure 2 shows the loading arrangements and schematic. As shown
in Figure 2, an eccentric load was applied to the endplate of the columns with a spherical
hinge and load-bearing plate, while the load in the axial direction was directly exerted on
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the endplate. A steel cylinder with diameter and length of 100 and 180 mm, respectively,
was used as the spherical hinge. The load-bearing plate was a cuboid steel plate, and its
square width and thickness was 180 and 30 mm, respectively. Strains were measured with
a DH3820N strain indicator, which was supplied by Donghua testing technology Co., Ltd.
(Taizhou, China). The strain gauges were numbered 1 to 8. Strain gauges 1~4 and 5~8 were
used to measure transverse and axial strains, respectively. The average value of the four
strains was calculated as the strains along the axial and transverse directions, respectively.
Two displacement meters were arranged vertically at the bottom, numbered as 4 and 5, to
test the vertical displacements. The lateral deflections were measured using another three
displacement meters, numbered as 1 to 3, which were located at the middle height on the
left side of the columns.
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Figure 2. Loading arrangements and schematic. (a) Loading devices. (b) Column under eccentric
compression. (c) Schematic of loading devices. (d) Numbers of strain gauges.

Before the formal experiment, a preliminary loading with loading rate set to 0.5 kN/min
and loading amplitude of 15 kN was conducted to ensure uniform loading. At the formal
experimental stage, loading rate was set to 0.5 mm/min. Loads were continuously exerted
on the columns, and the test was stopped when preload fell to 60% of the ultimate capacity.
Loading interval was defined as one-fifteenth of the theoretical ultimate capacity. Each of
the loading intervals lasted for 3 min. Total testing time of one column was 2 h. Experimen-
tal data including displacements, strains, and loads during the test process were collected
by an automatic acquisition system.

3. Results and Discussion
3.1. Failure Morphology

The failure morphology of the samples is presented in Figure 3. The eccentric-loaded
columns showed obvious buckling and lateral deflection, which is evident in Figure 3.
However, the characteristics of the failure modes of the CFST columns under an eccentric
load included bending and buckling [38]. Moreover, columns undergoing axial compression
displayed evident local bulking and rupture of the steel tube. When wall thickness varied
from 1.2 mm to 3.0 mm, the numbers of the bulking are reduced and its locations are
transferred from the ends to the middle position. Similarly, the buckling and lateral
deflection is also transferred from the end to the middle position. Figure 4 presents
the relationship between the load and deformation. The load varies with displacement
which is displayed in Figure 4a. It firstly increases gradually to the peak value and then
the descend phase decreases rapidly when the columns undergo axial compression, but
decrease gently when the columns undergo eccentric compression. Therefore, compared
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with columns subjected to an axial compressive load, columns under eccentric compression
display better ductility. The curves present a similar development trend under axial or
eccentric compression with different wall thicknesses. Nevertheless, the ultimate capacity
is increased with increasing wall thickness. The load–longitudinal strain curves were
derived from the relationship between the load and the average strain along the axial
direction of 5 to 8; as shown in Figure 4b, the strain almost proximately increases linearly
with the load until about 75 percent of the peak load. Then, the load varies nonlinearly
with the strain. All the load–strain curves present a similar variation trend. However,
the axial strains increase faster than the transverse strains. Figure 4c displays load–lateral
deflection curves of columns undergoing eccentric compression, which demonstrate that
the relationship between the load and lateral deflection has a similar development tendency.
Lateral deflections increase slowly before the peak load and then decrease slowly during
the whole eccentric loading process.

Buildings 2023, 13, x FOR PEER REVIEW 6 of 16 
 

3. Results and Discussion 
3.1. Failure Morphology 

The failure morphology of the samples is presented in Figure 3. The eccentric-loaded 
columns showed obvious buckling and lateral deflection, which is evident in Figure 3. 
However, the characteristics of the failure modes of the CFST columns under an eccentric 
load included bending and buckling [38]. Moreover, columns undergoing axial com-
pression displayed evident local bulking and rupture of the steel tube. When wall thick-
ness varied from 1.2 mm to 3.0 mm, the numbers of the bulking are reduced and its loca-
tions are transferred from the ends to the middle position. Similarly, the buckling and 
lateral deflection is also transferred from the end to the middle position. Figure 4 presents 
the relationship between the load and deformation. The load varies with displacement 
which is displayed in Figure 4a. It firstly increases gradually to the peak value and then 
the descend phase decreases rapidly when the columns undergo axial compression, but 
decrease gently when the columns undergo eccentric compression. Therefore, compared 
with columns subjected to an axial compressive load, columns under eccentric compres-
sion display better ductility. The curves present a similar development trend under axial 
or eccentric compression with different wall thicknesses. Nevertheless, the ultimate ca-
pacity is increased with increasing wall thickness. The load–longitudinal strain curves 
were derived from the relationship between the load and the average strain along the 
axial direction of 5 to 8; as shown in Figure 4b, the strain almost proximately increases 
linearly with the load until about 75 percent of the peak load. Then, the load varies non-
linearly with the strain. All the load–strain curves present a similar variation trend. 
However, the axial strains increase faster than the transverse strains. Figure 4c displays 
load–lateral deflection curves of columns undergoing eccentric compression, which 
demonstrate that the relationship between the load and lateral deflection has a similar 
development tendency. Lateral deflections increase slowly before the peak load and then 
decrease slowly during the whole eccentric loading process. 

 
Figure 3. The columns’ failure modes. Figure 3. The columns’ failure modes.

Buildings 2023, 13, x FOR PEER REVIEW 7 of 17 
 

0 2 4 6 8 10 12 14
0

300

600

900

1200

1500

1800

Lo
ad

(k
N

)

Displacement (mm)

 A-N-T1
 E-N-T1
 A-N-T2
 E-N-T2

 
-3000 -2000 -1000 0 1000
0

300

600

900

1200

1500

1800
Axial Transverse

 A-N-T1  
 E-N-T1
 A-N-T2  
 E-N-T2

Lo
ad

(k
N

)

Strain (με)

 A-N-T1
 E-N-T1
 A-N-T2  
 E-N-T2

 
(a) Curves of load–displacement (b) Curves of load–strain 

0 10 20 30 40
0

300

600

900

1200

Lo
ad

(k
N

)

Lateral deflection (mm)

 E-N-T1 -1  E-N-T2-1
 E-N-T1-2   E-N-T2-2
 E-N-T1-3   E-N-T2-3

 
(c) Curves of load–lateral deflection 

Figure 4. Relationships between deformation and load. 

3.2. Theory Calculation Formulas for Ultimate Capacity of Design Codes 
To explore the feasibility of predicting the columns’ ultimate capacity using the de-

sign codes, calculation formulas for the ultimate capacity of six design codes including 
JCJ 01-89 [49], CECS 28 [50], DL/T 5085 [51], DBJ l3-51-2003 [52], AISC-LRFD-1999 [53], 
and BS 5400 [54] are summarized as follows. The prediction of the ultimate capacity was 
calculated using these codes; after that, a comparison between these values and the ex-
perimental results was conducted. 

The calculation formula for the ultimate capacity of the code JCJ 01-89 [49] is ex-
pressed as Equation (1): 

( )1e s s c cN A f K A fγϕ= +  (1)

where 1K  is the increase coefficient of the concrete strength, sf  represents the steel 

tube’s design compressive strength, cf  is the concrete’s design compressive strength, 

sA  stands for the steel tube’s cross-sectional area, cA  is the cross-sectional area of the 

concrete, eϕ  is the reduction coefficient of eccentric compression, and γ  is the correc-

tion of eϕ . 
The formula for the ultimate capacity of the code CECS 28:90 [50] is expressed as 

Equation (2): 

Figure 4. Cont.



Buildings 2023, 13, 2876 7 of 16

Buildings 2023, 13, x FOR PEER REVIEW 7 of 17 
 

0 2 4 6 8 10 12 14
0

300

600

900

1200

1500

1800

Lo
ad

(k
N

)
Displacement (mm)

 A-N-T1
 E-N-T1
 A-N-T2
 E-N-T2

 
-3000 -2000 -1000 0 1000
0

300

600

900

1200

1500

1800
Axial Transverse

 A-N-T1  
 E-N-T1
 A-N-T2  
 E-N-T2

Lo
ad

(k
N

)

Strain (με)

 A-N-T1
 E-N-T1
 A-N-T2  
 E-N-T2

 
(a) Curves of load–displacement (b) Curves of load–strain 

0 10 20 30 40
0

300

600

900

1200

Lo
ad

(k
N

)

Lateral deflection (mm)

 E-N-T1 -1  E-N-T2-1
 E-N-T1-2   E-N-T2-2
 E-N-T1-3   E-N-T2-3

 
(c) Curves of load–lateral deflection 

Figure 4. Relationships between deformation and load. 

3.2. Theory Calculation Formulas for Ultimate Capacity of Design Codes 
To explore the feasibility of predicting the columns’ ultimate capacity using the de-

sign codes, calculation formulas for the ultimate capacity of six design codes including 
JCJ 01-89 [49], CECS 28 [50], DL/T 5085 [51], DBJ l3-51-2003 [52], AISC-LRFD-1999 [53], 
and BS 5400 [54] are summarized as follows. The prediction of the ultimate capacity was 
calculated using these codes; after that, a comparison between these values and the ex-
perimental results was conducted. 

The calculation formula for the ultimate capacity of the code JCJ 01-89 [49] is ex-
pressed as Equation (1): 

( )1e s s c cN A f K A fγϕ= +  (1)

where 1K  is the increase coefficient of the concrete strength, sf  represents the steel 

tube’s design compressive strength, cf  is the concrete’s design compressive strength, 

sA  stands for the steel tube’s cross-sectional area, cA  is the cross-sectional area of the 

concrete, eϕ  is the reduction coefficient of eccentric compression, and γ  is the correc-

tion of eϕ . 
The formula for the ultimate capacity of the code CECS 28:90 [50] is expressed as 

Equation (2): 

Figure 4. Relationships between deformation and load.

3.2. Theory Calculation Formulas for Ultimate Capacity of Design Codes

To explore the feasibility of predicting the columns’ ultimate capacity using the design
codes, calculation formulas for the ultimate capacity of six design codes including JCJ
01-89 [49], CECS 28 [50], DL/T 5085 [51], DBJ l3-51-2003 [52], AISC-LRFD-1999 [53], and BS
5400 [54] are summarized as follows. The prediction of the ultimate capacity was calculated
using these codes; after that, a comparison between these values and the experimental
results was conducted.

The calculation formula for the ultimate capacity of the code JCJ 01-89 [49] is expressed
as Equation (1):

N = γϕe(As fs + K1 Ac fc) (1)

where K1 is the increase coefficient of the concrete strength, fs represents the steel tube’s
design compressive strength, fc is the concrete’s design compressive strength, As stands
for the steel tube’s cross-sectional area, Ac is the cross-sectional area of the concrete, ϕe is
the reduction coefficient of eccentric compression, and γ is the correction of ϕe.

The formula for the ultimate capacity of the code CECS 28:90 [50] is expressed as
Equation (2):

N = ϕ1 ϕe Ac fc

(
1 +
√

θ + θ
)

(2)

where ϕ1 is the reduction coefficient of the slenderness ratio.
The ultimate capacity of the code DL/T 5085-1999 [51] is calculated using Equations (3)–(13).

If N/Asc ≥ 0.2ϕ fsc,

N
ϕAsc fsc

+
βm M

1.071(1− 0.4N/NE)γmWsc fsc
≤ 1 (3)

If N/Asc < 0.2ϕ fsc,

N
1.4ϕAsc fsc

+
βm M

(1− 0.4N/NE)γmWsc fsc
≤ 1 (4)

where βm represents the moment coefficient, and its value is in accordance with code
GB 50017-2003 [55], and γm is the flexural plasticity development coefficient of the com-
ponent in the sectional area: if ξ ≥ 0.85, γm = 1.4; otherwise, γm = 1.2. The standard
confinement coefficient ξ is calculated by Equation (5):

ξ = As fy/(Ac fck) (5)

where fy is the steel tube yield strength.
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fsc stands for the composite design compressive strength, and it is calculated using
Equation (6):

fsc =
(

1.212 + B1ξ0 + C1ξ0
2
)

fc (6)

where B1 and C1 are coefficients, which are determined as

B1 = 0.1759 fy/235 + 0.974 (7)

C1 = −0.1038 fck/20 + 0.0309 (8)

where ξ0 is the design confinement coefficient, which can be calculated using Equation (9):

ξ0 = As f /(Ac fc) (9)

where NE represents the Euler critical load, which is determined by Equation (10):

NE = π2Esc Asc/λ2 (10)

where Asc stands for the total sectional area, and Esc is the composite modulus of elasticity
and is computed using Equation (11):

Esc = fscp/εscp (11)

where fscp is the proportional limit, and εscp is the strain under the proportional limit. They
can be calculated using Equations (12) and (13), respectively:

fscp =
[
0.192

(
fy/235

)
+ 0.488

]
fscy (12)

εscp = 3.25× 10−6 fy (13)

where fscy is the standard composite axial strength.
The ultimate capacity of the code DBJ l3-51-2003 [52] is calculated using Equations

(14)–(21). If N/(Asc fsc) ≥ 2ϕ3η0,

N
Asc fsc

+
( a

d

) βm M
γmWsc fsc

≤ 1 (14)

If N/(Asc fsc) < 2ϕ3η0,

−bN2

(Asc fsc)
2 −

cN
Asc fsc

+

(
1
d

)
βm M

γmWsc fsc
≤ 1 (15)

where ϕ is the stability coefficient, and γm is a coefficient, which can be calculated using
Equation (16):

γm = 1.1 + 0.48 ln(ξ + 0.1) (16)

Wsc is the flexural modulus of the sectional area; for the circular steel tube, it can be
calculated using Equation (17):

Wsc = πD3/32 (17)

where D represents the steel tube’s diameter.
a, b, c, and d are coefficients; they are calculated using Equations (18)–(21):

a = 1− 2ϕ2η0 (18)

b =
1− ζ0

ϕ3η02 (19)
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c =
2(ζ0 − 1)

η0
(20)

d = 1− 0.4
(

N
NE

)
(21)

The ultimate capacity of the code AISC-LRFD-1999 [53] is calculated using the follow-
ing equations. If

(
N

φc Nu
≥ 0.2

)
,

N
φcNu

+
8M

9φb Mu
≤ 1 (22)

If
(

N
φc Nu

< 0.2
)

,
N

2φcNu
+

8M
φb Mu

≤ 1 (23)

where N stands for the design axial force, M is the design bending moment, both φc and φb
are the coefficient, and their values are 0.85 and 0.9, respectively. Nu stands for the axial
ultimate load, and it can be calculated using Equation (24):

Nu = Fcr As (24)

where Fcr is the critical force; it can be computed as follows:

Fcr =
(

0.658λc
2
)

Fmy (λc ≤ 1.5) (25)

Fcr =
(

0.877/λc
2
)

Fmy (λc > 1.5) (26)

where λc represents the slenderness ratio; it is expressed as

λc =
kL
rπ

√
Fmy

Em
(27)

where k stands for the effective length coefficient, r stands for the gyration radius, and Fmy
is the equivalent yield strength, which is expressed as Equation (28):

Fmy = fy + 0.85 fc
′
(

Ac

As

)
(28)

Em represents the equivalent modulus of elasticity, which is expressed as Equation (29):

Em = Es + 0.4Ec

(
Ac

As

)
(29)

where Es represents the steel tube’s modulus of elasticity, and Ec is the concrete’s modulus
of elasticity.

Mu is the flexural capacity, which is determined using Equation (30):

Mu = Z fy (30)

where Z is the plastic bending modulus, which can be calculated as follows:

Z =
[

D3 − (D− 2t)3
]
/6 (31)
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The ultimate capacity formulas of the code BS 5400 [54] are expressed as follows:

N ≤ Nu

[
k1 − (k1 − k2 − 4k3)

M
Mu
− 4k3

(
M
Mu

)2
]

(32)

where N stands for the design axial force, and M is the bending moment. Nu is the ultimate
bearing capacity under axial load, which can be calculated as follows:

Nu = As fyr/γs + 0.675Ac fcc/γc (33)

where γs and γc represent partial coefficients of steel and concrete, respectively; their values
are 1.1 and 1.5, respectively. fyr stands for steel yield strength after reduction, which can be
calculated as follows:

fyr = C2 fy (34)

C2 = 0.76 + 0.0096(L/D) (35)

fcc is the concrete strength when subjected to triaxial compression, which is expressed
as Equation (36):

fcc = fcu + fyC1
t
D

(36)

C1 = 0.0129(L/D)2 − 0.7055(L/D) + 9.5275 (37)

Mu is the flexural capacity and is expressed as follows:

Mu = S
fy

γs
(1 + 0.01m) (38)

S = t3
(

D
t
− 1
)2

(39)

k1 is the stability coefficient, which can be calculated as follows:

k1 = 1 λ < 0.2 (40)

k1 =
A−
√

A2 − 4λ2

2λ2 λ ≥ 0.2 (41)

A = 1 + 0.158
√

λ2 − 0.04 + λ2 (42)

λ = L/le (43)

le = π

√
Es Is + Ec Ic

Nu
(44)

where Es and Ec are the modulus of elasticity of steel and concrete, respectively. Is and Ic
stand for the inertia moment of the steel tube and concrete, respectively. k2 and k3 can be
calculated as follows:

k2 = k20 × [115− 30× (1.8− αc)− 100λ]/55 (0 ≤ k2 ≤ k20) (45)

k20 = 0.9αc
2 + 0.2 (0 ≤ k20 ≤ 0.75) (46)
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k3 = k30 +

[
0.9×

(
αc

2 − 0.5
)
+ 0.15

]
λ

1 + λ3 (k3 ≥ 0) (47)

k30 = 0.04− αc

15
(k30 ≥ 0) (48)

αc =
0.45 fcc Ac

Nu
(0.1 < αc < 0.8) (49)

Pacheco et al. suggest that the conversion coefficient of 150 mm cubic to cylinder
with a diameter of 150 mm for recycled concrete is 0.77 [56]. Additionally, the conversion
coefficient of 150 mm cubic to prism with dimensions of 150 mm × 150 mm × 300 mm for
recycled concrete is 0.67 [57,58].

3.3. Comparison of the Ultimate Load

The ultimate capacities of the columns undergoing eccentric and axial compression
from calculated results using different design codes and experimental results are repre-
sented by Nuc and Nue, respectively, in Table 4. Table 5 compares Nuc and Nue. Table 6
shows the statistical characteristics of the comparison results. A comparison of the ultimate
capacities from the experimental results and calculated results using different specifications
is displayed in Figure 5.

Table 4. Ultimate capacities from calculated results and experimental values.

Numbers Nue (kN)
Nuc (kN)

JCJ CECS DL/T DBJ AISC BS

A-N-T1 1331.0 1117.0 1047.8 1059.9 899.4 813. 5 809.5
E-N-T1 759.0 711.3 679.6 555.3 593.4 267.3 569.7
A-N-T2 1627.8 1582.4 1426.0 1356.7 1187.0 1028.3 1181.0
E-N-T2 1065.8 978.6 918.7 713.1 465.0 512.5 877.0

Table 5. Comparison between the ultimate capacities of the experimental results and calculated results.

Numbers
Nuc/Nue

JCJ CECS DL/T DBJ AISC BS

A-N-T1 0.84 0.79 0.80 0.68 0.61 0.61
E-N-T1 0.94 0.90 0.73 0.78 0.35 0.75
A-N-T2 0.97 0.88 0.83 0.73 0.63 0.73
E-N-T2 0.92 0.86 0.67 0.44 0.48 0.82

Table 6. Statistical properties of the comparison between the ultimate capacities of the experimental
results and calculated values.

Numbers Parameters
Nuc/Nue

JCJ CECS DL/T DBJ AISC BS

Axial-loaded
Average value 0.91 0.83 0.81 0.70 0.62 0.67

Variation coefficient 0.09 0.06 0.03 0.04 0.02 0.08

Eccentric-
loaded

Average value 0.93 0.88 0.70 0.61 0.42 0.79
Variation coefficient 0.01 0.02 0.04 0.24 0.09 0.05

Eccentric-loaded average value to
axial-loaded average value 1.02 1.06 0.86 0.87 0.67 1.18
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It can be seen from Table 4 that the experimental ultimate capacities of A-N-T1, A-N-
T2, E-N-T1, and E-N-T2 are 1331.0, 1627.8, 759.0, and 1065.8 kN, respectively. Moreover, the
ranges of the calculated ultimate capacities of A-N-T1, A-N-T2, E-N-T1, and E-N-T2 using
different design codes are 809.5 kN~1117.0 kN, 1028.3 kN~1582.4 kN, 267.3 kN~711.3 kN,
and 465.0 kN~978.6 kN, respectively. This clearly demonstrates that the calculated ultimate
capacities are correspondingly lower than those of the experimental results.

Table 5 gives the ratio ranges of calculated ultimate capacities to tested results cor-
responding to A-N-T1, A-N-T2, E-N-T1, and E-N-T2. The ratios range from 0.61 to 0.84,
0.63 to 0.97, 0.35 to 0.94, and 0.44 to 0.92, respectively. This indicates that the calculated
ultimate capacity is conservative and safe. Moreover, the calculated ultimate capacities
using the codes AISC-LRFD and JCJ 01-89 are the lowest and the highest, respectively. Thus,
AISC-LRFD and JCJ 01-89 are the most conservative and the most accurate for the ultimate
capacity calculation. Similarly, the ultimate capacity prediction results of the CFST columns
were 25% conservative using code AISC-LRFD [8]. The different specifications predicted
the ultimate capacity with different precision due to variations in the considered factors,
such as the confinement effect of the steel tube on the concrete, the reduction coefficients
of materials, and the eccentricity. For example, ACI [59] ignores the contribution of the
confinement effect of the steel tube on the concrete, which can improve the ultimate capacity.
Additionally, EC4 [60] takes into account the confinement effect, but it provides relatively
conservative predictions [61].

Table 6 displays the statistical properties of the comparison between the ultimate
capacities of the experimental results and calculated results. The average value and varia-
tion coefficient of the ratio of the calculated ultimate capacities to experimental ultimate
capacities (Nuc/Nue) of A-N-T1 and A-N-T2 are within the range of 0.62~0.91 and 0.02~0.09,
respectively. Additionally, the average value and variation coefficient of Nuc/Nue of the
eccentric compression columns E-N-T1 and E-N-T2 are within the range of 0.42~0.93 and
0.01~0.24, respectively. This implies that the decrease ratio of calculated ultimate capacity
to experimental ultimate capacity of the eccentric compression columns is larger than that
of the axial compression columns.

The ratios of the average value of Nuc/Nue of the columns under eccentric load to the
average value of Nuc/Nue of the axial-loaded columns are in the range of 0.67~1.18. This
indicates that the predicted ultimate capacity of the eccentric compression columns using
design codes is smaller than that of the axial compression columns. Figure 5 compares the
ultimate capacities of the tested results and the calculated results using different design
codes. It indicates that the predicted ultimate capacities are correspondingly smaller than
those of the experimental results.
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4. Conclusions

In this study, we first fabricated SCFTST columns. Then, the eccentric compression
behaviors of the columns were analyzed in depth. Following that, a comparison of the
ultimate capacities from experimental results and computed results using different spec-
ifications was conducted sequentially. Moreover, the influence of eccentric ratios of the
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load and wall thickness on the eccentric compression behaviors have been discussed. The
conclusions drawn from the results are as follows:

(1) The columns undergoing eccentric compression displayed major failure modes of
buckling and lateral deflection, while the axial compression columns displayed buck-
ling and rupture. In addition, the buckling and lateral deflection was transferred from
the bottom to middle location when the wall thickness was increased.

(2) The ultimate capacity increased with increasing wall thickness. With loading continu-
ing after the peak load, the load decreased gently with increasing lateral deflection.
However, the load decreased rapidly with increasing displacement.

(3) The calculated ultimate capacities were correspondingly lower than the experimental
values. The percentages of the calculated maximum capacities to experimental results
of the columns under eccentric compression were within the range of 0.35 to 0.94,
while those of the columns under axial compression were within the range of 0.61 to
0.97. This indicates that the calculated ultimate capacity is conservative and safe. The
codes AISC-LRFD and JCJ 01-89 achieved the most conservative and the most precise
results, respectively, when predicting the ultimate capacity.

(4) The average value of the ratio of the calculated ultimate capacity to the experimental
ultimate capacity of the eccentric compression columns was within the range of
0.42~0.93, while that of the columns under axial compression was within the range of
0.62~0.91.

These results imply that the SCFTST columns have huge potential for application
in the civil industry. However, few studies have concentrated on columns subjected to
eccentric compression with different parameters, and a limitation of our study is the small
number of specimens; therefore, more research is needed. For example, the effect of
slenderness, eccentricity, section type, and the strength of materials on the eccentric loading
behaviors of the columns requires more investigation. The deviations of the ultimate
capacity prediction of each code lack an in-depth physical explanation. Finite element
analysis of the performance of these columns also needs to be conducted. Moreover, for
the columns to be applied in large-scale structural components, investigations on their
structural performance, including bending and shear behavior, are worthwhile.
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