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A B S T R A C T

The steel tube-reinforced concrete (ST-RC) column is an innovative composite structure that has been increas-
ingly applied in high-rise buildings and bridge piers in China. This study aims to investigate the axial capacity of
the ST-RC stub column by means of a modified superposition method. Primarily, the sectional confining force
equilibrium was elaborated to explain the confinement mechanism of the ST-RC column under concentric
compression, which involves the confining stress induced from the inner steel tube and secondary confining
stress induced from the peripheral steel hoops. Thereafter, a modified method for predicting the axial capacity of
the ST-RC column, considering the secondary confinement, was developed according to a stress and strain
analysis. Thirdly, 41 published specimens were collected to verify the accuracy of the proposed method. It was
demonstrated that the current method fitted strongly with the tests results and exhibited satisfactory adapt-
ability. Finally, four other methods according to ACI 318, AIJ, EC 4, and CECS 188-2005 were verified in the
same scenario. It was found that the current method exhibited superior correlation with the experimental results
compared with conventional approaches. It will be favorable to obtain the viable axial capacity of the ST-RC
column by using the presented solution.

1. Introduction

A steel tube-reinforced concrete (ST-RC) column refers to a com-
posite column in which a concrete-filled steel tube (CFST) is embedded
in the reinforced concrete (RC). Fig. 1 illustrates the typical cross-sec-
tion and internal structure of an ST-RC column in an actual project. The
ST-RC column effectively combines the respective advantages of CFST
and RC columns. Owing to its superior structural performance, the ST-
RC column has gained popularity in high-rise buildings and bridge piers
in earthquake-prone regions of China [1–4]. Nevertheless, as an in-
novative type of composite structure, there remains a lack of informa-
tion regarding the confinement mechanism of the ST-RC column under
axial compression; discrepancies also exist in its axial capacity predic-
tion provided in different leading design methods. These all highlight
the need for the development of an accurate and well-defined method
for predicting the axial capacity of ST-RC columns.

Previous tests and studies have shown that the strength and ductility
of concrete columns are highly dependent on the lateral confinement
level [5–8]. When transverse confinement is provided effectively, the
axial capacity and compressive performance of the concrete can be
improved considerably. In general, the confinement provided by hoops,
crossties or steel tubes is considered as passive; that is, lateral

confinement reacts to the lateral concrete dilation under an axial load.
By comparing the responses under both active and passive confinement,
it was confirmed by Richart et al. [9] that these two types of behaviors
are similar. Mander et al. [10] suggested that the relation between the
axial strength and confining stress can be described as:

= +σ f k σcr r0 1 (1)

where σcr denotes the strength of the confined concrete; f0 denotes the
concrete strength without considering the confinement effect; σr de-
notes the confining stress; and the coefficient k1 denotes the increment
in the concrete strength owing to lateral confinement. Different re-
searchers have suggested different values for k1. Richart et al. [9] in-
vestigated the relationship between k1 and σr by means of experiments,
and Fig. 2 presents the tests results. It can be concluded that the coef-
ficient k1 is approximately equal to 4.1 when the lateral confinement is
larger than 20MPa. For a small value of lateral pressure in a confined
concrete column, k1 is larger than the commonly adopted value of 4.1.
By means of regression analysis of the test data, Eq. (2) obtained by
Razvi et al. [11] revealed the variation in k1 with the lateral confining
stress σr, which exhibited strong adaptability, as depicted in Fig. 2.

= −k σ6.7( )r1
0.17 (2)
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To improve the brittle performance of the concrete column and take
advantage of the lateral confinement, various types of lateral confine-
ment configurations have been applied [12–17], such as circular hoops,
rectangular hoops with crossties, steel tubes, and fiber-reinforced
polymer (FRP) strips. Among these, the CFST column is a highly ef-
fective composite structure that employs the respective advantages of
both the steel tube and filled-in concrete. With the strong lateral con-
fining pressure provided by the steel tube, the filled-in concrete exists
under the triaxial stress state and behaves with higher strength. Studies
have been conducted to learn the behavior of CFST columns over the
past decades [18,19]. Nevertheless, the conventional CFST system ex-
hibits certain disadvantages in practice, such as complicated beam-to-
column connections, poor resistance against fire or corrosion, as well as
the easy occurrence of outward local buckling [20–22], which have
limited its application popularity to a certain extent.

Under this circumstance, a new composite system, namely the ST-
RC column, was proposed and has been widely used in actual projects
in China. On the one hand, compared with the conventional CFST
column, the ST-RC column offers the following advantages: easier
beam-to-column connections, superior lateral stiffness and ductility,
higher fire resistance, and improved corrosion protection, effectively
prohibiting outward buckling owing to the confinement of the periph-
eral RC encasement. On the other hand, the ST-RC column is also su-
perior to the conventional RC column. With the presence of the inner
CFST, the ST-RC column offers higher lateral stiffness and axial strength
than the conventional RC column.

Considerable efforts have been devoted to the investigation of ST-

RC columns. Thus far, studies including both experimental testing and
numerical simulation have been conducted. Ji et al. [1] examined the
seismic behavior of ST-RC columns, and developed formulae for the
capacity of ST-RC columns under seismic loads based on the super-
position method. Nie et al. [2] proposed a new connection system for
the ST-RC column and RC beams. Axial compression experiments and
reversed cyclic loading tests were conducted. The corresponding load-
deflection performance, typical failure modes, stress and strain dis-
tributions, and energy dissipation capacity of the proposed beam-
column system were obtained. Ji et al. [3] investigated the effects of the
cumulative seismic damage of ST-RC columns; recommendations were
made for the amount of transverse reinforcement required in the
seismic design of ST-RC columns to ensure adequate deformation ca-
pacity. Han et al. [23] studied the tensile behavior of the ST-RC column
by experimental investigation and full-range finite element analysis.
The authors investigated the bond strength between the steel tubes and
proposed a simplified model for predicting the tensile strength of ST-RC
columns. Han and An [24] studied the behavior of ST-RC columns
under axial compression by means of finite element analysis. The in-
teractions between the outer concrete and steel tube of the CFST, as
well as the core concrete and steel tube of the CFST, were investigated.
By analyzing different design codes, a superior method was suggested
for predicting the ultimate strength of the composite stub columns.
Huang et al. [25] investigated the nonlinear behavior of a staged con-
struction ST-RC column using finite element analysis, and a verified
formula was developed for calculating the displacement ductility of
staged construction ST-RC. The demand for displacement ductility
under different seismic grades was also presented. In view of the pre-
vious studies, most theories for predicting the bearing capacity of the
ST-RC column were based on adding the capacity of the outer RC and
inner CFST separately, without considering the interaction between
these two components [24,26].

A number of studies were conducted to investigate the effects of
secondary confinement on composite columns. The first formulation
taking account of secondary confinement was proposed by Karabinis
and Rousakis [27], who suggested evaluating the ultimate strength of
confined concrete by means of superimposing twofold lateral confine-
ment: the first accounts for the effect of the steel hoops, while the
second accounts for the effect of the FRP strips. Since then, the double
confinement effects of different structural elements, including the steel
tube and steel hoops, steel angle and battens, steel hoops and FRP
strips, and steel hoops and steel section, have been extensively studied
and confirmed [28–32]. Montuori and Piluso [28] studied the behavior
of RC columns confined by means of steel angles and battens, where the
effect of the steel angle and secondary effect of the battens were ac-
counted for. In the prediction of the bearing capacity of reinforced
concrete sections strengthened by FRP wrapping, the effect of the ori-
ginal steel hoops and secondary effect of the FRP fiber were considered
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[29,30]. He et al. [31] studied the behavior of steel-jacket retrofitted
RC columns by means of experiments and fiber element analysis, in
which the effects of both the steel jacket and original steel hoops were
considered. In the study of steel-reinforced concrete (SRC) columns,
according to Chen and Wu [32], the concrete in an SRC cross-section
can be divided into three parts, according to the confinement effec-
tiveness, effect of the core steel section with flanges, and secondary
effect of the outer steel hoops, which were incorporated into the ana-
lytical model. However, existing studies have not thoroughly in-
vestigated the confining mechanism of ST-RC columns. As the level of
lateral confinement considerably affects the concrete strength, utilizing
the existing theories without considering the interaction between the
CFST and RC components may lead to inaccurate ST-RC column pre-
dictions. This necessitates further research on the confinement me-
chanism and axial capacity of ST-RC columns under axial compression.

Therefore, this study considers the secondary confinement and
proposes a modified superposition method for predicting the axial ca-
pacity of the ST-RC column. The key objectives of this research were
fourfold: firstly, the sectional confining pressure equilibrium was de-
veloped to explain the confinement mechanism of the ST-RC column
under concentric compression; secondly, a modified method for pre-
dicting the axial capacity of ST-RC columns was obtained through stress
and strain analyses, based on the sectional confining pressure equili-
brium; thirdly, a large number of published experimental specimens
were used to verify the adaptability of the proposed method, and the
comparison between experimental and predicted results demonstrated
strong agreement, pointing out the accuracy of the proposed method;
finally, four other methods according to ACI 318-14, AIJ, Eurocode 4-
2004, and CECS 188-2005 were verified using the same scenario.

2. Confining stresses in ST-RC column

2.1. Equilibrium condition of ST-RC column

The validity of numerical techniques for confined concrete relies on
the utilization of an accurate lateral confining pressure model. The
lateral confining pressure depends on both the material properties and
geometries of the column. Compared with conventional RC and CFST
columns, the ST-RC column contains both an inner CFST core and an
outer RC encasement, and the filled-in concrete is in the triaxial com-
pressive stress state when the column is subjected to compressive

loading. A schematic view of the confining stress system of an axially
loaded ST-RC column in the equilibrium condition is illustrated in
Fig. 3. It can be observed that the core CFST is constricted by the
confining pressure provided by the peripheral stirrups. The confine-
ment effects on the core concrete can be divided into two parts: the
confinement of the steel tube and effective confinement of the outer
steel hoops, as illustrated in Fig. 4, where σl and σθ denote the tensile
stresses of the peripheral stirrups and core steel tube, respectively.
Thus, the effective confining pressure fe on the filled-in concrete can be
expressed by:

= +f f fe r le (3)

where fr represents the confining stress of the steel tube, and fle re-
presents the effective confining stress of the peripheral steel hoops. In
this study, it was assumed that all materials of the ST-RC column were
isotropic, and the axial strains of the steel and concrete were considered
to be identical under concentric compression, according to the plane
section assumption.

2.2. Determination of fr

A schematic view of the core CFST component is presented in Fig. 5.
Based on the sectional force equilibrium condition, the lateral confining
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stress fr provided by the steel tube can be obtained by:

− =f D t σ t( 2 ) 2r θ (4)

which can be rewritten as:

=
−

f σ t
D t

2
( 2 )r

θ

(5)

where t and D denote the thickness and diameter of the steel tube, re-
spectively; and σθ denotes the hoop stress of the steel tube.

The steel tube in the CFST column is biaxially stressed owing to the
confinement effect. The presence of the hoop tension will reduce its
yield stress along the longitudinal direction [33]. For the sake of sim-
plicity, the hoop stress σθ and longitudinal stress σz of the steel tube in
the yield condition are generally assumed to be:

= =σ α σ σ β σandθ u ys z u ys (6)

where αu and βu represent the reduction coefficients, and σys denotes the
yield strength of the steel tube.

When the steel tube is subjected to multiple stresses, a von Mises
yield criterion can be employed to define the limit state, expressed as:

− + =σ σ σ σ σθ θ z z ys
2 2 2 (7)

which can be rewritten as:

− + =α α β β 1u u u u
2 2 (8)

Different researchers have recommended different values for the
reduction coefficients αu and βu [34,35]. According to Sakino et al.
[34], the relation between the reduction coefficients αu and βu can be
described by:

= − − −
−

γ β D t
D t

α1 2
2( 2 )

4.1u u (9)

where γ denotes the augmentation factor and the value of γ=0.27 was
recommended. Assuming D/t=50 as a representative value to avoid
the dependency of αu and βu on the D/t ratio, the values of αu and βu can
be determined by solving Eqs. (8) and (9) simultaneously. From a
theoretical perspective, the values αu=-0.19 and βu=0.89 were
adopted, and further details can be found in [34]. The uniaxial
stress–strain relationship of the steel tube is assumed to be elastic-
perfectly plastic, as illustrated in Fig. 6.

2.3. Determination of fle

For the concrete column confined with square hoops, previous in-
vestigators have pointed out that the confining stress distribution on the
cross-section and along the axial direction are complicated, because the
lateral dilation of the confined concrete is localized [8,10]. When the

confined concrete expands laterally under axial compression, the re-
straining force near the corners and longitudinal bars is higher than that
between the corners and longitudinal bars, as the area near the corner
and supported longitudinal bars can provide stronger support to the
hoop steel. A schematic view of the confining pressure distribution in
the RC column is illustrated in Fig. 7.

Numerous approaches have been proposed to determine the con-
finement effect of stirrups [7,8,10,11]. Mander et al. [10] pointed out
that the axial variation in the confining pressure is assumed to occur in
the form of a second-degree parabola with an initial tangent slope of
45°, which is accurate yet rather complicated in application. According
to Saatcioglu et al. [8], the confining pressure near the hoop steel
nodes, where the longitudinal bar is supported by stirrups, is distributed
fairly uniformly along the length of the longitudinal bar. The reason is
that the longitudinal bar is restricted by the hoop steel at the nodal
point and will maintain the restraining action until outward bulking
occurs. When the reinforcement is closely spaced, the unrestricted
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length of the longitudinal bar is short between the ties; thus, the
pressure distribution along the length is close to uniform.

To provide an improved representation of the confining stress dis-
tribution of RC, the concept of the “equivalent circular tube”, proposed
by Legeron et al. [7], was adopted. The diameter of the equivalent
circular column D was equal to the size of the concrete core of the
rectangular column measured center-to-center of the outer tie in the
studied direction. Fig. 8 presents a schematic view of the equivalent
tube concept. For the circular column with a diameter D, the thickness
of the equivalent circular tube e is:

=e k
nA

s2e
yv

(10)

where ke denotes the confinement effectiveness coefficient; Ayv denotes
the cross-sectional area of hoops; n denotes the number of legs in the
calculated direction; and s denotes the tie spacing.

The confinement effectiveness coefficient proposed by Saatcioglu
et al. [8] was adopted.

⎜ ⎟⎜ ⎟= ⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

k b
s

b
s f

0.26 1
e

c c

l l (11)

where bc denotes the core dimension measured center-to-center of the
perimeter hoop; sl denotes the spacing of the longitudinal reinforce-
ment; s denotes the spacing of the transverse hoops; fyv denotes the
yield strength of the stirrups; and fl denotes the average confinement
pressure, expressed as:

=f
nA f

sbl
yv yv

c (12)

Thus, according to the force equilibrium and strain compatibility on
the cross-section illustrated in Fig. 5, the effective confining stress fle
provided by the reinforcement hoops can be calculated as:

=
−

f
ef

D e
2

2le
yv

(13)

3. Axial capacity of ST-RC stub columns

In practical application, reliable design of the ST-RC column ne-
cessitates an accurate yet well-defined method to predict its axial ca-
pacity. In past decades, the superposition method has been used ex-
tensively to predict the axial capacity of SRC columns in Japan and
China [36,37], demonstrating satisfactory accuracy and simplicity. In

the conventional superposition method, the axial capacities of the out-
packed concrete and steel section were added separately, without
considering the interaction between interfaces. Based on the concept of
the conventional superposition method for the SRC column, a modified
method taking into account the secondary confinement was developed
for predicting the axial capacity of the ST-RC columns in the current
study.

To investigate the mechanism of the ST-RC column further, a typical
ST-RC stub column in a real high-rise building was designed, which was
obtained from a 26-story frame-shear wall structure. The parameters of
the typical column are as follows: cross-section length B=800mm; for
the inner CFST component, outer diameter of steel tube D=400mm,
thickness t=12mm, yield strength of steel tube fys=345MPa, com-
pressive strength of filled-in concrete f01= 70MPa; for the outer RC
component, compressive strength of outer concrete f02= 50MPa, yield
strength of longitudinal bar fyl=400MPa, sl=184mm, n=5, the
stirrup diameter of was 12mm, space s=100mm, and yield strength of
stirrups fyv=345MPa. The axial strain of the inner CFST and outer RC
components were equal to ε= Δ/L, in which L denotes the length of the
ST-RC column and Δ denotes the axial compressive displacement. Fig. 9
presents a schematic view of the cross-section configuration and
loading program of the typical ST-RC column.

The typical axial force versus axial strain relationships of the ST-RC
components, including the peripheral RC and core CFST, are illustrated
in Fig. 10. Three characteristic points are marked on the curve, namely
point A, where the steel tube transformed into the elastic-plastic stage,
point B, where the outer RC component reached its peak strain; and
point C, where the inner CFST component reached its peak strain.
Therefore, the typical axial force–strain curve of the ST-RC column can
be divided into three stages.

• Stage 1 (OA): The ST-RC column and its components exhibited
elastic behavior in this stage. The stress of the outer RC was ap-
proximately 70% of its peak strength, and the stress of the core
filled-in concrete was approximately 65% of its peak strength. The
steel tube entered the elastic-plastic stage after point A.

• Stage 2 (AB): During this stage, the overall trend of the ST-RC
column was upward. The steel tube entered the plastic stage and
leveled off, but the forces of the outer RC and inner CFST continued
to ascend with the increment in the axial strain.

• Stage 3 (BC): The outer RC reached its ultimate strength at point B
and the ST-RC also attained its peak strength. Thereafter, the ca-
pacity of the ST-RC began to decline along with the descending of
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the RC component, despite the small increment in the core CFST.
The ultimate limit state of the ST-RC is defined as the peak strain of
the outer RC, denoted by point B in Fig. 10.

In the ST-RC column, the peak strain of the core CFST component is
generally higher than the peak strain of the outer RC component, be-
cause the lateral confinement provided by the steel tube is more ef-
fective than that provided by separate stirrups [38,39]. Thus, the axial
force-strain curve of the core CFST continued to ascend after the outer
RC reached its peak strain (point B) under axial compression. Never-
theless, as the peripheral RC generally accounts for a greater cross-
sectional area than the core CFST, and the increment of the core CFST
from points B to C is relatively small, the decrease in the outer RC
cannot be offset. As a result, the overall trend of the ST-RC column
force-strain curve will decline with the decrease in the outer RC after
reaching the RC peak strain. Therefore, point B can be determined as
the ultimate limit state of the ST-RC column.

Therefore, a modified superposition method was developed for
predicting the axial capacity of the ST-RC column. The current method
was conducted by superimposing the respective bearing capacities of
the core CFST and outer RC at the ultimate limit state, while the sec-
ondary confinement of the filled-in concrete was considered. Prior to
implementing the method, two additional assumptions were adopted,
as follows:

• Under axial compression, the axial strain distribution is uniform in
the cross-section, according to the flat section assumption, which
has been confirmed by Kang et al. [40].

• Only the case of the stub column (with a ratio of specimen height to
sectional length of no more than 3) was considered in the current
study.

The definition of the ultimate limit state of the ST-RC relies on the
utilization of accurate constitutive models for both the CFST and RC
components. To predict the axial capacity of the ST-RC column accu-
rately, with a large number of calculations and substantial verification,
the widely accepted constitutive model for concrete confined by
transverse reinforcement, proposed by Razvi et al. [11], and the con-
stitutive model for the CFST column, proposed by Sakino et al. [34],
were adopted in this study.

3.1. Outer RC

The peak strain of the hoop-confined RC ε1 is expressed as [11]:

= +ε ε k K(1 5 )1 01 2 1 (14)

and the strength enhancement coefficient K1 is given by:

=K
k f
f

le
1

1

01 (15)

where ε01 and f01 are the peak strain and compressive strength of the
outer concrete encasement without considering the confinement effect,
respectively, expressed as:

= −ε k0.0028 0.000801 2 (16)

=k
f
40

2
01 (17)

where k2 is the coefficient reflecting the effects of the increased con-
crete strength.

Following Eq. (1), the peak stress of the outer RC f1 can be de-
termined as:

= +f f k fle1 01 1 (18)

Thus, the bearing capacity of the outer RC is obtained by:

= +N f A f ARC RC yl yl1 (19)

where ARC and Ayl are the sectional areas of the outer RC encasement
and longitudinal bars, and fyl denotes the yield strength of the long-
itudinal bars.

3.2. Core CFST

The stress of the core filled-in concrete fc2 corresponding to the
ultimate limit state of the ST-RC column can be obtained from the
following formulae [34]:

= ⎡
⎣⎢

+ −
+ − +

⎤
⎦⎥

f f VX W X
V X WX

( 1)
1 ( 2)c2 2

2

2 (20)

where

=X ε
ε

2

02 (21)

=f f K2 02 2 (22)

= +K
f
f

1 4.1 e
2

02 (23)

= − +W f f1.50 0.0171 2.39 e02
0.5 (24)

=V E ε
f
c 02

02 (25)

= + ∗ −E f(6.9 3.32 ) 10c 02
0.5 3 (26)

The effective confining pressure fe of the filled-in concrete can be
found in Eq. (3). The peak strain of the CFST, ε2, is expressed as [34]:

< = + −ε ε Kwhen K 1.5, [1 4.7( 1)]2 2 02 2 (27)

< = + −K ε ε Kwhen 1.5, [3.4 20( 1)]2 2 02 2 (28)

=ε fin which 0.00094( )02 02
0.25 (29)

where f02 denotes the compressive strength of the filled-in plain con-
crete.

Thus, the bearing capacity of the core CFST is obtained by:

= +N f A f A0.89CFST c core ys ys2 (30)

where Acore and Ays are the sectional areas of the filled-in concrete and
steel tube, respectively; the uniaxial stress–strain relationship of the
steel tube is assumed to be elastic-perfectly plastic, and the maximum
stress of the steel tube is 0.89 fys, as depicted in Fig. 6.

Fig. 10. Axial force-strain relationships of ST-RC components.
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3.3. ST-RC column

Therefore, the axial capacity of the ST-RC column can be de-
termined by performing the following steps.

• (1) Determine the peak strain (ε1) and peak stress (f1) of the per-
ipheral RC by Eqs. (14) and (18), respectively.

• (2) Obtain the stress of the CFST (fc2), corresponding to the strain
(ε1), by Eq. (20).

• (3) Calculate the respective strengths of the RC and CFST compo-
nents by means of Eqs. (19) and (30). Thus, the axial capacity of the
ST-RC column can be determined as:

′ = +N N NRC CFST (31)

4. Verification of proposed method

To validate the proposed numerical model, a large number of ex-
perimental results reported by previous researchers were collected. The
specimens were selected to display a wide range of material properties,
such as the concrete strength, steel yield strength, and the ratio of the
steel tube outer diameter to thickness, with the ratio of all specimen
heights to sectional lengths being no more than 3, to eliminate the
possible influence of buckling. The material properties and geometric
details are presented in Table 1.

In Table 2, the results predicted by the proposed method N′ and
maximum experimental loads NE are listed in detail, based on the 41
collected specimens. It can be observed that the predicted results are in
strong agreement with the experimental results. The mean value of N′/
NE is 0.993, with a DEV of 0.049. Fig. 11 presents the comparison be-
tween the proposed theoretical predicted results N′ and maximum ex-
perimental loads NE.

The confining pressure provided by the steel tube fr, expressed in
Eq. (5), and the effective confining pressure provided by the peripheral
stirrups fle, expressed in Eq. (13), are indicated in Table 2. It can be
observed that fle and fr generally have the same order of magnitude in
the 41 ST-RC specimens. The percentage of fle/fr ranges from 12% to
70%, while the average percentage of fle/fr is equal to 32.10%, which
confirms the assumption in Section 2 and indicates that the secondary
confinement provided by peripheral hoop steel should be considered in
the design of ST-RC columns. In actual projects, columns are required to
have effective reinforcement so that seismic ductility and deformability
can be ensured [44–46]. Therefore, it can be concluded that the con-
fining pressure provided by the peripheral stirrups should be con-
sidered, particularly when the ST-RC column is effectively reinforced
with transverse stirrups.

5. Comparison with existing methods

Four different methods based on the current leading design codes
for calculating the axial capacity of ST-RC columns have been presented
in this paper tentatively. The ST-RC column can be divided into two
components, namely the outer RC and inner CFST components. The
methods presented below are based on superimposing the respective
bearing capacity of the core CFST and outer RC by means of existing
formulae. It is worth noting that different standards use different

methods to define the concrete compressive strength. The conversion
relations among fcyl,150 (ACI 318-14 and Eurocode 4-2004), fcyl,100
(AIJ), and fck (CECS 188-2005) in the four standards follow the re-
commendation of Lu et al. [47]. Details of the calculation and com-
parison are elaborated as follows:

5.1. Method 1

Method 1 is suggested according to ACI 318-14 [48], in which the
axial capacity of the RC encasement can be determined by Eq. (32). For
the inner CFST component, ACI-318-14 [48] ignores the interaction
between the concrete core and steel tube. The formula for evaluating
the axial capacity of the CFST column is expressed as Eq. (33).

= − +N f A A f A0.85 ( )RC cyl RC yl yl yl,1 , 150, 1 (32)

= +N f A f A0.85CFST cyl core ys ys,1 , 150, 2 (33)

where fcyl,150, 1 and fcyl,150, 2 denote the compressive strength of the
outer concrete encasement and filled-in concrete without considering
the confinement effect, respectively, obtained from 150mm cylinder
testes.

5.2. Method 2

Method 2 is investigated according to AIJ [49,50], where the ulti-
mate compressive strengths of the axially loaded RC column and cir-
cular CFST column can be calculated by Eqs. (34) and (35), respec-
tively. The axial capacity of the outer RC component is calculated as
follows:

= − +N f A A f A0.85 ( )RC cyl RC yl yl yl,2 , 100, 1 (34)

The axial capacity of the CFST component is calculated as follows:

= + +N f A η f A0.85 (1 )CFST cyl core ys ys,2 , 100,2 (35)

where fcyl,100, 1 and fcyl,100, 2 denote the compressive strengths of the
outer concrete encasement and filled-in concrete, without considering
the confinement effect, respectively, obtained from 100mm cylinder
tests; η is the confinement factor taken as 0.27.

5.3. Method 3

Method 3 is suggested according to Eurocode 4-2004 [51]. For the
outer RC component, the coefficient considering the long-term effects
on compressive strength and of unfavorable effects resulting from the
manner in which the load is applied ranges from 0.8 to 1.0 [52]. The
strengths of the concrete and longitudinal bar are added simply in the
RC columns. EC 4 [51] takes into account the confinement effect of the
steel tube on the core concrete. The concrete strength is increased by
the coefficient of confinement for concrete, ηc. The strength of the steel
tube is decreased by the coefficient of confinement for the steel tube ηa
owing to the hoop stress. According to EC 4 [51], the axial capacity of
the circular CFST column can be calculated as:

= ⎛

⎝
⎜ + ⎞

⎠
⎟ +N η t

D
f

f
f A η f A1CFST c

ys

cyl
cyl core a ys ys,3

, 150, 2
, 150, 2

(36)

Table 1
Summary of test data for ST-RC columns.

Number of specimens B (mm) D (mm) t (mm) f01 (MPa) f02 (MPa) fys (MPa) fyv (MPa) sl (mm) n (mm) s (mm) Sources

8 200 127–133 1.5–4.5 51.8–53.9 51.8–53.9 270 391 160 2 100 Chen et al. [41]
18 220 89–114 2.6–5.1 36.3–51.8 75.2 316–360 391 180 2 40–60 Kang et al. [40]
4 150–170 60 2 39.1 39.1–51.7 325 380 110–130 2 100 Liu et al. [42]
6 250, 300 165, 219 2.6–3.6 27.6–30.0 28.6, 30.0 308–340 362 210, 260 2 50 Nie et al. [2]
5 400 200, 219 4.2–7.8 31.6–32.3 46.7 280–316 345, 376 120 4 100 Cai et al. [43]
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in which

= − +η λ λ4.9 18.5 ¯ 17 ¯
c

2 (37)

= +η λ0.25(3 2 ¯)a (38)

=λ
N
N

¯ plR

cr (39)

= +N f A f AplR ys ys cyl core, 150, 2 (40)

=N
π EI

l
( )

cr
eff

2
2

2 (41)

= +EI E I κE I( )eff s s c c2 2 (42)

= +E f22, 000[( 8)/10]c cyl2 , 150, 2
0.3 (43)

where λ̄ denotes the relative slenderness; l denotes the buckling length
of the CFST column; Ec2 denotes the elastic modulus of concrete in MPa;
(EI)eff2 denotes the effective flexural stiffness for the calculation of re-
lative slenderness; and κ=0.6 is a correction factor.

Table 2
Test results and predicted axial capacity.

Source Specimen label fle (MPa) fr (MPa) fle/fr NE (kN) Method 1 Method 2 Method 3 Method 4 Proposed method

N1 (kN) N1/NE N2 (kN) N2/NE N3 (kN) N3/NE N4 (kN) N4/NE N' (kN) N'/NE

Chen et al. [41] A1-1 0.46 1.24 37% 2511 2003 0.798 2133 0.850 2189 0.872 2202 0.877 2469 0.984
A1-2 0.46 1.24 37% 2447 2003 0.819 2133 0.872 2189 0.895 2202 0.900 2469 1.009
B1-1 0.46 2.07 22% 2850 2164 0.759 2325 0.816 2446 0.858 2453 0.861 2647 0.929
B1-2 0.46 2.07 22% 2992 2164 0.723 2325 0.777 2446 0.817 2453 0.820 2647 0.885
C1-1 0.46 2.90 16% 2594 2221 0.856 2409 0.929 2593 1.000 2596 1.001 2702 1.042
C1-2 0.46 2.90 16% 2761 2221 0.804 2409 0.873 2593 0.939 2596 0.940 2702 0.979
D1-1 0.46 3.72 12% 2842 2287 0.805 2504 0.881 2745 0.966 2751 0.968 2767 0.974
D1-2 0.46 3.72 12% 2906 2287 0.787 2504 0.862 2745 0.945 2751 0.947 2767 0.952

Kang et al. [40] CC1 2.32 5.21 44% 3552 2711 0.763 2947 0.830 3197 0.900 3202 0.901 3619 1.019
CC2 2.32 6.46 36% 4754 3513 0.739 3815 0.803 4028 0.847 4096 0.862 4539 0.955
CC3 2.32 3.47 67% 3387 2595 0.766 2791 0.824 2972 0.878 2966 0.876 3490 1.030
CC4 2.32 3.33 70% 4362 3115 0.714 3337 0.765 3458 0.793 3686 0.845 4101 0.940
CC5 1.68 3.33 50% 3236 2585 0.799 2778 0.858 2953 0.913 2947 0.911 3325 1.027
CC6 1.68 3.33 50% 3979 3115 0.783 3337 0.839 3458 0.869 3486 0.876 3946 0.992
CC7 1.30 6.46 20% 3485 2787 0.800 3050 0.875 3336 0.957 3357 0.963 3425 0.983
CC8 1.30 6.46 20% 4362 3513 0.805 3815 0.875 4028 0.923 3896 0.893 4271 0.979
CC9 2.32 5.84 40% 3171 2403 0.758 2590 0.817 2690 0.848 2731 0.861 3267 1.030
CC10 2.32 7.09 33% 3718 2433 0.654 2634 0.708 2742 0.738 3619 0.973 3671 0.987
CC11 2.32 7.09 33% 3083 2433 0.789 2634 0.854 2742 0.889 2802 0.909 3294 1.068
CC12 2.32 5.84 40% 3018 2403 0.796 2590 0.858 2690 0.891 2731 0.905 3267 1.083
CC13 1.68 5.84 29% 3004 2403 0.800 2590 0.862 2690 0.895 2731 0.909 3109 1.035
CC14 1.30 5.84 22% 2817 2405 0.854 2591 0.920 2691 0.955 2731 0.970 3007 1.068
CC15 1.30 5.84 22% 3045 2403 0.789 2590 0.850 2690 0.883 2731 0.897 3006 0.987
CC16 1.68 5.84 29% 3946 2989 0.758 3207 0.813 3247 0.823 3327 0.843 3797 0.962
CC17 1.30 7.09 18% 2887 2362 0.818 2558 0.886 2674 0.926 2802 0.971 2946 1.020
CC18 1.68 7.09 24% 3925 2362 0.602 2558 0.652 2674 0.681 3398 0.866 3528 0.899

Liu et al. [42] R1-1 0.73 4.36 17% 1270 1011 0.796 1088 0.857 1102 0.868 1116 0.879 1212 0.954
R1-2 0.73 4.36 17% 1252 1011 0.807 1088 0.869 1102 0.880 1116 0.891 1212 0.968
R2-1 0.73 4.36 17% 1303 1037 0.796 1116 0.856 1133 0.870 1145 0.879 1241 0.952
R2-2 0.73 4.36 17% 1274 1037 0.814 1116 0.876 1133 0.889 1145 0.899 1241 0.974

Nie et al. [2] CDCFT1-1 1.25 2.31 54% 2763 2129 0.770 2335 0.845 2616 0.947 2581 0.934 2793 1.011
CDCFT1-2 1.25 2.31 54% 2751 2201 0.800 2411 0.876 2691 0.978 2657 0.966 2877 1.045
CDCFT1-3 1.25 2.31 54% 2732 2096 0.767 2300 0.842 2583 0.945 2547 0.932 2754 1.008
CDCFT2-1 1.12 1.94 58% 3552 2941 0.828 3235 0.911 3698 1.041 3627 1.021 3882 1.093
CDCFT2-2 1.12 1.94 58% 3614 3024 0.837 3323 0.919 3785 1.047 3715 1.028 3816 1.055
CDCFT2-3 1.12 1.94 58% 3716 2930 0.789 3224 0.868 3687 0.992 3616 0.973 3870 1.042

Cai et al. [43] FZ1 0.63 3.77 17% 7691 6484 0.843 7085 0.921 7742 1.007 7741 1.007 7743 1.007
FZ2 0.63 3.89 16% 8052 6665 0.828 7290 0.905 7966 0.989 7951 0.988 7782 0.966
FZ3 0.63 4.11 15% 8563 6980 0.815 7639 0.892 8347 0.975 8309 0.970 7847 0.916
FZ4 0.63 2.35 27% 7490 5918 0.790 6355 0.849 6620 0.884 6641 0.887 6945 0.927
FZ5 0.63 3.76 17% 8011 6590 0.823 7198 0.898 7824 0.977 7826 0.977 7688 0.960

Mean 0.786 0.852 0.907 0.921 0.993
DEV 0.048 0.054 0.075 0.053 0.049
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Fig. 11. Comparison of ultimate strengths between proposed method calculated
results and test results.
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5.4. Method 4

Method 4 is implemented according to the Chinese code CECS 188-
2005 [26], the technical specification developed for ST-RC concrete
columns. The method is suggested as follows:

= ∗ + + +N ϕ f A f A f A ξ0.9 ( ) (1 1.8 )ck RC yl yl ck core4 , 1 , 2 (44)

where fck, 1 and fck, 2 denote the characteristic concrete strength of the
outer concrete encasement and filled-in concrete without considering
the confinement effect, respectively; ϕ denotes the stability coefficient
of the ST-RC column; and ξ denotes the confinement index of the steel
tube, calculated as:

=ξ
A f

A f
ys ys

core ck, 2 (45)

Fig. 12 presents a comparison of the predictions of the four methods
and maximum experimental loads. The four leading design codes ex-
hibited slightly conservative predictions for the axial capacity of ST-RC
columns. It was found that all of the design methods resulted in rela-
tively conservative predictions. Method 1 (mean=0.786,
DEV=0.048) exhibited the most conservative prediction of the ST-RC
column axial capacity, because it ignored both the lateral confinement
of concrete induced by the steel tube and transverse reinforcement. The

predictions calculated by methods 2, 3, and 4 were close to one another,
exhibiting errors of approximately 10% lower than the test results. The
reason is that these three design methods only considered the lateral
confinement induced by the steel tube, and ignored the lateral con-
finement of the transverse reinforcement. The empirical coefficients of
confinements differed from one another, which led to discrepancies in
the predicted results.

6. Conclusion

In this paper, the sectional equilibrium condition of the ST-RC
column was elaborated based on the confining pressure interaction. It
was found that, in general, the secondary confinement provided by the
peripheral hoop steel has the same order of magnitude as the confining
pressure provided by the steel tube: in 41 ST-RC specimens, the per-
centage of fle/fr ranged from 12% to 70%, and the average percentage of
fle/fr was equal to 32.10%. This indicates that the secondary confine-
ment effect of peripheral steel hoops should be considered in the design
of ST-RC columns. Moreover, a modified method for predicting the
axial capacity of the ST-RC column was developed by means of stress
and strain analysis. By comparing the results predicted by the current
method with a large number of specimens from different sources, it was
found that the predicted results fitted strongly with the test results (the
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Fig. 12. Comparison of axial capacity between test results and predictions from four leading codes.
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mean value of N′/NE was 0.993, with a DEV of 0.049). The four other
methods according to ACI 318-14, AIJ, Eurocode 4-2004, and CECS
188-2005, were verified in the same scenario. Compared with con-
ventional approaches, the proposed method correlated strongly with
the experimental results. It is favorable to obtain the viable axial ca-
pacity of the ST-RC column by using the presented solution. However,
as the current study only considered axially loaded ST-RC columns,
there remains the need for studies taking into account combined axial
compression and bending, which could form the future development of
investigations into ST-RC columns.
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