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The axial compressive performance of novel L-shaped and T-shaped concrete-ﬁlled square steel tube (L/T-CFSST) column was
assessed in this study. Ten L/T-CFSST columns were tested to failure under axial load. The experimental data were used to
determine various failure modes, bearing capacities, and load-displacement curves. The test parameters included the section form,
steel tube thickness, steel yield strength, and slenderness ratio. The axial compressive performance of the L/T-CFSST column
proved favorable, and each square steel tube showed strong cooperative performance. The failure mode of the stub column
specimen (H/D ≤ 3) was strength failure caused by local buckling of the steel tube and that of the medium-long column member
(H/D > 3) was instability failure caused by overall bending of the specimen. A ﬁnite element analysis (FEA) model was established
and successfully validated by comparison against the test results. Based on the FEA model, parametric analyses were conducted to
investigate the eﬀects of steel tube thickness, concrete strength, steel yield strength, and slenderness ratio. The ultimate loads
obtained from the experiments and FEA were compared to the results calculated by the available design codes. A formula was
established to calculate the axial compressive strength and stability bearing capacity of the L/T-CFSST column accordingly. The
calculation results are in close agreement with the FEA and experimental results, and the proposed formula may provide a
workable reference for practicing engineers.

1. Introduction
Steel and concrete composite structures are widely used in
civil engineering projects as they make full use of the superior
material properties of steel and concrete [1]. The concreteﬁlled steel tube (CFST) column has high bearing capacity,
high ductility, strong ﬁre resistance, and good seismic performance; meanwhile, formwork is not needed, so CFSTbased structures can be fabricated swiftly at relatively low cost
[2]. These advantages make CFSTs popular in the civil engineering ﬁeld and especially for prefabricated structures.
Extensive theoretical research and laboratory experiments
have revealed the mechanical properties of square and circle
CFST columns, by Han et al. [3–7], Tao et al. [8–10], Güneyisi
et al. [11], and Abed et al. [12], formed a comprehensive
theoretical and speciﬁcation system for CFSTs.

The steel column of traditional residential buildings is
commonly a regular section. In this case, the column may
protrude from the wall and aﬀect the building’s function
[13]. Scholars have developed many diﬀerent forms of
special-shaped CFST (SS-CFST) columns to prevent this,
including the SS-CFST column, the SS-CFST column with
binding bars, with stiﬀener ribs, or connected by steel plates,
and the multicell SS-CFST column, as shown in Figure 1,
which can be embedded in the wall to avoid protrusions [14].
Recent researchers have conducted experimental and
FEA investigations to probe the eﬀects of various parameters
on the compressive performance and seismic behaviors of
SS-CFST columns. Lei et al. [15], Chen et al. [16], and Shen
et al. [17] conducted axial and cyclic loaded tests on
L-shaped and T-shaped CFST columns to establish axial
compressive strength and stability bearing capacity
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Figure 1: Cross-sections of special-shaped CFST columns: (a) SS-CFST column; (b) SS-CFST column with binding bars; (c) SC-CFST
column with stiﬀener ribs; (d) SC-CFST column connected with steel plates; (e) multicell SC-CFST column.

calculation formulas. Experiment results indicated that the
ductility of SS-CFST column was increased considerably by
changing the local buckling mode of steel tube, and the inner
corners almost failed to conﬁne the concrete due to the
separation between the steel tube and the core concrete. Zuo
et al. [18–21] ran axial and eccentric compressive tests and
cyclic loaded tests on T-shaped and L-shaped CFST columns
with binding bars to deduce their bearing capacity calculation formulas. It was observed that the local buckling
failure modes are changed, the occurrence of local buckling
is delayed, and the global outward bulge of the steel tube at
the concave corners can be eﬀectively restrained by setting
binding bars. In addition, the SS-CFST column with binding
bars show higher lateral bearing capacity, higher stiﬀness,
higher ultimate deformation capacity, and better energydissipation capacity compared with those without binding
bars. Xu et al. [22], Liu et al. [23], and Tu et al. [24–26]
subjected multicell composite L- and T-shaped CFST columns to axial compression and low cyclic loading tests; the
results showed that the columns with multicell composite
materials have good mechanical properties. Yang et al.
[27, 28] carried out axial compression tests on eight stiﬀened
T-shaped CFST columns and investigated the mechanical
properties and failure modes of the specimens. It was found
that the stiﬀeners improve the ductility and the peak resistance of T-shaped CFST column substantially. Xiong et al.
[29–32] and Xu et al. [33, 34] systematically analyzed the

mechanical properties of SS-CFST columns connected by
diﬀerent battens and established the bearing capacity calculation formulas corresponding to diﬀerent stress states.
However, there are some unresolved problems related to
SS-CFST columns including the stress concentration at the
internal and external corners, complex connection structure,
and large amounts of welding and residual welding stress.
These problems must be solved to satisfy the requirements of
prefabricated steel residential buildings. In China, some
prefabricated steel structure residential buildings adopt
novel special-shaped concrete-ﬁlled steel square tube columns. The novel special-shaped column is composed of
many manufactured square steel tubes connected via
structural weld at the chamfer of the square steel tube in the
factory and then combined into L-shape, T-shape, and
crisscross-shape sections poured with concrete at the construction scene. The section form is shown in Figure 2.
Compared with ordinary SS-CFSTs, the manufactured
square steel tube can be purchased directly from the factory;
this mitigates the diﬃculties brought on by traditional thick
steel plate cold bending and welding, reduces the welding
residual stress and residual deformation, and better meets
the construction accuracy requirements for fabricated steel
buildings.
In order to study the performance of the novel specialshaped CFST column under axial compression, ten L/TCFSST column specimens were tested under axial load
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Figure 2: Novel special-shaped CFST column sections. (a) L shape. (b) T shape. (c) Crisscross shape.
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Figure 3: Cross-section of specimens.

Table 1: Specimens in detail.
Specimen
L-1
L-2
L-3
L-4
L-5
T-1
T-2
T-3
T-4
T-5

Steel grade
Q235
Q355
Q235
Q235
Q235
Q235
Q355
Q235
Q235
Q235

H (mm)
600
600
600
900
1200
900
900
900
1200
1500

D (mm)
200
200
200
200
200
300
300
300
300
300

H/D
3
3
3
4.5
6
3
3
3
4
5

t (mm)
4
4
6
4
4
4
4
5
5
5

conditions with varying parameters including section form,
steel tube thickness, steel yield strength, and slenderness
ratio. The failure modes, bearing capacities, and load-displacement curves of the specimens were analyzed accordingly. Corresponding FEA models were established.
Parametric studies were carried out based on the FEA
models to establish the bearing capacity calculation formula
for L/T-CFSST columns based on modiﬁcation of the AIJ
code. The calculation results were in close agreement with
both FEA and experimental results, which suggests that the
proposed model may provide a workable reference for
practicing engineers and designers.

λx0
9
9
9
13
17
11
11
11
15
19

λy0
12
12
12
18
24
16
16
16
21
26

α
0.18
0.18
0.29
0.18
0.18
0.18
0.18
0.23
0.23
0.23

ξ
1.4
2.1
2.3
1.4
1.4
1.4
2.0
1.8
1.8
1.8

NuT (kN)
2620
3288
3055
2403
2239
3140
3808
3817
3580
3350

NuFEA (kN)
2363
2999
2909
2211
2151
3159
3978
3734
3521
3297

NuFEA/NuT
0.90
0.91
0.95
0.92
0.96
1.00
1.04
0.98
0.98
0.98

2. Experimental Research
2.1. Specimen Design and Manufacture. Ten L/T-CFSST
columns were tested under axial compression to observe the
eﬀects of various parameters including the section form,
steel tube thickness and strength, and slenderness ratio.
Figure 3 and Table 1 list the geometric and sectional dimensions of the specimens. In Table 1, H refers to the height
of the column, D is the maximum width of the section of the
test piece, t is the thickness of the steel tube, λxo and λyo are
the slenderness ratio of the column around the X0 and Y0
axis, respectively. α means the steel ratio of the
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Table 2: Mechanical properties.

Material
Steel Q235
Steel Q235
Steel Q355

t (mm)
4
5
4

fy (MPa)
320.5
390.0
456.7

fu (MPa)
480.6
488.3
546.7

cross–section, and ξ is the conﬁnement factor. The calculation formula for these parameters is
H
λ� ,
i
������������
Es Is + 0.2Ec Ic
�,
i � ������������
Es As + 0.2Ec Ac
(1)
As
α� ,
Ac
ξ � α · fy /fck ,
where i is the turning radius of the cross-section, Es, Is, Ec,
and Ic are the elastic modulus and the moment of inertia of
steel and concrete, respectively, As and Ac are the section
area of steel tube and concrete, fy is the yield stress of steel,
and fck is the characteristic strength of concrete.
The test specimens consist of three parts: the L/T-CFSST
column, a top cover plate, and a bottom cover plate. When
processing L/T-CFSST columns, the steel tube was ﬁrst cut
down according to the design length and positioned
according to the section form. The steel tube chamfer was
welded, and then the steel cover plate at the bottom of the
specimen was welded. Self-compacting concrete was poured
into the square steel tube and cured. The upper part of the
specimen was grinded, and the top cover plate was welded to
ensure that the steel tube and core concrete would bear force
simultaneously throughout the test. Air vent holes were
reserved in the steel tubes to ensure fully compacted
concrete.
2.2. Mechanical Properties. Standard tensile tests on coupons were conducted to measure the material properties of
the steel tubes. The measured average yield strength (fy),
ultimate strength (fu) are listed in Table 2, and the elastic
modulus of steel (Es) is 206 GPa. The core concrete of L/TCFSST column is poured by commercial concrete, and the
mix proportions of the concrete are as follows: cement:
280 kg/m3; river sand: 700 kg/m3; water: 156 kg/m3; ﬂy ash:
100 kg/m3; coarse aggregate: 1150 kg/m3; and additional
high range water reducer (HRWR): 6.3 kg/m3. The average
measured compressive cube strengths (fcu) of the concrete at
the time of testing were 38.44 MPa, and the values of elastic
modulus (Ec) for the concrete were 30 GPa.
2.3. Loading Devices and Procedure. The test was carried out
on a 5000 kN computer-controlled servo-hydraulic universal
testing machine, and the experimental devices are depicted
in Figure 4. A knife-edge articulation system was

Test machine
Knife edge
Fix part

Top cover plate

Specimen

Bottom cover plate

Fix part

Knife edge

Figure 4: Loading devices.

sandwiched between press machine and specimen to simulate top and bottom articulated boundary conditions. The
knife-edge articulation system consists of two parts: ﬁx part
and knife-edge. The ﬁxed part is welded on the cover plate,
the knife-edge passes through the centroid of the L/T-CFSST
column specimen and coincides with the Y0 axis, and the
load line is applied on the ﬁxed part through the knife-edge
to realize the axially loading.
The force-controlled mode was adopted at the beginning
of the loading process. The subsequent loading speed was
100 kN/min. Once the load-vertical displacement curve
changed from a straight line to a curve, the device was
switched into displacement-controlled loading mode and
the loading speed was controlled at 0.5 mm/min. The axial
load-vertical displacement curve was directly obtained from
universal testing machine. Linear variable displacement
transducers (LVDTs) were arranged at three divided points
of the specimen to monitor the lateral displacement. Strain
gauges were attached to the midheight cross-section of each
surface to measure longitudinal and horizontal strains.
Surfaces and strain gauges number and instrumentation
layout are shown in Figure 5.

3. Test Phenomena and Discussion
3.1. Test Phenomena. According to the height of L/T-CFST
column, the test phenomena can be divided into two categories. For the stub column (H/D ≤ 3) [35], during the
initial loading period, the specimen was in the elastic stage
and presented no obvious phenomenon; the steel tube and
concrete were independently subjected to the load. As the
load increased, the specimen made a sound, and the load
growth rate slowed down. Local buckling occurred on the
surface of the steel tube, and the degree of buckling increased
as the axial load increased. After reaching the ultimate
bearing capacity, the specimen entered the failure stage, the
axial load began to decrease, and serious local buckling
occurred across the steel tube surface. The specimen ﬁnally
bent around the Y0 axis upon failure of steel tube after local
buckling. It is worth noting that the universal testing

Advances in Civil Engineering

5

4
F2

14

2
3

F1

A1
5
6

D

E
15

A2 7
8

11
C

E

13

1

13 D
14
12

15

12
10 11
9 C

16

F

16
18
G
17

B
8

19

7
5

B 9
10

20

H
A3 6

1

3
A2

4

A1 2

Latitudial strain gauges
Longtitudial strain gauges
LVDT

Figure 5: Surfaces, strain gauge number, and instrumentation layout.

(a)

(b)

(c)

(d)

(e)

(f )

Figure 6: Failure characteristics of stub columns: (a) L-1; (b) L-2; (c) L-3; (d) T-1; (e) T-2; (e) T-3.

machine leaked oil during the T-2 specimen test, so the test
data of T-2 was incomplete. The ﬁnal failure characteristics
of stub columns are shown in Figure 6.
There was no obvious phenomenon observable in the
medium-long column from the beginning of loading to 80% of
the ultimate load. As loading continued, the specimen began to
show slight bending deformation. The lateral deformation
grew more obvious as the loading increased until the steel tube
of the L-CFSST column presented local buckling. Upon
reaching the ultimate bearing capacity, the bearing capacity

dropped oﬀ as lateral deformation continued to increase until
overall bending occurred along the Y0 axis and the specimen
was signiﬁcantly damaged. The ﬁnal failure characteristics of
the medium-long column are shown in Figure 7.
3.2. Failure Mode. The axial compression process of the L/TCFSST column can be divided into three stages as per the test
phenomena observed here: the elastic stage, the elasticplastic stage, and the failure stage. There is no obvious
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Figure 7: Failure characteristics of medium-long columns: (a) L-4; (b) L-5; (c) T-4; (d) T-5.
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Figure 8: Axial load (P)-vertical displacement (∆) curves: (a) L-shaped column; (b) T-shaped column.

phenomenon in the elastic stage, the steel tube and concrete
bear the load separately, and the combined action of the steel
tube and concrete has not yet occurred. In the elastic-plastic
stage, the steel tube restrains the concrete once the horizontal deformation of concrete exceeds the horizontal

deformation of the steel tube. At this time, the concrete is in
a state of triaxial compression and the steel tube can be
regarded as the plane stress state of axial compression and
circumferential tension. As the load further increases, the
steel tube yields under compression and local buckling or
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Figure 9: Axial load (P)-lateral displacement (f ) curves: (a) L-shaped; (b) T-shaped.

bending deformation can be observed. In the failure stage,
the concrete is crushed and the bearing capacity of the
specimen is markedly reduced. The strength failure caused
by local buckling of the steel tube characterizes the failure
mode of stub columns. For medium-long columns (H/
D > 3), the failure mode observed here was instability failure
caused by overall bending of the specimen. It is worth noting
that there was no cracking or separation in the weld between
steel tubes during this tests run in this study; the L/T-CFSST
column showed strong cooperative performance.
3.3. Axial Load-Vertical Displacement Relationships.
Figure 8 presents the axial load (P)-vertical displacement (∆)
curves of the specimens. All such curves share similar shapes
within which three stages (elastic, elastic-plastic, and failure)
can be clearly identiﬁed. In the elastic stage, the P-∆ curve
forms basically a straight line. Upon entering the elasticplastic stage, the steel tube yields, the axial compression
rigidity of the specimen decreases, and the resulting curve
shows obvious nonlinearity.
According to Table 1 and Figure 8, the bearing capacities
of L-2 and L-3 were higher than those of L-1 while those of
T-2 and T-3 were higher than those of T-1, indicating that
the bearing capacity can be improved by adjusting the
strength and thickness of the steel tube. As per the L-1, L-4,
L-5 and T-3, T-4, T-5 curves, the column height increased as
the ultimate load of the specimen decreased. In the failure
stage, the bearing capacity of the medium-long column
decreased rapidly after the instable failure occurred, and the
slope of its P-∆ curve is much higher than that of the stub
columns. This is because the additional bending moment
increased with the slenderness ratio while the bearing capacity decreased with the second-order eﬀect. This suggests
that the slenderness ratio inﬂuences the bearing capacity and
failure mode of the column.

3.4. Axial Load-Lateral Displacement Relationships. The
axial load (P)-lateral displacement (f ) of the midheight curve
is shown in Figure 9. In the elastic stage, the curve forms
basically a straight line and the relationship between P and f
is linear. The load increased rapidly in this stage while the
lateral displacement was small. In the elastic-plastic stage,
the rigidity of the specimen appears to decrease as the lateral
displacement increases with the load; the slope of the P-f
curve decreases over a nonlinear relationship. The L-1, L-2,
L-3 and T-1, T-3 curves show that, under the same axial load,
the rigidity and the peak load of any specimen with higher
strength and a thicker steel tube are larger while the lateral
deﬂection is smaller. The L-1, L-4, L-5 and T-3, T-4, T-5
curves similarly show that the rigidity and peak load of the
specimens with larger slenderness ratios are smaller and the
lateral deﬂection is larger. These results altogether suggest
that lateral deformation can be limited by increasing α and ξ.

4. Finite Element Modeling
4.1. Element Types. To further analyze the inﬂuence of individual parameters on the axial bearing capacity of the L/TCFSST column, a three-dimensional (3D) FEA model was
established in ABAQUS software. In the FEA model, the
cover plate was simulated by a rigid body, the square steel
tube was simulated by a 4-node shell element with a reduced
integral (S4R), and the concrete was simulated by 8-node
brick elements with reduced integration (C3D8R).
4.2. Boundary Conditions and Load Application. The
boundary conditions of each FEA model were the same as
those in the test. The coupling point was speciﬁed at the
centroid of the cover plate. The coupling point of the top
cover plate was constrained in the X and Z displacement
directions, and the displacement of the coupling point of
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bottom cover plate was restricted in all three directions. The
welds among steel tubes and between steel tube and cover
plate are simulated by “Tie” interactions. The interface
model of the steel tube and concrete was composed of two
parts: tangential sliding and normal contact. The Coulomb
friction model was imposed along the tangent of the contact
surface. The interface friction coeﬃcient was taken as 0.6, as
recommended by Han et al. [2]. A hard contact was set along
the normal direction of the contact surface, which allows for
separation of materials but does not mutual penetration. The
load was applied as a static vertical load using the displacement control at the coupling point of the top cover
plate (identical to the experimental test). The initial geometric imperfection of the samples was considered to be L/
1000.
4.3. Material Properties. The stress-strain relationship of
steel tube adopts the simpliﬁed bilinear model. The yield
stress and elastic Young’s modulus obtained from tensile
coupon test were employed in the analysis. The elastic
modulus of the strengthened section in this case was 0.01Es
and Poisson’s ratio was taken as 0.3.
To describe the compressive performance of the core
concrete, an equivalent stress (σ)-strain (ε) model was
proposed by Wang et al. [21] (equation (2) was used with the
σ-ε model for core concrete tensile properties (equation (3)):
2 · x − x2 ,
⎪
⎧
⎪
⎪
⎨
y �⎪
x
⎪
⎪
,
⎩
β0 · (x − 1)η + x

NuT is 0.96, and the two sets of results are similar. A
comparison between the failure characteristics of L-1
specimen obtained by ﬁnite element analysis versus the test
is shown in Figure 10. It can be seen that the failure pattern
obtained by ﬁnite element analysis was basically consistent
that by with test. The axial load-maximum strains curves
obtained from the ﬁnite element model (FEM) and the tests
on L/T-CFSST column specimens were compared as shown
in Figure 11. It is observed that the FEM strains are in
accordance with the test results in the elastic stage; the curves
are nearly coincident. In the elastic-plastic stage and the
failure stage, the FEM and test curves are not as close but
have reasonable accuracy. This comparison further veriﬁes
the accuracy of the FEA. It can be concluded that the ﬁnite
element analysis model established in this paper can accurately reﬂect the axial compression characteristics of the L/
T-CFSST column.
4.5. Parametric Analysis. A series of parametric analyses
were carried out to investigate the behaviors of L/T-CFSST
column subjected axial load. The eﬀects of steel thickness,
steel strength, concrete strength, and slenderness ratio on
the structural performance of axially loaded columns in
terms of the load-displacement curves were assessed for each
specimen. The numbering rules of specimen in the parameter analysis are shown in Figure 12.

(x ≤ 1),
(2)
(x > 1),

Ec ε t ,
⎪
⎧
⎪
⎪
⎨
σt � ⎪
10
fc′
⎪
⎪
⎩ fc′0.1 − εt − 0.1 ,
Ec
9

0 ≤ εt < 0.1fc′/Ec ,
εt > 0.1fc′/Ec ,
(3)

where x � ε/ε0, y � σ/σ 0, and σ 0 � fc′. β0 and ε0 are parameters related to the passive conﬁnement provided by the steel
tube to the concrete, β0 � (fc′)0.1 /[1.2 × (1 + ξ)0.5 ],
ε0 � εc + 800 × ξ 0.2 × 10− 6 , εc � (1300 + 12.5 × fc′)10− 6 , η �
1.6 + 1.5/(x.fc′) is the cylinder compressive strength of
concrete, Ec is the elastic modulus of concrete
(4700 × (fc′)0.5 here), and Poisson’s ratio of concrete is 0.2
under ACI [36].
A damaged plastic model was used to simulate the
concrete where in the key parameters include the dilation
angle (ψ), ﬂow potential eccentricity (ef ), ratio of the biaxial
compression strength to uniaxial compression strength of
concrete (fb0/fc0), ratio of the second stress invariant on the
tensile meridian to that on the compressive meridian (K),
and viscosity parameter of 30°, 0.1, 1.16, 2/3, or 0, respectively [37].
4.4. Veriﬁcation of Finite Element Model. Table 1 shows a
comparison between the peak load NuT from the test and the
peak load NuFEA from the FEM. The average value of NuFEA/

4.5.1. Eﬀect of Steel Thickness. Figure 13 shows the eﬀect of
steel tube thickness on the load (P)-vertical displacement (∆)
of the L/T-CFSST stub column. In the elastic stage, a greater
specimen thickness (with the same column height) results in
greater axial compressive rigidity and higher ultimate
bearing capacity. In the failure stage, the restraining eﬀect of
the steel tube on the core concrete appears to be enhanced by
tube thickness, which slowly reduces the bearing capacity
and creates a gentler P-∆ curve.
4.5.2. Strength Eﬀect of Concrete. The eﬀects of concrete
strength on the load (P)-vertical displacement (∆) curves for
L/T-CFSST stub columns were assessed as shown in Figure 14. The curves basically coincide in the elastic stage,
indicating that changing the concrete strength has little
impact on the initial compressive rigidity. After entering the
plastic stage, the bearing capacity appears to increase as the
concrete strength increases. In the failure stage, the greater
the strength of concrete, the faster the bearing capacity
decreases, and stronger concrete shows a faster decrease in
bearing capacity. This is because the load on core concrete
after crushing is mainly borne by the steel tube.
4.5.3. Strength Eﬀect of Steel Tube. The load (P)-vertical
displacement (∆) curves of L/T-CFSST stub columns with
diﬀerent steel strengths are shown in Figure 15. Changes in
steel strength appear to have little eﬀect on the axial compressive rigidity of these specimens. Higher steel strength
suggests stronger restraint of the steel tube to the core
concrete. The P-∆ curve becomes more gentle in the failure
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Figure 10: Comparison of L-3 specimen failure mode between FEM and test.
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Figure 11: Comparison of axial load-maximum strain curves between FEM and test: (a) L-1; (b) L-2; (c) L-3; (d) L-4; (e) L-5; (f ) T-1; (g) T-3;
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Figure 12: Specimen naming rule.
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Figure 13: Load-vertical displacement curves of steel tubes with diﬀerent thickness: (a) L-shaped; (b) T-shaped.
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Figure 15: Load-vertical displacement curves of the steel tubes with diﬀerent strengths: (a) L-shaped; (b) T-shaped.

stage as the ultimate bearing capacity of the specimen
increases.
4.5.4. Steel Tube Slenderness Ratio. According to the experimental phenomena and other data provided in Table 1,
the slenderness ratio signiﬁcantly inﬂuences the failure
mode and bearing capacity of L/T-CFSST columns; the
slenderness ratio must be considered when calculating the
bearing capacity. The inﬂuence of slenderness ratio on the
load (P)-vertical displacement (∆) curve of the specimens
was assessed as shown in Figure 16. It appears that the
bearing capacity of specimens with small slenderness ratios
slowly declines, producing a ﬂat P-∆ displacement curve
indicative of good ductility performance. The bearing capacity of the large-slenderness-ratio specimen decreases
faster, showing the characteristics of instability failure.

5. Calculating L/T-CFSST Column
Bearing Capacities

Nu � 0.658

(4)

where Nu is the ultimate axial compressive bearing capacity
of the square CFST, As and fy are the cross-sectional area and

N0
 · N0 when
Ncr

Nu � 0.877Ncr when

Ncr �

Ncr ≥ 0.44N0 ,

Ncr < 0.44N0 ,

N0 � As · fy + C1 · Ac · fc′,

(5)

π2 Es · Is + C2 · Ec · Ic 
,
(K · L)2

C2 � 0.6 +

5.1. Strength Bearing Capacity. The main speciﬁcations for
CFST column bearing capacity calculation subjected axially
load include BS 5400 [38], AISC 360-05 [39], EC 4 [40], AIJ
[41], CECS 159 [42], GJB 4142-2000 [43], and DBJ/T 13-512010 [44]. The speciﬁc calculation methods for square CFST
columns are introduced below.
The calculation for the ultimate bearing capacity of CFST
speciﬁed in BS5400 (2005) is based on the superposition
theory. The contribution of steel and concrete is appropriately reduced. The equation for the ultimate axial compressive bearing capacity of the square CFST column is
Nu � 0.95As · fy + 0.45Ac · fcu ,

yield strength of the steel tube, and Ac and fcu are the crosssectional area and the cube compressive strength of concrete,
respectively.
As speciﬁed in ANSI/AISC 360-05, the rectangular CFST
column calculations are as follows:

2As
≤ 0.9,
As + Ac 

where Nu is the nominal compressive bearing capacity, Ncr is
the elastic critical buckling bearing capacity, N0 is the
nominal axial compressive strength without consideration of
slenderness ratio, As, fy, and Es are the cross-sectional area,
yield strength, and elastic modulus of the steel tube, Ac, fc′,
and Ec are the cross-sectional area, the cylinder compressive
strength, and the elastic modulus of concrete, respectively, Is
and Ic are the moment of inertia of the steel section and the
concrete section about the elastic neutral axis, C1 equals 0.85,
C2 is the coeﬃcient for calculation of eﬀective bending
stiﬀness, and K is the eﬀective length factor.
Under EC 4 (2005), the strength of axially loaded square
CFST columns is determined by summing the strength
values of the steel tube and concrete. The axial load-carrying
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Figure 16: Load-vertical displacement curves of L/T-CFSST columns with diﬀerent slenderness ratios: (a) L-shaped; (b) T-shaped.

capacity of a square CFST column is calculated under this
standard as follows:
fy · As fc′ · Ac
(6)
Nu �
+
,
cs
cc
where cs and cc are the material partial factors of steel and
concrete, respectively, cs � 1.1 and cc � 1.5.
The ultimate axial bearing capacity of a square CFST
column is calculated under AIJ (1997) as follows:
Nu � 1.27As · F + 0.85Ac · fc′,

(7)

where F is the standard value of steel strength;
F � minfy , 0.7fu .
In Chinese CECS159 code, the ultimate axial bearing
capacity of the square CFST column is the sum of the
strength values of the steel tube and concrete:
Nu � f · A s + f c · A c ,

(8)

where f and fc are the yield strength of steel and compressive
strength of concrete, respectively.
The Chinese code GJB 4142-2000 adopts the uniﬁed
strength theory, under which a CFST composed of two
diﬀerent materials (steel and concrete) is regarded as a new
material. The CFST under axial compression is expressed as
follows:
N ≤ φ · Nu � φ · fsc · Asc ,
fsc � 1.212 + B1 · ξ 0 + C1 · ξ 20  · fc ,
B1 � 

0.1381 · f
 + 0.7646,
235

0.0727 · fc
C1 � −
 + 0.0216.
15

(9)

The axial bearing capacity of 72 L/T-CFSSTstub columns
with diﬀerent section sizes was calculated to validate the
above formula (Nu,c) by comparison against the FEA result
(Nu,FEA) as shown in Figure 17. It is worth noting that the
height of the specimen subjected to FEA is three times
greater than the maximum width of the cross-section
without considering the inﬂuence of the slenderness ratio.
As expected, most of the calculation results were partial
to safety. The calculation results using the AIJ speciﬁcation
were close to the FEA values with a small discrete type. The
AIJ code and eﬀects of the conﬁnement factor on the bearing
capacity were utilized to establish a novel formula for the
ultimate bearing capacity of L/T-CFSST columns after regression analysis of FEA results and test values:
N ≤ Nu � β · As · F + 0.85Ac · fc′,
β � 0.95(1.1628 − 0.01459ξ),

(10)

where Nu is the ultimate bearing capacity of L/T-CFSST stub
columns, Ac is the concrete cross-sectional area, As is the
steel tube cross-sectional area, F is the standard value of steel
strength (F � minfy , 0.7fu ), fy is the yield strength of the
steel tube, fu is the ultimate strength of the steel tube, fc′ is the
cylinder compressive strength of concrete, and β is a bearing
capacity increase factor obtained by regression analysis; it is
related to ξ, the conﬁnement factor. Figure 17 also shows the
ultimate bearing capacity calculated by the above formula,
which is very consistent with the ultimate bearing capacity
obtained by FEA. In eﬀect, the proposed formula can be used
to calculate the ultimate strength bearing capacity of L/TCFSST stub columns.
5.2. Stability Bearing Capacity. The inﬂuence of slenderness
ratio is not incorporated into the formula presented above.
The stability coeﬃcient φ can be used to describe a stable
column bearing capacity:
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column shows strong mechanical properties and
cooperative performance. The axial compressive
process of L/T-CFSST columns can be divided into
an elastic stage, elastic-plastic stage, and failure stage.
The bearing capacity and ductility of the test specimens appeared to increase with steel tube thickness
and strength increase and decrease as slenderness
ratio increases.
(3) Calculation formulas for the axial compressive
strength and stability bearing capacity of L/T-CFSST
columns were established and validated according to
numerical and regression analyses based on AIJ
code.
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Figure 17: Comparison of FEA results against calculations from
extant design codes.

φ�

The data used to support the ﬁndings of this study are included within the article.

Conflicts of Interest
The authors declare that they have no conﬂicts of interest.

Acknowledgments

Ncr
,
Nu

(11)

where Ncr is the axial stability bearing capacity of the medium-long column and Nu is the axial strength bearing
capacity of the stub column. Here, 48 L/T-shaped CF ST
columns with diﬀerent slenderness ratios were established
and analyzed to determine the functional relationship between the stability coeﬃcient φ and slenderness ratio λ after
data regression and correction:
φ � 1.0808 − 0.0062λ 12 < λy0 ≤ 60.

(12)

Above all, the bearing capacity of L/T-CFSST columns
can be calculated as follows:
N � φNu ,
Nu � β · As · F + 0.85Ac · fc′,
β � 0.95(1.1628 − 0.01459ξ),
⎨ 1,
⎧
φ �⎩
1.0808 − 0.0062λ,

Data Availability

(13)

λy0 ≤ 12,
12 < λy0 ≤ 60.

6. Conclusion
(1) The failure modes of L/T-CFSST stub columns (H/
D ≤ 3) and medium-long columns (H/D > 3) diﬀer.
The failure mode of stub columns is characterized by
the yield and local buckling of the steel tube while
that of medium-long columns is attributable to the
buckling and bending failure of the column. The
failure mode changes from strength failure to instability failure with the increase of slenderness ratio.
(2) No weld tearing or separation of the steel tube occurred in the tests conducted here. The L/T-CFSST
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