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In this study, the mechanical performance of multicavity concrete-filled steel tube (CFST) shear wall under axial compressive
loading is investigated through experimental, numerical, and theoretical methodologies. Further, ultrasonic testing is used to
assess the accumulated damage in the core concrete. Two specimens are designed for axial compression test to study the effect of
concrete strength and steel ratio on the mechanical behavior of multicavity CFST shear wall. Furthermore, a three-dimensional
(3D) finite element model is established for parametric studies to probe into compound effect between multicavity steel tube and
core concrete. Based on finite element simulation and limit equilibrium theory, a practical formula is proposed for calculating the
axial compressive bearing capacity of the multicavity CFSTshear wall, and the corresponding calculation results are found to be in
good agreement with the experimental results. -is indicates that the proposed formula can serve as a useful reference for
engineering applications. In addition, the ultrasonic testing results revealed that the damage process of core concrete under axial
load can be divided into three stages: extension of initial cracks (elastic stage), compaction due to hooping effect (elastic-plastic
stage), and overall failure of the concrete (failure stage).

1. Introduction

With the rapid development of high-rise buildings, steel-
concrete composite structures have emerged as a new
composite structure in the construction industry. Such
structures are generally used to assemble beams, plates,
columns, walls, etc. -e steel-concrete composite structure
can fully utilize the mechanical properties of steel tube and
self-compacting concrete. -e confining effect of steel tube
on the core concrete places the concrete in a three-di-
mensional (3D) stress state, which significantly improves the
strength, toughness, and plastic properties of the concrete.
Further, since the concrete is filled inside the steel tube, it is
possible to delay or prevent premature local buckling of the
outer steel tube. Steel tube and concrete not only compensate

each other’s shortcomings but also give full play to each
other’s advantages. Consequently, this composite structure
exhibits high bearing capacity, good plasticity, and conve-
nient construction properties [1–7].

Over the past few decades, several studies have focused
on single-cavity concrete-filled steel tube (CFST) shear wall.
For example, Liu and Young [8] studied the overall geo-
metric defects and material properties of square CFSTunder
axial compression. Chang et al. [9] and Starnes et al. [10]
examined the performance of round steel tubes with defects
under axial compression load. Chen [11] and Liu et al. [12]
suggested that CFSTwith a circular cross section has a strong
ferrule effect, and its bearing capacity is high under axial
pressure. -e ferrule effect can be fully reflected when it is
used for axial compression members or small biased
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members. Fang conducted a series of experimental studies
on the mechanical properties of CFST, including axial
compression [13, 14], bending [15], axial tension [16], partial
tension (tensile shear) [17], and seismic performance [18].
-e results showed that the reinforcement of high-strength
concrete shear wall steel tube effectively improved the
brittleness of high-strength concrete. Such shear wall
exhibited higher axial compression capacity than the ordi-
nary shear wall and still had higher residual bearing capacity
after the concrete column outside the tube was destroyed.
Under the effect of monotonic horizontal load, the lateral
stiffness and bending bearing capacity were improved, and
the stiffness and bearing capacity were gradually degraded.
-e pseudo-static (low-cycle reciprocating horizontal
loading) test showed that the shear wall retained good
ductility at a high axial compression ratio (0.7). In addition,
Hossain et al. [19, 20] and Rafiei et al. [21, 22] experimentally
examined the performance of steel plate-concrete composite
shear wall with a pair of tensile connectors under the action
of reciprocating hysteresis and unidirectional push-over
loads. -e results showed that the presence of tensile con-
nectors further improved the ductility and energy con-
sumption capacity of the component and prevented
premature buckling of the profiled steel plate. However, the
final failure mode of the specimen was still partially
straightened under the action of diagonal tension band,
resulting in a loss of bearing capacity of the specimen. Zhang
et al. [23] examined the cracking mechanism of slab-con-
crete composite shear wall and its control measures. -e
results showed that the steel plate of the shear wall structure
pre-expanded in the steel plate before the concrete finally
solidified. -e shrinkage of the steel plate gradually pre-
vented harmful cracks. Ma et al. [24] proposed a formula for
calculating the effective stiffness of a steel plate-concrete
composite shear wall during normal use. Gan et al. [25] and
Zhang et al. [26] studied the seismic performance of 16
sheet-concrete composite shear walls with different height-
width ratios, axial compression ratios, steel ratio of steel
plates, and structural measures. -e results showed that the
studs welded on steel plates effectively strengthened the
bonding performance between steel plates and concrete and
were conducive to improving the deformation capacity,
ductility, and energy consumption of components. Li et al.
[27] investigated the axial compressive properties of short,
square CFST columns with different cavity numbers and
varying ratios of inner and outer wall thickness. -e results
showed that the inner cavity plate improved the deformation
performance of the specimen, and the specimen with an
inner and outer wall thickness ratio of 1.5 was better than
those with a thickness ratio of 1 and 2.5. Wang et al. [28]
studied the influence of axial compression ratio, concrete
strength, and steel plate thickness on the bending perfor-
mance of multicavity CFST shear wall through experiments
and finite element simulation. -e results showed that the
steel plate thickness had the strongest effect on the bending
performance of shear wall. Wang et al. [29] studied the axial
compression performance of L-shaped and T-shaped CFST
columns through experiments and finite element simulation.
A finite element analysis (FEA) model was established to

investigate the effects of steel tube thickness, concrete
strength, steel yield strength, and slenderness ratio. In ad-
dition, a formula was established to calculate the axial
compression strength and stable bearing capacity of L/T-
CFST column, which could provide a reference for practical
engineering applications. Liu et al. [30] studied the static
performance of notched hexagonal CFST columns under
axial loading. -e results showed that the notch in the steel
tube weakened the inhibitory effect of steel tube on the core
concrete, resulting in a decrease in the ultimate strength of
the specimens. Yin et al. [31, 32] studied the mechanical
properties of special-shaped multicavity CFST columns
under reciprocating axial load and different loading direc-
tions. -e results showed that if the interaction between
internal diaphragm and concrete was neglected, then the
calculated ultimate bearing capacity was less than the test
value. -erefore, it is necessary to establish an effective
method for calculating the bearing capacity of special-
shaped multicavity CFST columns. Chen et al. [33, 34]
studied the damage state of CFSTand reinforced CFSTunder
axial load through ultrasonic testing.-e results showed that
the damage state of core concrete of CFST and reinforced
CFST under axial load changed in a three-stage and five-
stage pattern, respectively. Dong et al. [35, 36] studied the
cavitation defects of rectangular and circular CFST columns
with self-compacting concrete using ultrasonic waves. -e
results suggested that ultrasonic testingmethod was useful in
detecting the defects of CFST, and a more accurate method
to judge the sound velocity of the defects and an effective
method to deal with the defects were proposed.

All the above studies indicated that steel-concrete
composite structures have good bearing capacity and
seismic performance. However, the research on multi-
cavity CFST shear wall is still in its infancy. In particular,
the mechanical properties of in-line multicavity steel tube
with self-compacting concrete shear wall have been rarely
investigated in the existing literature. -emulticavity steel
tube shear wall and the reinforced concrete shear wall
have obvious differences in failure mechanism and me-
chanical performance. If an actual engineering structure is
designed according to reinforced concrete shear wall, the
calculated results can be conservative. Although the
working mechanisms of steel plate-concrete shear wall
and multicavity steel tube shear wall are similar, their
construction form and cross-sectional size are different. It
is impossible to directly calculate the shear force of
multicavity steel tube based on the relevant theory of steel
plate-concrete shear wall. -erefore, it is necessary to
systematically examine the failure mechanism and me-
chanical performance of multicavity steel tube with self-
compacting concrete shear wall and establish relevant
theoretical model and design methods, which are the
objectives of this study. Based on the Shantytown re-
construction project of Hongxinyuan City in Hongguang
Town, China, the mechanical performance of multicavity
CFST shear wall under axial compressive loading is in-
vestigated through experiments, FEA, theoretical analysis,
and ultrasonic testing. -e results can provide useful
guidance for engineering design.
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2. Experimental Method

2.1. Material Properties. -e multicavity steel tube used in
the test had a yield strength of 235MPa and nominal
thickness of 2mm. According to the provisions of tensile
testing of metallic materials, the steel tube was subjected to
unidirectional tensile test. -e measured mechanical
properties of steel are shown in Table 1. -e steel tube was
filled with C40 self-compacting concrete in which silica fume
and fly ash were added. Li et al. [37] and Golewski [38, 39]
demonstrated that the addition of fly ash in self-compacting
concrete can not only increase its flow performance but also
protect the environment and save energy. Based on the
material tests, the best mixing proportion of self-compacting
concrete was obtained [37]. -e strength of concrete prism
was 38.17MPa.

2.2. Specimen Design. Two in-line multicavity CFST shear
wall specimens were designed to conduct axial compression
test. Figure 1 shows a cross-sectional schematic of the shear
wall specimens. -e design parameters of these specimens
are listed in Table 2.

2.3. Loading System. Firstly, the instrument was calibrated.
Secondly, during the formal test, according to the “Standard
for Test Methods of Concrete Structures (GB/T
50152–2012),” in the elastic phase, 1/10 of the estimated load
was applied in each stage. After the steel plate in the
compression area reached the yield strain, 1/20 of the ex-
pected bearing capacity was taken as the load for each stage,
which was retained for 1min.When the test load reached the
peak load, the continuous loading process was slowed down.
Finally, when the load dropped below 75% of the peak load,
the shear wall was considered to be broken and loading was
stopped. -e loading system is shown in Figure 2.

3. Axial Compression Test and Results

3.1. Testing of YA4-600. Figure 3 shows the failure diagram of
YA4-600 specimen. Until the load is increased to 448.7 kN
(70% of the peak load), there is no significant change in the
specimen.When the load is increased to 576.09 kN (90% of the
peak load), bulging phenomenon occurs at a height of nearly
50mm from the top, but other parts do not show obvious
bulging, as shown in Figure 3(a). -is is due to the presence of
stiffener, which causes stress concentration in the steel plate,
and the steel plate buckles before other parts. However, with the
increase in load, the buckling deformation does not increase
gradually, which indicates that buckling deformation has a
minor effect on the overall shear wall. When the load is in-
creased to 641.09 kN (peak load), the center of the web begins
to show bulging phenomenon, as shown in Figure 3(b), and as
the load continues to increase, the bulging phenomenon be-
comes more obvious. Subsequently, the load is gradually de-
creased, while the displacement continues to increase, and
eventually the load tends to stabilize. Here, it is considered that
the shear wall is broken, and the loading is stopped. Finally, the
multicavity steel tube shear wall exhibits multiwave buckling

failure. It can be seen from Figure 3(b) that the failure of shear
wall specimen is mainly concentrated at 200–300mm away
from the top, and the multiwave buckling failure of the steel
plate is eventually destroyed.

3.2. Testing of YA5-600. Figure 4 shows the failure diagram
of YA5-600 specimen. When the load is increased to
553.21 kN (70% of the peak load), there is no obvious change
in the specimen. When the load is increased to 711.26 kN
(90% of the peak load), bulging phenomenon occurs near
50mm from the top, but there is no obvious bulging in the
other parts, as shown in Figure 4(a). -is is again due to the
presence of stiffener, which causes stress concentration in
the steel plate, and the steel plate bends before other parts.
However, as the load continues to increase, the buckling
deformation does not increase gradually, which indicates
that the buckling deformation at this point has a negligible
impact on the entire shear wall. When the load is increased
to 790.30 kN (peak load), the silver powder outside the steel
tube begins to peel off, and bulging phenomenon begins to
appear in the middle of the web, as shown in Figure 4(b). As
the loading increases, the bulge becomes more obvious.
Further, the load is gradually decreased, while the dis-
placement continues to increase, and the load finally tends to
be stable. Here, the shear wall is considered to be damaged,
and the loading is stopped. Finally, the multicavity steel tube
shear wall shows multiwave buckling failure. As shown in
Figure 4(b), the failure of shear wall specimen is mainly
concentrated at 300mm away from the top. -e multiwave
buckling failure of the steel plate is a bending buckling
failure, as shown in Figure 4(c).

3.3. Relationship between Axial Load and Strain. -e axial
load vs. longitudinal strain curve of multicavity CFST can
directly reflect the mechanical behavior of CFST. Strain
gauges can be used to measure the local deformation of shear
wall specimen with high accuracy, but the measurement
range is limited. Although displacement meter has a large
measurement range, its measurement accuracy is not good.
-erefore, strain gauges can provide a relatively accurate
measurement of the deformation of the specimen when it is
in the elastic stage at the beginning of loading. As the load
continues to increase and the specimen enters the plastic
stage, the strain gauge can no longer accurately reflect the
longitudinal deformation of the shear wall specimen. -e
average longitudinal deformation at this stage is obtained by
using a displacement meter. Finally, the axial load vs. strain
curve of themulticavity CFSTshear wall is obtained, which is
shown in Figure 5. It is clear that the bearing capacities of in-
line multicavity CFST shear wall specimens are
641.10 kN (YA4-600) and 790.29 kN (YA5-600).

4. Establishment and Analysis of the Finite
Element Model

4.1. Establishment of the Finite Element Model. For estab-
lishing the model, it is assumed that the steel is isotropic. A
five-stage constitutive model for stress-strain relationship
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under unidirectional load is employed for steel.-ismodel is
shown in Figure 6, and the relevant expression is provided in
equation (1). -e stress-strain relationship model obtained
by decomposition analysis method is used for concrete:

σs �

Esεs, εs < εe,

Aε2s + Bεs + C, εe < εs ≤ εe1,

fy, εe1 < εs ≤ εe2,

fy

1 + εs − εs2( 

εs3 − εs2( 
 , εe2 < εs ≤ εe3,

1.6fy, εs > εe3,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(1)

where εe � 0.8fy/Es, εe1 � 1.5εe, εe2 �10ε1, εe3 �100ε1,
A� 0.2fy/(εe1-εe2)2, B� 2Aεe1, and C� 0.8fy +Aεe1-Bεe.

-e stress-strain relationship for concrete is shown in
equation (2). -is equation effectively reflects the confining
effect of steel tube on the concrete under axial compression:

σc � σu A
ε
ε0

+ B
ε
ε0

 

2
⎡⎣ ⎤⎦; ε≤ ε0,

σc � σu(1 − q) + σuq
ε
ε0

 

(0.2+α)

; ε> ε0,

(2)

where

Table 1: Measured properties of steel.

Measured thickness t
(mm)

Tensile strength fu
(MPa)

Yield strength fy
(MPa)

Elastic modulus Es
(MPa) Poisson’s ratio μs Elongation δs

1.72 416.70 298.42 2.07×105 0.29 0.35

50 50 50

2

2

2 2 2

50

50
200

2

Figure 1: Cross-sectional schematic of in-line multicavity CFST shear wall (unit: mm).

Table 2: Design parameters of shear wall specimens.

Number Specimen number Cavity thickness tw (mm) Nominal thickness
of steel plate ts (mm)

Total
number of cavities

Specimen
height h (mm)

Nominal steel
content α (%)

1 YA4-600 50.00 2.00 4 600.00 13.40
2 YA5-600 50.00 2.00 5 600.00 13.10
Note. Consider YA4-600 as an example to describe the numbering convention of shear wall specimens. Y indicates the cross section of multicavity steel tube
self-compacting concrete shear wall, A (axially loaded) implies that the shear wall specimen is axially compressed, 4 indicates that the total number of cavities
is 4, and 600 indicates that the height of the shear wall specimen is 600mm.

Displacement meter

Strain gauges

Ultrasonic testing system

Specimen

Figure 2: Loading and ultrasonic testing device.
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576.09kN

(a)

641.09kN

(b) (c)

Figure 3: (a) Failure diagram of the third side of YA4-600 specimen; (b) failure diagram of the first side of YA4-600 specimen; (c) failure
diagram of the second side of YA4-600 specimen.

553.21kN

553.21kN

(a)

722.26kN

(b) (c)

Figure 4: (a) Failure diagram of the third side of YA5-600 specimen; (b) failure diagram of the first side of YA5-600 specimen; (c) failure
diagram of the second side of YA5-600 specimen.
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σu � fck 1 +
30
fcu

 

0.4

−0.0626ξ2 + 0.4848ξ ⎡⎣ ⎤⎦,

ε0 � εc + 3600
��
α

√
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q �
K
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,

fck � 0.8fcu,

ξ �
αfy

fck
,

α �
As
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.

(3)

Here, fcu is the compressive strength of concrete cube
(MPa), fck is the standard value of axial compressive strength
of concrete (MPa), ξ is the height of concrete relative to the
compression zone, ε0 is the hoop strain of concrete, fy is the
yield strength of steel (MPa), As is the reinforcement area
(mm2), and Ac is the cross-sectional area of concrete (mm2).

-e 3D solid element C3D8R with 8-node hexahedral
linearly reduced integral format is adopted for the concrete
in steel tube, and S4R shell element with four-node reduced
integral format is used for the steel tube. -e interface
contact between the multicavity steel tube and the self-
compacting concrete is considered as surface-to-surface
contact based on ABAQUS finite element software, in-
cluding a bonding slip in the tangential direction of the

interface and contact in the normal direction. -e friction
in the tangential direction of the model interface is
modeled based on the Coulomb friction model. -e main
parameters include the critical shear stress τbond and friction
coefficient μ.

“Hard contact” is selected as the contact type in the
normal direction of the interface between the steel tube and
concrete. Any pressure between the contact surfaces can be
transmitted to the inner surface, but the tensile force cannot
be transmitted. When the pressure between the contact
surfaces is zero, they can be separated. -e finite element
model of the multicavity CFST shear wall is shown in
Figure 7.

During the axial compression test, to ensure the effective
transfer of load and avoid dislocation between the contact
surfaces, the inner concrete and end steel plate are bounded
by “Tie,” and a shell-to-solid coupling constraint is con-
sidered between the multicavity steel tube and the end steel
plate. During the processing and transportation of specimen,
the surface of multichamber steel tube can have some initial
defects such as local buckling or depression, which may
cause local buckling in the steel plate during axial com-
pression, thereby reducing the bearing capacity of the
specimen. To ensure the accuracy of ABAQUS-based finite
element calculation, it is necessary to consider the initial
defects in the model, i.e., the first-order buckling mode
under the same boundary conditions, and then first-order
buckling mode deformation is applied to the model
according to 1/1000 of the overall height.

4.2. Comparison between FEA Results and Test Results. In
this study, all the shear wall specimens are analyzed by finite
element method. A comparison between the load vs. strain
curves obtained using FEA and experimental test is shown in
Figure 8.

It is clear from Figure 8 that the FEA results are in
good agreement with the experimental results, which
proves that the 3D nonlinear finite element model

0 1000 2000 3000 4000 5000
0

200
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N
 (k

N
)

ε (με)

YA4-600
YA5-600

Figure 5: Load-strain curve of multicavity CFST shear wall
specimens.

σi
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εe εe1 εe2 εe3 εiO
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d e
e′

Figure 6: Five-stage constitutive relationship between stress and
strain for steel.
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established in this paper can effectively simulate the axial
compression test of multicavity steel tube self-compacting
concrete shear wall.

4.3. Axial Compressive Behavior. According to the FEA and
experimental results, the axial compressive behavior of the

self-compacting concrete shear wall of multicavity steel tube
can be divided into three stages: elastic stage (OA), elastic-
plastic stage (OB), and failure stage (BC). Here, YA4-600
specimen is considered as an example to illustrate these
stages. -e load vs. longitudinal strain curve and defor-
mation development of the specimen are shown in Figures 9
and 10, respectively:

(a) (b)

(c) (d)

Figure 7: Schematic of (a) multicavity steel tube; (b) concrete; (c) end plate; (d) multicavity CFST shear wall.
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(a)
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FEA value of YA5-600
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Figure 8: Comparison between the load-strain curves obtained based on FEA and experimental test for (a) specimen YA4-600; (b) specimen
YA5-600.
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(1) Elastic stage (OA): the load-displacement curve at
this stage is nearly linear until the stress of the steel
tube reaches the proportional limit. At this stage, due
to different Poisson’s ratio µs of concrete and steel,
the lateral deformation capacity of steel tube is
greater than that of concrete. -e steel tube and
concrete are axially compressed independently and
do not work together. Here, the bearing capacity of
the member is equal to the simple superposition of
load carrying capacity of built-in concrete and steel
tube bundle. -ere is no bulging on the steel plate, as
shown in Figure 10(a).

(2) Elastic-plastic stage (AB): the steel tube enters the
elastic-plastic working stage. Since the elastic
modulus of steel (Es) continues to decrease at this
stage, the elastic modulus of concrete does not
change significantly, which causes the ratio of axial
force distribution between the steel tube and core
concrete to constantly change. -e force on the
concrete increases, while that on the steel tube de-
creases. When Poisson’s ratio of the core concrete
exceeds that of the steel tube, the interaction between
steel tube and concrete begins to generate a tight-
ening force p. At this time, the steel tube and

concrete are in a 3D stress state, and the buckling
phenomenon is more obvious in the middle of the
member web drum, as shown in Figure 10(b).

(3) Failure stage (BC): at this stage, the load decreases
with the increase in the longitudinal strain. Due to
the rapid expansion of concrete, multiwave buckling
at the surface of multicavity steel tube is more ob-
vious, as shown in Figure 10(c). Since the concrete is
constrained by the multicavity steel tube, the load vs.
longitudinal strain curve gradually decreases at this
stage, indicating that the self-compacting concrete
shear wall member of the in-line multicavity steel
tube has good ductility.

Figures 11–13 show the position of each feature point at
a height of H/2 in the steel tube cavity, the stress-strain
relationship curve at the central point of the web of the shear
wall specimen, and the stress-strain relationship curve at the
central point of the middle inner separator of the shear wall
specimen, respectively.

It is clear from Figure 12 that the finite element results
for the outer point of the web are in good agreement with the
test results. During the early stage of loading, the shear wall
specimen is in the elastic stage, and the internal and external
surface stresses of the multicavity steel tube are almost

0 1000 2000 3000 4000 5000
0

100

200
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400

500
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Figure 9: Load vs. longitudinal strain curve of YA4-600 specimen.

(a) (b) (c)

Figure 10: Deformation development in the YA4-600 specimen: (a)N� 0.7Nu; (b)N�Nu; (c)N� 0.85Nu.Nu is the maximum load-bearing
capacity.
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consistent, indicating that the web is in the axial deformation
stage. At this stage, Figure 13 indicates that the longitudinal
stress and Von Mises stress at the midpoint of the middle
inner separator of the shear wall specimen increase linearly
with the strain. When it reaches point A in Figure 9, where
the longitudinal strain is nearly 1100 με, the stress is different
on the inner and outer surfaces of the midpoint of the web.
-e stress on the outside of the steel tube wall begins to be
larger than that on the inside of the steel tube wall, indicating
that the local bending deformation of the web is initiated. In
addition, it can be seen from Figure 13 that when the
longitudinal strain is approximately 1100 με, hoop stress
begins to appear at the midpoint of the inner separator; the
longitudinal stress reaches the peak point, and the Von
Mises stress of the steel at the midpoint of the inner sep-
arator reaches the yield strength fy � 235MPa. In addition, as
the longitudinal strain increases, the hoop stress of the steel

tube increases significantly, and the longitudinal stress de-
creases. -is indicates that the lateral deformation of the
concrete has started to exceed that of the steel tube. To limit
the lateral deformation of concrete with multicavity steel
tubes, the restraining effect of steel tube on the concrete is
significantly increased, which leads to a considerable in-
crease in the hoop stress of steel tubes. After the steel yields,
it obeys the Von Mises yield criterion, and the Von Mises
stress of the steel tube increases slightly with the increase in
the longitudinal strain. -erefore, as the circumferential
stress of the steel tube continues to increase, the longitudinal
stress of the multicavity steel tube decreases.

Figure 14 shows the cloud diagram of longitudinal
stress distribution of concrete when the multicavity CFST
shear wall reaches the peak load (631.06 kN), and the
characteristic points are marked as black dots. Figure 15
shows the longitudinal stress vs. strain curve for each

Inner point of the web

Outer point of
the web

Midpoint of the inner
separator

H/2

Figure 11: Location of each feature point at a height of H/2 in the steel tube cavity.
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Figure 12: Stress-strain curve at the outer point of web of the shear wall specimen.
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Figure 14: Cloud diagram of characteristic points and longitudinal stress distribution (H/2) of concrete.
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point of the concrete. It can be concluded from Figures 14
and 15 that the stress level is the highest at the corner
point in the multicavity CFST shear wall, which indicates
that the constraining effect of multicavity steel tube on the
corner points is the strongest, and the longitudinal stress
is nearly 66MPa. -e stress level in the middle of the web
is the lowest, only ∼25MPa. -e center point of a single
cavity and the points on both sides of the inner separator
are also greatly constrained by the steel tube, and the
longitudinal stress is nearly 43MPa. According to the
mechanical mechanism of multicavity CFSTshear wall, its
axial compression mechanism is similar to that of the
rectangular steel tube, but the concrete on both sides of
the multicavity steel tube is also constrained by the steel
tube due to the presence of inner separator.

According to the finite element method, parametric
analysis is performed using ABAQUS software. -e bearing
capacity of multicavity CFST shear wall under axial com-
pression load is obtained, as shown in Figure 16.

Consider Q235-C40-2 as an example. Here, Q235 in-
dicates that the yield strength of steel is 235MPa; C40
implies that the compressive strength of concrete is 40MPa;
2 indicates that the thickness of the steel is 2mm.

5. Calculation Formula for Bearing Capacity

According to [40], the average value of the ratio of longi-
tudinal compressive stress to yield strength of the steel tube
is expressed as follows:

σL,s � 0.78fs, (4)

where σL,s is the longitudinal compressive stress of the steel
tube and fs is the yield strength of the steel tube.

According to Von Mises yield criterion, it can be ob-
tained that

σθ,s � 0.33fs, (5)

where σθ,s is the average value of the lateral stress when the
steel tube is pulled.

According to the ABAQUS FEA results, the range of
reinforced and non-reinforced areas can be obtained from
the cloud diagram of the multicavity self-compacting con-
crete shear wall in Figure 17. -e multicavity steel tube
mainly restrains the four corners and center of the concrete.
-e radius of the confinement area is 0.2 b (b is the side
length of single cavity of the multicavity steel tube). -e
calculation diagram is shown in Figure 18.

-emulticavity steel tube is divided into end column and
web. For the end column, the non-reinforced and reinforced
areas of the concrete are represented by equation (6) and (7),
respectively.

Ac1,d � 1.5πr
2

� 0.1884Ac,
(6)

Ac2,d � (1 − 0.1884)Ac

� 0.8116Ac,
(7)

where Ac1,d is the non-reinforced area of concrete; Ac2,d is
the reinforced area of concrete; and Ac is the concrete area.

-e lateral stress of concrete in the non-reinforced area is
neglected. According to the theory of limit equilibrium, the
lateral restraining force σr,c of the concrete in the reinforced
area and the transverse force σr,s of the steel tube are in
equilibrium. -e relationship between transverse stress of
the steel tube and lateral stress of the reinforced concrete is
given as follows:

σr,c �
2tσr,s

b
. (8)

According to the above analysis, in the non-reinforced
area, the axial compressive strength of concrete is approx-
imately equal to the axial compressive strength fc of plain
concrete. In the reinforced area, because the concrete is
constrained by the steel tube, the axial compressive strength
of concrete is significantly improved. -is improvement can
be expressed by formula (9). -e bearing capacity Nu of the
component includes the axial load capacity Nd of the end
column and the axial load capacityNf of the web, as shown in
formula (10).

σL,c � fc + kσr,c, (9)

Nu � Nd + Nf. (10)

Here, σL,c is the axial compressive strength of concrete-
filled in the reinforced area and k is the lateral compression
coefficient, which is considered as 3.4 according to [41].

-e axial compressive bearing capacity of the end col-
umn is composed of three parts: axial compressive bearing
capacity fc,dAc1,d of concrete in the non-reinforced area, axial
compressive bearing capacity σL,c,dAc2,d of concrete in the
reinforced area, and axial compression bearing capacity
σL,s,dAs,d of multicavity steel tube, as shown in equation (11).

Nd � fc,dAc1,d + σL,c,dAc2,d + σL,s,dAs,d. (11)

Reorganizing the above equation, it can be obtained that

Nd � Ac,dfc,d + 9.1fsbt. (12)

-e above equation can be used to calculate the common
bearing capacity of the two end columns, and to simplify the
calculation, one side is included in the web calculation.

-e axial compressive bearing capacity of the web is
composed of three parts: axial compressive bearing capacity
fc,fAc1,f of concrete in the non-reinforced area, axial com-
pressive bearing capacity σL,c,fAc2,f of concrete in the rein-
forced area, and xial compressive bearing capacity σL,s,fAs,f of
multicavity steel tube, as shown in equation (13).

Nf � fc,fAc1,f + σL,c,fAc2,f + σL,s,fAs,f. (13)

Simplifying the above equation, one gets

Nf � Ac,ffc,f + 4.16fsbt. (14)

-e above equation can be used to calculate the bearing
capacity of the web.
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Using equations (12) and (14), the bearing capacity Nu
can be obtained as follows:

Nu � Acfc +(4.16n − 0.78)fsbt, n≥ 4, (15)

where n is the number of cavities.
According to the above equation, the calculated value is

nearly 15% larger than the test value, which may be at-
tributed to the fact that the initial defects of the multicavity
steel tube are not taken into account in the calculation.

During the processing and transportation of multicavity
steel tube specimen, manual cutting, welding errors, and
collisions can cause irregular deformation of the steel tube,
which may introduce some initial defects, and bias occurs
during the loading process. Consequently, the load-bearing
capacity of the shear wall specimen is reduced. -e second
reason is that the influence of steel tube weld is not con-
sidered. -e third reason is the limitation of the specimen
size. -e shape of the specimen is complicated, which can
affect the compactness of the self-compacting concrete to a
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Figure 18: Schematic for calculating the bearing capacity of multicavity steel tube self-compacting concrete shear wall.
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certain extent. -erefore, a correction factor of 0.85 is in-
troduced, as shown in equation (16).

Nu � 0.85Acfc +(3.536n − 0.663)fsbt, n≥ 4. (16)

-efinal comparison between calculated and FEA results
is shown in Table 3.

It can be seen from Table 3 that the finite element
simulation results are in good agreement with the calcula-
tion results, which proves that the above equation can serve
as a technical reference for practical engineering.

6. Ultrasonic Wave Testing on the Damage
Condition of CFST

-e cumulative damage of core concrete in the steel tube
inevitably causes development of cracks under axial loading,
and the concrete cracks can absorb and dissipate ultrasonic
wave energy. When ultrasonic waves pass through these
defects, they are attenuated, which causes a reduction in the
wave speed. -erefore, ultrasonic technology can be used to
detect the damage state of CFST under axial loading.

6.1. Testing Device. A 2000 kN press was used for this test,
and the loading method is described in Section 2.3. -e
ultrasonic test of concrete was conducted on a NM-4A
nonmetallic ultrasonic testing analyzer (Koncrete Company,
Beijing, China).

-e plane transducer of the ultrasonic detector was fixed
at the center of the steel tube with a bracket. To maintain a
close contact between the plane transducer and the surface of
the steel tube, the surface at the center of the steel pipe was
polished and evenly coated with Vaseline.

6.2. Loading Steps. -e specific steps of the test are as
follows:

(1) -e test piece was placed in the working area of the
press for debugging and centering.

(2) -e plane transducer was fixed at the center of the
specimen by the bracket and was connected to the
ultrasonic detector.

(3) -e specimen was preloaded. It was checked whether
the instruments are working properly, and then the
specimen was unloaded.

(4) -e data were collected at a load interval of 50 kN,
and the apparent deformation of the specimen was
recorded.

6.3. Relationship between Axial Load and Maximum
Amplitude. -e relationship between maximum amplitude
value of the waveform for the specimens YA4-600 and YA5-
600 and the axial load is shown in Figure 19.

It is clear from Figure 19 that when the axial load is
0–150 kN, the maximum amplitude of YA4-600 specimen
exhibits a slow decreasing trend, indicating that the crack
expansion of the core concrete inside the steel tube is not
obvious. When the axial load is 150–450 kN (∼0.7Nu), the

maximum amplitude of YA4-600 tends to decrease signif-
icantly, which indicates that more cracks develop in the
concrete rapidly. When the axial load is 450–650 kN (∼Nu),
the maximum amplitude of YA4-600 specimen shows an
increasing trend, which indicates that the core concrete
becomes more dense during this loading phase. -is is
because as the axial pressure increases, Poisson’s ratio of the
concrete gradually increases and exceeds Poisson’s ratio of
the steel tube. At this time, the steel tube generates a
tightening force p on the concrete under the axial pressure,
which causes a tightening force on the steel tube in the 3D
stress state, limiting the expansion of the internal cracks of
concrete, and the concrete becomes dense under axial
pressure. As the loading continues, the bearing capacity of
the CFST gradually decreases, and the displacement con-
tinues to increase. When the load is 650–700 kN, the
maximum amplitude drops significantly, which indicates
that the steel tube can no longer limit the cracking of the core
concrete, and the CFST specimen is destroyed. When the
axial load is 0–200 kN, the maximum amplitude of YA5-600
specimen is not reduced significantly, which suggests that
the crack expansion of the core concrete inside the steel tube
is not obvious. When the axial load is 150–450 kN (∼0.7Nu),
the maximum amplitude of YA5-600 specimen tends to
decrease significantly, which indicates that more cracks
develop in the core concrete rapidly. When the axial load is
550–800 kN (∼Nu), the maximum amplitude of YA5-600
increases with the increase in the axial load, which indicates
that the core concrete becomes more dense during this
loading phase. When the load is 800–850 kN, the maximum
amplitude drops significantly, which suggests that the steel
tube can no longer limit the cracking of the core concrete,
and the CFSTspecimen is destroyed. According to Figure 19,
the damage state of core concrete under the axial load
changes in a three-stage pattern, and the steel tube starts to
play a binding role for the core concrete when the load is
nearly 0.7Nu.

6.4. Relationship between Axial Load and Wave Speed.
According to the established fact that ultrasonic waves
bypass the defect areas and propagate along the smallest
path, such waves can be used to detect the internal damage
and crack propagation of CFST. In general, the propagation
speed of ultrasonic waves in steel and concrete is
4000–6000m/s. When the load is 0, the propagation speed
and time taken by the ultrasonic waves to travel through the
specimen are shown in Table 4.

When the axial load is applied, the cracks inside the
CFST develop gradually, and the path of ultrasonic waves
passing through the steel tube and concrete changes, which
is directly reflected as a change in the ultrasonic time-of-
flight and wave speed. During the loading process, damage
factor D is introduced to assess the damage state of the
specimen. -e initial value of D of the CFST is considered as
0. -e damage factor D is calculated as follows:

D � 1 −
V1
V0

 2, (17)
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where V0 is the initial wave velocity through the CFSTwhen
there is no axial load and V1 is the damage wave velocity
through the CFST after the axial load is applied.

-e calculated values of D are shown in Table 5.
It is evident from Table 5 that as the axial load increases,

the wave velocity through the CFSTdecreases continuously,
and the damage factor D increases continuously. -e larger
the damage factorD, the stronger the crack development and
the more serious the damage inside the CFST.

6.5.Ultrasonic Spectral Analysis of Specimens. -e amplitude
spectra of the specimens YA4-600 and YA5-600 were ob-
tained by performing fast Fourier transform on the mea-
sured sound wave.-ese spectra are shown in Figures 20 and
21.

It is clear from these figures that the frequency spec-
trograms of CFST exhibit a double-peak structure, and the
corresponding frequencies are approximately 25 kHz and
40 kHz. -ere are two main paths for ultrasonic waves to

Table 3: Comparison between calculated and FEA results.

Number fc (MPa) fs (MPa) n t (mm) Calculated value (kN) FEA value (kN) Difference value (%)
YA4-600-1 38.17 235.00 4 2.00 641.25 631.06 1.62
YA4-600-2 38.17 345.00 4 2.00 789.54 778.86 1.37
YA4-600-3 38.17 235.00 4 3.00 799.65 813.31 −1.68
YA4-600-4 38.17 235.00 4 4.00 958.05 995.63 −3.78
YA4-600-5 30.80 235.00 4 2.00 578.60 567.42 1.97
YA4-600-6 44.00 235.00 4 2.00 690.80 685.98 0.70
YA5-600-1 38.17 235.00 5 2.00 805.46 785.31 2.57
YA5-600-2 38.17 345.00 5 2.00 992.64 968.89 2.45
YA5-600-3 38.17 235.00 5 3.00 1005.41 1010.42 −0.50
YA5-600-4 38.17 235.00 5 4.00 1205.36 1234.52 −2.36
YA5-600-5 30.80 235.00 5 2.00 727.15 701.89 3.60
YA5-600-6 44.00 235.00 5 2.00 867.40 848.33 2.25
YA6-600-1 38.17 235.00 6 2.00 969.66 936.72 3.52
YA6-600-2 38.17 345.00 6 2.00 1195.75 1153.98 3.62
YA6-600-3 38.17 235.00 6 3.00 1211.16 1203.79 0.61
YA6-600-4 38.17 235.00 6 4.00 1452.66 1467.96 −1.04
YA6-600-5 30.80 235.00 6 2.00 875.70 834.93 4.88
YA6-600-6 44.00 235.00 6 2.00 1044.00 1012.82 3.08
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Figure 19: Effect of load on maximum amplitude of the specimens.

Table 4: Ultrasonic test results of specimens under zero axial load.

Number Specimen
number

Cavity thickness tw
(mm)

Nominal thickness of steel plate ts
(mm)

Ultrasonic time-of-flight t
(μs)

Wave speed v

(m/s)
1 YA4-600 50.0 2.0 11.1 4510.4
2 YA5-600 50.0 2.0 10.9 4571.8
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Figure 20: Ultrasonic frequency spectrograms of YA4-600 specimen under different axial loads: (a) 0; (b) 0.3 Nu; (c) 0.5 Nu; (d) 0.7 Nu; (e)
Nu; (f ) 0.85 Nu.

Table 5: Damage value under axial loading history.

Specimen number Peak load Initial wave speed V0 (m/s) Damage wave speed V0 (m/s) Damage factor D
YA4-600 0.3Nu

4510.4 4325.3 0.0804
YA5-600 4571.8 4329.5 0.1032
YA4-600 0.5Nu

4510.4 3876.8 0.2612
YA5-600 4571.8 3834.4 0.2966
YA4-600 0.7Nu

4510.4 3288.7 0.4684
YA5-600 4571.8 3356.5 0.4610
YA4-600 Nu

4510.4 3414.0 0.4271
YA5-600 4571.8 3528.1 0.4045
YA4-600 0.85Nu

4510.4 2842.3 0.6029
YA5-600 4571.8 2686.2 0.6548
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pass through the CFST: one is along the outer wall of the
steel tube, and the other is along a straight line through the
steel tube wall-concrete-steel tube wall. Since the propaga-
tion frequency of ultrasonic waves in concrete is less than
that in steel tube, the first and second peaks represent the
propagation of ultrasonic waves in concrete and steel tube,
respectively. -e damage state of concrete can be charac-
terized by the peak amplitude corresponding to the main
frequency of concrete. As can be seen from Figures 20 and
21, when the axial load is 0, the peak amplitudes corre-
sponding to main frequencies of concrete for YA4-600 and
YA5-600 specimens are 272 dB and 307 dB, respectively.
When the axial load is 0.3Nu, these amplitudes are reduced

to 234 dB and 147 dB, respectively. When the axial load is
0.5Nu, they are further reduced to 153 dB and 127 dB, re-
spectively. However, when the axial load is 0.7Nu, they
increase to 246 dB and 236 dB, respectively. When the axial
load is Nu, the peak amplitudes further increase to 263 dB
and 330 dB, respectively. As the axial load continues to
increase, the bearing capacity of CFST starts to decrease.
When the bearing capacity of CFSTdecreases to 0.85 Nu, the
peak amplitudes corresponding to main frequency of con-
crete for YA4-600 and YA5-600 specimens decrease to 71 dB
and 120, and the CFST specimens are destroyed. -e area
enclosed by the amplitude of the spectrogram and the
abscissa axis represents the energy of the ultrasonic wave. A
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Figure 21: Ultrasonic frequency spectrograms of YA5-600 specimen under different axial loads: (a) 0; (b) 0.3 Nu; (c) 0.5 Nu; (d) 0.7 Nu; (e)
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decrease in the area indicates that the energy of the ultra-
sonic wave is reduced, and the energy dissipation is
increased.

7. Conclusion

In this study, the axial compression performance of in-line
multicavity CFST shear wall was analyzed through a com-
bination of experiment, finite element simulation, and
theoretical analysis. -e main results of the study are
summarized as follows:

(1) -e axial compressive tests of the multicavity steel
tube with self-compacting concrete shear wall
showed that there was no obvious law for local
buckling of the steel plate under axial load, and the
final failure mode was manifested as multiwave
buckling of the steel plate and collapse of the core
concrete. During the early stage of loading, the shear
wall specimen was in the elastic working stage, and
the concrete and steel tube worked independently
with almost no synergy. As the axial compression
load increased, the shear wall entered the elastic-
plastic phase. When Poisson’s ratio of the steel tube
exceeded that of the steel tube, the steel tube gen-
erated a tightening force p on the concrete. At this
time, the steel tube and concrete were in the 3D stress
state. When the steel tube yielded, the restriction
effect of steel tube on the concrete was more sig-
nificant. With the further expansion of the steel tube
to the restraining area of the concrete, such a shear
wall exhibited a large load-bearing capacity and good
ductility even when its deformation was large.

(2) -e established finite element model could well
simulate the axial pressure performance of the
multicavity steel tube self-compacting concrete-filled
shear wall.

(3) Based on parametric analysis, a formula for calcu-
lating the bearing capacity of multicavity steel tube
self-compacting concrete-filled shear wall was pro-
posed, and the corresponding results were in good
agreement with the FEA and test results. -is in-
dicates that the proposed formula can serve as a
reliable reference for the design of axial compression
members of in-line multicavity CFST shear walls.

(4) -e mechanical mechanism of multicavity CFST
shear wall was analyzed, which revealed that its axial
compression mechanism was similar to that of a
rectangular steel tube, but the concrete on both sides
of the multicavity steel tube was also constrained by
the steel tube due to the presence of inner separator.
-e stress level was maximum at the corner point in
the multicavity CFST shear wall, where the longi-
tudinal stress was nearly 66MPa. -e stress level was
minimum (∼25MPa) in the middle of the web.

(5) Ultrasonic waves could be effectively used to detect
the damage state of concrete in steel tube under axial
loading. -e ultrasonic frequency spectrograms

intuitively reflected the ferrule effect of steel tube as
well as the cracking and failure state of core concrete.

(6) -e ultrasonic testing results revealed that the
damage state of CFST under axial load changed in
three characteristic stages. When the axial load was
nearly 0.7Nu, the steel tube began to exert restraint
on the core concrete.
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