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In order to study the seismic performance of high-strength concrete composite shear
walls with embedded steel strips, four tests for high-strength concrete composite
shear walls with embedded steel strips (SPRCW-1 to SPRCW-4) were constructed
and tested. Based on the test results, a discussion is provided in the present study on
the hysteresis curve, backbone curves, and strain of steel plate and distributed
reinforcement of high-strength concrete mid-rise and high-rise composite shear walls
with embedded steel strips under different steel ratios and different steel strip
positions. The test results reveal that in high-strength composite shear walls with
embedded steel strips, the ductility of the test specimen can be effectively improved
when the ratio of the steel strip reaches a certain level. In parallel, when the embedded
steel strip is placed on both sides of the walls, the steel strip can function better. The
ultimate displacement is better than when the steel strip is placed in the middle of the
walls, and can effectively improve the seismic performance of the walls. The scheme
with embedded steel strips is more convenient and economical for construction,
which is suitable for popularization and application in middle-high buildings in highly
seismic regions.

Keywords: high-strength composite shear walls, seismic performance, hysteresis curve, backbone curves, strain
analysis

INTRODUCTION

Despite having large dimension, high rigidity, and high bearing capacity, the ductility and energy
dissipation capacity of shear walls of middle-high building structures in highly seismic regions are
poor and can be severely damaged when strong earthquakes occur. The bearing capacity will
diminish quickly and become ineffective in the occurrence of an earthquake and the seismic
performance of the walls will not be fully exerted. In the present paper, an attempt was made to
combine superior performances of concrete composite shear walls with slotted steel plates, such as
adjustable rigidity and guided failure mode, through which the construction of two long steel plates
(shear studs welded on both sides of the steel plate) in the walls of mid-rise and high-rise concrete
shear walls was proposed. According to the different positions and dimensions of the long steel
plates, different parameters of slotted steel plates were replaced, thereby reducing the steel ratio and
the difficulty in manufacturing shear walls with slotted steel plates and saving the engineering cost.
Additionally, cold-formed steel was also built into the edge members, to ensure that the plasticity of
the walls could be fully utilized while not excessively increasing the rigidity of the shear walls. In the
present paper, the seismic performance of high-strength concrete composite shear walls under
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different positions of steel strips and different steel ratios in the
walls was explored, which provides a theoretical basis for
improving the seismic performance of high-strength concrete
shear walls.

Many studies and tests have been conducted on concrete shear
walls with steel plates. Jiang et al. (2019a) investigated the
performance of steel-concrete bolt connections in precast
reinforced concrete shear walls. Bahrami and Yavari (2019)
discussed the performance of reinforced concrete shear walls
on both sides of steel plate under cyclic loading. To determine the
ultimate shear strength of steel-concrete shear walls (composite
shear walls with double steel plates), Labibzadeh and Hamidi
(2019) conducted research to find a new analytical formula.
Through numerical studies, Ayazi and Shafaei (2019)
performed tests on the seismic performance of shear walls
with high performance fiber reinforced concrete slabs and steel
plates. Blandon et al. (2018) introduced and discussed the quasi-
static cyclic tests of four slender, thin and light reinforced
concrete walls with different geometric structures, steel
properties, and reinforcement arrangement. To reduce the
post-earthquake damage of reinforced concrete shear walls,
including permanent lateral deformation and concrete damage,
TolouKian and Cruz-Noguez (2018) explored three new
methods. Lim and Kim (2017) and Lim et al. (2018)
conducted an experimental study on the seismic performance
of precast concrete beams. In different places in a nuclear power
plant, Lee et al. (2018) studied the shear behavior of seismic
connections between cast-in-situ reinforced concrete slabs and
steel plate-concrete composite shear walls. Farzampour et al.
(2015) predicted and analyzed the performance of shear walls
with perforated corrugated steel plates. Rafiee and Sharifi (2019)
investigated random vibrations and failure analysis of composite
pipe. Kassem and Elsheikh (2010), Moretti et al. (2020), and Zhou
et al. (2020) proposed analytical methods for predicting the shear
strength and performance of structural shear walls. Edin et al.
(2019) and Ebadi and Farajloomanesh (2020) studied seismic
performance parameters of shear walls, and proposed a design
method based on the actual sharing of story shear wall and
peripheral frame. Jiang et al. (2019b) proposed a new type of
replaceable coupling beam damper to improve the seismic
performance of reinforced concrete coupling beam shear wall.

In the present paper, an attempt was made to combine the
advantageous qualities of concrete composite shear walls with
slotted steel plates, such as adjustable rigidity and guided failure
mode, through which the construction of two long steel plates
(shear studs welded on both sides of the steel plate) in medium-
high concrete shear walls was proposed. According to the
different positions and dimensions of the long steel plates,
different parameters of slotted steel plates were replaced,
which can reduce the steel ratio and the difficulty in
manufacturing shear walls with slotted steel plates and save
engineering costs. Research on structural rigidity, mechanical
performance, and crack development law of high-strength
concrete composite shear walls with steel strips in the walls in
different positions and different steel ratios is of considerable
practical significance.

TEST OVERVIEW

Test Design
Test Specimen Design
The dimensions of the high-strength concrete mid-rise and high-
rise shear walls test specimens with embedded steel strips
(SPRCW-1 to SPRCW-4) in the present test are shown in
Figure 1. The horizontal load applied by the horizontally
arranged actuator acted directly on the upper loading beam,
and the lower support was arranged to provide embedded
restraint to the walls.

The serial numbers of the test specimens were: SPRCW-1 (the
steel plate with a high steel ratio arranged in the middle),
SPRCW-2 (the steel plate with a low steel ratio arranged in
the middle), SPRCW-3 (the steel plate with a low steel ratio
arranged on the middle both sides), and SPRCW-4 (the steel plate
with a high steel ratio arranged on the middle both sides). Among
said specimens, the two test parameters of the steel plate ratio and
the position of embedded steel strips were different for the four
high-strength concrete medium-high shear walls test specimens
(SPRCW-1 to SPRCW4) with embedded steel strips, while the
other parameters were consistent. Details of the parameters of the
four test specimens are shown in Table 1.

See Figure 2 for the SPRCW-1 construction drawing. The
differences between the four test specimens are explained as
follows.

1) The steel ratio of SPRCW-1 was 1.6%, the distance between
the outer edge of the steel plate was 247 mm, the distance

FIGURE 1 | Dimensions of test specimen.
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between the inner edge of the steel plate and the axis of
symmetry was 25 mm, and the edge members on both sides
were provided with cold-formed thin-walled steel,
respectively, with a steel ratio of 1.43%.

2) The steel ratio of SPRCW-2 was 1.0%, the distance between
the outer edge of the steel plate was 270 mm, the distance
between the inner edge of the steel plate and the symmetry
axis was 50 mm, and the edge members on both sides were
provided with cold-formed thin-walled steel, respectively,
with a steel ratio of 1.43%.

3) The steel ratio of SPRCW-3 was 1.0%, the distance between
the outer edge of the steel plate was 195 mm, the distance
between the inner edge of the steel plate and the symmetry
axis was 125 mm, and the edge members on both sides were
provided with cold-formed thin-walled steel, respectively,
with a steel ratio of 1.43%.

4) The steel ratio of SPRCW-4 was 1.6%, the distance between
the outer edge of the steel plate was 170 mm, the distance
between the inner edge of the steel plate and the axis of
symmetry was 104 mm, and the edge members on both sides
were provided with cold-formed thin-walled steel,
respectively, with a steel ratio of 1.43%.

Mechanical Properties of Steel
The present material property test was conducted in the Material
Mechanics Laboratory of Chongqing University. As for the
sampling and dimension of the test specimens, 12 test specimens

were made according to the national standard, Metallic Materials-
Tensile Test Method at Room Temperature (GB/GB/T 228–2010)
(GB/T 228, 2010). The material property test was designed to
determine the mechanical property parameters of cold-formed
thin-walled steel, Q235A hot-rolled steel plate and HPB300
reinforcement used under uniaxial tension: elastic modulus E,
yield stress σy, ultimate tensile strength σu, and yield strain με.
The results of the uniaxial tensile test are shown in Table 2.

Measured Strength of Concrete and Axial Load of Test
Specimen
The five test specimens in the present test were made of C60
concrete. The test specimens were made, poured, and cured at
the same time. The dimensions of the test specimens were 150 ×
150 × 150mm. During the 28-day curing period and on the test day,
cube compressive strength tests were, respectively conducted on test
specimens, and the average values were taken. SeeTable 3 for details.

Test Equipment and Loading Protocol
Test Equipment
Following the Specifications of Testing Methods for Earthquake
Resistant Buildings (JGJ101-2015) (JGJ 101, 2015), quasi-static tests
in repeated low-cycle loadings with fixed axial load were
conducted. A repeated low-cycle loading test device was used,
which consisted of a vertical and a horizontal loading device. The
vertical load was controlled by hydraulic jacks through ball
bearings, and the maximum bearing capacity of the single

TABLE 1 | Table of parameters of test specimens.

Number of test specimens SPRCW − 1 SPRCW − 2 SPRCW − 3 SPRCW − 4

Formwork of shear walls Walls width/mm 800 800 800 800
Walls thickness/mm 120 120 120 120
Net walls height/mm 1290 1290 1290 1290
Vertically arranged reinforcement in walls A6.5@200 A6.5@200 A6.5@200 A6.5@200
Horizontally arranged reinforcement in walls A6.5@200 A6.5@200 A6.5@200 A6.5@200
Ratio of horizontally arranged reinforcement 0.276% 0.276% 0.276% 0.276%
Vertically arranged reinforcement in walls A6.5@160 A6.5@160 A6.5@160 A6.5@160
Ratio of vertically arranged reinforcement 0.345% 0.345% 0.345% 0.345%
Section of embedded column/mm2 120 × 160 120 × 160 120 × 160 120 × 160
Height of edge column/mm 1290 1290 1290 1290
Vertically arranged reinforcement in embedded column 6A8 6A8 6A8 6A8
Ratio of reinforcement in embedded column 1.57% 1.57% 1.57% 1.57%
Cold-formed section steel in embedded column [60 × 30 × 2.2 [60 × 30 × 2.2 [60 × 30 × 2.2 [60 × 30 × 2.2
Steel ratio of cold-formed section steel 1.32% 1.32% 1.32% 1.32%
Stirrup in embedded column A6.5@100 A6.5@100 A6.5@100 A6.5@100
Reinforcement ratio per unit volume 0.97% 0.97% 0.97% 0.97%
Dimension of steel plate 2050 × 80 2050 × 80 2050 × 80 2050 × 80
Thickness of steel plate 6mm 6mm 6mm 6mm
Location of steel plate Middle Middle Both sides Both sides

Upper loading beam Height/mm 300 300 300 300
Width/mm 300 300 300 300
Length/mm 900 900 900 900
Main reinforcement 4C20 4C20 4C20 4C20
Stirrup A8@100 A8@100 A8@100 A8@100

Lower loading beam Height/mm 500 500 500 500
Width/mm 400 400 400 400
Length/mm 1600 1600 1600 1600
Main reinforcement 8C20 8C20 8C20 8C20
Stirrup A8@100 A8@100 A8@100 A8@100
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vertical ball bearing was 120 KN. During the test, an oil pump was
manually controlled to ensure the stability of the vertical load. The
horizontal loading device wasmainly comprised of reaction walls, a
horizontal actuator, and a horizontal connecting device, wherein
the end part of the horizontal actuator was connected to the

horizontal connecting device through hinges. A horizontal load
was mainly applied by the horizontal actuator, one end of the
actuator was connected to a loading beam of the test specimen, and
one end of the actuator acted on the reaction walls. The schematic
diagram of the test equipment is shown in Figure 3.

Loading Protocol for Test
In the present test, the quasi-static test method was adopted for
loading. During the test, the vertical load was controlled to
remain unchanged while the horizontal load changed
continuously according to the axial load ratio. The loading
process was as follows:

1) In the preloaded stage, first, a 150 KN axial load was preloaded
on the top of the test specimen, and then unloaded to 0 KN, to
eliminate the nonuniformity of the internal load of the test
specimen. After the axial load was loaded to a predetermined
value, the test equipment was tested in the normal working
state thereof by one cycle of loading in both the forward and
backward directions with a 20 KN horizontal load.

2) After the first stage of work was completed, a positive
horizontal load was applied, which was progressively
increasing by 20, 40, 60, and 80 KN until the first crack
appeared, and the crack load Pcr was recorded.
Subsequently, the horizontal load was unloaded to 0 KN in
three steps, and a backward load was applied to find the
backward cracking load.

3) After the second stage of work was completed, the
displacement loading stage began. With the initial position
after the axial force was applied as the initial starting point,
two cycles of loading were conducted according to the
displacement control for each load. The first cyclic
displacement was equally divided into three steps of
loading, and the second cyclic displacement was completed
by one cycle of loading. Loading ended when the test specimen
completely lost bearing capacity or when out-of-plane

FIGURE 2 | Construction drawing of SPRCW-1.

TABLE 2 | Material properties of steel.

Steel type Yield strength (MPa) Ultimate strength (MPa) Elastic modulus (MPa) Yield strain (με)

2.2 mm section steel 384.2 414.1 212,491.7 1808
Q235A 302.8 450.1 202,043.2 1495
φ6.5 419 607.7 254,663.6 1645
φ8 329.3 494.6 201,135.0 1637

TABLE 3 | Concrete strength and axial load ratio.

Number of
test specimen

Measured strength
value of

150 mm cube
test specimen

(N/mm2)

Design value
of concrete

strength (N/mm2)

Axial load
of test

specimen (KN)

Axial load
ratio in
test

Designed compression
ratio

SPRCW − 1 55.2 25.68 826 0.16 0.4
SPRCW − 2 58.1 27.03 869 0.16 0.4
SPRCW − 3 58.8 27.36 879 0.16 0.4
SPRCW − 4 54.8 25.5 820 0.16 0.4
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instability caused loading difficulty. See Figure 4 for the test
loading protocol.

ANALYSIS OF TEST RESULTS OF SEISMIC
PERFORMANCE
Comparative Analysis of Hysteresis Curves
and Characteristics
The load-displacement curves of test specimens obtained in
quasi-static loading tests are referred to as hysteresis curves,
and the closed graph formed by hysteresis curve is referred to
as the hysteresis loop. The internal area of the hysteresis loop has
an energy dimension, which can reflect the energy consumption
caused by plastic deformation of the member under loading
cycles. Under the maximum displacement of the same cycle,
the fuller the hysteresis loop, the stronger the plastic deformation
capacity of the member. The hysteresis curve of a test specimen
can comprehensively reflect the seismic performance indexes,
such as energy dissipation capacity, deformation capacity, and
bearing capacity of the structure in linear and nonlinear stages.
The hysteresis curves of SPRCW-1 to SPRCW-4 are shown in
Figure 5.

According to Figure 5, based on the comparison results, an
observation can be made that SPRCW-1 to SPRCW-4 followed
the same rule, described as follows:

1) From the beginning of loading to the cracking stage, the test
specimens were in an elastic state. After loading and
unloading, the specimens could basically return to the
original state through displacement, and the hysteresis
curve changed linearly.

2) From the beginning of the displacement loading cycle to the
occurrence of wall yielding, the horizontal load of the four test
specimens obviously increased with the increase of the
horizontal displacement, and small residual deformation
occurred during unloading. The envelope area of the
hysteresis curve was small, indicating that plastic deformation
existed but only accounted for a small proportion. The five test
specimens were basically in the elastic stage.

3) At the initial stage of the hysteresis curve after yielding, the
walls of the four test specimens all exhibited obvious oblique
cracks, especially at the bottom of the walls. The four test
specimens all produced large residual deformation, thereby
causing the envelope area of the curves of the four test
specimens to gradually increase after yielding. After

FIGURE 3 | Loading setup.
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yielding, no relative displacement occurred between the steel
plates and the concrete of the four test specimens, indicating
the test specimens had good energy dissipation capacity and
plastic deformation capacity.

4) At the later stage of the yield stage, the bearing capacity of the
test specimen increased slowly with the increase of horizontal
displacement. At the same displacement loading stage, the
bearing capacity of the second cycle was slightly smaller than
that of the first cycle, and the phenomenon became
increasingly obvious after the specimen yielded, indicating
that the residual strain caused by structural damage after the
specimen yielded became increasingly larger.

According to Figure 5, based on the comparison, an
observation can be made that the hysteresis curves of
SPRCW-1 to SPRCW-4 exhibited the following differences:

1) SPRCW-2 had a large shear failure, and shear-type inclined
cracks developed too early. As such, the test specimen reached
the strength yield point earlier than the desired state, and after
reaching the maximum bearing capacity point, the strength
and rigidity of the test specimen decreased obviously. Before
and after the failure, the bearing capacity of the test specimen
dropped sharply, exhibiting a brittle failure characteristic to a
certain degree. By comparing the hysteresis curves of SPRCW-
2 and SPRCW-3, an observation can be made that under the
same steel ratio, the ultimate bearing capacity of SPRCW-3
increased by 6%, and the slope of the hysteresis curve
decreased slowly. After reaching the ultimate bearing
capacity, the stiffness of the test specimen degraded slowly,
and the ductility and energy dissipation capacity were better
than those of SPRCW-2, indicating that when the steel strip

was placed on both sides of the walls, the bearing capacity and
ductility of the walls would be improved.

2) At the beginning, the hysteresis loops of the four test
specimens all opened in a curve shape. With the increase
of displacement, the walls gradually inclined to the
displacement axis after yielding, and the stiffness gradually
deteriorated. According to the hysteresis curves of the four
specimens, although the hysteresis curves of the four
specimens were full, the degrees of stiffness degradation
were different. By comparing SPRCW-1 to SPRCW-4,
when the steel plate was placed on both sides of the walls,
the hysteresis loop was fuller, the curve dropped slowly, the
energy consumption was relatively good, and the stiffness
degradation was slow. After yielding, the section steel shear
walls gradually began to pinch, indicating that the
reinforcement and section steel inside the walls began to slip.

3) By comparing the descending process of the hysteresis curve
of four specimens, SPRCW-1 to SPRCW-4, an observation
can be made that the higher the steel ratio, the slower the
descending and the better the ductility, indicating that the
ductility of the shear walls could be effectively improved by
appropriately increasing the steel ratio.

Comparative Analysis of Backbone Curves
The backbone curves of the test specimens were formed by
connecting the extreme points of the load in the various steps
of forward and backward displacement loading in the test process
to the envelope. Backbone curves refer to the track of themaximum
peak of horizontal force during the test and are an important data
model to study the non-linear performance of structural
specimens, which reflects the characteristics of stress and
deformation of specimens in different stages, including ductility,

FIGURE 4 | Loading protocol during displacement control.
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stiffness, strength, and other performance indicators. The
backbone curves of SPRCW-1 to SPRCW-4 are shown in Figure 6.

From the characteristic points of the backbone curves of the
four test specimens, the descending section of the backbone
curves of test specimen SPRCW-2 was steeper, and thus, the
deformation capacity was weaker. For SPRCW-1, the inside steel
plate of test specimen SPRCW-1 was placed on the same position,
but the relative steel ratio was increased by 1.6%, and the
descending section of backbone curves was relatively smooth,
with good deformation capacity and ductility. Compared with
SPRCW-3 and SPRCW-4, an observation can be made that after
reaching the peak load point, the descending section of SPRCW-4
with higher relative steel ratio was almost horizontal for a long
distance. During backward loading, the slope of the curve from
failure to complete loss of bearing capacity was still slightly
smaller than that of SPRCW-3, indicating that the test

specimen with higher steel ratio not only had better
deformation capacity and ductility, but also had better energy
dissipation capacity after failure occurred. Compared with
SPRCW-3 and SPRCW-4 with the same steel ratio but
different steel plate positions, an observation can be made that
although the performances of the two test specimens were better
than those of the first two test specimens, the downward slope of
the backbone curves of SPRCW-3 were larger and the downward
trend was faster compared with SPRCW-4, indicating that the
different positions of steel plates could effectively inhibit the
premature failure of the test specimen, and could help to ensure
the rigidity of the specimens, thereby improving the deformation
ability and energy consumption ability thereof to a certain degree.
When comparing and analyzing tests of SPRCW-2 and SPRCW-
3, the aforementioned characteristics were also present,
confirming the aforementioned experimental conclusion to

FIGURE 5 | Hysteresis curves diagram of test specimens.
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some extent. The results of comparative analysis of the five
specimens reveal that when the load peak point was reached,
the displacement of the five specimens was basically the same, but
the bearing capacity was obviously different. The peak loads were
as follows: SPRCW-4 > SPRCW-1 > SPRCW-3 > SPRCW-2.
Comparing SPRCW-1 with SPRCW-2, and SPRCW-3 with
SPRCW-4, respectively, an observation can be directly made
from the backbone curves that the higher the steel ratio, the
higher the bearing capacity of the test specimens. Comparing
SPRCW-1 to SPRCW-4, an observation can be directly made
from the backbone curves that the steel plates were located at
different positions. When the steel plates were closer to both sides
of the walls, the greater the rigidity of the test specimen and the
higher the bearing capacity. To summarize, an observation can be
directly made from the backbone curves that the seismic
performance of the composite shear walls could be effectively
improved when the steel ratio was larger.

Strain Analysis of Steel Plates
Stress Distribution Law of Steel Plates in the Walls
In order to compare and analyze the different strain laws of
steel strip in composite shear walls during loading, the

reduced stress of measurement points under various
displacement cycles of steel plate was obtained by arranging
triaxial 45°strain rosette (shown in Figure 7) at the lower part
of steel strip in the walls, to allow for the functions of steel
strips at different positions and steel strips with different steel
ratios in mid-rise and high-rise shear walls to be further
elucidated.

The principal stress of the steel strip could be calculated by
Equation 1:

σ
max
min

� E

2(1 − ]) (ε0 + ε90) ± E�
2

√ (1 + ])
�������������������
(ε0 + ε90)2 + (ε0 − ε90)2

√

(1)

In the calculation, the assumption is that there is no
displacement parallel to the neutral surface at each point in
the plane of the plate, and the stress of each point in the steel
plate along the thickness direction is zero, that is, σ2 � 0.
According to the fourth strength theory
(σ1 � σmax, σ3 � σmin), the following reduced stress could be
obtained (Sun et al., 2021):

FIGURE 6 | Backbone curves of the test specimens.
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σcr �
���������������������������
(σ1 − σ3)2 + (σ2 − σ3)2(σ3 − σ1)2

2

√

�
����������������������
σ2
max + σ2

min + (σmin − σmax)2
2

√
(2)

where Es is 2.02 105 (MPa), υ is 0.25, and σcr ≥fy, indicating that
the steel plate reaches the yield strength. As for reduced stress, the
strain data corresponding to the tensile side of the steel plate
when the test specimen was loaded to the peak value in the first
cycle were used, that is, the strain box collected the data of the
tensile steel plate when the first-step displacement cycle was
loaded forward and backward. The data results are shown in
Figure 8 and Table 4.

The shear modulus of steel strips could be calculated by
Equation 3:

G � E

2(1 + ]) (3)

In the calculation, if each point in the plane of the plate had no
displacement parallel to the neutral surface, that is, assuming that
each point in the steel plate had zero deformation along the
thickness direction, then:

εx � ε0°; εy � ε90°

ε45° �
ε0° + ε90°

2
+ ε0° − ε90°

2
cos(2 × 45°) −

cxy
2
sin(2 × 45°)

(4)

The in-plane shear deformation could be calculated as follows:

cxy � ε0° + ε90° − 2ε45° (5)

Therefore, the shear stress could be denoted as follows:

τxy � Gcxy (6)

where Poisson’s ratio ] is 0.25, and τxy is greater than 0.7 times
of the ultimate tensile strength of the steel plate (450.1 × 0.7 �
315.07 MPa), indicating the steel plate has reached the shear
yield strength. As for shear stress, the strain data corresponding
to the tensile side of the steel plate when the test specimen was
loaded to the peak value in the first cycle were used, that is, the
data collected by the strain box when the steel plate was in
tension when the first-step displacement cycle was loaded
forward and backward. The data results are shown in
Figure 9 and Table 5.

From Figures 8 and 9 and Tables 4 and 5, the following
observations can be made:

1) With the increase of horizontal load, the strain in the three
directions of the strain rosette in the steel strip would increase
correspondingly, resulting in a corresponding increase in the
reduced stress and shear stress. Before the walls cracked, the
steel plate and the concrete would jointly bear the tensile and
compressive stress and shear stress. When the strain rosette
was located at the position where the main tensile stress
reached the tensile strength of the concrete, the concrete
would crack rapidly, the tensile concrete at the crack would
fail, and the stress would drop to zero. At this time, the tensile

and compressive stress and shear stress on the walls would
suddenly increase, which would lead to the sudden increase of
the reduced stress and shear stress that can be seen in Tables 4
and 5. However, because of bonding stress, cracks would close
during unloading, leading to a drop in strain gauge data after
reloading, thereby causing a short-term drop in reduced stress
and shear stress of some steel observation points after the
sudden increase.

2) With the continuous increase of horizontal displacement, by
comparing two groups of test specimens, SPRCW-1 and
SPRCW-4, SPRCW-2 and SPRCW-3, an observation can
be made from the four identical measurement points that
the displacement of steel plate with the sudden increase of
reduced stress and shear stress of specimens SPRCW-3 and
SPRCW-4 on both sides of the walls body occurred later,
indicating that the arrangement of steel plate on both sides of
the walls could effectively limit the development of cracks.

3) Comparing the four identical measurement points of two
groups of test specimens, SPRCW-1 and SPRCW-2, and
SPRCW-3 and SPRCW-4, respectively, an observation can
be made that the shear stress of the two test specimens
SPRCW-2 and SPRCW-3 with lower steel ratio was smaller
in the early stage, and the yield increased rapidly in the later
stage. At the same time, the shear stress of the test specimens
SPRCW-1 and SPRCW-4 with higher steel ratio exhibited a
gradual increased trend with the increase of displacement.
Thus, when the steel ratio was small, the shear strength of the
steel plate in the composite shear walls could not be fully
exerted, the rigidity of the walls degraded rapidly, and the
energy dissipation capacity was relatively poor.

4) Comparing the four same measurement points of SPRCW-1
and SPRCW-4, and SPRCW-2 and SPRCW-3, respectively, an
observation can bemade that when the positions of steel plates
in the walls were different, based on the reduced stress and

FIGURE 7 | Triaxial 45° strain rosette.
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FIGURE 8 | Comparative analysis diagram of reduced stress of steel plates of SPRCW-1 to SPRCW-4.

TABLE 4 | Reduced stress on tensile side of steel plate.

Measurement point Test specimen No. Horizontal displacement (mm)

Crack 1.5 3 5 8 10 13 15

gb1 SPRCW-1 33.42 43.23 146.95 305.29
SPRCW-2 Bad track Bad track Bad track Bad track Bad track Bad track Bad track Bad track
SPRCW-3 22.54 57.94 138.69 312 267.02 203.26 227.77 195.87
SPRCW-4 24.78 108.74 145.61 277.06 314.07

gb2 SPRCW-1 16.83 59.24 196.61 295.12 308.07
SPRCW-2 26.36 66.14 92.66 154.16 308.27
SPRCW-3 15.51 64.54 149.64 193.01 272.70 287.29
SPRCW-4 12.27 59.36 72.58 119.17 141.44 150.73 219.71

gb3 SPRCW-1 27.83 43.97 112.31 296.6
SPRCW-2 52.13 52.93 124.95 211.39 293.44
SPRCW-3 25.09 127.68 142.95 182.75 279.06 227.94
SPRCW-4 24.12 75.91 108.50 197.04 277.66 288.14 325.74

gb4 SPRCW-1 32.90 73.88 156.51 255.15 313.43
SPRCW-2 25.26 32.83 125.12 193.74 283.29
SPRCW-3 24.12 75.91 108.50 197.04 277.66 288.14
SPRCW-4 29.90 41.19 120.09 224.26 242.82 291.04

Note: The data in the table are the strain values obtained by forward loading in the first cycle.
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shear stress curves converted from the strain rosettes at the
same measurement point, the stress growth rates were
different when the steel plates were placed in different
positions of the walls. When placed on both sides of the

walls, the curve was relatively smooth, and thus, different steel
plate positions could be found to have a certain influence on
the energy dissipation capacity and stiffness degradation of
the walls.

FIGURE 9 | Comparative analysis diagram of shear stress of steel plates of SPRCW-1 to SPRCW-4.

TABLE 5 | Shear stress on tensile side of steel plate.

Measurement point Test specimen No. Horizontal displacement (mm)

Crack 1.5 3 5 8 10 13 15

gb1 SPRCW-1 14.22 23.52 29.9 30.06 36.95 52.28 161.11 299.28
SPRCW-2 Bad track Bad track Bad track Bad track Bad track Bad track Bad track Bad track
SPRCW-3 15.43 29.41 98.01 166.45 95.99 99.22 108.84 195.87
SPRCW-4 19.56 28.44 57.20 100.59 157.56 182.85 241.59 365.78

gb2 SPRCW-1 5.25 8.32 28.28 64.72 394.95
SPRCW-2 7.76 30.63 54.06 96.72 164.03
SPRCW-3 8.56 33.21 55.59 59.39 79.99 111.99 142.13 219.71
SPRCW-4 9.29 29.33 49.93 87.83 106.68 116.19 174.37 258.80

gb3 SPRCW-1 20.93 26.34 53.41 124.51 284.34
SPRCW-2 9.45 20.52 29.55 52.52 190.12 280.21
SPRCW-3 4.77 28.36 58.60 128.63 192.30 332.74
SPRCW-4 8.64 18.18 32.80 60.43 141.48 200.14 217.27

gb4 SPRCW-1 19.64 25.05 32.81 41.78 67.87 104.56 199.42
SPRCW-2 25.26 32.83 125.12 193.74 113.52 268.90 332.41
SPRCW-3 31.43 33.61 44.36 51.63 60.68 96.88 141.24 170.97
SPRCW-4 16.73 26.10 45.09 65.93 75.31 99.63 141.08 213.64
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Comparative Analysis of Cold-Formed Steel Strain in
SPRCW-1 to SPRCW-4 Concealed Column
Under the conditions of different steel ratios and different steel
strip arrangement positions, SPRCW-1 to SPRCW-4 were
equipped with cold-formed thin-walled steel with the same
form and steel ratio. To compare the hysteresis curves of
section steel strain before the strain gauge was damaged, four
representative measurement points, xg2, xg3, xg7,s and xg8,
which were located at the same position of four composite
shear walls test specimens from SPRCW-1 to SPRCW-4, were
taken. The detailed strain values of each measurement point in
each stage are shown in Figures 10–13.

The strain hysteresis curves in Figures 10–13 are the strain-
displacement curves of four measurement points of section steel
in the embedded column before the strain gauge was damaged
due to cracks in the walls. An observation can be made from said
figures that the overall trend of the section steel strain was
basically the same, and the strain value at the measurement
point increased continuously to the peak value and then
gradually fell back with the increase of displacement. Before
the strain gauge was damaged, the extreme strain values of the
section steel in SPRCW-1 and SPRCW-4 embedded columns
were greater than those of SPRCW-2 and SPRCW-3, indicating
that the bending bearing capacities of the section steel in SPRCW-
1 and SPRCW-4 embedded columns were fully utilized, and the

bending and shearing resistances of the walls could be
simultaneously improved when the steel ratio in the walls was
high, thereby ensuring the balanced development of the bending
deformation and shearing deformation of the walls during the
whole loading process. The full utilization of the strength of the
section steel material in the embedded column also reveals that
the walls had higher bearing capacity and strong bending
resistance, and the test specimen had better ductility.

Compared with SPRCW-1 and SPRCW-2, the time taken to
reach the strain extreme values for SPRCW-4 and SPRCW-3 was
longer. The four different measurement points all reflect such
phenomenon to varying degrees, revealing that when the steel
strip in the walls was placed on both sides with the same steel
ratio, the flexural rigidity of the composite shear walls slowly
diminished, and the shear deformation composition was smaller.
Moreover, when the steel strip in the walls was located on both
sides, the ductility of the composite shear walls would be
effectively improved.

Strain Analysis of Reinforcement
Strain Analysis of Horizontally Arranged
Reinforcement
The layout of horizontally arranged reinforcement in
SPRCW-1 to SPRCW-4 walls was the same. Representative
measurement points with the same positions were,

FIGURE 10 | Strain comparison diagram of cold-formed steel on xg2.
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respectively, selected for comparative analysis. See Figure 14
and Table 6 for detailed strain values of each measurement
point in each stage.

From Figure 14 and Table 6, the following observations can
be made.

By comparing and analyzing the hysteresis curves of
horizontally arranged reinforcement in the middle and lower
part of the walls, when △ � 3 mm, the strain of horizontally
arranged reinforcement of SPRCW-2 was found to increase
sharply after the walls yielded, and the horizontally arranged
reinforcement yielded before △ � 15 mm. However, the other
three test specimens were close to yielding only after △ � 15 and
18 mm, respectively. As such, an assumption could be made that
with the increase of the steel ratio of the walls, the stress of the
horizontally arranged reinforcement in the walls could be
effectively increased, and the yield of the horizontally arranged
reinforcement could be delayed. The effect of changing the
position of the steel plate in the walls was not as obvious as
that of increasing the steel ratio.

Strain Analysis of Vertically Arranged Reinforcement in
Embedded Columns in the Walls
The bending resistance of shear walls was affected by the
vertically arranged steel reinforcement in the embedded
columns on both sides of the walls. Representative
measurement points of vertically arranged steel

reinforcement in the embedded columns were selected. See
Figures 15–17 and Table 7 for the strain values of each
measurement point in each stage.

The strain hysteresis curves in Figures 15–17 are the
strain-displacement relation curves of the three
measurement points of the longitudinally arranged
reinforcement in the embedded column before the strain
gauge was damaged due to cracks in the walls. From
Figures 15–17 and Table 7, an observation can be made
that the strain values of the five test specimens of composite
shear walls were different at all steps of the displacement
loading stage, but the overall strain trend of longitudinally
arranged reinforcement in the embedded column was
basically the same. With the increase of displacement, the
strain value at the measurement point continuously increased
to the peak value and then gradually decreased. Before the
strain gauge was damaged, the extreme strain values of
vertically arranged reinforcement of SPRCW-1 and
SPRCW-4 were greater than those of SPRCW-2 and
SPRCW-3, indicating that the bending bearing capacities
of vertically arranged reinforcement of SPRCW-1 and
SPRCW-4 had been fully utilized. When the steel ratio in
the walls was high, the bending and shearing resistance of the
walls could be simultaneously improved, thereby ensuring
the balanced development of the bending deformation and
shearing deformation of the walls in the whole loading

FIGURE 11 | Strain comparison diagram of cold-formed steel on xg3.
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process. The full utilization of the vertically arranged
reinforcement strength also indicates that the walls had
higher bearing capacity, strong bending resistance, and the
test specimen had better ductility.

When the vertically arranged reinforcement reached the same
strain extreme value, compared with SPRCW-1 and SPRCW-2,
SPRCW-4 and SPRCW-3 took a longer time. Such findings were
more obvious at the ag3measurement point, indicating that when
the steel strip in the walls was placed on both sides with the same
steel ratio, the flexural rigidity of the composite shear walls slowly
diminished, and the shear deformation composition became
smaller. Moreover, when the steel strip in the walls was
located on both sides, the ductility of the composite shear
walls would be effectively improved.

Comparative Analysis of Specimen
Deformation Capacity
Deformation capacity is an important index for measuring the
superiority of seismic performance of members. The ductility
coefficient was used to quantitatively evaluate the deformation
capacity of the members in the occurrence of an earthquake.

When the structure or member had large ductility, the structure
or member would consume sufficient energy due to plastic
deformation, such that the structural bearing capacity would not
be reduced rapidly under the condition of certain deformation of the
member. As such, the design goal of being repairable after amedium
earthquake and not collapsing after a large earthquake was achieved.

A visual comparison of the yield displacement of the four
specimens is shown in Table 8. A conclusion can be drawn that
the yield displacement relationship of the four specimens was as
follows: SPRCW-4 > SPRCW-1, SPRCW-2 > SPRCW-3. The
comparison of SPRCW-1 with SPRCW-2 and SPRCW-3 with
SPRCW-4 reveals that the yield displacement of specimens with
high steel ratio increased slightly but had little effect. Compared
with SPRCW-4 and SPRCW-1, for SPRCW-4 and SPRCW-2, the
yield displacement increased by 11.05 and 28.26%, respectively,
indicating that different positions of steel plates could have a
relatively obvious impact on the yield displacement, which is the
same as the comparison law of yield load of the four specimens.
Comparing the test results of SPRCW-3 and SPRCW-2, the yield
displacement of SPRCW-3 was 9.43% higher than that of
SPRCW-2, thereby verifying the aforementioned conclusion.
However, when the steel ratio was relatively large, the effect of

FIGURE 12 | Strain comparison diagram of cold-formed steel on xg7.
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adjusting the position of wall steel plate was more obvious in
improving the yield displacement.

The limit displacements of the four specimens are shown in
Table 8. An observation can be made that the magnitude
relationship was as follows: SPRCW-4 >SPRCW-1 >SPRCW-3 >
SPRCW-2. Compared with SPRCW-1 and SPRCW-2, for SPRCW-
3 and SPRCW-4, the limit displacements of the two groups of
specimens increased by 24.12 and 29.16%, respectively, indicating
that the extreme yield displacement of the specimens with higher
steel ratio was significantly improved. Compared with SPRCW-4
and SPRCW-1, for SPRCW-4 and SPRCW-2, the limit
displacement increased by 14.44 and 6.37%, respectively,
indicating that different positions of steel plates could have a
relatively obvious impact on the limit displacement, which is the
same as the comparison law of the limit load of the four specimens.

The comparison of ductility coefficient between four
specimens and ordinary high-strength concrete shear wall is
shown in Table 8 and the following observations can be
made: 1) compared with ordinary high-strength concrete shear
wall, the ductility coefficients of SPRCW-1 ∼ 4 were increased by
78.17, 65.71, 77.22, and 83.59%, respectively, indicating that the
ductility of specimens could be significantly improved by adding
cold-formed steel diagonal bracing or setting steel plate strip in
the wall body; 2) the ductility coefficient of SPRCW-1 relative to

SPRCW-4 was reduced by 3.04%, and that of SPRCW-2 relative
to SPRCW-3 was reduced by 8.67%, indicating that changing the
position of the steel plate strip in the wall body could improve the
ductility effect of the shear wall; and 3) the ductility coefficient of
SPRCW-2 relative to SPRCW-1 was reduced by 7.52%, and that
of SPRCW-3 relative to SPRCW-4 was reduced by 1.96%,
indicating that changing the position of the steel plate strip in
the wall could improve the ductility of the shear wall.

Comparative Analysis of Energy
Consumption Capacity
The following observations can be made from the comparison
between Tables 9 and 10:

1) The overall trend of the equivalent viscous damping coefficients of
SPRCW-1-4 increased with the increase of displacement, which
could be attributed to the increase of displacement increasing the
energy consumption, such that the equivalent viscous damping
coefficient would increase accordingly. The equivalent viscous
damping coefficient increases with the increase of specimen
cracking, crack development, yield of built-in section steel and
steel plate, reinforcement, later plastic deformation of wall body,
and aggregate bite dislocation between concrete cracks.

FIGURE 13 | Strain comparison diagram of cold-formed steel on xg8.
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2) In the two groups of comparison specimens, SPRCW-1 and
SPRCW-4, and SPRCW-2 and SPRCW-3, the relative value of
equivalent viscosity coefficient of SPRCW-2 in each
displacement cycle stage from yield displacement to
ultimate displacement was greater than SPRCW-3. The
relative value of equivalent viscosity coefficient of SPRCW-
1 was found also to be larger than that of SPRCW-4 under the
same displacement controlled loading from yield
displacement to ultimate displacement. Such findings reveal

that under the same displacement control loading, when the
steel plate in the wall was placed in the middle of the wall, the
pinch of the specimen could be more effectively prevented,
and the energy dissipation capacity of the structural wall could
be improved.

3) In the comparison specimens of SPRCW-1, SPRCW-2,
SPRCW-3, and SPRCW-4, the relative value of the
equivalent viscosity coefficient of SPRCW-2 in each
displacement cycle stage was close to SPRCW-1 at the

FIGURE 14 | Strain comparison diagram on hg3.

TABLE 6 | Strain statistics on measurement points of horizontally arranged reinforcement.

Measurement point Test specimen No. Horizontal displacement (mm)

1.5 3 5 8 10 13 15 18

hg-3 SPRCW-1 134 299 488 507 701 833 946 1,392
SPRCW-2 117 260 896 944 1,085 1705 Overflow Overflow
SPRCW-3 184 397 657 869 743 981 1624 Overflow
SPRCW-4 105 169 373 412 603 908 1122 1,225
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initial stage of the yield displacement to the ultimate
displacement stage. SPRCW-3 was found to also be close
to the relative value of equivalent viscosity coefficient of
SPRCW-4 at the initial stage from yield displacement to
ultimate displacement. In the later stage from yield
displacement to ultimate displacement, the specimens
with higher steel ratio in both groups had slightly lower

equivalent viscous damping coefficients of SPRCW-1 and
SPRCW-4, indicating that in the later stage from yield
displacement to ultimate displacement, a slight pinch
phenomenon would occur in the composite shear wall
when the steel ratio of steel plate in the wall body was
high, which is consistent with the hysteretic curves of
SPRCW-1 and SPRCW-4.

FIGURE 15 | Strain comparison diagram on ag10.
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Comparative Analysis of Strength
Attenuation Law
During the loading process, the bearing capacity of members
would be reduced due to deformation and damage. In the study of
structural earthquake resistance, the structural strength is
generally measured by the strength attenuation coefficient. The
strength attenuation coefficient of the present test was calculated
using the following formula:

β � P2

P1
(7)

where P1 is the extreme value of horizontal bearing capacity in the
first cycle during each displacement cycle, and P2 is the extreme
value of horizontal bearing capacity in the second cycle during
each displacement cycle.

Figure 18 shows the strength attenuation curves of five
specimens of composite shear wall and section steel shear

FIGURE 16 | Strain comparison diagram on ag3.
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wall under different parameters, which can be seen as
follows:

1) Before the SPRCW-1-4 strength attenuation coefficient reached
the limit displacement β, a crack developed, and the steel plate

in the wall body began to directly participate in resisting part of
the external force, such that the bearing capacity of the
specimen was slightly improved before reaching the ultimate
bearing capacity. An observation can be made from the
SPRCW-1-4 test phenomenon that the steel plate had a

FIGURE 17 | Strain comparison diagram on ag8.
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TABLE 7 | Strain statistics on measurement points of vertically arranged reinforcement in embedded columns in the walls at different stages.

Measurement point Test specimen No. Horizontal displacement (mm)

1.5 3 5 8 10 13 15 18

ag-3 SPRCW-1 703 1087 1383 1897 Overflow Overflow Overflow Overflow
SPRCW-2 475 907 1091 1221 1424 1981 Overflow Overflow
SPRCW-3 278 508 1345 1480 1832 1866 Overflow Overflow
SPRCW-4 480 881 1311 1885 2385 Overflow Overflow Overflow

ag-8 SPRCW-1 13 305 1175 1317 1289 1035 1106 1086
SPRCW-2 -195 25 618 630 554 385 282 Overflow
SPRCW-3 10 192 413 403 360 338 284 281
SPRCW-4 -3 273 597 682 740 818 914 990

ag-10 SPRCW-1 223 723 931 1225 1575 1646 1154 818
SPRCW-2 30 466 867 1001 953 899 702 Overflow
SPRCW-3 109 627 1023 1104 Overflow Overflow Overflow Overflow
SPRCW-4 228 473 643 842 Overflow Overflow Overflow Overflow

Note: The data in the table are the strain values obtained by forward loading in the first cycle of loading.

TABLE 8 | Ductility coefficient of the specimens.

Number
of test specimen

Yield displacement (mm) Limit displacement (mm) Ductility coefficient Relative value of
ductility coefficient

SPRCW − 1 2.787 15.492 5.559 1.075
SPRCW − 2 2.414 12.481 5.170 1
SPRCW − 3 2.616 13.726 5.618 1.087
SPRCW − 4 3.095 17.729 5.728 1.107

TABLE 9 | Relative energy dissipation coefficient.

Cycle serial number Relative energy dissipation coefficient of each loading stage

SPRCW-1 SPRCW-2 SPRCW-3 SPRCW-4

1 1.191 0.837 0.578 0.648 Cracking
2 0.921 0.658 0.521 0.581 Δ � 1.5 mm
3 0.632 0.569 0.498 0.746 Δ � 3 mm
4 0.723 0.636 0.517 0.4853 Δ � 5 mm
5 0.891 0.927 0.728 0.801 Δ � 8 mm
6 0.780 0.825 0.704 0.723 Δ � 10 mm
7 0.914 1.012 0.920 0.764 Δ � 13 mm
8 0.977 1.577 1.108 0.824 Δ � 15 mm
9 1.234 1.767 1.32 Δ � 18 mm
10 1.401 1.552 Δ � 20 mm

TABLE 10 | Equivalent viscous damping coefficient.

Cycle serial number Equivalent viscous damping coefficient at each loading stage

SPRCW-1 SPRCW-2 SPRCW-3 SPRCW-4

1 18.963 13.323 9.200 10.320 Cracking
2 14.661 10.467 8.292 9.253 Δ � 1.5 mm
3 10.054 9.057 7.933 11.874 Δ � 3 mm
4 11.507 10.119 8.226 7.712 Δ � 5 mm
5 14.182 14.750 11.583 12.744 Δ � 8 mm
6 12.409 13.127 11.197 11.503 Δ � 10 mm
7 14.555 16.113 14.649 12.152 Δ � 13 mm
8 15.542 25.094 17.642 13.119 Δ � 15 mm
9 19.629 28.130 20.990 Δ � 18 mm
10 22.304 24.705 Δ � 20 mm
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certain inhibitory effect on the development of wall cracks and
through inclined cracks, which could effectively reduce the
damage of the test piece, to improve the ability of the test piece
to resist external effects to varying degrees. The built-in steel
strip could effectively maintain the bearing capacity of the wall.
When the bearing capacity of the specimen decreased to about
85% of the ultimate bearing capacity thereof, the value would
drop rapidly, and the specimen would become damaged.

2) The strength attenuation coefficient curve of SPRCW-2
decreased the earliest and the fastest. Although the strength
attenuation coefficient curve of SPRCW-3 decreased earlier, the
decrease was slower compared with SPRCW-2. The attenuation
rates of SPRCW-3 and SPRCW-4were the same. After exceeding
the limit displacement, SPRCW-4 decreased more slowly,
indicating that when the steel ratio of the built-in steel plate
belt in the wall was high, the built-in steel plate belt could delay
the degradation of structural strength.

CONCLUSION

According to the performance of the four test specimens of
composite shear walls under quasi-static loading, the seismic
performance indexes of the four test specimens were calculated,
analyzed, and compared in the present paper. The following
conclusions were drawn:

1) By comparing the hysteresis curves and backbone curves of the
four specimens, placing steel strips and angle steel embedded
supports in the walls was found to be able to improve the
bearing capacity of the shear walls to a certain extent. By
comparing the hysteresis curves of SPRCW-2 and SPRCW-
3, under the same steel ratio, the ultimate bearing capacity of
SPRCW-3 was found to increase by 6%, and the slope of
hysteresis curve was found to decrease slowly. The effect was

more obvious when the steel ratio of the internal steel plate in
the walls was higher, and angle steel embedded support could
improve the bearing capacity of the walls most obviously.

2) Before the strain gauge was damaged, the extreme strain values
of the section steel in SPRCW-1 and SPRCW-4 embedded
columns were greater than those of SPRCW-2 and SPRCW-3,
indicating that the bending bearing capacity of the section steel
in SPRCW-1 and SPRCW-4 embedded columns was fully
utilized, and the bending and shearing resistance of the walls
could be simultaneously improved when the steel ratio in the
walls was high, thereby ensuring the balanced development of
the bending deformation and shearing deformation of the walls
during the whole loading process.

3) Comparing the strain analysis results of the steel plate, the
section steel, and the reinforcement of the four test specimens
of composite shear walls, a conclusion could be drawn that the
reasonable position of steel plate with a certain steel ratio and
steel plate in the walls could effectively inhibit the shear
deformation of the results, make the walls have strong
shear rigidity, and ensure that the bending bearing capacity
of vertically arranged reinforcement in the walls was fully
utilized, thereby ensuring the structure had better ductility
and energy dissipation capacity. Compared with SPRCW-1
and SPRCW-2, SPRCW-4 and SPRCW-3 took a longer time,
indicating that when the steel strip in the walls was placed on
both sides with the same steel ratio, the flexural rigidity of the
composite shear walls slowly diminished, and the shear
deformation composition became smaller.

4) Comparing the strength attenuation law of four specimens,
the built-in steel plate and angle steel concealed support was
found to be able to delay the attenuation speed of the
structural bearing capacity, to improve the seismic
performance of the structure. The location of the adjusting
steel plate had little effect on slowing the decay rate of the
structural bearing capacity, while increasing the rate of steel

FIGURE 18 | Strength attenuation curves.
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distribution could effectively slow down the decay rate of the
structural bearing capacity to a certain extent. However, the
effect was not as obvious as that of the steel shear wall with a
concealed bracing angle.
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