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The new insulated single-sided composite shear wall (NISCSW) composition involves setting a precast wall panel on one side and
an insulation panel on the other side, with a middle cavity for casting concrete. To investigate the seismic performance of NISCSW
under different shear spans and axial compression ratios, eight specimens are made, including six composite and two cast-in-place
walls. The shear span ratio is controlled at 1.2 and 1.9, and the axial compression ratio is controlled at 0.1, 0.3, and 0.4. The
specimens are subjected to quasistatic tests to analyze failure modes, hysteresis characteristics, stiffness degradation, displacement
ductility, and energy dissipation capacity and to compare the seismic performance of the composite and cast-in-place walls. Results
show that for each composite specimen, under the same axial compression ratio, the large shear span ratio specimen has a lower
ultimate bearing capacity and faster stiffness degradation but better ductility and postyield energy dissipation capacity. Under the
same shear span ratio, the high axial compression ratio specimen had a higher ultimate bearing capacity, slightly worse ductility,
and similar stiffness degradation and energy dissipation capacity compared to other specimens. Compared with the cast-in-place
specimen with the same axial compression ratio, the composite specimen failure mode and hysteresis characteristics are similar,
and the ductility and energy dissipation capacity are comparable to the cast-in-place shear wall specimen, indicating that NISCSW
has similar seismic performance to the cast-in-place shear wall under conditions of a large shear span ratio and high axial
compression ratio. Based on the test results, the program ABAQUS is used to simulate the specimens. Compared with the test
results, the simulated specimen failure mode is consistent with the test results, and the hysteresis and skeleton curves are consistent
with the test curve, indicating that the model is correct, reliable, and can be verified with test results.

1. Introduction

In recent years, there have been two commonly used meth-
ods for insulating precast exterior wall systems. One is to use
precast concrete shear walls for the structure and add insu-
lation after installation. This method is similar to the tradi-
tional method used in cast-in-place exterior wall systems,
where the quality of the adhesion of insulation is greatly
affected by human factors, making it difficult to ensure the
durability of insulation. The surface of the precast compo-
nents is coated with mold release agents during the produc-
tion process, which affects the adhesion strength of the
insulation to the face of the wall, resulting in low adhesion
strength, and leaving the insulation prone to detachment

from the wall face. Separating the fabrication of the walls
and insulation can hardly meet the goal of improving the
quality and efficiency of prefabricated building production.

The other method is to use a “sandwich” wall for the
structure, where a precast shear wall panel is installed on
one side, insulation is installed in the middle, and an outer
concrete panel is placed on the other side. This method
achieves the integration of the wall, insulation, and decora-
tive elements and resolves the efficiency concern of con-
structing the exterior wall. However, the outer concrete
panel is heavy, placing a high loading requirement on the
connectors. The outer panel is prone to incurring damage
during the lifting and transportation process, and the repair

Hindawi
Advances in Civil Engineering
Volume 2024, Article ID 8818666, 23 pages
https://doi.org/10.1155/2024/8818666

https://orcid.org/0009-0004-2134-8433
https://orcid.org/0009-0009-3358-611X
https://orcid.org/0009-0005-6617-0023
mailto:2013119@cadg.cn
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


and protection of the panel are difficult. The temperature
difference generated by the insulation layer causes structural
thermal stress to occur between the inner and outer panels,
placing the building in an unstable state year-round and
significantly shortening the lifespan of the building structure.

Therefore, a new insulated single-sided composite shear
wall (NISCSW) is proposed, as shown in Figure 1. This new
type of composite shear wall is composed of an insulated
composite wall panel component and cast-in-place concrete
through reliable connectors. It has the advantages of being
lightweight, high efficiency of installation, good durability,
low cost of construction, and the ability to match the service
life as the structure. The insulated composite wall panel
component has a precast concrete wall panel (inner panel)
on one side and an insulation panel on the other side, form-
ing a cavity in the middle for cast-in-place concrete. The
inner panel serves as part of the shear wall and also acts as
an inner formwork during construction. The insulation
panel serves as an external insulation layer and also acts as
an outer formwork during construction. The insulation nail
serves as a reliable connector between the insulation layer
and the cast-in-place layer, preventing the insulation layer
from falling off, but it does not serve as a structural load-
bearing component.

Therefore, scholars from various countries have con-
ducted extensive research on composite shear walls based
on practical needs and have additionally focused on the
study of the mechanical properties of composite shear walls
under axial and lateral load conditions, mainly focusing on
the out-of-plane bending behavior of the composite shear
walls [1–4], compressive performance under axial and eccen-
tric loads [5, 6], combined loading behavior and analysis
[7, 8], thermal properties [9], vertical joints [10], and the
performance of the connectors [11]. Because China is a
country that experiences frequent earthquakes, Chinese
scholars focus more on the seismic performance of the com-
posite shear walls.

Composite shear walls can be classified into double-sided
composite shear walls and single-sided composite shear walls
(Figure 2) according to the composite situation, and the
specific difference is whether the concrete outer panel

participates in the load bearing. There are many studies on
double-sided composite shear walls. Lian et al. [12–14] stud-
ied the seismic performance of double-sided composite shear
walls, while Wang et al. [15, 16] studied the seismic perfor-
mance of composite shear walls with confined boundary
members [17] and with openings; the seismic performance
of the horizontal joints [16, 18–20] and the vertical joints
[21] of composite shear walls, T-shaped walls [22], walls with
a vertical seam [23], and connectors [24] are also the focus of
Chinese researchers. There are few studies focused on the
seismic behavior of single-sided composite shear walls. Gu et
al. [25], Ma et al. [26, 27], and Jiang et al. [28] have already
conducted some research with this focus. However, the exist-
ing research conducted on single-sided composite shear
walls still involves a concrete outer panel, and the investiga-
tions of the seismic performance of specimens without outer
panels are still limited.

With the development of composite shear wall research
and production technology, the maximum allowable appli-
cation height of composite shear walls in China has increased
from 60 to 80m, and the concrete strength of low-level shear
walls has been improved. The shear wall components near
the bottom strengthening zone also show high axial com-
pression ratio characteristics, and the axial compression ratio
of some walls can reach 0.3–0.4. At the same time, due to the
functional requirements of building energy savings and light-
ing, the proportion of large-sized windows used in design has
increased, the length of the walls between windows has
decreased, and the shear span ratio has increased. In multi-
story structures, the shear span ratio of walls between win-
dows can reach 1.7–2.0. Composite shear walls are prone to
being subjected to high axial compression and large shear
span ratios in practical applications. At present time, the
relevant research still has some deficiencies.

There has been some research conducted on composite
shear wall performance when under a high axial compres-
sion ratio. Jiang et al. [28] studied the seismic performance of
single-sided composite shear walls under axial compression
ratios of 0.3 and 0.4 and concluded that the bearing capacity
of the low axial compression ratio specimens is lower, but the
ductility coefficient and energy dissipation coefficient are
higher. Xue et al. [29] studied the in-plane and out-of-plane
seismic performance of double-sided composite shear walls
under an axial compression ratio of 0.5 and concluded that
bending failure occurs on the double-sided composite shear
walls when under a high axial compression ratio, with a
higher ductility coefficient than the cast-in-place specimens,
that the bearing capacity was approximately 11% different
from the cast-in-place specimens, and the ductility coeffi-
cient of the specimens under a high axial compression ratio
was slightly smaller. There is not much research available on
the seismic performance of composite shear walls with a
large shear span ratio, but Zhao et al. [30] studied the seismic
performance of double-sided composite shear walls with a
shear span ratio of 2 using prefabricated boundary elements.
When comparing the results with other test data, the ductil-
ity coefficient of double-sided composite wall components
under a large shear span ratio was larger.
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FIGURE 1: Diagram of NISCSW.
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Therefore, to explore the seismic performance of NISCSW
under different axial compression ratios and shear span ratios,
specifically under conditions of high axial compression and large
shear span ratios, this paper identifies the following methodol-
ogy: design of specimens with shear span ratios of 1.2 and 1.9,
conduct low-cycle horizontal reciprocating tests under axial
compression ratios of 0.1, 0.3, and 0.4 and study the failure
modes and crack distribution, analyze their failure mechanisms,
bearing capacity, stiffness degradation, and energy dissipation
capacity, compare and analyze them with cast-in-place shear
wall specimens under the same test conditions, conduct finite
element analysis on specimens with a shear span ratio of 1.9, and
compare it with the test results to provide references for the
practical application of this type of wall.

2. Test Program

2.1. Design of the Specimens. In this experiment, three groups of
eight specimens were designed and fabricated: SW1-1, SW1-2,
SW1-3, SW2-1, SW2-2, SW2-3, W1, and W2. Among them,
SW1-1∼3 and SW2-1∼3 are NISCSW specimens, and W1
and W2 are cast-in-place concrete shear wall (CCSW)
specimens. The shear span ratio of SW1-1∼3 and W1 is 1.2
and that of SW2-1∼3 and W2 is 1.9. The axial compression
ratio of SW1-1 and SW2-1 is 0.1, that of SW1-2 and SW2-2 is
0.3, and that of SW1-3, SW2-3, W1, and W2 is 0.4. The
specimen is composed of the top beam, the shear wall
(including the wall and boundary elements), and the pedestal.

The dimensions of the top beam and pedestal can be found in
Table 1. Among them, SW1-1∼3 have a wall height of 2,100
mm, SW2-1∼3 have a wall height of 2,900mm, and all heights
include a 50mm thick cast-in-place layer between the shear wall
and the pedestal.W1 has a wall height of 2,100mm, andW2 has
a wall height of 2,900mm. SW1-1∼3 and W1 have a width of
1,900mm, and SW2-1∼3 and W2 have a width of 1,700mm.
The total thickness of the composite specimens is 350mm,
including a 50mm precast layer, a 150mm cast-in-place layer,
and a 150mm insulation layer. The insulation layer is formed in
the manner of a double-layer insulation board, with graphite
extruded board as the inner insulation panel and reinforced
vertical rock wool composite board as the outer insulation
panel. The thickness of the cast-in-place specimens is 200mm.
The horizontal and vertical distribution of the reinforcing bars in
each specimen isD8@200 (the diameter of the steel bars is 8mm,
and the spacing between the steel bars is 200mm), and the
reinforcement ratio of the wall is 0.25%. The main
information of the specimens is shown in Table 2, and the
geometric dimensions and reinforcement of the specimens are
shown in Figure 3.

2.2. Test Setup and Loading Scheme. The test loading device
consists of a vertical loading device and a horizontal loading
device (Figure 4(a)). The top of the insulated composite wall
panel is slightly lower than the bottom of the wall beam,
which does not affect the application of the load. The vertical
load is applied synchronously to the top beam by two
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FIGURE 2: Classification of the composite shear walls: (a) double-sided composite shear wall, (b) single-sided composite shear wall, and (c)
NISCSW, namely a single-sided composite shear wall without a concrete outer panel.

TABLE 1: Main specimen dimensions.

Specimen Dimension of the top beam Dimension of pedestal Wall height Wall width Wall thickness

SW1-1 200× 200× 2,000 600× 500× 3,300 2,100 1,900 50/150/150
SW1-2 200× 200× 2,000 600× 500× 3,300 2,100 1,900 50/150/150
SW1-3 200× 200× 2,000 600× 500× 3,300 2,100 1,900 50/150/150
W1 200× 200× 2,000 600× 500× 3,300 2,100 1,900 -/200/-
SW2-1 200× 200× 1,800 600× 500× 3,100 2,900 1,700 50/150/150
SW2-2 200× 200× 1,800 600× 500× 3,100 2,900 1,700 50/150/150
SW2-3 200× 200× 1,800 600× 500× 3,100 2,900 1,700 50/150/150
W2 200× 200× 1,800 600× 500× 3,100 2,900 1,700 -/200/-

All dimensions for the top beams, pedestal, wall height, wall width, and wall thickness are in millimeters (mm). The dimensions for the top beams and pedestal
are given as height×width× length. Wall height includes the 50mm thick cast-in-place layer between the precast wall and the pedestal. The wall thickness is
shown as a prefabricated layer/cast-in-place layer/insulation layer.
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hydraulic jacks, and a track is installed between the jack base
and the distribution frame to ensure that the line of action of
the vertical load is always perpendicular to the ground. The
horizontal load is applied by a horizontal actuator. As shown
in Figure 4(b), the vertical actuator loading plate is at one-
third of the loading beam, and the wall beam is located at the
exact center of the horizontal actuator loading plate. During
the test, the actuators were well-fixed and there was no slip-
page or misalignment. To prevent safety accidents caused by
the collapse of components, the steel structure bracings are
installed on both sides of the wall.

First, a vertical load is applied to the top of the specimen
and kept at a constant load after reaching the predetermined
test axial compression ratio. The horizontal loading mode is
a low-cycle reciprocating slow loading, and the loading
method of the load–displacement hybrid control is adopted
according to the Chinese Code of Specification for Seismic
Test of Buildings (JGJ/T101-2015) [31]. The first stage is a
load-controlled loading stage, with a 100 kN increment con-
sidered as one level of loading, and there is one loading cycle
per level. After 500 kN has been applied, the load increment
for each level is now applied in 50 kN increments and cycles
once per level until the specimen yields. The second stage is
displacement-controlled loading, with each level increment
being 0.5 times the yield displacement of the specimen and
with three cycles occurring per level. When the load drops to
85% of the peak load, the specimen is considered to have
reached a state of failure, and the loading is stopped. During
loading, push–pull loading is performed according to the
loading system shown in Figure 5.

2.3. Test Measurement Scheme. To measure the changes in
the horizontal displacement of the specimen, displacement
meters are set on the vertical centerline of the height axis for
each specimen. The displacement at the top beam loading
point of the shear wall is measured by two linear displace-
ment meters installed on the top beam. Two linear displace-
ment meters are arranged on both sides at a height of half of
the pedestal to determine the pedestal displacement and to
avoid the influence of the sliding of the pedestal on the data.
The positions of the test displacement meters are shown in
Figure 6.

To study the failure mode and strain law of the speci-
mens, concrete strain gauges and reinforcement strain
gauges are used for measurement purposes. The concrete
strain gauges are arranged mainly in the lower one third of
the height of the shear wall where cracks are earlier to appear.
The reinforcement strain gauges are arranged primarily at
different heights of the steel mesh inside the shear wall and
the reinforcement in the pedestal, and the measuring points
are located at heights of 100, 450, and 850mm from the top
surface of the pedestal and one third of the lower part of the
shear wall, where the steel bars yield earlier. The positions of
the specimen strain gauges are shown in Figure 7.

2.4. Test Phenomenon and Failure Mode. The main failure
processes and modes of each specimen are similar, which are
controlled by the crushing of the concrete in the compression
zone, longitudinal steel bars bending deformation at the edge
of the compression zone, and the fracture of the longitudinal
steel bars and stirrups in the tension zone. Therefore, SW1-3
and SW2-3 are taken as examples for discussion. The crack
patterns of each specimen are shown in Figure 8.

2.5. SW1-3 (with an Axial Compression Ratio of 0.4 and a
Shear Span Ratio of 1.2). At first, the specimen was basically
in an elastic working state without any apparent signs of
cracking, and there was no significant increase in the strain
data of the concrete and steel bars in each part. When the
applied horizontal load reached 700 kN, the first crack
appeared at the lower part of the boundary element on one
side of the specimen. When loaded to 950 kN, the steel bars
in the middle and lower parts of the boundary elements on
both sides of the specimen generally yielded. At this time,
obvious cracks appeared along the diagonal direction on
both sides of the wall and intersected in the middle of the
wall to form an X shape, with the angle between the cracks
and the horizontal direction slightly larger than 45°. Then,
the cracks mostly continued to propagate. When the hori-
zontal displacement was loaded to 29mm, the specimen
reached a peak load of 1,341 kN. At this time, the concrete
crushing at the lower part of the boundary elements on both
sides of the specimen was more serious, and the concrete
cracks at the interface of the precast layer and the boundary
elements increased. When the horizontal displacement was

TABLE 2: Main specimen information.

Specimen Specimen type Position
Shear

span ratio
Axial compression

ratio

Reinforcement ratio
of longitudinal
reinforcement of

boundary elements (%)

Volume stirrup
ratio of boundary
elements (%)

SW1-1 Composite wall Linear wall 1.2 0.1 1.16 1.45
SW1-2 Composite wall Linear wall 1.2 0.3 1.16 1.45
SW1-3 Composite wall Linear wall 1.2 0.4 1.5 1.45
W1 Cast-in-place wall Linear wall 1.2 0.4 1.5 1.45
SW2-1 Composite wall Wall between windows 1.9 0.1 1.16 1.45
SW2-2 Composite wall Wall between windows 1.9 0.3 1.16 1.45
SW2-3 Composite wall Wall between windows 1.9 0.4 1.5 1.45
W2 Cast-in-place wall Wall between windows 1.9 0.4 1.5 1.45
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FIGURE 3: Continued.
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FIGURE 3: Dimensions and steel reinforcement layout of specimens: (a) SW1-1∼2, (b) SW1-3, (c) W1, (d) SW2-1∼2, (e) SW2-3, and (f ) W2.
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loaded to 30mm for the second cycle, at the lower part of the
shear wall, the longitudinal reinforcement yielded, the stirrup
and the interface between the insulation layer and the cast-in-
place layer were detached, the insulation nails were embedded
in the vertical wire rock wool layer, the cast-in-place concrete
layer between the wall and the pedestal was compressed and
then destroyed, and there was slight slippage between the
lower part of the precast layer and the boundary elements.
Finally, when the displacement was loaded to 30mm in ten-
sion, the concrete at the bottom of the shear wall was com-
pressed and broke, the steel bars yielded, the horizontal load
decreased to 85% of the peak load, and the test was ended.
During the entire test process, although the insulation layer
was partially detached from the cast-in-place layer, it did not
fall off, and the connectors effectively connected the insula-
tion panel and the structural layer. Figure 9(a) shows the
details of the failure mode of SW13.

2.6. SW2-3 (with an Axial Compression Ratio of 0.4 and a
Shear Span Ratio of 1.9). At first, the behavior of the speci-
men was basically the same as that of SW1-3. When the
horizontal load reached 350 kN, two horizontal flexural
cracks appeared at a height of 320mm above the shear
wall edge. When loaded to 650 kN, multiple horizontal
cracks appeared in the height direction of the shear wall,
and the cracks were extended to 1.2m along the height of
the wall. The horizontal flexural cracks extended to the pre-
cast layer and developed into diagonal flexural-shear cracks,
and the longitudinal reinforcement of the boundary elements
yielded. Subsequently, cracks continued to develop and were
concentrated at the root of the wall. The flexural-shear cracks
on both sides intersected in the middle of the shear wall, all
the longitudinal reinforcement of the boundary elements
yielded, and the concrete on the tensile side cracked. When
the horizontal displacement was loaded to 29mm, the
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FIGURE 4: (a) Test setup and (b) loading position.
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specimen reached its peak loading condition of 833 kN, and a
small area of concrete relaxation occurred at the root of the
wall on the compression side. The long crack at the interface
between the shear wall and the pedestal deepened. When the
horizontal displacement reached 36mm, all the longitudinal
and stirrup bars below the 200mm height of the boundary
elements were exposed, and the outermost longitudinal bars
of the boundary elements were compressed and then yielded.
The insulation layer was separated from the structural layer
at a position of 300mm from the bottom of the insulation
layer, and the insulation layer itself was well combined with-
out delamination present. When the horizontal displacement
was loaded to 36mm for the third cycle, the longitudinal and
stirrup bars at the edge of the tensile side of the wall broke,
the horizontal load of the specimen decreased to 85% of the
peak load, and the test ended. Figure 9(b) shows the details of
the failure mode of SW2-3.

2.7. Failure Mode of the Specimen. From the experimental
results, it can be seen that cracks generally appear from the
boundary element first. Then, they appear at the interface of the
wall and the pedestal and extend to the surface of the wall,
gradually developing from horizontal cracks into diagonal

ones, ultimately forming an X-shape. Under the same loading
conditions, the failure modes of the composite specimens and
cast-in-place specimens are basically the same. For the com-
posite specimens, there are no longitudinal gaps, slips, or dis-
locations occurring between the precast layer and the cast-in-
place layer, indicating that the steel bars effectively tie the pre-
cast layer and the cast-in-place layer together, ensuring the two
layers have a coordinated working relationship.

As the axial compression ratio increases, the appearance
of the first crack of each specimen is delayed, and the propa-
gation of cracks is inhibited, resulting in a decrease in the
height of the crack intersections. Besides, the bottom of the
insulation layer gradually separates from the structural layer.
When the axial compression ratio is 0.1, there are no cracks
on the surface of the insulation layer, and there is no slip or
dislocation occurring between the insulation layer and the
structural layer. However, under the high axial compression
ratios of 0.3 and 0.4, the bottom 400mm area of the insula-
tion layer and the structural layer collapses, and the insula-
tion nails are embedded. This is because the concrete at the
edge of the compression zone is seriously crushed under
conditions of high axial compression ratios. At this time,
the insulation nails fulfill a connecting role between the
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FIGURE 7: Strain gauge positions: (a) strain gauge positions of insulation, (b) strain gauge positions of the concrete inner panel, (c) strain gauge
positions of reinforcement in the precast panel, (d) strain gauge positions of reinforcement in the cast-in-place concrete, and (e) strain gauge
positions of insert reinforcement.
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insulation layer and the cast-in-place layer, improving the
overall stability of the specimens.

As the shear span ratio increases, the failure mode of the
specimens gradually transitions from a flexural-shear failure
to a bending failure, and the height of the intersections of the
cracking decreases.

3. Test Results and Analysis

3.1. Hysteresis Curve. The hysteresis curves of each specimen
have similar characteristics, as shown in Figure 10. At the
beginning of the test, the hysteresis loops of the specimen are
relatively symmetrical in the positive and negative loading
directions. The hysteresis curves are straight lines, the hys-
teresis loops are narrow and long, and the enclosed area is
small. The reduction in the slope of the curves under the
same loading direction is not significant, and the hysteresis
loops coincide. The specimen is in an elastic working state,
and the stiffness is essentially unchanged. The slope of the
hysteresis curve increases with an increasing axial compres-
sion ratio. As the cracks develop, the hysteresis curve inclines
to the displacement axis, the hysteresis loop area significantly
increases, and the shape is full. The deformation of the wall
increases, and the hysteresis curves cannot overlap. As the
displacement control stage is reached, with the gradual
increase in the displacement, the peak load of each hysteresis
loop shows an increasing and then a decreasing trend. The

shape of the hysteresis curve changes from a spindle to that
of a reverse S-shape, and the hysteresis curve exhibits a cer-
tain amount of pinching.

Under the same shear span ratio and with the increase in
the axial compression ratio, the stiffness of the steel bars
increases in the loading stage before reaching its yield state,
and the hysteresis loop pinching phenomenon during the
displacement loading stage decreases. The fullness level
changes slightly, and the energy dissipation capacity of
each specimen is the same. At the same time, with the
increase in the axial compression ratio, the initial stiffness
of the specimen increases successively, and the peak load
increases significantly.

Under the same axial compression ratio, compared with
the specimens with different shear span ratios, the specimens
with a large shear span ratio have a lower ultimate bearing
capacity and a smaller hysteretic loop area. Compared with
the cast-in-place specimens with the same axial compression
ratio, the fullness of the hysteresis loop of the composite
specimen is the same as that of the cast-in-place specimen,
and the energy dissipation capacity is the same.

3.2. Skeleton Curve and Stiffness Degradation Curve. Con-
necting the peak points of each hysteresis curve, the skeleton
curves of each specimen are obtained, as shown in Figure 11.
In the early loading stage, the skeleton curves of each speci-
men are straight lines and essentially coincide, and the

ðaÞ ðbÞ ðcÞ ðdÞ

ðeÞ ðfÞ ðgÞ ðhÞ
FIGURE 8: Crack patterns of each specimen (a) SW1-1, (b) SW1-2, (c) SW1-3, (d) W1, (e) SW2-1, (f ) SW2-2, (g) SW2-3, and (h) W2.
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ðaÞ
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ðbÞ
FIGURE 9: Failure mode of each specimen. (a) SW1-3. (b) SW2-3. (a1 and b1) Crack trends at the failure stage. (a2 and b2) Failure mode of the
wall. (a3 and b3) Failure mode of the side of the specimen. (a4 and b4) Failure mode of the insulation layer.
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FIGURE 10: Continued.
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specimen is in the elastic stage. In the early stage, the stiffness
and lateral displacement of each specimen changed a small
amount. As further cracks develop, the skeleton curve begins
to approach the displacement axis, and the slope of the curve
decreases. After reaching the peak point, the slope of the
skeleton curve becomes negative, and the bearing capacity
and overall stiffness of the specimens decrease.

Under the same shear span ratio, as the axial compres-
sion ratio increases, the ultimate bearing capacity of the
specimen gradually increases, the skeleton curve after the
peak point decreases rapidly, the smooth section becomes
shorter, and the ductility of the specimen decreases. Com-
pared with SW1-1 and SW2-1 under the condition of a low

axial compression ratio, the peak loads of SW1-2∼3 and SW2-
2∼3 under the high axial compression ratio condition increases
by 45%–97%, but the deformation capacity decreases and the
slope of the descending section is larger. This is because the
increase in the axial load inhibits the development of cracks
and improves the bearing capacity but also increases the crush-
ing area of the concrete in the compression zone, leading to a
decrease in the ductility of the specimen.

Under the same axial compression ratio, as the shear
span ratio increases, the peak load and ultimate bearing
capacity of the specimen decrease, the smooth section of
the curve becomes longer, and the ductility is better. The
peak load of the large shear span ratio specimen is
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FIGURE 10: Hysteresis curves of the specimens: (a) SW1-1, (b) SW1-2, (c) SW1-3, (d) W1, (e) SW2-1, (f ) SW2-2, (g) SW2-3, and (h) W2.
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approximately only 55% of the value as that of the small
shear span ratio specimen, but the extreme displacement
increases by more than 30%.

Compared with the cast-in-place specimens, the skeleton
curve of the composite specimens in the early stage is the
same as that of cast-in-place specimens. The bearing capacity
is not much different from that of the cast-in-place members,
and the seismic performance is good. Comparing the skele-
ton curves of the composite specimens and the cast-in-place
specimens, it can be seen that there is little difference in the
peak load between them in the range of the positive skeleton
curves, but the peak load of the composite specimens is
higher in the negative skeleton curves. This may be because
the composite specimens are not completely symmetrical,
and the shear walls usually crack at small displacement
angles, resulting in certain differences between the positive
and negative skeleton curves.

Figure 12 shows the specimen stiffness degradation
curve. As shown in Figure 12, the stiffness degradation trend
of each specimen is the same. Before yielding, the stiffness
degradation curves of each specimen coincide, and the

stiffness degradation rate of the specimens is rapid due to
crack formation and development. After yielding, the stiff-
ness degradation rate of the specimen slows down. The initial
stiffness of the composite specimen is a little higher than that
of a cast-in-place specimen, but the initial stiffness degrada-
tion rate of the composite specimen is much higher, which is
due to the insufficient compactness of the 50mm thick cast-
in-place concrete layer between the shear wall and the ped-
estal during the composite specimen fabrication process, but
it has little influence on the stiffness of the specimens. Under
the same axial compression ratio, the initial stiffness of the
large shear span specimen is smaller. Under the same shear
span ratio, the ductility of the low axial compression ratio
specimens is better.

3.3. Displacement Ductility and Energy Dissipation Capacity.
The load and displacement characteristic values, the dis-
placement ductility coefficients, and the ultimate displace-
ment angles of each specimen are shown in Table 3.

Analysis of the information displayed in Table 3 shows
that the displacement ductility coefficients of the small shear
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FIGURE 12: Stiffness degradation curve of the specimens: (a) SW1-1∼3 and W1 series. (b) SW2-1∼3 and W2 series.

TABLE 3: Experimental results at the main stages of testing development.

Specimen
Cracking

displacement
(mm)

Cracking
load (kN)

Yield
displacement

(mm)

Yield
load
(kN)

Peak
displacement

(mm)

Peak
load
(kN)

Ultimate
displacement

(mm)

Displacement
ductility

coefficient, μ

Ultimate
displacement
angle θ p

SW1-1 3.98 290 9.28 702 29.16 788 37.68 4.06 1/57
SW1-2 2.84 337 9.72 965 25.68 1,143 29.45 3.29 1/62
SW1-3 3.06 428 10.21 1,121 29.26 1,350 29.84 2.92 1/55
W1 4.43 510 11.77 1,054 25.25 1,357 25.65 2.18 1/88
SW2-1 4.53 200 12.89 410 40.48 375 50.15 3.89 1/58
SW2-2 4.16 256 14.76 585 39.65 649 45.99 3.1 1/66
SW2-3 3.95 284 15.56 757 29.97 833 39.46 2.6 1/75
W2 3.64 305 14.32 790 41.32 680 45.35 3.17 1/64
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span ratio composite specimens are higher than those of the
cast-in-place specimens. The displacement ductility coeffi-
cients of the large shear span ratio composite specimens
are the same as those of the cast-in-place members, but
under the same axial compression ratio, the displacement
ductility coefficients of the composite specimens are lower
than those of the cast-in-place specimens with an approxi-
mately 20% difference. This indicates that the ductility of the
composite specimens is comparable to that of the cast-in-
place specimens, and the smaller displacement ductility coef-
ficients of the W1 specimen may be related to the poor
quality of the specimen due to inadequate vibration during
fabrication. At the same time, with the axial compression
ratio increase, the displacement ductility coefficients of the
composite specimens decreased by more than 40%, with a
larger decrease for the large shear span ratio specimens, indi-
cating that a high axial compression ratio and a large shear
span ratio have a greater impact on the ductility of the speci-
mens. However, the maximum ultimate displacement angle
of all specimens is 1/55, which is much larger than the limit
value of 1/120 for the displacement angle under rare earth-
quakes specified in the Chinese Code of Seismic Design of
Buildings (GB50011-2010) [32], indicating that each speci-
men meets the shear wall deformation capacity requirements
in current Chinese codes.

The equivalent viscous damping coefficients of each
specimen are shown in Figure 13, and as shown, the trends
of the equivalent viscous damping coefficient of each speci-
men are the same, showing a trend of decreasing initially and
then increasing with a corresponding increasing displace-
ment. In the elastic stage, the equivalent viscous damping
coefficient decreases because the specimen is initially in the
elastic stage, with less energy dissipation and an increase in
the elastic energy. Compared with the cast-in-place speci-
mens, the equivalent viscous damping coefficient of the

composite specimens is slightly smaller. As the specimen
enters the elastic–plastic stage, the hysteretic loop becomes
full, the energy dissipation increases rapidly, and the equiva-
lent viscous damping coefficient rises rapidly, which agrees
with the working characteristics of the shear walls. At this
stage, the equivalent viscous damping coefficient of the com-
posite specimens is equal to or slightly larger than that of
cast-in-place specimens.

Under the same shear span ratio, with changes in the
axial compression ratio, the energy dissipation capacity of
each specimen has a small difference. Under the same axial
compression ratio, the equivalent damping coefficient of the
specimens with a large shear span ratio increases after yield-
ing, and the energy dissipation capacity is better. Compared
with the cast-in-place specimens under the same axial com-
pression ratio, the energy dissipation capacity of the compos-
ite specimens is the same, which shows that the composite
form has no significant influence on the energy dissipation
capacity of the walls.

3.4. Strain Analysis. Throughout the test, the concrete and
steel strain values of each specimen show similar trends. We
take the SW1-3 as an example for the analysis of the concrete
strain. At the initial stage of loading, the concrete strain on
both sides of the specimen and the precast layer only slightly
changes. When the horizontal load is applied to the crack
load, the strain begins to fluctuate greatly, and microcracks
appear on both sides of the specimen. When loading to the
ultimate loading scenario, the concrete strain of the precast
layer and cast-in-place layer increases significantly and
reaches the maximum value, and the strain gauge fails due
to the increase in cracks. During the whole test process, the
trends of the concrete strain of the precast layer and cast-in-
place layer are the same, which shows that the precast layer
and cast-in-place layer have a good combination and work
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FIGURE 13: Equivalent viscous damping coefficient curves of the specimens: (a) SW1-1∼3 and W1 series. (b) SW2-1∼3 and W2 series.
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together (see Figure 14 for the concrete strain of the precast
layer and that of the insulation layer). As shown in Figure 14,
the concrete strain of the insulation layer is always small, and
only a small strain is generated, which shows that the insu-
lation layer did not participate in the structural stress during
the test. In the later stage of the horizontal load, BWH-5
exhibited a negative strain value at the lower right corner
of the insulation layer. This was due to the wall concrete in
that area being crushed, leading to contact between the insu-
lation layer and the ground beam. This situation causes local
compression of the area in the lower right corner.

We take the SW2-2 as an example for the analysis of the
reinforcement strain. The reinforcement strains are shown in
Figure 15. As the load increased, the concrete gradually
cracked, and the longitudinal steel strain increased at an accel-
erating rate. Compared with the longitudinal reinforcement
in the wall, the longitudinal reinforcement of the boundary
elements has obvious tension and compressive strain, and the
strain uniformly increases. The strain of the stirrup increases
with increasing displacement angle, which shows that the
restraining effect of the stirrup on the concrete increases
with an increasing shear wall horizontal displacement. With
an axial compression ratio increase, the longitudinal rein-
forcement peak strain decreases, and the boundary element
compressive strain increases. This is because the axial load
restrains the development of cracking, the height of the
shear–compression zone increases, which counteracts the
tensile stress caused by the horizontal load so that the tensile
stress of the longitudinal reinforcement in the wall decreases,
while the longitudinal reinforcement of the boundary ele-
ments exhibits a compressive buckling phenomenon.

4. Numerical Analysis

4.1. Numerical Model. The finite element analysis software
ABAQUS is used to conduct a numerical simulation analysis
of SW2-1∼3 and W2. The concrete damage plasticity (CDP)
model is selected as the constitutive model of concrete, and
the relevant elastic–plastic parameters are set in Table 4. The
reinforcement constitutive model adopts the reinforcement
hysteretic model proposed by Fang et al. [33], as shown in
Figure 16, to simulate the bonding and sliding between the
concrete and the reinforcement.

The compressive strength, yield strength, and ultimate
strength of the concrete in the model are selected according
to the measured values. The elastic modulus of the concrete
is 3.0× 104MPa, the density is 2.4× 103 kg/m3, and Poisson’s
ratio is 0.2; the initial elastic modulus of the steel is 2.06×
105MPa, the density is 7.85× 103 kg/m3, and Poisson’s ratio
is 0.3; the tensile strength of the connectors is taken as 50.26
MPa, elastic modulus is taken as 8.3× 10−3MPa, density is
taken as 1.14× 103 kg/m3, and Poisson’s ratio is taken as
0.28; the elastic modulus of the graphite extruded board is
taken as 9.5MPa, density is taken as 20× 103 kg/m3, and
Poisson’s ratio is taken as 0.1; the elastic modulus of the
vertical rock wool board is taken as 16MPa, density is taken
as 150× 103 kg/m3, and Poisson’s ratio is taken as 0.13.

The model is modeled in separate parts. The solid ele-
ment C3D8R is adopted for the concrete, graphite plate, rock
wool plate, and connectors, and the truss element T3D2 is
adopted for the steel bars.

Combined with the actual design requirements, the main
interactions used in this model are embedded, coupling, and
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FIGURE 14: Diagram of the concrete strains of SW1-3: (a) the concrete strains for the precast layer and (b) the concrete strains for the
insulation layer.
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contact. The relationship between the reinforcement and
concrete in the specimen is defined as embedded. The inter-
face between the precast layer and cast-in-place layer is
defined using the cohesive force–friction mixed model, and
the interface between the insulation layer, the structural
layer, and that which exists between the graphite plate and
the rock wool plate are defined using the Coulomb friction
model.

This model consists of two analysis steps. In the first step,
vertical axis pressure is applied. In the second step, loading
displacement is applied, and the loading system is consistent
with the test. Two reference points, RP-1 and RP-2, act on
the center of the loading surface and side of the roof beam,
respectively. The two reference points are coupled with their
corresponding loading surfaces, and the displacement in the
x direction and the rotation angles in the y and z directions
are constrained at the RP-1 reference point. The displace-
ments in the x and y directions and the rotation angles in the
y and z directions are constrained at the RP-2 reference
point. An axial load is applied to the RP-1 reference point,
and a horizontal displacement is applied to the RP-2 refer-
ence point. The bottom surface of the floor beam is fully
consolidated. The prefabricated panels, cast-in-place layers,
insulation layers, and connectors are cut into regular models
using the datum plane. A 50mm grid unit is used to mesh the
concrete, steel bars, and insulation layers. Due to the short
length of the connectors, a meshing unit of 5mm is used.

The nonlinearity of the material in this numerical analy-
sis may lead to difficulties in convergence, resulting in sig-
nificant discrepancies between simulation and experimental
results. To ensure convergence of calculation results, it is
crucial that the model accurately reflects the real scenario.
Therefore, the issue of model convergence can be addressed

by analyzing the material constitutive model, contact and
interaction, unit selection, and mesh division. The
elastic–plastic parameters of concrete are determined based
on the “Design Code for Concrete Structures” [34], while the
reinforcement constitutive model is established by referenc-
ing previous studies [33] to ensure the actual hysteretic curve
exhibits pinching. Contact and interaction are achieved using
a built-in zone method between reinforcement and concrete
to simulate common forces in real scenarios. Coupling
between the reference point and loading surface is utilized
to replicate realistic loading conditions. According to the
simulation method of finite elements, the connection
between the connector and the wall, graphite plate and
rock wool, and the new and old concrete are all in surface
contact. The contact model selects the cohesion–friction
hybrid model and defines the viscous behavior, damage, tan-
gential behavior, and parameters such as normal behavior.
C3D8R three-dimensional solid elements are utilized for
establishing precast panels, cast-in-place layers, graphite
boards, rock wool boards, and connectors. T3D2 truss units
are employed for reinforcement, stirrups, and inserts in the
precast panels and cast-in-place layers. The concrete, rein-
forcement, and insulation layers are meshed with 50mm grid
units, while the grid division unit for the connectors is set at
5mm. Through the above modeling method, the numerical
calculation results can be better converged, so that the simu-
lation results are consistent with the experimental results.

4.2. Failure Patterns. See Figure 17 for the concrete damage
nephogram, steel stress nephogram, and failure modes of
SW2-1∼3 and W2. Through performing comparative analy-
sis, the simulated results of the four specimens are consistent
with the tests, the tension and compression damage of the
concrete appear in the lower part of the wall, and the damage
nephogram shows basically an X-shaped cross, which is con-
sistent with the test results. As the load is gradually applied,
the longitudinal reinforcement on the outer side of the
boundary elements yields, the cracks on both sides extend
to the middle of the wall, and the longitudinal reinforcement
in the wall yields successively, which is consistent with the
concrete compression cracking and peeling and the vertical
steel yielding at the bottom of the specimen in the experi-
ment. The nephogram shows that there is no damage to the
insulation layer of each component, and there is no obvious
displacement or slippage between the cast-in-place layer and
the insulation layer. In the test results, the bottom part of the
insulation layer is separated from the wall under a high axial
compression ratio because the concrete at the bottom edge of
the wall collapses seriously under the high axial compression
ratio, resulting in the bottom of the insulation layer collaps-
ing. As the axial compression ratio increases, the concrete
compression damage range gradually expands, the height of
the compression damage in the middle area of the wall

TABLE 4: Concrete elastoplastic parameters.

Expansion angle Offset value, ε Fb0/fc0 K Viscosity coefficient, η Poisson’s ratio, μ

30 0.1 1.16 0.667 0.005 0.2
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FIGURE 16: Reinforcement hysteretic model.
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FIGURE 17: Continued.
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increases, the tension damage area decreases and the height
decreases, and the stress value of the longitudinal reinforce-
ment in the boundary elements and the insert reinforcement
to the pedestal increases significantly, and more of the rein-
forcement reaches the yield value when the specimen is
destroyed.

4.3. Hysteresis Curve and Skeleton Curve. Figure 18 shows
the hysteresis curve comparison of the simulation models
and the experimental results. It is easy to see that the

hysteresis curve trends obtained by the simulation and
test are consistent, and the hysteresis loops maintain sym-
metry in both the positive and negative directions. The area
of the hysteresis loop is slightly larger in the simulation
results because the finite element calculation results are
more ideal, while there are some initial defects and errors
in the test, leading to a faster stiffness degradation rate. The
simulation obtained ultimate load and displacement are not
much different from the test, which verifies the accuracy of
the model.
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FIGURE 17: Comparison diagram of the reinforcement stress and the concrete damage between the simulation and the test results. (a) SW2-1.
(b) SW2-2. (c) SW2-3. (d) W2. (a1–d1) Crack trends of test. (a2–d2) Concrete tension damage nephogram of simulation. (a3–c3) Concrete
damage of test. (a4–c4) Concrete compression damage nephogram of simulation. (a5–c5) Reinforcement stress of simulation.
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Figure 19 shows the comparison of the skeleton curve of
the simulation models and the test results. It can be seen
from Figure 19 that the trend of the simulated skeleton
curves of each specimen is the same as the test results, and
they all go through elastic and plastic stages. The maximum
error between each characteristic point of the simulated skel-
eton curves and the test values is 10.8%, which is within the
allowable error range. The slope of the simulated skeleton
curve is larger at the initial loading stage, which indicates that
the initial stiffness of specimens is greater at this stage. This is
because the simulated boundary conditions are more ideal-
ized, and the stress–strain relationship curve specified in the
corresponding code is adopted in the simulation, which is
different from the actual stress–strain relationship curve of

the test. Comparing the test curves with the simulation
curves, under the same axial compression ratio, the peak
value of the precast specimens is slightly lower than that of
the cast-in-place specimens, the trend of the skeleton curves
is similar, and the energy dissipation capacity and later
occurring stiffness are similar, which shows that the seismic
performance of the precast specimens is similar to that of the
cast-in-place specimens.

5. Conclusions

In this paper, the failure mode, the hysteresis characteristics,
the stiffness degradation, the displacement ductility, and the
energy dissipation capacity of six NISCSW specimens and
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FIGURE 18: Comparison diagram of the hysteresis curves between the simulation and the test results: (a) SW2-1, (b) SW2-2, (c) SW2-3, and (d) W2.
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two CCSW specimens are discussed and compared through
performing quasistatic tests, and the numerical simulation of
the specimens with a shear span ratio of 1.9 is carried out.
The conclusions are as follows: (1) The failure mode of the
NISCSW specimens is the same as that of the CCSW speci-
mens. With an increase in the shear span ratio, the failure
mode of the specimen gradually transitions from a flexural-
shear failure to a bending failure, and the distribution height
and the intersection position of the cracks in the wall
decrease.

(1) In the complete testing process, there is no obvious
sliding deformation between the precast layer and
the cast-in-place layer, which shows that the precast
layer and the cast-in-place layer can work together.

There is no obvious crack propagation or peeling on
the surface of the insulation layer, which shows that
the connector works well, and the insulation layer
and the structural wall can form a whole unit and
work together, but the insulation layer does not par-
ticipate in the stress. In the failure stage of the speci-
men, the insulation layer and the structural layer
collapse at the bottom under the high axial compres-
sion ratio condition, which is caused by the concrete
crushing at the root of the wall.

(2) The hysteresis curve and skeleton curve of the
NISCSW specimens are consistent with those of the
CCSW specimens, with a little higher initial stiffness
and faster stiffness degradation and a similar later
stiffness, overall seismic performance, displacement
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FIGURE 19: Comparison diagram of the skeleton curves between the simulation and the test results: (a) SW2-1, (b) SW2-2, (c) SW2-3, and (d) W2.
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ductility, and energy dissipation capacity to the
CCSW specimens.

(3) Under the condition of the same shear span ratio,
the ultimate bearing capacity of the specimen that
has a high axial compression ratio is higher and the
ductility is slightly worse, but the ultimate dis-
placement angle still meets the limit value of the
displacement angle under the conditions of rare
earthquakes specified in the Chinese Code of Seis-
mic Design of Buildings (GB50011-2010) [28]. The
stiffness degradation trend of each specimen is the
same, and the energy dissipation capacity has little
difference

(4) Under the same axial compression ratio condition,
the ultimate bearing capacity of the specimens with a
large shear span ratio decreases, the initial stiffness is
lower, and the stiffness rapidly degenerates, but the
displacement ductility and the energy dissipation
capacity after yield are better.

(5) Through the finite element numerical simulation
analysis of the specimens, the simulated failure
mode of the specimen is consistent with the test
results, and the trend of the simulated hysteresis
curve and the skeleton curve is consistent with the
test curves, which shows that the finite element
model is correct and reliable, and the results can be
mutually verified with the test results.

This study provides an in-depth look at the seismic per-
formance of NISCSW under high axial compression ratios
and large shear span ratios. There are relatively few studies in
this area. Therefore, this study provides more empirical data
for the field, facilitating a better understanding of the perfor-
mance under such conditions. Moreover, the results of this
study hold a significant guiding value for engineering prac-
tice. In practical engineering, high axial compression ratios
and large shear span ratios are common working conditions,
and this study will help engineers design and apply NISCSW
more effectively under these conditions.

Despite some important preliminary results achieved in
this study, there is still much work to be done. First, future
research should consider shear walls with openings. The
presence of openings may affect the seismic performance
of the wall, which is an important research issue. Second, it
is recommended to further study the seismic performance
of L-shaped or T-shaped combined wall joints. These com-
plex joints are common in practical engineering, but cur-
rent research on them is insufficient. Through these
studies, we can better understand the seismic performance
of NISCSW, to provide more valuable guidance for engi-
neering practice.
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