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An innovative precast connection (the precast connection installed in the middle of the shear wall) was proposed for the shear
wall. To verify the effectiveness of the proposed precast connection, two cast-in-situ shear walls (RCW1 and RCW2) and three
precast shear walls (PCW1, PCW2, and PCW3) were manufactured and investigated. (e construction joints were inserted in the
bottom and the middle for RCW1 and RCW2; and the structural glue horizontal connection, structural glue cogged connection,
and cast-in-situ plug grouting connection were utilized for PCW1, PCW2, and PCW3, respectively. (e failure mode, loading
capacity, ductility, stiffness degradation, and energy dissipation of specimens were analyzed under the horizontal low-frequency
cycled loading. Simultaneously, a numerical simulation was carried out on the ABAQUS software, and simulation results were
consistent with experimental results.(e result showed that the moment-shear failure occurred in all the specimens except PCW1;
the bottoms of PCW2 and PCW3 were still vulnerable regions. (e bearing capacity and the ductility of RCW2 were improved to
different degrees by installing the construction joint in the middle of the shear wall. Specifically, the structural glue cogged
connection and the cast-in-situ plug grouting connection have no obvious effect on the reduction of bearing capacity but can
improve the ductility of the specimen; the stiffness degradation and energy dissipation of RCW1, RCW2, PCW2, and PCW3 were
basically the same.

1. Introduction

With the rapid increase of environmental awareness in the
construction process and the requirements of high-speed
urbanization [1, 2], the precast concrete structure has been
gradually accepted, even in some regions with high seis-
micity (e.g., Japan, Chile, China, and Zealand). Due to the
strong resistance to seismic forces in the planar direction
and the transferring ability to the foundation, concrete shear
walls have become the preferred structure for high-rise and
multistory buildings in recent decades [3, 4]. In this paper,
the seismic performance of innovative upper-lower half-
story precast shear walls under the low-frequency cyclic
loading was studied.

(e connections of the precast concrete shear wall
components were crucial to the mechanical performance of
the structure [5], and the vertical connection affects the

integrity and energy dissipation of the buildings. Previous
studies and analyses have shown that the precast concrete
shear walls have the dominant bearing capacity and energy
dissipation [6, 7]. According to the criterion of the Amer-
ican, European, Chinese, and Japanese standards, the per-
formance of some precast concrete shear walls can reach the
level of cast-in-situ shear walls [8, 9]. (e joint of compo-
nents has been primarily studied in previous studies of
precast concrete shear walls. Chu et al. [10] conducted six
large-scale model experiments under the cyclic lateral
loading, including five novel shear wall specimens built with
precast concrete hollow mold (PCHM) and a cast-in-situ
shear wall. (e results indicated that with the width decrease
of horizontal cracks, the axial compression ratio increased
and the shear span ratio decreased, in which the initial
stiffness was significantly strengthened and the slipping
deformation was restricted in the bottom. Hamid and
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Mander [11–13] believed that precast hollow wall panel
assemblies had excellent seismic performance and proposed
a structural damage control design method for the precast
hollow wall. Smith et al. [14] compared and analyzed the
seismic behavior of the hybrid assembly shear walls and cast-
in-situ shear walls and concluded that the application of the
hybrid assembly shear walls in seismic regions was signif-
icantly feasible. Zhai et al. [15] manufactured and tested six
double-short-limb reinforced concrete precast shear wall
specimens (the ceramsite concrete hollow block masonry
infilling, concrete integration infilling with a hollow tube,
concrete integration infilling with polystyrene plate Sand-
wich, unfilled shear wall, lightweight partition board
infilling, and ceramsite concrete infilling) and simulated the
finite element models in the same condition. (e results
indicated that the integration shear wall and the shear wall
with the ceramsite concrete infilling have a better shear
bearing capacity, stiffness, energy dissipation, and reliable
seismic performance.

(e connection of precast shear walls plays an important
role in integrity, stability, and energy dissipation. (e
seismic behaviors of components or structures and the re-
liability of connection joints have become significant issues
in the researches and applications of precast shear walls [16].
Li et al. [7] prepared three T-shaped partly prefabricated
reinforced concrete shear walls and one cast-in-situ shear
wall and performed experimental tests on the connection of
components under the low-frequency loading. (e results
showed that, compared with the cast-in-situ specimens, the
partly prefabricated specimens have excellent energy dissi-
pation, ductility, and stiffness. Xu and Li [17] designed a new
type of concrete Sandwich including cast-in-situ concrete
and precast concrete and analyzed the seismic performance
of the proposed concrete Sandwich experimentally and
numerically. (e results showed that the stiffness, bearing
capacity, and structural damage of the steel connection with
aluminum friction plate (CAF) and the precast Sandwich
wall with special round steels (SRS) decrease; the energy
dissipation and the deformation capacity of the structure
increase significantly. Gu et al. [18] used various vertical
rebar lap splice positions and rebar lap lengths at the
horizontal assembly joints of the specimens as parameters.
And the seismic performances of four precast concrete shear
walls and one cast-in-situ concrete shear wall were analyzed.
(e test results showed that in terms of failure modes,
bearing capacity, energy dissipation, and load-lateral drift
hysteresis curves of specimens, the precast concrete shear
walls have significant seismic behaviors and are comparable
to the cast-in-situ shear walls. To investigate the behavior of
the Welded Bar Sleeve (WBS) connection, Ling et al. [19]
proposed and tested specimens with a new grouted splice
connection under the tensile, shear, and flexural loading.
(ey analyzed the load-displacement curves, ultimate ca-
pacities, ductility capacities, and some feasibility assessment
criteria. (e results indicated that the WBS connection can
provide sufficient strength at the appropriate bar with the
embedded length and the flexural load was the most critical
issue for the connection.

(e above researches have revealed that the moment at
the bottom of the precast concrete shear walls implicitly
facilitated the occurrence and development of the horizontal
concrete crack under the cyclic loading, while the oblique
concrete cracks below the middle of the shear wall were
caused by the shear force. As a result, the concrete was
crushed and the reinforcement was exposed at the corner of
the bottom. To avoid the intricate internal force region, some
researchers have changed the connection’s position [16, 20].
Lu et al. [16] proposed a new type of prefabricated concrete
joint for connecting upper and lower members, which has
the advantages of convenient installation and material
saving. (e research results indicated that the connection
beam can significantly transfer the lateral loading to the
bottom, specifically in squat precast walls. In order to decline
the energy dissipation and ductility of precast shear walls
under the cyclic loading, Kang et al. [20] designed bonded or
unbonded longitudinal rebar with the partially decreased
cross-sectional area. (e plastic hinge was sufficiently de-
veloped in which the reinforcements were partially reduced
to prevent the shear slippage and gap opening in the
connection.

In general, the bottom of the precast concrete shear wall
or construction joint is an extremely feeble region with
complex internal forces (such as moment, shear, and axial
compression). (e optimized connection not only enhances
the connection or structural integrity (conformations, ma-
terials, and parameters of grout sleeves) but also changes the
connection from the bottom to the middle. When the
connection is set in the middle of the wall, there are fewer
moments, and the damage of the bottom can be effectively
restricted to reinforce the structural integrity. Based on the
above, an innovative upper-lower half-story precast shear
wall was proposed in this paper, including a lower-half-story
wall, beam, and upper-half-story wall (as shown in Figure 1).
Although the proposed units were difficult to be assembled
because they were heavier and larger than common units,
there was no construction joint in the bottom of the wall.
And the middle region where the connection was installed
bore smaller loads than the bottom region. (erefore, the
bearing capacity, energy dissipation, and ductility would be
enhanced. Furthermore, as the assembled unit was used to
avoid the cast-in-situ of the beam during assembly, the
assembly rate and construction efficiency of structures were
improved. In this test, three modes of connections were
employed, including the structural glue horizontal con-
nection, the structural glue cogged connection, and the cast-
in-situ plug grouting connection. Besides, the left-right sides
of precast concrete shear walls were embedded in hidden
columns with the cast-in-situ reinforced concrete. Both the
seismic performances and finite element analysis were
conducted in this investigation.

2. Experimental Investigation

2.1. Description of Specimens. Due to the limited laboratory
conditions, five half-scale specimens marked as RCW1,
RCW2, PCW1, PCW2, and PCW3 were prepared in this
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paper. For simplicity, the RCWs denoted cast-in-situ con-
crete walls and the PCWs denoted precast concrete walls.
(e dimensionless term of the half-scale sample was of great
significance for further research in this field. For RCWs, the
position of the construction joint was different: the con-
struction joint of RCW1 was installed in the bottom and that
of RCW2 was in the middle. As the specimen was the single
layer, the upper-half wall and the lower-half wall were
designed and manufactured, respectively. (e upper-half
wall and load beam were united into a precast component
while the lower-half wall and the foundation were combined
as the other one. Cast-in-situ hidden columns on both left-
right sides were inserted in PCWs to guarantee the integrity
and stability of connections [10]. Figure 2 shows the specific
forms of the specimens in which the reinforcement of all
specimens was the same [16]. (e connection types designed
in this study were as follows:

(1) (e structural glue flat connection: (e structural
glue associated with the upper and lower precast
components was used. (is connection was utilized
for PCW1. It was noted that there was no reinforcing
rebar through the structural glue layer.

(2) (e structural glue cogged connection: Cogged
connection was used. (is connection was utilized
for PCW2, and the only difference with the PCW1
was the cogged connection.

(3) (e cast-in-situ plug grouting connection:(e upper
and lower components were arranged with corru-
gated pipes at the corresponding positions to

supplement the grouting holes. (is connection was
utilized for PCW3.

2.2. Dimensions and Steel Reinforcement of Specimens.
Figure 2 shows the details of all specimens. (e grade of
concrete and cement grout was C30 and 425R, and the
thickness of the concrete cover was 15mm. (e reinforce-
ment of the HRB400 strength grade, referred to as “C,” was
uniquely utilized in all specimens. Firstly, the longitudinal
rebar of the beam with the dimension of
800mm× 200mm× 200mm was 4C10, and the stirrup re-
bar was C6@100. Secondly, the dimension of shear walls was
800mm× 1100mm× 120mm, in which the horizontal rebar
and the vertical rebar were C6@100. (e arrangement of
longitudinal rebar and stirrup rebar in hidden columns was
4C10 and C6@100, respectively.(irdly, the 8C16 and C10@
100 were the arrangements of rebar in the foundation re-
inforcement. Furthermore, the diameter and the length of
corrugated pipes of PCW3 were 80mm and 500mm, re-
spectively, in which the length in the upper or lower part was
250mm and the gap between corrugated pipes was 40mm.
And a 480mm length rebar was fixed in the center of each
pipe, which was not connected with any internal reinforcing
rebars.

2.3. Material Properties. During the manufacture of the
specimens, the concrete of specimens was poured into three
batches, and all of them were cured under the same con-
ditions. According to the Standard for Test Methods of
Mechanical Properties on Ordinary Concrete [21], three
150mm concrete-edged cube specimens in each group were
used to detect the compressive strength of the concrete cube.
(e compressive strength of concrete cubes is shown in
Table 1. Besides, three steel rebar specimens were tested to
obtain the yielding strength, ultimate strength, and elastic
modulus, as shown in Table 2.

2.4. Loading and Instrumentation. As shown in Figure 3,
several bolts passed through the anchorage holes of speci-
mens to ensure that the foundation was fixed on the lab-
oratory ground. (e specimens were subjected to horizontal
cyclic loading and constant vertical compressive loading by a
250 kN MTS electrohydraulic servo loading system and a
100 kN hydraulic Jack. (e axial compressive ratio was set as
0.2. Figure 4 shows the loading program, and the incre-
mental quantity of loading force was set as 10 kN. (e re-
ciprocation of force loading was only one time in each grade
before yielding. Once the longitudinal rebar stress in the
bottom of the shear wall reached yielding strength, the
displacement control was used, instead of forced control.
Displacement of each grade was progressively increased by
5mm initiated on the yielding displacement. Under the
loading condition of displacement control, each level of
loading was cycled once. When the bearing capacity of the
specimen dropped to 85% of peak load, or a significant
slippage occurred (that is, the specimen cannot bear the
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Figure 1: Upper and lower-half-story assembly units.
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Figure 2: Dimensions and reinforcement details of specimens (Figure 2 is reproduced from Lu et al. [21]). (a) RCW1. (b) RCW2. (c) PCW1.
(d) PCW2. (e) PCW3. (f ) Reinforcement details of all specimens.
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horizontal or vertical loading), then the loading was ter-
minated [22].

In addition, the longitudinal and stirrup rebar, in both
left-right hidden columns at the middle and the bottom of
shear walls, were glued with a resistance strain gauge to

observe their strain. (e static acquisition system DH3816N
was linked to the strain gauge to monitor and record the
experimental data in real time (Figure 3).

3. Experimental Result and Discussion

3.1. Experimental Procedures and Phenomenon. During the
whole experiment (including forced control and displace-
ment control), the “+” indicated that the hydraulic actuator
was in a pushing condition, while the “−” indicated that the
hydraulic actuator was in a pulling condition. It should be
noted that pushing was generally before pulling in each
loading grand. As shown in Figure 2, the experimental
surfaces were generally divided into the front surface, back
surface, and lateral surface.

Due to the bending moment, when the vertex horizontal
load reached −78 kN in the forced control, a first horizontal
crack of RCW1 appeared faintly on the lateral surface
300mm away above the bottom of the shear wall. When the
horizontal load was −95 kN, another horizontal crack was
generated on the lateral surface 130mm away from the
bottom. With the increase of the load, the number of
horizontal cracks at the tensile side of RCW1 gradually
increased, and cracks were also generated near the middle of
the specimen. (e earlier horizontal cracks continued to
extend and had a downward trend of oblique cracks. When
the specimen RCW1 yielded, most of the horizontal cracks
were developed into bending-shear diagonal cracks, but the
diagonal cracks were not penetrated.

As the vertex horizontal displacement reached ±20mm
under the displacement control, the number of diagonal
cracks initiated from lateral sides progressed into the X-
shaped distribution. When the displacement was 25mm, the
construction joint at the root of the tension side was pulled
apart, resulting in a long horizontal crack, and the surface of
the concrete at the root of the compression side was slightly
peeled off. During the remaining experiment, a part of di-
agonal cracks expanded to the bottom of specimens, and the
width of the construction joint in the bottom was gradually
widened. Meanwhile, the concrete in the compression re-
gion was crushed with cracking noise. (e ultimate damage
revealed that the cracks at the bottom were pulled apart, and
the concrete under the compression was crushed. Figure 5
shows the crack distribution, the ultimate damage, and the
bottom deformation of all specimens.

(e failure modes of RCW2 and RCW1 were very
similar, except the fact that the horizontal and oblique cracks
of RCW2were relatively dispersed.(e bottom of the RCW2
was not pulled away, and almost no cracks appeared at the
construction joint location (i.e., the middle part of the
specimen). In general, the bottom of shear walls was the
weakest region bearing the constant shear force and max-
imum bending moment; in particular, when the region was
installed as connecting node, it was most prone to be
damaged. Hence, RCW2 had more diagonal cracks than
RCW1 because the construction joints of RCW2 were in-
stalled in the middle position, and the internal force was
relatively small. It indicated that when the construction joint
region was changed from the bottom to middle, the integrity

Table 1: Strength of concrete (unit: MPa).

Batch 1# 2# 3# Average
1st 34.6 33.5 36.1 34.7
2nd 31.3 32.7 39.2 34.4
3th 38.9 36.5 40.2 38.5

Table 2: Representatives of rebar performance.

D (mm) fy (MPa) fu (MPa) δ (%) E (MPa)
6 469.2 577.4 26 1.73×105

10 495.1 586.8 26 1.84×105

16 497.2 615.5 25 1.91× 105
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Figure 3: Pseudo-static test loading device for shear walls.

Displacement
control 

F (kN) Δ (mm)

Step

Yielding point

Force
control

Figure 4: Loading program.
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of the bottom region was enhanced, compared with the
traditional shear wall. As a result, the damage of specimens
can be relieved, specifically, the damage at the bottom of
shear walls.

(e performance of the PCW1 (using structural glue
combining the upper and lower precast components) was
significantly different from that of other specimens. When
the horizontal force reached 72 kN in the forced control, a
moment crack appeared on the lateral surface 70mm away
above the bottom. (e new cracks were no longer generated
and developed in the force control. As the displacement
reached ±10mm, the structural glue was rapidly split in
accompany with cracking noise at the horizontal interface.
With the gradual increase of the vertex horizontal dis-
placement, the width and length of cracks were enlarged.
When the displacement was 22.5mm, the obvious slippage
failure occurred at the joint of the specimen.

(e failure mode of the PCW2 (assembling with the
cogged connection in terms of structural glue) was basically
identical to that of the RCW2. However, a few thin cracks
were only generated around the connection position, and the
stability of the specimen was maintained by the structural
glue during the entire experimental process. (e failure
mode of PCW3 (with the cast-in-situ plug grouting con-
nection) was proximate to that of RCW1. It is observed that

the crack distribution in the lower-half shear wall of PCW3
was sparser than that of RCW1. (e connection joints of
PCW2 and PCW3 were almost integrated throughout the
test. Above all, the bottom was still the weakest region and
the failure modes were not changed with the change of
connection position.

3.2.HystereticCurves. Figure 6 shows the load-displacement
hysteretic curves of all specimens.(e hysteretic curves were
straight before yielding, indicating that the specimens were
in the elastic stage with few residual deformations. Under the
action of displacement control, the hysteretic curves grad-
ually became full, and the area formed by the closed curve
gradually increased. It indicated that the capacity of energy
dissipation was enhanced, and the curves were in an inverse
S shape. (ere was little difference between the curve shape,
the peak value, and the ultimate value of RCW1, RCW2,
PCW2, and PCW3. Although the shape of the hysteretic
curve of PCW1 was similar to that of other specimens, the
yielding load, the peak load, and the ultimate load were
obviously lower. Because there was no longitudinal rebar
connection in PCW1, the horizontal structural glue con-
nection cannot bear the shear force, and the bearing capacity
was almost borne by the hidden column under the

(a) (b) (c) (d) (e)

Figure 5: (e final damage of specimens. (a) RCW1. (b) RCW2. (c) PCW1. (d) PCW2. (e) PCW3.
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Figure 6: Hysteresis curves and skeleton curves of the specimens. (a) Hysteresis curve of RCW1. (b) Hysteresis curve of RCW2.
(c) Hysteresis curve of PCW1. (d) Hysteresis curve of PCW2. (e) Hysteresis curve of PCW3. (f ) Skeleton curves of the specimens.
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displacement control. (erefore, compared with other
specimens, the load-bearing capacity of the specimen PCW1
was smaller; when PCW1 was damaged, its ultimate dis-
placement was the smallest with the serious damage of the
hidden column. (erefore, the position change of the
construction joint and the two types of connection of precast
concrete shear walls hardly affected the hysteretic curves of
specimens.

3.3. Skeleton Curves. Figure 6(f ) shows the skeleton curves
of specimens. Each skeleton curve had an obvious inflection
point (i.e., the yielding of specimens), after which the slope
of the curve dropped rapidly. Except for PCW1, skeleton
curves were basically the same. For the PCW1, the horizontal
connection with structural glue was adopted, and the lon-
gitudinal rebar of each component cannot be combined;
then, the shear capability was hardly provided, and both left
and right hidden columns of PCW1 did bear the whole shear
force essentially. Consequently, the skeleton curve of PCW1
was definitely lower in yielding load capability and peak load
capability.

(e skeleton curves of specimens can be divided into
three stages: the elastic stage, elastic-plastic stage, and de-
scent stage. In the elastic stage, the initial stiffness of RCW2,
PCW2, and PCW3 was slightly larger than that of RCW1.
(e reason was that the bottoms of RCW2, PCW2, and
PCW3 were manufactured in integrity instead of con-
struction joint, and crack distribution around the bottom of
RCW2, PCW2, and PCW3was sparser than that of RCW1. It
indicated that installing a connection in the middle of the
shear wall can reduce the damage of the bottom and make
the specimen more integrated before yielding.

3.4. Characteristic Loads andDuctility. Table 3 shows several
representative parameters of the experiments.(e θy, θp, and
θu were instance interstory drift ratios corresponding to Fy
(yielding load), Fp (peak load), and Fu (ultimate load), re-
spectively. (e yield displacement was defined as the smaller
value between the displacement of the longitudinal rebar at
the bottom of the specimen and the yield displacement
calculated by the energy method. (e ultimate displacement
was recorded when the bearing load declined at 85% of the
peak load [23]. In addition, μΔ was defined as the dis-
placement ductility ratio. Since the skeleton curves were
asymmetric, the equation of μΔ was calculated as follows
[24]:

μΔ �
θ+μ + θ−μ

θ+y + θ−y

. (1)

(e characteristic loads and displacements of RCW2 and
RCW1 were basically the same, but the ductility of RCW2
was slightly larger than that of RCW1. (e reason was that
the yielding displacement of RCW2 was slightly smaller than
that of RCW1, due to the larger initial stiffness of RCW2.(e
PCW1 had significantly lower loads and displacement in
every feature point. (us, the specimen using the horizontal
connection with structural glue in the middle of the shear

wall was at risk and hardly met the requirement of the
criteria [25, 26].

In contrast with RCW1, Fy, Fp, and Fu of PCW2, re-
spectively, decreased by 1.37%, 5.3%, and 5.3%, while the
ductility of PCW2 increased by 9.6%. Similarly, compared
with RCW1, Fy, Fp, and Fu of PCW3 were reduced by 5%,
5.1%, and 1.2%, but the ductility of PCW3 was increased by
6.8%. And these results of PCW3 were similar to those of
PCW2. Namely, the characteristic loads of PCW2 and
PCW3 were slightly smaller than or similar to those of
RCW1, but the ductility of PCW2 and PCW3 increased.
Considering the calculation formula of ductility, it was noted
that θy of PCW2 was slightly smaller than that of RCW1, and
θμ was extremely identical with RCW1 due to the initial
stiffness. Not only were the precast components of PCW3
cast-in-situ plug grouting, but also the concealed columns
were cast-in-situ. As a result, PCW3 was more integrated
and ductile than other specimens. (e θy, θp, and θu of
PCW3 were obviously smaller than those of RCW1 and
RCW2, as shown in skeleton curves under the pulling
conditions. It indicated that the connection in the middle
can effectively prevent the crack initiation and development
at the bottom (the weakest region of the shear wall). Hence,
the stiffness of PCW3 was increased. On the other hand, the
bearing loading capacity and the shear capacity of con-
nections in precast components were slightly smaller than
those of the cast-in-situ connections. If the connections are
installed in the middle of the wall to apply sufficient bearing
shear capacity, precast shear walls of PCW1 and PCW2 can
have the expected performance.

(e characteristic loads and the feature displacement in
backward loading conditions were slightly smaller than
those in the forward loading conditions after yielding. (e
integration of precast specimens, installed by cogged con-
nection with structural glue and plug grouting connection,
was definitely inferior to the cast-in-situ specimen. (ere-
fore, the residual deformation of the precast shear wall was
much more than that of the cast-in-situ walls, and the
Bauschinger effect was enlarged at the connection of precast
specimens.

3.5. Stiffness Degradation. With the increase of loading
displacement, the stiffness of the specimen decreased
gradually and the damage continued to accumulate. (e
secant stiffness, namely, the implied the maximum bearing
capacity under the ith displacement stage, was utilized in this
paper. Considering the asymmetry of hysteretic curves be-
tween the forward and backward loading conditions, the
equivalent secant stiffness can be calculated as follows:

ki �
F+i


 + F−i




Δ+i


 + Δ−i




, (2)

where Fi and Δi are the peak load and the peak displacement
at ith displacement stage, respectively. (e positive sign
indicated the forward loading, while the negative sign in-
dicated the reverse loading.

Figure 7 shows the relationship between secant stiffness
and displacement. (e equivalent stiffness declined with the
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increase of displacement [27]. Before yielding, the stiffness of
RCW2 and PCW3 was slightly higher, and the declining
ratio of RCW2 and PCW3 was smaller than that of RCW1.
(is was caused by the connection position. For RCW2 and
PCW3, connection joints were located in the middle of the
specimen, instead of the bottom. (erefore, the initial
stiffness of RCW2 and PCW3 was larger and the damage at
the bottomwas smaller. Owing to the initial flaw of PCW2 in
cogged connecting fissures, the stiffness degradation rate was
not only faster than that of RCW2 and PCW3 under the
cyclic loading but also faster than that of RCW1 after the
displacement reached 5mm. (e stiffness and the declining
ratio of PCW1were the lowest and largest of all specimens as
illustrated above. Interestingly, the curves of RCW2 and
PCW2 were basically the same as those of the RCW1 after
yielding, which indicated that the cogged connection with
structural glue had stable static performance and application
prospect.

3.6. Energy Dissipation. As an important index affecting the
seismic performance of the specimens, energy dissipation can
be calculated by the area of the enclosed loading-displacement
hysteretic loop in each cycle.(e larger the area, the better the
energy dissipation of specimens.

As shown in Figure 8, the energy dissipation of speci-
mens was basically the same before the displacement
reached 10mm. Not only could the cast-in-situ plug
grouting connection of PCW3 bear the shear and the mo-
ment, but also the left-right hidden columns provided higher
integrity in contrast with RCWs. (erefore, the energy
dissipation of PCW3 increased more significantly than that
of other specimens after yielding. After the generation of
small cracks, the PCW1 specimen with horizontal structural
glue connection was unable to withstand the shear force and
bending moment due to the lack of vertical reinforcement
connection. In the displacement control stage, the energy
dissipation of PCW1 was mainly provided by the left and
right hidden columns of the specimen. As a result, when the
position reached 22.5mm, the PCW1 specimen suffered
slippage failure, and the energy dissipation suddenly

Table 3: Characteristic loads and displacements of specimens.

Number Fy (kN) θy (%) Fp (kN) θP (%) Fμ (kN) θu (%) μΔ

RCW1
+ 168.8 1.15 192.1 2.28 163.3 2.68

2.07− −164.8 −1.44 −197.8 −2.29 −168.1 −2.68
Average 166.8 1.29 195 2.28 165.7 2.68

RCW2
+ 170.1 1.06 195.9 2.31 166.5 2.62

2.27− −171.6 −1.27 −201.6 −2.28 −170.2 −2.68
Average 170.9 1.17 198.8 2.30 168.4 2.65

PCW1
+ 78.3 0.97 144.4 1.53 122.7 1.65

1.34− −61.3 −1.34 −81.3 −1.51 −69.1 −1.45
Average 69.8 1.15 112.9 1.52 95.9 1.55

PCW2
+ 163.6 1.15 191.3 2.28 162.4 2.66

2.31− −165.4 −1.17 −177.8 −2.28 −151.3 −2.68
Average 164.5 1.16 184.6 2.28 156.9 2.68

PCW3
+ 156.1 0.92 194.6 1.72 178.3 1.91

2.21− −160.7 −0.78 −175.3 −1.70 −149 −1.87
Average 158.4 0.85 185 1.71 163.7 1.89
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Figure 7: Stiffness degradation of specimens (Figure 7 is repro-
duced from Li et al. [27]).

RCW1
RCW2
PCW1

PCW2
PCW3

0 10 20 30 40

0

1000

2000

3000

4000

Displacement (mm)

En
er

gy
 d

iss
ip

at
io

n 
(k

N
/m

m
)

Figure 8: Energy dissipation of specimens.
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stopped. Although the hidden columns were adopted in
PCW2, the longitudinal rebars were not connected in the
structural glue cogged connection. (e energy dissipation
was almost provided by the hidden columns. (us, the
energy dissipation capacity of PCW2 was smaller than that
of RCW2. Simultaneously, as the connection was changed
from the bottom to the middle, there was no connection in
the weak region that can supply more energy dissipation
capacity. (e energy dissipation capacity of PCW2 was
higher than that of RCW1. In general, the RCW1, RCW2,
and PCW2 were essentially the same in the energy dissi-
pation under the same displacement, and the energy dis-
sipation capacity was decreased in an order of
RCW2> PCW2>RCW1.

3.7. :e Strain of Reinforcement in Hiding Columns.
Figure 9 shows the strain of reinforcement in hiding col-
umns of all specimens. As illustrated above, when the strain
of reinforcement reached 2200, the specimens were in the
elastic-plastic stage. As the PCW1 was split into two pieces,
the strains of vertical reinforcement were yielded, which was
evidently different from the other specimens.

(e growth ratio of vertical reinforcement in the bottom
of RCW1 was gentle before yielding and then increased
rapidly after yielding. However, the vertical reinforcement in
the middle did not reach the yielding in the entire process.
(e same phenomenon was observed in RCW2, PCW2, and
PCW3, in which the strain of vertical reinforcement had no
obvious difference between cast-in-place and precast spec-
imens. It indicated that the change of the construction joint
and two connections of PCW2 and PCW3 did not affect the
strain of reinforcement, which was consistent with the ex-
perimental outcomes.

4. Numerical Simulation

(e finite element models of PCW2 and PCW3 were
established and analyzed by the commercial program
ABAQUS. In the comparison of their skeleton curves and
characteristic loads with the experimental results, the ac-
curacy of the finite element simulation results was verified.

4.1. Constitutive Relationship. In this paper, the concrete
damaged plasticity model was adopted, and the difference of
tension and compression, and the convergence in strength
and stiffness were considered [28]. (e constitutive rela-
tionship of concrete under uniaxial tension and compression
in the model is shown in Figure 10 [29].(e full curve model
was used to calculate the steel bar model, in which the
yielding strength, the Poisson ratio μ, and the elastic modulus
E were 420MPa, 0.3, and 2.0×105MPa, respectively. (e
constitutive relationship of the steel bar model was calcu-
lated as follows:

σ �

Esε, ε≤ εy,

fy, εy < ε≤ k1εy,

k4fy +
Es 1 − k4( 

εy k2 − k1( 
2 ε − k2εy 

2
, ε> k1εy,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(3)

where k1 is the ratio of the initial strain of hardening steel to
the yield strain, k2 is the ratio of the peak strain of the steel
bar to the yield strain, k3 is the ratio of ultimate strain to yield
strain of steel bars, and k4 is the ratio of the peak stress of the
steel bar to the yield strength, respectively.

4.2. Finite Element Models. (e solid element C3D8R was
applied to simulate the concrete, and the truss element T3D2
was concerned with steel bars. In the process of establishing
the models, the assembled shear wall models of the two
connection forms were properly simplified. Moreover, the
structural glue and steel plate in PCW2 and cast-in-situ plug
grouting in PCW3 were ignored, so that the interaction
between components was definite.

(e interaction between steel skeleton and concrete
utilized the “embed region,” which meant that there was
almost no relative slippage between steel and concrete. (e
two surface types in precast shear walls were considered: one
was the surface between the hidden column and wall, and the
other was the surface between the upper or lower-half wall
and top or bottom beam. Furthermore, the bonding oper-
ation was utilized on the above surface. It was noted that
there was definitely slip but little normal strain in the surface
between the upper and lower precast shear wall. (us, the
friction coefficient was set as 0.8 in PCW2 and 0.6 in PCW3.
To guarantee the accuracy and convergence of themodel, the
dimension of the finite element was 50mm.

(e boundary condition was to completely fix the
foundations of the specimens. (e vertical loads by applying
uniform compression on the surface of the loading beam
were adopted. And the horizontal load was applied in the
form of displacement control, in which the left side of the
loading beam was coupled to a point, and horizontal dis-
placement was applied through the boundary created by the
point. (e loading condition was identical to the experi-
mental condition.

4.3. Skeleton Curves of Simulation Results. Figure 11 shows
the comparison of skeleton curves of PCW2 and PCW3 in
experiments and numerical simulation. (e simulated
skeleton curves were generally consistent with experimental
results, affecting the feature variation in different stages.
However, the load capacity in the simulation was slightly
larger than that in experiments. (is was because the
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Figure 9: Reinforcement strain of specimens. (a) RCW1. (b) RCW2. (c) PCW1. (d) PCW2. (e) PCW3.
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concrete discreteness and the initial defect were not con-
sidered in the numeral simulation. (e simulation results
show that the finite element models were reliable.

4.4. Comparison of Characteristic Loads. As shown in Ta-
ble 4, characteristic loads in the experiments and the sim-
ulation are compared, including yielding load, peak load,

and ultimate load. However, there are two different factors in
the numerical simulation and experimental condition: (1)
the finite element models are established under the ideal
condition; however, there are some initial defects and
heterogeneous materials in reality; (2) the displacement
control is the single loading program in the simulation. As
shown in Table 4, there are some deviations between tests
and simulations, and the maximum deviation is 21.8%.

σt

σt0

E0

εtpi~ εtci
εt

(1 – dt)E0

(a)

σc

σcu
σc0

E0

εe

(1 – dc) E0

εpi~ εeiee

(b)

Figure 10: Response of concrete to uniaxial loading in tension (a) and compression (b). (Figure 10 is reproduced from Yilmaz et al. [29]).
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Figure 11: Comparison of skeleton curves in the test and numerical simulation. (a) PCW2. (b) PCW3.

Table 4: Characteristic point of the tests and simulations.

Characteristic point

Yielding point Peak point Ultimate point
Displacement

(mm) Load (kN) Displacement
(mm) Load (kN) Displacement

(mm) Load (kN)

+ − + − + − + − + − + −

PCW2
Test 14.9 −15.2 163.6 −165.4 29.6 −29.7 191.3 −177.8 34.6 −34.9 162.4 −151.3

Simulation 17.6 −17.5 144.5 −162.7 29.9 −34.9 195.9 −201.0 39.9 −39.9 178.1 −169.3
Deviation (%) 18.1 15.1 11.6 1.6 1.1 17.5 2.4 13.0 15.3 14.3 9.6 11.8

PCW3
Test 12.0 −10.2 156.1 −160.7 22.3 −22.1 194.6 −175.3 24.8 −24.3 178.3 −147.8

Simulation 10.4 −10.1 182.1 −185.1 22.5 −19.9 207.7 −209.5 29.9 −29.6 174.5 −174.1
Deviation (%) 13.3 1.0 16.6 15.1 0.9 9.9 6.7 19.5 20.0 21.8 2.1 17.7
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However, the load deviation is slightly smaller than that of
displacement, and the results of the characteristic points are
consistent with the experimental results.

5. Conclusion

In this paper, the horizontal cyclic loading test on five shear
wall specimens is performed, including two cast-in-place
shear walls with construction joints at the bottom and the
middle (RCW1 and RCW2) and three precast shear walls
with the structural glue horizontal connection, the structural
glue cogged connection, and the cast-in-situ plug grouting
connection (PCW1, PCW2, and PCW3). Meanwhile, the
results of finite element models of PCW2 and PCW3 are
analyzed. (e main conclusions are drawn as follows:

(1) (e moment-shear failure is observed in RCW1,
RCW2, PCW2, and PCW3, while the severe slippage
failure is observed in PCW1. When the construction
joint is changed from bottom to middle, the integrity
of the bottom region can be enhanced by preventing
cracks and relieving the damage for PCW2 and
PCW3. It is noted that moment-shear failure mode
and the weakest region (the bottom of the shear
walls) can not be changed by changing the con-
struction joint or connection type in precast shear
walls.

(2) (e connection of PCW1 (structural glue horizontal
connection) hardly contributes to the capacity of
bearing shear forces; then characteristic loads, dis-
placements, and energy dissipation of PCW1 are
obviously lower than those of other specimens.

(3) (e hysteretic curves of specimens are an inverse S
shape and were approximately consistent. Except for
PCW1 with the minimum characteristic bearing
capacity, the skeleton curves of other specimens are
similar. Due to the larger stiffness of PCW3, the load
under the reverse loading condition is smaller than
that under the forward loading at each stage.

(4) Compared with RCW1 and RCW2, the yielding load,
the peak load, and the ultimate load can be increased
by 0.7%, 1.9%, and 1.6% by installing the con-
struction joint in the middle of shear walls; partic-
ularly, the ductility is increased 9.6%. (erefore,
stalling the construction joint in the middle has
certain benefits to the shear wall.

(5) Compared with RCW1, the yielding load, peak load,
and ultimate load of PCW2 are reduced by 1.37%,
5.3%, and 5.3%, but the ductility is increased by 9.6%.
(e same outcome is obtained by PCW3. It indicates
that the two connection methods (the structural glue
cogged connection and cast-in-situ plug grouting
connection) can result in a slight decrease of the
bearing capacity but a significant increase in
ductility.

(6) Except for PCW1, the stiffness degradation of
specimens (RCW1, RCW2, PCW2, and PCW3)
decreases with the increase of displacement, and the

energy dissipation gradually increases. (e test re-
sults indicate that the difference of stiffness degra-
dation between RCW1, RCW2, PCW2, and PCW3 is
negligible.

(7) (e simulation results are in good agreement with
the experimental results. It suggests that the finite
element models are reliable and the entire experi-
mental progress can be reflected by the finite element
models.
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