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Abstract: The sleeve grouting connection is the most common form of vertical connection for prefab-
ricated shear walls. However, during construction, this type of connection is prone to defects such as
insufficient anchorage length of reinforcement, deviation of reinforcement, and insufficient amount of
sleeve grouting, which significantly impact the integrity and seismic performance of the prefabricated
shear wall structure. The finite element analysis of the prefabricated shear wall with sleeve grouting
connection is still based on solid element modeling. This method has the disadvantages of complex
models and low computational efficiency. In this paper, a simplified modeling method for prefab-
ricated shear walls considering sleeve grouting defects was proposed to address this issue. Firstly,
the equivalent constitutive relationship of the sleeve grouting defect connector was constructed
based on the uniaxial tensile test of the existing sleeve grouting defect connector, and the T3D2
element was used to simulate the sleeve grouting connector. Then, the mechanical behavior of the
horizontal joint between the shear wall and the foundation beam was simulated by the cohesive force
model, and the prefabricated shear wall models with sleeve grouting defects were established. The
accuracy of the simplified modeling method was verified by comparing the experimental results and
numerical simulation results of the seismic performance of the prefabricated shear wall with sleeve
grouting defects. The results showed that the hysteresis curve, skeleton curve, and failure mode of
the numerical simulation were in good agreement with the test results. However, the stiffness of the
concrete degenerated rapidly due to the apparent development of plastic-damaged concrete, which
made the falling section of the hysteresis curve of the numerical simulation different from that of
the test. The proposed simplified modeling method can be further applied to the performance study
of prefabricated shear walls with sleeve grouting defects and can provide a reference for structural
performance evaluation, design optimization, and construction quality control to a certain extent.

Keywords: sleeve grouting defects; prefabricated shear wall; equivalent constitutive relationship;
numerical simulation; seismic performance

1. Introduction

Prefabricated building refers to producing prefabricated components in the factory
and delivering components to the construction site for assembly, connection, and installa-
tion [1]. At present, in medium and high-rise buildings, especially residential buildings,
prefabricated shear wall structure is widely used as an essential lateral force-resisting
component. However, its structural integrity is easily restricted by horizontal and vertical
joints, resulting in stiffness mutation, discontinuous deformation, and stress concentration,
which will affect the integrity and seismic performance of the structure. Therefore, if the
prefabricated shear wall structure is to achieve ‘equivalent cast-in-place’, the connection
mode and quality of the joints will be crucial.

The vertical connection between the prefabricated shear wall components mainly
adopts the sleeve grouting connection. This connection method is achieved by inserting two
steel reinforcements into the connector and injecting grouting material. When the grouting
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material hardens, steel reinforcements and sleeve connectors are firmly combined. It has the
characteristics of clear force, good deformation performance, convenient construction, and
high reliability, which has attracted the attention of many scholars. Hayashi [2] and Eniea
et al. [3] studied the factors affecting the mechanical properties of sleeve grouting connectors
and deduced the calculation formula of bond strength of sleeve grouting reinforcement.
Koushfar [4] conducted a uniaxial tensile test on the sleeve grouting joint of the new glass
fiber-reinforced polymer grouting material and studied the bond stress slip law based on
the test results. Ling et al. [5,6] carried out an incremental tensile test on the sleeve grouting
steel bar connector until the specimen was destroyed and found that the geometry of the
sleeve had a significant effect on the bonding performance. Zhang [7] studied the influence
of different anchorage lengths on the sleeve grouting connector under uniaxial load by the
uniaxial tensile test of fiber-reinforced grouting material grouting sleeve connector. Liu [8]
studied the failure process of sleeve grouting connectors under uniaxial tensile load by the
uniaxial tensile test of sleeve grouting connectors and finite element analysis of the uniaxial
tensile test.

Based on the experimental research on the mechanical properties of the sleeve grout-
ing connection, some scholars have also researched the sleeve grouting connection pre-
fabricated shear wall. Ling [9] carried out tensile, shear, and bending load tests on the
prefabricated shear walls connected by sleeve grouting until failure. According to the
load-displacement curve, ultimate bearing capacity, and ductility response, the feasibility
of the joint was evaluated. Du [10] and Min [11] conducted a horizontal reciprocating
load test on the sleeve grouting short-leg prefabricated shear wall (PSSW). The results
indicated that PSSW experienced bending failure and the sleeve grouting reinforcement
connection is reliable. Lu [12] and Li [13] conducted low-cycle reciprocating load tests
on L-shaped sleeve grouting prefabricated shear walls and cast-in-place shear walls. The
results show that the bearing capacity of the prefabricated shear wall is slightly lower than
that of the cast-in-place shear wall, but the deformation capacity and ductility are better,
which proves that the prefabricated shear wall has good and reliable seismic performance.
Peng [14,15] analyzed the quasi-static test of five shear walls with horizontal joints and
vertical steel sleeve connections and four shear walls with slurry anchor connections. It was
observed that the failure modes of both prefabricated wall specimens and cast-in-place wall
specimens were essentially similar. Xue [16] established a prefabricated shear wall model
with sleeve grouting connections and simulated the sleeve grouting connection in detail.
The cohesive element was used to simulate the horizontal joints of the shear wall, and
this model can better simulate the seismic performance of the sleeve grouting connection
prefabricated shear wall. It is evident from existing research that the defect-free sleeve
grouting connector can offer excellent connection performance, and the prefabricated shear
wall utilizing this connection method also demonstrates good seismic performance.

The reinforced sleeve grouting connection has a complex structure and is a concealed
project. It is difficult to control the grouting quality, which causes the sleeve grouting
connector to have inevitable defects and seriously affects its mechanical properties. In
practical engineering, sleeve grouting defects often occur due to insufficient anchor length
of reinforcement, position deviation of reinforcement, insufficient grouting, et al. These
issues significantly affect the connection quality and structural safety of the grouting sleeve.
Xu [17] and Guo [18] studied the influence of insufficient grouting (uniform, longitudinal,
radial, and inclined) defects on the bond failure mode and bond stress-slip curve of semi-
sleeve grouting connectors through experiments. Kahama [19] used the finite element
model to study the influence of defects in the bond zone between steel bars and grouting
with 50 different parameters on the mechanical properties of the specimens. Zhang [20]
conducted uniaxial tensile tests on sleeve grouting connectors with insufficient grouting
defects and repaired defects and analyzed the failure mode as well as the relationship
between force-displacement and defect degree. Previous studies have shown that defects
in sleeve grouting can significantly impact the bearing capacity and deformation capacity
of the sleeve grouting connector. However, it is impossible to understand the effect of
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sleeve grouting defects on the seismic performance of prefabricated shear walls in practical
engineering only by studying the influence of sleeve grouting defects on the mechanical
properties of sleeve grouting connectors. Therefore, national and international scholars
have conducted extensive research on the seismic performance of prefabricated shear
walls with sleeve grouting defects. Xiao, S. [21] carried out low cyclic loading tests on
the prefabricated shear walls and cast-in-place concrete shear wall specimens with sleeve
grouting defects, revealing that such defects diminish the seismic performance of the
walls. Yang [22] designed four kinds of prefabricated shear walls with insufficient grouting
defects and performed reciprocating load tests to analyze the cracking development, failure
mode, hysteretic characteristics, and bearing capacity of concrete. Yan, H. [23] designed
the sleeve grouting shear walls, the full defect sleeve grouting shear walls, and the partial
defect shear walls. Finite element analysis was then employed to analyze the impact of
sleeve grouting defects on the seismic performance of these shear walls. According to the
existing research, it is found that the sleeve grouting defect has a certain influence on the
seismic performance of the prefabricated shear wall. The current research on the seismic
performance of prefabricated shear walls with sleeve grouting defects is mainly based
on experiments with limited finite element simulation studies. In addition, there are also
problems, such as complex modeling of sleeve grouting connectors, low solution efficiency,
high calculation cost, and poor defect simulation results [16,23]. Therefore, it is necessary to
propose a simplified modeling method for prefabricated shear walls with sleeve grouting
defects, considering the accuracy and efficiency of the calculation.

In summary, this paper proposed a simplified modeling method for prefabricated shear
walls with sleeve grouting defects, aiming to accurately simulate the seismic performance
of prefabricated shear walls and improve the efficiency of finite element simulation. This
method is mainly to simplify the sleeve grouting defect connector, which is equivalent
to a steel bar section with the same diameter as the vertical steel bar, and then give it
the constitutive relationship constructed by the uniaxial tensile test of the sleeve grouting
defect connectors. The structure of this paper is as follows: firstly, in Section 2, a trilinear
constitutive model of sleeve grouting defective connectors based on existing uniaxial
tensile tests of different types of sleeve grouting defect connectors and introduces the
simplified model of sleeve grouting connectors. Then, the numerical modeling process of
prefabricated shear walls with sleeve grouting defects was described in detail in Section 3.
Next, the Section 4 studied the seismic performance of prefabricated shear walls with four
different types of sleeve grouting defects and compared the numerical simulation results
with the test results to validate the reliability of the simplified modeling method. Finally,
the conclusion was given in Section 5.

2. Simplified Model of Sleeve Grouting Connector with Defects

Based on the existing uniaxial tensile tests of different types of sleeve grouting defect
connectors, an equivalent constitutive relationship of sleeve grouting defect connectors is
constructed by the curve fitting method. Then, the sleeve grouting connector is simplified
to a steel reinforcement section with the same diameter as the vertical steel reinforcements
and given corresponding material properties to realize the simplification of the sleeve
grouting defect connector.

2.1. Equivalent Constitutive Model of Sleeve Grouting Connector with Defects

Guo [24] conducted uniaxial tensile tests on different types of sleeve grouting defective
connectors and obtained the stress-strain curve of the sleeve grouting defective connector
(S2 is the end defects, S5 is the anchor length defects) as shown in Figure 1. The stress-
strain curve increases linearly in the yield stage and decreases after reaching the ultimate
strength stage.

This paper constructed a constitutive model suitable for sleeve grouting defective
connectors based on the existing test data. The model is a trilinear model with a descending
section. The model is similar to the bilinear constitutive model of steel bars and is mainly
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to set a stress–strain descending section after the sleeve grouting connector reaches the
ultimate strength. To better characterize the stress characteristics of the ‘trilinear’ of the
sleeve grouting defect connector, Figure 2 summarizes the equivalent yield point, the
equivalent ultimate strength point, and the end point of the descending section from the
test results. Among them, point A and point B correspond to the equivalent yield point and
the equivalent ultimate strength point of the sleeve grouting defect connectors, respectively,
and point C is the end point of the descending section.
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The study investigated the influence of different types of defects, steel yield stress, and
other factors on the constitutive model of sleeve grouting defect connectors using IBM’s
statistical software SPSS (26.0). It was observed that the yield stress and ultimate stress of the
sleeve grouting defect connector are strongly correlated with the yield strength of the steel
bar. Therefore, the yield strength of the steel bar was chosen as the independent variable
for regression analysis, and the fitting results were presented in Equations (1) and (2). The
fitting coefficient R2 was used to judge the accuracy of formulas, whose values range from
0 to 1, and the closer to 1, the better the model fits. The calculation results showed that
the R2 of Equations (1) and (2) were greater than 0.5, so the accuracy of the formulas was
good. The strain and stress of endpoint C are mainly related to the type of sleeve grouting
defects, and the value of this point can be determined according to the uniaxial tensile test
of different types of sleeve grouting defect connectors.

σA = 0.97 fy + 5.96 (1)

σB = 0.62 fy + 259.68 (2)
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where σA and σB are the stresses at points A and B, respectively, and fy is the yield strength
of reinforcement.

2.2. Simplified Model of Sleeve Grouting Connector

The full sleeve grouting connector structure is shown in Figure 3. The current finite
element simulation methods for sleeve joints in prefabricated components are diverse,
but the refined model of solid elements is still the main one. Although this method can
simulate the connection performance of sleeve connectors well and, to some extent, reflect
the difference in performance between sleeve connectors and steel bar connections, it still
has problems such as complex computational models, low solving efficiency, and difficult
convergence of the model. Therefore, it is necessary to simplify the sleeve connectors in the
prefabricated components. At present, a few scholars [25–27] have utilized the equivalent
substitution method to streamline the connectors in prefabricated buildings and have
achieved relatively abundant results.
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Figure 3. Configuration of the fully-grouted sleeve connector.

In this paper, due to the complexity of the full-sleeve grouting connector model and
materials, the equivalent substitution method was also used to simplify the sleeve grouting
connector in the prefabricated shear wall to facilitate model convergence. Specifically, it
was simplified as a section of steel bar material, as shown in Figure 4. Among them, the
red part represents the equivalent steel bar, which has the same diameter as the vertical
steel bar but has a different stress-strain relationship. During the modeling process, the
longitudinal steel bars connected by the sleeve grouting connector of the shear wall were
divided, and the unit sets of steel bars and sleeve grouting connectors were established
with corresponding material properties assigned to each.
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3. Finite Element Modeling of Prefabricated Shear Wall Considering Sleeve
Grouting Defects

In this part, the finite element analysis model of prefabricated shear walls with sleeve
grouting defects was established by finite element analysis software ABAQUS (2016), which
was developed by Dassault Systèmesa company. And the modeling process was introduced
in detail.

3.1. Element Type and Meshing

The modeling of prefabricated shear walls adopted the separation modeling method.
In this model, the loading beam, shear wall, and other concrete components used the three-
dimensional solid element (C3D8R), which is more accurate in calculating displacement and
deformation and has a high grid utilization rate. In addition, the steel reinforcements and
sleeve grout connectors use the 2-node linear 3-dimensional truss unit (T3D2), as shown in
Figure 5. When meshing the model, it is necessary to consider the accuracy and calculation
speed of the finite element simulation and select the appropriate meshing method. Figure 6
is the model and mesh division diagram of the specimen PW1 shear wall and steel bars.
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3.2. Constitutive Model of Materials
3.2.1. Concrete

The constitutive model of concrete materials adopts a damage plasticity model that
can effectively reflect the degradation of stiffness and strength of concrete during loading
and the difference between tensile strength and compressive strength of concrete materials.
Among them, the stress–strain relationship of concrete is determined according to the
specification [28], as shown in Figure 7a.
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The calculation formula of the uniaxial compression stress–strain curve of concrete is
as follows:

σ = (1 − d c)Ecε (3)

dc =

{
1 − ρcn

n−1+xn x ≤ 1
1 − ρc

αc(x−1)2+x
x > 1 (4)

ρc =
fc,r

Ecεc,r
(5)

n =
Ecεc,r

Ecεc,r − fc,r
(6)

x =
ε

εc,r
(7)

where σ is the stress of concrete; ε is the strain of concrete; Ec is the elastic modulus of
concrete; dc is the damage evolution parameter of concrete under uniaxial compression;
ρc, x, n are strength calculation parameters; αc is the parameter value of the descending
section of the uniaxial compression stress-strain curve of concrete; fc,r is the representative
value of the uniaxial compressive strength of concrete; εc,r is the peak compressive strain of
concrete corresponding to the uniaxial compressive strength fc,r.

The calculation formula of the uniaxial tensile stress–strain curve of concrete is as follows:

σ = (1 − d t)Etε (8)

dc =

{
1 − ρt

(
1.2 − 0.2x5) x ≤ 1

1 − ρt

αt(x−1)1.7+x
x > 1 (9)

ρt =
ft,r

Ecεt,r
(10)

x =
ε

εt,r
(11)

where σ is the stress of concrete; ε is the strain of concrete; Ec is the elastic modulus of
concrete; dt is the uniaxial tensile damage evolution parameter of concrete; ρt and x are
strength calculation parameters; αt is the parameter value of the descending section of the
stress-strain curve of concrete under uniaxial tension; ft,r is the representative value of
uniaxial tensile strength of concrete; εt,r is the peak tensile strain of concrete corresponding
to the uniaxial tensile strength.

To accurately model the damage response of shear walls under horizontal cyclic
loading, it is essential to establish compression and tension damage factors within the
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concrete plastic damage model. These factors were derived based on the Sidorov energy
equivalence principle [29] with the following formula:

In order to simulate the damage behavior of shear walls under horizontal cyclic
loading, it is necessary to define the compression and tension damage factors in the
concrete plastic damage model. These factors were calculated according to the Sidoroff
energy equivalence principle [29] with the formula as follows:

The elastic residual energy (W0
d ) of nondestructive materials is calculated as follows:

W0
d =

σ2

2E0
(12)

The elastic residual energy (We
d) of the damaged material is calculated as follows:

We
d =

σ2

2Ed
=

σ2

2E0
(13)

where E0 is the initial elastic modulus; Ed is the elastic modulus of the damaged material;
σ is the effective stress of concrete, calculated according to the following formula:

σ =
σ

1 − D
(14)

Through simultaneous Equations (12)~(14), we can obtain the following:

σ = (1 − D)2E0ε (15)

According to the constitutive formula σ = (1 − d c/t
)
Ecε given by the specification [25],

the expression of the damage factor can be obtained as follows:

D = 1 −
√(

1 − d c
t

)
= 1 −

√
σ

EC
ε (16)

where σ is the effective stress of concrete; E0 is the initial elastic modulus; Ed is the elastic
modulus of the damaged material; D is the concrete damage factor; and dc/t is the damage
parameter given in the specification.

The other five plastic parameters in the CDP model of ABAQUS Library are as follows:
dilation angle φ and eccentricity e control the shape of the uncorrelated flow potential
function G; the ratio of biaxial compressive strength to uniaxial compressive strength fc0/fc0
and constant stress ratio Kc control the yield surface of concrete; and the viscosity parameter
λ is a viscoplastic regularization parameter used to improve model convergence difficulties
due to material softening and stiffness degradation. Among them, e, fc0/fc0, and Kc were
valued according to the ABAQUS user manual. However, the manual did not give the
values of dilation angle φ and viscosity parameter λ, which can be determined by referring
to the existing numerical simulation research and numerical analysis experience. Among
these five parameters, only the expansion angle is dimensional, and the parameters’ specific
values are shown in Table 1.

Table 1. The other five plastic parameters of CDP.

Parameter Dilation
Angle φ/(◦) Eccentricity e fc0/fc0 Kc

Viscosity
Parameter λ

value 30 0.1 1.16 0.667 0.5

3.2.2. Steel Reinforcement

The constitutive model of the steel reinforcement adopted the bilinear elastic–plastic
model. Figure 7b shows the stress–strain (σ–ε) relationship of steel reinforcement. In the
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figure, the elastic modulus ES of reinforcement is 2 × 105 Mpa, the tangent modulus after
yield is Et = 0.01Es [30], and the Poisson’s ratio is 0.3.

3.3. Simulation of Horizontal Seaming

In the tests, the precast shear wall and the foundation beam were bonded by a 20 mm
thick grouting material. During the finite element simulation, the mechanical properties of
the horizontal joint between the shear wall and the foundation beam were simulated by
the tangential shear stress-slip constitutive relationship and the normal bond constitutive
relationship, that is, the Coulomb friction model and the cohesion model [31]. Among
them, the Coulomb friction model mainly simulated the friction contact between the shear
wall and the foundation beam, but it cannot simulate the interfacial bond slip between the
shear wall and the foundation beam and the interfacial bond capacity in the damage stage.
Besides, the cohesive element model regards the interface between the shear wall and
the foundation beam as a large-scale broken ligament. The nonlinear fracture mechanics
method was used to analyze the interface separation process, and the related mechanical
properties, such as bonding, sliding, peeling, and fracture between the interfaces, can be
simulated, as shown in Figure 8a.
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In the Coulomb friction model, the normal behavior was defined as hard contact, the
tangential behavior as a penalty function, and the friction coefficient is 0.6 in Reference [32].
Meanwhile, the cohesive constitutive model adopts a bilinear model, as shown in Figure 8b,
which includes the linear stage and damage evolution stage.

The linear stage was represented by an elastic constitutive matrix, as shown in
Equation (17). To facilitate the calculation, the tangential sliding effect of the joints was
neglected, and the coupling of normal and tangential behavior was not considered. The
stiffness coefficients Knn, Kss, and Ktt were set to the same value [31]. According to Refer-
ence [33], the interface stiffness is in the range of 5–13.5 MPa/mm.

σ =


σn
σs
σt

 =

Knn , Kns , Knt
Ksn , Kss , Kst
Ktn , Kts , Ktt

·


δn
δs
δt

 (17)

where σn is the interface normal stress; σs and σt are the interface tangential stress; δn is
the interface normal displacement; δs and δt are the interface normal displacement; Knn is
the normal stiffness coefficient; Kss and Ktt are the tangential stiffness coefficients; Kns/sn,
Knt/tn, and Kts/st are the coupling stiffness coefficients.

When the interface stress reached the damage criterion, it entered the damage stage.
The maximum stress criterion was adopted to determine the damage starting point, and
the formula is as follows:

max
{

σn

σ0
n

,
σs

σ0
s

,
σt

σ0
t

}
= 1 (18)
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where σn is the normal stress of the interface; σs and σt are the tangential stress of the
interface; σ0

n , σ0
s andσ0

t are the maximum stress values corresponding to the elastic stage of
the interface state, which corresponds to the normal peak stress t0

n and the tangential peak
stress t0

s and t0
t , and are calculated according to the formula in reference [34].

In the damage evolution stage, the damage evolution form adopted the linear evolu-
tion form, and the damage degradation law of the interface was controlled by defining the
damage factor D. The formula is as follows:

D =
δ

f
m
(
δmax

m − δ0
m
)

δmax
m

(
δ

f
m − δ0

m

) (19)

where δ
f
m is the effective relative displacement at the time of failure; δmax

m is the largest
effective relative displacement in the loading process; δ0

m is the peak effective relative
displacement, and according to the literature [35], δ

f
m/δ0

m value is 3.

3.4. Boundary Conditions and Loads

The loading beam and shear wall were connected by tie constraints, which bound
the two regions in the model and made no relative displacement between them. The steel
reinforcements and sleeve grouting connectors were embedded into the shear wall solid
elements, and it was considered that the bond-slip did not occur between the steel bar and
sleeve grouting connector and the concrete. The bottom of the foundation beam adopted
fixed constraints. The load was coupled by setting a reference point at the centroid position
of the top surface of the loading beam, and the vertical load was applied at the reference
point. After keeping the vertical load unchanged, the horizontal displacement load was
loaded according to the loading method of the test. The loading and constraints of the
model are shown in Figure 9.
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4. Comparison and Verification of Simplified Methods for Prefabricated Shear Wall
Considering Sleeve Grouting Defects
4.1. Verification Test Overview

The accuracy of the finite element modeling method is verified by establishing four
different types of precast shear wall models with sleeve grouting defects in the existing
experiments [21,22] and analyzing their seismic performance. Among them, PSW2 and
PSW4 are test 1, and PW1 and PW4 are test 2, both using cyclic loading. The size of the
specimens and the form of steel bars are shown in Table 2 and Figure 10.
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Table 2. Main parameters of specimens.

Specimen Specimen Size
(mm)

Concrete
Strength Grade

Axial
Compression Ratio Defect Type

PSW2 1700 × 200 × 2800 C30 0.206 The anchorage length of the two steel bars
on the right side is shortened to 4d.

PSW4 1700 × 200 × 2800 C30 0.206 The anchorage length of 6 steel bars
on the right side is shortened to 4d.

PW1 1400 × 200 × 2850 C40 0.18 The grouting defect of the two
ends on the right side is 4d.

PW4 1400 × 200 × 2850 C40 0.18 The grouting defect of the four
ends on the right side is 4d.
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According to the results of the material tests, the compressive strength of concrete in
test 1 and test 2 was 30.95 MPa and 64.5 MPa, respectively. The material properties of steel
bars and sleeve grouting connectors are in Table 3.
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Table 3. Test results of material properties.

Test Conditions Material Category Yield Strength
/MPa

Ultimate Strength
/MPa

test one

steel reinforcement

C14 427.3 608.7

C10 494.6 583.9

C8 / 584.9

The defect of the sleeve grouting
connector is that the anchorage length

of the steel bar is shortened to 4d.
/ 411.27 536.64

test two

steel reinforcement

A16 439 616

A10 459 641

A8 / 684

The defect of the sleeve grouting
connector is that the anchorage length

of the steel bar is shortened to 4d.
/ 487.5 553.66

4.2. Comparison and Verification of Numerical Simulation Results
4.2.1. Hysteretic Curve

Figure 11 shows the comparison between the numerical simulation hysteresis curve
and the test hysteresis curve of the prefabricated shear wall under horizontal cyclic loading.
It can be seen from the figure that the simulation results are consistent with the test results in
terms of initial stiffness and specimen-bearing capacity, and the hysteresis curve is relatively
complete. However, there are some differences in the clamping effect on the hysteresis
curve. With the increase of horizontal reciprocating load, the plastic damage of concrete
accumulates continuously, which leads to a decrease in concrete stiffness. Compared with
the test curve, the descending section of the numerical simulation curve is steeper, and
the unloading stiffness is less than the actual unloading stiffness, which has a certain error
with the test results. Besides, due to the influence of the test equipment on the reverse
loading of PSW2 and PSW4 specimens, the reverse loading of the specimens can only reach
650 kN, which makes the peak bearing capacity of the reverse loading very different from
the numerical simulation results.
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4.2.2. Skeleton Curve

Figure 12 shows the comparison between the finite element simulation skeleton curve
and the test skeleton curve of the prefabricated shear wall under horizontal cyclic load.
Table 4 shows the comparison of bearing capacity and displacement of prefabricated shear
walls under horizontal cyclic load. It can be seen from the diagram that the analysis
results of the finite element model using the simplified modeling method under horizontal
reciprocating load are close to the test results, and the average errors of peak bearing
capacity and ultimate bearing capacity are 6.4% and 11.7%, respectively. However, the
specimens PSW2 and PSW4 can only be loaded to 650 kN under the influence of the test
equipment during the reverse loading, which makes the peak bearing capacity obtained by
the test significantly different from that obtained by the finite element analysis.

In addition, the peak displacement obtained by the simulation is quite different from
the test due to the high initial stiffness of the load. At the same time, with the continuous
increase of horizontal reciprocating load, the plastic damage of concrete accumulates
continuously, resulting in the degradation of concrete stiffness so that the descending
section of the simulated curve is steeper than the test curve, and the unloading stiffness is
less than the actual stiffness.
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Table 4. The comparison of bearing capacity and displacement of prefabricated shear walls.

Specimens Eigenvalue
FEA Result Test Result

Average
ErrorForward

Loading
Reverse
Loading

Average
Value

Forward
Loading

Reverse
Loading

Average
Value

PSW2

Peak bearing capacity/kN 753.7 796.7 775.2 765.6 - 765.6 1.2%
Peak displacement/mm 19 19 19 26 - 26 26%

Ultimate bearing capacity/kN 581.4 592.2 586.8 613.9 - 613.9 4.5%
Ultimate displacement/mm 37 33 35 56 - 56 37.5%

PSW4

Peak bearing capacity/kN 713.3 720.1 716.7 715.7 - 715.7 0.1%
Peak

displacement/mm 17 17 17 23 - 23 26%

Ultimate bearing capacity/kN 558.1 563.9 561 583.2 - 583.2 3.8%
Ultimate displacement/mm 32 28 30 48 - 48 37.5%

PW1

Peak bearing capacity/kN 609.89 583.31 596.60 655.92 619.33 637.63 6.4%
Peak

displacement/mm 27.50 18.31 22.91 48.67 37.54 43.11 46.9%

Ultimate bearing capacity/kN 423.76 446.13 434.95 504.35 274.39 389.37 11.7%
Ultimate displacement/mm 64.18 64.18 64.18 67.95 63.31 65.63 2.2%

PW2

Peak bearing capacity/kN 567.76 583.83 575.80 559.23 567.07 563.15 2.2%
Peak

displacement/mm 22.92 23.08 23.00 49.23 50.90 50.07 54.1%

Ultimate bearing capacity/kN 384.40 453.44 418.92 407.67 407.666 407.67 2.8%
Ultimate displacement/mm 64.63 64.63 64.63 61.2794 63.6897 62.48 3.4%

4.2.3. Failure Mode

Figures 13–16 show the compression and tensile damage distribution of the specimens
and compare them with the actual failure mode results. It can be seen that the compression
damage of sleeve grouting prefabricated shear walls was mainly concentrated at the bottom
of the wall. Because the sleeve grouting defects were set on the right side of the wall, the
compression damage value and compression damage areas on the right side of the wall
were larger than those on the left side. The PSW2 and PSW4 were mainly flexural-shear
cracking and had cross-inclined cracks parallel to the two diagonals. The failure modes
of PSW 2 and PSW 4 were a flexural shear failure. The PW1 and PW4 were dominated
by bending cracks, and the oblique cracks are mainly concentrated in the middle third of
the walls, forming ‘X’ -shaped cracks in the bottom area of the walls. It shows that these
walls show good bending performance. During the tests, due to the influence of the test
equipment on the reverse loading of PSW2 and PSW4, the reverse loading of the specimens



Buildings 2024, 14, 1813 15 of 18

can only reach 650 kN, which makes the cracks on the left side of the wall more symmetrical
than those on the right side and the right side was seriously damaged by tensile force. This
is different from the numerical simulation results.
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Figure 13. Failure mode of PSW2 specimen: (a) compression damage; (b) tensile damage; (c) actual
damage in the test.
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Figure 13. Failure mode of PSW2 specimen: (a) compression damage; (b) tensile damage; (c) actual 
damage in the test. 
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Figure 14. Failure mode of PSW4 specimen: (a) compression damage; (b) tensile damage; (c) actual 
damage in the test. 

Figure 14. Failure mode of PSW4 specimen: (a) compression damage; (b) tensile damage; (c) actual
damage in the test.
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achieve the simplification. In order to verify the reliability of this modeling method, four 
different types of sleeve grouting defect prefabricated shear walls are taken as examples 
to compare and analyze their seismic performance. The principal conclusions can be sum-
marized as follows: 
(1) The finite element model modeling method of sleeve grouting connection prefabri-

cated shear wall for different defects proposed in this paper can better simulate the 
seismic performance of shear walls, such as yield-bearing capacity, peak bearing ca-
pacity, and failure mode. It can also better reflect the ‘pinching’ characteristics of the 
hysteresis curve. However, it is important to note that the unloading stiffness is lower 

Figure 15. Failure mode of PW1 specimen: (a) compression damage; (b) tensile damage; (c) actual
damage in the test.
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Figure 16. Failure mode of PW4 specimen: (a) compression damage; (b) tensile damage; (c) actual
damage in the test.

By comparing the results of the test and the Finite Element Analysis (FEA), it can be
seen that the simplified modeling method based on the trilinear constitutive model of sleeve
grouting defects can effectively simulate the seismic performance of prefabricated shear
walls with sleeve grouting defects. Therefore, more performance analysis of prefabricated
shear walls with sleeve grouting defects can be carried out on this basis.

5. Conclusions

This paper has proposed a simplified modeling method for prefabricated shear walls
with sleeve grouting defects. By using the three-dimensional truss element T3D2, the sleeve
grouting connector is simplified into a section of material with the same diameter as the
vertical steel reinforcements and given the equivalent constitutive relation constructed
based on the uniaxial tensile test of the sleeve grouting defective connection to achieve
the simplification. In order to verify the reliability of this modeling method, four different
types of sleeve grouting defect prefabricated shear walls are taken as examples to compare
and analyze their seismic performance. The principal conclusions can be summarized
as follows:

(1) The finite element model modeling method of sleeve grouting connection prefab-
ricated shear wall for different defects proposed in this paper can better simulate
the seismic performance of shear walls, such as yield-bearing capacity, peak bearing
capacity, and failure mode. It can also better reflect the ‘pinching’ characteristics of
the hysteresis curve. However, it is important to note that the unloading stiffness is
lower than the actual stiffness due to the continuous accumulation of plastic damage
in concrete under horizontal cyclic loading;

(2) In this paper, the trilinear constitutive model suitable for sleeve grouting defect
connectors is constructed by classifying and analyzing the existing test data. It is
related to sleeve end defect and anchorage length defect without considering other
defects, which can be investigated in future studies;

(3) The proposed modeling method can reduce the number of meshes and reduce the
complexity of the model by simplifying the solid element into the truss element, which
can provide a method for subsequent research on the performance of prefabricated
shear walls with sleeve grouting defects and provide a reference for the performance
evaluation and design optimization of the structure.
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