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Abstract: Building industrialization has great significance for improving the efficiency of construction production, achieving the goal of
energy saving and emission reduction, and promoting sustainable development. On the other hand, numerous thick wall structures with bulky
dimensions and complex connection constructions have been applied into special engineering such as islands, tunnels, and deep sea projects.
The precast structure is an open and complex system with a certain level of systematic risk for the whole life cycle. Moreover, structural
mechanics and reliability, construction uncertainty, and resilience of precast thick wall structures still need to be revealed. For promoting the
application of building industrialization to thick wall structures, nonlinear finite-element analyses on two types of large-thickness precast
shear walls have been carried out based on original structural design specifications. The reinforcement connection configurations and the
shear performance in terms of the load–displacement curve, lateral stiffness, ductility, energy dissipation capacity of shear walls with cast-in-
place (CIP) belts, or grouting sleeves have been analyzed in detail. Numerical results show that the shear performance of two large-thickness
precast shear walls is comparable to that of CIP walls. The relative error of the peak load is less than 10% for three specimens in flexural
failure mode. The yield load of shear walls is relatively large and the stage between yield and failure is satisfactory. The shear performance of
shear walls decreases slowly after reaching its peak value. Meanwhile, we have conducted the qualitative analysis of structural reliability for
large-thickness precast shear walls in component production, quality inspection, wet work, and shear performance.

Author keywords: Building industrialization; Structural reliability; Large-thickness; Precast shear wall; Shear performance; Construction
uncertainty.

Introduction

Precast reinforcement concrete (RC) shear wall structures are a
type of structural systems with components suitable for industrial
fabrication, which have the advantages of improving component
quality, accelerating site construction, reducing construction waste,
saving materials (Chen et al. 2022; Jalali et al. 2022), and reducing
construction noise (Ahmed and Aziz 2019; Li et al. 2021c;
Alshaikh et al. 2022). These precast RC walls have attracted atten-
tion in recent decades. However, experimental studies on precast
walls are insufficient compared with those cast-in-place (CIP) walls

(Chen et al. 2019a). The existing studies on precast RC structure
mainly focuses on the shear performance and connection methods
for precast components (Aloisio et al. 2021; Lu et al. 2021; Zhang
et al. 2022b).

The utilization of unbonded post-tensioned (UPT) precast RC
walls as the primary lateral load resisting system in seismic zones
has been investigated. Sritharan et al. (2015) proposed the PreWEC
system including UPT precast shear walls and two end columns.
The end column and the precast shear wall were connected by a
low-cost vertical energy dissipation connector. The study indicates
that the system has satisfactory seismic performance. Lu et al.
(2018) conducted a shake-table test under a series of bidirectional
earthquake excitations with increasing intensity on the 1/3-scale
model of a five-story self-centering RC frame with shear walls.
The results demonstrate that seismic performance of the test
specimen is satisfactory in the plane of the shear wall. However,
the structure sustained interstory drift levels up to 2.45%. Bai
et al. (2021a) investigated the nanosecond laser shock peening
to improve the life-cycle performance of high-strength steels. The
method has remarkable benefits for preventing life-cycle failure
of large engineering structures in critical environments. Bai et al.
(2021b) studied the low cycle fatigue failure of high-strength cir-
cular steel pipe concrete beams and columns under nonstationary
loading. Gu et al. (2019) proposed self-centering RC shear walls
with partially unbonded mild steels and conducted a cyclic loading
test to study the seismic behavior of those shear walls. The exper-
imental results show that the self-centering hybrid RC shear walls
display better deformation ability and recentering ability. Dang
et al. (2022) proposed a UPT concrete wall system with vertical
energy-dissipating connection, which consists of precast wall
panels, several X-shaped metal dampers, mild steel energy-dissipating
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bars, and PT tendons. They pointed out that the wall panels are
resilient, and the cracks are only observed near the embedded plate
in wall panels. Chen et al. (2019b) conducted an experimental
study on the shear resistance of a new type of precast RC shear wall
connected by vertical steel bars. They pointed out that the cracks
generally appear under the line that connects the midpoint of the
tension zone and the corner of the compression zone. However,
the weak section of such a precast shear wall locates at the top
of the preformed holes and cracks do not appear at the bottom of
the wall. Twigden et al. (2017) conducted a series of cyclic lateral-
load tests on four different UPT precast concrete wall systems,
including two single rocking walls and two precast walls with end
columns. These tests have indicated that tested walls exhibit excel-
lent performance with uplift and rocking. Moreover, the wall base
is slightly damaged. Bai et al. (2019) proposed a numerical model
for earthquake damage and collapse of typical high-rise RC build-
ings considering strength degradation effects. Meanwhile, buckling
of the reinforcement and crushing of the concrete should be
adequately considered together with the P-Delta effect for collapse
simulations. Erkmen (2021) studied seismic performance of
unbonded post-tensioned steel layout of precast shear walls. The
results provide a valuable reference for the practical application
of unbonded post-tensioned precast concrete connections in seis-
mic applications. Bedrinana et al. (2022) presented an experimental
investigation on the performance of unbonded post-tensioning pre-
cast concrete walls subjected to fully reversed cyclic loads. Based
on the experimental results, additional design recommendations
are provided for the study of unbonded post-tensioning precast
concrete walls.

Todut et al. (2014) conducted an experimental program to study
the seismic performance of precast RC wall panels with and with-
out openings. The study shows that precast RC walls investigated
meet the requirements. In summary, cracks and shear slips at the
horizontal joints of the UPT precast shear walls are small, and
the elastic rebound of the unbonded prestressing tendons reduces
the lateral residual deformation of the precast walls.

Researchers have conducted studies related to the application of
precast shear walls instead of CIP shear walls in earthquake zones.
Xia et al. (2021) proposed an in-plane composite beam-precast con-
crete shear wall connection, composed of composite beam, precast
shear wall, and CIP joint region. The hysteresis curves of four spec-
imens are relatively plumper presenting a pinching behavior, and
the ability of precast specimens to dissipate energy is coincident
with that of the CIP specimens. Li et al. (2021b) conducted an
experimental study of four shear wall specimens, including one
CIP integral specimen and three precast specimens. Then, they
investigated the seismic performance of the proposed bolt-plate
connection joint under low cyclic loading. The proposed connec-
tion joint can effectively improve the plastic deformation capacity
of the precast shear wall and enhance the seismic performance and
satisfy construction in the experiment. Zhang et al. (2022a) utilized
two convolutional neural networks to identify the symmetry group
and symmetry order of the structures, respectively. The method
could be further extended and progressed to the identification of
three-dimensional structural symmetry. Fan et al. (2021) studied
the application of machine learning in an RC bridge from design
to inspection. The study demonstrates that the machine learning
method has great computing power and image processing capabil-
ity for dealing with different aspects of RC bridges. Guo and Wang
(2022) proposed an innovative equivalent monolithic precast shear
wall, by introducing X-shaped steel plate bracings and a high duc-
tility hidden column. The test results show that these walls present
similar fully developed and widely distributed cracks, whilst the
ultimate draft ratios and ductility coefficients of specimens meet

the specification requirements, exhibiting good lateral resistance
through ductile damage. Chen et al. (2012) studied the stress–strain
behavior of a rectangular RC column confined by multiple spiral
hoops under axial and eccentric compression. The results presented
that the performance of the rectangular RC column confined by
multiple spiral hoops is better than that of the conventional RC
column. Li et al. (2019) and Lu et al. (2019), respectively, con-
ducted experimental studies on different types of partially precast
concrete shear walls by analyzing the hysteresis curve, skeleton
curve, ductility, and bearing capacity of the specimens. Kang et al.
(2013) proposed a precast emulative wall system, where the section
area of bonded and unbonded rebars above the joint are reduced so
that the plastic hinge can form inside the wall panel. Sun et al.
(2019) conducted a low cyclic loading test on precast RC shear
walls utilizing connecting steel frames and high-strength bolts. This
precast shear wall has high bearing capacity, good ductility, and
energy dissipation performance in the experiment.

Grouting sleeve connection is another option for precast RC
shear walls. Xiao et al. (2021) presented an investigation of the
impact of sleeve grouting defects on the seismic performance of
precast concrete shear walls. They noted that grout sleeve defects
adversely affect the seismic behavior when the spliced bars are
in tension. Peng et al. (2016) conducted a pseudo-static test on
a vertical reinforced precast shear wall using the grouting sleeve
connection method. The test revealed that the ductility and energy
dissipation capacity of grouting sleeve precast walls are compa-
rable to that of the CIP walls. Henin and Morcous (2015) investi-
gated the applications of nonproprietary bar splice sleeves for
precast concrete walls. The bar splice sleeves that they have pro-
posed can be simple and economical. Xu et al. (2017a, b) con-
ducted a pseudo-static test on precast RC shear walls connected
by single-row grouting sleeves and proposed a quasi-dynamic test
on box structures with six layers precast RC shear walls. They in-
dicated that the connection structure has favorable seismic perfor-
mance. Han et al. (2022) designed 24 grouted sleeves specimens to
study the effect of grouting material strength on bond strength of
two forms of sleeves under monotonic tensile loading. They
pointed out that the relative displacement between the rebar and
grouting material was generated after the hardening stage of the
tensile process. Sayadi et al. (2014, 2015) conducted an experimen-
tal study on the performance of grouting steel sleeves and glass
fiber sleeves. Increasing the mechanical occlusion between the
sleeve and the grouting material in the elastic section of the anchor-
age section of the rebar will reduce the bond strength between the
rebar and the grouting material. For the modes based on the wet
connection, precast shear walls of conventional dimensions are
generally focused (Chen et al. 2020; Li et al. 2021a). Nevertheless,
there are numerous giant and thick shear wall structures in some
deep sea projects, nuclear island projects, tunnel projects, and sub-
station projects. These structures are featured by bulky dimensions,
dense reinforcement configurations, and complex connection.
Consequently, it presents a big challenge to the difficulty and effi-
ciency of the CIP construction.

Decision-making regarding the optimum construction and
maintenance of civil infrastructures is a topic of paramount impor-
tance, and it is experiencing growing interest within the field of life-
cycle structural engineering to scholars (Attarzadeh et al. 2017;
Wang et al. 2021). Leu and Chang (2015) built a security risk
assessment model for supply chain projects by building a Bayesian
network based on fault tree transformation. In practice, appropriate
preventive safety management strategies are developed to reduce
the occurrence of accidents on steel building construction sites
through the analysis of accident risks and significant safety factors.
Mahdinia et al. (2021) adopted the fuzzy analytic hierarchy process
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to develop a semiquantitative technique to assess the safety risk of
construction projects. The application of this research could con-
tribute to reducing the risk of occupational accidents in construc-
tion work. Sabatino et al. (2016) used lifetime functions, including
survivor, availability, and risk at the component and system levels,
to model the time-varying impact of interventions on the perfor-
mance of civil infrastructure systems using closed-form analytical
expressions. Govan and Damnjanovic (2020) proposed a network-
based approach for risk assessment when data is limited or unre-
liable. The network measure highlights the relative connectivity of
project tasks, resources, and risk events. Hsu et al. (2019) presented
a mathematical model for the design and optimization of risk-
averse logistics configurations for modular construction projects
under operational uncertainty. Using robust optimization, the
model explains common causes of schedule deviations on construc-
tion sites, including bad weather, delivery delays, labor productiv-
ity fluctuations, and crane breakdowns. Arashpour et al. (2016)
proposed a holistic risk analysis approach that assesses the integrat-
ing impact of uncertainties on completion times. Unavailability of
resources, risk seeking attitudes, and workflow variability are major
contributors to the risk of late completion in hybrid construction.
Tong et al. (2021) collected and screened the test data of 74 shear
walls and analyzed test values of the shear capacity of the speci-
mens. Meanwhile, they adjusted the formula for shear capacity so
that the reliability index calculated by the adjusted formula meets
the current code’s requirements. Jiang et al. (2015) built a nonlinear
failure function of RC frame columns with tension failure under
combined vertical and horizontal loads. The numerical simulation
results indicate that the model is effective in obtaining accurate
reliability results and predicting changes in reliability. Abualreesh
et al. (2022) demonstrated the reliability methodology through a
set of representative unsymmetrical and symmetrical RC shear
wall frame buildings subjected to the El-Centro earthquake. They
pointed out that that the reliability constraint is generally the con-
trolling constraint in the optimization of shear wall frame structures
subjected to seismic action.

To overcome these difficulties and guarantee the integrity of
structures under shear loading, the mechanical properties of con-
nection joints of large-thickness precast shear walls will be ana-
lyzed in this study. We have performed finite-element analysis
on the shear walls with CIP belts or grouting sleeves. Meanwhile,
the finite-element analysis models of CIP shear walls will be estab-
lished to perform comparative analysis. The overall design concept
is presented in the following section. Subsequently, experimental
investigations on three specimens of shear walls are described.
The results are then studied and discussed, followed by the conclu-
sion of the paper.

Design Overview

The wet connection requiring wet work on site involves grouting
cement-based material into the wall, to anchor the reinforcement
cage. At present, the wet connection mainly includes the grouting
sleeve connection, constraint grout-filled lap connection, vertical
reinforcement cluster connection, CIP belts connection, and con-
nection with the precast double-side superimposed shear wall.
Here, we have analyzed mechanical properties of connection joints
for large-thickness precast shear walls. Based on three-dimensional
models of RC shear wall structures, we evaluate the feasibility and
reliability of the fabricated construction. As shown in Figs. 1–3,
simple three-dimensional models of the CIP shear wall, shear wall
with CIP belts, or grouting sleeves have been established. Note that,
in Figs. 1–3, the rebars are denoted by C, where C10 represents
grade HRB400 (design value of strength fy ¼ 360 N=mm2) rebars
of 10 mm in diameter.

The wet connection methods for several large-thickness precast
shear walls have been analyzed and compared, as listed in Tables 1
and 2. Noteworthy, the connection modes S1–S6 denote grouting
sleeves connection, constraint grout-filled lap connection, vertical
reinforcement cluster connection, CIP belts connection with direct
lap, CIP belts connection with U-shaped hoop lap, and connection
with precast double-side superimposed shear wall, respectively.

Fig. 1. Cast-in-place shear wall: (a) front view; (b) section 1-1; and (c) section 2-2. 1-C10@100; 2-C32@200; 3-C32@200; 4-C32; 5-C16
(200 × 400); and 6-CIP concrete.
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Fig. 2. Shear wall with cast-in-place belts: (a) front view; (b) section 1-1; and (c) section 2-2. 1-C10@100; 2-C32@200; 3-C32@200; 4-C32;
5-C32@200; 6-C16(200 × 400); 7-precast wall; and 8-CIP concrete.

Fig. 3. Shear wall with grouting sleeves: (a) front view; (b) section 1-1; and (c) section 2-2. 1-C10@100; 2-C32@200; 3-C32@200; 4-C32;
5-C32@200; 6-C32@50; 7-C16(200 × 400); 8-C16(100 × 200); 9-C16(50 × 100); 10-steel sleeves (d ¼ 80 mm); and 11-precast wall.

Table 1. Connection modes with reserved holes (mm)

Connection
mode

Anchor
length

Sleeve
length

No. of
sleeves

Cross-sectional
diameter

Spacing of
sleeves

Densified area of
horizontal rebar

S1 640 700 30 80 200 1,250
S2 1,909 1,960 15 100 400 2,000
S3 1,909 1,960 4 200 600 2,000
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As presented in Table 1, the length of the sleeve/channel for
the connection modes S2 and S3 approach 2 m. Thereafter, the
involved on-site construction would be rather difficult. For the mode
S3, the diameter of longitudinal rebars is 32 mm. Manual bending
on these rebars becomes difficult for effective on-site construction.
Consequently, a partition wall would be required to reduce grouting
resistance and achieve better grouting efficiency.

As presented in Table 2, the lap length of the reinforcements for
the connection S4 is much larger, and the upper components are
difficult to be fixed and constructed on site. Method S5 can effec-
tively reduce the lap length of the reinforcement. However, bending
32-mm-diameter rebars into U-shaped hoops still demands machi-
nery. Meanwhile, concrete placement at the top of the CIP belt
zone is prone to unconsolidation. Method S6 can resolve the super-
structure fixation difficulties without additional formwork support.
Internal rebar trusses would affect concrete placement, so self-
compacting concrete or concrete with a maximum particle size of
less than 25 mm can be utilized. Meanwhile, the fabrication of the
components in method S6 is sophisticated, such as connecting of
internal and external leaf walls, binding of internal rebar trusses,
and inserting of insulated components.

Finite-Element Modeling

Specimens Description

The shear wall specimens have been designed by the national stan-
dards GB 50010-2010 (CS 2010a) and GB 50011-2010 (CS 2010b)
for the construction industry in China. Moreover, they meet the
relevant design provisions in the standards JGJ-1-2014 (CS
2014) and GB 51231-2016 (CS 2016). To comprehensively study
the load response and shear resistance of large-thickness precast
shear walls, finite-element analyses were conducted on three
specimens under monotonic loading. Noteworthy, the walls WA,
WB, and WC denote the CIP shear wall, shear wall with CIP belts,

and shear wall with grouting sleeves, respectively. The cross-
sectional parameters and reinforcement configurations of speci-
mens have been shown in Figs. 1–3. We disassemble the shear wall
units and set the cross-sectional dimensions of the specific compo-
nents. In transverse direction, the loading beam connecting with the
shear wall have a section of 3,500 × 1,000 mm, and the foundation
beam is 5,000 × 1,600 mm. The cross-sectional dimension of
the whole wall is 3,000 × 800 mm with a height of 5,000 mm.
The concrete strength grade is C40, whereas fc ¼ 19.1 N=mm2,
and ft ¼ 1.71 N=mm2. Reinforcement adopts HRB400 grade,
with fy ¼ 360 N=mm2. We use u to replace the design axial
compression ratio.

Finite-Element Models

As shown in Fig. 4, we consider the shear wall with CIP belts as an
example to establish the finite-element model utilizing ABAQUS
version 6.14 software. The reinforcement is embedded into the con-
crete. The concrete and reinforcement are meshed by C3D8R solid
elements and T3D2 truss elements, respectively. Constraints on dis-
placement and rotation are imposed at the base of the foundation
beam in the x-, y-, and z-directions, which is taken to be fixed. The
gravity is exerted first, then a uniform vertical pressure load is
exerted on the loading beam. Finally, a horizontal load is exerted
on the loaded beam by means of displacement loading.

Ideal elastoplastic and plastic damage constitutive models are
used for reinforcement and concrete, respectively. The material
properties of the reinforcement and concrete damage constitutive
models are established by the standard GB50010-2010. The load-
ing beam of WB is modeled integrally with the precast wall to
achieve a rigid connection. The normal direction of the contact sur-
face is simulated by “hard contact,” while the tangential direction is
simulated by a combination of “interface-based bonding behavior”
and the Coulomb friction criterion. Both Kss and Ktt are the ratio
of concrete shear modulus to unit displacement, and Knn is the ratio
of concrete elastic modulus to unit displacement. We specify

Table 2. Connection modes with reserved back pouring belt (mm)

Connection
mode

Length of post
pouring section

Thickness of post
pouring section

Height of post
pouring section

Rebar bending
length

Lap
length

S4 3,000 800 1,200 — 1,458
S5 3,000 800 600 604 729
S6 3,000 400 5,000 — 1,431

Fig. 4. Finite element model of WB: (a) concrete model and meshing; (b) u-shaped rebar model; (c) rebar model; and (d) boundary condition.
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Kss ¼ 13,000, Ktt ¼ 13,000, and Knn ¼ 32,500. Sleeves of WC
are crafted from mild steel, which has a greater intensity than
reinforcement. The area of the steel in the cross section of the con-
nection segment is calculated using an equal section of steel in
place of the sleeve. Sleeves are embedded in the concrete together
with rebars to fulfill the calculation requirements. Similarly, a con-
tact surface exists between the precast concrete and foundation
beam. Hard contact is adopted in the normal direction of the contact
surface, and the Coulomb friction criterion is adopted in the
tangential direction with a friction coefficient of 0.3.

Finite-Element Analysis Results

WA: Cast-in-Place Shear Wall

Concrete Stress
The shear performance of large-thickness precast shear walls has
been investigated applying a horizontal load on specimens along
the x-direction. The horizontal load has been applied by displace-
ment loading with a final load value of 200 mm. The stress in the
x-direction of the concrete unit is expressed by S11. It shows the
accumulation of concrete stress during the whole loading process,
which can intuitively reflect the plastic deformation of specimens
and development of cracks. As shown in Fig. 5, the final stress dia-
grams of concrete are obtained by exerting a bidirectional load on
the wall WA. The stress distribution of concrete under horizontal
load is mainly concentrated in the corner of the wall. The phenome-
non is attributable to the integral pouring between the wall and
foundation of the CIP shear wall. During an earthquake, the wall
will shake with the foundation and the corner of the wall is sub-
jected to repeated action of tension and pressure. As u increases,
the stress on the specimen gradually increases.

Tensile and Compressive Damage of Concrete
Combining with the strain of rebars, the yield displacement, peak
displacement, ultimate displacement, and corresponding load have
been obtained for each model. The yield displacement is the hori-
zontal displacement of rebars when they begin to yield. When the
ultimate load is 85% of the peak load, the specimen has been dam-
aged. We have analyzed the plastic damage of concrete in various
stages. The tensile and compressive damage are represented by
DAMAGET and DAMAGEC, respectively. In Fig. 6, the tensile
and compressive damage of specimens have been depicted under
conditions of axial compression ratios of 0.2 and 0.3.

As shown in Fig. 6, the tensile damage is primarily concentrated
in the lower-left corner and the middle of the wall. Tensile horizon-
tal cracks emerge first in the region where the lower-left corner of
the wall intersects the foundation beam. As the load increases, the
horizontal cracks migrate upward, while inclined cracks emerge at
the top left of the specimen. The compressive damage begins at
the lower-right corner of the specimen and gradually expands
toward the compression zone at the loading terminal. With the
increment of displacement, the compressive damage of gradually
expands. Ultimately, compressive damage reaches a maximum in
the lower-right region of the wall at the connection with the foun-
dation beam.

Rebar Stress
By analyzing the rebar stress in different locations, we could
determine the stress state of shear walls, transfer path of force flow
inside shear walls, and force transmission pattern at connection
joints from a macroscopic point of view. This contributes to the
preliminary understanding of the shear resistance mechanism of
large-thickness precast shear walls. Fig. 7 presents the stress of
rebars under axial compression ratios of 0.2 and 0.3. The tensile
and compressive stress are expressed as positive and negative value,
respectively.

In the cracking stage, the longitudinal reinforcement in both
sides of the wall commences to be stressed. The stress distributed
in distributed rebars and stirrups is low while the reinforcement
remains elastic. Part of reinforcement yields in the extreme stage.
As cracks develop, the stress in the reinforcement distributed along
diagonal cracks increases rapidly. Finally, the longitudinal rein-
forcement in both sides and middle of the wall along the direction
of the diagonal crack yield.

WB: Shear Wall with Cast-in-Place Belts

Concrete Stress
As shown in Fig. 8, the final stress diagrams of concrete have
been obtained by exerting a bidirectional load on the wall WB.
The concrete in the lower-right corner of WB is severely broken
and has a propensity to develop diagonal connecting cracks.
A slight misalignment between the CIP and precast section can
generate interfacial stress concentrations. The stress distribution
under the load is primarily concentrated in the lower-right corner
of the wall. Although the stress is slightly higher at the joint
between the CIP and precast section, they work well together.

Fig. 5. Concrete stress: (a) u ¼ 0.2; and (b) u ¼ 0.3.
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Fig. 6. Tensile and compressive damage of wall WA: (a and d) displacement loading 7 mm; (b and e) peak load (Δ ¼ 40.19 mm); and (c and f)
ultimate load (Δ ¼ 104.74 mm) axial compression ratio u ¼ 0.2; and (g and j) displacement loading 7 mm; (h and k) peak load (Δ ¼ 34.51 mm);
and (i and l) ultimate load (Δ ¼ 96.79 mm) axial compression ratio u ¼ 0.3.
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Tensile and Compressive Damage of Concrete
In Fig. 9, the tensile and compressive damage of specimens have
been depicted under conditions of axial compression ratios of
0.2 and 0.3. Tensile horizontal cracks first emerge in the junction
zone between the precast and CIP sections of the wall. The con-
crete is critically stretched and cracked within 600 mm height in

the tensile corner zone of the wall WB. The stirrups and horizontal
distribution rebars are exposed, and part of the concrete exits the
work. The appearance of tensile horizontal cracks indicates that
most of the stirrups and tensile rebars in the junction zone yield,
and the shear performance of the component decreases. As dis-
placement increases, cracks gradually penetrate the lower-left wall.

Fig. 7. Rebar stress of wall WA: (a) cracking stage; (b) extreme stage; and (c) destruction stage axial compression ratio u ¼ 0.2; and (d) cracking
stage; (e) extreme stage; and (f) destruction stage axial compression ratio u ¼ 0.3.

Fig. 8. Concrete stress of wall WB: (a) u ¼ 0.2; and (b) u ¼ 0.3.
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Fig. 9. Tensile and compressive damage of wall WB: (a and d) displacement loading 7 mm; (b and e) peak load (Δ ¼ 35.82 mm); and (c and f)
ultimate load (Δ ¼ 81.42 mm) axial compression ratio u ¼ 0.2; and (g and j) displacement loading 7 mm; (h and k) peak load (Δ ¼ 36.04 mm); and
(i and l) ultimate load (Δ ¼ 70.15 mm) axial compression ratio u ¼ 0.3.
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Subsequently, tensile horizontal cracks gradually migrate upward,
while developing into oblique cracks toward the upper-left side of
the wall. As load increases, the compressive damage of the wall
gradually progresses from the lower-right side to the middle of the
wall. The cracks distribute widely; hence, the wall can adequately
dissipate energy when the load is imposed.

Rebar Stress
Fig. 10 presents the stress of rebars under axial compression ratios
of 0.2 and 0.3. The tensile and compressive stress are expressed as
positive and negative value, respectively. Precast and CIP segments
of the wall WB depend on anchor connections of u-shaped rebars to
implement common load bearing. The wall has good ductility when
the u-shaped rebars are deeply embedded, effectively reducing
the crack width. Simultaneously, u-shaped rebars could be applied
as a restraining edge member of the wall, acting as a positioning
element during construction and making the connection reliable.
The deformation of rebars at the connecting seam is extensive,
which can withstand certain loads. In the destruction stage, the
longitudinally stressed rebars in both sides of the wall yield. As
u becomes larger, the greater the yield area and deformation of
the reinforcement.

WC: Shear Wall with Grouting Sleeves

Concrete Stress
As shown in Fig. 11, the final stress diagrams of concrete have been
obtained by exerting a bidirectional load on the wall WC.

The wall WC depends on interior longitudinal reinforcement
and steel sleeves to convey loads, and concrete in the bottom
and upper pressure zones is crushed to form a through joint section.
The concrete cracks are densely developed at the tensile end of the
wall. In general, cracks with maximum width locate at the top of
the preformed holes, which are usually the first cracks induced
by the rising horizontal load. Damage forms of both the wall
WC and the wall WA are flexural failure.

Tensile and Compressive Damage of Concrete
Fig. 12 depicts the tensile and compressive damage of specimens
under conditions of axial compression ratios of 0.2 and 0.3. Several
diagonal cracks emerge in the middle of the wall because of the
distribution of tension stress flow. It starts from the tensile side
and ends at the corner of the compressive side. Cracks in the tensile
zone are primarily horizontally distributed. The presence of precast
steel sleeves could generate a static mutations phenomenon. As u
increases, the tensile and compressive damage of the specimen also
increases and reaches the failure state in advance.

Rebar Stress
In Fig. 13, the stress of rebars has been presented under axial com-
pression ratios of 0.2 and 0.3. The tensile and compressive stress
are expressed as positive and negative value, respectively. In the
extreme state, the longitudinal stressed reinforcement in both sides
of the wall partially yields, which is consistent with the flexural
damage of specimens. Lack of restraint of concrete after horizontal
seam cracking increases the strain on the reinforcement. In the
destruction stage, the reinforcement at the bottom of tensile zone

Fig. 10. Rebar stress (destruction stage) of wall WB: (a) u ¼ 0.2; and (b) u ¼ 0.3.

Fig. 11. Concrete stress of wall WC: (a) u ¼ 0.2; and (b) u ¼ 0.3.
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Fig. 12. Tensile and compressive damage of wall WC: (a and d) displacement loading 7 mm; (b and e) peak load (Δ ¼ 24.51 mm); and (c and f)
ultimate load (Δ ¼ 90.35 mm) axial compression ratio u ¼ 0.2; and (g and j) displacement loading 7 mm; (h and k) peak load (Δ ¼ 26.70 mm); and
(i and l) ultimate load (Δ ¼ 82.71 mm) axial compression ratio u ¼ 0.3.
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yields. Stress concentration of reinforcement will emerge from the
horizontal seam. The maximum stress in the reinforcement emerges
at the bottom of the tensile component and the lower end of the
sleeves.

Summary of Large-Thickness Precast Shear Walls

The precast structure has the advantages of energy-saving, green
and environmental protection, and has a broad development pros-
pect. Nevertheless, promoting the application of large-thickness
precast shear walls in the building industrialization requires a more
intensive and comprehensive evaluation.
1. There is arch, beam, and suspension line mechanisms in the

precast structure during progressive collapse, and each force
mechanism exists the problems of compounding and transfor-
mation. Hence, the design and calculations for antiprogressive
collapse should concentrate on the form of joint seams, initial
defects, and overall stability.

2. The beam–column joints cannot be guaranteed to be completely
rigidly connected during the actual construction. Furthermore,
the component production and large amount of wet work on site
could lead to the construction uncertainty. When the connection
joints are subjected to extreme loads, the deformation of the
precast structures has uncertainty.

3. The precast structure has a multitude of joint seams, which are
prone to stress concentrations. This phenomenon could generate
cracks or even damage to structures and reduce the seismic
performance of precast structure.

4. The precast structure is an open and complex system with a cer-
tain level of systematic risk for the whole life cycle. Meanwhile,
policies and regulations, market environment, and technology
level will bring more uncertainty to project cost control.
In summary, compared with the CIP structure, the reliability,

antiprogressive collapse, and seismic resistance of the precast

structure are slightly weaker. Thus, engineers need to pay more
attention in the design and structural analysis of the precast structure.

Discussion and Conclusions

The load–displacement curve can indicate shear performance of
precast RC walls. By analyzing the load–displacement curve,
we can not only understand the stiffness degradation of the speci-
men, but also distinguish the elastic and elastoplastic properties of
the specimen under the horizontal load. The load–displacement
parameters of the critical joints of specimens have been presented,
as listed in Table 3. Noteworthy, D and L denote displacement and
load, respectively. The ultimate displacement of WA exceeds that of
WB and WC by over 10%, indicating the best ductility. From the
peak load to the ultimate load state when u ¼ 0.2, the displacement
of WA, WB, and WC has increased by 64.55, 45.6, and 65.84 mm,
respectively. WB has a smaller displacement increase compared
with the other shear walls; it has less stiffness and poor ductility.
The disparity between the peak load of WA and WC is less than 5%
at different u.

As observed from Fig. 14, we have compared the load–displace-
ment curves of three specimens. The shear resistance process of
precast walls undergoes several typical stages. At the initial stage
of loading, each specimen maintains in the elastic stage. Because
the wall is undamaged, the load–displacement curve is approxi-
mated as a straight line. Subsequently, the reinforcement in the ten-
sile region of the wall commences to yield. With the increase of
plastic deformation and the development of cracks, the bearing
capacity of walls reaches the peak. Eventually, top displacement
increases rapidly due to the substantial loss of bearing capacity,
and the specimen has entered the failure phase.

Shear performance is an important evaluation indicator for large-
thickness precast shear walls, but the efficiency in the construction

Table 3. Load and displacement parameters of key joints

u Serial No. Yield, D (mm) Yield, L (kN) Peak, D (mm) Peak, L (kN) Ultimate, D (mm) Ultimate, L (kN)

0.2 WA 8.75 5,565.3 40.19 8,160.9 104.74 6,955.0
WB 10.91 5,413.2 35.82 7,996.2 81.42 6,786.7
WC 14.2 6,941.0 24.51 8,112.1 90.35 6,982.1

0.3 WA 9.89 6,822.5 34.51 9,299.5 96.79 7,907.6
WB 7.50 7,410.0 36.04 8,930.1 70.15 7,577.7
WC 10.72 7,346.1 26.70 8,881.9 82.71 7,549.6

Fig. 13. Rebar stress (destruction stage) of wall WC: (a) u ¼ 0.2; and (b) u ¼ 0.3.
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process should also be considered. For example, the length of the
sleeves approach 2 m for vertical reinforcement cluster connection,
which poses a huge challenge to the construction of large-thickness
precast shear walls. According to the research results, we have
conducted the qualitative analysis of structural reliability for large-
thickness wet connection methods. The comparison has been pre-
sented, as listed in Table 4. Structural reliability is significant for
assessing the overall performance of large-thickness precast struc-
tures. For example, compared to the connection S6, S1 has a lower
economic cost and easier component production. Simultaneously,
S6 is less difficult to construct due to the smaller wet work on site,
thus contributing to the overall structural reliability. The reliability
design of the structure is usually based on the reliability of the com-
ponents. We could normally compare structural reliability based on
the component production, additional rebars, wet work, and shear
performance to determine the optimal connection scheme of S1–S6.
Damage to one component or cross section in earthquake-resistant
structures does not signal the destruction or collapse for the whole
structures. The precast structure enters a nonlinear state under heavy
earthquake and the performance of components deteriorates, leading
to a decrease in the bearing capacity and systemic reliability. Thus,
the selection of proper large-thickness precast shear walls requires
comprehensive reliability analyses.

In the present study, the authors have investigated the shear
performance of large-thickness precast shear walls. On the basis
of the results, certain conclusions can be drawn as follows: When
the axial compression ratio of three specimens is 0.3, good bearing
capacity, ductility, and energy dissipation can be obtained. From
the failure mode, the plastic distribution area of the main wall is
larger, which is an important characterization of the shear energy
dissipation.

1. The precast shear walls proposed in this paper have good assem-
bling and force performance in terms of ensuring reliable load
transfer. The damage mode and ultimate load are determined by
the connection configuration of the main wall. The destruction
mode of each specimen is a bending-shear failure.

2. Each precast wall will undergo three typical stages in shear
resistance: elasticity, yielding, and failure. It is a long process
from the yielding to the failure stage, and the shear performance
decreases slowly after the load exceeds the peak value. Results
show that the shear performance of two precast shear walls is
comparable to that of CIP. Therefore, they could be promoted
for application to thick wall structures.
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Table 4. Comparison for wet connection methods

Serial
No.

Component
production Wet work

Additional
rebars

Construction
difficulty

Economic
cost

Quality
inspection

Shear
performance

S1 Easy Small Small Easy Low Harder Fine
S2 Easy Smaller Large Hard Lowest Harder —
S3 Hard Larger Smaller Hardest High Hard —
S4 Harder Large Large Harder Low Easy —
S5 Harder Large Large Harder Low Easy Fine
S6 Hardest Largest Larger Easier Higher Easier —

Fig. 14. Load–displacement curve of different shear walls: (a) u ¼ 0.2; and (b) u ¼ 0.3.
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