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Abstract

In precast concrete shear wall structures, the joints formed during the vertical connection of
precast units are referred to as the “horizontal joint”. Serving as vertical connection nodes
in this structure system, the construction quality of theses horizontal joints significantly
influences the structural integrity. To investigate the influence of horizontal joint quality
defects on the mechanical behaviour of precast concrete shear walls, three precast concrete
shear wall specimens with quality defects in different regions and three control specimens
were designed. Quasi-static tests under a constant axial load were conducted to investigate
the effects of defect area, location and other factors on the mechanical behaviour of the walls.
Results demonstrate that the quality defects in horizontal joints significantly affect the me-
chanical behaviour of precast concrete shear walls. When the ratio of the quality defect area
to the cross-sectional area of the boundary member reaches 100%, the yield load and peak
load of the precast concrete shear wall decrease by 13% and 20%, respectively. Additionally,
the structural stiffness exhibited a 13% degradation at a drift angle of 1/1000. Although
the failure mode remains largely unchanged, yielding of longitudinal reinforcement in the
boundary members is observed. Moreover, as the proportion of the quality defect area to
the cross-sectional area decreases, its adverse effects on the mechanical behaviour of the
precast concrete shear wall gradually diminish. The established numerical analysis model
is shown to be reasonable and reliable. When the defective area of the horizontal joints
is less than 25% of the total cross-sectional area, the quality defects essentially have no
influence on the mechanical behaviour of the precast concrete shear walls.

Keywords: precast concrete shear wall; horizontal joint; quality defects; mechanical be-
haviour

1. Introduction

In recent years, prefabricated buildings have experienced rapid development, with an
average annual growth rate exceeding 30% [1]. As one of the primary structural forms of
prefabricated buildings, precast concrete shear wall structures exhibit high load-bearing
capacity, excellent seismic performance and significant lateral stiffness, which contribute to
their widespread application in residential construction [2,3]. The connection technology
between prefabricated units serves as the critical technology in precast concrete shear
wall structures [4], where vertical connection primarily transmits vertical loads, resisting
horizontal shear forces and significantly contributing to structural integrity and seismic
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performance. Qian et al. [5,6], Jiang et al. [7,8] and Kurama et al. [9,10], among other
scholars, have conducted extensive experimental and theoretical studies on the seismic
performance of precast concrete shear walls with different vertical connection details. The
results demonstrate that properly designed precast concrete shear walls exhibit satisfactory
integrity. Their seismic performance indicators are essentially equivalent to those of cast-in-
place structures, meeting the requirements for application in seismic regions.

The joint formed during the vertical connection of precast units is referred to as
the “horizontal joint”. In precast concrete shear walls, horizontal ducts are typically pre-
reserved at the horizontal joint for concrete casting or a mortar bedding layer is provided
to enhance the integrity of the connection [11], as illustrated in Figure 1. During actual con-
struction, under the combined effects of loads and environmental factors, the cast-in-place
concrete or mortar bedding layer at the horizontal joint is prone to initial defects such as
cracks and voids. These defects can lead to issues including non-uniform stress distribution
within the components [12] and premature failure at the structural level [13], ultimately
resulting in reduced durability and load-bearing capacity of the concrete structure, and
potentially even triggering severe safety incidents.
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Figure 1. Structure of horizontal joint. (a) Horizontal channel. (b) Mortar bedding.

Leveraging well-established nondestructive testing methods for concrete [14-16], re-
searchers have conducted comprehensive experimental and theoretical investigations into
the quality defects present in precast concrete members during construction. Feng et al. [17]
investigated the influence of interface defects on the flexural performance of composite
beams. The results revealed that when the defect length exceeded a critical threshold, its
detrimental effect on flexural capacity significantly intensified. Additionally, for defects of
identical length, their locations exhibited varying degrees of impact on the load-bearing
capacity. Zhang et al. [18] investigated the influence of defect area on the flexural perfor-
mance of composite slabs by introducing defects at the interface of the slabs. The results
demonstrated that the cross-sectional stiffness was significantly reduced as the defect area
increased. Xiao et al. [19] studied the effect of defective grouting sleeve placement on the
seismic behaviour of concrete shear walls. The results demonstrated that the load-bearing
capacity of the walls was significantly reduced when defective grouting sleeves were placed
in the boundary member regions. Cao et al. [20] investigated the influence of defective
grouting sleeve quantity on the seismic performance of precast monolithic concrete shear
walls through numerical simulations. Walls were found to have failed in meeting seismic
design requirements when the defective sleeve ratio exceeded 25%.

Previous studies have indicated that quality defects in the connection nodes of precast
concrete members significantly impair their mechanical behaviour. However, research
on the quality defects of horizontal joints in precast concrete shear walls has not yet
been reported. To investigate the influence of quality defects in horizontal joints on the
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mechanical behaviour of precast concrete shear walls, this study designed six full-scale
precast concrete shear wall specimens, including three intact specimens and three specimens
with quality defects in different regions. Quasi-static tests under constant axial load were
conducted to examine the effects of defect area, location and other factors on the mechanical
behaviour of the walls. The findings aim to provide a reference for the promotion and
application of wet connection technology in precast construction.

2. Experimental Programme
2.1. Wall Geometry and Reinforcement

Six shear wall specimens were designed, each consisting of a loading beam, a wall
panel and a ground beam. The wall cross-section measured 1600 mm x 200 mm and was
constructed by closely assembling two precast wall panels. Each precast wall panel had a
cross-section of 800 mm x 200 mm and included boundary members, vertical circular holes
with 120 mm diameter and a transverse groove with a cross-section of 120 mm x 200 mm.
The loading pint was set at a heigh of 2400 mm, corresponding to a shear span ratio of 1.5,
and were tested under an axial compression ratio of 0.15. The detailed configuration is
illustrated in Figure 2a.
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Figure 2. Section dimensions and reinforcing details. Note: The shadow part represents the defect
area. (a) Elevation drawing of specimen. (b) Cross-section of PSW1. (c) Cross-section of PSW2.
(d) Cross-section of PSW3.

The specimens were designed on the basis of the principle of strong bending and weak
shear. The reinforcement details for each specimen are shown in Figure 2b—d. The boundary
members were reinforced with 6C25 longitudinal bars, corresponding to a reinforcement
ratio of 7.36%. The stirrups were C8@200, with a volumetric stirrup ratio of 0.72%. Both
the horizontal and longitudinal distributed reinforcements were C8@200. Additionally,
longitudinal grooves were provided with connecting bars (C8@200) and longitudinal bars
(2C8 on each side of the groove). Concrete was then poured to achieve the connection
between the precast wall panels.

Based on the research program, the six specimens were divided into three groups (i.e.,
Group 1, Group 2 and Group 3). Each group consisted of one intact specimen and one
defective specimen, labelled as PSWi-A and PSWi-B, respectively, where ‘i’ denotes the
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group number, ‘A’ represents the intact specimen and ‘B’ represents the defective specimen.
Within the same group, all parameters were identical except for the defect design. The
defects were intentionally designed as concrete casting cavities, simulated by incorporating
20 mm thick foam panels to replicate cavity conditions typical of actual concrete casting
processes. The precise locations and dimensions of these cavities are depicted by the
shaded regions in Figure 2b-d, while a schematic representation of the defect configuration
is provided in Figure 3. Group 1 specimens served as the baseline. In specimen PSW1-B,
the defects were located in the boundary member region and extended into the central wall
panel, with a defect length of 460 mm on both sides. Group 2 specimens were designed
with varying surface roughness. Compared with Group 1, specimen PSW2-A featured a
roughened surface at the bottom of the transverse groove (indicated by the green color
in Figure 2c), whilst specimen PSW2-B had defects covering the entire boundary member
region, with a defect length of 200 mm on both sides. Group 3 specimens were designed
with varying longitudinal reinforcement ratios in the longitudinal groove. Compared with
Group 1, specimen PSW3-A had an increase in longitudinal reinforcement from 4 to 8 bars
within the longitudinal groove, whilst specimen PSW3-B had a defect located in a partial
region of the eastern boundary member, with a defect length of 100 mm.
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Figure 3. Cavity indication of each defect specimen. (a) Specimen PSW1-B. (b) Specimen PSW2-B.
(c) Specimen PSW3-B.

2.2. Material
2.2.1. Steel

During the fabrication of the specimens, reinforcement bars from the same batch were
reserved. The average yield strength (fy), average tensile strength (f,) and elongation after
fracture () of the reinforcement bars were measured, as summarised in Table 1.

Table 1. Tested strength of the reinforcements.

Diameter fy/MPa fu/MPa /%
C8 492 679 11.91
C25 453 627 9.00

2.2.2. Concrete

On the day of testing, the average compressive strengths of precast concrete cube
specimens (fy,p) and cast-in-place concrete cube specimens (fy,c) were measured. The
average axial compressive strength (f.,m) was calculated using the formula as follows:

fe = 0.76(6p feup + Oc feue),

where 6, and ¢, represent the area ratios of precast concrete and cast-in-place concrete in
the wall cross-section, respectively, as detailed in Table 2.
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Table 2. Tested compressive strengths of the concrete.

Specimen feup/MPa feu,c/MPa fem/MPa
PSW1-A 32.72 45.03 26.93
PSW1-B 39.65 43.39 30.76
PSW2-A 35.01 42.86 27.92
PSW2-B 42.51 42.86 32.37
PSW3-A 36.44 36.62 27.72
PSW3-B 35.53 26.45 25.48

2.3. Test Setup and Testing Procedure
2.3.1. Test Setup and Loading Protocol

Figure 4 depicts the test setup. The test was designed to investigate seismic behavior
by applying a constant axial load, thus neglecting the fluctuations in axial force induced
by horizontal seismic actions. The axial load and horizontal load were applied using a
3000 kN vertical jack and a 2000 kN horizontal jack, respectively. During the test, 50% of
the axial load was initially applied for pre-compression, held for 5 min and then unloaded
to 0. Subsequently, the axial load was increased to the target constant value and remained
stable throughout the test.
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Figure 4. Test setup.
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The horizontal load was applied using a load—displacement hybrid control method.
During the load-controlled phase, the horizontal load was increased in increments of
300 kN, with each increment cycled once. After typical diagonal cracks appeared on both
sides of the wall, the displacement corresponding to this load level was defined as the
yield displacement. The test then transitioned to displacement-controlled loading, with
increments set as integer multiples of the yield displacement. Each increment was cycled
three times until specimen failure or until the inter-story drift at the loading point reached
approximately 1/50, at which point the test was terminated.

2.3.2. Layout of Measurement Points

Figure 5 illustrates the layout of displacement and strain measurement points. Dis-
placement measurements were taken at the loading point to record horizontal displace-
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ments (MD1E and MD1W). Twenty-four resistance strain gauges were installed to measure
the strain in reinforcement at various locations, including the root strains of longitudi-
nal reinforcement in the boundary members (ES1-ES2 and WS1-WS2) and the strains of
horizontally distributed reinforcement (EH1-EH13 and WH1-WH?).
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Figure 5. Distributions of displacement meters and strain gauges.

3. General Behaviour and Failure Mode

None of the specimens exhibited brittle failure. At peak load, the horizontal distributed
reinforcement in each specimen yielded in tension, whereas the longitudinal reinforcement
in the boundary members remained in the elastic stage. The concrete at the roots remained
largely intact, achieving the design objective of strong bending and weak shear.

The testing process can be divided into the following three main stages:

(1) Stage 1: Pre-yielding

In this stage, diagonal cracks first appeared at the vertical circular holes on both
sides of the wall. Flexural horizontal cracks formed in the middle and lower parts of the
boundary members and developed diagonally downward into flexural-shear diagonal
cracks, marking the onset of the yield stage.

(2) Stage 2: Post-yield to peak load

After yielding, spalling and debris shedding occurred at the diagonal cross cracks near
the vertical circular holes. Partial yielding of the horizontal distributed reinforcement was
observed, and the wall reached its peak load.

(38) Stage 3: Post-peak stage

In this stage, the relative deformation on both sides of the diagonal cracks increased,
leading to the formation of vertical cracks. The wall was divided into multiple wall columns,
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transitioning from whole-section behaviour to a segmented-wall behaviour. No brittle
failure occurred, and the wall ultimately reached its failure state.

3.1. Group 1 of Specimens

For specimen PSW1-A, when the controlled load reached 500 kN, multiple short
diagonal cracks appeared at the positions corresponding to the vertical circular holes on
both sides of the wall. At a controlled load of 660 kN, fine horizontal cracks formed at the
intersections of the wall and the ground beam on both sides. When the controlled load
reached 886 kNN, horizontal cracks appeared at the boundary members at the wall ends and
developed diagonally downward into diagonal cracks, marking the yielding of the wall
with a yield displacement of 3.9 mm.

After yielding, the control method was switched to displacement control. At a con-
trolled inter-story drift of 1/1000, diagonal cracks near the vertical circular holes on the east
and west sides intersected, forming macroscopic vertical cracks. At a controlled inter-story
drift of 1/250, the wall reached its peak state, with cracks primarily consisting of inter-
secting diagonal cracks near the vertical circular holes, horizontal cracks in the boundary
members and long diagonal cracks on both sides as shown in Figure 6a. At a controlled
inter-story drift of 1/140, the macroscopic vertical cracks on the east and west sides inten-
sified, forming distinct vertical cracks. This phenomenon prevented the development of
overall diagonal cracks and avoided brittle failure of the wall as illustrated in Figure 7a.

(@) (b)
Figure 6. Failure mode of spmens at peak point. (a) PSW1-A. (b) PSW1-B.

(a)
Figure 7. Failure mode of specimens at ultimate point. (a) PSW1-A. (b) PSW1-B.

Compared with specimen PSW1-A, the load at which cracks initiated in specimen
PSW1-B was significantly lower. The load for the formation of horizontal cracks at the
root was 440 kN, representing a 51% reduction compared with PSW1-A. The load for
the development of flexural-shear diagonal cracks at the boundary members of the wall
ends was 807 kN, a 10% reduction compared with PSW1-A. The yield displacement of
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the wall was 5.4 mm, a 39% increase compared with PSW1-A. Owing to the presence of
defects, slight crushing of the concrete at the roots on both sides of the wall was observed
at peak load as shown in Figure 6b. As the controlled inter-story drift increased, a vertical
crack extending upward appeared at the defect location on the west side of the wall. The
horizontal joint defect in the central wall region altered the local failure characteristics of
the specimen, as illustrated in Figure 7b.

3.2. Group 2 and 3 of Specimens

Figures 8 and 9 illustrate the crack propagation at peak load and failure load for each
specimen, respectively.

(b)

Figure 8. Failure mode of specimens at peak point. (a) PSW2-A. (b) PSW2-B. (c) PSW3-A. (d) PSW3-B.

(b) (d)

Figure 9. Failure mode of specimens at ultimate point. (a) PSW2-A. (b) PSW2-B. (c) PSW3-A.
(d) PSW3-B.

For specimen PSW2-B, the load for the formation of horizontal cracks at the root
was 495 kN, a 7% reduction compared with PSW2-A. The load for the development of
flexural-shear diagonal cracks at the boundary members of the wall ends was 853 kN, a 6%
reduction compared with PSW2-A. The yield displacement was 4.1 mm, a 19% increase
compared with PSW2-A. At peak load, the crack distribution in both specimens were
essentially identical. After peak load, slight crushing of the concrete at the roots on both
sides of PSW2-B was observed; however, concrete damage remained concentrated in the
vertical circular hole regions, with a failure pattern similar to that of PSW2-A.

For specimen PSW3-B, the crack distribution and the load at which cracks initiated
were nearly identical to those of PSW3-A. When the area of the horizontal joint defect in
the boundary member region was within a certain range, the crack propagation in the wall
was not significantly affected.
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4. Experimental Results and Discussion
4.1. Hysteresis Behaviour

Figures 10 and 11 show the horizontal load—displacement hysteresis curves and skele-
ton curves for each specimen at the loading point, respectively. To account for the influence
of concrete variability, the vertical axis is represented by the shear-compression ratio
P/ f.bhy, where P is the horizontal load, b is the wall section thickness and hy is the effective
depth of the wall section. The horizontal axis is the ratio of the horizontal displacement
A at the loading point to the height H. The following observations can be made through
comparison:

(1) Before cracking, the specimens exhibited primarily elastic deformation, with small
hysteresis loop areas and negligible residual deformation. As the displacement at
the loading point increased, cracks in the wall developed and extended, leading to
a gradual increase in the hysteresis loop area, stiffness degradation and improved
energy dissipation capacity.

(2) The quality defect in the horizontal joint of the central wall region resulted in an
increased yield displacement for specimen PSW1-B. During displacement-controlled
loading, the increment steps were larger, leading to a rapid increase in the hysteresis
loop area and a reduction in the pinching effect of the hysteresis curve.

(3) The quality defect in the horizontal joint of the boundary member region significantly
influenced the hysteresis and skeleton curves. As the defect area decreased, the
pinching effect of the hysteresis curve gradually increased, the peak load increased
and the post-peak load bearing capacity degradation weakened. When only a partial
quality defect existed in the horizontal joint of the eastern boundary member region,
the impact on the hysteresis performance of the specimen was minimal, and the
skeleton curves remained essentially consistent.
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Figure 10. Lateral force-displacement hysteresis curves of specimens. (a) Group 1 of specimens.
(b) Group 2 of specimens. (c¢) Group 3 of specimens.
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Figure 11. Lateral force-displacement skeleton curves of specimens. (a) Group 1 of specimens.
(b) Group 2 of specimens. (c) Group 3 of specimens.
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4.2. Load Capacity

Table 3 presents a comparison of the characteristic points, including load, displacement
and ductility coefficients. The yield point was determined using the energy method [21],
whilst the failure point corresponds to the state where the horizontal load on the skeleton
curve drops to 85% of the peak load. The displacement ductility coefficient is defined as
the ratio of the failure point displacement to the yield point displacement. The comparison
reveals the following:

(1) Compared with the intact specimens, the yield loads of the defective specimens in
the three groups decreased by 17%, 13.4% and 1.5%, respectively, whilst the peak
loads decreased by 19.4%, 20.6% and 4.1%, respectively. This finding indicates that the
presence of defects reduces both the yield load and peak load of the wall. However,
when defects exist entirely in the horizontal joints of the boundary member region,
increasing the defect area in the horizontal joints of the central wall region has little
effect on the peak load-bearing capacity. When defects are only present in the hori-
zontal joints of the boundary member region, the defect area significantly affects the
shear capacity of the wall.

(2) The displacement ductility coefficients of all specimens exceeded 4, indicating excel-
lent ductility [22]. The quality defects in the horizontal joints did not lead to brittle
failure of the wall. The displacement ductility coefficients within each group were
similar, suggesting that the quality defects in the horizontal joints had minimal impact
on the ductility of the wall.

Table 3. Lateral loads of different characteristic points.
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4.3. Stiffness Degradation

Figure 12 presents the stiffness degradation comparison curves for each group of
specimens, where K; represents the secant stiffness, defined as the ratio of the maximum
load to the corresponding displacement during loading. The following observations can be
made through comparison:

(1) The initial stiffness of the defective specimens was consistently lower than that of the
intact specimens; the larger the defect area, the lower the initial stiffness.

(2) Atainter-story drift of 1/1000, compared with the intact specimens, the equivalent
stiffness of the defective specimens in Groups 1, 2 and 3 decreased by 15%, 13% and
1.2%, respectively. This finding indicates that the quality defects in the horizontal
joints of the boundary member region significantly affect the wall stiffness at the
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serviceability stage, and the stiffness reduction becomes more pronounced as the
defect area increases.
(38) The stiffness degradation curves of the defective and intact specimens nearly overlap,

suggesting that the quality defects in the horizontal joints had minimal impact on the
rate of stiffness degradation.
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Figure 12. Secant stiffness degradation curves. (a) Group 1 of specimens. (b) Group 2 of specimens.
(c) Group 3 of specimens.

4.4. Energy Dissipation

The energy dissipation capacity of the specimens was represented using the equivalent
viscous damping coefficient he [23]. Figure 13 illustrates the relationship curves between
the equivalent viscous damping coefficient and the inter-story drift for each specimen. The
following observations can be made:

(1) The equivalent viscous damping coefficient of the defective specimen PSW1-B exhib-
ited a sudden increase after peak load, reaching approximately 1.6 times that of the
intact specimen PSW1-A at ultimate failure. This phenomenon is attributed to the
quality defects in the horizontal joints, which exacerbated wall damage and caused
the specimen to reach failure earlier, leading to a more pronounced increase in the
equivalent viscous damping coefficient.

The equivalent viscous damping coefficients of the defective specimens PSW2-B
and PSW3-B were similar to those of the intact specimens, indicating that the quality
defects in the horizontal joints of the boundary member region alone had no significant
impact on the energy dissipation capacity of the wall.
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Figure 13. Equivalent viscous damping coefficients curves.
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4.5. Strain Development

Figure 14 presents the load—strain curves for the outermost longitudinal reinforcement
at measurement points ES1 and WS1 in the east and west boundary members of each
specimen. The black dashed line in the figure indicates the yield strain of the reinforcement.
The following observations can be made:

(1) At peakload, the longitudinal reinforcement in the boundary members of all speci-
mens did not yield, achieving the design objective of strong bending and weak shear.
The presence of defects did not alter the failure modes of the walls.

(2) The strain at measurement point WS1 in the west boundary member of specimen
PSW1-B at peak load was significantly smaller than that of specimen PSW1-A, and the
strain decreased noticeably after peak load. This phenomenon is due to the fact that
the quality defects in the horizontal joints caused vertical cracking above the cavity on
the west side of the wall, leading to concentrated and accumulated concrete damage
in this area. Consequently, the tensile force carried by the longitudinal reinforcement
in the west boundary member decreased, reducing the strain.

(8) After peak load, the strains at measurement points ES1 and WS1 of specimen PSW2-
B and measurement point ES1 of specimen PSW3-B continued to increase, leading
to reinforcement yielding. This finding is attributed to the partial loss of concrete
functionality at the defect locations after peak load, resulting in increased stress in the
reinforcement. Therefore, when considering the quality defects in horizontal joints,
the design should appropriately increase the longitudinal reinforcement ratio.
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Figure 14. Strain distribution of outermost longitudinal reinforcement measuring points at boundary
members. (a) Group 1 of specimens. (b) Group 2 of specimens. (c) Group 3 of specimens.

5. Numerical Analysis
5.1. Establishment of the Numerical Analysis Model

A numerical analysis model of the precast concrete shear wall specimens was es-
tablished using the finite element analysis software ABAQUS (2022). By implementing
geometric subtraction to replicate cavity defect, the mechanical behaviour under combined
axial and lateral loads was systematically investigated. The concrete in the model was
discretized using reduced-integration elements (C3D8R), which effectively mitigate pseudo-
energy modes, shear and membrane locking, as well as issues associated with hourglass
control [24]; the reinforcement was modeled with truss elements (T3D2) and embedded
into the concrete using the embedded region constraint. The mesh size for the loading beam
and ground beam was set to 100 mm, whilst the mesh size for the wall and reinforcement
skeleton was 50 mm.

The constitutive model for concrete was based on the plastic damage model recom-
mended in the Code for Design of Concrete Structures [25], and the reinforcement was
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modelled using a bilinear elastic-plastic model. After multiple trial calculations, Table 4
lists the parameters used in the model.

Table 4. Parameters of concrete plastic damage model.

Dilation Eccentric Viscosity
Para-Meter Angle Ratio Foolfeo K Parameter
Value 30° 0.1 1.16 0.667 0.011

Based on experimental observations, a Coulomb friction-cohesive hybrid model was
adopted to simulate the interface between new and old concrete [26]. The shear strength of
the interface was determined using the shear capacity formula from Eurocode 2 [27]:

V= CfctdAC + uN,

where ¢ = 0.35 and p = 0.6 for untreated interfaces, and ¢ = 0.45 and y = 0.7 for roughened
interfaces. Here, f.4; is the design tensile strength of concrete, and N is the normal force
acting on the interface. Table 5 lists the parameters for the interface.

Table 5. Parameters of interface between new and old concrete.

Stiffness MPa/mm Peak Load MPa
Parameters
Knn Ktt Kss t(s) tg tﬂ
Value 1 x10° 1 1 0.96 0.96 1.49

In the model, the ground beam, loading beam and wall were connected using tied
constraints. The ground beam was restrained against translation and rotation, and a
reference point coupled to the top and side surfaces of the loading beam was used to apply
vertical loads and horizontal displacements for model loading.

5.2. Validation of the Numerical Analysis Model

Figure 15 compares the finite element analysis results and experimental results of
the horizontal load—displacement skeleton curves for each group of specimens. Both
trends are observed to be generally consistent. Compared with the experimental results,
the peak load errors of the simulated specimens were all less than 5%, indicating good
agreement. After the peak load, certain deviations exist between the two, which can be
attributed to differences between the concrete damage model used in the simulation and
the actual behaviour, leading to increased discrepancies in load-bearing capacity at larger
displacements.
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Figure 15. Comparison of predicted and measured lateral load-displacement curves. (a) Group 1 of
specimens. (b) Group 2 of specimens. (c¢) Group 3 of specimens.



Buildings 2025, 15, 3951

14 of 17

PE, Max. Principal
(Avg: 75%)
+4.598e-02
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Figure 16 illustrates the failure modes of Group 1 of specimens and their corresponding
finite element models at the failure state. The finite element models are represented by
the maximum principal plastic strain contour (PE, Max. Principal). Apparently, the failure
characteristics of the models align well with the experimental results. At the failure state,
the plastic strain in Model PSW1-A was concentrated around the vertical circular holes on
both sides; whilst in Model PSW1-B, the plastic strain was predominantly above the quality
defect in the horizontal joint on the west side of the wall, affecting the distribution of the
plastic strain region on that side, consistent with the experimental observations.

PE, Max. Principal

(Avg: 75%)
+4.650e-02
+3.000e-02
+2.750e-02
+2.500e-02
+2.250e-02
+2.000e-02

+5.000e-03
+2.500e-03
+0.000e+00

Figure 16. Comparison of the predicted and experimental failure modes under the peak load.
(a) Model PSW1-A. (b) Model PSW1-B.

The comparison results demonstrate that the finite element simulation results show
no significant deviations from the experimental results, confirming that the model can be
used for subsequent parametric analysis.

5.3. Parametric Study

To investigate the influence of defect area and location on the shear performance of
precast concrete shear walls, numerical models were established considering four defect
area ratios (25%, 50%, 75%, 100%) and two defect locations (D1: horizontal joint defects in
the boundary member region; D2: horizontal joint defects in the central wall region). The
models were consistent with those in Section 4.1, with horizontal joint defects symmetrically
arranged on the east and west sides. The defect area ratio was defined as the ratio of the
defect area to the cross-sectional area of the region. The shear-compression ratio P/ f.bhy
was used as the shear capacity index for parametric analysis.

Four models with horizontal joint defects in the boundary member region were
established, labelled D1-25, D1-50, D1-75 and D1-100, corresponding to defect area ratios of
25%, 50%, 75% and 100%, respectively. Similarly, four models with horizontal joint defects
in the central wall region were established, labelled D2-25, D2-50, D2-75 and D2-100, with
the same defect area ratios. The parameter settings for each model were identical to those
of Model PSW1-A. Figure 17 illustrates the horizontal load—displacement skeleton curves
for each model. Figure 18 illustrates the variation in peak load with defect area for different
defect locations; the dashed line represents the peak load of the intact specimen, and the
percentages indicate the deviation from the peak load of the intact specimen.
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Figure 17. Comparison of predicted lateral force-displacement curves with different defect area.
(a) Quality defects in the boundary member region. (b) Quality defects in the central wall region.
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Figure 18. Peak load—defect area ratio curves at different defect locations.

5.3.1. Influence of Defect Area

For D1 defects: In Figure 17a, the smaller the defect area in the horizontal joints of the
boundary member region, the greater the initial slope of the load—displacement curve and
the higher the initial stiffness in the elastic stage. When the defect area ratio was less than
25%, the skeleton curves were nearly identical to those of Model PSW1-A. However, when
the defect area ratio exceeded 25%, the peak load showed a significant decreasing trend.

For D2 defects: In Figure 17b, the curves nearly overlapped during the initial loading
stage, indicating that defects in the horizontal joints of the central wall region had little
effect on the initial stiffness. As the defect area increased, the peak load-bearing capacity
decreased. When the defect area ratio was less than 50%, the skeleton curves were nearly
identical to those of Model PSW1-A.

5.3.2. Influence of Defect Location

Between the two defect locations, the one resulting in a lower peak load-bearing
capacity is considered the more unfavourable location. As shown in Figure 18, the deviation
of the D1 defect curve from the peak load of the intact specimen was greater than that of
the D2 defect curve. Therefore, for the same defect area, horizontal joint defects in the
boundary member region have a more significant impact on the shear capacity of the wall,
rendering it the more unfavourable location.

6. Conclusions

Through quasi-static tests on six precast concrete shear wall specimens under constant
axial load, the influence of factors, such as the area and location of quality defects in
horizontal joints, on their stress performance was investigated. Based on the experimental
results, a numerical analysis model was established, and a systematic analysis of the defect
area and location was conducted. The main conclusions are as follows:
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(1) The crack development process and failure mode of specimens with quality defects
in horizontal joints were generally similar to those of intact specimens, indicating
that the defects had little impact on the failure mode of the wall. However, vertical
cracks extending upward were observed in the western wall of specimen PSW1-B
at the defect locations, suggesting that quality defects in the horizontal joints of the
central wall region significantly influenced the local failure characteristics.

(2) The quality defects in the horizontal joints of the boundary member region had a
notable impact on the stress performance of the walls. When the defect area ratio
(defect area to cross-sectional area) reached 100%, the yield load decreased by 13%,
the peak load decreased by 20% and the stiffness at the serviceability stage decreased
by 13%. However, the displacement ductility coefficient, stiffness degradation rate
and energy dissipation efficiency were not significantly affected. Reducing the defect
area ratio in this region significantly improved the load-bearing capacity and stiffness
of the walls.

(3) When quality defects were present throughout the horizontal joints of the boundary
member region, increasing the defect area in the horizontal joints of the central wall
region reduced the yield load but had little effect on the peak load, displacement
ductility coefficient or stiffness at the serviceability state.

(4) The ABAQUS finite element software was used to simulate the mechanical behaviour
of the wall, and the results agreed well with the experimental data. For the same
defect area, quality defects in the horizontal joints of the boundary member region
had a greater impact on the shear capacity of the wall. When the defect area ratio in
the horizontal joint cavity was less than 25% of the total cross-sectional area, the shear
capacity of the walls was essentially unaffected.

7. Outlook

It should be noted that the conclusion of this study—that a defect ratio below 25%
has a negligible structural impact—is derived solely from numerical simulations. Future
work should include experimental tests to validate this finding. Furthermore, investigation
into specimens with different cross-sections, such as T-shaped, L-shaped, and I-shaped
configurations, is recommended to develop a more comprehensive understanding of how
concrete casting cavities in horizontal joints affect structural behavior.
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