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Introduction: Lattice-shaped diaphragm walls (LSDWs) are increasingly
used in bridge foundations and foundation pit enclosures due to their
high vertical and horizontal load-bearing capacity. Unlike conventional
diaphragm walls that mainly support vertical loads, LSDWs are predominantly
subjected to horizontal forces during excavation. However, the lateral
bending behavior of their joints—particularly perforated cross-plate joints
(PCPJs)—remains insufficiently studied. This paper aims to investigate the
lateral bending performance of single- and double-cross PCPJs, a critical joint
type in LSDWs.

Methods: An experimental program was conducted involving eight sets of PCPJ
specimens and one non-jointed wall segment. Four-point bending tests were
carried out to analyze the influence of the steel plate perforation ratio on
the load—displacement response and ultimate bearing capacity. Typical failure
modes and mechanisms were identified, and a calculation method for the lateral
bending capacity of PCPJs was proposed.

Results: The lateral bending failure of PCPJs was characterized by separation at
the web—lower flange steel—concrete interface, fracture of the concrete dowel,
and tensile cracking at the end of the steel plate flange. The bending capacities
during the elastic stage reached 25.5% and 44.9% of the ultimate load for
single- and double-cross PCPJs, respectively. The double-cross PCPJ exhibited
higher lateral bending capacity than the single-cross type—approximately 1.6
times under the same perforation ratio—though still lower than the non-
jointed segment. Additionally, lateral bearing capacity correlated positively with
perforation ratio, with double-cross joints showing greater sensitivity to this
parameter.

Discussion: The proposed calculation method for lateral bending capacity
showed good agreement with experimental values, with deviations ranging
from —2.16% to 6.20%, demonstrating its reliability. These findings provide
important insights into the structural performance of PCPJs and offer a valuable
reference for the design and application of LSDWSs in similar engineering
applications.

lattice-shaped diaphragm wall, perforated cross-plate joint, four-point bending test,
bending bearing capacity, calculation method
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1 Introduction

A lattice-shaped diaphragm wall (LSDW) comprises front walls,
rear walls, side walls that connect the ends of the front and rear
walls, and internal partition walls. LSDWs offer a large wall-soil
contact area and exhibit high vertical bearing capacity (Wu et al.,
2020). Moreover, their overall bending resistance, horizontal bearing
capacity, and seismic performance are significantly superior to those
of pile group foundations (Japan Association of Diaphragm Wall,
2001; Wu et al., 2016a). These advantages have contributed to the
growing adoption of LSDWs in bridge foundations and excavation
support structures (Li W. et al., 2024; Li Z. et al., 2024).

Due to the construction characteristics of diaphragm walls,
panel joints are an inevitable feature of LSDWs. However,
prior research has predominantly focused on the overall
stress performance of LSDWs and the wall-soil interaction
mechanism, with limited attention given to the behavior of
joints (Japan Association of Diaphragm Wall, 2001; Wu et al,
2016a; Li W. et al., 2024; Li Z. et al., 2024). Furthermore, unlike
conventional diaphragm walls that primarily bear loads along
the depth direction of the soil layer, LSDWs exhibit a distinct
principal force direction. In LSDWs, the length-to-depth ratio is
typically less than 1/3 (Cheng et al., 2012; Fu, 2022; Wu et al,
2016b; Zhou et al, 2011), resulting in a unidirectional plate
configuration where the depth direction constitutes the long
side and the horizontal direction serves as the primary load-
resisting axis. Therefore, when soil excavation is involved, the
LSDW joint must withstand greater lateral loads than vertical
loads, which is a key reason why LSDWs typically adopt rigid
joints (Wang et al., 2024). Joints can be categorized into rigid
and flexible joints based on their ability to transmit bending
moments and shear forces. The recommended rigid joints include
I-shaped or cross-shaped perforated steel plate joints and rebar
socket joints (JGJ 120-2012, 2012). However, the rigidity of these
joints targets conventional diaphragm walls rather than LSDWs. In
particular, more common perforated cross-plate joints (PCPJs) have
rarely been studied in LSDWs.

Under horizontal loads, PCPJs are subjected to bending
moments. Based on the mechanical behavior of steel-concrete
composite structures, the lateral bending capacity of PCPJs may
be influenced by the bond strength between the steel plates and
concrete, as well as the performance of the concrete dowel. The bond
strength between steel plates and concrete can be evaluated using
push-out, pull-out, and splitting tests (Soh et al., 1999; Lee et al,,
2011; Trad et al,, 2024). Majdi etal. (Majdi et al., 2014), through
pull-out tests, investigated thin-walled corrugated steel embedded
in concrete with varying concrete strengths and established a
bilinear bond-slip model by presenting the corresponding overall
bond-slip curves. Walter etal. (Oguejiofor and Hosain, 1994)
studied the normal stress-crack opening relationship at the steel-
concrete interface via wedge-shaped splitting tests. They reported
that the failure of the steel-concrete interface exhibited quasi-
brittle characteristics. However, research on concrete dowels has
focused mainly on the shear characteristics of perforated steel plate
shear keys. Oguejiofor etal. (Al-Darzi et al, 2007; Ahn et al,
2010; Kim et al., 2018) derived a formula for calculating the
shear bearing capacity of perforated steel plate shear keys through
push-out test fitting. However, owing to the presence of transverse
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rebar, the shear mechanism and shear capacity of perforated
steel plate shear keys are different from those of perforated steel
plates. Wang (Wang et al., 2022) compared shear keys with and
without transverse rebar through experiments and reported that
the shear of concrete dowel dominated the failure of shear keys
without transverse rebar, whereas the shear keys with transverse
rebar were dominated by rebar. Moreover, the ultimate shear
stiffness of the shear keys with transverse rebar was 2.12 times
greater than that in the case without transverse rebar. Chen et al.
(Chen et al., 2016a; Chen et al., 2016b) studied the vertical shear
behavior of conventional diaphragm wall PCPJs through shear tests
and numerical simulations. The results indicated that the perforation
ratio influences the bearing capacity of PCPJs, the shear strength
of the concrete, and the stiffness of the steel plates. The shear
bearing capacity of perforated steel plate shear keys was found to
be 1.8 to 4.4 times greater than that of PCPJs, and the existing
shear bearing capacity formulas applicable to the former were
inadequate for the latter, necessitating targeted modifications. In
summary, the limited existing research on PCPJs has primarily
focused on shear bearing capacity. Although factors potentially
affecting the lateral bending capacity of PCPJs—such as steel-
concrete interfaces and concrete dowels—have been explored, the
specific mechanisms through which these factors influence bending
performance remain unclear.

This study focused on the Fuchi Ship Lock project, the
first in China to implement an LSDW as the lock wall. Nine
sets of scaled four-point bending tests, with a similitude ratio
of 1:3, were conducted on single-cross and double-cross PCPJs
within the LSDW to investigate the influence of the steel plate
perforation ratio on the lateral bending bearing capacity of PCPJs.
The lateral bending failure mechanisms of PCPJs were identified,
and a corresponding method for calculating the bending bearing
capacity was proposed. The computed results aligned well with the
experimental data, offering a valuable reference for the design of
PCPJs in LSDWs.

2 Project background

The Fuchi Ship Lock chamber features a composite lock wall
structure comprising an upper hollow box retaining wall and a
lower LSDW. The LSDW measures 21.6 m in height, 144.4 m in
length, and 1.2 m in thickness. The net spacing between the front
and rear walls is either 10 m or 8.35 m. The diaphragm wall panels
consist of various configurations, including I-shaped, L-shaped, T-
shaped, and Z-shaped panels, with lengths ranging from 5.3 m to
11.7 m, as illustrated in Figure la. The diaphragm wall penetrates
5 m into the bedrock, with a 1.8 m penetration below the karst cave,
as shown in Figure 1b.

The joints between the front and rear walls employ a single-
cross PCP] configuration, characterized by a 20 mm-thick cross
steel plate flange, a 16 mm-thick web plate, and 32 mm-diameter
horizontal and vertical rebars. The horizontal rebars of the primary
panel are welded to the steel plate through equal-leg angle steel,
with a 150 mm spacing between the reinforcement cages of the
primary and secondary panels. Both panels have a flange length
of 800 mm. The flange is perforated with eight rows of square
holes, each measuring 120 mm X 120 mm, with a net spacing
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FIGURE 1
Structural diagrams of the diaphragm wall (unit: mm). (a) LSDW plan. (b) Lock wall elevation.

of 60 mm between holes. The joints of the lattice wall employ
a double-cross PCP] configuration. The double-cross steel plate
flange lengths are 430 mm for the primary panel and 800 mm for
the secondary panel, with a net spacing of 300 mm between the
flanges in the panel width direction. The horizontal rebars of the
primary panel are welded to the steel plate using connecting plates.
Additionally, a stiffening plate is installed every 1,000 mm between
the connecting plate and the web plate. All other structural details
are consistent with those of the single-cross PCPJ, as illustrated
in Figure 2.
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3 Experimental overview
3.1 Experimental design and parameters

Based on the background of the Fuchi Ship Lock project, single-
and double-cross PCPJs with a vertical length of 1 m. A 1:3 scale
ratio was adopted in accordance with the similarity theory for
structural model tests. Geometric dimensions were scaled down by
1/3. Material properties were kept consistent with the prototype: the
concrete strength grade C30 and steel elastic modulus matched the
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FIGURE 2

PCPJ. (d) Elevation of a double-cross PCPJ.
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prototype materials, ensuring strength equivalence. The main rebar
had a diameter of 12 mm and a spacing of 50 mm. The effect of the
vertical reinforcement in the prototype was not considered in this
study. Stirrups with a diameter of 6 mm and a spacing of 200 mm
were provided and arranged to avoid the region of the cross steel
plate. The steel plate flange and web had thicknesses of 7 mm and
5 mm, respectively. The vertical reinforcement was neglected in the
test because the experiment focused on the lateral bending behavior
of the joints, and the vertical reinforcement contributes minimally to
lateral bending resistance. Both the single- and double-cross PCPJs
were connected to the main reinforcement bars by welding with
equal-leg angle steel, as illustrated in Figure 3.

A total of 9 specimens were prepared for the experiment, among
which the r-1 specimen was a comparative non-joint specimen.
Its main rebar had a diameter of 12 mm and a spacing of 50 mm,
and its stirrups had a diameter of 6 mm and a spacing of 200 mm.
The steel plate opening size for the secondary panel of the PCPJs
was 40 mm x 40 mm. The number of openings in the primary
panel remained consistent with the design, while the secondary
panel included 20, 16, 8, and 0 openings for specimens s-1 to s-
4 and d-1 to d-4, respectively. The dimensions of the steel plates
are provided in Figure 4. The perforation ratio is defined as the
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ratio of the open area in the secondary panel to the total area
of the steel plate flange. Accordingly, the perforation ratios for
specimens s-1 to s-4 and d-1 to d-4 were 38.4%, 30.7%, 15.3%, and
0%, respectively.

3.2 Loading plan and layout of measuring
points

The experiment utilized a 100 t multichannel servo loading
system, which applied a load to the specimen via a distributing
beam with a 700 mm spacing between loading points. Two hinge
supports with spacings of 2,100 mm were arranged at the bottom of
the specimen, as shown in Figures 5a,b.

The r-1 specimen was tested as a reinforced beam, representing a
rigid joint with substantial bending capacity. The load increment for
this specimen was setat 1 t per step. In contrast, the bending capacity
of perforated cross-plate joints is significantly lower than that of the
reinforced beam, with a load increment of 0.1 t per level for s-1-s-
4 and d-1-d-4. After each load was held for 120 s and data stability
was achieved, the next level of load was applied until the load on the
actuator decreased.
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FIGURE 3
Specimen diagrams (unit: mm). (a) Elevation of a single-cross PCPJ specimen (b) Section of a single-cross PCPJ specimen. (c) Elevation of a
double-cross PCPJ specimen. (d) Section of a double-cross PCPJ specimen.

The displacement sensor of the r-1 specimen was arranged in its
mid-bottom, whereas the displacement sensors of the s-1-s-4 and
d-1-d-4 specimens were arranged slightly right of the mid-bottom.
The r-1 specimen was not equipped with strain gauges, whereas
the s-1-s-4 and d-1-d-4 specimens were equipped with steel strain
gauges (TS, CS, TX, CX) in the rebar area adjacent to the steel plate.
One steel plate strain gauge (PL, PR) was installed on each side of
the lower flange of the single-cross steel plate, adjacent to the web
plate. The strain gauge arrangement for the double-cross steel plates
followed the same configuration as the single-cross case, with gauges
designated as PLS, PRS, PLX, and PRX. A total of four concrete
strain gauges were employed: two (SG1 and SG2) were arranged
horizontally at the lower part of the specimen to monitor the plain
concrete between the steel plate and the M-shaped reinforcement
bars; the remaining two gauges (SG3 and SG4) were positioned
vertically on the right side, covering the right steel plate flange, as
illustrated in Figures 5c¢,d.
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4 Analysis of experimental results
4.1 Test phenomena and failure modes

The failure modes of the specimens are shown in Figure 6.
The failure mode of the r-1 specimen is a typical failure mode
of an under-reinforced beam. In the failure of single-cross PCPJ
specimens, cracking initiates in the secondary panel, with a through-
crack extending from the bottom of the specimen along the steel
plate web to the end of the steel plate flange. This forms an L-shaped
crack path that rotates 90° clockwise. Additional vertical or diagonal
cracks appear at the end of the steel plate flange, as illustrated in
Figures 6a—e. The failure mode of the double-cross PCP] specimens
is similar to that of the single-cross specimens, with a through-crack
propagating from the specimen base along the steel plate web to the
end of the lower flange, where diagonal cracks are also observed,
as shown in Figures 6f-i.
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Specimen loading device and layout of the measuring points (unit: mm). (a) Experimental loading device. (b) Loading schematic. (c) Layout of
measuring points for single-cross PCPJ specimens. (d) Layout of measuring points for double-cross PCPJ specimens.

Here, we take s-1 as an example to explain the test phenomenon
in the single-cross PCPJ loading process. First, initial cracks appear
on the concrete surface near the lower steel plate web of the specimen
(Figure 7a). As the load increases, the steel-concrete interface at
the bottom of the specimen separates (Figure 7b). Lateral cracks
develop near the interface between the lower surface of the steel
plate flange and the adjacent concrete, extending toward the end
of the flange (Figure 7c). Upon failure, the lower web of the
steel plate detaches entirely from the concrete, forming a smooth
splitting surface (Figure 7d). Complete separation occurs at the
steel-concrete interface beneath the steel plate flange, accompanied
by fracture of the concrete dowel within the flange opening and the
formation of vertical cracks at the flange end (Figures 7e,f).

The test phenomena of the double-cross d-1 specimen during
the loading process are similar to those of the single-cross s-1
specimen. The core difference is that failure of the flange steel-
concrete interface occurs on the lower surface of the lower flange,
and the fracture position of the concrete dowel is inside the lattice
hole of the lower flange as shown in (Figures 8a-f).

4.2 Analysis of load-vertical displacement
curves

The PCP]J loading process in the four-point bending test can
be divided into four stages: elastic, elastoplastic, failure descending,
and residual, as shown in Figure 9a. The measured values of the
critical loads for adjacent stages are denoted as P,, P,, and P,, and
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the corresponding measured values of the mid-span deflections are
A,, A, and A,, as shown in Table 1.

1. Elastic stage (OA): During this stage, theload displacement curve
is almost a straight line, the specimen does not show any cracks,
and no slip exists between the cross steel plate and the concrete.

. Elastoplastic Stage (AB): This stage begins with the onset of
separation at the steel plate-concrete interface near the bottom
of the specimen, marked by a distinct step-like inflection
point on the load-displacement curve. As the applied load
increases, the lower web of the steel plate progressively
detaches from the concrete, eventually leading to complete
separation. Concurrently, the lower surface of the steel plate
flange (the lower flange) begins to separate from the concrete.
During this process, the slope of the load-displacement curve
gradually decreases, continuing until the specimen reaches its
ultimate bearing capacity.

3. Failure descending stage (BC): significant separation occurs
between the steel plate and the concrete, with the separation
surface forming an L shape that rotates clockwise by 90°.
Moreover, the concrete dowel fractures in the hole of the steel
plate flange (lower flange), resulting in vertical or diagonal
tensile cracks near the flange end, and the specimen’s bearing
capacity rapidly decreases.

. Failure residual stage (CD): The width of the cracks in the
concrete increases, and the measured mid-span deflection
rapidly increases until the bearing capacity of the specimen
becomes stable.
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Specimen failure patterns. (a) Specimen r-1. (b) Specimen s-1. (c) Specimen s-2. (d) Specimen s-3. (e) Specimen s-4. (f) Specimen d-1. (g) Specimen

(h) (i)

Figure 9 and Table 1 show that, compared with those of the
nonperforated steel plate, with increasing perforation ratio, the
bending capacities of the single-cross PCPJs increase by 41.67%,
70.83%, and 95.83%, respectively, whereas the bending capacities
of the double-cross PCPJs increase by 60.0%, 97.14%, and 122.86%,
respectively. This finding indicates that an increase in the perforation
ratio can significantly improve the lateral bending capacity of joints,
and the improvement is greater in the double-cross PCP] case. The
reason is that the concrete dowel has a greater bending contribution
than the steel-concrete interface.

The bearing capacity ratios between the double-cross PCPJs and
the single-cross PCPJs are 1.66, 1.68, 1.65, and 1.30 from high to
low perforation ratios. These results reveal that double-cross PCPJs
exhibit a greater bearing capacity than single-cross PCPJs, with an
average of 1.57 times that of single-cross PCPJs. This is because the
lower flange of the double-cross steel plate is further away from the
neutral axis, where the bending contribution of the steel-concrete
interface and concrete dowel is more significant.

Frontiers in Earth Science

The stiffness and P, values in the elastic stage are basically
the same for s-1-s-4, whereas the stiffness and P, of d-1-d-4
decrease with decreasing perforation ratio. This is because the single-
cross PCPJ flange is located near the neutral axis in the elastic
stage, and there is almost no need for coordinated deformation
between the steel plate and the concrete. The lower flange of the
double-cross PCPJ is in the tensile zone and needs to undergo
coordinated deformation through the steel-concrete interface and
concrete dowel. The coordinated deformation ability is strengthened
with increasing perforation ratio, thereby improving the bending
stiffness of the component.

The P, values of s-1 and d-1 are 13.8% and 22.9% of that
of r-1, and their A, values are 9.23% and 14.6% of that of
r-1. These results indicate that the ultimate bearing capacity and
deformation capacity of the PCPJs are weaker than those of the non-
joint segment, as shown in Figure 9C. In addition, after the ultimate
bearing capacity is reached, the bearing capacity of the PCPJs sharply
decreases, and the failure mode approaches brittle failure.
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FIGURE 7
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(e)

Typical test phenomena in a single-cross steel plate specimen. (a) Initial cracks. (b) Bottom cracks. (c) Cracks propagation. (d) Web-concrete interface.
(e) Failure pattern. (f) Steel-concrete interface beneath the steel plate flange.
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4.3 Steel plate strain analysis

The load-steel plate strain curves of each specimen in the elastic
and elastoplastic stages are shown in Figure 10.

As shown in Figure 10, the load-steel plate strain curves exhibit
bilinear characteristics, and the load corresponding to the inflection
point is almost the same as the P, value of the specimen. The
slopes of the load-steel plate strain curves in the elastic stage are
consistent for the s-1-s-4 specimens, whereas the slopes of the d-
1-d-4 specimens are positively correlated with the perforation ratio.
These trends are consistent with the stiffness conclusions from the
load-displacement curves for the elastic-stage specimens. The slope
of the load-displacement curve in the elastoplastic stage is lower than
that observed in the initial elastic stage. This reduction is attributed to
the upward shift of the neutral axis as the lower web of the steel plate
progressively separates from the concrete, leading to increased stress
in the steel plate flange (lower flange). For specimens d-1 through
d-4, the strain readings of PLS and PLR on the upper flange transition
from negative to positive. Specifically, as the load increases, the lower
web and flange progressively separate from concrete, reducing their
contribution to resistance. This forces the neutral axis to rise, shifting
the upper flange from the compressive zone to the tensile zone. When
the neutral axis exceeds the upper flange elevation, tensile strains
dominate, reflecting the transfer of tensile forces to the upper flange
as the lower components lose efficacy.

At a given load level, the load is P,, the PR microstrains of
the s-1 to s-4 steel plates are 410, 365, 308, and 204, respectively,
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while the corresponding PL microstrains are 440, 408, 349, and 223.
For the d-1 to d-4 steel plates, the PRX microstrains are 392, 368,
339, and 213, and the PLX microstrains are 442, 406, 378, and 240,
respectively. The strain measured on the left edge of the steel plate is
generally greater than that on the right edge of the same component,
which may be attributed to better contact between the left edge and
the concrete, whereas slight slippage is observed on the right edge.
Before the separation of the steel plate and concrete, the strain of
the structure can be approximated as the strain at the steel-concrete
interface. The strains of the steel plate specimens with the same
perforation ratio are similar, with a maximum difference of only
9.1%, indicating that the ultimate strain at the interface is primarily
affected by the perforation ratio and is not significantly related to the
specific PCPJ form.

The maximum stress of the steel plate is 91 MPa, and the entire
loading process is in the elastic stage.

4.4 Concrete strain analysis

The strains of the concrete in the elastic and elastoplastic stages
are shown in Figure 11. The strain overflow in the figure is caused by
the development of cracks in the concrete, leading to the fracture of
the strain gauges.

Figure 11 shows that under the same load increment, the strain
slopes of SG2, SG3, and SG4 increase with increasing perforation
ratio, indicating that the concrete dowel can delay the development
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FIGURE 8

Typical test phenomena in a double-cross steel plate specimen. (a) Initial cracks. (b) Bottom cracks. (c) Cracks propagation. (d) Web-concrete
interface. (e) Failure pattern. (f) Steel-concrete interface beneath the steel plate flange.

of steel-concrete interface cracks. The strains recorded by SG4 do
not exceed the measurement range, indicating that the steel plate
flange does not fully detach from the concrete at the point of
ultimate bearing capacity. Additionally, the load corresponding to
the strain overflow of SG1 aligns with the transition point to the
elastoplastic stage, confirming that the end of the elastic stage is
marked by the separation of the lower web of the steel plate from
the concrete.

Under identical loading conditions and with the same number
of steel plate openings, the strains recorded by SG1-SG4 in double-
cross PCPJs are lower than those observed in the single-cross PCP]
specimens. This can be attributed to the greater distance between the
lower flange of the double-cross PCPJ and the neutral axis, as well as
the tensile forces acting on the upper flange, which help to delay the
separation of the interface between the lower flange steel plate and
the concrete.

5 Calculation method for bending
bearing capacity

5.1 Failure mechanisms

According to the experimental phenomena and data, the lateral
bending failure mechanisms of the PCPJs are as follows:

Frontiers in Earth Science

1. The normal bonding strength at the steel-concrete interface

is lower than the bonding strength between concrete
aggregates. Under the action of bending moments, the
lower web of the steel plate progressively detaches from
the surrounding concrete. As a result, the neutral axis
gradually shifts upward from the mid-height of the
specimen, ultimately subjecting the cross steel plate flange to
tensile forces.

. When the steel plate flange-concrete region is subjected to

bending and tensile forces, the strains in the steel plate and
the concrete are equal. However, due to the elastic modulus
of the steel plate being about seven times that of the concrete,
the resulting stress difference is primarily resisted by two
components: the tangential stress at the steel-concrete interface
of the steel plate flange, and the shear resistance provided
by the concrete dowel within the flange opening. As the
stress differential increases, the concrete dowel undergoes
shear failure, and the concrete begins to slide relative to the
lower surface of the steel plate flange. This continues until the
tangential cohesion at the interface reaches its maximum, at
which point the corresponding bending moment defines the
ultimate bearing capacity.

. As the relative sliding between the concrete and the lower

surface of the steel plate flange continues to increase, the
tangential cohesion at the steel-concrete interface decreases.
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Load-displacement curves. (a) Typical load-displacement curves of PCPJs specimens. (b) Load-displacement curves of single PCPJs specimens. (c)
Load-displacement curves of double PCPJs specimens. (d) Load-displacement curves of s-1, d-1 and r-1.

Concurrently, cracking develops in the concrete at the end of
the flange, resulting in a rapid decline in bearing capacity until
a stable residual value is achieved.

5.2 Simplified calculations and
assumptions

We simplify the bearing capacity into the sum of two parts. Part
I separates the steel plate web and the concrete, considering only the
influence of the normal stress at the interface between the steel plate
web and the concrete. Part II involves the separation between the
lower surface of the steel plate flange and the concrete, as well as
the tensile cracking of the concrete at the flange end. Considering
the end section of the steel plate flange as the object of analysis,
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equilibrium is achieved through the combined effects of concrete
stress, steel-concrete interface stress at the flange, and rebar stress,
as illustrated in Figure 12. Due to the detachment of the steel plate
web from the concrete, the stress level in the concrete beneath the
flange (lower flange) is relatively low and therefore excluded from
the analysis.

The following simplifications and assumptions are used when
calculating the bearing capacity:

1. The influence of the differential biting force between the steel
plate flange and the concrete on the bearing capacity of Part I
is not considered.

2. The normal stress at the interface between the steel plate flange
and the concrete is neglected.

3. The end section of the Part II flange is assumed to satisfy the
plane section hypothesis.
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TABLE 1 Test results of the PCPJ lateral bending bearing capacity.

45 No. P, (kN) P, (kN) P, (kN) A, (mm) A, (mm) A, (mm) P./A. (KN-mm™)
11 130.00 340.00 310.32 151 20.87 37.46 86.09
s-1 12.00 47.00 30.00 021 131 1.65 57.14
52 12.00 42.00 27.00 0.23 1.29 155 52.17
53 12.00 34.00 2112 0.22 1.19 145 54.55
5-4 12.00 27.00 15.00 0.22 227 2.60 54.55
d-1 35.00 78.00 46.20 0.33 1.16 1.85 106.06
d-2 31.00 69.00 40.04 0.33 113 1.74 93.94
d-3 24.00 56.00 32.01 032 1.25 1.68 75.00
d-4 18.00 35.00 24.94 0.34 1.03 133 52.94
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FIGURE 10
Load-steel plate strain curves. (a) PL. (b) PR. (c) PLS. (d) PLX. (e) PRS. (f) PRX.

4. When a PCPJ reaches its ultimate state, the biting force ~ 5.3 Calculation method
between the flange (lower flange) and the concrete attains
its maximum value, and the stress distribution in the The bearing capacity M,, is calculated according to Equation 1.

compressive and tensile zones of the concrete section
is triangular. M, = M; + My, (1)
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FIGURE 11
Load-concrete strain curves. (a) Single-cross steel plate SG1. (b) Single-cross steel plate SG2. (c) Single-cross steel plate SG3. (d) Single-cross steel
plate SG4. (e) Double-cross steel plate SG1. (f) Double-cross steel plate SG2. (g) Double-cross steel plate SG3. (h) Double-cross steel plate SG4.
The Part I bearing capacity M; is calculated according to  according to Equation 3.
Equation 2.
sCS = AS/IP (3)

M;=0,W (2)

where 0, represents the maximum normal stress at the steel-
concrete interface, which is 0.17 MPa (Xue et al, 2022), and
where W is the section modulus obtained via the equivalent
section method.

The
is shown in Figure 13.

The strain ¢, at the interface between the lower surface of
the steel plate flange (lower flange) and the concrete is calculated

simplified  stress-strain  distribution of Part II
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where A is the slip corresponding to the peak shear stress at the steel
plate-concrete interface, which is 0.014 mm (Song et al., 2020), and
where I, is the length of the steel plate flange.

The maximum tensile strain ¢, of the section concrete is
calculated according to Equation 4.

&= (hfxfhp)scs/(hfx) (4)

where h is the height of the section, x is the height of the compression
zone, and h,, is the thickness of the steel plate flange.
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FIGURE 12
Simplified bearing capacity calculation models. (a) Single-cross PCPJ. (b) Double-cross PCPJ.

The of calculated

according to Equation 5.

strain & the tensile rebar is

S

(5)

& =a.€./(h—x)

where aj is the distance from the tensile rebar to the section bottom.

he strain ¢ of the compressed rebar is calculated
according to Equation 6.
8; = (x - as,)scs/(h - X) (6)

where a! is the distance from the compressed rebar to the section top.
The maximum compressive strain ¢, of the section concrete is
determined according to Equation 7.

7)

& =xe./(h—x)

For a double-cross PCPJ, the strain ¢ at the interface
between the upper flange and the concrete is calculated
following to Equation 8.
®)

eés = acsecs/(h - x)

The ultimate biting force f_. between the steel plate flange and
the concrete is calculated using Equation 9.

fo= ApTcx +AT, )
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where A, is the contact area between the lower surface of the steel
plate flange (lower flange) and the concrete; A, is the area of openings

for the steel plate flange; 7 is the peak shear stress at the steel

cs
plate-concrete interface, which is 0.27 MPa (Song et al., 2020); and
7, is the peak shear stress of the concrete, which is computed via
Equation 10 (Yoshitake et al., 2011).
7,=021f£%° (10)
where f. is the compressive strength of the cylindrical concrete.
For a double-cross PCPJ, the biting force f/ between the upper
flange and the concrete is calculated according to Equation 11.
ﬂs = zacsfcs/(h -Xx) (11)
The tensile and compressive rebar forces f, and f] are calculated
according to Equations 12, 13, respectively.

f,=nAgE, (12)
fi =nA¢lE, (13)

where n and A, are the number and cross-sectional area of the
M-shaped rebar, respectively, and where E; is the elastic modulus
of the rebar.
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FIGURE 13

(a)

(b)

Stress-strain distribution maps of the failure sections. (a) Single-cross PCPJ. (b) Double-cross PCPJ.

The resultant force f, of the concrete in the tensile zone is
calculated according to Equations 14-18 (GB50010, 2010).

fi=0(h-x)b/2 (14)
0, =(1-d)Eze, (15)
1-p,(12-027°) n,<1
dt = _ Py n,> 1 (16)
oy (1, - 1)1'7+’7t t
&t

== (17)

"oy
e "

Eeey

where «, is the parameter of the descending segment in the uniaxial
tensile stress-strain curve of the concrete, which has a value of 1.25;
d, is the Concrete uniaxial tension damage evolution parameters, f,,.
is the uniaxial tensile strength of the concrete; ¢, is the peak tensile
strain of the concrete; and E, is the elastic modulus of the concrete.

The resultant force of the concrete in the compression zone is
calculated according to Equations 19-24.

f.=0xb/2 (19)
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o,=(1-d.)E.e, (20)
L,
d = U= 1+ }1(:‘“ ‘ 1)
¢ pc
- 5 n.>1
“c(rlc - 1) +1,
A o
ECSCY
Ee,,
u= (23)
Ececr - fcr
&
ne= - (24)

where «, is the parameter of the descending segment in the uniaxial
compressive stress-strain curve of the concrete, which has a value
of 0.74; d_ is the Concrete uniaxial compression damage evolution
parameters, f, is the uniaxial compressive strength of the concrete;
and ¢, is the peak compressive strain of the concrete.

According to the force equilibrium condition, the height x of
the compression zone for the single- and double-cross PCPJs is
calculated based on Equations 25, 26.

[t futfi=Fi+fe (25)
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TABLE 2 Comparison of the calculated and tested bending bearing
capacities.

Specimen | M, (kN-m) M, (kN-m) (M,-M,)/M,

no. %

o1 18.04 18.25 117
52 16.50 16.15 -2.16
o3 13.40 13.70 221
54 10.27 10.20 -0.68
d-1 27.71 29.10 476
d-2 25.23 25.95 2.76
d-3 20,07 21.40 6.20
d-4 13.55 14.05 3.53

fS+fZ'S+ CS+ft:f;+fC (26)

The moment My, at the point of application of the resultant force
in the tensile zone of the single- and double-cross PCPJ specimens
is calculated according to Equations 27, 28.

My, = f(h=x—a.+ (fi(x=a0)+ 20 x/3)/(f; + 1))

+fe(h=x+ (fi(x—ag) +2fx/3)/(f + 1)) 27)
+fi 2 =2)/3+ (fi(x—ag) +2fx/3)/(f + 1))

My, = f(h=x—ag+ (fi(x—a5) + 2fx/3)/(fi + 1))
+fo(h=x+ (filx—ag) +2fx/3)/(fi + 1)) 8)

+f, (2h=2)/3+ (fi(x—a) + 2 x/3) /(S + 1)
+fi(h—ac+ (filx—ag) + 20 x/3)/(f; + 1))

The bearing capacity M, of specimens s-1-s-4 and d-1-d-
4 is calculated according to Equation 1 and compared with M/,
as shown in Table 2. Here, Mj, is the sum of the measured bending
moment and the mid-span bending moment caused by gravity.

According to Table 2, the relative error between the calculated
and experimental values falls within a range of —2.16%-6.20%. The
small discrepancies stem from three main factors: (1) Simplified
assumptions in the calculation model, such as neglecting differential
biting forces at the steel-concrete interface and assuming triangular
stress distribution in concrete, which slightly underestimates
compressive zone contributions. (2) Material property variability:
Concrete tensile strength in tests varied from the design value,
affecting dowel shear resistance. (3) Measurement errors in strain
gauges and displacement sensors, contributing to minor deviations
in ultimate load recording. Overall, the errors are within acceptable
limits, validating the model’s reliability.

6 Conclusion and discussion

This study focused on the PCPJs of the first LSDW ship lock
wall constructed in China. Scaled four-point bending tests were
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conducted to investigate the lateral bending performance and failure
mechanisms of PCPJs across varying perforation ratios. Based on the
observed failure mechanisms, a calculation method for determining
the lateral bending bearing capacity of PCPJs was developed. The
conclusions are as follows:

1. The lateral bending failure mode of the PCPJs manifested
as follows: (a) The separation of the steel-concrete interface
between the cross steel plate web and the flange (lower flange),
with the separation interface forming an L shape rotated
clockwise by 907 (b) the concrete dowel between the holes of
the cross steel plate flange (lower flange) broke, causing tensile
cracks in the end concrete.

. Theload-displacement curve of the PCPJ under lateral bending
moments can be divided into four distinct stages: elastic,
elastoplastic, descending, and residual. The bending capacities
of the single- and double-cross PCPJs (with a perforation ratio
of 38.3%) in the elastic stage were 25.5% and 44.9% of the
ultimate bearing capacity, respectively, whereas the bending
capacities in the residual stage were 63.8% and 59.2% of the
ultimate bearing capacity, respectively. Throughout all four
stages, the steel plates and bars of the joints were in the
elastic stage.

3. The lateral bending capacity of the double-cross PCPJ was
greater than that of the single-cross PCPJ; however, both
were lower than that of the non-joint segment. The ultimate
bearing capacities of the single- and double-cross PCPJs, with
a perforation ratio of 38.3%, were 13.8% and 22.9% of the
ultimate capacity of the non-joint segment, respectively. For
double-cross PCPJs with perforation ratios of 0%, 15.3%,
30.7%, and 38.4%, their lateral bending capacities were 1.30,
1.65, 1.68, and 1.66 times greater than those of single-cross
PCP]Js, respectively.

. The lateral bending capacity of the PCPJs was positively
correlated with the perforation ratio of the steel plate. Relative
to PCPJ with a perforation ratio of 0%, single-cross PCP] with
perforation ratios of 15.3%, 30.7%, and 38.4% increased its
bearing capacity by 25.9%, 55.6%, and 74.1%, respectively. In
comparison, the bearing capacity of the double-cross PCPJ
increased by 60.0%, 97.1%, and 122.9%, respectively.

5. The lateral bending capacity of PCPJs comprises the combined
contributions of the web plate and the flange. Calculation
formulas for the bending bearing capacity of each component
were established. The deviation between the sum of the
calculated values and the experimental results ranged from
—2.16% to 6.20%.

Compared to conventional diaphragm walls, LSDWs have
greater requirements for the transverse bearing capacity of their
joints. The research findings of this paper provide a reliable design
basis and an important reference for the practical application of
PCPJs in LSDWs. The primary factors that influence the lateral
bending capacity of PCPJs include the strength of the steel-concrete
interface, the ratio of perforations, concrete shear strength, and the
arrangement of the web. Modifying these factors can improve the
lateral bending capacity of these joints. These results support the use
of perforated cross-shaped steel plate joints in LSDWs, especially
in situations where LSDWs primarily bear horizontal loads, such
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as in lock gate walls, dry dock walls, and foundation pit retaining
structures.

Scaled model physical tests serve as an effective method for
investigating the lateral bearing mechanism of perforated cross-
plate joints (PCPJs); however, they exhibit significant limitations
compared to actual engineering projects, primarily stemming
from size effects that impact critical mechanical behaviors. These
inherent size-dependent limitations manifest in three key aspects:
(1) The bond strength at the steel-concrete interface displays size
dependence, where smaller specimens tend to overestimate bond
strength, potentially inflating the measured bearing capacity of the
joints. (2) Concrete shear strength exhibits a decreasing trend with
increasing specimen size, meaning that the 1:3 scale adopted in the
tests may lead to an overestimation of dowel shear resistance when
compared to full-scale prototypes. (3) Additionally, transverse axial
forces which are present in full-scale LSDWs due to soil pressure
were not simulated in the scaled tests, resulting in conservative
measurements of structural stiffness. To address these size-related
discrepancies and refine the analytical model, future full-scale tests
and long-term field monitoring are necessary to account for these
size-dependent effects comprehensively. Additionally, the tests did
not account for the transverse axial forces acting on the joints, which
may have resulted in overly conservative test outcomes. In the future,
conducting full-scale model tests along with on-site measured data
is expected to refine the research findings and enhance the reliability
of the conclusions.
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