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To energizing implementation of “Carbon Peaking and Carbon Neutrality” strategy, a batch of pumped storage
power stations represented by asphalt concrete panel dams have been planned in China. The safety assessment of
the anti-seepage system is crucial to engineering construction. In this paper, a cross-scale approach and SBFEM
are employed to investigate the deformation characteristics of a typical dam under various conditions, combining
the generalized plastic model. The location of the weak area in the anti-seepage system is identified. Subse-

quently, a fresh step-type design is proposed based on simulations, aiming to enhance the stability performance
of anti-seepage joint. The mechanism and influence of the step-type scheme are discussed from different per-
spectives through simulations. The research indicates that the asphalt panel slides along the underlying lapped
concrete platform due to the uneven settlement between rockfill and concrete. Resulting in significant horizontal
tensile strain at the top of the asphalt panel. The step-type design provides a positive reinforcement effect,
significantly reducing slipping displacements along the interface and the tensile strain of the asphalt panel by
hindering the slip path of the rockfill. An optimal range for the step-type design is recommended to be between
0.375 m and 0.45 m below the junction point. Additionally, a height of 0.45 m is suggested for the single-step
form, while a height of 0.075 m is recommended for each step in the multiple-step form. For multiple steps,
performance improves as the spacing between the steps increases. The adaptability of the panel to deformation is
enhanced through the presented method, enhancing the safety margin of the anti-seepage system and offering

guidance for similar projects.

1. Introduction

In recent years, renewable energy sources such as wind and solar
power have been developed extensively by most countries to address
energy crises and environmental pollution issues (International
Renewable Energy Agency, 2020). However, the emergence of insuffi-
cient renewable energy consumption capacity has been observed in
actual power system operation. The intermittency and fluctuation of
renewable energy output result in low utilization efficiency (Pan et al.,
2020; Javed et al., 2020). Among various energy storage technologies,
pumped storage is the most mature and widely used. Pumped storage
can effectively enhance the power system’s ability to absorb new energy.
Since the 1960 s, pumped storage power stations have been constructed
extensively worldwide. By the end of 2022, the global installed capacity
of pumped storage power stations reached 188.1GW. It is expected that
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the global installed capacity of pumped storage power stations will in-
crease by more than 50 % from the current level in 2023 (Development
Situation and Outlook of Pumped Storage Power Stations., 2023).

As the core component of a pumped storage power station, the
reservoir dam serves the functions of regulating water levels and storing
water energy. Its safety is critical to the safe operation of the pumped
storage power station. Reservoir safety can be compromised by factors
such as reservoir leakage, dam slope sliding, and seismic damage. One of
the most common issues in reservoir is leakage, which can impair the
reservoir’s storage function and, in severe cases, lead to dam failure.
Therefore, the integrity of the anti-seepage system is essential to engi-
neering safety. Hybrid dams, which are the primary type used for
pumped storage power station reservoirs, are composed of concrete and
panel dams. Uneven deformation in the rigid-flexible mixed areas of
hybrid dams can cause slip and damage to the anti-seepage panel at the
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joints, affecting the dam’s safe operation. For instance, the upper res-
ervoirs of the Ludington Pumped Storage Power Station in the United
States and the Waldeck-II Pumped Storage Power Station in Germany
have experienced leakage around the inlet structures. Additionally, the
leakage of the entire asphalt concrete panel occurred at the joint
(Billington, 1998). The asphalt concrete panels of China’s Niutoushan
and Car Dam experienced excessive tension during the dam settlement
process, resulting in cracks at the panel joints (Hao, xxxx). Ensuring the
safety of seepage control in hybrid dams relies heavily on the seepage
control panel. Researching joint optimization and reinforcement design
is crucial for improving the safety margin of anti-seepage systems.

Dam engineering is characterized by large-scale structure and com-
plex form. It’s generally tens to hundreds of meters in height and
exceeding one kilometer in length and width. The dam includes small-
scale components such as anti-seepage panels, which have a minimum
thickness of about 0.4 m. The scale of the structure varies greatly (Chen
et al., 2018). Traditional numerical analysis of engineering structures
oversimplifies models and materials, making it difficult to evaluate the
performance of key structures in dams. To accurately identify significant
structural weaknesses and reveal damage patterns and mechanisms, it is
necessary to adopt refined cross-scale analysis methods. This is in line
with the current trend in computational technology (Mao and Sun,
1991; Lee et al., 2003; Martin and Deschapelles, 2014; Zhang et al.,
2017). Currently, the commonly used methods for cross-scale analysis
include the following forms:1) FEM-DEM coupling method, 2) Multi-
point constraint method, 3) Consistent multi-scale method, etc. The
FEM-DEM coupling method is mainly used to calculate structures with
relatively small models, such as exploring the mechanical behavior of
granular media (Guo and Zhao, 2014; Guo and Zhao, 2016) and the
failure process of soil (Tu et al., 2017). The multipoint constraint
method has yielded extensive research findings, but it is currently
mostly applied to the calculation of small components and local struc-
tures, such as the dynamic characteristics of machine tools, sliders,
columns, spindle shells, and other combined components (Brecher et al.,
2016); as well as the mechanical properties of fiber-reinforced com-
posite materials (Vorobiov et al., 2017). The development of consistent
multiscale method has enabled fine analysis to practical engineering,
such as describing the mechanical behavior of materials with complex
microstructures (Liu et al., 2016) and studying local damage analysis of
bridge structures (Chen et al., 2012; Li et al., 2010). However, dis-
cretizing the entire structure into solid units may result in low compu-
tational efficiency, as rods and similar elements aren’t commonly found
in geotechnical engineering structures. Consequently, there are few re-
ports on fine analysis in geotechnical engineering. The methods
described above have successfully achieved cross-scale analysis of
complex structures and materials, yielding positive results. However,
the above methods haven’t been widely applied in the analysis of large-
scale geotechnical engineering structures due to differences in engi-
neering structures.

The scaled boundary finite element method (SBFEM) was proposed
by Wolf and Song (Wolf and Song, 2000; Wolf and Song, 2001). It
combines the advantages of the boundary element method and the finite
element method. SBFEM can be used to calculate polygon elements that
are difficult to solve using traditional methods. It offers several advan-
tages, including semi-analytical high accuracy, dimensional reduction,
and flexible grid. In recent years, SBFEM has been widely applied in
analyzing dam-reservoir hydrodynamic interactions (Xu et al., 2018; Xu
etal., 2016; Xu et al., 2017), electromagnetic problems (Liu et al., 2016;
Liu and Lin, 2012); crack propagation problems (Goswami and Becker,
2012; Ooi et al., 2013; Ooi et al., 2016; Saputra et al., 2015), complex
element analysis methods (Zou et al., 2017), porous media expansion
(Zou et al., 2018), layered soil and soil-structure interactions (Lu et al.,
2015; Birk and Behnke, 2012), wave interaction, and propagation sim-
ulations (Liu et al., 2012; Gravenkamp et al., 2017; Chen et al., 2014).
However, radial analysis has limitations in the elastic-plastic field due
to its inability to consider nonlinearity within the element. Ooi et al.
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(Ooi et al.,, 2014) developed the polygonal scaled boundary finite
element method using a nonlinear algorithm based on the least squares
fitting of Gaussian integrals in the domain. This method addresses the
limitations of SBFEM, which is restricted to analyzing elastic problems
and has difficulty solving material nonlinearity. Chen et al. (Chen et al.,
2017; Chen et al., 2018; Chen et al., 2019) constructed polygon and
polyhedral shape functions based on elastic solutions of boundary lines,
boundary surface Gaussian integrals and constant stiffness matrices. The
elastic—plastic matrix and integral stress were calculated using Gaussian
points within the domain. These studies developed the SBFEM polygon
and polyhedral nonlinear analysis method, and pioneered its application
in large-scale geotechnical engineering cross-scale fine analysis. For
example, dynamic analysis of concrete face rockfill dam with complex
spatial geometries and spanning huge scales (Chen et al., 2018), seismic
cracking evolution for anti-seepage face slabs in concrete faced rockfill
dams (Qu et al., 2020), refined analysis on stress state of cutoff wall of
high asphaltic core dam on super-deep overburden (Zou et al., 2023)
and so on. The application of SBFEM facilitates enhanced computational
efficiency while maintaining the precision of crucial structural calcula-
tions. SBFEM holds significant promise for the analysis of large-scale
geotechnical engineering structures.

In this paper, we investigated the deformation characteristics of
typical dam that adopted the cross-scale approach and SBFEM proposed
by the authors (Chen et al., 2017; Chen et al., 2018; Chen et al., 2019),
combining the generalized plastic model. And the weak area in the anti-
seepage system has been identified. Based on simulations and analyses,
an innovative step-type design has been proposed, aiming to enhance
the stability performance of anti-seepage joint. The mechanisms of the
step-type, as well as the effects of step height and reinforcement depth,
are discussed from various perspectives through simulations.

2. the cross-scale fine analysis method
2.1. Scaled boundary finite element analysis method

In recent years, significant advancements have been made in the
development of the scaled boundary finite element method (SBFEM),
leading to rapid growth and substantial research contributions. It has
addressed numerous scientific challenges (Natarajan et al., 2020;
Natarajan and Song, 2013; Li et al., 2023). This section primarily in-
troduces the theory of polygonal SBFEM element. By using the boundary
discretization and radial analytical method, the arbitrary polygon
interpolation function @ and strain displacement matrix B can be
directly obtained. These formulas are provided in Eq. (1) and (2).

D(£,5) = Ny(s)y, &yt m

B(¢&,s) = [Bi(s)y| — S| + Ba(s)y ]& 5 Tyt &)

Through the integration points in the domain, the polygonal element
stiffness matrix can be obtained. This formula is listed in Eq. (3).

3n

Ko = Y B'(¢,5)D,B'(¢,5)A: (3)

i=1

By bringing in relevant variables, the internal and external force
vectors can be solved. These formulas are listed in Eq. (4) to (8).
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The numerical solution in the computational domain can be obtained
by iteratively solving the mechanical equilibrium equation. This formula
is listed in Eq. (9). For detailed derivation and implementation process,
please refer to the literature (Wolf and Song, 2001).
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2.2. Analysis platform

GEODYNA is utilized for the calculation. GEODYNA is a sophisti-
cated geotechnical analysis software developed independently by Dalian
University of Technology (Degao et al., 2005). Multicore parallel tech-
nology is used in this program to provide computing power and solve
large-scale elastic—plastic analysis problems involving millions of de-
grees of freedom (Chen et al., 2024; Qu et al., 2021; Zou et al., 2019). On
this platform, polygonal scaled boundary finite element method
(SBFEM) elements have been integrated. Additionally, programs for
viscoelastic boundary conditions, polygonal interface elements, poly-
hedral preprocessing visualization, and editing and modification have
been developed, thereby enhancing the flexibility and versatility of
traditional analysis methods. Coupled analysis of SBFEM-FEM can be
performed, and the software is compatible with all commonly used
constitutive models for dam materials.

3. Static and dynamic calculation results and analysis of anti-
seepage joint

3.1. Cross-scale fine computing model

The hybrid dam primarily consists of concrete gravity dam, asphalt
concrete anti-seepage panel, rockfill and bedrock, as illustrated in Fig. 1.
The concrete gravity dam has slopes of 1:1.3 and 0.9:1. The dam is 85 m
high, with a top width of 10 m and a bottom width of 80 m. The asphalt
concrete anti-seepage panel has a thickness of 0.2 m, with joints thick-
ened to 0.5 m. Beneath the panel, the rockfill is arranged in a “V”-shape.
The maximum filling depth of the “V”-shaped rockfill area I is 25 m,
while for rockfill area II, it is 28 m. The rockfill was filled in 32 steps. The

Concrete Dam
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reservoir’s water storage height is 40 m, and it’s stored in 14 steps.

The aim of this paper is to investigate the dislocation deformation of
the panel at the anti-seepage joint under the influence of water storage
pressure and dynamic load. To achieve this, the joint has been refined
into a mesh, as depicted in Fig. 2. The mesh within the joint has been
densified to enhance accuracy. To minimize model discretization errors
and ensure geometric precision, a hybrid element comprising of quad-
rilateral and proportional boundary polygons has been generated at the
structural interface. Grid density is appropriately reduced at the
bedrock. The interface between the rockfill, gravity dam, and asphalt
panel is simulated using Goodman contact elements. The slip displace-
ment at the interface is expressed by the deformation of the contact
element. The final model comprises a total of 7797 elements and 8303
nodes.

3.2. Constitutive model and calculation parameters

The equivalent linear model based on nonlinear elastic theory is
commonly employed for analyzing the weakly nonlinear dynamic
response of hydraulic structures under seismic loading. However, it is
difficult for the equivalent linear analysis method to reflect the actual
situation for strong nonlinear states. To address this limitation and
accurately reflect the strong nonlinear properties of reservoir. The
generalized plastic model (Liu et al., 2018; Zou et al., 2013) is utilized in
this analysis to simulate the cushion, rockfill, and asphalt panel.
Detailed parameters are provided in Tables 1-2. The linear elastic model
is applied to simulate the gravity dam and bedrock, with parameters
detailed in Table 3. Additionally, the generalized plastic contact surface
model (Liu et al., 2015) is employed to simulate the contact surfaces
between various structures, as outlined in Table 4.

3.3. Seismic input

The seismic input for the hybrid dam is based on the standard
spectrum seismic wave, with peak horizontal and vertical seismic ac-
celerations set at 0.45 g. The seismic wave acceleration time history is
depicted in Fig. 3. The duration of the seismic wave used in the calcu-
lation is 30 s. To account for the interaction between the dam and the
foundation, an artificial boundary and equivalent load-based wave input
method are employed.

3.4. Static result analysis

3.4.1. Deformation analysis of anti-seepage joint

In this paper, vertical downward deformation is defined as a negative
value in the y-direction, while horizontal deformation directed towards
the gravity dam is defined as a negative value in the x-direction. These
definitions are reversed for all other cases. Fig. 4 shows the local and

V-shaped gravel

area 11 Backfilling gravel Asphalt Concrete Facing

{ 7
25rry'

Bedrock

Fig. 1. Two-dimensional model of mixed dam reservoirs.
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Fig. 2. Cross scale grid model.
Table 1
Generalized plastic model parameters.
Material Go Ko M, Mg ag ag Hy Hyo mg
Asphalt panel 5120 4,809 1.67 1.15 0.1 -0.9 500 500 0.155
Backfilling gravel 710 949 1.72 1.2 0.2 0.3 600 3600 0.3
Cushion 1543 1339 1.69 1.20 0.25 0.45 600 1000 0.4
initial modulus, there is a significant disparity in deformation between
gable 21 A vlastic model . the rockfill and the concrete dam. While the rockfill exhibits substantial
eneratized plastic mode” parameters. deformation, the concrete dam remains relatively stable. The maximum
Material my m My T4 v o B settlement value of 18.0 cm is observed at the center of the V-shaped
Asphalt panel 0.155 0.1 019 100 100 10 10 0.02 rockfill area, with the value decreasing gradually towards both sides.
Backfilling gravel ~ 0.3 0.2 0.2 3 10 7 20 0.02 The settlement value decreases gradually from the center towards both
Cushion 04 031 031 3 12 38 40 002 sides. Following foundation settlement deformation, the two sides of the
V-shaped rockfill area exhibit horizontal deformation directed towards
the center, with a maximum displacement of 3.3 cm. Significant defor-
Table 3 mation is observed at both sides of the overlapping area between the
Parameters of linear elastic material. asphalt panel and the concrete dam. The settlement values show
Material E/MPa " considerable variation, ranging from less than 2.0 cm at the joint to over
Bedrock 10,000 0.25 15.0 cm .at the .cgnter of th'e V-shaped roc?(ﬁll area. The l}orlz(?ntal
Gravity dam 25,500 0.167 deformation exhibits only minor changes, with the deformation direc-

overall deformation results of the hybrid dam when fully impounded. It
is evident from Fig. 4 that the deformation of the asphalt panel is co-
ordinated with the deformation of the rockfill. Due to the differences in

Table 4
Parameters of the generalized plastic interface model.

tion consistently pointing towards the center of the V-shaped rockfill
area. On the right side of the joint, horizontal deformation initially in-
creases and then decreases, with the maximum horizontal deformation
reaching 33.0 cm and the minimum value at 1.0 cm.

Elastic modulus Critical state

Dso Dno M. €0 A a

Plastic direction

Plastic modulus Loading direction

Td k Hy fh km M

1000 4500 0.66 0.4 0.091 0.65

0.2 0.5 8500 2 0.6 0.65
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Fig. 3. Input acceleration records: (a)x-direction, (b)y-direction.
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3.4.2. Slip analysis of panel overlap area

Fig. 5 depicts the slip envelope at Interface I (the interface between
asphalt panel and concrete dam) and Interface II (the interface between
rockfill and concrete dam) during full storage. Point A represents the
intersection of the two interfaces. As can be seen from Fig. 5, the slip
amount on Interface I increases gradually with the extension of the
interface, while the slip amount on Interface II initially increases and
then decreases with the extension of the interface. The amount of slip
below interface point A is significantly greater than that above it. The
slip amount at interface point A is 1.2 cm, and the maximum slip amount
near the joint is located below interface point A, with a maximum value
of 3.29 cm.

Fig. 6 depicts the slip displacement at the junction point A during the
reservoir impoundment process. According to Fig. 6, the slip amount at
junction point A is minimized when the water level is at 0 m, measuring
at 0.17 cm. The slip amount at junction point A increases continuously

1.20cm

Interface I ~X;

3.29cm

Interface 11

Fig. 5. Dislocation momentum on the interface after water storage.

L unit (cm) 1.0
X -4.0

-8.0
-10.0
-12.0
. -140

| Y

L unit (cm) 20
X -4.0

-6.0

-10.0
-12.0
-14.0
-15.0

1

(2)

unit (cm) . 33
2.5

2.0

unit (cm) . 33
3.0

(®)

Fig. 4. Deformation of mixed dam after water storage: (a) vertical settlement, (b) horizontal deformation.
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as the water level rises. At full water level, the slip reaches a maximum
value of 1.2 cm.

3.4.3. Strain analysis of anti-seepage joint

Fig. 7 shows the horizontal tensile strain and vertical compressive
strain of the panel in the anti-seepage joint when fully impounded.
Asphalt concrete materials exhibit good compressive properties but poor
tensile properties. When the tensile strain is large, the asphalt concrete
will crack and become damaged. Therefore, it is important to consider
the tensile strain value of the panel to prevent damage to the anti-
seepage panel. According to the laboratory test results and engineer-
ing data, the design value for panel tensile strain should be less than 1.0
%. As can be seen from Fig. 7(a), the panel in the anti-seepage joint
exhibits a relatively large tensile strain value. The maximum tensile
strain value is 0.91 %. The weak area is located on the upper right side of
junction A. As illustrated in Fig. 7(b), the anti-seepage joint has a
maximum compressive strain of 0.85 %, providing ample safety margin.

3.5. Dynamic result analysis

3.5.1. Deformation analysis of anti-seepage joint

Fig. 8 shows the local and overall deformation results of the hybrid
dam under dynamic load. As depicted in Fig. 8, the deformation laws for
both overall and local structures under dynamic load are identical to
those under static load. The deformation of the asphalt panel and rockfill
material is well-coordinated. Due to differences in initial modulus, the
concrete dam and rockfill occurs significant uneven deformation. The
rockfill deformed significantly, while the concrete dam deformed
minimally. The maximum settlement value in the rockfill area is 5.5 cm,
and the maximum horizontal deformation value is 1.5 cm. The
maximum settlement value in the anti-seepage joint is 4.9 cm, and the
maximum horizontal deformation value is 1.4 cm.

3.5.2. Slip analysis of panel overlap area

Fig. 9 shows the slip envelope of the Interface I and Interface Il under
dynamic load. The displacement of the structure under dynamic loads
follows the same law as that under static loads. The slip amount on
Interface I increases gradually as the interface extends, while the slip
amount on Interface II initially increases and then decreases with
extension. The slip amount on the Interfaces I and II increases signifi-
cantly under dynamic load. The slip distance at the junction point A is
3.17 c¢m, and the maximum slip distance on the Interface II is 4.77 cm.

Fig. 10 depicts the slip time-history curve at the junction point A
under dynamic load. Fig. 10 illustrates that the slip at junction point A
exhibited a fluctuating growth trend during the early to mid-stage of the
earthquake, and stabilized at approximately 3.1 cm during the late stage
of the earthquake without significant changes. This is primarily because

2.5
B
~ 20Ff A
g
2
8
g 15¢
=]
g
=
S 1o0fF
§ Min=0.17cm
= Max=1.20cm
A 05F /
&«
00 1 1 1 1 1 1
0 8 16 24 32 40

Storage height (m)

Fig. 6. Time history curve of displacement at the intersection point A after
water storage.
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the rockfill undergoes permanent deformation under dynamic loads.
During the initial and intermediate stages of the earthquake, the sig-
nificant increase in seismic acceleration results in a rapid increase in
displacement at the interface.

3.5.3. Strain analysis of anti-seepage joint

According to the laboratory test results and engineering data, the
design value for panel tensile strain should not exceed 3.0 %. Fig. 11
shows the horizontal tensile strain and vertical compressive strain of the
anti-seepage joint panel under dynamic load. It can be seen from Fig. 11
(a) that the panel in the anti-seepage joint has a relatively large tensile
strain value. Compared to the static condition, the panel only has one
weak area located at the upper left junction point A, with a maximum
tensile strain of 1.21 %. After analyzing the tensile strain results of the
panel under both static and dynamic conditions, it was determined that
the weak area of the anti-seepage panel is located on the upper right side
of junction A. Therefore, additional attention should be paid to its tensile
strain value. From Fig. 11(b), it is observed that the panel at the anti-
seepage joint experiences a maximum compressive strain of 1.05 %,
indicating a sufficient safety margin against compression.

4. Calculation results and analysis of step-type anti-slip and
anti-seepage design

The analysis results from the previous section indicate that the weak
area of the anti-seepage system is located at the joint of the anti-seepage
panel. Due to the uneven settlement of the rockfill and concrete struc-
tures, the asphalt panel and rockfill in the anti-seepage joint experience
slippage along the concrete lap platform, resulting in significant hori-
zontal tensile strains at the top of the asphalt panel. To address these
issues, a step-type design scheme has been proposed based on the
characteristics of the weak area and the deformation behavior of the
anti-seepage panel.

4.1. Step-type anti-slip and anti-seepage design scheme

As shown in Fig. 12, the stepped optimization design mainly consists
of three forms. For the location of the weak area, the stepped layout
range is located below the interface junction point A.

1) single-step form

The step height is a variable that is divided into seven condition
groups for the single-step form, as detailed in Table 5. This study aims to
investigate the mechanisms and impacts of the single-step reinforcement
scheme at varying reinforcement depths.

2) multiple steps discontinuous form

The height of each individual step is either 0.075 m or 0.015 m when
using the multi-step discontinuous form for reinforcement. The working
conditions are categorized into eight groups based on the reinforcement
depth, as detailed in Table 6. This study explores the mechanisms and
effects of multiple-step reinforcement schemes at varying reinforcement
depths.

3) multiple steps continuous form

When using the continuous form for reinforcement with multiple
steps, the reinforcement depth should remain constant at 0.45 m, while
the step height varies. The working conditions are categorized into four
groups, as detailed in Table 7. This study aims to investigate the impact
of step size and spacing on the effectiveness of reinforcement schemes
from various perspectives.
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Fig. 7. The strain of panel after water storage: (a) Horizontal tensile strain, (b) Vertical compressive strain.

L unit (cm) 02 L unit (cm)
X -1.0 X

(@)

unit (cm) 15 L unit (cm)
LX . 1.1 X

08

0.7
-0.2
-0.3
-0.5
-0.7

()

Fig. 8. Deformation of mixed dam under dynamic load: (a) vertical settlement, (b) horizontal deformation.

4.2. Static result analysis
3.17cm

4.2.1. Single-step form

Fig. 13 depicts the panel strain and interface sliding in the anti-

0.78¢ seepage joint when reinforced using a single-step form. It can be seen
’ ‘ 477em from Fig. 13 that the optimization effect on panel tensile strain and
interface slippage is minimal with smaller step heights. The effectiveness

of optimization improves progressively with increasing step height. For
Interface I A step heights of 0.375 m and 0.45 m, the maximum tensile strain of the
panel decreases to 0.79 % and 0.80 %, respectively. With step heights of
Interface 11 0.375 m and 0.45 m, the maximum tensile strain of the panel decreases
to 0.79 % and 0.80 %, respectively, with optimization rates increasing
by 13.0 % and 12.0 %, respectively. Additionally, the maximum inter-
face slip decreases to 2.88 cm and 2.85 cm, respectively, with optimi-

Fig. 9. Dislocation momentum on the interface under dynamic load.
zation rates improving by 12.46 % and 13.37 %, respectively.
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Fig. 10. Time history curve of displacement at junction A under dynamic load.

Figs. 14-16 respectively show the horizontal deformation, vertical
settlement and panel strain of the joint when using h = 0.6 m, 0.45 m
step reinforcement and no reinforcement. Fig. 14 and Fig. 15 illustrate
that both horizontal deformation and vertical settlement at the joint are
significantly reduced with step reinforcement. Fig. 16 reveals that with
h = 0.45 m step reinforcement, the weak point shifts to the right, and the
maximum tensile strain decreases by 12.0 % compared to the unrein-
forced condition. Conversely, for h = 0.6 m step reinforcement, the weak
point also shifts to the right, but the maximum tensile strain increases by
3.0 % compared to the unreinforced condition. It is observed that the
rate of interface slip, horizontal deformation, and vertical settlement
increase with step height. However, excessive reduction of interfacial
slip and panel deformation due to larger step heights results in increased
deformation gradient and higher tensile strain values at weaker areas. It
is recommended to control the step height within the range of 0.375 to

Tensile strain (%)
L BN

- L10
0.90
0.75
0.60
0.30
w

(@)
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0.45 m.

4.2.2. Multiple steps discontinuous form

Fig. 17 and Fig. 18 illustrate the tensile strain and interface sliding
amount of the panel in the anti-seepage joint when reinforced using a
multistep discontinuous form. From Fig. 17, it can be observed that as
the number of steps increases, the tensile strain of the panel initially
decreases and then increases, while the interface slip continues to
decrease. The optimal reinforcement depth is H=0.525 m, where the
tensile strain of the panel is 0.86 %, resulting in a 5.0 % improvement,
and the interface sliding amount is 2.79 cm, showing a 15.2 % reduction.
Fig. 18 indicates that as the reinforcement depth increases, the tensile
strain of the panel decreases initially and then increases, with the
interface slippage continually decreasing. The optimal reinforcement
depth is H=0.45 m. The panel’s tensile strain is 0.80 %, with an opti-
mization rate of 12.0 %. The interfacial sliding amount is 2.82 cm, with
an optimization rate of 14.29 %.

Figs. 19-21 respectively show the horizontal deformation, vertical
settlement and panel strain of the joint when reinforced in a multiple
step discontinuous form. As observed from Figs. 19-21, excessive
reduction in horizontal deformation and vertical settlement in the joint
has resulted in a shift of the weak areas of the panels to the right.

Table 5
The cases of single step.
Case 1 2 3 4 5 6 7
Step height 0.075 0.15 0.3 0.375 0.45 0.525 0.6
m m m m m m m
Number of steps 1 1 1 1 1 1 1
Step spacing om om Om om om om 0Om
Reinforcement 0.075 0.15 0.3 0.375 0.45 0.525 0.6
depth m m m m m m m

Compressive strain (%)

-0.20
-0.40
-0.60
-0.78

I -095
. -1.05

Fig. 11. The strain of panel in the joint: (a) Horizontal tensile strain, (b) Vertical compressive strain.

Asphalt Concrete Panel

N

Concrete Dam

1 |
IN l
= Single Step
1Multiple Steps and

Spaced Om Apart

— Sm
Multiple Steps and

Spaced 0.15m Apart

Backfilling Gravel

Fig. 12. The layout form of step style anti-slip design.
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Table 6
The cases of multiple steps.
Case 8 9 10 11 12 13 14 15
Step height 0.075m 0.075m 0.075m 0.075m 0.15m 0.15m 0.15m 0.15m
Number of steps 1 2 3 4 1 2 3 3
Step spacing om 0.15m 0.15m 0.15m om 0.15m 0.075m 0.15m
Reinforcement depth 0.075m 0.3m 0.525m 0.75m 0.15m 0.45m 0.6m 0.75m
amount of the panel in the anti-seepage joint when multiple steps
Table 7 . . . . o e ..
- continuous reinforcement is applied. As shown in Fig. 16, the optimi-
The cases of multiple steps. . . . . . .
zation rate for interface slippage is approximately 14.0 % at a rein-
Case 16 17 18 19 forcement depth of 0.45 m. In Case 19, with a step height of 0.075 m, the
Step height 0.45m 0.15m 0.15m 0.075 m panel tensile strain optimization rate is 7.0 %. For step heights of 0.15 m
Number of steps 1 2 3 6 and 0.45 m in Cases 18 and 16, respectively, the panel tensile strain
Step spacing om 015m om om optimization rates are 11.0 % and 12.0 %. This indicates that a step
Reinforcement depth 0.45m 0.45m 0.45m 0.45m

Notably, weak areas with larger tensile strain values appear at H=0.75
m. The maximum tensile strain of the panels after reinforcement with a
step height of h = 0.15 m increased by 10.0 % compared to the unre-
inforced condition. Similarly, the maximum tensile strain of the panels
after reinforcement with a step height of h = 0.075 m increased by 4.0 %
compared to the unreinforced condition. This indicates that excessive
reinforcement depth leads to an increased deformation gradient of the
panel, resulting in weak areas with higher tensile strain values. To
achieve optimal reinforcement, the reinforcing depth should be
controlled at approximately 0.45 m.

4.2.3. Multiple steps continuous form
Fig. 22 depicts the maximum tensile strain and interface sliding

1.00 30%
—a— Tensile strain
095 —v— Optimization rate . {20%
:\Q\ V-
~ —y.
£ 090F / N {10%
g
@
2
= 0
z 085k, {0%
L
[
0.80 1-10%
0.75 . L L L L L -20%
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Reinforcement depth (m)

@

Optimization rate

height of no less than 0.075 m is required to achieve superior rein-
forcement effects under static load. Case 17 has a step height and
spacing of 0.15 m. The optimized tensile strain of the panel is about 12.0
%, offering improved reinforcement compared to Case 18. Therefore,
increasing the step spacing accordingly results in improved reinforcing
effects.

4.3. Dynamic result analysis

4.3.1. Single-step form

Fig. 23 depicts the tensile strain and interface sliding amount of the
panel in the anti-seepage joint when reinforced using a single-step form
under dynamic load. As shown in Fig. 23, the optimization rate for panel
tensile strain exhibits a decreasing trend as the step height increases,
while the optimization rate for interface slip first increases and then

34 25%
—a— Sliding amount

1ol —v— Optimization rate 120%
—~ vy
£ 2
2 5
‘5 3.0 / 4 15% _g
=} =
£ g
o E
o 28 f {10% .5
5 5
w2

26~ 15%

24 L 1 1 1 L L O%
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®

Fig. 13. Deformation of panel joints reinforced by single step: (a) Maximum tensile strain, and (b) Dislocation momentum.
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Fig. 14. Horizontal deformation of the joint: (a) h = 0.6 m, (b) h = 0.45 m, (c) unreinforced.
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Fig. 15. Vertical settlement of the joint: (a) h = 0.6 m, (b) h = 0.45 m, (c) unreinforced.

0.75

Tensile strain (%)
0.60
0.52

0.94
0.85

I 0.25

g\ s

@

-\ -

-

Tensile strain (%)
™= 030

0.75
I 0.40

0.30

0.70

Tensile strain (%)
= o0

0.75

I 0.65
-
—_

0.55 0.50
0.40

0.30

(b) (c)

Fig. 16. Panel strain of the joint: (a) h = 0.6 m, (b) h = 0.45 m, (c) unreinforced.
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Fig. 17. Deformation of panel joints reinforced by multiple steps (h = 0.075 m): (a) Maximum tensile strain and (b) Dislocation momentum.

decreases. At a step height of 0.15 m, the optimization rate for panel
tensile strain compared to interface slip is approximately 7.0 %. How-
ever, the panel tensile strain increases to 1.43 % when the step height is
raised to 0.6 m.

Figs. 24-26 respectively show the horizontal deformation, vertical
settlement, and panel strain of the joint with reinforcement heights of h
= 0.6 m, 0.45 m, and no reinforcement. As depicted in Fig. 24 and
Fig. 25, the horizontal deformation of the joint is significantly reduced
with step-type reinforcement. The vertical settlement changes relatively
little after applying the step-type reinforcement. The weak area of the
panel was notably shifted and the tensile strain increased by 13.0 % with
h = 0.6 m reinforcement. Although the weak area of the panel also
shifted to the right with h = 0.45 m reinforcement, the maximum tensile
strain value remained unchanged.

4.3.2. Multiple steps discontinuous form
Fig. 27 and Fig. 28 depict the panel tensile strain and interfacial

10

sliding in the anti-seepage joint when reinforced using multiple steps
under dynamic load. It can be observed from Fig. 27 and Fig. 28 that the
optimized panel tensile strain rate decreases, while the optimized
interfacial slip rate increases with the height of the steps. The optimi-
zation rates for panel tensile strain are 7.43 % and 4.13 %, and for
interfacial slip are 17.19 % and 9.64 % at reinforcement depths of 0.45
m and 0.3 m, respectively.

Figs. 29-31 show the horizontal deformation, vertical settlement,
and panel strain of the joint after reinforcement respectively and
without reinforcement under dynamic load. The results indicate that the
weak point shifts to the right and the tensile strain values increase in the
anti-seepage panel when the reinforcement depth is H=0.75 m. There-
fore, the depth of reinforcement should be controlled to around 0.45 m
when using multiple step schemes for reinforcement.

4.3.3. Multiple steps continuous form
Fig. 32 depicts the panel tensile strain and interfacial sliding in the
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Fig. 18. Deformation of panel joints reinforced by multiple steps (h = 0.15 m): (a) Maximum tensile strain and (b) Dislocation momentum.
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Fig. 19. Horizontal deformation of the joint: (a) h = 0.15 m, H=0.75 m, (b) h = 0.075 m, H=0.75 m, (c) unreinforced.
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Fig. 20. Vertical settlement of the joint: (a) h = 0.15 m, H=0.75 m, (b) h = 0.075 m, H=0.75 m, (c) unreinforced.
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Fig. 21. Panel strain of the joint: (a) h = 0.15 m, H=0.75 m, (b) h = 0.075 m, H=0.75 m, (c) unreinforced.
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Fig. 22. Deformation of panel joints reinforced by multiple steps under dynamic load: (a) Maximum tensile strain and (b) Dislocation momentum.

Fig. 23. Deformation of panel joints reinforced by single step under dynamic load: (a) Maximum tensile strain and (b) Dislocation momentum.
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anti-seepage joint when reinforced using multiple steps under dynamic
load. As shown in Fig. 32, the optimization rate for interfacial slip is
approximately 16.5 % at a reinforcement depth of 0.45 m. The tensile
strain of the panel increases by 4.0 % when the step height is 0.075 m.
Therefore, the height of the steps should not be less than 0.075 m when
employing the step reinforcement scheme. Additionally, increasing the
spacing between the steps can further optimize the reinforcing effect.

5. Conclusions

The deformation characteristics of a typical dam under static and
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Fig. 24. Horizontal deformation of the joint under dynamic load: (a) h = 0.6 m, (b) h = 0.45 m, (c) unreinforced.

dynamic conditions were investigated using the cross-scale approach
and the scaled boundary finite element method (SBFEM). And the weak
area in the anti-seepage system has been identified. Based on simula-
tions, a fresh step-type design was proposed to enhance the stability
performance of the anti-seepage joint. The mechanisms and effects of
the step-type design are discussed from various perspectives through
simulations. The main conclusions are as follows:

(1) Under the action of water storage pressure and seismic load, the
deformation of anti-seepage panel and rockfill is coordinated.
However, the settlement of concrete dam and rockfill dam is
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Fig. 25. Vertical settlement of the joint under dynamic load: (a) h = 0.6 m, (b) h = 0.45 m, (c) unreinforced.
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Fig. 26. Panel strain of the joint under dynamic load: (a) h = 0.6 m, (b) h = 0.45 m, (c) unreinforced.
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uneven. And the uneven deformation resulting in the asphalt
panel slide along the underlying lapped concrete platform,
meanwhile, significant horizontal tensile strain will emerge on
the top of the panel. Consequently, the anti-seepage joint could be
identified as the weak area of the reservoir anti-seepage system.

(2) A positive reinforcement effect was provided by the step-type

design. It notably reduced the slipping displacements along the
interface and the tensile strain in the asphalt panel by hindering
the slip path of the rockfill. However, excessive reduction in
sliding could increase the settlement gradient of the rockfill in the
joint, leading to a weak area with a higher tensile strain value in
the panel. An optimized range for the single step-type design is
recommended to be between 0.375 m and 0.45 m below the
junction point. Under static load, the tensile strain and sliding
amount of the panel decreased by 12.0 % and 13.37 %, respec-
tively. Under seismic load, the sliding amount of the panel
decreased by 16.14 %.
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Fig. 27. Deformation of panel joints reinforced by multiple steps (h = 0.075 m) under dynamic load: (a) Maximum tensile strain and (b) Dislocation momentum.

(3) For the multiple-step design, an optimized range is recommended
to be 0.45 m below the junction point. It was found that perfor-
mance improves when the spacing between the steps is increased.
Specifically, with steps of 0.15 m and spacing of 0.15 m, the
performance is enhanced. The panel tensile strain and sliding
amount decreased by 12.0 %and 14.29 %, respectively, under
static load. The sliding amount of the panel decreased by 17.19 %
under seismic load.

The adaptability to deformation of panel has been improved through
the step-type design, enabling the safety margin of anti-seepage system
to be enhanced. The guidance could be offered for the design of anti-
seepage joints in pumped storage stations. In the next phase of work,
more accurate numerical models will be developed, incorporating the
presence of weak layers in the foundation, to obtain more precise design
parameters.
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Fig. 28. Deformation of panel joints reinforced by multiple steps (h = 0.15 m) under dynamic load: (a) Maximum tensile strain and (b) Dislocation momentum.
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Fig. 29. Horizontal deformation of the joint under dynamic load: (a) h = 0.15 m, H=0.75 m, (b) h = 0.075 m, H=0.75 m, (c) unreinforced.
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Fig. 30. Vertical settlement of the joint under dynamic load: (a) h = 0.15 m, H=0.75 m, (b) h = 0.075 m, H=0.75 m, (c) unreinforced.
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Fig. 31. Panel strain of the joint under dynamic load: (a) h = 0.15 m, H=0.75 m, (b) h = 0.075 m, H=0.75 m, (c) unreinforced.
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Fig. 32. Deformation of panel joints reinforced by multiple steps under dynamic load: (a) Maximum tensile strain and (b) Dislocation momentum.
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