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Abstract: Core wall rockfill dams are susceptible to cracking at the dam’s crest, as well as collapse and
settlement of the rockfill during storage and operation periods, particularly due to rapid fluctuations
in the water level in pumped storage power stations. Most studies on the impact of fluctuations in the
reservoir’s water level on dam deformation have considered fluctuations of less than 5 m/d, while
pumped storage power stations experience much larger fluctuations. Additionally, the seepage and
stress fields within the dam’s rock and soil interact and influence each other. Few studies have used
the coupling theory of seepage and stress to analyze seepage and deformation in core wall rockfill
dams. To address these issues, a finite element model using seepage–stress coupling theory was
utilized to investigate the variations in the phreatic line, earth pressure, and deformation of a core
wall rockfill dam due to rapid fluctuations in the reservoir’s water level. Additionally, the results of
the finite element simulation were compared with and analyzed alongside safety monitoring data.
The results indicated that, upon a sudden decrease in the reservoir’s water level, there was a lag in
the decline of the phreatic line in Rockfill I, which created a large hydraulic gradient, resulting in
a reverse seepage field on the dam’s slope surface and generating a drag force directed upstream.
Consequently, a significant concentration of stress occurred on one-third of the upstream slope surface
of the dam and the seepage curtain, and the increase in horizontal displacement was substantially
greater than the increase in settlement from one-third of the rockfill’s height to the dam’s foundation.
The deformation was more sensitive to the lowest water level of the reservoir rather than to the
fastest rate of decline. Sudden rises in the reservoir’s water level result in decreased horizontal
displacements and settlement of the dam. Amid rapid fluctuations of the reservoir’s water level,
changes in the vertical earth pressure were more pronounced at the bottom of the core wall than in
its midsection. Compared with the core wall, variations in the vertical earth pressure in the upstream
and downstream filter layers were minor at similar elevations. A peak horizontal displacement of
6.5 mm was noted at one-third the height of Rockfill I, with the greatest increase in settlement of
3.5 mm at the dam’s crest. To ensure a project’s safety, it is crucial to control the elevation of the
lowest point during a sudden drop in the reservoir’s level and to carefully monitor for cracks or
voids within approximately one-third of the dam’s height in Rockfill I and at the dam crest. This
study’s results provide a scientific basis for assessing core wall rockfill dams’ health and securing
long-term safety at pumped storage power facilities.

Keywords: pumped storage power station; core wall rockfill dam; phreatic line; vertical earth
pressure; deformation

1. Introduction

Core wall rockfill dams (CWRDs) are distinguished by numerous advantages, in-
cluding the use of materials sourced from local environments, streamlined construction
processes, remarkable adaptability to different foundation types, and superior performance
in seismic conditions [1–3]. However, during storage and operation, many CWRDs develop
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cracks [4,5], experience collapse and settlement of the rockfill [6–9], and settlement of the
dam’s crest [10–13]. In the case of the Guanyinyan Dam in China, distinguished by its
CWRD adjoining a gravity dam via a 75 m high joint. Six cracks were identified at the
junction as the reservoir’s water level ascended to 1117.00 m on 26 November 2014. The
most extensive of these cracks measured 25 m in length, with the greatest width and depth
observed at 5 cm and roughly 5.5 m, respectively [14–16]. During the initial filling of
the Cherry Valley Dam’s reservoir in the United States, the settlement observed in the
upstream rockfill was four times greater than that of the core wall. This discrepancy led to
the formation of longitudinal cracks at the interface between the rockfill and the core wall
along the dam’s crest [17].

The roles of pumped storage power stations (PSPSs) in peak shaving, valley filling,
emergency backup, frequency modulation, and phase adjustment within the electric grid
are globally recognized [18,19]. This recognition has spurred the rapid construction of
numerous PSPSs in China [20,21]. Conventional power station reservoirs, with their larger
capacities, experience slower rates of decline in the water level. By contrast, the reservoir
capacities of PSPSs are significantly smaller than those of conventional stations. Moreover,
the substantial flow required for electricity generation or pumping within a few hours leads
to significant and frequent fluctuations in the reservoir’s water level. Concrete dams and
concrete–faced rockfill dams generally adapt more easily to rapid changes in the reservoir’s
water level [22]. However, sudden changes in the reservoir’s water level can exacerbate
the uncoordinated deformation and arch effect of the CWRDs, leading to the dam’s failure.
Therefore, it is of great significance to study the influence of rapid fluctuations in reservoir’s
water level on the seepage and deformation characteristics of CWRDs.

The seepage characteristics of the core wall are an important aspect of monitoring
the safety of CWRDs. Many scholars have studied the seepage characteristics and safety
of CWRDs during storage and operation. Larese et al. [23] combined traditional finite
element methods with more recent particulate analysis techniques to simulate the influence
of overflow of the dam’s crest on the rockfill and analyze the formation and evolution of
cracks. Mohammad Rashidi et al. [24] found that after the initial water storage, the pore
water pressure of the downstream core decreased, and the moisture content of some clay
layers exceeded their optimal level. This resulted in an increase in pore water pressure in
these areas. Xu et al. [25] established a seepage stability equation to evaluate the safety state
of seepage in high CWRDs based on the critical hydraulic gradient safety index within the
framework of the noninvasive finite element method. Wu et al. [26] proposed a method of
assessing the probability of a percolation failure, combined with Bayesian parameter-based
probability estimation method, to study the safety of seepage in a CWRD during sudden
drops in the reservoir’s water levels.

For decades, many researchers have used finite element software to simulate the
deformation of CWRDs under fluctuations in the reservoir’s water level. Reza et al. [27]
improved the constitutive model for simulating the nonlinear characteristics of rockfill and
proposed a method to simulate the collapse and settlement of rockfill dams during the initial
filling. They concluded that low water content or poor compactness were the main causes of
the collapse and settlement of the rockfill, and that the water storage of rockfill dams should
be graded to ensure dam safety. Akhtarpour et al. [28] used a constitutive model of strain
hardening to simulate the deformation experienced by the Masjed-e-Soleyman dam during
its construction and impoundment phases. They attributed the slow dissipation of the
internal excess pressure of pore water, plastic shear deformation, and significant settlement
of the upstream body of the dam as the primary factors leading to cracks in the dam’s crest.
Qiu et al. [29] simulated the deformation of the asphalt core wall during the construction
and operation of Quxue Dam using a three-dimensional nonlinear finite element method.
Zhou et al. [30] performed an intricate mesh segmentation of a finite element model of a
high CWRD. They suggested that a refined mesh facilitates a more accurate analysis of
cracks in a dam. Additionally, Zhou et al. [31] observed that during the reservoir’s storage
process, the horizontal displacement and settlement increment of the dam’s crest occur
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at comparable magnitudes. Liu et al. [32] used the hhu-SH-breakage constitutive model
of rockfill to simulate the deformation characteristics of an ultra-high CWRD and found
that the crushing settlement of the rockfill could not be ignored. Pan et al. [33] utilized
the Ew—vw wetting model, and using the initial stress and strain methods, simulated the
construction and impoundment processes of the Guanyinyan Dam. They concluded that
the wetting deformation of the upstream shell materials upon the rise in water level created
tensile stress zones at the dam’s crest, and identified wetting deformation as the direct
cause of cracks in the crest. Furthermore, Pan et al. [34] used a BP neural network to invert
the constitutive model parameters of the rockfill and inputted these parameters into a
finite element calculation model, improving the accuracy of the results of finite element
simulation. Ai et al. [35] proposed an innovative method for updating deformation analysis
models using multi-source monitoring data filtering and identification of the model’s
parameters. This method reduced the redundancy of the information and ensured that the
finite element analysis model of the rockfill dam better reflected actual deformation.

Due to the effects of the reservoir’s water level, a differential head exists between the
upstream and downstream sides of a dam. This difference causes water to flow through
the dam’s material pores, generating dynamic hydraulic pressure, also known as seep-
age volume force. The long-term effects of seepage volume force alter the dam’s internal
stress field, inducing the displacement of soil particles and changes in the porosity and
permeability, ultimately modifying the dam’s internal seepage field [36,37]. Consequently,
the seepage and stress fields within a dam’s rock–soil mass interact and influence each
other, underscoring the significance of studying their coupled effects on the dam’s deforma-
tion [38,39]. Chen et al. [40] developed a finite element seepage–stress coupled model for
CWRD, investigating a dam’s deformation and stress under normal and rapidly declining
water levels in the reservoir to dead storage levels. Ri et al. [41] utilized seepage–stress
coupling and the strength reduction method to analyze the stability of various earth–rock
dams at rates of decline in the reservoir’s water level of 0.1 m/d, 0.5 m/d, and 1 m/d. They
concluded that core wall dams are safer compared with homogeneous and inclined-core
earth dams.

A certain PSPS, operating as a daily regulation facility, experiences significant and
frequent daily fluctuations in the reservoir’s water levels, with both the maximum daily
rise and fall exceeding 15 m/d. Most previous studies on the influence of fluctuations
in the reservoir’s water level on the dam’s deformation characteristics have focused on
fluctuations of less than 5 m per day. Additionally, the interaction between the seepage
field and the stress field has rarely been considered in seepage and deformation analyses of
earth–rock dams. The increased range of fluctuation in the reservoir’s water levels leads to
greater complexity and changes in the internal stress state of the dam’s body, significantly
affecting the seepage field. Ignoring the interaction between the seepage field and the stress
field will inevitably lead to discrepancies between the results of finite element calculation
and the actual results. Moreover, the increased range of fluctuation in the reservoir’s
water levels will exacerbate the collapse and settlement of the rockfill, the generation of
cracks on the dam’s crest, and the arch effect of the core wall. The 15-day deformation
monitoring cycle for the CWRD of a certain PSPS’s lower reservoir is insufficient for
accurately understanding the dam’s deformation response to rapid fluctuations in the
reservoir’s water level. In response to these issues, finite element software was used in
this study to analyze changes in the seepage, stress, and displacement fields of a CWRD
due to rapid fluctuations in the water level. The results of finite element calculation were
then compared with monitored data on seepage pressure, vertical earth pressure, and
displacement. The research results provide a scientific basis for evaluating the health of
CWRDs and ensuring the long-term operational safety of PSPSs.
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2. Methodology
2.1. Unsaturated Soil Seepage Equation

The height of the dam’s crest exceeds the phreatic line and it comprises unsaturated
soil. Since the deformation of the dam’s crest area is a critical concern, both saturated and
unsaturated seepage flows should be used to simulate the overall deformation of the dam.
Initially, Darcy’s law was applied exclusively to the seepage analysis of saturated soil. However,
Richards’ 1931 study demonstrated that Darcy’s law is also applicable to unsaturated soil.
The primary distinction is that the permeability coefficient of saturated soil remains constant,
whereas that of unsaturated soil varies with changes in the water content. According to the
principle of mass conservation, the seepage equation for unsaturated soil is as follows

∂

∂x

(
kx

∂H
∂x

)
+

∂

∂y

(
ky

∂H
∂y

)
+ Q = mwγw

∂H
∂t

(1)

where H is the total head, kx and ky are the hydraulic conductivity in the x and y directions,
respectively, Q is the applied boundary flux, mw is the slope of the storage curve, γw is the
unit weight of water, and t is the time.

The definite solution conditions of unsteady seepage analysis are as follows.

(1) Initial condition

H(x, y, 0) = H0; (x, y) ∈ Ω (2)

where H0 is the initial total head, and Ω is the calculation area of the model.

(2) Boundary condition

In the finite element software used in this study, the water head’s boundary condition
was defined as the first type or Dirichlet boundary condition. This condition was used
to simulate the effect of the reservoir’s water level. The governing equation is expressed
as follows

H(x, y, t) = Ht; (x, y) ∈ S1 (3)

where S1 is the head boundary conditions, and Ht is a node head that changes over time.

2.2. Constitutive Equation of Unsaturated Soil

Frelund and Rahardjo extended Terzaghi’s effective stress principle by incorporating
the gas phase, resulting in the constitutive equation for unsaturated soil as follows{
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where {∆σ} is the stress increment matrix, [D] is the soil constitutive matrix, {∆ε} is the
strain increment matrix, H is the unsaturated soil modulus for soil structure with respect to
matrix suction, ua is pore gas pressure, uw is pore water pressure, and {∆ua} is the pore gas
pressure increment.

2.3. Seepage and Stress Coupling Governing Equation

In seepage-stress coupling calculations, the soil equilibrium equation and the seepage
control equation are solved simultaneously. The stress field calculation involves solving for
the increments in displacement at the nodes, while the seepage field calculation involves
solving for the values of the water head at the nodes. That is, in coupled calculations, the
simultaneous solution of Equations (6) and (7) yields the increments in displacement {∆δ}
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and increments in the pore water pressure {∆uw}, which serve as the fundamental variables
for the stress field and the seepage field, respectively.[

K
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∆δ
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}
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where [K] is the stiffness matrix, [B] is the strain matrix, [Ld] is the coupling matrix, ⟨N⟩ is
the row vector of the shape function, [∆F] is the increase in the nodal external load, β is the
volumetric strain coefficient, [Lf] is the fluid coupling matrix, [Kf] is the element stiffness
matrix, [Kw] is the permeability coefficient matrix, ω is the coefficient of the pore water
pressure, and [MN] is the mass matrix.

3. Numerical Model of a CWRD
3.1. Summary of the Project

A PSPS functions as a daily regulation facility. The power station comprises four units
with a total installed capacity of 1000 MW, including the upper and lower reservoirs, a
water transmission system, an underground plant, a ground switching station, a central
control building, and additional facilities. This research selected the CWRD of the lower
reservoir as the research object. The dam section is mainly divided into Rockfill I, the
transition layer, the filter layer, the clay core wall, Rockfill II, and the dam’s foundation.
The reservoir has a capacity of 5.728 million m³, with a normal storage level of 78.90 m, a
maximum storage level of 80.60 m, a normal operational water subsidence level for power
generation of 58.00 m, and a dead water level of 57.00 m. The crest of the dam stands at an
elevation of 83.40 m, with a maximum height of 50.4 m, a span of 485.8 m, and a width of
8.0 m. The upstream slope is designed with a ratio of 1:2.0, and the downstream slope has
a ratio of 1:2.5, as illustrated in Figure 1.

Figure 1. A typical section of the dam.
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In order to facilitate monitoring of the safety of the CWRD, a seepage and deformation
monitoring control network encompassing the entire project’s scope has been established.
The monitored data include surface deformation, vertical earth stress, and seepage within
both the dam’s body and its foundation. This study focused on a typical section for
analysis, equipped with three seepage piezometers, four displacement gauges for surface
deformation, and four earth pressure gauges, as depicted in Figure 2.

Figure 2. Layout of measurement points on a typical section of the dam.

3.2. Material Parameters and Boundary Conditions

The stress–strain relationships of Rockfill I, the transition layer, the filter layer, the
clay core wall, Rockfill II, and the dam’s foundation were characterized using the Duncan–
Chang E-B model. The materials’ physico–mechanical parameters were derived from
triaxial compression tests and are detailed in Table 1. The curtain grouting was represented
by a linear elastic model, with a bulk density of 24 kN/m³, an elastic modulus of 28 GPa,
and a Poisson’s ratio of 0.167.

Table 1. Constitutive parameters of the model.

Dam
Materials γd, kN•m−3 c, kPa φ/◦ ∆φ/◦ K n Rf Kb m Kur

Rockfill I 22.1 0 39.8 10.5 960 0.49 0.74 490 0.42 2K
Transition layer 22.5 120 40.2 7.7 780 0.47 0.75 475 0.37 2K

Filter layer 18.1 133 43.7 8.5 840 0.42 0.80 450 0.43 2K
Clay core wall 16.2 154 44 7.8 500 0.35 0.77 240 0.35 2K

Rockfill II 21.8 0 43.9 9.6 660 0.49 0.70 258 0.28 2K
Dam’s foundation 21.8 55 43.9 9.6 660 0.49 0.70 258 0.28 2K

The time period exhibiting the most significant fluctuation in the reservoir’s water
level was chosen as the condition for calculation. Consequently, the recorded water levels
from 1 May to 10 June 2019 served as the boundary condition for the upstream slope of the
dam in the finite element model, with the temporal variation depicted in Figure 3. Analysis
of the figure revealed that on 1 May 2019, the reservoir’s water level stood at 76.70 m; by
6 May, it had dropped to a minimum of 60.13 m; and by 27 May, it had increased to a
maximum of 79.25 m. The sharpest decline in the water level was observed on 2 June, with
a rate of 15.53 m/d, reaching a water level of 63.26 m. The most rapid increase occurred on
7 June, at a rate of 17.87 m/d, reaching a water level of 78.93 m.



Water 2024, 16, 1621 7 of 18

Figure 3. Hydrograph of the reservoir’s water level, exhibiting temporal variations.

3.3. Process of Numerical Simulation

Numerical analyses of the seepage, stress, and displacement fields within the CWRD
were executed through the SEEP/W and SIGMA/W modules of finite element modeling
software. The numerical simulation process entailed, first, inputting the seepage parameters
for each zone of the dam into the SEEP/W module, and incorporating the hydraulic
boundary of the reservoir’s water level for steady-state seepage analysis to determine
the initial seepage field. Second, it involved importing the initial seepage field from
the previous step into the SIGMA/W module, inputting the stress parameters for each
zone of the dam, and adding the stress boundary of the reservoir’s water level for in-situ
stress analysis. Third, it involved selecting consolidation within the SIGMA/W module
as a subcategory of the initial stress field, adding both hydraulic and stress boundary
conditions for the reservoir’s water level based on operational scenarios, and conducting
seepage–stress coupling analysis to acquire the transient seepage and stress fields. Finally,
the process involved plotting cloud diagrams of the pore water pressure, displacement,
and vertical soil pressure in the results.

4. Results of Numerical Simulation and Analysis of Monitoring Data
4.1. Analysis of the Seepage Field
4.1.1. Analysis of the Results of Simulating Pore Water Pressure

Figure 4 displays the cloud diagrams of pore water pressure at various typical mo-
ments. From Figure 4a, it can be observed that at the initial moment with the reservoir’s
water level at 76.70 m, the pore water pressure exhibited a uniform stratified distribution.
The infiltration line in the core wall decreased significantly, aligning with the general prin-
ciples of seepage. From Figure 4b, it can be noted that the decrease in the infiltration line
within the core wall is reduced, and a transient saturated zone formed above the infiltration
line in Rockfill I when the reservoir’s water level abruptly dropped on 6 May. A hysteresis
occurred in the infiltration line’s decline within Rockfill I, generating a significant hydraulic
gradient in Rockfill I. The reduction in the static water pressure on the dam’s slope led to
an increase in excess pore water pressure and seepage force, which was directed outward
from the slope. This resulted in a reverse seepage field on the surface of the dam’s slope,
exerting an outward dragging force, thereby amplifying the down-sliding force on the
dam’s slope and adversely affecting its stability. From Figure 4c, it is evident that a tran-
sient saturated zone emerged above the infiltration line in Rockfill II following an abrupt
rise in the reservoir’s water level. This occurred as rock piles possess inherent porosity
and permeability, allowing water to flow through their interstices. An abrupt increase in
the reservoir’s water level elevated the water pressure, forcing water into the rock piles’
interiors and filling the pore spaces, culminating in the transient saturation of the rockfill.
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Figure 4. Cloud maps of pore water pressure at different typical moments (unit: kPa).

4.1.2. Analysis of the Monitoring Data of Seepage Pressure

On the upstream side of the dam, one osmometer was installed, while two osmometers
were positioned on the downstream side, as detailed in Figure 2, while Figure 5 displays
the measured water level of these osmometers. In Figure 5, it is evident that the changes in
the water level in the P1 osmometer and the reservoir are positively correlated, with the
water level in the P1 osmometer exhibiting only a minor decline. Due to hysteresis in the
infiltration line following a drop in the reservoir’s water level, on 2 May, the reservoir’s
water level decreased to 62.61 m, resulting in the P1 osmometer’s water level being higher
than that of the reservoir. After the reservoir’s water level rose to 65.10 m on 3 May,
the water level measured by the P1 osmometer was lower than that of the reservoir,
subsequently fluctuating in accordance with the changes in the reservoir’s water level.
The P2 osmometer’s water level showed a significant drop compared with the reservoir’s
water level, with a potential decline of approximately 87%. The correlation between the
changes in the P2 osmometer and fluctuations in the reservoir’s water level was generally
weak. The water level of the P3 osmometer was largely unaffected by the reservoir’s
water level, primarily due to the anti-seepage effect of the core wall. Given that the P2
osmometer’s water level fluctuated with the sudden changes in the reservoir’s water
level, the P3 osmometer’s water level was occasionally higher than that of P2, despite P3
being positioned downstream relative to the reservoir’s water level. The head drop was
concentrated within the core wall, with a maximum decrease of 14.65 m. The head drop
within the upstream and downstream rockfills was only 0.47 to 2.26 m, indicating that the
upstream and downstream rockfills have a minimal impact on the head drop.
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Figure 5. Monitoring data of the seepage pressure.

Table 2 presents a comparison between the osmometers’ measured water level and the
finite element model’s calculation of the phreatic line. It can be observed that the discrep-
ancies between monitored values at various moments and the model’s calculations of the
phreatic line were less than 0.5 m, indicating the high accuracy of the finite element model.

Table 2. Comparison between the simulated and monitored values of the phreatic line.

Time
Reservoir’s

Water Level, m

P1 P2 P3
Simulated
Value, m

Monitored
Value, m

Simulated
Value, m

Monitored
Value, m

Simulated
Value, m

Monitored
Value, m

5/1 76.70 75.40 75.31 62.60 62.33 61.87 61.85
5/6 60.13 73.60 73.39 62.80 62.31 61.76 61.90
5/27 79.25 77.38 77.87 64.44 63.97 61.94 61.86

4.2. Analysis of the Stress Field
4.2.1. Analysis of the Results of Simulating Vertical Soil Pressure

Figure 6 shows the cloud maps of vertical soil pressure at different typical moments.
It can be seen from Figure 6a that when the reservoir’s water level plummeted, the vertical
stress of the curtain grouting experienced a significant concentration of stress, with a
maximum value of 1.6 MPa, an increase of about 0.8 MPa compared with the initial
moment. This was mainly because the curtain grouting, which originally bore substantial
water pressure at a high water level, experienced a rapid reduction in pressure. This led
to the redistribution of stress between the curtain and the surrounding body of the dam,
resulting in the concentration of stress. The arch effect in the core wall was apparent, a
crucial characteristic of the distribution of stress in CWRDs. Because the deformation
modulus of the core wall’s material was lower than that of the upstream and downstream
rockfills, the core wall deformed more, whereas the upstream and downstream rockfills
deformed less. This deformation mismatch can lead to a redistribution of stress. The stress
of the core wall transferred to the two sides of the rockfill, resulting in the vertical stress
of the core wall being lower than the dead weight stress, while the vertical stress of the
rockfill on both sides of the core wall was higher than the dead weight stress. The arch
effect of the core wall can significantly reduce the compressive stress within the core wall,
which is a primary reason for the hydraulic splitting of the core wall. It is evident from
Figure 6b that when the reservoir’s water level rose abruptly, a significant concentration of
stress occurred at approximately one-third the height of the upstream slope of the dam,
with a maximum value of 0.9 MPa, an increase of about 0.8 MPa. This concentration of
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stress continued to increase with repeated sudden rises and drops in the reservoir’s water
level. The concentration of stress in the curtain grouting disappeared, and the vertical earth
pressure decreased from 1.6 MPa to 0.8 MPa.

Figure 6. Cloud maps of vertical soil pressure at different typical moments (unit: kPa).

4.2.2. Analysis of the Monitoring Data of Vertical Soil Pressure

At the bottom of the core wall (elevation: 42.00 m), the middle of the core wall, the
upstream filter layer, and the downstream filter layer (all at an elevation of 61.00 m),
earth pressure gauges were installed to monitor the vertical earth pressure of the dam, as
depicted in Figure 2. Figure 7 compares the simulated values of vertical earth pressure
with the monitored values. The figure indicates that the values of vertical earth pressure
simulated by the finite element model followed the same trend as those measured by
the earth pressure gauges, with negligible differences. Moreover, the gauges’ measured
vertical earth pressure at various locations were positively correlated with changes in the
reservoir’s water level. Comparing the earth pressure gauges (E1, E3) at different elevations
showed that the pressure at the core wall’s bottom (E1) exceeded that midway up (E3),
influenced by rapid fluctuations in the reservoir’s water level. The main reason was that
the soil at the bottom of the core wall exhibited a higher initial density and smaller porosity
due to the influence of gravity and pressure from the overlying soil, and its permeability
was lower than that in the middle of the core wall. As a result, when the water level
changed, the adjustment speed of pore water pressure in the soil at the bottom of the
core wall was slower than in the middle of the core wall, resulting in more significant
changes in soil pressure at the bottom of the core wall. At the same elevation, the earth
pressure gauges (E2, E4) situated in the upstream and downstream filter layer registered
lower measurements compared with the gauge (E3) within the core wall, attributable to
the arching effect produced by the lateral compression of the rockfill against the core wall.
The fluctuation in earth pressure was most pronounced at gauge E2 and least at gauge E4,
indicating that the impact of changes in the reservoir’s water level on the dam’s vertical
earth pressure diminished from upstream to downstream.
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Figure 7. Comparison between the simulated and monitored values of vertical soil pressure.

4.3. Analysis of the Displacement Field
4.3.1. Analysis of the Results of Simulating Horizontal Displacement and Settlement

Calculations of the dam’s deformation were performed, based on the principle of
seepage–stress coupling, identifying feature points on the finite element model that cor-
responded to the locations of measurement points TR1, TR2, TR3, and TR4. Figure 8
displays the time variation of the increases in horizontal displacement, while Figure 9
presents the time variation of increases in settlement. The figures illustrate that the impact
of fluctuations in the reservoir’s water level on the dam’s horizontal displacement followed
a descending order of TR3 ≥ TR1 > TR2 > TR4, while the effect on the dam’s settlement
was ranked as TR3 > TR2 > TR1 > TR4. The horizontal displacement and settlement of
the dam’s surface were significantly affected by the reservoir’s water level, and there
was a lag phenomenon. Depending on the axis of the dam, the dam moves downstream
(upstream) as the water level rises (falls). The faster the reservoir’s water level fluctuates,
the greater the variation in both upstream and downstream sides’ horizontal displacement
and settlement. Rapid fluctuations in the water level exerted a more pronounced effect on
the deformation of the dam’s crest. Therefore, the safety inspection should concentrate on
identifying and assessing cracks and voids at the dam’s crest.

Figure 8. Chart illustrating the time variation of increments in horizontal displacement.
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Figure 9. Chart illustrating the time variation of increments in settlement.

Figure 10 presents the cloud diagrams of the dam’s horizontal displacement at differ-
ent typical moments. Figure 10a provides the cloud diagram illustrating the horizontal
displacement of the dam when the reservoir water level initially stood at 76.70 m on 1 May.
The figure reveals that the horizontal displacement of the dam was symmetrically dis-
tributed across the core wall. The maximum horizontal displacement observed on the
upstream side of the dam was 25.0 mm, directed upstream, while on the downstream side,
the maximum displacement was observed to be 45.0 mm in the downstream direction.
The horizontal displacement of Rockfill I was less than that of Rockfill II, due to Rockfill
II comprising a greater proportion of soft rock materials. Figure 10b presents the cloud
diagram for the increases in the horizontal displacement of the dam when the reservoir’s
water level was at 60.24 m on 5 June. The figure reveals that the contour of the increase in
horizontal displacement formed a closed loop in the body of the upstream rockfill, with the
largest horizontal displacement occurring within this loop, and it decreased progressively
downstream. The rapid decline in the reservoir’s water level caused the entire dam’s hori-
zontal displacement to orient upstream, with a maximum displacement of 6.5 mm located
approximately one-third up the height of the dam in Rockfill I. The elevation at which
maximum displacement occurred was nearly equivalent to the reservoir’s water level,
located approximately 10 m from the upstream slope of the dam. Figure 10c displays the
cloud diagram for the increase in horizontal displacement of the dam when the reservoir’s
water level reached 79.25 m on 27 May. The figure reveals that the horizontal displace-
ment toward the upstream on the upstream side of the dam diminished following the
sudden increase in the reservoir’s water level, with the maximum displacement reducing
to 3.0 mm.

Figure 11 presents the cloud diagrams of the dam’s settlement at different typical
moments. From Figure 11a, it can be observed that the influence of fluctuations in the reser-
voir’s water level on the dam’s settlement was less than that of horizontal displacement.
The contour for the distribution of settlement formed a “U” shape and was approximately
symmetrical along the core’s wall. A closed loop appeared near the dam’s top. The displace-
ment gradient of the upstream slope of the dam was larger than that of the downstream
slope of the dam, and the settlement gradually decreased from the dam’s crest to the dam’s
foundation. The maximum settlement occurred at the dam’s crest, reaching 160 mm, with
the ratio of maximum settlement to the dam’s height being less than 0.5%. Figure 11b
displays the cloud diagram for the increase in the settlement of the dam on 6 May, when
the reservoir’s water level was at 60.13 m. The diagram illustrates that the rapid decrease
in the reservoir’s water level contributed to an ongoing increase in the settlement of the
dam’s crest, reaching a maximum increase in settlement of 3.5 mm, while the upstream
foundation of the dam experienced a lift, peaking at 2.5 mm. From Figure 11c, it is evident
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that the abrupt rise in the reservoir’s water level resulted in a decrease in the maximum
incremental settlement at the dam’s crest to 2.0 mm, and the maximum lift at the upstream
foundation of the dam also reduced to 1.2 mm.

Figure 10. Cloud maps of horizontal displacement at different typical moments (unit: mm).

To analyze the dam’s deformation trends during fluctuations in the reservoir’s water
level, Figure 12 illustrates the vector diagram of the dam’s deformation. The red arrows
depicts the vector of the increase in deformation when the reservoir’s water level dropped
sharply to 60.13 m on 6 May. From the diagram, it is evident that the angle between the
vector of the increase in deformation and the y-axis increased as the elevation decreased.
In the area extending from below one-third of the dam’s height in Rockfill I to the dam’s
foundation, the vector was nearly parallel to the x-axis, indicating that the increase in
horizontal deformation significantly exceeds the increase in settlement. If the nonuniform
deformation is substantial, it can cause horizontal cracks in the core wall and potentially
result in longitudinal cracks separating the core wall from the rockfill. This also significantly
affects the stability of the rockfill. Furthermore, the angle between the vector of the increase
in deformation and the y-axis in Rockfill II is smaller compared with Rockfill I. The green
arrows show the vector of the increase in deformation for the sudden rise in the reservoir’s
water level to 79.25 m on 27 May. It was observed that the deformation significantly
decreased compared with the sudden fall to 60.13 m on 6 May. The angle between the
deformation vector and the y-axis reduced, with the angle for Rockfill II being less than
45◦. This suggests a diminished tendency towards the upstream movement of the dam’s
body as the reservoir’s water level increases.
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Figure 11. Cloud maps of settlement at different typical moments (unit: mm).

Figure 12. Vector diagram of the dam’s deformation.
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Table 3 displays the summary of the deformation statistics. According to the table, the
maximum values of horizontal displacement and the increase in settlement occurred when
the reservoir’s water level was at its lowest elevation (5 June and 6 May), rather than at the
moment of the fastest decline in the reservoir’s water level (2 June). This suggests that the
displacement of the CWRD is highly sensitive to the elevation of its lowest point during
declines in the reservoir’s water level.

Table 3. Summary of the deformation statistics.

Time
Reservoir’s

Water
Level, m

Rate of Decline in the
Reservoir’s Water

Level, (m•d−1)

Maximum Increase in
Horizontal

Displacement, mm

Maximum Increase in
Settlement, mm

Upstream
Point

Downstream
Point

Upstream
Point

Downstream
Point

6/5 60.24 4.06 6.5 0.5 / /
5/6 60.13 4.38 / / 2.5 3.5
6/2 63.26 15.53 5.5 0.5 2.0 3.0

4.3.2. Analysis of the Monitoring Data of Displacement

One surface displacement gauge was installed on the upstream side and on the crest of
the dam, while two were positioned on the downstream side, as detailed in Figure 2. During
the period of working conditions, measurements from the displacement gauges were taken
on 1 May, 15 May, and 30 May 2015. Readings from the TR2 and TR3 displacement
gauges have been selected for comparison to the simulated values at the corresponding
locations within the finite element model, as documented in Table 4. According to the table,
the distribution of the simulated values from the finite element model aligned with the
monitored values from the displacement gauges at various times. Furthermore, the ratio of
the cumulative maximum settlement to the height of the core wall and rockfill was below
0.5%, conforming to the typical deformation pattern observed in dams.

Table 4. Comparison table between the monitored values of the displacement gauges and the
simulated values of the finite element model.

Time

TR2 Horizontal
Displacement, mm TR2 Settlement, mm TR3 Horizontal

Displacement, mm TR3 Settlement, mm

Simulated
Value, m

Monitored
Value, m

Simulated
Value, m

Monitored
Value, m

Simulated
Value, m

Monitored
Value, m

Simulated
Value, m

Monitored
Value, m

5/1 24.88 23.65 154.78 150.73 25.04 24.13 156.35 151.67
5/15 20.60 18.95 151.84 148.32 20.68 19.74 154.47 149.23
5/30 22.87 21.63 152.38 149.30 23.01 22.60 154.83 149.96

5. Conclusions and Prospects
5.1. Conclusions

This study utilized finite element software to investigate the impact of rapid fluctua-
tions in the water level on the seepage, stress, and displacement fields of a PSPS’s CWRD.
Moreover, comparative analyses were conducted between the results of finite simulation
and the integration of monitored data from the dam’s osmometers, earth pressure gauges,
and displacement gauges. From the analysis, the following conclusions can be inferred.

(1) When the reservoir’s water level dropped sharply, the decline in the phreatic line in the
rockfill lagged, creating a large hydraulic gradient and a reverse seepage field on the
surface of the dam’s slope. This resulted in a dragging force directed upstream, with a
noticeable deformation trend of the lower core wall and rockfill towards the upstream.
One-third of the surface of the upstream slope of the dam and the curtain grouting
experienced significant concentrations of stress. Consequently, bending of the core
wall could easily produce horizontal cracks, and there was a risk of longitudinal
cracks separating from the rockfill, greatly affecting the stability of the rockfill on the
upstream slope of the dam.
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(2) Upon a sudden decrease in the reservoir’s water level, the dam’s deformation showed
increased sensitivity to the lowest elevation point, compared with the peak rate of
decline in the water level. The peak increase in horizontal displacement of 6.5 mm
occurred one-third up Rockfill I, while the maximum increase in settlement at the
dam’s crest was 3.5 mm. Hence, close scrutiny is warranted for cracks or voids at the
dam’s crest and near one-third of the dam’s height within Rockfill I.

(3) A sudden increase in the reservoir’s water level led to a reduction in both the upstream
and downstream horizontal displacement, as well as decreased in settlement. For
both the core wall and the rockfill, the ratio of cumulative maximum settlement
to the dam’s height was less than 0.5%. Furthermore, the absence of tensile stress
zones or cracks at the dam’s crest aligned with the established deformation principles
of CWRDs.

(4) Under the influence of rapid fluctuations in the reservoir’s water level, the variation
in vertical earth pressure at the bottom of the core wall was more pronounced than at
its midsection. This was because the soil at the bottom of the core wall had a higher
initial density, smaller porosity, and lower permeability due to greater gravity and
pressure from the overlying soil. Consequently, when the reservoir’s water level
changed, the pore water pressure in the bottom soil adjusted more slowly than in the
middle, resulting in more significant changes in soil pressure at the bottom.

(5) The safety monitoring data for dam seepage pressure, earth pressure, and displace-
ment aligned closely with the finite element model’s simulated values for the infil-
tration line, earth pressure, and deformation. This concordance verified the finite
element model’s accuracy.

5.2. Prospects

(1) The deformation characteristics of a PSPS’s CWRD under earthquake conditions when
the reservoir’s water level fluctuates during the service period were not discussed in
this study. This aspect should be further investigated in future studies.

(2) Due to the lack of detailed 3D geological data, a two-dimensional finite element model
was used in this study. This model could not fully capture the distribution of stress
and deformation in the dam’s three-dimensional space, and should be improved in
future research.

(3) This study used the Duncan–Chang E-B model for the stress–strain relationship of
rockfill, which could not accurately describe particle breakage and other characteristics
of rockfill. Future research should propose a constitutive model that accounts for all
the characteristics of rockfill to enhance the accuracy of finite element calculations.
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