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Abstract: China’s southwestern region boasts abundant hydropower resources. However, the area
is prone to frequent strong earthquakes. The areas surrounding dam sites typically have deep
overburden, and the liquefaction of saturated sand foundations by earthquakes poses significant
safety risks to the construction of high dams in the southwest. The effects of liquefaction and
reinforcing measures on the foundations of rockfill dams on liquefiable overburden under seismic
action are currently the subject of somewhat unsystematic investigations. The paper utilizes the
total stress and effective stress methods, based on the equivalent linear model, to perform numerical
simulations on the overburden foundations of rockfill dams. The study explores how factors such as
dam height, overburden thickness, liquefiable layer depth, liquefiable layer thickness, ground motion
intensity, and seismic wave characteristics affect the liquefaction of the overburden foundations.
Additionally, it examines how rockfill dams impact the dynamic response, considering the liquefaction
effects in the overburden. The results show that although the total stress method, which ignores
the cumulative evolution of pore pressure during liquefaction, can reveal the basic response trend
of the dam, its results in predicting the acceleration response are significantly biased compared to
those of the effective stress method, which comprehensively considers the cumulative changes in
liquefaction pore pressure. Specifically, when the effect of soil liquefaction is considered, the predicted
acceleration response is reduced compared to that when liquefaction is not considered, with the
reduction ranging from 4% to 30%; with increases in the thickness and burial depth of the liquefiable
layer, the effective stress method considering liquefaction significantly reduces the predicted peak
acceleration; the effect of liquefiable soil on the attenuation of the speed response is more sensitive
to the low-frequency portion of the seismic wave. The study’s findings are a significant source of
reference for the planning and building of rockfill dams on liquefiable overburden.

Keywords: liquefiable overburden; seismic response; numerical simulation; effective stress method;
influential effect

1. Introduction

There are abundant hydropower resources in China’s western area, but the topography
is complex; therefore, rockfill dams have become the preferred dam type for hydropower
development due to their advantages of low cost, short construction periods, easy access to
materials, and little influence from the climate [1–4]. However, the construction of dams on
deep overburden foundations faces many challenges, especially the proper selection and
treatment of foundations, which are essential in guaranteeing the rockfill dams’ robust long-
term operation [5,6]. In the western region, where earthquakes are frequent, rockfill dams
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are seriously threatened by seismic liquefaction, especially when such dams are constructed
on deep overburden in strong earthquake zones [7–9]. Soil liquefaction significantly affects
the seismic safety performance of dams. To ensure the seismic safety of rockfill dams, this
impact must be carefully considered. A liquefaction safety study is crucial for rockfill dam
projects featuring liquefiable soil layers in the foundation beneath a deep overburden. This
research aims to uncover the impact of liquefaction on the dam’s seismic performance. It
also seeks to offer theoretical guidance for the devising and construction of rockfill dams
situated on deep overburden sites in this region.

Shaking table tests and numerical simulations are currently the main methods to
analyze seismic response and liquefaction of dam–foundation systems. However, shaking
table tests have limitations due to model size, damping, inertia force, resonance, and inade-
quate soil boundary simulation. Furthermore, they fail to account for seismic fluctuation
effects and infinite foundation radial damping, resulting in significant constraints. [10–13].
Seismic response studies of dams frequently use the finite element numerical analysis
method. This is owing to its ability to simulate complex boundary conditions and material
properties [14–16]. In liquefaction analysis, two methods are commonly used: the total
stress method and the effective stress method. The distinction between them lies in whether
the pore pressure growth process during the dynamic event is considered. The effective
stress method is particularly intriguing due to its consideration of the evolution of pore
water pressure during dynamic events. Seed [17] et al. proposed relationship curves
between the pore pressure ratio and vibration ratio in the case of isotropic consolidation
considering the outcomes of an undrained triaxial testfor homogeneous pressure consolida-
tion of saturated sandy soil. They also proposed the pore pressure stress model for isotropic
consolidation of soil. Sun [18] introduced a novel liquefaction discrimination model based
on a hyperbolic shape. This model addressed an anomaly found in Seed’s method, where
the critical standard penetration value would initially rise and then decline with deeper soil
layers. By adopting the hyperbola-based approach, the abnormal increase-then-decrease
pattern in the critical penetration value was eliminated. Wang et al. [19] introduced a
revised model for the incremental pore water pressure ratio. The modified model improves
the simulation of pore water pressure buildup. It does so by refining the mechanism for
pore water pressure increases during seismic loading. Through dynamic triaxial tests on
saturated remolded loess, Liu et al. [20] identified unique characteristics in pore water
pressure generation. Based on these findings, they established a normalized pore water
pressure increase model and used it to plot the corresponding fitted curve.

In the context of liquefaction of dam foundations, J. Yang [21] explored the different
responses of horizontal and vertical ground motion at liquefied sites and pointed out that
horizontal shaking is affected by liquefaction, while vertical shaking is not disturbed by
liquefaction. K. Adalier and M.K. Sharp [22] performed research on the seismic behavior of
a dam featuring a zoned structure and underlain by a sandy foundation. They examined
the influence of various parameters, including the thickness, width, and burial depth
of the liquefiable layer. Using dynamic centrifugal tests, Manika Maharjan [23] et al.
examined the seismic performance of embankments with various liquefiable foundation
soils. According to the study, a comparatively large excess of pore water pressure results
from the lower bedding layer’s pore water dissipation in non-homogeneous foundations,
being focused in the discontinuous zone under the embankment. Zou et al. [24] conducted a
numerical analysis of lock dams’ dynamic response under seismic action using the PSBFEM
method. During this assessment, they emulated the production and propagation of and the
decrease in pore water pressure within the foundation’s soil matrix. Li [25] devoted their
attention to studying the dynamic reactions of towering earth–rockfill dams. This focus was
particularly relevant under conditions of substantial overburden and the risk of liquefaction,
especially in scenarios where seismic disturbances were imminent near fault zones. Cui and
Doan [26,27] et al. analyzed the effects of earthquakes on the liquefaction and deformation
of earth–rock dams using shaking table tests and numerical simulations, respectively.
Wu et al. [28] conducted an experimental investigation into the wetting deformation of
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the clay heart wall of the Daxigou Reservoir. Through this study, they explored the
deformation characteristics of clay under liquefaction conditions from an experimental
perspective. Osvaldo Ledesma [16] proposed a method for evaluating the vulnerability of
tailings dams to flow liquefaction damage and applied it to the Fundao Dam to assess the
vulnerability of two vulnerabilities that had occurred in the history of the dam. Peng [29]
concentrated on the dynamic reaction of deep-overburden earth–rock dams in seismically
active areas. They compared the dynamic response of concrete panel rockfill dams, taking
into account various overburden soil thicknesses. The study revealed that the conditions of
the overburden foundations can significantly impact the overall dynamic response of the
dams. Feng et al. [30] delved into the seismic safety of an asphalt concrete heart wall dam
containment system situated on an ultra-deep overburden. They analyzed the dynamic
response of this containment system, focusing on displacement and stress patterns. Their
findings provided insights into the behavior of the system under a seismic intensity of
degree VIII. Yu [31] et al. conducted a thorough investigation from the viewpoints of the
Fourier spectrum of the acceleration spectral distribution and the geographical distribution
of seismic acceleration using the seismic fluctuation input technique. Currently, research
on dam foundation liquefaction is quite extensive, providing a solid basis for examining
the effects of liquefaction on overburden dam foundations. However, this research has yet
to systematically and comprehensively evaluate the differences in the soil mass before and
after liquefaction. Addressing this gap is crucial for a more comprehensive understanding
of the implications of liquefaction on dam safety and performance.

For this reason, this paper will employ both the total stress method (neglecting soil
liquefaction) and the effective stress method (accounting for soil liquefaction) to study
the effects of liquefaction on the foundation overburden of rockfill dams. The study will
thoroughly consider the dynamic response of the overburden, analyzing factors such
as dam height, overburden thickness, liquefiable layer depth and thickness, earthquake
intensity, and seismic wave characteristics. The aim is to assess the impact of the overburden
foundation on liquefaction and its dynamic response. This evaluation serves as a pivotal
reference for evaluating seismic safety in scenarios involving substantial overburden.

2. Theory and Methods of Numerical Modeling
2.1. Equivalent Linear Soil Model

Soil has obvious dynamic nonlinear characteristics. Mathematical representations of
soil dynamics explain how a soil body might behave mechanically under dynamic loading.
These models are essential for assessing the stability and deformation properties of soils
and predicting their behavior under dynamic loading. Common soil dynamic models
include viscoelastic [32,33], elastoplastic [34,35], nonlinear elastic [36,37], and equivalent
linear models. Among many soil dynamic models, the equivalent linear model [38–40] has
a clear concept and can obtain a more accurate dynamic response, and this model is more
widely used in earth–rock dam engineering. In the similar linear model, the soil body’s
maximum shear modulus, or Gmax, can be expressed as follows:

Gmax = Kpa

(
σm

pa

)N
(1)

In this formula, pa stands for the atmospheric pressure; σm stands for the average
principal stress; and K and N, respectively, represent the coefficient and index of the
dynamic modulus.

The test findings from the overburden in a rockfill dam project served as the parameters
for the equivalent linear model of the soil body used in this work. The maximal dynamic
shear modulus calculation parameters are displayed in Table 1. The connection between
the soil mass’s damping value and the ratio of the dynamic shear modulus, with respect
to dynamic shear strain, is depicted in Figure 1. This relationship was observed during
the dynamic computational process. The calculation parameters used in this process were
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derived directly through interpolation of the dynamic shear strain values obtained during
the computation [41].

Table 1. Soil parameters for dynamic analysis.

Material k n

Dam rockfill 4901 0.420
Liquefiable layer 849 0.642

Non–liquefiable layer 1364 0.500
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Figure 1. Relationships of dynamic shear strain with normalized dynamic shear modulus and
damping ratio.

2.2. Pore Water Pressure Model

According to the indoor test data and on the basis of Seed and Xu’s modified for-
mula [42], the improved pore pressure model suitable for sandy soil materials in the over-
burden in this paper [43] was adopted, considering the consolidation ratio and the perimeter
pressure conditions of the soil; the relationship between the vibration sub-ratio of the pore
pressure growth process and the pore pressure ratio is given in the following equation:

u
σ0

=

N
N f

a + b N
N f

(1 − m0α0)
B(1+( N

Nf
)

A
)

(2)

In this formula, u is the pore pressure; σ0 is the initial effective stress before the
earthquake; Nf is the destructive vibration frequency under the corresponding dynamic
shear stress ratio; N is the equivalent vibration frequency corresponding to the current time
period; and a, b, A, B are the modeling parameters, which are determined by the test curve.
Referring to Xu’s correction formula, m0 is taken to be 1.1, and α0 is the initial shear stress
ratio τ0

σ0
, which is calculated by the initial consolidation ratio Kc before the earthquake,

α0 = KC−1
KC+1 .

3. Calculation and Analysis Model
3.1. Finite Element Model

This study establishes a two-dimensional finite element computation model with the
main body being a rockfill dam (dam body and overburden foundation). Additionally,
the overburden foundation within this model is distinctly categorized into liquefiable and
non-liquefiable soil layers. In Figure 2, the computation model is displayed. The dam’s
dimensions are 100.0 m for the height, 10.0 m for the crest width, and 410.0 m for the
bottom width. The slope ratio between the upstream and downstream sides is 1:2, and the
dam foundation depth is 100.0 m. The ratio of the artificially intercepted bottom border
to the lateral boundaries affects the calculation results when estimating the response to
earthquakes of the structure using the finite element method [44]. To eliminate this effect,
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the model in this paper takes the ratio of both sides to be L/D = 10 and makes the lateral
boundary nodes free.
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The characteristics of the wave velocity in the ground and the frequency components
of the input waveform both affect the numerical accuracy of wave propagation simulations.
They are therefore critical factors to consider in order to ensure accurate results. If the
cell size is too large, it will be difficult for the high-frequency portion of the fluctuation
to pass through. Lysmer et al. [45] conducted research emphasizing that for precise wave
propagation modeling, the mesh size, ∆l, must be meticulously selected to be less than 1/12
of the wavelength corresponding to the highest frequency in the input waveform, with
the wavelength of the highest frequency seismic wave utilized in this study approximately
153 m, thus requiring ∆l ≤ λ/12. The wavelength of the highest frequency of the seismic
wave used in this paper is about 153 m. That is the grid size should not exceed 12.75 m.
The finite element meshing depiction of the rockfill dam, adhering to the aforementioned
criteria, is illustrated in Figure 2. This mesh comprises a total of 14,184 elements and
14,490 nodes. The maximum cell dimensions within the diagram are 10 m in width and
2.5 m in height. The minimum cell dimensions, on the other hand, are for a cell 5 m in
width, while the height remains at 2.5 m.

3.2. Ground Motion and Calculation Conditions

This paper aims to investigate the impact of seismic waves with varying spectral
characteristics on the liquefaction of the foundation beneath the liquefiable overburden of
a rockfill dam. To achieve this, two types of seismic waves were utilized in the dynamic
analysis: two artificially generated seismic waves (designated as seismic waves 1 and 4),
and two seismic waves recorded from engineering sites (labeled seismic waves 2 and 3).
In accordance with the Chinese ‘Code for Seismic Design of Hydropower Engineering
Hydraulic Buildings’ (NB 35047-2015), artificial waves were produced. The response
spectra of the artificially generated waves were analyzed and compared to the specifications
outlined in the Chinese standard design code for seismic regulations. This comparison is
visually presented in Figure 3. The comparison reveals a significant level of agreement
between the two sets of spectra.

Seismicity was input in the form of fluctuation, and since liquefaction is more sensitive
to horizontally oriented earthquakes, only horizontally oriented earthquakes were entered
into the power calculations in this paper. Figure 4 displays the acceleration–time range
curves for the four different seismic wave types used in this section. The acceleration
response spectra and Fourier spectrum corresponding to the seismic waves are presented
in Figure 5. Upon inspection, it becomes evident that these seismic waves exhibit notable
differences in terms of amplification and frequency composition.
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Figure 5. Acceleration response spectrum and Fourier spectrum of each seismic wave. (a) Response
spectrum; (b) Fourier spectrum.



Water 2024, 16, 2649 7 of 20

Table 2 displays the conditions for the calculations. The dam height, overburden thick-
ness, burial depth of the liquefiable layer, thickness of the liquefiable layer, ground motion
intensity, and seismic wave characteristics are considered in each calculation condition.
The calculation procedure of this paper adopts GEODYNA [46–48], a large geotechnical
engineering calculation software program developed by Dalian University of Technology.

Table 2. Calculation conditions.

Conditions Dam Height/m Overburden
Thickness/m

Seismic Wave
Serial Number

Ground
Motion

Intensity/(m·s−2)

Burial Depth of
Liquefiable

Layer /m

Thickness of
Liquefiable

Layer/m

1 0 (Free field) 100 1 3.0 0 25
2 50 100 1 3.0 0 25
3 100 100 1 3.0 0 25
4 150 100 1 3.0 0 25

5 100 50 1 3.0 0 25
6 100 100 1 3.0 0 25
7 100 200 1 3.0 0 25

8 100 100 1 3.0 0 25
9 100 100 1 3.0 10 25

10 100 100 1 3.0 20 25
11 100 100 1 3.0 30 25

12 100 100 1 3.0 0 25
13 100 100 1 3.0 0 50
14 100 100 1 3.0 0 75
15 100 100 1 3.0 0 100

16 100 100 1 3.0 0 25
17 100 100 1 4.0 0 25
18 100 100 1 5.0 0 25
19 100 100 1 6.0 0 25

20 100 100 1 3.0 0 25
21 100 100 2 3.0 0 25
22 100 100 3 3.0 0 25
23 100 100 4 3.0 0 25

4. Calculation and Analysis

This paper adopts two distinct analytical approaches to comprehensively investigate
the effects of liquefaction within a vulnerable interlayer situated at the foundation of a deep
overburden dam on the dynamic performance of a rockfill dam. The objective is to gain a
deeper understanding of how liquefaction influences the dam’s behavior under dynamic
loading conditions. Specifically, it utilizes the total stress analysis method grounded in the
equivalent linear model. This method was used in addition to the effective stress method to
evaluate the seismic reactivity of the rockfill dam model. The focus of our analysis will be
on the peak horizontal acceleration response, as this is the primary indicator of the impact
of liquefaction on the rockfill dam. The analysis undertaken in this study contributes to
a more comprehensive comprehension of the intricate mechanism at play. This process
relates to how liquefaction affects a rockfill dam’s foundation’s seismic reactivity when it is
built on liquefiable overburden. The outcomes of this study provide invaluable insights
into the intricacies of liquefaction’s impact on rockfill dam engineering. These findings
serve as a pivotal reference for both the design and construction stages of such projects,
enhancing their overall safety and reliability.

4.1. Dam Height

The distributions of peak acceleration in the horizontal direction at the top of the
overburden and at the center axis for different dam heights are shown in Figure 6. As
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can be seen from the figures, the acceleration response at the summit of the burden is
characteristically high on both sides and low in the middle, and its distribution is bounded
by the center axis of the rockfill dam. As the height of the embankment rises, the peak
acceleration recorded at the top of the overburden exhibits a discernible downward trend.
In parallel, the peak acceleration measured in the horizontal direction along the central axis
follows a similar decreasing pattern. This is result of the fact that as the dam height grows,
so does the soil’s dynamic shear modulus at the dam–foundation interface. The increase in
embankment height leads to a reduction in the soil’s degree of liquefaction, which is the
ratio of pore pressure to its maximum potential value. This decrease, in turn, dampens the
propagation and response of seismic waves through the soil.
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Figure 6. The distribution of peak horizontal acceleration at the top of the overburden and the central
axis at different dam heights. (a) The top of the overburden; (b) the central axis of the rockfill dam.

The distribution of horizontal acceleration in the dam body at various dam heights is
depicted in Figure 7. The graphic shows that, for a given dam height, the horizontal accel-
eration distribution is comparable; as the dam height grows, the horizontal acceleration
increases gradually, with the maximum value often occurring near the dam crest. However,
when the dam height increases to the critical point of 100 m, the trend of horizontal acceler-
ation is reversed, and the horizontal acceleration decreases as the dam height continues
to increase.

Furthermore, as dam height increases, the dam’s fundamental frequency gradually
decreases as well. Figure 8 displays the response spectrum and Fourier spectrum for the
fundamental frequency at various dam heights. For dams between 50 and 150 m above sea
level, the response spectrum exhibits a declining trend under excitation by seismic wave 1,
while the Fourier spectrum alternates between an increasing phase and a decreasing phase.
A lower dam body results in a lesser vibration response because the basic frequency of
the seismic wave differs from its primary frequency; with the increase of the dam height
to a specific value (e.g., 100 m), the fundamental frequency becomes closer to the main
frequency of the seismic wave, and the ripple effect is enhanced, which increases the
structure’s vibration sensitivity and causes the Fourier spectrum to climb. However, as
the dam’s height rises, the fundamental frequency continues to decrease, which causes the
resonance effect to rapidly diminish and the Fourier spectrum to follow suit. During the
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whole process of increasing the dam height, the response spectrum shows a continuous
decreasing trend due to the changes in fundamental frequency and energy dissipation.
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Figure 7. The acceleration distribution cloud diagram of the dam body under different dam heights.
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Figure 8. The response spectrum and Fourier spectrum relating to the fundamental frequency at
different dam heights. (a) The response spectrum; (b) the Fourier spectrum.

Figure 9 reflects the Fourier spectrum of the horizontal acceleration at the interface
between the dam crest and dam–foundation interface for two dam heights: low (50 m)
and high (150 m). It is evident from the image that for low dams, seismic waves pass via
the contact where the dam and its foundation meet. A filtering effect inherent to the dam
material becomes evident, allowing low-frequency components to pass through more easily
and even be amplified. In contrast, high-frequency components experience attenuation as
they propagate. After the seismic wave propagates through the dam, because of the energy
dissipation during wave propagation and the additional filtering effect of the dam body,
the low-frequency component is further diminished, while the high-frequency component
shows more obvious fluctuation characteristics in the limited space, which makes the
high-frequency component at the dam crest enhanced; for the high dams, due to the
significant increase in the height of the dams and the complexity of structural characteristics,
the seismic wave in the dam–foundation interface, the low-frequency component is also
significantly enhanced. For high dams, due to the significant increase in height and
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complexity of the structure, the seismic wave is enhanced in the low-frequency range, but
the attenuation of the high-frequency band is also more significant. As the seismic wave
is reflected and refracted several times inside a high dam, the low-frequency component
is weakened due to energy dissipation, while the high-frequency component is enhanced
in specific frequency bands due to the local resonance effect that may be induced by the
structure of the high dam.
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Figure 9. The acceleration Fourier spectrum of the dam crest and dam–foundation interface. (a) Dam
height of 50 m; (b) dam height of 150 m.

The seismic response analysis reveals a substantial difference in peak horizontal accel-
eration values between the effective stress method and the total stress method. Notably,
the effective stress method consistently exhibits a more pronounced trend of reduction
in these acceleration values. Table 3 shows the peak horizontal acceleration and reduc-
tion values of the effective stress method and the total stress method. The table reveals
a significant observation: At an identical dam height, the decrease in peak horizontal
acceleration is more pronounced outside the dam–foundation interface than within it. This
difference primarily stems from the unique influence on pore pressure beneath the dam
body’s foundation overburden. Specifically, the weight of the dam body compresses the
foundation overburden, leading to an accumulation of pore pressure. This accumulation
process reaches its peak value over a longer duration compared to the scenario without the
dam body’s weight. In contrast, the surface pore pressure in the foundation overburden
unaffected by the dam’s compression weight also accumulates to its peak value, but over
an even longer period. The pore pressure on the surface has a shorter time to accumulate
to the peak value. Figure 10 displays the acceleration and pore pressure distributions at
characteristic points of a 100 m tall dam under the condition of seismic wave 1, respectively.
The statistics show that the peak acceleration moment at point A is 10.47 s, at which time
the cumulative pore pressure is in the process of rapid increase and has not reached the
maximum value, while the peak acceleration moment at point B is 20.35 s, at which time
the pore pressure is nearly stable, and the difference between the corresponding values
of pore pressure of these two points at the peak acceleration moment is very small. The
difference between the pore pressure values at these two points at the peak acceleration
moment is very small, coupled with the influence of the dam body’s compression weight,
the liquefaction degree of point B is much smaller than that of point A. Consequently,
the liquefaction degree of the liquefiable layer beneath the dam–foundation interface is
diminished, resulting in a lower liquefaction potential of the overburden soil during peak
acceleration response at the interface. When this peak acceleration response occurs, the
disparity between the acceleration responses derived from the effective stress method
and the total stress method is relatively minimal. Specifically, the reduction rate observed
in this case is 4.2%, highlighting the limited difference between the two methods under
these conditions.
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Table 3. The peak horizontal acceleration and reduction rate under the effective stress and total
stress methods.

Dam Height (m) 50 100 150

The peak horizontal acceleration of the dam
crest/(m·s−2)

Total stress method 4.372 4.162 3.989

Effective stress method 3.507 3.993 3.795

Reduction rate 0.865 0.169 0.194

The peak horizontal acceleration of the
overburden crest/(m·s−2)

Total stress method 2.996 2.437 2.258

Effective stress method 2.847 2.42 2.043

Reduction rate 0.149 0.017 0.215

The peak horizontal acceleration outside the
dam–foundation interface/(m·s−2)

Total stress method 4.687 5.255 4.832

Effective stress method 4.263 4.241 4.549

Reduction rate 0.424 1.014 0.283
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Figure 10. The acceleration time course and pore water pressure time course of a 100 m tall dam at
characteristic points. (a) The acceleration time course; (b) the pore water pressure time course.

4.2. Overburden Thickness

For varying overburden thicknesses, Figure 11 displays the distribution of the peak
horizontal acceleration at the top and center axes of the overburden. Utilizing the total
stress method for calculations, a discernible trend emerges: the peak horizontal acceleration
diminishes as the cover thickness increases. When adopting the effective stress method,
however, a more nuanced picture is revealed. Specifically, the degree of decrease in peak
horizontal acceleration, as compared to the total stress method, varies significantly under
differing cover thickness conditions. The peak horizontal acceleration at the center point
of the dam crest decreased by 22.4%, 4.0%, and 27.2% when the cover thickness was 50 m,
100 m, and 200 m, respectively. Regardless of the stress calculation method employed, the
peak horizontal acceleration along the center axis in the horizontal direction experiences a
gradual decline. This decline is observed as the thickness of the overburden increases. When
employing the effective stress method, it is observed that the peak horizontal acceleration
diminishes as the cover thickness increases. However, the extent of this reduction exhibits
a diminishing trend in comparison to the results obtained using the total stress method.

Figure 12 illustrates the Fourier spectrum analysis of the horizontal acceleration at the
interface between the dam crest and its foundation. This analysis is based on the effective
stress method and considers various thicknesses of the overburden. The figure depicts a
clear trend: as the overburden thickness increases, the Fourier spectrum of the horizontal
acceleration at the dam crest gradually diminishes. In contrast, the Fourier spectrum of
the horizontal acceleration measured at the interface of the dam foundation displays a
noticeable upward trend. The main reason behind this observation is that as seismic waves
propagate, they encounter dissipation of energy within the overburden. Consequently, the
intensity of ground vibrations reaching the dam crest is weakened, resulting in a notable
reduction in the Fourier spectrum of horizontal acceleration at this location. On the other
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hand, the overburden allows some of the low-frequency seismic wave components to
penetrate relatively easily and propagate to the dam–foundation interface. As a result, at
the dam–foundation interface, there is a noticeable increase in the horizontal acceleration
Fourier spectrum. The augmentation observed is attributed to a substantial boost in the
low-frequency content within the seismic wave spectrum received at the specific location.
This heightened low-frequency component is the reason behind the observed increase.
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Figure 11. The distribution of peak horizontal acceleration at the top of the overburden and along the
center axis at different overburden thicknesses. (a) The top of the overburden; (b) the central axis of
the rockfill dam.
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Figure 12. The acceleration Fourier spectrum of the dam–foundation interface.

4.3. Burial Depth of Liquefiable Layer

In Figure 13, the total stress approach and the effective stress method are used to com-
pare the impact of the liquefiable layer’s burial depth on the peak horizontal acceleration
at the center of the dam roof. According to the results, the peak horizontal acceleration at
the dam crest’s center point exhibits a rising trend as the liquefiable layer’s burial depth
increases when using the total stress approach. In contrast, the effective stress method
demonstrates that as the burial depth of the liquefiable layer beneath the dam crest in-
creases, the peak horizontal acceleration measured at the center of the dam crest decreases.
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This is because the non-liquefiable soil layer situated above the liquefiable layer thickens
as the depth of the liquefiable layer grows, resulting in a dampening effect on the seismic
waves reaching the dam crest. These soil layers are able to absorb and dissipate part of
the seismic wave energy during the seismic process. The peak horizontal acceleration at
the center of the dam crest diminishes as a result of the energy being transferred to the
liquefiable layer and the structure above it.
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Figure 13. The peak horizontal acceleration of the dam crest’s center point with different burial
depths of the liquefiable layer.

Figure 14 illustrates the relationship between fundamental frequencies and response
spectra under different liquefiable depths under the excitation of seismic wave 1. As the
liquefiable layer burial depth increases, the fundamental frequency gradually increases,
and the corresponding response spectrum under the total stress method without consid-
ering liquefaction shows an increasing trend, while the corresponding response spectral
values under the effective stress method considering liquefaction show a decreasing trend.
This is consistent with the effect of the horizontal acceleration peak response reflected in
Figure 13. Further comparing the results of the two methods, it can be clearly concluded
that with the increase of burial depth of liquefiable layer, the effective stress method shows
a more significant effect in reducing the peak horizontal acceleration at the center of dam
crest compared with the total stress method. Under the effective stress method, the peak
acceleration decrease rate can reach 9.8% when the liquefiable layer burial depth exceeds
30 m.
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4.4. Thickness of Liquefiable Layer

Figure 15 shows the distribution of the peak horizontal acceleration at the dam crest
for a variety of liquefiable layer thicknesses. The total stress method analysis reveals that
the peak horizontal acceleration at the dam crest exhibits an upward trend as the thickness
of the liquefiable layer beneath increases. However, under the effective stress method,
the results indicate an initial increase in peak acceleration, followed by a decrease, as
the thickness of the liquefiable layer varies. This is because the effective stress change
during soil liquefaction is not considered in the analysis using the total stress method,
and as the thickness of liquefiable layer increases, more seismic energy is assumed to
be transferred directly to the dam crest, resulting in an increase in the calculated peak
acceleration. The effective stress technique, on the other hand, takes into account both the
rise in pore water pressure and the fall in effective stress during soil liquefaction. With
the thickening of the liquefied layer, its attenuating effect on seismic waves intensifies,
resulting in reduced ground vibratory energy reaching the dam crest. Consequently, the
calculated peak acceleration at the dam crest gradually diminishes as the thickness of the
liquefied layer increases. Further comparison shows that the effective stress method is
more effective than the total stress method in reducing the peak horizontal acceleration at
the dam crest, and when the thickness of the liquefiable layer reaches 100 m (i.e., the dam
foundation consisted entirely of a liquefiable soil layer), peak acceleration declines at a rate
of 19.2%. The importance of considering liquefaction effects when assessing the impact of
earthquakes on dams is well illustrated.
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Figure 15. The peak horizontal acceleration of the dam crest at different thicknesses of the liquefi-
able layer.

The response spectrum analysis was conducted for the fundamental frequency, fo-
cusing on liquefiable layer thicknesses varying from 25 m to 100 m, under the influence
of seismic wave 1. The outcomes of this analysis are highlighted in Figure 16, providing
insights into the behavior of the structure across different liquefiable layer thicknesses. The
figure depicts a decrease in fundamental frequency as liquefiable layer thickness increases.
For the total stress method, the response spectrum shows a rising trend with thicker liq-
uefiable layers. In stark contrast to other methods, the effective stress analysis exhibits a
distinctive pattern in the response spectrum as the thickness of the liquefiable layer varies.
Initially, the spectrum displays an upward trend, but this is followed by a subsequent
decline as the liquefiable layer thickens further. The response spectrum under the effective
stress method, as depicted in Figure 16, initially rises and then falls. This trend can be
attributed to the varying effects of liquefaction on seismic wave attenuation. When the
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liquefiable layer is thin, liquefaction starts to occur, but the overlying non-liquefied soil
layer remains thin, limiting its ability to dampen seismic waves. However, as the liquefi-
able layer thickens further, its attenuation effect on seismic waves significantly intensifies,
resulting in a decrease in the response spectrum. This is consistent with the horizontal
acceleration peak response effect reflected in Figure 17.
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Figure 16. The relationship between the fundamental frequency and the response spectrum at
different thicknesses of the liquefiable layer.
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Figure 17. The acceleration distribution cloud diagram of the dam body at different liquefiable layer
thickness. (a) A 25 m liquefiable layer thickness; (b) a 50 m liquefiable layer thickness; (c) a 75 m
liquefiable layer thickness; (d) a 100 m liquefiable layer thickness.

4.5. Ground Motion Intensity

The distribution of peak horizontal acceleration under various ground motion in-
tensities is shown in Figure 18 at the site of the center axis and at the dam–foundation
contact, respectively. As the intensity of ground motion increases, it is evident that the peak
horizontal acceleration exhibits a rising trend at both the dam body’s surface and its center
axis. Furthermore, as the degree of ground motion increases, the lowering of the peak
acceleration under the effective stress approach becomes more substantial. Specifically, the
location in Figure 18a where the acceleration response is reduced the most is around 100 m
from the dam body’s central axis, and the reduction can be up to 1.3 m·s−2.

Figure 19 illustrates how the acceleration amplification of the dam crest varies under
various degrees of ground motion. It is clear that the overall trend of the acceleration
amplification of the dam body does not change, despite fluctuations in the magnitude of
the ground shaking. In other words, the acceleration gain of the dam body diminishes as
the strength of the input ground motion increases. This is a consequence of the fact that
when seismic strength rises, the dam body’s acceleration and amplification diminish. As
seismic intensity rises, the internal shear strain of the dam body intensifies. This leads to a
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decrease in the dynamic shear modulus and an increase in the damping ratio, both of which
contribute to mitigating the acceleration-amplifying effect of the dam body. Furthermore,
the acceleration amplification of the dam crest lowers even more, and this diminishing
tendency is more pronounced when soil liquefaction is taken into account.
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Figure 18. The distribution of peak horizontal acceleration at the top of overburden and along the
center axis for different ground motion intensities. (a) The top of the overburden; (b) the central axis
of the rockfill dam.
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Figure 19. Acceleration magnification of the dam crest at different values of ground motion intensity.

4.6. Seismic Wave Characteristics

The distribution of peak acceleration at the dam crest in the horizontal direction
when various seismic waves are acting on it is shown in Figure 20. The analysis shows
that the difference in spectral characteristics of seismic waves significantly affects the
acceleration response. Since the seismic peak moment of seismic wave 1 is earlier than the
maximum accumulated moment of pore pressure, it cannot truly reflect the weakening of
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acceleration response by liquefaction and is not compared here. Seismic wave 4 possesses a
higher low-frequency content and spectral value than seismic wave 3, which has a lower
low-frequency content.
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Figure 20. The peak horizontal acceleration of the dam crest under different seismic waves.

Consequently, as depicted in Figure 21, the dam experiences a more pronounced hori-
zontal acceleration response when subjected to seismic wave 4. The figure also illustrates
that the Fourier spectrum of the dam crest’s horizontal acceleration under seismic wave 4
in Figure 22 is generally larger than that of seismic wave 3. Seismic wave 4, characterized
by abundant low-frequency content and a high spectral value, exerts a particular influence
on the dam. Specifically, the Fourier spectrum of the dam crest’s horizontal acceleration,
corresponding to seismic wave 4, exhibits higher values in the low-frequency band.
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Figure 21. Acceleration distribution cloud diagrams of the dam body under different seismic waves.
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5. Conclusions

In this paper, the total stress method and effective stress method based on the equiva-
lent linear model were used to systematically analyze the dynamic response law of rockfill
dams on liquefiable overburdens; the influences of different dam heights, overburden thick-
nesses, burial depths of the liquefiable layer, thicknesses of the liquefiable layer, ground
motion intensities, seismic wave characteristics, etc., were analyzed; and the effect of
liquefaction of the overburden in the foundation of rockfill dams was comprehensively
considered. The following conclusions were reached:

(1) The peak acceleration and acceleration amplification of a rockfill dam in the horizontal
direction are significantly weakened by the effect of soil liquefaction. Calculations
using the two analytical methods show that liquefaction of the soil body usually
exhibits a more pronounced reduction in peak acceleration, with the reduction rate
ranging from 4% to 30%, and the acceleration gain of the dam body decreases with
increasing ground motion intensity. This attenuation effect is particularly significant
for high dam heights, thick cover layers, and strong seismic conditions.

(2) The effective stress method, which takes liquefaction into account, significantly re-
duces the predicted peak acceleration as the depth and thickness of the liquefiable
layer increase. When the burial depth reaches 30 m, the reduction rate of the peak
acceleration under the effective stress method is as high as 9.8%; when the thick-
ness of liquefiable layer reaches 100 m, the reduction rate of the peak acceleration
reaches 19.2%.

(3) Seismic waves with a strong low-frequency component can accelerate the liquefaction
effect of the soil body in rockfill dams on overburden. The peak horizontal acceleration
of the dam crest under the effective stress method is significantly lower for seismic
wave 4, which has a higher spectral value and more low-frequency content, than it
is for seismic wave 3, which has less low-frequency content. The reduction rate for
seismic wave 4 is as high as 33.7%.

(4) In principle, for dynamic analysis of rockfill dams involving soil liquefaction problems,
the effective stress method should be used to obtain more accurate prediction results.
However, in view of its complexity and application limitations, the actual choice
should be flexible. For cases with low seismic intensity, short dams or insignificant
pore pressure accumulation, the total stress method can be used as a quick and
simplified preliminary analysis tool.
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