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The propagation characteristics
of seismic waves in ultra-deep
overburden by large-scale shaking
table test

Yang Xing?, Li Wentao?*?, Wu Shibin?, Chen Zhixiong? & Ding Xuanming?

The seismic performance of earth-rock dams on deep overburdens has long been a central focus in dam
engineering. Understanding the propagation law of seismic waves within a deep overburden is key

to revealing the mechanisms of the dynamic response. In this study, the propagation characteristics
of horizontal and vertical seismic waves in a deep overburden were systematically investigated using
large-scale shaking table tests, with analysis based on acceleration and pore pressure data combined
with stockwell transforms and coherence function methods. The results show clear differences in how
the deep overburden modulates seismic waves in different directions. Horizontally, seismic waves
exhibit an amplitude pattern that first decreases and then increases during propagation, with low-
frequency components dominating and high-frequency components being strongly filtered. Vertically,
the peak acceleration at the overburden top was higher than that in the lower layers; however, the
frequency content changed slightly, and high-frequency filtering was weak. The weak interlayer has
an obvious filtering effect on high-frequency horizontal seismic waves. For the pore pressure response,
the accumulation of excess pore pressure across different depths was generally similar; however,
liquefaction was only observed at the top of the overburden.

Keywords Ultra-deep overburden, Seismic attenuation-amplification duality, Shaking table test, Propagation
behavior, Bidirectional seismic wave

With the rapid development of water conservancy and hydropower projects worldwide, the problems of strong
earthquakes and deep overburden foundations, which are difficult to avoid, have become important challenges
for engineering construction. This is also a controlling factor for the successful construction of many projects. A
deep overburden often consists of multiphase accumulations and high-variability particles interspersed with a
variety of physical properties of differentiated weak interlayers'. Under strong earthquakes action, the dynamic
response of such foundations is complex and variable, posing a major threat to engineering safety®-*. Therefore,
for the construction of earth-rock dams built on a deep overburden, it is necessary to study the dynamic response
law of the dam foundation in a deep overburden under strong earthquake action.

In recent years, seepage, seismic, and dynamic characteristics of deep overburden dam foundations have
received extensive attention. Scholars have investigated seepage control wall optimization and joint stress-
deformation mechanisms in core-wall dams through theoretical and numerical analyses, significantly enhancing
the synergistic performance of anti-seepage systems®~’. Additionally, critical advancements in seismic response
studies of deep overburden foundations, The nonlinear soil behavior and seismic wave propagation patterns
have elucidated under dynamic loading®12. Numerous scholars have systematically examined dam-foundation
dynamic interactions, seepage fields, and seismic safety assessments, advancing engineering design and risk
control strategies for deep overburden regions'*-'¢, However, most studies have relied on idealized models and
parameter simplifications. It cannot fully reflect the effects of complex multilevel layering, weak interlayers, and
the physical inhomogeneity of the deep overburden on seismic wave propagation and energy evolution.

Many studies on the seismic response and dynamic hazard mechanisms of overlying dam foundations
have involved shaking table tests. Zhang!” investigated the effects of the peak input acceleration and soil
layer characteristics on the propagation pattern of seismic waves using centrifuge shaking tests. The results
showed that the low-frequency component was amplified and the high-frequency component was suppressed
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after the seismic wave propagated through the overburden. On this basis, Peng!® investigated the liquefaction
characteristics of a 30-40 m overburden by simulating an overlying soil layer with a steel ball. Cai'® designed
a loading airbag to simulate the foundation of a sand layer at different burial depths by controlling the airbag
pressure. The dynamic response and liquefaction laws of deeply buried sand foundations were studied. After
the seismic wave propagates through the deep overburden, the dynamic response exhibits some attenuation,
resulting in the amplification factor of the acceleration at the dam top being much smaller than the normative
recommended value based on the engineering statistics of earth-rock dams over the bedrock?. Additionally,
some studies have further realized the model size amplification and multi-field coupled monitoring by large-
scale shaking table, revealing the influence of complex topography and valley effect on the seismic response of
the dam body and overburden?!~?. Despite continuous progress in shaking table test technology, we have gained
a deeper understanding of the dynamic response and disaster evolution process of the dam foundation in the
overburden. However, shaking table test research on complex systems of ultra-deep overburdens is still scarce.

To address the above problems, this study considers an earth-rock dam project under planning as the research
object, focusing on its 500 m class ultra-deep overburden dam foundation containing weak soil layers. The
spectral characteristics of the overburden were revealed through large-scale shaking table tests. Time-frequency
analysis was used to study the horizontal and vertical seismic wave propagation patterns in the overburden.
Furthermore, the influence of soil liquefaction and weak interlayers on the propagation of seismic waves was
discussed.

Experiment setup

Engineering background

The main body of a large earth-rock dam project in western China is located on an ultra-deep overburden,
which reveals that the maximum depth of the overburden is over 500 m. The regional seismic risk analysis
results showed that the exceedance probability of the dam site over 100 years was 2% and the peak horizontal
acceleration of the bedrock exceeds 0.5 g. Combined with the drilling survey data of the dam site, the foundation
of the entire overburden was mainly composed of six soil layers. Layer @ is mainly composed of yellow gravel soil
and sand-containing gravel soil, and the maximum thickness can reach 180 m. Layer @ was mainly composed of
gray gravel with a maximum thickness of 150 m. Layer ® is composed of medium coarse and medium fine sand
containing gray gravel, with a maximum thickness of 150 m. Layer @ was a silty clay layer (commonly termed
“weak interlayers” in engineering practice) with a maximum thickness of 20 m. Layer ® is mainly composed of
coarse sand and fine sand with gray gravel, with a maximum thickness of 60 m. Layer ® is mainly composed of
gray-yellow sand gravel layers, with a maximum thickness of 20 m.

Numerous site investigations were conducted during the engineering design and planning stages. Field soil
samples were taken to the laboratory for triaxial dynamic characteristic tests. These field investigations and
laboratory tests can be used as the basis for subsequent research!>2¢?7. The physical and mechanical parameters
of the soil samples are listed in Table 1.

Shaking table and model box

In this study, a large three-dimensional six-degree-of-freedom shaking table from the Shaking Table Laboratory
of Chongqing University was used. The table size is 6.1 x 6.1 m, the maximum load capacity is 60 tons, the two
horizontal maximum acceleration is 1.5 g, the vertical maximum acceleration is 1.0 g, and the system operating
frequency is 0.1-50 Hz.

A steel layered shear box with a length of 1.5 m, a width of 1.5 m, and a height of 3.5 m is designed, as
shown in Fig. 1. The shear box provided flexible constraint boundary conditions for the rock and soil mass by
superimposing 35 layers of rectangular shear rings. The model box and shaking table were fixed with high-
strength bolts to improve the movement consistency between the model box and shaking table so that the
movement of the table surface could be better transferred to the soil layer model. A layer of 2 mm rubber mold
was laid on the surface of the shear box to ensure the tightness of the model box and prevent soil particles from
entering the shear ring. A layer of geotextile was laid on the inner and outer surfaces of the rubber mold to
prevent uneven parts of the model box and soil particles from puncturing.

Similarity ratio design
To simulate the seismic response of an ultra-deep overburden, similarity requirements must be considered.
Scholars have conducted detailed research on the similarity theory of model tests?®%. In this study, the seismic

Void ratio Shear strength | Permeability coefficient

Soil Layers | Soil layers Saturated density (g/cm®) | e Dry density (g/cm®) | @ (°) | C (kPa) | (cm/s)

® sand gravel 2 0.65 1.61 35 0 1.5x1072

® coarse sand 1.95 0.57 1.58 27 0 2.5x107

@ silty clay 1.98 0.82 1.53 22 13 3.1x10°

® medium fine sand | 2 0.55 1.65 28 0 1.4x1073

©) sand gravel 1.98 - - 37 0 5%1073

o sand gravel 1.97 - - 39 0 1x10™

Table 1. Dimensions of each soil layer in the shaking table test model.

Scientific Reports |

(2025) 15:23297 | https://doi.org/10.1038/s41598-025-05999-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Fig. 1. Shaking table and laminar box.

L Size c 180
P Density C, 1

g Acceleration Cy 1

4 Stress C, =C 180
€ Strain C. 1

E Modulus of elasticity | Cp = C) 180
m Displacement C,=0C 180
t Time c,=c? 13.42
v Frequency C, = 0;1/2 0.075

Table 2. Similarity constants of shaking table test.

acceleration, density, and geometric size were selected as control parameters, and the test geometric size
similarity ratio was set to 180, based on the size of the model box and the actual parameters of the ultra-deep
overburden. The parameters of the other physical quantities are listed in Table 2, and the thickness of each soil
layer is listed in Table 3.

Model preparation
The material used in the model soil mass was collected from a dam construction site. According to the size of
the model box, particles greater than 60 mm in the soil mass will have a non-negligible size effect; therefore, the
removal method was adopted to remove particles greater than 60 mm. Because layers © and @ are hundreds of
meters underground, it is not easy to obtain raw materials on-site; therefore, layer ® of soil material was used
instead. In this test, layer @ mainly plays the role of a non-liquefied waterproof layer; therefore, there is no need
to consider the parameters of layer @, and a certain amount of water can be weighed to obtain a soft plastic shape.
Figure 2 shows the particle gradation of each soil layer during testing.

The construction process of the model is shown in Fig. 3. First, the geotextile and rubber mold were laid
inside the model box and the flower tubes were embedded. The model was prepared by controlling the dry
density. The model was filled in layers, with a total of 32 layers, each layer 10 cm. The soil sample should be fully
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Soil layer number | Model size (m) | Prototype size (m)
® 0.11 20

® 0.33 60

€} 0.11 20

® 0.83 150

@ 0.83 150

© 1.0 180

Total 3.22 580

Table 3. Dimensions of each soil layer in the shaking table test.
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Fig. 2. Particle size distribution curves of the model materials.

rammed and the compacted soil layer should be sampled and tested to ensure that the designed dry density can
reach!®. After the filling reached the design height, water was added to the saturated soil material until the water
level was 1 cm higher than the surface and the soil was allowed to stand for 24 h. If the water level decreased,
water was added to ensure that the soil sample was fully saturated. Because of the water-insulating effect of layers
@ of clay, buried water pipes were connected to the upper and lower layers in advance to discharge the gas, add
water saturation, and block the water pipes after saturation to prevent the formation of water channels above and
below layer @ and affect the test results.

The sensor layout is shown in Fig. 4, a total of 30 acceleration sensors are installed in the soil mass. The
acceleration sensors were unidirectional and mainly measured the acceleration response in the X- and
Z-directions, including 20 pore pressure sensors, 18 earth pressure sensors, and two displacement sensors. To
minimize the effects from the shear box boundary conditions, the sensors were buried at least 50 cm from the
boundary.

Input motion and test arrangement

In this study, the acceleration time-history curve was used to simulate the seismic waves. Artificial seismic waves
are used in this study. Its acceleration time-history curve comes from the study of similar engineering projects
by related researchers, and its amplitude magnitude takes full account of the seismic hazard of the dam site!>°.
Taking 0.1 g artificial seismic wave as an example, the acceleration time-history curve and Fourier spectrum are
shown in Fig. 5 and Fig. 6. The main frequencies of the horizontal acceleration was 1.50 Hz, and that of the vertical
acceleration were 2.04 Hz. In the test, two directions were simultaneously loaded (X- and Z-directions), and the
peak value of the acceleration in the Z-direction was taken as 2/3 of that in the X-direction. The test conditions
are listed in Table 4. White noise was inputted before loading to obtain the natural vibration characteristics of
the system. Part of the prototype artificial waves was applied at the end of the test to study the dynamic response
of seismic waves to an ultra-deep overburden.

Result and analysis

Dynamic characteristics of ultra-deep overburden

White noise was input before loading to obtain the natural vibration characteristics of the entire system of the
model box and soil mass. The A1-A9 acceleration sensor were selected for this study. Figure 7 shows the FFT
spectra of the horizontal and vertical monitoring points under the action of white noise. “%H” is the percent
height of the overburden; the “MF” is the main frequency of the acceleration. As shown in Fig. 7, the horizontal
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(@)

Fig. 3. Model construction process: (a) laying geotextile, (b) filling earth, (c) rammed earth, and (d)
embedded sensors.

natural vibration frequency mainly ranges from to 2-20 Hz, and the bottom of the soil layer was 20.66 Hz. At
the top, the frequency decreases to 1.97 Hz. The vertical natural vibration frequency was mainly concentrated
in the range 9-16 Hz, and that at the bottom was 15.68 Hz. With an increase in height, it decreases to 9.01 Hz
and remained unchanged. In addition, the low frequency was amplified, and the high frequency was suppressed
in both the vibration directions. Owing to the laminar box model, the soil mass can shear in the horizontal
vibration direction, whereas the vertical vibration is fixed at the bottom, resulting in a horizontal natural
vibration frequency that is lower than the vertical vibration.

The Quarter-Wavelength Method®' (QWL, f=Vs/4H) was used to calculate the main frequency of the soil
layer, and the theoretical value was compared and analyzed with the measured main frequency of the acceleration
response in the test. QWL is one of the most widely used simplified methods for the analysis of the horizontal
seismic wave dynamic response of layered soils, and its principle is based on the propagation characteristics of
shear waves in soils. The site response under seismic action is dominated by horizontal shear waves, and the
dynamic response and damage modes of most engineering structures are related to horizontal seismic waves.
The theoretical main frequency calculations and experimental comparisons were centered on the horizontal
component, and the main frequency of the vertical component was not included in the scope of the comparisons
in this study. The shear wave velocity in the theoretical calculation was derived from the survey data of the
actual site'?, and the thickness was calculated based on the prototype obtained from the test similarity ratio. The
longitudinal distribution patterns of the theoretical and measured main frequencies of the tests for different soil
layers are shown in Fig. 8. In general, the theoretical main frequency increased rapidly with the height of the
soil layer, reflecting the frequency distribution characteristics of higher-order modes under ideal conditions.
Although the measured main frequency was much lower than the theoretical value overall, except for the bottom
two layers of the overburden. The main reasons for this difference may be the damping of the actual soil layer,
energy dissipation of the weak interlayer, and the limited response sensitivity of the test system in the high-
frequency band.
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Fig. 4. Schematic diagrams of the model test: (a) plane view, (b) sectional view (A-A), and (c) sectional
view (B-B). Note: Acceleration and soil pressure gauges measured the horizontal and vertical directions,
respectively.
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Fig. 5. Selected input motions used during the tests: (a) horizontal and (b) vertical.

Acceleration

Figures 9 and 10 show the distribution of the acceleration amplification coefficient and normalized main
frequency factor along the overburden heights of the overburden under different peak ground accelerations
(PGA). Both the acceleration amplification coefficient and normalized main frequency factor at the bottom
of the model were 1. With increasing height, the horizontal acceleration amplification coefficient gradually
decreased, whereas the vertical acceleration amplification coefficient gradually increased, and the normalized
main frequency factor of acceleration in both directions decreased. With an increase in the input PGA, the
horizontal acceleration amplification factor decreased and stabilized when the PGA was 0.48 g. However, the
vertical acceleration amplification factors were different and there was no obvious regularity. The distributions
of the normalized main frequency factor of the acceleration in the two directions were different. The horizontal
normalized main frequency factor of each magnitude was significantly different in layers @ and ®, whereas
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Fig. 6. Fourier spectra of input motions: (a) horizontal and (b) vertical.
Intensity
(®
Test no. | Input motions | X z Remark
Casel WN-1 0.05 | 0.05 | White noise
Case2 AS-1 0.1 |0.07
Case3 AS-2 0.24 | 0.16
Case4 WN-2 0.05 | 0.05 | White noise
Case5 | AS-3 0.48 | 0.32
Case6 | WN-3 0.05 | 0.05 | White noise
Case7 | AS-4 0.62 | 0.41
Case8 WN-4 0.05 | 0.05 | White noise
Case9 AS-5 0.8 ]0.53
Casel0 | WN-5 0.05 | 0.05 | White noise
Casell | AS-6 0.1 |0.07 | Prototype wave
Casel2 | AS-7 0.24 | 0.16 | Prototype wave
Casel3 | WN-6 0.05 | 0.05 | White noise
Casel4 | AS-8 0.48 | 0.32 | Prototype wave
Casel5 | WN-7 0.05 | 0.05 | White noise
Table 4. Test arrangement. WN represents white noise; AS represents the artificial wave.
the vertical normalized main frequency factor remained unchanged at 0.07 g and the other magnitudes first
increased and then decreased.

Figure 11 shows the variation in the acceleration amplification coefficients and normalized main frequency
factors at the top of the overburden. Horizontally, the maximum acceleration amplification coeflicient is 1.17,
which occurs at a PGA of 0.8 g, while the maximum vertical acceleration amplification coefficient is 2.7, which
occurs at a PGA of 0.53 g. With the increase in PGA, the horizontal acceleration amplification coefficient first
decreases and then tends to be stable, and its normalized main frequency factor changes little, with the maximum
being 0.17 and the minimum being 0.14. Vertically, with an increase in the PGA, the amplification coefficient
first decreased and then increased, whereas the normalized main frequency factor decreased gradually, with a
maximum of 0.6 at 0.07 g and a minimum is 0.34 at 0.53 g.

Figures 12 and 13 show the acceleration time-history curve and the corresponding main frequency at
horizontal PGA of 0.48 g and vertical PGA of 0.32 g. The results show that the horizontal peak acceleration
decreases to 0.22 g at the top (A9), a decrease of 54.17%, with an increase in height. In the vertical direction,
the peak acceleration increases to 0.69 g, an increase of 115.63%. The main frequencies corresponding to both
directions decrease with increasing height. The main frequency of horizontal seismic wave propagating from the
bottom to the top decreases from 15.54 to 2.23 Hz, and the main frequency in the vertical direction decreases
from 21.07 to 8.94 Hz.
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Fig. 9. Distributions of the horizontal acceleration amplification factor and normalized main frequency
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Fig. 10. Distributions of vertical acceleration amplification factor and normalized main frequency factor along
the height of the overburden: (a) distributions of acceleration amplification factor and (b) normalized main
frequency factor.

Owing to the soil container, the soil mass can be sheared in the horizontal vibration direction, while the
vertical bottom is fixed. When seismic waves are applied, the soil particles in the horizontal direction are more
likely to slide with each other, and the fundamental frequency of the overlying layer decreases. This causes
the natural frequency of the overlying layer to deviate from the main frequency of seismic motion, resulting
in a decrease in the horizontal acceleration amplification factor. The shear effect was more evident and the
magnification coefficient was further reduced. However, owing to the constraints in the vertical direction, the
stiffness decreased less, the fundamental frequency of the overburden layer gradually decreased, and it was close
to the main frequency of the input seismic wave. Therefore, the overburden layer was more likely to resonate
with the input seismic acceleration, and the amplification coefficient of the vertical acceleration increased.

To further investigate the propagation patterns of the seismic waves. A time-frequency analysis (Stockwell
transforms) of the acceleration data was performed>®. Figure 14 shows the propagation pattern of the
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Fig. 12. Records of the horizontal acceleration-time history and Fourier spectra at different heights (Case 5):
(a) acceleration-time history and (b) Fourier spectra.
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Fig. 13. Records of vertical acceleration-time history and Fourier spectra at different heights (Case 5): (a)
acceleration-time history and (b) Fourier spectra.

seismic waves along the overburden at a PGA of 0.48 g. The effective action time of the seismic wave is mainly
concentrated between 0 and 2.5 s. The peak acceleration continued to decrease as the horizontal seismic wave
propagated upward, and energy was transferred from the high-frequency band to the low-frequency band. At
the bottom of the overburden, the energy was primarily concentrated at 15-47 Hz, whereas at the top it was
concentrated at 4-11 Hz. The energy of the vertical seismic wave was mainly concentrated at 13-34 Hz, After
passing through different soil layers, the change was small, but the peak acceleration increased. This indicates
that the overburden has a difference in the modulation mechanism of the seismic waves in different directions.
Combined with Fig. 7, the resonance bands of the seismic waves in different directions are different, which may
be an important reason for this modulation difference.

Pore pressure

Figure 15 shows the variation in the excess pore pressure ratio with overburden height. The excess pore
pressure ratio gradually increases as the input PGA increases. However, in the middle and lower parts of
the overburden, the excess pore pressure ratio was small. The excess pore pressure ratio showed an abrupt
decrease in the weak interlayer until the top of the overburden, where the increase was significant. At a
PGA 0f 0.48g, the excess pore pressure ratio exceeded 1 for the first time, which indicated that liquefaction
started to occur at the top of the overburden. However, at a PGA of 0.62 g, the excess pore pressure ratio
decreased. This may be a result of repeated liquefaction, which causes rearrangement of soil particles and
increases the relative compactness of the soil*!. The test results showed that liquefaction occurred only at
the top of the overburden, regardless of the input PGA, which is probably because the effective stress at
the top of the overburden is small and liquefaction occurs easily.

To further investigate the link between acceleration and pore pressure, the effect of liquefaction on acceleration
was investigated. Combined analysis of acceleration and pore pressure of the overburden®. Figure 16 shows
the acceleration (Stockwell transforms) and excess pore pressure variations in the overburden. The variations in
the excess pore pressure were similar at all locations in the overburden. When the PGA is 0.24 g, the overburden
has a dynamic response, but the excess pore pressure has not accumulated to the critical value of liquefaction,
and the S-transform spectrum energy is concentrated and the amplitude is small. With the increase of PGA
to 0.48 g, the top of the overburden firstly reaches liquefaction, and the accumulation of excess pore pressure
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Fig. 14. Time-history and stockwell transformation of accelerations: (a) horizontal, (b) vertical.

is obvious, accompanied by the enhancement of low-frequency energy, which reflects the strong nonlinear
dynamic process of the soil body and the behavior of local liquefaction dissipation.

In this test, at a lower input PGA, the acceleration at the top of the overburden exhibits amplification owing
to the integrity and stiffness of the soil, which effectively transmits and amplifies seismic wave energy. As the
input PGA increased and approached a critical threshold, the excess pore pressure gradually increased and
the effective stress decreased towards zero. When the top of the overburden starts to liquefy, its strength and
stiffness decrease sharply, resulting in a significant reduction in acceleration amplification (the amplification
factor decreases), and even attenuation can occur. This transition from amplification to attenuation was mainly
controlled by the pore pressure buildup and the onset of liquefaction.

Influence of weak interlayer on seismic wave propagation

Weak interlayers have a significant impact on the propagation of seismic waves, and previous studies have shown
that weak interlayers can absorb or amplify seismic waves®”. In this study, the acceleration amplification factor
of the weak interlayer was defined as the ratio of the peak acceleration of the monitoring point (A8) above the
weak interlayer and the measurement point (A7) below the weak interlayer. Figure 17 shows the distribution
of the acceleration amplification coefficient of the weak interlayer. With an increase in the acceleration, the
horizontal amplification coeflicient was always less than 1, and the minimum was 0.88. In contrast, the vertical
amplification coefficient first increases and then decreases.

Figure 18 shows that the acceleration stockwell transforms the results of the upper and lower measurement
points of the weak interlayer, which contain horizontal and vertical seismic wave components, respectively. As can
be seen in Fig. 18, the horizontal seismic wave shows a strong energy response in the 10-30 Hz band. However,
the high-frequency energy zone shrinks rapidly and attenuates after crossing a weak interlayer. This indicates
that the weak interlayer has a strong damping effect on high-frequency horizontal seismic waves. In contrast,
the vertical seismic wave component energy was mainly concentrated in the lower frequency band (10-20 Hz),
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Fig. 16. Time-history variation of acceleration and pore pressure at the top of the overburden at a PGA of
048 g.

and the difference in the time-frequency energy distribution between the upper and lower measurement points
of the sandwich was relatively small. This indicates that the weak interlayer had a stronger filtering effect on the
horizontal high-frequency seismic energy and a limited effect on the vertical energy. The test results revealed
the frequency-selective energy-dissipation mechanism of the weak interlayer, which is of great significance for
guiding the seismic wave response of the site and the design of the engineering foundation.

Coherence is an indicator in the frequency domain that measures the degree of linear correlation between
two signals in specific frequency components, with a value range of [0, 1]. The value is 1: and the two signals
are linearly correlated at this frequency. Value 0: There is no linear correlation between the two signals at this
frequency. The specific calculation formula for coherence is as follows
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Figure 19 shows the acceleration coherence results of the measurement points above and below the weak
interlayer. The coherence of the acceleration signals above and below the weak interlayer in the horizontal
direction is much lower than that in the vertical direction, particularly in frequency bands of 10-40 Hz. Some of
these are reduced to 0.4-0.6, which indicates that the weak interlayer has a more evident frequency-dependent
energy dissipation effect on the horizontal transmission of the seismic wave, and the low-coherence intervals
correspond to significant damping. The coherence was close to 1 at most frequencies in the vertical direction,
indicating that the effect of the weak interlayer on the energy transmission of the vertical seismic wave was small,
and the fluctuation was mainly linear with limited energy loss. This may be related to the tectonic anisotropy of
the interlayer or to a sudden change in the transverse wave impedance of the material.

v (f) = (1)

Conclusions

Through a large-scale shaking table model test, the seismic wave propagation law of a dam foundation under a
strong earthquake (peak acceleration exceeding 0.5 g) with a 500 m class ultra-deep overburden was studied. The
following conclusions were drawn.

(1) The seismic wave propagation patterns in the overburden differed by direction. Horizontally oriented seis-
mic waves first decrease and then increase in amplitude with height, whereas vertically oriented waves are
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primarily amplified, particularly at the top of the overburden. In both directions, the dominant frequency
generally decreases with increasing height.

(2) Liquefaction occurs only at the top of the overburden regardless of the input PGA. When liquefaction
occurs, acceleration is attenuated, high-frequency components of horizontal seismic waves are filtered out,
and the frequencies of the vertical seismic waves change slightly.

(3) Weak interlayers also exhibit direction-dependent modulation. Horizontal seismic waves passing through
a weak interlayer exhibit poor coherence and significant energy dissipation in the high-frequency range;
however, their effect on the energy transmission of vertical seismic waves is minimal.

This study had several limitations. First, the shaking table model is subject to scaling laws and boundary effect
constraints, which may influence the dynamic responses compared to full-scale field conditions. Second, the
soil profile was simplified and may not capture the full complexity of the natural site stratigraphy or in situ
properties. Third, the use of artificially synthesized earthquake inputs, while representative, does not encompass
the full spectrum of natural ground motion variability. In the follow-up work, we will consider conducting larger
modeling tests in order to minimize the influence of the boundary and also to construct the structure of the
ultra-deep cover closer to the natural state. For the input ground motions, several types of natural seismic waves
will be selected for subsequent tests in order to better study the propagation characteristics of seismic waves in
the ultra-deep overburden.

Data availability
The datasets used and analyzed during the current study are available from the corresponding author upon
reasonable request.
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