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The distribution of hydrodynamic pressure acting on the structural face of a dam significantly influences the stability of the
dam. The present study investigates the development of the hydrodynamic pressure acting on the surface of a dam at different
heights with respect to time during earthquakes with different dominant frequencies using a shaking table.The results demonstrate
that the variation in the hydrodynamic pressure significantly follows the seismically accelerated wave motion in the absence of
resonance. However, under conditions of resonance, the fluctuations in the hydrodynamic pressure exhibit similarities with a sine
wave, and the positive peak values present some hysteresis. The experimental pressure values in the absence of resonance present
parabolic distributions with respect to the water height that are in good agreement with the corresponding hydrodynamic pressures
determined by Westergaard’s equation, while conditions of wave resonance produce a uniform distribution of hydrodynamic
pressures with greater values and much longer periods of increased hydrodynamic pressure than the case of nonresonance. In
addition, the seismic frequency, fundamental frequency of the reservoir, maximum peak seismic acceleration, and initial water
depth are treated as variables. An empirical equation is derived to predict the maximum hydrodynamic pressure in conjunction
with wave resonance conditions.

1. Introduction

Themotion of seismic-induced hydraulic structures can gen-
erate considerable hydrodynamic pressure on the structural
face of a dam, which can significantly affect its stability.
Westergaard [1] first derived an expression for the hydro-
dynamic pressure exerted on the vertical upstream face of
a concrete dam subjected to a single harmonic excitation.
In fact, many current engineering designs have continued
to employ a simplified form of this formula to account
for hydrodynamic pressure loads [2–4]. In 1953, Zangar [5]
developed an experimental solution for the same problem
using an electrical analogue and reported extensive results for
a variety of nonvertical upstream faces. Chwang andHousner
[6, 7] solved the hydrodynamic pressure problem for a more
general dam configuration using the momentum method
and two-dimensional (2D) potential flow theory, respectively.

Wang et al. [8] modified Westergaard’s equation by consid-
ering the influence of dam height, elasticity, and reservoir
bottom condition. The results generated by these works were
more or less equivalent to the results of Westergaard.

Numerous researchers have studied hydrodynamic pres-
sure under seismic excitation using a variety of othermethods
to consider the effects of different parameters. Saini et al.
[9] employed the finite element method to analyze the 2D
response of a reservoir-dam system subjected to horizontal
ground motion. When the water was assumed to be incom-
pressible, its effect on the dam was found to be equivalent
to that of an added mass. When the water was assumed
to be compressible, its effect was found to be equivalent to
that of an added mass in conjunction with added damping.
Moreover, the coupled response of the system was signifi-
cantly increased relative to the uncoupled response at the
fundamental natural frequency of the system. Zingales [10]
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analyzed the hydrodynamic pressure in a dam-reservoir
system with an infinite reservoir composed of a compressible
fluid and modeled seismic acceleration as a normal zero-
mean stochastic process. Based on the results, the close
relationship between the frequency content of the seismic
vibrations and the seismic-induced hydrodynamic pressure
was outlined. Bouaanani et al. [11] considered water com-
pressibility and wave absorption at the reservoir bottom
to establish closed-form formulas for solving the fluid-dam
interaction problem. Gogoi andMaity [12] conducted seismic
excitation analysis based on the short-time Fourier transform
to evaluate hydrodynamic pressures along the upstream face
of a dam-reservoir system. Chen andMalenica [13] examined
the distributions of hydrodynamic pressure on the surface
of a ship hull for a large range of encounter frequencies.
Saleh and Madabhushi [14, 15] investigated the effect of
dam-foundation interaction on the hydrodynamic pressure
response on a dam face under different seismic excitations
using the dynamic centrifuge modeling technique.This work
proposed an experimental method for examining hydrody-
namic pressure. Pelecanos et al. [16, 17] employed numerical
modeling to investigate the hydrodynamic pressures of stiff
and flexible dams with vertical and sloped upstream faces
under ramp, harmonic, and random acceleration loads and
further examined the elastic dynamic response of dams. Xu
et al. [18] employed a semianalytical scaled boundary finite
element method (SBFEM) to investigate the hydrodynamic
pressure acting on the concrete face slabs of rockfill dams.
In addition, Chen and Yuan [19] studied nonlinear hydro-
dynamic pressures with consideration for the influence of
vertical seismic waves.

As can be seen from the above discussion, consider-
able efforts have been made to investigate seismic-induced
hydrodynamic pressure on dam faces. However, thus far,
few experimental studies have examined the development
of seismic-induced hydrodynamic pressures with respect
to time in conjunction with wave resonance. Therefore,
the present study simulated actual seismic waves using a
shaking table, and experiments were accordingly conducted
to investigate the characteristics of the seismic hydrodynamic
pressure acting on the wall. Use of the shaking table allowed
the acceleration amplitude and frequency of waves to be
finely controlled. In each experimental test, the pressures
exerted by the water were recorded by sensors attached
to the wall at various water heights. Here, the additional
seismic-induced water pressure acting on the wall is regarded
as the seismic hydrodynamic pressure. Then, the effects
of main parameters such as seismic frequency, maximum
peak seismic acceleration, the fundamental frequency of
the reservoir, and initial water depth are considered in the
analysis of the results. An empirical equation is established
for evaluating seismic hydrodynamic pressure in conjunction
with wave resonance.

2. Shaking Table Experiments

2.1. Experimental Setup. The present experimental setup
consists of six components: a shaking platform, vibrator,
hydraulic pumps, control system, water tank, and water

pressure acquisition system, as illustrated in Figure 1. The
platform was 4m × 2m and accommodated a maximum
payload of 25 t. The water tank was installed on the platform
and had a length of 3.76m, a width of 1.76m, and a height of
1.50m. The water body (i.e., the actual reservoir within the
water tank) had a length of 2.73m, a width of 1.76m, and a
depth of 0.35m. To simulate the excitation of an earthquake
during tests, the water body was subjected to movement in
a single direction along its length using hydraulic pumps.
The motion induced after which the vibrator received the
signal and the hydraulic pumps caused the platform and
water tank to shake. The frequency of the shaking table
ranged from 0.4Hz to 15Hz, with a correspondingmaximum
amplitude of 100mm and a maximum acceleration of 1.2 g,
where g is the acceleration due to gravity. Prior to each
experimental test, the input accelerated wave motion was
calibrated to ensure accurate experimental measurements.
The input accelerated seismic wave was firstly designed using
a digital control system, and then the actual shaking table
waveform obtained by the vibrator based on the designed
waveform was compared with the designed waveform for
feedback correction and iterative optimization to ensure a
good match. The final optimized signal obtained was then
applied for driving the shaking table during experiments.
Six pulsating water pressure sensors were attached to the
vertical wall for measuring the hydrodynamic pressures at
a frequency of 500Hz. The pulsating water pressure sensors
employed have a range of−100 kPa to 100 kPa and an accuracy
of 0.1%. The sensors were numbered as P1 to P6, with
corresponding heights from the reservoir bottom of 2 cm,
8 cm, 14 cm, 20.5 cm, 27.5 cm, and 31.5 cm, respectively. A
detailed illustration of the sensor positions is presented in
Figure 2.

2.2. Experimental Design. To analyze the seismic-induced
hydrodynamic pressure in conjunction with wave resonance,
we firstly obtained the resonant frequency of the water body.
According to the study of Saini et al., the hydrodynamic pres-
sure response is significantly reduced at resonant frequen-
cies higher than the fundamental resonant frequency [9].
Therefore, the present study considered only the fundamental
natural frequency of the water body (i.e., the reservoir).
The analytical formula generally employed for defining the
natural angular frequencies of a reservoir in a single direction
is expressed as follows [20–22]:

𝜔2𝑛 = 𝑛𝑔𝜋𝐿 tanh(𝑛𝜋ℎ𝐿 ) 𝑛 = (1, 3, 5, . . .) , (1)

where 𝐿 is the length of the reservoir and ℎ is the depth of
the reservoir.The fundamental natural frequency in the single
direction 𝐿 of the reservoir employed for testing is then

𝑓1 = 𝜔12𝜋
= √((9.8 × 3.14) /2.73) × tanh ((3.14 × 0.35) /2.73)(2 × 3.14)
= 0.33Hz.

(2)
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Figure 1: A typical illustration of the experimental setup design.
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Figure 2: Image and schematic diagram of the pulsating water pressure sensor positions.

White noise was then employed as the signal source to
test the resonant frequency of the reservoir. A fast Fourier
transform (FFT) analysis of the measured water pressure
caused by the white noise signal is presented in Figure 3,
which shows that the measured fundamental natural fre-
quency was 0.3325Hz, which is in good agreement with
the theoretical prediction. The presented formula therefore
provides an effective method for calculating the fundamental
natural frequency of a reservoir in the absence of actual
measured data.

Two different seismic waves were utilized to compare the
development of the hydrodynamic pressure at various heights
with respect to time for conditions both with and without
wave resonance. One seismic waveformwasmodeled accord-
ing to the Wenchuan Ms 8.0 earthquake that transpired on
May 12, 2008, inWolong, China, which exhibited a dominant
frequency of 2.35Hz (denoted herein as EQ1). The second
seismic waveform was modeled according to the Mexicali-
California Ms 7.2 earthquake that transpired on April 4, 2010,
which exhibited a dominant frequency of 0.38Hz (denoted
herein as EQ2). These seismic waveforms are presented in
Figures 4 and 5, respectively. Here, we note that the dominant
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Figure 3: Fourier amplitude spectrum of the hydrodynamic pres-
sure of the reservoir employed in the tests due to white noise
excitation.

frequency of EQ2 is close to the fundamental natural fre-
quency of the water body, whereas the dominant frequency of
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quake waveform
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Figure 4: Seismic parameters of the Wolong earthquake waveform (EQ1).
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(a) Time-domain acceleration response curve due to the Mexicali earth-
quake waveform
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Figure 5: Seismic parameters of the Mexicali earthquake waveform (EQ2).

EQ1 is much greater than the fundamental natural frequency.
The details of the experimental seismic waves and the cor-
responding peak ground acceleration (PGA) are presented
in Table 1. In each test, the modeled seismic waveform was
applied to the shaking table, and the hydrodynamic pressures
at the corresponding heights were recorded by the water
pressure acquisition system with respect to time. Following
the completion of the seismic waveform, the acquisition
system continued operation until the entire water body had
achieved a calm state. The water pressure values obtained for
the individual sensors prior to testing were subtracted from
the hydrodynamic pressures obtained during earthquake
simulation at the corresponding heights. Therefore, both the
pressure caused by seismic-induced free surface waves and
the pressure caused by dynamic interaction between the

Table 1: Seismic waveforms employed in testing and their peak
ground acceleration (PGA).

Seismic
waveform Seismic peak ground acceleration (m/s2)

Wolong wave
(EQ1) 0.05 g 0.1 g 0.15 g 0.2 g 0.25 g 0.3 g

Mexicali wave
(EQ2) 0.05 g 0.1 g 0.15 g 0.2 g 0.25 g 0.3 g

water body and the sidewall during earthquake simulation
may be included in the recorded hydrodynamic pressures.We
did not fractionize the components of the seismic-induced
water pressure.
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3. Experimental Results and Discussion

3.1. Hydrodynamic Pressure in the Absence ofWave Resonance.
Figure 6 presents the hydrodynamic pressures recorded by
sensors P1–P6 (i.e., from the bottom to the top of the water
body) during simulation of the EQ1 waveform. In addition,
the 0.25 g acceleration results are also presented.

Generally, the synchronized hydrodynamic pressures
obtained at P𝑖, where 𝑖 = 1, 2, 3, 4, 5, 6, in Figure 6 yield
similar values. However, the variation in the hydrodynamic
pressure with respect to timemeasured near the surface by P6
differed somewhat from the pressures measured by the other
sensors because the pressure at P6 was also strongly affected
by the surface wave. Therefore, the hydrodynamic pressures
measured near the bottom by P1 were selected for analyzing
the variation in the hydrodynamic pressure acting on the wall
with respect to time. The development of the hydrodynamic
pressures at various water heights with respect to time can
be divided into two main stages based on the red broken
vertical line shown in Figure 6 for P1. For 0 < 𝑡 < 83 s,
(a) the hydrodynamic pressures vary significantly following
the seismically accelerated wave motion. For 𝑡 > 83 s, (b) the
hydrodynamic pressure returns to zero after the completion
of seismic excitation. We note that the employment of an
excitation frequency far from the fundamental frequency of
the water body resulted in the synchronization between the
seismic acceleration wave response and the hydrodynamic
pressure response, such that the hydrodynamic pressure was
mainly affected by the amplitude of the seismic acceleration.

A comparison between the maximum experimental
hydrodynamic pressures on the wall and the values theoret-
ically determined by the Westergaard formula is presented
in Figure 7. The sensor heights 𝑦 have been normalized
with respect to the reservoir depth ℎ and the maximum
hydrodynamic pressures 𝑃max(𝑦) have been normalized with
respect to the total hydrostatic pressure 𝜌𝑔ℎ, where 𝜌 is
the unit density of water (1.0 t/m3). Generally, the formulas
developed by Westergaard and others were derived based on
a simple harmonic wave, which differs from actual seismic
waves that consist of a continuum of harmonic waves.
However, the results presented in Figure 6 indicate that the
variation in the hydrodynamic pressure significantly follows
the seismically accelerated wave motion well, and, clearly,
the peak acceleration of the seismic excitation corresponds
with the maximum hydrodynamic pressure. Therefore, the
maximum hydrodynamic pressures generated by EQ1 can be
calculated byWestergaard’s formula using the corresponding
seismic peak acceleration. And according to Figure 7, the
maximum hydrodynamic pressure increases monotonically
with respect to the seismic acceleration, and the measured
values match well with the hydrodynamic pressure calculated
by Westergaard’s formula. It is evident that Westergaard’s
approximate formula appropriately predicts the hydrody-
namic pressures in the absence of wave resonance.

3.2. Hydrodynamic Pressure with Wave Resonance. As was
found for EQ1, the hydrodynamic pressures obtained at
different heights along the wall during the simulatedMexicali
earthquake waveform (EQ2) exhibited similar values with
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Figure 6: Fluctuations in the hydrodynamic pressures at sensors
P1–P6 and the 0.25 g acceleration results with respect to time due
to the Wolong earthquake waveform (EQ1).

respect to time. As discussed earlier, the pressure recorded at
P6 was also affected between the sensor and the surface wave.
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Figure 7: Comparison of the maximum hydrodynamic pressures
acting on the wall at the vertical face due to the Wolong earthquake
waveform (EQ1): experimental results and Westergaard’s formula.

Therefore, Figure 8 presents the hydrodynamic pressures
recorded by sensors P𝑖 (𝑖 = 1, 2, 3, 4, 5) with respect to time
for EQ2 along with the 0.15 g acceleration data.

The results presented in Figure 8 indicate that the
hydrodynamic pressure variations of EQ2 did not closely
follow the seismic acceleration wave motion. The positive
peak seismic acceleration was generated at 9 s–13 s while the
corresponding positive peak hydrodynamic pressures were
observed at 19 s–30 s for all sensors and exhibited some
hysteresis.The development of the hydrodynamic pressure at
sensor P1 with respect to time is examined over shorter time
periods in Figure 9, indicating that the process can be divided
into three stages. For 0 < 𝑡 < 15 s in the segment denoted as
(a), the fluctuations in the hydrodynamic pressure are initially
similar to those of the seismic wave, and the amplitude
increased with increasing time. For 15 s < 𝑡 < 30 s in the seg-
ment denoted as (b), the hydrodynamic pressure developed
into a sine wave variation and maintained a fairly constant
amplitude and steady period. For 𝑡 > 30 s in the segment
denoted as (c), the amplitude of the sine wave variation in the
hydrodynamic pressure diminished because of the significant
reduction in the excitation amplitude while approaching the
completion of the EQ2 waveform. However, the amplitude
required considerable time to decrease to zero after comple-
tion of the EQ2 waveform and did not attain a value of zero
even after 250 s ofmonitoring, which is greater than five times
the duration of the EQ2 waveform. Clearly, an excitation
frequency close to the fundamental frequency of the water
body resulted in a resonance phenomenon. In addition, the
hydrodynamic pressure under conditions of resonance was
significantly greater and the fluctuations far more stable
than what was obtained from EQ1. The experimental data
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Figure 8: Fluctuations in the hydrodynamic pressures at sensors
P1–P5 and the 0.15 g acceleration results with respect to time due
to the Mexicali earthquake waveform (EQ2).

for the maximum hydrodynamic pressures obtained at the
corresponding heights are listed in Table 2.

Figure 10 indicates that the distributions of the maximum
hydrodynamic pressures with respect to the water height
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Table 2: Maximum values of the hydrodynamic pressure due to the Mexicali earthquake waveform (EQ2).

Number Height (cm) PGA (g)
0.05 0.10 0.15 0.20 0.25 0.30

P1 2 0.231 0.453 0.831 1.296 1.543 1.799
P2 8 0.223 0.452 0.83 1.303 1.562 1.8
P3 14 0.207 0.448 0.83 1.329 1.599 1.83
P4 20.5 0.182 0.44 0.845 1.372 1.653 1.867
P5 27.5 0.152 0.413 0.792 1.394 1.702 1.905
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Figure 10: Distributions of the maximum hydrodynamic pressures
acting on the wall at the vertical face due to theMexicali earthquake
waveform (EQ2).

at equivalent PGA presented a uniform distribution under
conditions of resonance. The uniform distributions obtained
for EQ2 indicates equal impacting forces at each horizontal
layer of thewater body.Thedashed lines represent the average

values of the hydrodynamic pressures under different PGA,
which were in particularly good agreement with the values
measured by P3. Therefore, the measured pressures at P3
under different PGA were selected for further analysis of the
hydrodynamic pressures and later employed to develop an
empirical equation for hydrodynamic pressure under wave
resonance conditions.

3.3. Comparison. For comparison, the hydrodynamic pres-
sures obtained at different heights along the wall during
excitation by EQ1 and EQ2 are presented in Figure 11 for PGA
of 0.1 g, 0.2 g, and 0.3 g. Here, we note that the hydrodynamic
pressures induced by EQ1 were significantly less than those
induced by EQ2 at equivalent PGA owing to the larger
hydrodynamic pressures induced under the wave resonance
conditions of EQ2. And the distributions of the maximum
hydrodynamic pressures with respect to the water height at
equivalent PGA transformed from a parabolic distribution
for EQ1 without resonance to a uniform distribution for
EQ2 under conditions of resonance. Clearly, theWestergaard
formula is not appropriate for estimating the maximum
hydrodynamic pressure with wave resonance, which yield
entirely different distributions of maximum hydrodynamic
pressures.

Here, we would like to briefly discuss the effect of
boundary interactions on the hydrodynamic pressure. For a
nonresonant response, the works of Saini et al. [9], Aviles
and Sanchez-Sesma [23], and Pelecanos et al. [16] indicated
that the influence of finite reservoir dimensions is negligible
for 𝐿/ℎ > 5. For the reservoir employed in the present
experiments, 𝐿/ℎ = 7.8, which represents a semi-infinite
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Figure 11: Comparison of the maximum hydrodynamic pressures
on the wall at the vertical face due to waveforms EQ1 and EQ2:
experimental and theoretical.

reservoir and is therefore not subject to the influence of
reflection waves. During the resonant process, the influence
of the reservoir dimensions was mainly reflected in the fun-
damental frequency of the reservoir, as demonstrated by (1).
When the excitation frequency was close to the fundamental
frequency of thewater body, thewater body presented regular
wave motion of constant amplitude and tended to move as
a whole. This suggests that the hydrodynamic pressures on
the wall were not subject to downstream end effects under
conditions of resonance.

3.4. Empirical Equation for Hydrodynamic Pressure with
Wave Resonance. Without wave resonance, the hydrody-
namic pressure coefficient 𝐶𝑝 is obtained from the following
relationships [1, 6]:

𝑃max = 𝐶𝑝𝜌𝑎maxℎ = 𝐶𝑝𝜌𝑘ℎ𝑔ℎ, (3)

where 𝑎max is the PGA, 𝑎max = 𝑘ℎ𝑔, and 𝑘ℎ is the seismic
acceleration coefficient in the horizontal direction. Based on
the study of Westergaard, the hydrodynamic pressure loads
exerted on the face of the dam can be represented as inertial
forces like a certain part of the water as moving with the dam,
of which that part was characterized as added mass [1], to
define

∫ℎ
0
𝐶𝑝𝜌𝑎maxℎ 𝑑𝑦 = 𝑀𝑎max, (4)

where𝑀 denotes the added mass. In this paper, following a
consideration of the seismic frequency and water fundamen-
tal frequency by using a mass-spring model and assuming
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Figure 12: Relation between the ratio of the inertial force of the
water 𝐹inertia and product of the added mass 𝑀 and maximum
seismic acceleration 𝑎max and the ratio of the seismic excitation
frequency 𝑓𝑒 and fundamental frequency of the water body 𝑓1.

equality between themaximumhydrodynamic pressure loads
and the inertial force, the following equation is generated:

∫ℎ
0
𝐶𝑝𝜌𝑎maxℎ 𝑑𝑦
= 𝑀𝑎max

1
√(1 − 𝑓12/𝑓𝑒2)2 + (2𝜉 (𝑓1/𝑓𝑒))2

= 𝑀𝑎max𝛽,

(5)

where 𝑓1 is the fundamental frequency of the water body,𝑓𝑒 is the seismic excitation frequency, 𝛽 is the acceleration
amplification coefficient, and 𝜉 is the damping ratio of this
equivalent single degree of freedom (SDOF) system. An
increase in the value of𝛽 generates a stronger inertial force on
thewall.The close relationship between the seismic excitation
frequency and the hydrodynamic pressure is also outlined.

Figure 12 presents a plot of (5) presented above, where𝐹inertia represents the inertial force of the water body on
the wall. The work of Chopra has provided a simplified
analysis method for determining the value of 𝜉 for a reservoir
with rigid walls and foundation, which demonstrated that
reservoir depth to wall height ratios (ℎ/𝐻) from 0 to 1.0
provided a value of 𝜉 between 0.05 to 0.07 [24]. The present
experiments employed ℎ/𝐻 = 0.7, such that Chopra’smethod
generated a reasonable value of 𝜉 = 0.06. In general, a
reservoir that is not completely empty or full will have a value
of 𝜉 that can be approximated as 0.06. For 𝑓𝑒 much greater
than 𝑓1, that is, 𝑓21 /𝑓2𝑒 ≈ 0, the water body exhibited steady-
state movement that was synchronized to the seismic wave,
such that𝐹inertia was approximately equal to𝑀𝑎max.Thewater
body exhibited a small corresponding vibration amplitude,
and the pressure amplitude exhibited enhanced attenuation.
For 𝑓𝑒 ≈ 𝑓1, that is, 𝑓21 /𝑓2𝑒 ≈ 1, the water body exhibited
an increase in the corresponding vibration amplitude, which
thereby resulted in an increased𝐹inertia on the wall.Therefore,
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the effect of frequency is taken into consideration by the
hydrodynamic pressure coefficient (𝐶𝑝), which is defined as

𝐶𝑝 = 𝐶𝑝𝛽,
𝑃max𝜌𝑔ℎ = 𝐶𝑝𝑘ℎ = 𝐶𝑝𝛽𝑘ℎ. (6)

Westergaard [1] and Chwang andHousner [6] observedmin-
imal effects on hydrodynamic pressures following changes
in the frequency. Namely, the value 𝛽 ≈ 1 generates the
following:

Westergaard’s formula: 𝐶𝑝 = 78𝛽√1 − 𝑦ℎ ≈ 78√1 − 𝑦ℎ
= 𝐶𝑝;

Chwang’s formula: 𝐶𝑝 = 1√2𝛽√1 − (
𝑦ℎ)
2

≈ 1√2√1 − (
𝑦ℎ)
2 = 𝐶𝑝.

(7)

With wave resonance, the horizontal components of the
inertial force of the water body were equivalent at each layer
(Figure 10), which indicates that 𝐶𝑝 does not depend on the
vertical location (𝑦/ℎ).Therefore, the hydrodynamic pressure
coefficientwithwave resonance (denoted herein as𝐶𝑝-res) can
be expressed as

𝐶𝑝-res = 𝐶𝛽, (8)

𝑃max𝜌𝑔ℎ = 𝐶𝛽𝑘ℎ = 𝐶𝑘ℎ
√(1 − 𝑓12/𝑓𝑒2)2 + (0.12 (𝑓1/𝑓𝑒))2

,
(9)

where 𝐶 is a constant.
An empirical equation was developed according to (9)

for the maximum hydrodynamic pressure with respect to
the PGA under conditions of wave resonance based on the
measured data at P3 generated by EQ2. In this paper, 𝑓1 =0.33Hz and 𝑓𝑒 = 0.38Hz, such that a linear fitting of the data
of 𝑃max/𝜌𝑔ℎ versus 𝑘ℎ for P3 yields a value of 0.466 for 𝐶 in
(9) with a degree of fit indicated by𝑅2 = 0.9573.The resulting
empirical expression is given as follows:

𝑃max𝜌𝑔ℎ = 0.466𝑘ℎ
√(1 − 𝑓12/𝑓𝑒2)2 + (0.12 (𝑓1/𝑓𝑒))2

𝑅2 = 0.9573.
(10)

The results shown in Figure 13 indicate that themaximum
error is about 35%whilemost errorswere less than 10%. In the
absence of good experimental data, the empirical equation
given by (10) can be employed to estimate the maximum
hydrodynamic pressure under conditions of wave resonance.
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Figure 13: A comparison of the calculated values obtained from a
linear fit of the experimental hydrodynamic pressure data at P3 for
EQ2.

3.5. Discussion. In the present study, the experiments only
considered the distribution of hydrodynamic pressures on a
rigid wall with a vertical face. In reality, the upstream face
of a natural dam is irregular. Therefore, the variations in the
hydrodynamic pressures under conditions of resonance will
be more complex. Additionally, the present study only con-
sidered the homodromous movement of seismic waves. Dif-
ferent seismic wave directions must be considered in future
studies to understand the failure mechanisms of moraine
dams.

4. Conclusions

The characteristics of seismic-induced hydrodynamic pres-
sures acting on a vertical wall face were experimentally
investigated using a shaking table. Two seismic waveforms,
EQ1 and EQ2, were utilized to obtain different hydrodynamic
pressures under equivalent conditions, where the dominant
frequency of EQ1wasmuch greater than the fundamental fre-
quency of the water body employed in the experiments (i.e.,
no resonance) and that of EQ2 was nearly equivalent to the
fundamental frequency (i.e., with resonance). The experi-
mental results were employed to develop an empirical equa-
tion to predict the maximum hydrodynamic pressure under
conditions of wave resonance. The following conclusions
were generated.

(1) In the case of nonresonance, the hydrodynamic
pressure variation significantly followed the seismically accel-
erated wave motion, and the experimental pressure values
were in good agreement with corresponding hydrodynamic
pressures determined by Westergaard’s equation. However,
the fluctuations in the hydrodynamic pressure observed
under conditions of resonance were similar to the variations
of a sine wave, and the positive peak values exhibited some
hysteresis. Conditions of wave resonance produced larger
hydrodynamic pressure values and much longer periods of
increased hydrodynamic pressure than the case of nonreso-
nance, which obviously poses a greater threat to the stability
of dams.
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(2) The effect of the seismic excitation frequency and the
fundamental frequency of the reservoir on the maximum
hydrodynamic pressure was analyzed from the standpoint
of a mass-spring model. The maximum hydrodynamic pres-
sures on the vertical wall under conditions of resonance
exhibited a uniform distribution rather than the parabolic
distribution obtained without resonance.The experimentally
obtained maximum hydrodynamic pressures under condi-
tions of resonance were linearly fitted to an analytically
derived expression to obtain an empirical equation for pre-
dicting the maximum hydrodynamic pressure with wave res-
onance. An𝑅2 value of 0.9573was obtained, which, to the best
of our knowledge, represents a reasonable degree of accuracy
for estimating the maximum pressure.

(3) Based a theoretical formula calculation [22], a small
reservoir range, which had a length less than 100m and a
depth less than 20m, exhibited a fundamental frequency
between 0.1Hz and 1Hz. However, the seismic wave spec-
trum exhibited a wider range than the small reservoir
spectrum. Hence, an assessment of the outburst risk of such a
small lake in seismic zonesmust consider the wave resonance
caused by earthquakes as a security practice, particularly in
far-field earthquake regions where the seismic amplitudes are
reduced. However, these spectrums are mainly composed of
low frequencies. Ultimately, the effect of wave resonancemust
not be neglected.

(4) The issue of seismic-induced wave resonance was
mainly characterized by relatively large hydrodynamic pres-
sure. During the propagation of the seismic surge wave, the
surge wave lashed against the wall of the reservoir such
that the run-up wave height became a key parameter. The
wave continued to propagate and erode, thereby forming an
outflow channel. The surge wave also affected the stability of
the dam and could significantly impact the lives and property
of residents along the shore. Therefore, quantification of the
seismic surge wave height is a further issue that requires
rigorous characterization and further investigation.
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