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Abstract Moraine-dammed lake outbursts usually threaten

highways, railways, and key facilities in alpine regions.

The varying amplitudes and distribution of hydrodynamic

pressures significantly affect the stability of the dam. We

utilize a shaking table to investigate the development of

hydrodynamic pressure caused by different sinusoidal

waves and seismic Wolong wave. A series of shaking

table tests indicate that the hydrodynamic pressure varia-

tion significantly follows seismic acceleration wave

motion. The maximum hydrodynamic pressures calculated

by Westergaard’s equation are compared with the experi-

mental values under different waves. It is shown that the

Westergaard’s values are lower than the experimental ones

under the sinusoidal waves. However, the Westergaard’s

method is able to predict the earthquake-induced hydro-

dynamic pressure caused by Wolong wave in small lake

with desirable accuracy.

Keywords Moraine dam � Hydrodynamic pressure �
Shaking table � Westergaard � Small lake

1 Introduction

Sichuan–Tibet railway has been included in China western

development strategy. Sichuan–Tibet railway is expected

to across the Hengduan mountains from the east of Tibet

plateau, and this area has the geomorphic features of high

altitude and large elevation difference and distributes a

large amount of glacial lakes. In the Parlung Zangbo river

basin, for example, there are 461 glaciers and 131 glacial

lakes of different sizes [1, 2]. In nearly 40 years, there had

eight large-scale debris flow from glacial lake outburst

floods (GLOF), blocking and damaging roads from 20 to

270 days. For example, in July 1988, debris flow resulting

from GLOF in Midui destroyed nearly 30-km Sichuan–

Tibet roads and blocked the route for half a year [3]. The

lake outbursts pose a catastrophe risk to the Sichuan–Tibet

railway coming across the Parlung Zangbo river basin,

which is a challenge in China’s railway history [4].

Moreover, Parlung Zangbo river basin is located in strong

earthquake regions where more than 40,000 earthquakes

have been recorded since 1970, and more than 3000 of

these earthquakes were greater than Ms3.0, posing a

potential threat to the stability of moraine dams [5]. In

recent years, with the global warming and glacial retreat-

ing, moraine-dammed lake disaster has a tendency to

increase. Therefore, the moraine-dammed lake outbursts

caused by earthquakes have become a special environ-

mental geological hazard to railway route [6].

The seismic action not only directly threatens the sta-

bility of the dams, but also causes the water movement of
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upstream reservoir. Two forces acting on a dam during an

earthquake are the seismic inertial force of the dam itself

and water pressure. A large quantity of water is forced to

act on the dam repeatedly, and thus, the water pressure on

the dam is not negligible [7–9]. Westergaard first proposed

an expression for the hydrodynamic pressure exerted on the

vertical upstream face of concrete dam, assuming that the

boundary was semi-infinite and the excitation wave was

horizontal harmonic wave [10]. The following approximate

formula was obtained [10]:

P ¼ 7

8
qkhg

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

hðh� yÞ
p

; ð1Þ

where y denotes the water heights, P is the maximum

hydrodynamic pressures at height y, h is the reservoir

depth, q is the unit density of water, kh is the seismic

acceleration coefficients in the horizontal direction, and

g is the acceleration of gravity (9.8 m/s2). The approximate

formula provides a convenient way for solving the response

of the dam–water interactions. In 1953, Zangar developed

an experimental solution for the same problem using an

electrical analogue and reported extensive results for a

variety of non-vertical upstream faces [11]. Based on

momentum method and two-dimensional potential flow

theory, Chwang solved the hydrodynamic pressure prob-

lem with a more general configuration of a dam [12, 13].

Wang et al. [14] modified Westergaard’s equation con-

sidering the influences of the dam height, elasticity, and

reservoir bottom condition. Saleh and Madabhushi [15]

investigated the effect of dam–foundation interaction on

the hydrodynamic pressure response on the dam face under

different earthquake waves using the dynamic centrifuge

modeling technique. The results generated by these works

were more or less equivalent to the results of Westergaard,

and thus, the approximate formula has been widely used to

calculate the hydrodynamic pressure loads.

Therefore, it is now widely believed that the earthquake-

induced hydrodynamic pressure is mainly affected by

parameters such as the peak ground acceleration (PGA)

and the initial water depth. In this paper, the conditions of

rigid vertical upstream face and flat bottom were simulated

to obtain the hydrodynamic pressure. However, in many

cases, the moraine-dammed lake is small, where the

boundary reflections may be not negligible. Therefore, it is

necessary to study whether Westergaard’s formula can be

applied to calculate the hydrodynamic pressure in small

reservoirs or lakes.

In addition, the moraine dams are formed by an

unconsolidated, poorly sorted rock debris or highly

heterogeneous mixture of particles [16–18]. The pressure

loads acting on this type of dams may lead to failure of the

dams and become a critical factor causing the dam to break

in the earthquake areas [19]. In this paper, experiments

were conducted to study the characteristics of hydrody-

namic pressures caused by sinusoidal waves and Wolong

wave on a shaking table, and the results were compared

with those by Westergaard’s formula.

2 Simulation experiment

2.1 Experimental setup

The simulation experiments were conducted on a shaking

table. The experimental setup is illustrated in Fig. 1. The

shaking table container was about 3.76 m in length, 1.75 m

Water pressure acquisition system

1750 2730

Platform

Hydraulic pumpsControl system 3760

15
00

Fig. 1 A typical illustration of the experimental setup (unit:mm)
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in width, and 1.50 m in height, with a flat bottom, and

driven by an electro-hydraulic system. In this experiment,

the water container was designed with a dimension of

2.73 m 9 1.75 m 9 0.35 m to simulate the moraine-

dammed lake, and the model scale was about 1/100 with

the reference of Midui moraine-dammed lake with the area

of 300 m 9 200 m [19, 20]. And the physical phenomena

such as the process of water movement are well recorded

by camera in the experiments. On the side wall, the

hydrodynamic pressure distribution along the wall was

measured with six pulsating water pressure sensors located

from the bottom to the top at the heights of 2, 8, 14, 20.5,

27.5, and 31.5 cm. The sensors were numbered as P1–P6. A

detailed illustration of sensor distribution is shown in

Fig. 2.

2.2 Experimental design

In each test, the input seismic excitation wave was created

by the computer control system. When the vibrator receives

the signal, the shaking table moves with the triggering

wave. In addition, the hydrodynamic pressures are recorded

by the water pressure acquisition system. Even after the

seismic wave passes by, the acquisition system keeps

running until the entire water body becomes stable. The

measured hydrodynamic pressures during the earthquakes

were calculated by deducting the initial hydrostatic pres-

sure from the total water pressure recorded by the sensors

at the corresponding heights. Moreover, each test was

repeated twice to reduce the equipment error or human

error.

Generally, the predominant period of seismic wave is

from 0.15 to 0.5 s, and the frequency ranges from 2 to

6.7 Hz. Therefore, the sinusoidal waves with frequency

ranging from 2 to 6 Hz were used to study the character-

istics of hydrodynamic pressures. And the seismic wave

adopted the real-time records of the Wenchuan Ms 8.0

earthquake on May 12, 2008, at Wolong, which exhibits

the dominant frequency of 2.35 Hz. Meanwhile, white

noise was used as a signal source from shaking table to

obtain the water fundamental frequency. Details of the

seismic waves and PGAs in experiments are shown in

Table 1. The Wolong wave, 3-Hz sinusoidal wave, white

noise acceleration waveform, and their spectra by fast

Fourier transform (FFT) are shown in Figs. 3, 4, and 5.

3 Experimental results and discussion

3.1 Fluctuation characteristics of hydrodynamic

pressure

Figure 6 shows the change of hydrodynamic pressure

recorded by P1 pulsating water pressure sensor. Then, FFT

was used to derive the pressure spectrum, and the water

fundamental frequency is 0.3325 Hz (Fig. 7). It is found

that the input seismic excitation frequency is far away from

the fundamental frequency, indicating that the resonance

did not appear.

Figure 8 shows the process of water movement caused

by the 3 Hz sinusoidal wave recorded by video cameras.

During the seismic excitation process, water movement

was firstly triggered by the side wall motion and then

showed a corresponding sinusoidal motion. After the

seismic wave passed by, the water waves immediately

Sensors

Shaking table

3760

15
00

P6

P1

2730

35
0

Camera

Fig. 2 Schematic diagram of the pulsating water pressure sensor (unit:mm)

Table 1 Seismic wave types and corresponding PGAs

Seismic wave types PGA (m/s2)

Wolong wave 0.05g 0.1g 0.15g 0.2g 0.25g 0.3g

2–6 Hz sinusoidal wave 0.1g 0.2g 0.3g – – –

White noise 0.1g – – – – –
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Fig. 3 Seismic parameters of the Wolong wave. a Acceleration response curve wave in time domain. b Spectrum of the Wolong wave
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Fig. 4 Seismic parameters of the 3 Hz sinusoidal wave. a Acceleration response curve in time domain. b Spectrum of the 3 Hz sinusoidal wave
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Fig. 5 Seismic parameters of white noise. a Acceleration response curve in time domain. b Spectrum of white noise
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stabilized. Then, the changing characteristics of hydrody-

namic pressure were further analyzed according to the

measured data of pulsating water pressure sensors.

Figures 9 and 10, respectively, present the hydrody-

namic pressures recorded by the P1 sensors attached to the

wall under the actions of 3 and 6 Hz sinusoidal waves,

together with the 0.2 g PGA. The hydrodynamic pressure

amplitudes were not increasing with time, but in synchro-

nization with input seismic excitation waves. It is observed

that the changing process of hydrodynamic pressures can

be divided into two stages: (a) For 0\ t\ 20 s, the

hydrodynamic pressures obviously follow seismic accel-

eration wave motion, and (b) for 20 s\ t after the seismic

wave passes by, the hydrodynamic pressure returns

simultaneously to zero. The hydrodynamic pressures

recorded at other sensors have similar fluctuations. Further,

the maximum hydrodynamic pressures under action of

different waves were analyzed.

3.2 Sinusoidal wave action

The spectrum curves of the measured pressures recorded by

P1 sensor under the actions of 3 and 6 Hz sinusoidal waves

are shown in Fig. 11.

As observed in Fig. 11, the predominant frequencies of

hydrodynamic pressure are 3 and 6 Hz. They are similar to

the spectra of the input sinusoidal waves. This indicates

that the response of hydrodynamic pressure is determined

by the external seismic excitation wave, and the spectra

further reveal the synchronization between the input wave

and the hydrodynamic pressure response. In the condition

of 35 cm water depth, the distribution of the maximum

hydrodynamic pressure with different frequencies along the

water depth under different PGAs of 0.1g, 0.2g, 0.3g was

analyzed, as shown in Fig. 12.

When PGA is 0.1g, the maximum hydrodynamic pres-

sure along the water depth has the same distribution rules.

Under the PGAs of 0.2g and 0.3g, the distribution of

hydrodynamic pressures with different frequencies along

the water depth was basically the same, but slightly dif-

ferent due to the equipment error or human error. It is

shown that the amplitudes of hydrodynamic pressure are

independent of the seismic frequency frequencies when the

input seismic excitation frequencies are much larger than

water fundamental frequency.
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Fig. 6 Fluctuation of hydrodynamic pressure due to white noise (P1
0.1g)
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Fig. 8 Water movement due to 3 Hz sinusoidal wave (0.2g)
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Fig. 9 Fluctuation of hydrodynamic pressure due to 3 Hz sinusoidal

wave (0.2g)
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Fig. 10 Fluctuation of hydrodynamic pressure due to 6-Hz sinusoidal

wave (0.2g)
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Comparisons between the experimental hydrodynamic

pressures and Westergaard’s values indicate that the

experimental values are slightly larger than Westergaard’s

equation. For instance, the experimental hydrodynamic

pressures recorded at P1 sensor under the actions of 2–6 Hz

sinusoidal waves were larger than those calculated theo-

retically by 10%–20%. The difference is attributed to the

following reason. The real water tank has the boundary
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Fig. 11 Fourier amplitude spectrum of hydrodynamic pressure due to 3 and 6 Hz sinusoidal waves, respectively
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Fig. 12 Distribution of the maximum hydrodynamic pressures with different frequencies. a PGA = 0.1g, b PGA = 0.2g, c PGA = 0.3g
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reflection, while the Westergaard’s formula does not

include the boundary effect. As a result, the water waves

reflected at the side walls will enlarge the hydrodynamic

pressures. Therefore, Westergaard’s formula can accurately

calculate the hydrodynamic pressure caused by sinusoidal

wave in small lakes.

3.3 Wolong wave action

In the experiment, the hydrodynamic pressures caused by

real seismic wave (Wolong wave) were analyzed. Fig-

ure 13 presents the hydrodynamic pressure recorded by the

P1 sensor attached to the wall during the Wolong earth-

quake, together with the 0.2g PGA. Compared with the

sinusoidal waves, the pressure caused by Wolong wave

displays similar changes, which is always in synchroniza-

tion with the response of Wolong wave. For further anal-

ysis, the maximum hydrodynamic pressures generated at

different heights are shown in Fig. 14. The hydrodynamic

pressures are normalized with the total hydrostatic pres-

sure, and the sensor depths are normalized with reservoir

depth. In Fig. 14, y denotes the sensor heights, Pmax(y) de-

notes the maximum hydrodynamic pressures at heights y,

h is the reservoir depth, q is the unit density of water (1.0 t/

m3), and g is the acceleration of gravity (9.8 m/s2).

As observed in Fig. 14, the maximum hydrodynamic

pressures along the water depth are increased from top to

the bottom, and it is also found that the ratio of maximum

hydrodynamic pressure to total hydrostatic pressure

approximately grows from 5% to 25%, increasing mono-

tonously with seismic acceleration.

Comparison of the measured hydrodynamic pressures

and Westergaard’s formula is given in Fig. 14. It indicates

that generally, the measured hydrodynamic pressures

mostly match well with those calculated by the Wester-

gaard’s formula. As discussed earlier, there exists boundary

effect, and hence, we can see that the experimental

hydrodynamic pressures are higher than those induced in a

semi-infinite reservoir. However, with the same maximum

excitation acceleration, the input energy generated by the

sinusoidal wave is greater than the seismic wave induced.

Therefore, the hydrodynamic pressures induced by sinu-

soidal wave are greater than the values caused by seismic

wave. As a result, the test data for hydrodynamic pressures

caused by Wolong wave are mostly in good agreement

with Westergaard’s formula. Small deviation may be

attributed to equipment error or human error in

measurement.

The Westergaard’s method is able to predict the earth-

quake-induced hydrodynamic pressure caused by Wolong

wave in the small lake with reasonable accuracy. In the

experiment, the most disadvantage condition of hydrody-

namic pressure is considered, i.e., the side walls are vertical

and rigid, and the hydrodynamic pressure at the side may

be larger compared to the normal case. As reference to

‘‘Specifications for Seismic Design of Hydraulic Structure’’

(DL5073-2000), if an inclined upstream face is with a

horizontal angle of h, the hydrodynamic pressure values

should be multiplied by h/90.

4 Conclusions

The characteristics of earthquake-induced hydrodynamic

pressures were experimentally investigated using Wolong

seismic wave and sinusoidal wave. Analysis of the fluctu-

ation process of hydrodynamic pressure and the distribu-

tion of the maximum hydrodynamic pressure along the

depth found that the water did not show resonance under

action of Wolong wave (2.35 Hz) and sinusoidal waves

(2–6 Hz). Conclusions are drawn as follows:
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Fig. 13 Fluctuation of hydrodynamic pressure due to Wolong wave
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1. When the input seismic excitation frequency is far

from the fundamental frequency, the hydrodynamic

pressure variation significantly followed the seismic

acceleration wave motion. And the maximum hydro-

dynamic pressures were independent of the input

seismic excitation frequencies, but have a positive

correlation with PGAs.

2. The comparison of the theoretical values and exper-

imental data shows that Westergaard’s equation was

slightly lower than the experimental values caused by

sinusoidal waves, but in good agreement with the

Wolong earthquake-induced hydrodynamic pressure in

this small lake. It is indicated that Westergaard’s

formula to calculate hydrodynamic pressures caused

by real seismic waves in the small lake is not a

conservative approach.

3. In current risk analysis, the surge wave caused by

earthquake or ice avalanches is the main potential

threat to the glacier lake outburst, while the destructive

earthquake-induced hydrodynamic pressures directly

affect the stability of the moraine dam and are

disastrous to human lives and properties along the

shore.
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