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Abstract Moraine dams usually collapse due to over-
topping by the surge wave in the dammed lake, and the
surge wave is most likely caused by an earthquake. The
seismic water wave (SWW) is a major factor causing the
dam to break in the earthquake zone. This paper focused on
the SWW by model experiments with a shaking water tank
under conditions of various water depths, seismic waves,
and peak ground accelerations. Two empirical equations
were obtained for estimating maximal wave height for the
low and high frequency, respectively. Finally, we present
the application of the empirical equations on Midui Glacier
Lake in Tibet plateau.

Keywords seismic water wave, shaking water tank
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1 Introduction

Moraine-dammed lakes usually threaten lives, roads, and
key facilities in alpine regions (Walder and Costa, 1996;
Richardson and Reynolds, 2000; Haeberli et al., 2001,
2002; Rudoy, 2002; Clague et al., 2012; Liu et al., 2013)
because the dams are highly likely to collapse due to the
unconsolidated soils of the moraines, leading to glacial
lake outburst floods (GLOF) (Costa and Schuster, 1988;
Walder and Driedger, 1995). Overtopping is one of the
most common causes of dam failure (Shi et al, 2010;
Emmer and Cochachin, 2013). Typically, overtopping is
triggered by surge waves generated by ice or rock falls, or
snow or rock avalanches (Buchroithner et al., 1982;
Eisbacher and Clague, 1984; Vuichard and Zimmermann,

Received December 8, 2014; accepted May 27, 2015

E-mail: yaolk@home.swijtu.edu.cn

1987; Benn et al., 2001; Bolch et al., 2008). In alpine
regions, overtopping is the main cause of moraine-dam
failures due to excessive runoff during glacial retreat,
snowmelt, or intensive rainfall. Destructive and erosive
waves from avalanches into standing bodies of water can
overtop a moraine dam, augment water flow, and cause
serious erosion of the channel on top of the moraine dam.
Erosion can exceed 10 m, which permits increased flow
from the lake as it begins to drain (Ding and Liu, 1992; Cui
et al., 2003). In particular, surge waves are sometimes
caused by earthquakes and result in GLOFs (Liboutry et
al., 1977; Zapata, 2002). Many glacial lakes in Tibet are
located in strong earthquake regions where more than
40,000 earthquakes have been recorded since 1970 more
than 3,000 of these earthquakes were greater than Ms 3.
Earthquakes often produce a series of water waves that
overtop the dams and cause dam breaks.

About 20 GLOFs have occurred since the 1950s on the
Tibet plateau (Liu et al., 2008), and some are closely
related to earthquakes. Several large debris flow events
from GLOFs in Palongzangbu in the 1980s correlated to
earthquakes and aftershocks (Lv et al., 1999). Generally,
the maximal height of the seismic water wave (SWW)
varies positively with peak ground acceleration (PGA),
duration, and frequency. In 2008, the Wenchuan earth-
quake triggered SWW in the Zipingpu reservoir and
attracted wide attention. Some model experiments on
SWW were carried out using shaking table tests (Williams
and Blakeborough, 2001; Shen and Lv, 2006). Sato (1967)
took the seismic wave as a simple sine wave and proposed
a formula for SWW height, but the results did not agree
with the observed data well. More investigation is needed
into SWW and its effects.

In this paper, we conduct experiments using a shaking
table water tank to find the relationship between the surge
wave height and the PGA, and then we use the Detrended
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Cross-Correlation Analysis (DCCA) to verify the similar-
ity of the real seismic effects and compare the experiments
with the observation of SWW in Baja, California. Finally,
we use the experimental results to assess the potential of
GLOFs in Tibet.

2 Simulation experiment

2.1 Experimental apparatus

The shaking table consists of four parts: a platform and
supporting units, the controlling system, a vibration
exciter, and the hydraulic pumps (Fig. 1). The platform
is 4 m x 2 m and can bear a maximum payload of 25 t. The
hydraulic pump can cause the platform and supporting
units to shake. The frequency of the shaking table ranges
from 0.4 Hz to 15 Hz, with a corresponding maximum
amplitude of +100 mm and maximum acceleration of 1.2g
(g is the gravity acceleration). The water tank is 3.76 m
long, 1.76 m wide and 1.51 m high. 15 pressure sensors are
installed within the tank to record the water pressure at a
frequency of 50 Hz (Fig. 2). The water wave height is
written as 1 = P/pg, with P being the water pressure and p
the water density.

2.2 Experiment design

The experiments are designed to simulate the water waves
generated by earthquakes. We consider three parameters:
still water depth /o (cm), seismic waves, and peak seismic
acceleration. At each seismic waveform and peak accel-
eration, the still water depth varies from 10 cm to 35 cm at
an interval of 5cm. The seismic waveforms and peak
accelerations adopt the real-time records of the Wenchuan
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Ms 8.0 earthquake on 12 May 2008 at Wolong (Fig. 3(a)),
the California earthquake Ms 7.2 on 4 April 2010 at
Mexicali (Fig. 3(b)), and the synthetic Tongmai Waves that
were based on rock response spectra (supplied by the
institute of Crustal Dynamic China and CCCC First
Highway Consultants Co., LTD, 2005). Seismic waves
from the Wolong and Mexicali events represent high ( > 1
Hz) and low ( < 1 Hz) frequencies, respectively, while the
synthetic seismic waves from Tongmai are high frequency
(Fig. 4). Details of the seismic waves and corresponding
PGA in experiments are shown in Table 1.

Due to the fact that the shaking tank has its own
resonance frequency and that can add to the height of the
water wave, a white noise is used to test the water tank’s
resonance frequency under different water depths.

2.3 Experiment running

In each test, the input seismic wave was created by a wave
production digital control system. The vibrator then
receives the signal and the shaking tank moves with the
triggering seismic wave. The water surface level will
change with the vibrations of the shaking tank.

More than 200 tests were carried out. The tank vibrates
in a single horizontal direction, and the surge height varies
with position, which is higher at the front and back of
shaking tank than at the sides. This simulates when seismic
waves encounter a moraine dam. Water depth data from
sensors A7, A8, Al4, and A15 were used to analyze the
maximum water wave height, H,... The water waves
continue even after the seismic wave passes by. For
example, in the tests with input from the Wolong seismic
waves, the duration of earthquake is 80 seconds and the
data recording time is about 400 seconds, as shown in
Fig. 5.

Fig. 1 Schematic diagram of the shaking table experiment.
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Fig. 2 Schematic diagram of pulsating water pressure sensors settings.
Table 1 Seismic wave types and PGA for the tests
Seismic waves types Seismic acceleration/(m-s )
Wolong wave (NS) 0.05g 0.1g 0.2g 0.3g 0.4g 0.5g 0.6g
Mexicali wave (NS) 0.05g 0.15¢ 0.2¢g 0.25g 0.264g - —
Tongmai wave (NS) 0.066g 0.25¢ 0.43¢g - - - —
White noise 0.1g 0.2¢g - - - - —

“=": no available data.
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Fig. 3 The high frequency Wolong wave (a) and the low frequency Mexicali wave (b).

It is also found that H,,. is strongly dependent
positively on PGA and the water depth (Figs. 6 and 7).

Cross-Correlation Analysis (DCCA) to assess the feasi-
bility of the experiment.

The DCCA method is designed to investigate power-law
cross correlations between different, simultaneously-
recorded, non-stationary time series (Jun et al., 2006;
Podobnik and Stanley, 2008; Zhou, 2008; Podobnik et al.,

2.4 Feasibility of the experiment

Before further processing the data, we use Detrended
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Fig. 4 Tongmai seismic wave with different exceeding probability.
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Fig. 5 The water wave curve of A7 probe with initial water depth
20 cm.

2009; Zebende et al., 2011). If the series is self-affine, the
detrended covariance F(n) satisfies the relationship F2(n)
~n’, where n is time step length and d is the cross-
correlation exponent that quantifies the long-range correla-
tions (Zebende and Machado, 2009). The correlation is
persistent (positive) when d>0.5, it is anti-persistent
(negative) when d < 0.5, and d = 0.5 means no cross-
correlation (Wang et al., 2010).

Applying DCCA to the Mexicali seismic wave (NS) and
the swimming pool water wave yields the F(#) - n curve in
Fig. 8. It is noted that the cross-correlations between the
seismic wave and horizontal water wave are persistent

Maximum water wave height/cm

1 1 1 1

1
10 15 20 25 30 35

Water depth/cm

Fig. 6 Maximum water wave height increases with the initial
water depth.

within time scale n <4 s (seconds), with exponent d| =
1.24. When n>4s, di = 0.48, indicating that the cross-
correlation is weak.

Figure 9 shows the F(n) - n curve for the seismic wave
series (NS) and the water wave series of our experiments,
which is similar to Fig. 8, suggesting that the simulated
water wave in the shaking tank does reflect the feature of
the real water waves caused by the seismic waves.

3 Data analysis

The resonance frequency of the shaking tank was
measured in several tests. Results revealed that the
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Fig. 7 Maximum water wave height increases with the PGA.
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Fig. 8 Log-log plots of DCCA applied to Mexicali seismic wave
series (NS) and water wave series in swimming pool.
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Fig. 9 Log-log plots of DCCA applied to Mexicali seismic wave
series (NS) and shaking table water wave series.

resonance frequency of the shaking tank decreased with
initial water level, and exceeded 60 Hz in an initial water
level of 35 cm. However, the main frequency of the seismic
waves in Wolong, Tongmai, and Mexicali are 1-4 Hz, 1-6
Hz, and below 1 Hz respectively. Therefore, the shaking
tank will vibrate without resonance with incoming seismic
waves (Wolong wave and Mexicali wave).

3.1 Relationship between water wave height and seismic
acceleration

As observed above (Figs. 6 and 7), the maximum water
wave height H,,,, increases monotonicly with acceleration.
Figures 10 and 11 show the H,. increasing curves,
respectively for high and low frequency of seismic waves,
with different initial water depths. The experimental data
are listed in Tables 2 and 3.

Dividing the measured water wave height / by the initial
water depth /i and defining hz =hy | hy and h}} = hy/ hg
respectively for the low and high frequency, we get the
nondimensional wave height so as to remove the effect due
to water depth. Then the observed data from our
experiments yield the following equations:

h; = 1.0433G" £ 0.05,

R* = 0.996, for low frequency, (1)

where G* = (G/g is nondimensional;
And

hyr = (0.8389h% —0.4094 hy + 0.4441)G = 0.05,

R* =0.97, for high frequency, 2)

where o= ho/ 35 (maximum initial water depth is 35 cm in
experiments).

3.2 Comparative experiments

Similar experiments were carried out using the high
frequency Tongmai waves ranging from 1 to 6 Hz. The
resultant water waves agree well with Eq. (2) derived from
the previous experiments, as shown in Table 4.

4 Implications for GLOF assessment

In natural conditions, seismic water waves may cause
overflow of dam surfaces or move at a fast speed once the
water surge surpasses the dam height, which may cause
dam failure by serious scouring. For a concrete dam, the
pressure is perhaps not strong enough to cause a break, such
as the case of Zipingpu in the Wenchuan earthquake, where
the water wave surge fluctuated more than 2 m. But for a
dam formed by loose unconsolidated materials, such as a



Table 2 The maximum water wave height under input Wolong wave
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PGA/(m-s °) Maximum water wave height/cm
0.1g 0.7245 6.1734 1.7346 3.2551 2.2244 2.2244
0.2g 0.8265 7.0714 1.6428 2.5102 3.704 3.704
0.3g 1.2653 7.8673 3.2755 4.8265 5.9591 5.9591
0.4g 1.4693 3.1836 3.9183 4.602 8.0306 8.0306
0.5¢ 2.204 3.5816 5.0816 8.5714 6.7857 6.7857
0.6g 2.4795 5.9693 5.2244 10.7959 11.8571 11.8571
PGA: Peak ground acceleration.
Table 3 The maximum water wave height under input Mexicali wave
PGA/(m-s ?) Maximum water wave height/cm
0.05g 0.3877 0.6122 1.2653 1.5408 1.6122 2.1224
0.10g 1.1938 1.5102 1.9795 2.6326 2.2346 2.9795
0.15¢ 2.0306 2.6326 2.653 3.6632 3.7142 4.2653
0.20g 2.8979 4.0102 3.7755 4.5204 5.8673 5.551
Ear Ry N ES
ke ]
25 cm

Water wave height/cm
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0.20g 0.25¢g

Fig. 10 Wave height varies with PGA dominated by low-
frequency seismic waves ( < 1 Hz).

landslide or debris flow dams, especially the moraine dams,
the surge wave may result in dam failure and flooding.
For lakes full of water, a surge wave higher than 1 m
may lead to disaster, such as on 21 December 1951. In
Jianchuan, Yunnan, an Ms 6.3 earthquake resulted in a
series of water waves in the Jianchuan Reservoir ranging
from 1.3 m to 1.7 m height. Floods inundated the down-
stream Luying village and a vast amount of farmlands.
The Tibet Plateau is a zone with intense tectonism and
strong earthquakes, where frequent earthquakes impose
great threats on moraine-dammed lakes, such as the
Guangxiecuo in Midui Gully (Fig. 12). The moraine
there consists of granite, marble, and limestone with a

Water wave height/cm

0.2g

0.3g 0.4g
Acceleration/(m-s2)

0.5¢

Fig. 11 Wave height varies with PGA dominated by high-
frequency seismic waves (> 1 Hz).

compacted structure, uniform size, and weak permeability,
and the lake has been increasing since 1980 due to
increasing rainfall and a warmer climate, with water levels
up to 17.81m. On 15 July 1988, a block of glacial ice
approximately 3.6x10*m?® broke off and caused surge
waves up to 3 m over the western outlet. A total of
6.01x10° m* of water poured out while about 0.97 x 10° m*
remained. After that, the water storage has been fed by
increasing rainfalls and further glacier collapses in the last
years (Yang et al., 2012). At present, the water level has
exceeded the outlet (Fig. 12). There is a high potentiality
for dam collapse due to surge waves either by earthquake
or glacier collapses.
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Table 4 Comparisons between empirical calculation results and experimental results

Acceleration/(m-s %)

h{ by Eq. (2)/m Measured ///m

0.066g
0.25¢g
0.43g

0.108 0.07
0.269 0.312
0.426 0.501

Eastern branch

Fig. 12 Guangxiecuo moraine-dammed lake in Midui watershed of Tibet plateau.

Jiang et al. (2004) developed a formula of critical water
head for moraine lake outbursts based on the theory of non-
uniform sediment as:

Hy = 23.4d93% /[100330/8 (B /p)0-697) (€))

where B is the length of moraine dam in meters, and b is the
width of the rectangular outburst outlet with the same unit,
dos is the particle diameter over 95 percentage of the
moraine materials. This glacial lake is 680 m in length,
400 m in width and with an average water depth of 10.2 m.
The critical water level is 0.83 m.

We can estimate the possibility of dam failure based on
the previous discussions. Considering different PGA,
Table 1 indicates that, within 50 years, the exceeding
probability of 0.066g, 0.25¢g, and 0.43g are 63%, 10%, and
2%, respectively. Accordingly, the maximal heights of the
water waves calculated by Eq. (2) are 0.78 m, 1.52 m, and
2.25 m. Therefore, the Guangxiecuo is likely safe with a
collapse probability of 63%. But once the PGA exceeds
0.25g, the moraine dam is highly like to collapse.

5 Discussion and conclusions

SWW may have an important role in glacial lake outbursts.
The shaking tank table experiments show that the maximal
height of the water wave increases with initial water level
and PGA; the observed data derives two empirical
relationships between the maximal height and PGA
respectively for high and low frequency seismic waves.

The empirical relationships can be used to assess the
outburst potentiality of dammed lakes caused by the SWW,
such as indicated by the case study of the Guangxiecuo
glacier lake in Tibet.

Admittedly, the present study considers only the
maximal wave height, which is generally not sufficient to
cause a dam break. Further studies should be focused on
the interaction between wave and dam, especially the wave
fluctuant pressure on dam stability, as well as the temporal
effects of the seismic wave.

The relationship between the different directions of
earthquake waves and the water waves using DCCA
method analysis show that the NS is stronger than others.
Therefore, the earthquake wave in NS direction was used
only in this experiment. In future study, we will try to carry
out three dimensional shaking water tank table experi-
ments.
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