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Abstract A worldwide decline of mountain glaciers is occurring
due to the impacts from climate warming. The retreat of mountain
glaciers often leads to different kinds of geo-hazards. Serious
surges triggered by glacier avalanches often pose a potential threat
to the stability of dams. In this article, four different types of
blocks with a constant density of about 9oo kg/m?® were used to
simulate the glacier avalanches in natural conditions. By consid-
ering the raw material properties of the plate and blocks them-
selves, the plunging velocity of a block was calculated by a
theoretical method instead of by video cameras. The effect of the
slope angle, distance between the sliding block and the water
surface, initial water depth, slide Froude number, geometry, and
distance between the plunging point of the sliding blocks and the
downstream dam was considered to study the characteristics of
the pressure loads acting on the moraine dam. In addition, an
empirical equation was obtained to predict the maximum pressure
load acting on the dam. Pressure load on the glacier dam is only
one of the crucial factors for dam safety analyses. The failure
process of a moraine dam, the probable maximum discharge of
outburst floods, and the transportation of sediments along the
downstream valley should also be considered in future studies.

Keywords Glacier avalanches - Pressure load -

Surge wave - Glacial lake - Moraine dam
Notation

The following symbols are used in this paper:

Friction coefficient with lubrication (-)

Friction coefficient without lubrication (—)

The acceleration due to gravity (m/s)

Elevation between a block and the water surface (m)
Water depth of the dammed lake (m)

Sliding distance between the block and water surface (m)
Length of Midui lake in the model (m)

Length of Midui lake in the prototype (m)

Distance between the plunging point and the downstream
dam (m)

The weight of the metal shell (kg)

The weight of the block (kg)

Pressure load at Pi (i=1, 2, 3, 4, 5) (kPa)

The pressure difference between the maximum pressure
and the minimum pressure at a given time (kPa)

The maximum pressure load (kPa)

Pi Testing point (i=1, 2, 3, 4, 5) (—)

S The projected area on the flat plate (m*)

t Release time (s)

T Period of a wave (s)

v Plunging velocity of a block (m/s)

%4 The volume of a block (0.024 m?)

V4 The volume of the diesel oil (m?)

o

g

N i )

)

SEE
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Vg The volume of the gasoline (m?®)

Vi The volume of the ice glacier in the model (m?)

Vp The volume of the ice glacier in the prototype (m?)
W, The width of Midui lake in the model (m)

W,  The width of Midui lake in the prototype (m)
Greek letters

o Slope angle (°)

o' The radian of the slope angle (—)

pa  The density of diesel oil (830 kg/m?)

pg  The density of gasoline (730 kg/m?)

pm  The mean density of a block (900 kg/m?)
ps  The density of sliding block (kg/m?)

pw  The density of water (1000 kg/m?)

u Water dynamic viscosity (Pass)

Introduction

Climatic warming leads to the retreat of glaciers in the high-
mountain areas of the world. The associated geo-hazards include
glacier avalanches, landslides, snow avalanches, rock falls, and so
on. Surges may be generated when the phenomena above occur in
the regions where confined water bodies such as moraine-dammed
lakes, glacier-dammed lakes, reservoirs, and bays are impacted by
ice or rock avalanches (Walder and Costa 1996; Clague and Evans
2000; Fritz et al. 2003a; Lipovsky et al. 2008; Lee et al. 2009; Allen
et al. 2011). A famous moraine-dammed lake outburst event caused
by the glacier avalanches in China was the Midui moraine-
dammed lake which occurred on July 15, 1988. It was reported that
an ice glacier with a volume of about 36x10* m? slid into the Midui
moraine-dammed lake. The surge generated by the ice glacier led
to the increasing of water level about 1.4 m and at last resulting in
outburst of the lake (You and Cheng 2005).

Much attention has been paid to the characteristics of surges
because a number of adverse outcomes are related to the surge-
induced waves (Cui et al. 2010). In fact, a wave generated by the
sliding block itself has little effect on the hydraulic structures or
the bank of a lake. But the pressure load acting on a dam and over-
topping of the dam may lead to total or partial dam break when a
wave propagates up to the upstream face of the dam. The cata-
strophic dam-break floods from the confined water bodies seri-
ously threaten the human life and public and private properties in
these areas. The characteristics of an impulsive wave mainly con-
sist of the amplitude, period, and energy. Experimental studies
indicated that the parameters above were determined by a number
of variables such as the plunging velocity, water depth, slope angle,
mass of a sliding block, initial position, and shape of the sliding
blocks (Panizzo et al. 2002; Fritz et al. 2003b; Panizzo et al.
2005;Ataie-Ashtiani and Najafi-Jilani 2008; Heller et al. 2008).

Using a video camera, surge waves induced by landslides in the
near field were recorded and analyzed. It indicated that different
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shoreline shapes were modified in different ways depending on how
the landslides entered the water (Di Risio et al. 2009). In addition to
the detailed description provided for the wave propagation in the
reservoir, empirical equations were obtained to predict the first and
second impulsive wave heights (Cui and Zhu 2011). In these studies,
slide masses which generated the impulsive waves had high densities
(e.g., landslides and rock falls). However, little attention has been paid
to impulsive waves generated by low-density materials (e.g., glacier
avalanches and snow avalanches).

Pressure load is one of the most important parameters which
affect dam safety. A gravity concrete dam may be subject to fatigue
failure when the pressure load acts on the dam periodically (Holmen
1982; Cornelissen and Reinhardt 1984; Slowik et al. 1996). Especially,
the natural frequency of a dam itself is close to the periodic oscilla-
tion of the pressure load wave. However, in many cases, the dams
such as a landslide dam, a glacier dam, or a moraine dam are formed
by an unconsolidated, poorly sorted rock debris or highly heteroge-
neous mixture of particles (Meyer et al. 1994; Clague and Evans 2000;
Dunning et al. 2006; Korup and Tweed 2007; Duman 2009; Kong
etal. 2009; Cui et al. 2010; Cui et al. 2012). The pressure load acting on
this type of dams may lead to changes of the pore water pressure or
the stress structures in the dams. However, most of the relevant work
has been focusing on investigating the characteristics of the impulse
water wave, while little work has been conducted to study the
variation of the pressure load acting on the dams (de Carvalho and
Antunes do Carmo 2009).

In this study, experiments were conducted to study the character-
istics of the water pressure loads acting on the dam. In the experiments,
impulse waves were generated by different shapes of rigid sliding
bodies with a specific volume. For each experimental test, video cam-
eras were employed to record the sliding process of the rigid block
along the flat plate. The effect of the main parameters such as the slope
angle, distance between the sliding block and the water surface, and
initial water depth was considered. An empirical equation was obtain-
ed to predict the maximum pressure load acting on the dam.

Design and fabrication of simulated experiments

Experimental setup

The experiments were performed on a debris fan of the Dawazi
Gully, which is located near the Dongchuan Debris Flow
Observation and Research Station (DDFORS), in Dongchuan
District, Yunnan Province in China. Generally, a glacier lake which
can result in hazards downstream is quite large. Therefore, it is
difficult to build a large-scale model under the experimental con-
dition. The model scale in the experiment was about 1:250.
Although the model scale seemed to be small, the physical phe-
nomena, such as surges generation, propagation of surge wave,
were well uncovered in the experiments. The dimensions of the
tank and blocks were based on outburst event of the Midui
moraine-dammed lake. The characteristics of the prototype and
modeled lake are shown in Table 1. The experimental setup

Table 1 Characteristics of the prototype and modeled lake (model scale 1:250)

Prototype sizes for the Midui moraine-dammed lake and ice glacier

Width of Midui
lake W, (m)

Length of Midui
lake L, (m)

Volume of the
ice glacier V,, (m’)

consisted of a sliding block, an inclined plate with adjustable
slopes, a dammed lake, and a downstream dam (Fig. 1). A series
of pressure sensors was set on the downstream dam to monitor the
pressure loads induced by the impulse waves. The inclined plate
was about 3.5 m in length and 0.8 m in width, with adjustable
slopes ranging from 30 to 46°.

Experiment design

In order to simulate a surge generated by a glacier, the density of
the sliding blocks was consistent with that of the glacier, which was
about 9oo kg/m?. In fact, it is very difficult to find a material with
exactly the same density as the glacier in its natural form. In this
article, the glacier was simulated by blocks made of light fluid
materials (such as diesel or gasoline). First, a block with certain
volume was made (V=0.024 m?) with sheet iron. Then, mixed
fluids composed of diesel and gasoline with different concentra-
tions (pg=730 kg/m’ p4=830 kg/m?) were filled into the block in
order to make the density of the block to be approximately equal
to 900 kg/m®. Four shaped blocks were designed as shown in Fig.
2. Although the first three blocks B1, B2, and B3 looked similar, the
projected area S was different from each other when they block slid
into water along the plate. For the first three blocks, we may find
out whether the projected area § affects the pressure load exerted
on the dam under the similar plunging type or not. B4 was
considered in the experiment because its structure was different
from the first three blocks. The main parameters of the blocks are
shown in Table 2. All 64 tests were arranged according to the
different values of each variable (Table 3).

Experiment results and discussion

Typical surge propagation and induced pressure loads

The process of the block sliding and wave propagation was
recorded by video cameras. Figure 3a showed the initial status
of the dammed lake. A surge was firstly triggered and prop-
agated around when the block slid into the lake rapidly. The
block was submerged initially and quickly rose up to the
water surface due to the buoyancy force since its density
was lower than that of the water. Another wave-induced surge
occurred after the submerged block re-emerged in the
dammed lake. Thus, at least two surges were observed to
propagate downstream and towards the lateral bank of the
dammed lake as shown in Fig. 3b. The block rose up to the
water surface again as shown in Fig. 3c. Surges reflected from
the bank resulted in oscillations of the block. Meanwhile, new
surges were triggered when the block oscillated up and down
at the water surface. During the process, the energy of the
surge dissipated due to the water viscosity and friction be-
tween the water and solid boundary conditions (i.e., the bank
and bed of the lake). It lasted a long time before the entire
water body calmed down completely. The wave-induced pres-
sure loads acting on the dam were monitored precisely by the

Model sizes for the Midui moraine-dammed lake and ice glacier

Length of Midui Width of Midui Volume of the ice
lake L,, (m) lake W, (m) glacier V,,, (m?®)

950 550 36x10*

39 2.2 0.024
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Fig. 1 Experiment setup

pressure sensors installed on the dam. A typical variation of the
pressure loads at the testing points was shown in Fig. 4. It indicated
that a surge triggered by a sliding block from an inclined flat plate
affected the pressure loads on the dam from the bottom to the top.
Generally, synchronized pressure loads at Pi (i=1, 2, 3, 4, 5 in Fig. 4)
were measured by the pressure sensors, with similar amplitudes and
periods. AP was defined as the pressure difference between the
maximum pressure and the minimum pressure at a given time.
Figure 4 indicates that when #=24.30 s, AP at P1 and P5 was 0.69
and 0.39, respectively. When =46.60 s, AP at P1 and P5 was 0.23 and
0.25, respectively. AP at P1 decreased by 66.5 % during the attenua-
tion process. But AP at P5 decreased by 35.9 % during the attenua-
tion process. The pressure amplitude around the water surface
attenuated fast. However, the attenuation of the pressure amplitude
near the bottom was slow because the turbulence at the water surface
was stronger than that at deeper locations.

Characteristics of pressure loads for specific parameters

Typical parameters were considered to analyze the characteristics
of the pressure loads at the testing points. Figure 4 shows that the
variation of pressure loads at P1 was quite different from those at
Pi (i=2, 3, 4, 5), which was also strongly affected by the subsequent
reflected water waves. Therefore, the variation of pressure loads at
P2 was selected as a typical one to analyze the characteristics of the
pressure loads acting on the downstream dam. In order to exclude
the effect of surge reflection on the pressure load wave, we focused
our attention on the first peak during the attenuation process,
namely, when the first surge wave reached the testing points. It
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Fig. 2 Four types of blocks and their dimensions (in cm)
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indicated that when L=1.7 m, the pressure load was about 1.84 kPa.
When L=2.1 m, the pressure load reached 2.12 kPa. With increasing
the sliding distance, the pressure load increased (Fig. 5a). As for
the inclination angle, the minimum pressure load occurred when
the inclination angle was about 41°. When the block slipped into
the water with a relatively small inclination angle (a=30°), it drove
the water on the top to move downstream directly, and the pres-
sure load reached a peak value (A,=2.1 kPa) before the surge
reflected. When the inclination angle was relatively large
(=46°), although the sliding block did not drive the water to
move downstream directly, it plunged into the lake at a larger
velocity. As a result, surges with more energy were triggered, which
resulted in an increase of pressure load. In addition, the pressure
load reached an even higher value after the wave reflecting
(A,=2.2 kPa) (Fig. 5b). As far as the projected area S was con-
cerned, the maximum pressure load for the first three blocks
nearly reached the same value (about 2.2 kPa). The maximum
pressure load of B4 which had the maximum projected area S
(8=1416.3 cm?) was a little smaller than that of the former three
blocks (about 2.1 kPa) (Fig. 5c). The results indicated that the
structure and the projected area of a block had slight effect on
the pressure load.

Velocity determination

The velocity of the sliding block is a very important dynamic
parameter when the pressure loads acting on a dam are
considered. Researchers have put great effort in finding useful
methods to determine the value of this parameter. The

589
B3 B4
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Table 2 Main parameters of the blocks

No. V (m?) M; (kg) Vy (m?) Vy (m) pq (kg/m?) Py (kg/m’) M (kg) P (kg/m?)
BT 0.0240 3.00 0.0108 0.0132 830.0 730.0 18.60 900.00
B2 0.0240 295 0.0114 0.0126 830.0 730.0 18.67 900.14
B3 0.0241 298 0.0112 0.0129 830.0 730.0 18.74 899.86
B4 0.0241 3.44 0.0065 0.0176 830.0 730.0 18.23 899.84

friction coefficient was minimized by lubricating the sliding
surfaces and calculated from Eq.(1) when v, was obtained by
analyzing the video of the sliding process (Ataie-Ashtiani and
Nik-Khah 2008; Najafi-Jilani and Ataie-Ashtinai 2008; Cui and
Zhu 2011).

The friction coefficient f can be expressed as follows:

f= (gsina - %)/(gcosa) (1)

where g is the acceleration due to gravity, « is the slope angle, v, is
the plunging velocity of sliding block, and t is the release time.
Using video cameras to record the movement of the sliding
block along a plate is a good way to analyze the velocity of the
block. The velocity calculated here, however, is still an average
velocity even if the release time is short. It is difficult to obtain
the real value of the velocity when the block plunges into the
water. In this article, the plunging velocity was calculated by a
theoretical method by considering the raw material properties
of the plate and the blocks. f was assumed to be the coefficient
of kinetic friction between the sliding block and the steel plate.
It is well known that the coefficient of kinetic friction f between
different materials is mainly determined by the type of the raw

Table 3 Initial conditions for each run

Types of sliding block

Sliding distances (m)

material and the surface roughness. Table 4 shows that the
coefficient of kinetic friction f without lubrication varied from
0.15 to 0.18. Therefore, f' was assumed to be equal to o.15 in the
experiments for the flat plate and the sliding blocks which were
both made of steel. It was dramatically different from the
sliding block which was made of concrete block. In some cases,
the average value of friction coefficient f' was about 0.413 (Cui
and Zhu 2011).
The plunging velocity v, was calculated as follows:

vi = v/2gLsina(1 — o.15cota) (2)

where L is the sliding distance between the block and water surface, g
is the acceleration due to gravity, and « is the slope angle.
Comparison of the theoretical plunging velocities and the ex-
perimental values according to the video recordings is given in
Table 5. It indicated that generally, the theoretical velocities were
slightly higher than the experimental value. The minimum and
maximum absolute error was about 0.60 and 13.33 %, respectively.
The discrepancy between the theoretical and experimental values
can be explained as follows: firstly, the plunging velocity calculated
in theory was under ideal conditions, namely, the coefficient of

B1 2.90 2.70 2.60 2.50
2.50 230 2.20 2.10
2.10 1.90 1.80 1.70
1.70 1.50 1.40 1.30
B2 2.90 2.70 2.60 2.50
2.50 230 2.20 2.10
2.10 1.90 1.80 1.70
1.70 1.50 1.40 1.30
B3 2.90 2.70 2.60 2.50
2.50 230 2.20 2.10
2.10 1.90 1.80 1.70
1.70 1.50 1.40 1.30
B4 2.90 2.70 2.60 2.50
2.50 2.30 2.20 2.10
2.10 1.90 1.80 1.70
1.70 1.50 1.40 1.30
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Fig. 3 Typical process of wave propagation (B1; a=30° L=2.90 m)

kinetic friction on the whole plate was assumed to be constant.
However, in the experiment, it was difficult to keep the coefficient
of kinetic friction constant due to the flatness of the plate and the
block surfaces. Secondly, the so-called plunging velocity obtained
by the video recordings (experimental velocity) was actually the
average velocity. No matter how big the time interval was, the
experimental velocity was undoubtedly smaller than the instanta-
neous velocity when the block plunges into water.

Empirical equation for predicting pressure loads on the dam
Generally, the pressure loads caused by surges are determined by the
volume of the sliding block V; sliding angle «, sliding distance L,
density of the sliding block p;, water density p,,, water depth h,, water
dynamic viscosity y, and distance between the sliding point and the
dam L, (Kamphuis and Bowering 1972; Panizzo et al. 2002). It is a
very complicated problem if all the physical parameters above are
considered in the experiments. This study neglected some constants
and added some important parameters that strongly affected the
characteristics of a surge.

The maximum pressure load Py, is mainly determined by the
parameters as follows:

Prax = f(PW, 8 La V7 S> L, hm 05) (3)

where p,, is the density of water, g is the acceleration due to gravity,
L is the sliding distance between the block and water surface, V'is

(b) (©), (d)

7o
6.0
5.0
4.0
3.0
2.0
1.0
0.0

P (kPa)

Fig. 4 Typical fluctuation of pressure loads (B4; c=46°L=2.50 m): a still dammed
lake before the block slid into the lake, b surge propagation and reflected wave
from the bank, ¢ secondary surge propagation, and d pressure loads attenuation.
The initial depth of the dammed lake was fixed at a value of 0.7 m

the volume of a block (0.024 m?), L, is the distance between the
plunging point and the downstream dam, , is the water depth of
the dammed lake, « is the slope angle, and § is the projected area

251

P (kPa)

P (kPa)

P (kPa)

t(s)

Fig. 5 Characteristics of pressure loads for different factors at P2 (B4): a pressure
loads induced by sliding block with different sliding distances. It indicates that
generally, increasing the sliding distance increases the pressure loads when the
other parameters were fixed. b Pressure loads induced by sliding block at different
sliding slopes. It indicates that increasing the sliding slope causes the maximum
pressure load to decrease first and then increase. ¢ Pressure loads induced by
sliding block in different blocks
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Table 4 Coefficient of kinetic friction f' between different materials

[tems Coefficient of kinetic friction

Materials Steel-steel Steel-cast iron Cast iron-cast iron
With lubrication f 0.05~0.1 0.05~0.15 0.07~0.12
Without lubrication f' 0.15 0.18 0.15

on the plane which is perpendicular to the plate, namely, the
maximum area at the cross section.

Based on the dimensional analysis, the dimensionless pa-
rameters with clear physical meaning were developed as fol-
lows:

Pyax L Vv Vi / (4)
= Tl 0 /&
pwgho L, Sh, A /gho

where v, is the plunging velocity, L/L, is the dimensionless sliding
distance, V/Sh, is the dimensionless volume of the blocks, F, = v/
\/gho 1is the sliding Froude number, and o’ is the radian of the

inclined angle. The dimensionless parameters V/Sho, F, = v;/+/gho
,and o’ are considered to be the key parameters when studying
the impact of different types of solid materials on the water
body. As for the pressure loads exerted on the dam, the
dimensionless sliding distance L/L, should be considered due
to the attenuation of the impulse water wave propagating
downstream.

A regression equation was developed based on a series of
test data with o ranging between 36 and 46° as shown in
Table 3.

Table 5 Comparison of theoretical velocities and experimental data (e.g. B1)

_ 1.2207
Pyvax 0.0386 (L) o (l) e L o e (5)
ngho ' L, Sho \/ gho

The regression equation above demonstrated that the dimen-
sions of the blocks had slight effect on the pressure load. Although
there was a positive correlation between the sliding distance and
the pressure load, L, affected the amount of the wave energy which
determined the pressure loads acting on the dam. Therefore, it had
only slight effect on the pressure load. The sliding Froude number
F, which was mainly determined by the sliding distance had the
strongest effect on the pressure load. In addition, the sliding slope
also appeared to have some effect on the pressure load. The rest of
the test data were applied to verify the reliability of the regression
equation (when « ranged between 30 and 41°). The results indi-
cated that the maximum error is about 33.3 % and most errors
were below 15 % (Fig. 6). Therefore, the regression equation can be
used to estimate the maximum pressure load if no better method
is available. Errors existing between the predicted data and the
experimental ones are explained as follows: First, precision will be
affected by the parameters the authors have chosen. Second,
equipment error or human error with respect to measurement

Slope angle Distances (m) Theoretical velocity (m/s) Experimental velocity (m/s) Error (%)
a=30° 2.90 4.59 4.46 -2.83
2.50 4.26 391 —8.22
2.10 3.90 3.38 —1333
1.70 3.51 3.05 —-13.11
a=36° 2.70 497 5.00 0.60
2.30 4.59 4.46 -2.83
1.90 4.17 3.91 —6.24
1.50 3.70 3.47 —6.22
a=41° 2.60 5.26 5.43 3.23
2.20 4.84 4.63 —4.34
1.80 438 4.17 —4.79
1.40 3.86 391 1.30
a=46° 2.50 5.49 5.68 3.46
2.10 5.03 481 —4.37
1.70 453 4.46 —1.55
1.30 3.96 3.57 —-9.85
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Fig. 6 Comparison of predicted data and experimental ones

results in decreased precision. Further study will be carried out to
verify the validation of the regression equation in the future.

Discussion

This article described an experimental investigation on the pres-
sure loads acting on the downstream dam. However, the experi-
ments were performed under ideal conditions. The sliding blocks
in the experiments were rigid. In reality, the glacier will melt
gradually when it slides into a dammed lake. Therefore, the vari-
ations of the pressure loads will become more complex when the
melting process is considered. Additionally, some other problems
such as the failure process of the moraine dam, the probable
maximum discharge of outburst floods, and the transportation of
sediments along the downstream valley should be considered in
future studies to better understand the failure mechanisms of
moraine-dammed lakes and their secondary hazards.

Conclusions

The characteristics of the pressure loads acting on the downstream
dam induced by surges were investigated in the experiments. Four
types of sliding blocks were designed to simulate the glacier
avalanches under natural conditions. An empirical equation with
clear physical meaning was developed to predict the maximum
pressure load. Conclusions were drawn as follows:

1. It was found that increasing the sliding distance resulted in the
increase of the maximum pressure load. However, increasing
the sliding slope caused the maximum pressure load to de-
crease first and then increase. In addition, the attenuation
speed of AP was different from bottom to top. With decreasing
the net water depth, the attenuation speed of AP increased due
to the violent turbulence at the water surface.

2. By considering the raw material properties of the plate and the
blocks, the plunging velocity of a sliding block was estimated.
The comparison of the theoretical velocities and experimental
values indicated that the estimated velocities were more suit-
able to represent the real value of the plunging velocity when
the blocks plunged into water.

3. An empirical equation was developed to predict the maximum
pressure loads acting on the dam based on the results of 32
tests. The results indicated that most errors were below 15 %.

So, the regression equation could be used to estimate the
maximum pressure load if no better method was available.
The errors were mainly determined by the parameters the
authors had chosen. In addition, equipment error or human
error with respect to measurement resulted in decreased
precision.

4. Serial surge waves were generated when a sliding block slid
into water. Except the first surge wave, the following ones were
affected by the waves reflected from sidewalls of the tank. The
properties of the pressure loads were also affected by the
spurious effect correspondingly. So, more detailed investiga-
tion of the properties of the surge waves and pressure loads
will be conducted by using a larger tank in the future.
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