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Abstract: Landslide-generated waves are hazards that, commonly, exist in the natural world. The
motion and deformation of a submerged landslide significantly affect the efficiency of the momentum
transfer, between the slide material and the water body, and, thereby, dominate the characteristics
of the associated waves. Therefore, investigating how the submerged sliding mass is moved and
deformed is of great importance, not only for understanding the physical mechanism behind the
slide-water interaction but also for optimizing the predictive models of the wave characteristics. In
this study, we assumed the landslide as a viscoplastic fluid and used an ideal viscoplastic material,
called Carbopol, to mimic a natural landslide, at the laboratory scale. We, first, determined the
coordinates of three control points, including the frontal point, deepest point, and center of mass,
so as to quantify the time evolution of the submerged slide motion. We, then, fit the maximums of
the coordinates of the control points with an integrated parameter of the incoming landslide, with
the support of experimental data. Results indicated that not only the wave features but also the
submerged slide motion can be quantified by the slide parameters on impact.

Keywords: landslide-generated waves; viscoplastic material; Carbopol; slide deformation; slide
motion; control points

1. Introduction

One of the recent problems to be examined in the field of coastal engineering is related
to the impulse waves caused by a landslide entering a water basin, such as a sea, fjord,
or lake, and generating destructive waves. The largest historical event occurred at the
Vajont Reservoir in Italy, in 1963: a large landslide formed an impulse wave that over-
topped the dam and destroyed two villages downstream of the reservoir, causing more
than 2000 deaths [1-3]. A more recent example was a rapid rock avalanche that occurred
in 2017, in Greenland, where approximately 50 x 10 m® of slide material impacted the
Karrat Fjord and created a wave that traveled 32 km to the village of Nuugaatsiaq [4,5].
These events resulted in devastating consequences for the coastal areas, which motivated
researchers to discover the physics behind the events and to build predictive models to
assess and evaluate any potential hazards.

Researchers have developed a series of empirical equations to express unknown wave
characteristics, such as the maximum wave height, amplitude, and period, as functions
of slide features, such as slide thickness, mass, and velocity [6-10]. Efforts, also, have
been taken, to understand the physical mechanisms governing the impact process [11,12].
Zitti et al. (2016) developed a theoretical model to describe the momentum transfer between
the sliding mass and the body of water [13]. They simplified the slide-water interaction,
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by assuming each particle enters the body of water, independently, and expressed the
interaction force between the immersed slide and the body of water, using a simple linear
equation. However, in the real world, the interaction force could be affected by many
factors, which are not contained in the simplified equation, for example, the motion and
deformation of the submerged sliding mass. Fush et al. (2013) provided insights into
the underwater slide dynamics and their final deposition patterns [14]. Zitti et al. (2017)
discussed the motion of submerged granular slides, by tracing the motion of the frontal,
deepest, and center points of the slide’s immersed part [15]. Yavari-Ramshe et al. (2019)
indicated that the slide’s deformability may affect the characteristics of the generated
waves [16]. Therefore, it is necessary to study how the submerged slide’s motion and
deformation are related to the slide-water interaction and wave generation.

As most historical events were caused by granular-like landslides, researchers, often,
modeled a landslide with granular models and used granular particles to mimic natural
landslides in experiments [17,18]. However, a problem, suffered by experiments conducted
with granular particles, was that they dispersed, quickly, to numerous individuals, and
generated a huge amount of air bubbles, once they entered the body of water, which made
it difficult to extract the slide—water interface from the recorded images. See Figure 1 for
the spread of granular particles and generation of air bubbles.

Figure 1. The spread of granular particles in water.

In addition to granular models, many natural landslides can, also, be well described
by viscoplastic models [19]. Viscoplastic models explain the behavior of many natural bulk
materials that behave like solids, when they are at rest, and flow like fluids, under some
circumstances. Laboratory experiments have demonstrated the possibilities of modeling
the rheology of natural landslides, such as debris flow, clay, mud flow, and snow avalanche,
by viscoplastic models [20,21]. Our recent studies, also, have modeled a landslide as
a viscoplastic fluid and introduced a viscoplastic material, called Carbopol ultrez 10 to
experimental studies of landslide-generated waves [22-24]. Carbopol is considered as one
of the best-suited materials for the Herschel-Bulkley model. In recent years, Carbopol has
been, increasingly, used to mimic cohesive landslides over a wide range of shear rates,
in various studies, such as standard rheological measurements, channel configurations,
etc. [19,25,26]. Compared with granular slides, viscoplastic materials have high cohesion
and, usually, move as a whole, which make it possible to obtain a sharply marginated
slide-water interface from experimental observations.

The objective of this study was to determine the motion and deformation of the
sliding mass, after it entered the body of water, on the basis of physical model experiments.
We considered a landslide as a viscoplastic fluid and used a viscoplastic material, called
Carbopol, to mimic natural landslides. By analyzing the interaction forces between the
sliding mass and the body of water, we selected three control points to evaluate the slide—
water interaction: the frontal point, the deepest point, and the center of mass [15]. The center
of mass was selected as an indicator of the space-averaged motion of the submerged slide.
The frontal and deepest points were used to represent how the slide is stretched in water.
We, then, quantified the maximum coordinates of these control points, from an integrated
parameter of the slide features on impact.
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2. Experimental Method
2.1. Experimental Facilities

The impacting process of landslide-generated waves can be divided into two stages:
in the first stage, the slide starts to move along the chute towards the shoreline; in the
second stage, it enters the body of water and generates impulse waves. Figure 2 displays
the sketch of the physical process, in which the solid lines denote the first stage, and the
dash lines denote the second stage.

Figure 2. The sketch of the physical process of landslide-generated waves.

Figure 3a,b illustrate the sketch and photo of the experimental facilities, respectively.
Experiments were conducted in a two-dimensional flume, which includes two parts.
The first part was a 1.5 m long and 0.12 m wide chute, with side walls made of PVC.
The second part was a 2.5 m long, 0.4 m deep, and 0.12 m wide transparent glass flume.
The bottom of the slope was lined with sandpaper, with a mean surface roughness that
was fixed at 27.28 um. The slide material was, initially, contained in a box, located at the
entrance of the slope and closed by a locked gate. Once the gate was released, the material
accelerated under gravity and could reach velocities as high as 2.5 m/s. In our experiments,
the initial still-water depth hy was fixed to 0.2 m, the slope angle to 8 = 45°, the slope
length /s ranged between 0.65 m and 1.05 m, and the initial slide mass m ranged between
2.0 kg and 6.0 kg, which allows the slide material to enter the water body with a wide range
of slide thickness, mass, and velocity. See Table 1, for the initial settings of ¢; and m; for
all experiments.

Figure 3. The (a) sketch and (b) photo of the experimental facilities.

Table 1. The initial settings of all the experiments.

Is [m] my [kg]

1.05 2.75,3.0,3.25,3.5,3.75,4.0,4.25,4.5,4.75,5.0,5.25,5.5,5.75, 6.0
0.95 2.75,3.0,3.25,3.5,3.75,4.0,4.25,4.5,4.75,5.0,5.25,5.5,5.75, 6.0
0.85 2.5,2.75,3.0,3.25,35,3.75,4.0,4.25,4.5,4.75,5.0,5.25,5.5, 5.75
0.75 2.25,2.5,2.75,3.0,3.25,3.5,3.75,4.0,4.25,4.5,4.75,5.0,5.25, 5.5

0.65 2.0,2.25,25,2.75,3.0,3.25,3.5,3.75,4.0,4.25,4.5,4.75,5.0, 5.25
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2.2. Slide Material

As for the slide material, we used a viscoplastic gel called Carbopol Ultrez 10 with a
rheological behavior that depends on its concentration, which can be described by the
Herschel-Bulkley equation [26,27]:

T="T+pi" )

where T denotes the shear stress, 7. is the yield stress, - is the shear rate, y is the consistency,
and n is a power-law index that reflects shear thinning (or shear thickening, for n > 1).
In the present study, we used Carbopol, with a concentration c of 2.0 %. The relevant
rheological parameters in Equation (1) were determined from the rheological measurements
using, a Bohlin Gemini rheometer: 7. =58 Pa, K=18.9 Pa - s~", and n = 0.330. The density of
Carbopol is about 1000 kg/m?3, which is lower than most natural landslides (>1500 kg/m?)
but similar to that of snow or ice avalanches (900 kg/ m?). Details and limitations of the
material, including the scale effect and density effect, refer to our earlier publications [22,23].

Compared with granular slides and rigid blocks, viscoplastic material was not only
deformable but also cohesive. When it moved along the slope, part of the slide material
was deposited along the chute. Consequently, it was more convenient to use the immersed
part’s mass, rather than the initial mass m], to represent the slide mass m in the data analysis.
We defined the immersed part’s mass, when the wave height reached its maximum, as
effective mass mg [22].

Experiments were recorded using a color high-speed camera, with a resolution of
600 x 800 and a frequency of 400 fps. A 0.2 m x 0.4 m mesh grid was used to calibrate
the images recorded by the camera and to determine the size-conversion factor. Figure 4
displays a series of raw images recorded from an experiment, with initial slide mass
my = 0.35 kg and slope length /s = 0.85 m. Raw images were processed using Matlab, to
extract the slide-water interface and the center of mass.

Figure 4. Raw images of the selected experiment, recorded by the high-speed camera.

3. Experimental Results
3.1. Definition of the Control Points

The principle physical mechanism governing the slide-water interaction and wave
generation was the transfer of momentum, from the sliding mass to the body of water.
The efficiency of the momentum transfer mainly depends on the interaction forces between
the two phases, which include the hydrostastic force Fp and the drag force Fp. In addition,
as the density of the slide material selected in the present study was close to that of water,
the buoyancy force was, approximately, balanced with the gravity. In this case, once the
slide material entered the water body, the friction between the material and the slope
bottom would be neglected, as it was small. Moreover, the material would not reach the
bottom of the water basin quickly. The effect of seabed pressure was, also, neglectable.
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Both the hydrostastic force and the drag force depend on the motion and deformation
of the submerged sliding mass. For the viscoplastic material-water interaction, the drag
force Fp can be simplified as:

Fp = %CdpfAf(ﬁs—ﬁf) ﬁs—ﬁf‘ 2)
where Cj is the coefficient of drag, pr is the water density, A is the cross section area of the
submerged sliding mass, @5 is the mean velocity of the submerged slide, and @ Y is the mean
velocity of the moving body of water. For the calculation of Fp, Equation (2) considered the
sliding mass as a whole and simplified the slide’s velocity via its mean velocity. However,
the deformation of the submerged sliding mass increases the complexity of the internal
dynamics of the moving slide, which increases the difficulty of quantifying the drag force.

The hydrostastic force Fp is a result of the change in hydrostatic pressure on the
wetted surface of the sliding mass, as it enters the body of water. It can be expressed as an
integration from:

FP:/A —pfghsfndAs (3)

where g is the gravity acceleration, hg; is the distance between the water surface and the
slide-water interface, n is a vector normal to the slide-water interface, and A, is the area of
the slide-water interface.

From Equations (2) to (3), we can see that the hydrostastic force Fp and the drag force
Fp are dominated by the cross-section area of the sliding mass A r the distance between the
water surface and the slide-water interface /i, fr and the area of the slide—water interface
As. All these parameters are related to the evolution of the slide-water interface and the
moving trajectory of the sliding mass. It means that the submerged slide motion dominates
the efficiency of the momentum transfer, from the slide material to the water body, and,
accordingly, affects the characteristics of the associated waves.

To simplify the submerged slide’s moving and deforming process, we analyzed the
evolution of the slide-water interface in two aspects, including the submerged slide’s
space-averaged motion and its overall spread. We selected three control points to represent
the influencing parameters A fr Ag, and h, % of the momentum transfer process, which have
been mentioned above: the center of mass (cy, cy), the frontal point (dy, dy), and the deepest
point (I, I,). Figure 5 illustrates the position of the selected control points. The deepest
point of the submerged sliding mass (I, ;) was defined as the lowest point from the free
water surface, in a vertical direction. The frontal point (dx, dy) was the farmost point away
from the shoreline, in a horizontal direction. The center of mass (cy, cy) was selected as
an indicator of the space-averaged motion of the submerged sliding mass. The vertical
coordinate of the deepest point I, and the horizontal coordinate of the frontal point d, were
considered as the proxy of the overall motion of the submerged slide.

Figure 5. The position of the selected control points: center of mass (cx, ¢y), frontal point (dx, dy),
and deepest point (I, Iy).
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3.2. Motion of the Control Points

We, first, selected four representative experiments to examine the overall evolution of
the center of mass of the submerged sliding mass. For each experiment, the slope angle
6 = 45° and the still-water depth /iy = 0.2 m. The features of the incoming slide material
were controlled by varying the initial mass of the material in the container box m; and the
slope length Is. See Table 2 for the m; and I; of the selected four tests.

Table 2. The initial parameters of the four selected tests.

Test Number Is [m] my [kgl
Test 32 1.05 3.0
Test 40 0.95 3.5
Test 42 0.85 4.0
Test 46 0.85 4.5

Figure 6a illustrates the time evolution of the coordinates of the center of mass (cx, ¢y),
for the four selected experiments. It can be seen from the figure that the center of mass for
all these four experiments, first, moved forward, after it crossed the shoreline, and, then, it
turned back, due to the affect of the water pressure. Figure 6b displays the mean velocity of
the submerged slide @5, which provides a perspicuous view of how the submerged slide’s
moving direction was turned. For these four selected experiments, both the center of mass
and the mean velocity have similar trends in evolution, which means the submerged slide
with different initial parameters suffered a similar deforming process.

0 t(s)
N — 120 1 60 (b)
-0.01 = 0.8
150 0.6 30
0.4 S
= 180 B d 0
@ 8
-0.05
Test 32 /
Test 40 210 330
-0.07 Test 42
~O-Test 46
240 300
0 0.04 0.08 0.12 0.16 270
Cy [m}

Figure 6. Time evolution of the (a) center of mass (cx, ¢y) and (b) mean velocity of the submerged
slide @is. The time span Jt between each thombus was 0.1 s.

As shown in Figure 5, the frontal point (dy, dy) was defined as representing the distance
from the front of the sliding mass to the shoreline. The horizontal coordinate d, could,
fully, represent the distance between the front boundary and the shoreline, thus, we think
analyzing the evolution of d, was not necessary. Similarly, (y, ) was defined for describing
the distance between the free water surface and the deepest point of the submerged sliding
mass. [, could, fully, represent this information, thus, I, can be neglected in the following
analysis. We, then, quantified the time evolution of the selected coordinates, i.e., dx(f),
ly(t), cx(t), and cy(t).

The selected coordinates of control points were scaled by the still-water depth hg:
the scaled horizontal coordinate of the center of mass Cy = cy/hg, the scaled vertical
coordinate of the center of mass C, = ¢,/ ho, the scaled horizontal coordinate of the frontal
point Dy = Dy /hg, and the scaled vertical coordinate of the deepest point L, = I,/ ho. Time

t was scaled as T = t(g/hg)'/2. We used the impulse parameter P, proposed by Heller and
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Hager (2010), to represent the characteristics of the incoming landslides, with an expression
that can be written as [7,9]:

P = FrS'/2 M4 cos(6/70)'/? 4)

where Fr = vy/ \/(% is the slide Froude number, S = s/h is the scaled slide thickness,
M = mg/(pwbh3) is the scaled slide mass, 6 is the slope angle, vy is the velocity at impact,
s is the slide thickness, p;, is the water density, mf is the effective slide mass, and b is the
flume width. By varying the slope length /; and initial slide mass mj, the scaled slide
parameters ranged as follows: the slide Froude number is 0.05 < Fr < 2.78, the scaled slide
mass is 0.46 < M < 1.23, the scaled slide thickness is 0.12 < S < 0.28, and the impulse
product parameter Pis 0 <P < 1.

Figure 7 displays the time variation of the scaled coordinates of the center of mass
Cx(T) and Cy(T), for experiments with different impulse product parameter P. First, as the
slope angle was fixed to 45°, Cy was equaled to C;, for non-deformable slide materials.
In our experiments, Cy(T) was, generally, larger than C,(T). It means that the slide
deformed upward, after it entered the water body. For most experiments, both Cy and
C, increased sharply at T < 2, and, then, had a slight fluctuation at 2 < T < 4. They,
then, increased with a declining rate of increase at4 < T < 6, and, finally, trended to be
flattened at T > 6. It means that the center of mass in most experiments moved upward
and bent to the direction of shoreline at 2 < T < 4. The submerged sliding mass started
to stop, since T = 4, and, finally, stopped after T = 6. As the impulse product parameter
P could, generally, reflect the features of the incoming landslide, we examined the effects
of P on the evolution of Cy(T) and Cy(T). In general, C, ranged within 0.2 to 0.8, and C,
ranged between 0.05 and 0.25, for experiments with 0 < P < 1. Four experiments with P
=0.2,P =04, P =0.6, and P = 0.8 were emphasized in the figure. It can be seen that the
impulse product parameter P greatly affects the moving trajectory of the center of mass.
Experiments with larger P, usually, had larger values of Cy(T) and C,(T). In addition,
the fluctuation of Cy and Cy, during 2 < T' < 4, was more significant for experiments with
larger P, which means slides with a larger initial momentum received more water pressure
and suffered a more significant deformation than slides with a lower initial momentum.

[—P=02—P=04—P=06—P=08]

Figure 7. Time evolution of the scaled coordinates of the center of mass: (a) Cx(T) and (b) Cy(T).

Figure 8a displays the time variation of the scaled horizontal coordinate of the frontal
point Dy (T), for experiments with varying P. The D, increased, with a declining rate of
increase at 0 < T < 2, and it trends to flatten at T > 2. It ranged within 0 < D, < 1.2,
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during the whole process. In addition, similar to Cy and Cy, the general variation of
D, depended on P. Experiments with larger P led to larger values of Dy, on the whole.
Figure 8b indicates the time variation of the scaled vertical coordinate of the deepest point
L,(T), for experiments with varying P. Similar with other control points, the deepest point,
also, had an obvious time node (i.e., T = 2), for all experiments, which divided the whole
process into two phases, ie, 0 < T < 2and T > 2. Ly(T) increased, quickly, with a
declining rate of increase at 0 < T < 2, and it trends to flatten at T > 2. In addition, Ly
increases with the increase in P, with a maximum value of 0.6 in our experiments.

[—P=02—P=04—P=06—P=0] 08 [—P=02—P=04—P=06—P=0.8]

1.5

Figure 8. Time evolution of the scaled horizontal coordinate of the frontal point Dy (T) and the scaled
vertical coordinate of the deepest point L, (T).

On the whole, the evolution of the center of mass was dominated by two factors: one
was the volume of the submerged slide, which had a linear relation with the effective slide
mass mg; another was the deformation of the submerged slide, which resulted in Cy < Cy,
during the impact. The evolution, of the frontal and deepest points, was related to the
slide-water interface, which revealed the right and bottom boundaries of the submerged
slide, respectively. Once it entered the water body, the slide moved along the slope at
the very beginning, and the frontal part of the slide moved upward soon after, due to the
buoyancy effect; then, it bent toward the shoreline, due to the resistance of water. Figure 9
illustrated the sketch of how the slide was deformed, since it emerged into the water body,
due to the buoyancy effect and drag force.

YA
- X
D (I (1m) (Iv)

Figure 9. Sketch of the submerged slide’s moving and deforming process.

Even though quantifying the submerged slide’s moving trajectory, by three control
points, may involve an over-simplification, it, still, provided several interesting findings.
First, the slide deformation almost followed the same tendency, in all experiments. Even
the time nodes, during the evolution of the scaled coordinates of the control points, were
similar for all experiments. Two significant time nodes were observed: one was T~1, and
another was T~2. Almost all the curves increased very quickly at the very beginning
at T < 1, and increased with a decelerating trend at T < 2, before they began to flatten
after T < 2. In addition, the slope angle was fixed to 45°, while our results showed that
Cy was significantly smaller than Cy, which demonstrated that the slide has a significant
deformation upward, once it entered the water body. In addition, with the increase in Pf,
the control points’s coordinates increased on the whole. The slide’s deformation was more
obvious with larger P. High deformability may reduce the efficiency of momentum transfer,
from the sliding mass to the body of water.
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3.3. Quantitative Analysis

The evolution of Cy(T), Cy(T), Dx(T), and Ly(T) reveals the overall and space-
averaged motion of the submerged sliding mass. As shown in Figures 7 and 8, the evolu-
tion of all the scaled coordinates of the control points are related to the impulse product
parameter P. Accordingly, we presumed that the scaled coordinates of the control points
at an indicated time can be fit with the impulse product parameter P. For the evaluation
of the wave characteristics, researchers, commonly, simplified the predictive model and
quantified the maximums of the wave parameters, such as maximum wave amplitude and
maximum wave height, rather than the time series data. Quantifying the coordinates of
the control points at the moment when the wave height reaches its maximum could be of
interest for further analysis of the maximums of the wave parameters.

First, we defined the time taken, from the slide’s front entering the water body to
the leading wave reaching its maximum height, as effective time t,,;. Then, we scaled ¢, as
T = tm(g/ho)'/?, and defined T}, as scaled effective time. As a first step, we determined the
scaled effective time T}, for each experiment. As shown in Figure 10, we found that the
leading wave observed in most experiments arrives at its maximum height, approximately
at the same time T, ~1. With the increase in P, T), the has a slight increasing tendency.
Interestingly, T~1 was one of the important time nodes that was observed in the time
evolution curves, in Section 3.2.

1.5

-
..l
-

L]
|
:
P
Iy
]
||
.

iT"m,

0.5r

0 0.2 0.4 0.6 0.8 1
P

Figure 10. The variation of the scaled effective time Ty, with P.

To provide a quantitative analysis, we collected the scaled coordinates of the control
points at the moment T, and defined them as: scaled coordinate of the center of mass
(Cx,m,Cy,m), scaled horizontal coordinate of the frontal point Dy ;, and scaled vertical
coordinate of the deepest point L, »,. We then fit these parameters with the impulse product
parameter P. Our previous study has demonstrated that the wave features including the
scaled maximum wave height H;;, and scaled maximum wave amplitude A, can, also, be
well fit with P for experiments conducted using Carbopol [22]. Figure 11a,b displays (Cx,m
and C,,;) versus P. The solid line and the dashed lines denote the fitting curve and the
£30% derivation range, respectively. The best fitting equation for Cy ,;, was:

Cym = 0.6795P%170 (5)
and the best fitting equation for Cy,,, was:
Cy,m = 0.2115P40% (6)

with the coefficient of determination R? for Equation (5) and Equation (6) as 0.903 and
0.897, respectively.
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Figure 11. Variation of (a) C,x and (b) Cy,,y with P. The solid line and the dashed lines denote the
fitting curve and the £30% derivation range, respectively.

Figure 12a,b illustrates the variation of Dy, x and Ly, , with P, respectively. The best-
fitting equation for Dy ,, was:
Dy = 0.9115P%-080 (7)

The best fitting equation for L, was:

Lyn = 0.4471P%472 8)

The coefficient of determination R?2, for the fitting equations of Dy, and Ly, was
0.914 and 0.907, respectively.

1

@ LT A
08} g W

0.4} LT L -
S . -7 .- I'r

Ly, y
m “\
L]
]

02} I .I.-

0 0.2 0.4 0.6 0.8 1

Figure 12. Variation of (a) Dy,x and (b) Ly,y with P, for all experiments. The solid line and the dashed
lines denote the fitting curve and the +30% derivation range, respectively.

The error range of most experimental data was within +30% for Equations (5)—(8).
Moreover, the coefficient of determination R? for these four equations was larger than
0.8. It means that Cy s, Cy,m, Dx,m, and Ly, at the moment Ty, can be well fit with the
impulse product parameter P, in the format X = aPP, where a and B are constant, and
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X = Cx,m, Cy,m, Dx,m, and Ly »,. The motion of the submerged sliding mass is dominated by
the interaction force, between the slide and water, and can be considered as an intermediate
process of the momentum transfer process and wave generation. This explains why both
the wave features and the motion of the submerged slide can be well fit with P. This, also,
shows the necessity of considering the motion and deformation of the submerged slide in
wave prediction.

4. Conclusions

This study gave insights, into the motion and deformation of viscoplastic fluid while
entering a body of water, and ran experiments using a viscoplastic material, called Carbopol.
Comparing with experiments conducted with granular slides, our experiments observed a
clear slide-water interface. We selected three specific control points, including center of
mass, frontal point, and deepest point, to simplify the physical process of the submerged
slide motion, in which the center of mass revealed the space-averaged slide motion, and
the frontal and deepest points denoted the slide’s overall motion. The time evolution
of the scaled coordinates of the center of mass (Cy, Cy), scaled horizontal coordinates
of the frontal point Dy, and scaled vertical coordinates of the deepest point L, were
determined, experimentally.

Instead of using an analytical method, proposed by Zitti et al. (2017), to analyze
the submerged slide motion [15], we simplified the analysis and quantified the motion of
the submerged sliding mass, as the support of the impulse product parameter P. Three
interesting findings can be concluded from this study. First, the impulse product parameter
P could not only quantify the wave features but also reflect the motion of the submerged
sliding mass. Second, Cx(T), Cy(T), Dx(T), and Ly(T) increased with the increasing of P.
Third, the scaled coordinates, at the moment when the wave height arrives at its maximum,
Cx,m, Cym, Dx,m and Ly, ,,, were well fit with P, with the coefficient of determination RZ>08
and the error range for most experimental data within 30%.
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